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ABSTRACT

Compression of the lower limb is important in the treatment of chronic venous 

insufficiency and prophylaxis of deep vein thrombosis. The mechanism by which 

compression treatment works remains poorly understood. The aims of this work were to 

use non-invasive techniques to assess disease mechanisms and examine the effects of 

compression in patients with venous disease. 177 subjects (comprising patients with 

venous disease and normal control subjects) were entered into seven studies.

In the first phase (Studies I -V), laser Doppler fluxmetry was used to examine the 

characteristics of skin blood flow and the effects of leg elevation and leg compression. 

The results showed that patients with chronic venous insufficiency have increased blood 

flow in liposclerotic skin due to an increase in the volume, rather than speed, of blood 

cells in the skin. Both leg compression and leg elevation increased the microcirculatory 

blood cell velocity in the supramalleolar region; this may be part of the mechanism by 

which leg compression and leg elevation are beneficial in the treatment of patients with 

venous ulceration. In contrast to the supramalleolar region, the heel microcirculation is 

vulnerable to compression. Lying on a conventional hospital bed reduced the laser 

Doppler flux signal to a minimal value while using a low air-loss support system 

maintained the interface pressure sufficiently low to prevent complete cessation of the 

heel microcirculation.

The second phase of the work (studies VI and VU) was concerned with compression in 

deep vein thrombosis (DVT) prophylaxis. Strain gauge plethysmography (SGP) and 

colour duplex ultrasound imaging were used to study the haemodynamic effects of 

intermittent pneumatic compression and graduated compression (TED) stockings. The 

results indicated there was a haemodynamic advantage in the use of sequential 

intermittent compression compared to uniform single-chamber calf compression. The 

results also indicated a haemodynamic advantage in the combined use of TED stockings 

and intermittent pneumatic compression of the foot compared to using either of the two 

methods alone.
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Chapter One: Introduction

1.1 EPIDEMIOLOGY OF VENOUS DISEASE

The view that venous disease in general and varicose veins in particular is a health 

matter of secondary importance no longer obtains. The prevalence of varicose veins, 

chronic venous insufficiency, venous ulceration and deep vein thrombosis varies 

considerably between different epidemiological studies. This is due to methodological 

differences and different diagnostic criteria used. Furthermore, distinction must be made 

between prevalence studies of selected populations and general population studies; data 

from the former studies cannot be extrapolated to the general population as a whole.

Three clinical problems dominate the field of phlebology in terms of mortality, 

morbidity and cost. Firstly, varicose veins; secondly, venous ulceration and thirdly deep 

vein thrombosis and its more serious sequel, pulmonary embolism.

1.1.1 Varicose veins

Varicose veins are defined by the World Health Organisation as: ‘Saccular dilatation of 

the veins which are often tortuous.’ Most authorities simply describe varicose veins as 

‘tortuous and dilated veins,’

The point prevalence of a condition is the estimated number of patients in whom the 

condition exists at a given time, whereas the period prevalence estimates the number of 

patients in whom the condition exists at present as well as those who have had the 

condition in the past.

Population surveys have shown the prevalence of varicose veins in the population as a 

whole to be approximately 2%. These include the US National Survey (US National 

Survey 1938), the UK Survey of Sickness in England and Wales (UK Survey of 

Sickness 1957) and the Sickness Survey of Denmark (Sickness Survey of Denmark 

1960). Regional (selected population) surveys show a 10% average prevalence of 

varicose veins amongst the adult population. These local studies were reported by
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Chapter One: Introduction

Amoldi in Denmark (Amoldi 1958), Bobek in Czechoslovakia (Bobek 1966) and 

Widmer (Widmer 1978) in Switzerland - the Basle study. In the Basle study, the 

prevalence of varicose veins amongst employees of the Basle chemical companies 

(predominantly males) was 56% with any degree of varicose veins, 9% with significant 

varicose disease and 3% with chronic venous insufficiency.

Epidemiological studies indicate a female / male ratio of varicose veins prevalence 

averaging 1.5 to 1. The Czech study reported a female to male ratio of 2 to 1. Only in 

the Basle study, where a selected industrial group was surveyed, there was a higher 

prevalence of varicose veins in males. The correlation of varicose veins of all types and 

degrees with age is almost linear (Madar 1986). There is a wide variation in the 

prevalence of varicose veins in different parts of the world (Beaglehole 1986). The 

prevalence of varicose veins in Europe and North America is higher than in Africa and 

Asia. In a study of women cotton workers, the prevalence of varicose veins in England 

and Egypt was 32% and 6%, respectively (Mekky 1968). Banjo (Banjo 1987) reported a 

very low prevalence of varicose veins (0.1-2%) in Black African countries.

1.1.2 Chronic venous insufficiency and venous ulceration

Three studies by Bobek (Bobek 1966, Czech), Weddell (Weddell 1966, UK) and Coon 

(Coon et al. 1963, The Tecumseh community Health Study, USA), reported 3% 

prevalence of chronic venous insufficiency (CVI). These studies used trophic skin 

changes as a marker of CVI and are likely to have underestimated the problem since 

recent objective tests such as duplex ultrasound imaging indicate that many patients 

without such trophic skin changes have CVI.

Progression of skin damage as a result of venous hypertension ultimately leads to
h iS

venous ulceration. The prevalence of venous leg ulceration have also varied between
A

different studies due to variations in the diagnostic criteria employed.
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In the study from Czechoslovakia (Bobek et al. 1966), the period prevalence of leg 

ulceration (past and present) was found to be 1% of the adult population. The Tecumseh 

community Health Study in the USA estimated that the prevalence of significant 

varicose veins was 12.9%, CVI: 3% and venous ulceration 0.1%. Extrapolating these 

data to the US 1970 census figures, it was estimated that in the USA 24 million people 

have significant varicose veins, 6 million people have CVI and 500 000 have venous 

ulcers.

In a recent study in Sweden (leg and foot ulcer survey) (Nelzén et al. 1991), the point 

prevalence of all chronic leg ulcers was found to be 0.3%. Between 57% and 76% of leg 

ulcer patients have demonstrable significant venous disease (Callam et al. 1987). A 

recent study from Australia reported a point prevalence of active venous ulceration to be 

0.06% (Baker et al. 1991b).

A survey in Scotland showed the point prevalence of leg ulceration to be 0.15% (Callam 

et al. 1985). In a similar survey in England the prevalence was 0.18% (Cornwall et al. 

1986). Extrapolated to the UK population, the data of these two studies suggest that 

there are about 100,000 patients with open venous ulceration in the United Kingdom at 

any one time. The cost to the NHS is estimated at £230-400 million per annum at 1990- 

91 prices (Bosanquet 1992); this is mostly spent on provision of community care (Dale 

1986). This is an enormous drain on an already overstretched health budget.

It has been estimated that at any one time only about 25% of leg ulcers are open (Bobek 

1966, Widmer 1978, Dale 1983). Prevalence studies of active ulcers, therefore, 

underestimate the true number of patients with chronic ulcer disease. It has also been 

estimated that about 1% of the population develop venous ulceration at some time in 

their lives (Dale et al. 1983).

A higher prevalence of venous ulceration has been reported in women. In the Swedish 

survey [Nelzén 1991] the female to male ratio was 1.4 to 1; in the Czech study, the

18
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female to male ratio was 1.5 to 1. In the Scottish survey, the female to male ratio was

2.5 to 1 and a similar ratio was reported by Anning (Aiming 1954). The higher 

prevalence of ulceration in women is attributed to their greater life expectancy; below 

the age of 40 years the point prevalence of chronic leg ulceration is equal between the 

sexes (Baker 1991b, Callam 1985). The Basle study which reported a 1 to 1 ratio 

surveyed factory workers, most of whom were men, so the high prevalence in elderly 

women was not detected by the study.

Surveys have also shown increased prevalence of leg ulcers with age. In the Swedish 

survey the point prevalence of active chronic leg ulcers was 0.3% for the population as a 

whole, and 1.3% for those over the age of 85 years. The survey from England, by 

Cornwall, showed that the overall prevalence of leg ulcers was 0.18%, while in those 

over the age of 40 years, the prevalence was 0.38%. The increase in the prevalence of 

leg ulcers with age was also reported by other studies, including the Basle m  and 

Scottish studies.

1.1.3 Deep vein thrombosis

Surveys from Scandinavia have suggested that between 2 and 3% of the population have 

had deep vein thrombosis (DVT) at some stage in their life (Gjores 1956, Nylander and 

Olivercrona 1976). It remains a common disease especially in patients receiving medical 

or surgical treatment in hospital (Nicolaides et al. 1975, Collins et al. 1988). Without 

prophylactic measures, the incidence of DVT after major operations in patients over the 

age of 40 is 30% (National Institute of Health 1986). Its two main sequelae are 

pulmonary embolism and post-thrombotic chronic venous insufficiency. Fatal 

pulmonary embolism remains a major cause of death, being responsible for 10-17% of 

surgicd_patients dying in hospital (Linblad 1991, Drug and Therapeutic Bulletin 1992, 

THRIF^onsensus Group 1992). About half the venous leg ulcers are post-thrombotic 

(Cornwall et al. 1983, Burnand et al. 1976, Negus et al. 1983).
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Chapter One: Introduction

1.2 VENOUS ANATOMY OF THE LOWER LIMB

The venous wall is divided into intima, media and adventitia. The tunica intima consists 

of a single layer of endothelial cells resting on a basement membrane on its outer 

surface. The tunica media is composed of circular smooth muscle, which is 

sympathetically innervated, and a variable proportion of connective tissue; in the 

smaller veins, there is relatively more muscle while in the bigger veins, there is more 

connective tissue. The outermost layer is the tunica adventitia composed of collagenous 

and elastic connective tissue and longitudinal smooth muscle; nerves and vasa vasora 

supplying the vessel wall can be seen through sections in this layer.

The veins of the lower limb are broadly divided into superficial, deep and perforating 

(communicating) venous systems. The veins of the superficial system lie relatively 

unsupported in the superficial fascia, they drain the skin and other tissues superficial to 

the deep fascia. The veins of the deep system drain muscle, bone and other tissues deep 

to the deep fascia. The perforating veins are the comunicating veins between the 

superficial and deep venous systems.

1.2.1 The superficial venous system

The long and short saphenous veins (The word ‘saphena’ is derived from Arabic 

meaning ‘ship’ or ‘seen easily’) and their tributaries constitute the superficial venous 

system of the leg and thigh. The superficial venous system starts in the foot as the dorsal 

venous arch which lies opposite the proximal ends of the metatarsal bones. Its medial 

end is drained by the long (greater) saphenous vein and its lateral end is drained by the 

short (lesser) saphenous vein.

The long saphenous vein (LSV) passes upwards approximately 2.5 cm anterior to the 

medial malleolus. It then ascends in the superficial fascia over the medial aspect of the 

leg and thigh and finally passing through the saphenous opening (fossa ovalis) to join 

the femoral vein at the saphenofemoral junction (SFJ). The SFJ is medial to the femoral
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artery and situated 3 cm below the inguinal ligament (Williams and Warwick 1980), 

about 3.5 cm below and lateral to the pubic tubercle. The LSV in the lower leg is closely 

accompanied by the saphenous nerve which is liable to injury if below-knee stripping of 

the LSV is carried out in varicose vein operations. The main tributaries of the LSV in 

the leg are the anterior vein of the leg and the posterior arch vein. The anterolateral and 

posteromedial superficial veins of the thigh join the LSV just below its termination but 

sometimes as low as 15 cm below the SFJ. At the fossa ovalis, the LSV is joined by the 

superficial circumflex iliac, the superficial epigastric and the superficial external 

pudendal veins. The deep external pudendal vein usually drains directly into the 

common femoral vein. The long saphenous vein is occasionally duplicated. Variations 

in the anatomy of the saphenofemoral junction are common and the so called ‘normal’ 

anatomy as described above is present in only about one-third of subjects (Daseler et al. 

1946, Foote 1954).

The short saphenous vein (SSV) runs behind the lateral malleolus and ascends beneath 

the superficial fascia up the middle of the calf. It usually pierces the deep fascia at the 

middle or proximal thirds of the calf (Moosman and Hartwell 1964), and passes 

between the two heads of gastrocnemius muscle to join the popliteal vein at the 

saphenopopliteal junction (SPJ). There is wide variation in the mode of termination of 

the short saphenous vein; in only about 60% of subjects the SSV joins the popliteal vein 

in the popliteal fossa - about 2.5 cm above the level of the knee joint (Kosinski 1926, 

Haeger 1962). In about 30% of limbs, the SSV has a high termination, joining 

tributaries of the LSV in the thigh or the thigh muscular branches, or occasionally 

joining the superficial femoral vein. In the remaining 10% of cases, the SSV has a low 

termination, joining the long saphenous or deep venous systems in the calf. Dodd (Dodd 

1976) reported that in 75% of cases the SSV joins the popliteal vein, whereas in 20% it 

has a high termination and in the remaining 5% it empties into the veins of the calf 

muscle.
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1.2.2 The deep venous system

In the leg there are three paired stem veins (venae commitantes): the anterior tibial, the 

posterior tibial and the peroneal veins; each pair accompanying the artery bearing the 

same name. The anterior tibial veins drain the dorsum of the foot and then ascend in the 

anterior compartment of the leg as the venae commitantes of the anterior tibial artery. 

The posterior tibial veins are formed by the medial and lateral plantar veins below the 

medial malleolus. They ascend in the leg between the superficial and deep groups of the 

muscles of the calf as venae commitantes of the posterior tibial artery. The peroneal 

veins accompany the peroneal artery behind and medial to the fibula. The three pairs of 

stem veins unite at the lower border of the popliteus muscle to form the popliteal vein. 

The veins of the gastrocnemius muscle are straight and valved; they join to form the 

medial and lateral gastrocnemius veins which drain into the popliteal vein. The soleal 

veins are valveless and wide (sinusoidal); they drain into the stem veins or the lower 

part of the popliteal vein.

The superficial femoral vein (SFV) is the continuation of the popliteal vein as it passes 

through the opening in the adductor magnus. In the thigh, it ascends in the sub-sartorial 

(Hunter's) canal. The profunda femoris (deep femoral) vein joins the SFV 5-10 cm 

below the inguinal ligament to form the common femoral vein. The common femoral 

vein receives the LSV at the saphenous opening and becomes the external iliac vein as it 

passes beneath the inguinal ligament. The external iliac vein is joined by the internal 

iliac vein at the sacro-iliac joint to form the common iliac vein. The two common iliac 

veins join at the level of the fifth lumbar vertebra to form the inferior venae cava. 

Variations in the anatomy of the popliteal, superficial femoral and deep femoral veins 

are common (Dodd 1958). Apparent duplication of the popliteal vein may be due to a 

high termination of the stem veins of the calf.
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1.2.3 The perforating veins

The perforating (communicating) veins connect the superficial venous system with the 

deep venous system. The valves in these perforating veins direct blood from the 

superficial to the deep veins. Some perforating veins (the direct perforators) pass 

directly from the superficial veins to the main deep venous trunks. These are thought to 

be more important clinically than the indirect perforators which follow an indirect 

course and drain into muscular veins.

A large number of perforating veins can be shown to cross the deep fascia in each lower 

limb. In one study the average number of perforators was reported as 64 in each lower 

limb (Thompson 1979); most of these, however, are unimportant clinically. Certain 

perforators are relatively constant in position and more important clinically; these are 

usually direct perforators. The best known perforating veins are the terminations of the 

LSV and SSV forming the saphenofemoral and saphenopopliteal junctions. Three 

medial calf perforating veins, Cockett's perforators, are usually found 7 cm, 12 cm and 

18 cm above the medial malleolus. Cockett described these perforators, strongly argued 

their role in causing venous ulceration when they become incompetent and called them 

"ankle blow-outs" (Cockett and Jones 1953). They connect the posterior arch vein with 

the posterior tibial venae commitantes. Boyd's perforator connects the main trunk of the 

LSV to the posterior tibial veins 10 cm below the knee (Boyd 1948). The Huntarian 

(Dodd's) perforators connect the LSV to the SFV at mid-thigh passing through Hunter's 

canal (Dodd 1959). The main perforators associated with the SSV are the lateral 

perforating vein (Cockett 1955), connecting the SSV to the peroneal veins and the soleal 

(mid-calf) and gastrocnemius perforators which connect the SSV to the soleal and 

gastrocnemius veins, respectively.
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1.2.4 Structure of the skin and microcirculation

The skin comprises the epidermis, dermis and skin appendages. The functions of the 

skin may be described as protective, sensory, thermoregulatory and excretory.

The epidermis is an avascular keratinized stratified squamous epithelium of ectodermal 

origin. Its thickness varies between 30 and 200 |im according to sex, age and anatomical 

area. The epidermis is traditionally divided into five layers: (1) The deepest layer, the 

stratum basale, consists of a single layer of undifferentiated cells capable of cell 

mitosis. The basal layer rests on a basement membrane which is undulated due to the 

projections of the dermal papillae. The dendritic melanocytes, which produce the 

melanin pigment, are interspersed between the basal cells. (2) Stratum spinosum, also 

called the Malpighian layer, is formed by the outward migration of the cells of the basal 

layer. It is so-called because of the light microscopic appearance of its cells, with 

intercellular bridges ‘prickles’ binding the cells together and giving the cells spiny 

appearance. (3) Stratum granulosum, the ‘prickle’ cells of stratum spinosum loose their 

intercellular bridges and move outward to form the stratum granulosum. Its cells contain 

granules formed of a precursor of keratin. (4) Stratum lucidum is formed of keratin and 

droplets of lipid and is seen only in thick skin of the palms and soles. (5) Stratum 

comeum composed of a variable number of flat, anucleated, comified, dead cells 

containing the fibrous protein keratin. It forms a tough membrane whose function is 

mainly protective. The variation in the thickness of this layer accounts largely for the 

variations in the thickness of epidermis. Other cells within the epidermis include 

Langerhans’ cells, which are important in the recognition and presentation of antigens to 

lymphocytes, and Merkel cells which are thought to play part in transudation of sensory 

stimuli into nerve impulses.

The dermis is a fibro-elastic tissue of mesodermal origin which supports and nourishes 

the epidermis and its appendages. It is composed of collagen, which provides the
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support, and elastin and reticulin which provide the tensile strength; the three proteins 

are set in an amorphous mucopolysaccharide ground substance. The outer part of the 

dermis, called the papillary dermis, is in intimate contact with the epidermis; the 

epidermal basement membrane rests on, and follows, the convolutions of the dermal 

papillae. The deeper part of the dermis, called the reticular dermis, provides support and 

elasticity to the skin and is continuous with the subcutaneous tissues. Fibroblasts, which 

synthesise the dermal proteins, are the main cellular constituent of the dermis. They are 

capable of proliferating rapidly after injury. Other normal cellular constituents of the 

dermis include macrophages, mast cells and lymphocytes; the numbers of these cells is 

increased in inflammatory reactions of the skin which takes place in the dermis. The 

skin blood vessels, nerves, lymphatic channels and epidermal appendages are embedded 

in the dermal ground substance.

The skin appendages include eccrine and apocrine sweat glands, sebaceous glands, hair 

follicles and nails. Eccrine sweat glands are distributed over the entire body surface, but 

are most numerous on the palms and soles; they contribute to the thermoregulatory 

function of the skin. The cutaneous nerve supply comprises sensory nerves, subserving 

the sensory function of the skin, and sympathetic autonomic nerves which supply the 

blood vessels, hair follicles and sweat glands.

Microcirculation of the skin

William Harvey in 1628 made the discovery that blood circulated from and to the heart 

in a complete loop - the blood passed from the arteries to the veins through ‘porosities 

of the flesh’. Marcello Malpighi in 1661, using a primitive microscope, was the first to 

describe the passage of blood cells from arterioles into venules by direct observation 

(Mitchell 1985) and thus was the first to describe the microcirculation. It is in the 

microcirculation that the metabolic needs of the tissues are supplied.
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The skin blood vessels in the dermis are arranged in strata parallel to the skin surface 

and linked with vertical channels (Champion 1970). The deepest layer is the "internal 

vascular belt" and lies at the junction of the dermis and subcutaneous tissues (Maretti 

1968). The second horizontal layer forms the subpapillary plexus. These two layers are 

connected by vertical vessels which run through the reticular dermis. These plexuses, 

and others surrounding hair follicles and sweat glands, are interconnected (Montagna 

and Ellis 1961). From the subpapillary plexus, hair-pin capillary loops of 0.2-0.4 mm 

height project into the dermal papillae. The structure of these vessels have been studied 

in detail by Yen and Braverman using electron microscopy (Yen and Braverman 1976, 

Braverman and Yen 1977).

A typical microcirculatory unit comprises arterioles, metarterioles, capillaries and post

capillary venules (Fulton 1957). A nutrient artery branches several times before it 

becomes small enough to be called an arteriole/ which has a diameter of less than 20 

micrometers. An arteriole has a continuous smooth muscle coat surrounding an 

endothelial lining (Zweifach and Metz 1955). When the smooth muscle coat becomes 

discontinuous the vessel becomes metarteriole (terminal arteriole). A metarteriole 

serves a number of capillaries through precapillary sphincters and acts as a single 

structural unit. A precapillary sphincter is a smooth muscle fibre that surrounds the 

junction between the metarteriole and the capillary. The smooth muscle of these 

precapillary sphincters has cytoplasmic "wings" which encircle the capillaries and 

perform the contractile function (Braverman and Sibley 1990). It can open and close the 

entrance to the capillary; thus the number of patent capillaries at any one time is 

determined. This intermittency of capillary blood flow, known as vasomotion, was 

described by August Krogh who was awarded a Nobel Prize in 1920 for his work on the 

regulation of the capillary circulation (Krogh 1929). The opening and closing of the 

precapillary sphincters that is responsible for vasomotion is thought to be dependent on 

a feedback mechanism in which the concentration of oxygen and metabolites are

26



Chapter One: Introduction

important (Guyton et al. 1964) The phenomenon of vasomotion in the skin 

microcirculation has been studied by Salerud using l a s e r  Doppler fluxmetry (Salerud et 

al. 1983).

When the muscle coat of the metarteriole is lost completely, the vessel becomes a 

capillary; this has a diameter of 5 to 10 micrometers. The capillary wall is composed of 

a single layer of endothelial lining resting on a basement membrane and occasional 

pericytes which form tight junctions with the endothelium through breaks in the 

basement membrane. The endothelial cells are attached by junctional areas; thin slits 

between adjacent endothelial cells are called intercellular clefts. These slit-pores allow 

rapid diffusion of water-soluble substances between the interior and exterior of the 

capillaries. Plasmalemmal vesicles seen within the endothelial cells may also have some 

role in the diffusion process (Guyton 1991).

Capillaries join and acquire a muscle coat to become post-capillary venules. Venules 

have larger diameter, but weaker muscular coat compared to arterioles. Pericytes which 

have a contractile capability may have a role to play in the determination of systemic 

resistance.

There are arteriovenous (A-V) communications (shunt vessels) in the skin - 

Sucquet-Hoyer canals (Sucquet 1862, Hoyer 1877). These are muscular vessels under 

sympathetic control that constitute direct connections between small arteries and veins, 

bypassing the capillary bed. They are common in the soles of the feet, palms of the 

hands, lips, nose and ears; elsewhere, arteriovenous communications are found in fewer 

numbers. They subserve no metabolic function but play important role in the 

thermoregulatory function of the skin. In cold conditions, the shunts close under intense 

sympathetic stimulation and less blood passes through the dermis, avoiding heat loss. In 

hot conditions, the A-V shunts open up to increase skin blood flow and allow heat 

dissipation. Skin blood flow may be increased from the normal rate of 250 ml/m^/min to
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2,000 ml/m^/min in extreme hot weather. In susceptible patients, the increased cardiac 

output may precipitate heart failure.

At birth, the capillary pattern is the same in the leg as elsewhere (Perera et al. 1970). 

Later in life, the disproportionate increase in lower limb growth compared to other parts 

of the body, may explain the observation that the number of capillary loops in the skin 

of the leg is less than that in other sites (Ryan and Cherry 1986). The capillaries in the 

lower limbs also tend to be elongated and more convoluted than elsewhere, leading to a 

relatively under-perfused skin of the leg compared to other parts of the body.
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1.3 VENOUS PHYSIOLOGY

1.3.1 The return of blood to the heart

The venous pressure in a peripheral vein in the supine position is 0 to 10 nrniHg 

(Folkow and Neil 1971) Since the right atrial pressure in the same position is 

approximately 0 mmHg, the venous return to the heart is generated by a pressure 

gradient of less than 10 mmHg which is the residual force generated by the heart and 

transmitted through the microcirculatory bed. In the standing position, the pressure is 

increased by about 90 mmHg due to the weight of column of blood between the heart 

and the foot. Likewise, in a foot artery the mean pressure in the supine position is 100 

mmHg and rises to 190 mmHg in the standing position. The arterio-venous pressure 

gradient remaining unchanged, approximately 90 mmHg - the fall in the pressure taking 

place principally in the high resistance arterioles.

The venous return to the heart is assisted by the following mechanisms: (i) changes in 

intra-abdominal and intra-thoracic pressure, (ii) arterial pulsations may assist blood flow 

in the adjacent veins with competent valves (Guyton et al. 1963), (iii) the presence of 

venous valves, (iv) the venous pumps of the lower limb; the last two mechanisms are 

explained further below.

The role of venous valves

Harvey (Franklin 1927, Franklin 1937) demonstrated that the unidirectional flow of 

blood in veins is ensured by the presence of valves. Trendelenburg (Trendelenburg 

1891) suggested that the venous valves protected the vein walls from the high 

hydrostatic pressure in the upright position. The distribution of valves in the lower limbs 

has been studied by a number of investigators (Basmajiani 1952, Eger and Casper 1953, 

Powell and Lynn 1951). The inferior vena cava and common iliac veins are valveless; 

likewise, veins smaller than one mm in diameter have no valves. About 25% of external 

iliac veins and 75% of common femoral veins have one valve. The SFV has one to four
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valves and the popliteal vein invariably has one valve. With the exception of the soleal 

valveless sinusoids, the calf veins are more closely valved, approximately at 5 cm 

intervals. There are about 20 valves in the LSV and 10 valves in the SSV. Bands joining 

the anterior and posterior walls of the left common iliac vein just before its termination 

in the IVC are common (McMurich 1906). They may be related to the compression by 

the right common iliac artery and are reported to be present in 22.2% of cases (Negus 

1968a).

Venous valves are bicuspid, with the cusp leaflets orientated parallel to the skin surface. 

A cusp is composed of a thin layer of collagen fibres covered with endothelium. The 

widening in the vein lumen at the level of the valve cusp is the valve sinus. It is thought 

that thrombosis frequently starts in a valve sinus (Gibbs 1957, Diener 1975). This is 

supported by the frequent observation of delayed clearance of contrast medium during 

venography of the lower limbs (McLachlin et al. 1960).

It has been suggested that valves are not primarily designed to counter the effects of 

gravity; their function may be to prevent a rapid rise in pressure in capillaries and 

venules during muscle contractions (Williams 1954, Franklin 1937). It is generally 

accepted that the valves in the perforating veins, whilst allowing blood flow from the 

superficial to the deep veins during muscle relaxation, prevent the outward flow of 

blood from the deep to the superficial veins during muscle contraction. A recent study 

using duplex ultrasonography reported that proximal compression resulted in outflow in 

81% of limbs with deep venous incompetence and in 24% of normal limbs (Sarin et al. 

1992b).

1.3.2 The muscle pumps of the lower limb 

The calf muscle pump

The deep venous system of the calf comprises all the leg veins deep to the deep fascia 

between the knee and ankle. These deep veins are either intramuscular (the soleal

30



Chapter One: Introduction

sinuses and gastrocnemius veins), or intermuscular (the posterior and anterior tibial and 

peroneal veins). During contraction of the calf muscles, by moving the legs or tensing 

the muscles, the pressure in the deep veins rises and blood is squeezed out of them. The 

valves in the deep veins directing the flow of blood proximally towards the heart and the 

valves in the perforating veins preventing retrograde flow of blood from the deep to the 

superficial venous system. The calf muscle pump can expel 30 - 40 ml of blood which is 

about 50% of its estimated total volume of 60 - 80 ml (Whitehead et al. 1983). During 

calf muscle relaxation, the pressure in the deep veins falls and the deep veins are filled 

by blood flow from the superficial venous system and by arterial inflow. During 

walking, the pressure in the superficial venous system is thereby maintained at less than 

25 mmHg; that is a reduction of 75% of the foot vein pressure in an adult who is 

standing still. Calf muscle pump failure may be caused by venous incompetence, deep 

vein obstruction and muscle weakness. The failure of exercise to lower venous pressure 

invariably underlines the development of most venous pathology; or as stated by Browse 

and Bumand "the absence of venous hypotension during exercise is the ultimate cause 

of almost all venous pathology" (Browse et al. 1988).

The foot pump

The venous foot pump was originally described by Le Dentu in 1867 (Le Dentu 1867). 

Recently, Gardner and Fox have demonstrated the efficiency of the foot pump in 

assisting venous return from the lower limbs on weight bearing (Gardner and Fox 1983). 

They demonstrated that weight bearing results in flattening of the planar arch and 

s tr^ n n g  of the plantar veins expelling blood upwards from the foot. A pneumatic 

device was developed to activate the venous foot pump and enhance venous return. This 

device has been shown to be effective in reducing pain and swelling in patients 

undergoing treatment for fractures of the lower limb (Gardner et al. 1990).
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In patients with chronic venous insufficiency it has been shown, using duplex scanning, 

that the footpump is as effective as normal walking in maintaining venous return from 

the lower limb (MacMullin et al. 1989). Cheatle (Cheatle et al. 1991b) found that in 

patients with chronic venous insufficiency with popliteal vein reflux, the amount of 

reverse flow, expressed as a percentage of forward flow, was 35% with intermttent 

pneumatic compression of the foot and 65% with calf compression. This suggests that 

the foot pump leases less of its venous emptying capability compared to the calf muscle 

pump in patients with chronic venous insufficiency. The preservation of functional 

in^rity of the foot pump in patients with calf pump failure may explain why in such 

patients the foot is relatively immune from venous ulceration.

1.3.3 The venous tone

The veins, containing about 60% of the blood volume, are very important in the 

redistribution of blood throughout the body. Because these capacitance veins are so 

compliant, they are best suited to serve as a blood reservoir for the circulation. This is 

achieved by reflex changes in venous and arteriolar tone in response to changes in the 

central venous pressure. The smooth muscle of tunica media is sympathetically 

innervated and is responsible for venous tone. When arterial pressure begins to fall as a 

result of blood loss, sympathetic reflexes are elicited from the carotid bodies and other 

pres sure-sensitive areas of the circulation; these reflexes cause constriction of the 

capacitance veins, making more blood available for the vital organs. Splanchnic and 

cutaneous veins have a rich sympathetic innervation compared to skeletal muscle veins. 

In skeletal muscle, changes in venous volume are affected more directly by external 

compression, principally, muscle contraction within the confines of the deep fascial 

compartments.
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1.3.4 The venous and microvascular endothelium

Vascular endothelium is a secretary organ, producing a number of physiologically active 

substances. Prostacyclins produced by the endothelial cells are important for their anti

platelet aggregating effect, balancing the effect of thromboxane produced by platelets. 

The venous endothelial cells are also a major source of the fibrinolytic activators. 

Browse et al. (Browse et al. 1977) have shown that reduced fibrinolytic activity is 

associated with severe chronic venous insufficiency and recurrent superficial 

thrombophlebitis. It was postulated that the deficiency in fibrinolysis played an 

important role not only in the pathogenesis of postphlebitic venous ulceration but also in 

the causation of the original thrombosis (Bumand and Browse 1982, Woolfe et al.

1979). Vein wall fibrinolytic activity was found to be less in the lower limbs than in the 

upper limbs and a converse relationship with the hydrostatic pressure has been shown 

(Pandolfi et al. 1967, Leach et al. 1982). This may be one of the reasons for the higher 

rate of DVT in the lower limbs.
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1.5 INVESTIGATIONS OF VENOUS DISEASE AND MICROCIRCULATION 

Clinical examination

Brodie, in 1846, described a test for valvular reflux (Brodie 1846); this test was then 

refined and popularised, in 1890, by Trendelenburg (Trendelenburg 1890). The Brodie- 

Trendelenburg test is part of today's standard clinical examination. The veins are first 

emptied by leg elevation and a tourniquet is then placed around the leg to occlude the 

superficial veins. On standing, rapid refilling of the veins above the tourniquet indicates 

incompetent deep-to-superficial communication above the tourniquet, while rapid 

refilling of the veins below the tourniquet indicates incompetent communications below 

it. By repeating the test with the tourniquet at different levels, or by using multiple 

tourniquets, the sites of incompetent communications can be determined.

Perthes’ test (Perthes 1895) was the first clinical test for deep venous function. With the 

patient standing, a tourniquet is placed around the limb and the patient is instructed to 

walk. If the deep veins are functioning normally, the pressure in the superficial veins 

falls and they are no longer distended. In deep venous obstruction, the superficial veins 

fail to empty, or even become more distended.

In the original Schwartz test (Schwartz 1888), the patient is examined standing, the 

fingers of one hand placed on the proximal saphenous vein and the varices are percussed 

distally. Schwartz used this test to identify the location of the saphenous vein for 

subsequent sclerotherapy. The test was later modified (McCalling 1940) so that the vein 

is percussed proximally and the observing hand placed on the varices distally. This 

modified Schwartz test is used to test for valve competency. Based on the same 

principle of impulse transmission, a positive cough impulse in the LSV just distal to the 

saphenofemoral junction is an indication of incompetence at this junction.

The information provided by history and careful clinical examination remains important 

in the assessment of venous disease. However, accurate diagnosis often requires further
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specific investigations. Many investigations are currently available for the assessment of 

venous disease and the microcirculation and are usually classified as non-invasive or 

invasive. Some of these tests are in routine clinical use, while others are mainly research 

tools. The information obtained from any investigation is either anatomical or functional 

or both.

1.4.1 Non-invasive investigations 

Strain gauge plethysmography

This technique measures the change in volume of part of the limb (calf, foot or digit) in 

the plane of the gauge. It has been used to measure venous outflow from the limb, 

allowing proximal venous obstruction, e.g. by DVT, to be assessed (Barnes et al. 1972). 

The technique has also been used to measure venous reflux; with the patient undertaking 

a standard exercise and with the use of tourniquets the relative contribution of the 

superficial and deep venous systems can be determined (Barnes et al. 1972). The 

technique is now used mainly for research purposes.

The transducer was originally made from a mercury-filled rubber tube (Whitney 1949); 

recently, a more reliable mercury-filled silastic tube became available. This is stretched 

around the calf, foot or digit. The electrical resistance of the mercury filled silastic tube 

is inversely related to its cross-sectional area. As the calf, foot or digit increases in 

volume, the silastic tube stretches increasing in length but decreasing in cross section. 

This results in an increase in the resistance of the mercury column. The changes in 

resistance are linearly related to changes in volume. The system is calibrated so that 1% 

change in resistance is equivalent to 1% change in volume. The gauge length should be 

90% of the limb circumference so that it is stretched by 10% when applied to the limb. 

Since only the small area of the limb beneath the strain gauge is measured, the technique 

may not reflect changes in the whole limb accurately. Slippage of the gauge or sinking 

into the skin are also potential sources of error. Mercury is potentially toxic and tends to
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oxidise after about a year in use, resulting in failure of the gauge. The recently 

introduced indium-gallium alloy for the gauges is less prone to these problems.

Air plethysmography

This test is based on volume changes detected by multiple air-filled cuffs, or a single 

sleeve, wrapped around the limb. The cuffs are inflated to a low pressure with air so that 

fluctuations of calf volume are reflected by a change of pressure within the cuff. This 

technique has been used extensively for many years (Mackay and McCarthy 1957, 

Cranley et al. 1973).

Improvements in the cuff design and calibration method have been described recently 

(Christopoulos et al. 1987, Katz et al. 1991). A plastic sleeve is zipped around the 

patient's leg and filled with air to a pressure of 6 mmHg to ensure close conformity with 

the leg. The device is calibrated so that absolute volume changes in the limb can be 

deduced. The patient undertakes a standard exercise as described for other 

plethysmographic methods of assessment. The ejected volume, as well as the venous 

refilling time following exercise can be measured. In addition to using it for detection of 

venous reflux, this technique has also been used in the diagnosis of major DVT. It is, 

however, unreliable in the diagnosis of non-obstructing calf DVT. A potential source of 

error in the technique is the heating of air within the sleeve by skin temperature causing 

an increase in pressure.

Photoplethysmography

The ability of the skin to reflect light partly depends on the volume of blood in the skin 

(Catwright 1930, Hertzmann 1938). Photoplethysmography (PPG) relies on infra-red 

light absorption by haemoglobin and is therefore capable of detecting variation in the 

amount of blood in the dermal venous plexuses. The photo-electric plethysmography 

unit consists of an illuminating (light-emitting diode) element and a detecting 

(phototransistor) element. When the dermal venous plexuses are full with blood during

36



Chapter One: Introduction

high venous pressure more light is absorbed. As venous plexuses become less full, when 

venous pressure falls, light absorption decreases resulting in an increase in light 

transmission. The transducer is designed so that when applied to the skin with 

double-sided adhesive tape light must traverse the skin to reach the detector. The 

resulting trace may be recorded by a chart recorder or displayed on a computer. The 

patient sits with the lower limbs dependent and with the transducers attached 5 cm 

proximal to the medial malleolus. A stable trace is established, and the patient then 

performs 10 dorsiflexions at the ankle to activate the calf muscle pump. This produces 

an emptying phase in which the falling content of haemoglobin results in increased 

amounts of light reaching the photodetector. The patient then rests and the refilling 

phase is recorded. The time taken for the trace to return to the baseline level is referred 

to as the PPG refilling time. It has been shown that the refilling time derived by this 

technique is similar to that obtained by foot vein pressure measurements (Abramowitz et 

al. 1979). Tests can be repeated using tourniquets, as with other plethysmographic 

methods, to determine the contribution of superficial veins to the venous reflux.

Photoplethysmography is one of the simplest tests to undertake in the investigation of 

venous reflux. It is recommended as a screening test to identify the presence of venous 

disease and to differentiate between deep and superficial vein incompetence (Nicolaides 

and Miles 1987). Photoplethysmography provides quantitative information of overall 

venous function but cannot accurately localise sites of incompetence. Its ability to 

differentiate between deep and superficial vein incompetence has been shown to be 

inferior to duplex scanning (McMullin and Coleridge Smith 1992).

Foot volumetry

This method assesses changes in foot volume using a water-filled plethysmograph. It 

was first described by Thulesius and Norgren in the 1970s (Thulesius et al. 1973, 

Norgren 1974). In this test the patient stands with each foot in a water bath of known
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volume; floats or level detectors on the surface of the water bath indicate changes in 

water level and these can be calibrated to show precise volume changes of the foot. The 

water bath is then filled to a predetermined level, permitting foot volume to be 

established from the amount of water needed to reach the predetermined level. The 

patient performs 20 knee bends at one second intervals; this causes the muscle pumps to 

expel blood from the foot reducing its volume. The reduction in foot volume (expelled 

volume) and the refilling time, or time for half refilling, are measured. With the use of 

tourniquets, it is possible to differentiate between superficial and deep venous reflux. It 

has been shown that foot volumetry correlates well with venous pressure measurements; 

both expelled volume and the refilling time were shown to correlate with the decrease in 

venous pressure and refilling time during ambulatory venous pressure measurements 

(Lawrence and Kakkar 1980b). The test is less convenient to use compared to the 

simpler transducer plethysmography methods. It only measures foot volume changes 

rather than calf volume changes, although it is generally accepted that foot volume 

changes reflect those of the calf.

Doppler ultrasound

The Doppler effect was first described by Johann Doppler in 1842. He proved that the 

frequency of sound reflected from a moving object varied with the velocity of the object 

(Nayman 1974). An object moving away from the source of a sound reflects the sound 

at a lower frequency while an object moving towards the source of the sound increases 

the sound frequency. The first application of the Doppler effect in medicine was by 

Satomura who utilised it to study cardiac structure and function (Satomura 1957). 

Franklin was the first to suggest the use of Doppler ultrasound for the detection of blood 

flow (Franklin et al. 1961).

The difference in frequency between the incident sound and the reflected sound is called 

the Doppler frequency shift (DFS). Doppler frequency shift is proportional to the
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velocity of the moving object according to the Doppler formula (W oodcock 1985, 

Strandness 1985):

W here fds is Doppler frequency shift, f i  is the frequency of incident sound, v is blood 

flow velocity, s is the speed of sound in the medium and 0 is the angle of insonation 

between the direction of flow and ultrasound beam (Doppler angle).

The Doppler probe used to detect blood flow contains two transducers, one of which 

acts as a transmitter to emit ultrasonic waves at between 2 and 10 M Hz while the other 

receives the scattered waves. The electronics in the system compares the transmitted and 

received sound signals, detects a frequency difference and calculates the speed of blood 

flow. An audible Doppler signal whose amplitude is proportional to the velocity of 

blood flow is heard. In addition, with the more advanced Doppler units a distinction 

between blood flow towards and away from the transducer is made (bi-directional 

Dopplers), the signal can be displayed graphically and a hard printout obtained for 

further analysis. A coupling jelly is used with all ultrasound probes to prevent sound 

reflection at the air-skin interface. A large proportion of sound waves are reflected by 

the red cells because of their higher density compared to the surrounding plasma.

The hand-held (continuous wave) Doppler probe is simple, cheap and widely used in 

vascular surgery. In venous disease, it has been used in the diagnosis of DVT as well as 

the detection o f venous reflux.

Continuous wave Doppler was first described for the diagnosis o f DVT by Strandness 

and Sigel (Strandness et al. 1967, Sigel et al. 1968). The test is undertaken with the 

patient lying supine with a head up tilt to ensure that the veins are full. The femoral vein 

is insonated in the femoral triangle. Diagnosis o f DVT is suggested by failure to detect 

spontaneous flow with respiratory fluctuations. Two manoeuvres are performed to help 

confirm  the diagnosis: (1) A Valsava manoeuvre: normally, this manoeuvre stops blood
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flow, with a sudden increase in flow when the Valsava is released, the absence of this 

response suggests a venous obstruction proximal to the probe. (2) Distal compression'. 

normally, compression of the limb (calf or foot) augments the flow signal in the femoral 

vein, absence of this is suggestive of an obstruction between the compressing hand and 

the probe. The popliteal and posterior tibial veins are examined similarly; the popliteal 

vein may be assessed with the patient in the prone position.

A continuous-wave Doppler probe cannot discriminate between different vessels present 

at any one level; if one is occluded by thrombus, it may not be detected. A non

occlusive thrombus may also be missed. Assessments of sensitivity and specificity for 

this investigation varied between 30% and 97% (Milne et al. 1971, Johnson 1974, 

Alexander et al. 1974).

For the detection of venous reflux the patient may be examined lying (Sigel et al. 1970), 

or standing (Mclrvine et al. 1984, Negus 1985a). Three features of venous flow help to 

locate the vein: the spontaneous resting flow, the phasic respiratory fluctuations and the 

augmentation of flow on distal compression. In the presence of venous reflux, a signal is 

detected on Valsava manoeuvre, proximal compression or following the release of distal 

manual compression; normally, competent valves prevent retrograde flow which 

produces this signal. Tourniquets may be used to differentiate between superficial and 

deep venous reflux. As mentioned earlier, errors can occur with this technique since the 

vein being examined cannot be accurately identified (McMullin and Coleridge Smith 

1992).

Duplex ultrasound imaging

Two advances in ultrasound technology has led to the development of the modem 

duplex ultrasound scanner: (i) B-mode (brightness modulation) imaging. The production 

of the image is derived from the amplitude of the reflected light and the time interval 

between transmitting and receiving the signal. The brightness of the ultrasound picture
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(B-mode image), which is made up of a series of dots (pixels), varies with the intensity 

of the corresponding echoes. One important development in ultrasound imaging is real 

time B-mode imaging, where movement of the structures beneath the transducer is 

obtained along with the image. With real time B-mode imaging a blood vessel may be 

seen pulsating just as it actually is within the body, (ii) Pulsed wave Doppler, repetitive 

bursts of ultrasound are emitted and the returning signals are sampled at selected 

intervals. This has made it possible, using an electronic gate, to focus the ultrasound to a 

precisely defined area enabling the direction and velocity of blood flow to be 

determined. Fourier waveform analysis can be applied to the ultrasound signal and the 

resultant frequency spectrum can be graphically displayed in real time. This produces 

the spectral analysis component of the modem duplex ultrasound scanner. Using the 

gated pulsed signal in conjunction with the real time B-mode image, the pulsed Doppler 

can be focused on a specific blood vessel on the image.

The modem duplex ultrasound scanner combines real time B-mode ultrasound image 

and pulsed Doppler with spectral analysis facility; the pulsed Doppler with the spectral 

analysis provides the blood flow information. The colour duplex scanner is the state of 

the art in vascular imaging; Doppler flow information is superimposed in colour on the 

real time B-mode ultrasound image.

Duplex ultrasound imaging is now the method of choice in the investigation of venous 

disease (Mitchell et al. 1991, Welch et al. 1992). It is non-invasive, highly accurate and 

has the advantage of combining real-time ultrasound imaging and the ability to 

demonstrate the direction of blood flow in the superficial or deep veins. For peripheral 

vascular imaging, the transducers used range from 5 MHz to 10 MHz and are usually 

linear arrays. For venous assessments of the lower limbs, the patient is usually examined 

in the supine position with a slight head up tilt. In assessment for venous reflux, the 

patient may preferably be examined while standing.
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Duplex ultrasound imaging has been shown to have good correlation with venography 

in the diagnosis of DVT and assessment of venous reflux (Sullivan et al. 1984). In 

duplex ultrasound imaging with colour flow mapping distinct colours are used for 

forward and reverse flow making assessment of venous reflux easier (Grant et al. 1989, 

Persson and Fowls 1986, Persson 1988). Moreover, colour flow mapping allows the 

assessment of more than one vessel simultaneously. Duplex ultrasonography has 

replaced descending venography as the method of choice in the assessment of venous 

reflux (Baker et al. 1991a, Neglen and Raju 1992, van Bemmelen 1989). It provides an 

accurate description of the presence and site of reflux in the veins (Szendro 1986) and 

allows the competence of individual valves to be assessed (Rollings 1987).

1.4.2 Invasive investigations

Venography

Venography (phlebography) involves the injection of a contrast medium into a vein and 

imaging the veins using X-rays. Since it was described in 1923, it has, until recently, 

been the principal means of investigating the venous system. In experienced hands, 

images of all lower limb veins can be obtained (Lea Thomas 1972).

Ascending venography has been the most commonly used phlebographic technique for 

the diagnosis of DVT and demonstration of perforator incompetence. The patient is 

placed on a tilting table with 30° foot-down tilt. A non-ionic contrast medium is injected 

into a foot vein. An ankle tourniquet is used to direct the contrast into the deep veins. 

Spot-films of the veins of the lower limb, including the lower inferior vena cava, are 

taken under fluoroscopic control.

Descending venography has, until recently, been the standard method for diagnosing 

venous reflux. A contrast medium is injected into the femoral vein while the patient is 

lying supine, and following a Valsava manoeuvre the reflux of contrast distally in the 

deep veins and LSV is assessed. Deep venous reflux is graded from 0 to 4 (Kistner RL
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1978, Ackroyd et al. 1986). Direct injection of the popliteal vein may be used to assess 

the competence of the popliteal valves.

Varicography involves injecting the contrast medium directly into a varicose vein to 

show the extent of the varicosity and to identify any incompetent perforator associated 

with it, while saphenography is used to assess the suitability of the LSV for arterial 

bypass surgery.

Modifications of these techniques are often required to permit assessment of the veins in 

certain anatomical areas and to best suit certain clinical situations.

Formerly, ionic hyperosmolar contrast media were used. These are painful on injection 

(Lea Thomas and MacDonald 1978) and have been associated with the development of 

DVT (Albrechtsson and Olsson 1976). Since they have been superseded with the non

ionic contrast media, the risk of DVT associated with venography have been reduced 

significantly, but not eliminated (Walters et al. 1980).

Venography is invasive, uncomfortable and exposes patients to ionising radiation. It also 

involves the use of expensive equipment. The role of venography as the gold standard 

for investigation of venous disease is being rapidly replaced by the non-invasive and 

highly accurate duplex ultrasound imaging (Neglen and Raju 1992).

Foot vein pressures

Foot vein pressure measurements is the gold standard for assessing calf pump function. 

A dorsal foot vein is cannulated and the catheter connected to a water manometer (De 

Takats 1929) or to a pressure transducer which converts the pressure to an electrical 

signal recorded on a chart recorder (Hojensgard and Sturup 1949). Nowadays, the 

pressure transducer may be connected to a computer that displays and records the 

pressure tracing. Having cannulated the vein and connected the cannula to the pressure 

recording system, the patient performs a standard exercise to test the calf muscle pump.
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either by walking on a treadmill or raising both heels off the ground every second until 

the pressure becomes stable. The pressure recorded before the exercise (approximately 

90 mmHg) is the resting pressure and depends on the height of the column of blood 

from the right atrium to the foot vein. The pressure reached at the end of exercise is the 

ambulatory venous pressure (AVP); normally, this is less than 25 mmHg (approximately 

30% of the resting pressure). The venous system then refills from arterial inflow, and 

venous reflux, if present. The time taken to return to the pre-exercise pressure is the 

venous refilling time. Normally, the venous refilling time is greater than 20 seconds. A 

high A VP or a short venous refilling time is indicative of venous incompetence. This 

test can be repeated using tourniquets or narrow cuffs to occlude the superficial veins of 

the thigh and leg so that the relative contribution of the superficial and deep venous 

systems to the venous reflux is determined.

^^^7- fibrinogen scanning

Hobbs, in 1960, demonstrated that radioactive-labelled fibrinogen could be used to 

detect venous thrombosis in the rabbit (Hobbs and Davis 1960). Subsequently, 

labelled fibrinogen was introduced for clinical use in the detection of DVT (Nanson et 

al. 1965, Atkins and Hawkins 1965, Kakkar et al. 1970). Negus found that fibrinogen 

scanning correlates well with venography and detects 90% of the phlebographically 

demonstrated thrombi (Negus et al. 1968b). Theoretically, the test can detect only new 

thrombosis. Browse, however, has shown that the technique is also capable of detecting 

established thrombi (Browse et al. 1971).

A major drawback of this technique which limited its clinical usefulness was that the 

raised radioactivity should be present for at least 24 hours for a definite diagnosis to be 

made. Furthermore, uptake of radio-iodine into the thyroid must be prevented by prior 

treatment of the patient with Lugol's iodine solution or intravenous administration of
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iodine compounds. ^^^I-labelled fibrinogen has now been withdrawn as a 

radiopharmaceutical.

1.4.3 Investigation of the skin microcirculation 

Laser Doppler fluxmetry

L a s e r  Doppler fluxmetry is a non-invasive technique widely used for assessment of the 

skin microcirculatory blood flow for both clinical and research purposes. The use of 

LASER Doppler fluxmetry for measuring blood flow was developed by Riva et al.; they 

used it to measure retinal blood flow in rabbits in 1972 (Riva et al. 1972). Stern (Stem 

1975) introduced the technique for measuring skin blood flow in 1975. The system has 

since been improved and used widely in the investigation of the microcirculation 

(Tanaka et al. 1974, Low et al. 1983).

Most of the work on the validity of the system was carried out by workers at Linkoping 

University in Sweden (Tenland 1982). In vitro experiments using inert liquids, showed 

that LASER Doppler produces reproducible results and has a coefficient of variation of 

6% (Tenland et al. 1983). The system has been validated in vitro against ’̂ ^Xenon 

clearance; a good correlation (r = 0.89) was reported (Holloway and Watkins 1977).

Because skin blood flow is non homogeneous, there is wide variation of values between 

different sites. It is generally agreed that its reproducibility is good in a given 

population, but not in individual subjects (Kvemebo et al. 1989). Significant errors are 

avoided when relative changes (or comparisons between groups) rather than absolute 

LASER Doppler values are considered. The recently introduced l a s e r  Doppler perfusion 

imager has, in theory, better spatial resolution because it scans a wider area. However, in 

a recently published study, a significant linear correlation was found between these two 

LASER Doppler techniques (Seifalian et al. 1994).
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The system consists of a l a s e r  light source, a photodetector, a fibre optics and a signal 

processor. The l a s e r  light source utilises helium-neon gas in most commercially 

available systems, although some systems have gallium semiconductors. A red light 

beam (wavelength 600 to 800 nm) is conducted by the fibre optics to the tissue where 

most of it is scattered by stationary structures whereas a small proportion is reflected 

back by moving blood cells. The depth of sensitivity of the l a s e r  Doppler probe 

depends on the geometry of the probe and the characteristics of the tissue being studied; 

it has, however, been estimated to be maximal at 0.6 mm (Nilsson et al. 1980b); beyond 

that there is an exponential decay in sensitivity. The measuring volume is a hemisphere, 

having a radius of 1-1.5 mm, with its centre at the tissue surface under the end-point of 

the optical fibre.

L a s e r  Doppler fluxmetry overcomes many of the problems associated with other 

methods for measuring microcirculatory blood flow. However, the technique has its own 

limitations, which must be appreciated. The LASER Doppler value is expressed in 

arbitrary units because reliable calibration in absolute perfusion units has not been 

established. The l a s e r  Doppler output is affected by a number of factors. These include 

the temperature, type of probe, haematocrit (Driessen et al. 1990) and surface properties 

of the skin e.g. hyperkeratosis, pigmentation and oedema.

There is disparity between the instrumental zero, calibrated against a white surface, and 

the so-called biological zero. During complete arterial occlusion a significant flux signal 

is often still recordable, and is referred to as the biological zero. This signal is 

attributable to Brownian motion of red cells and other structures in the tissues and is not 

generated by tissue blood flow. It is generally recommended that the biological zero is 

recorded and subtracted from the actual LASER Doppler values recorded (Fagrell 1994), 

in other words, the l a s e r  Doppler output is measured relative to the biological zero. 

However, in practice it is not always possible to achieve arterial occlusion. The effects
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of post-occlusion hyperaemia may adversely affect the measurements. In addition, it has 

been suggested that the biological zero may only be present during non-flow conditions, 

and not when the blood is flowing - although it is hard to understand why the non-flow 

dependent signal should suddenly disappear when flow starts. The errors associated with 

recording relative to instrumental zero rather than biological zero are generally small 

(Almond 1994).

The most important drawback of the l a s e r  Doppler technique is that it measures flow 

not only in the nutritional capillaries of the skin but also in the subpapillary 

arteriovenous anastomoses if present. Although l a s e r  Doppler fluxmetry measures the 

subpapillary (thermoregulatory) shunt flow as well as the nutritional flow in the 

papillary capillary loops, its findings are broadly comparable to those of capillary 

microscopy. Tooke (Tooke et al. 1983) compared the two methods and showed that the 

findings of the two techniques followed a similar trend -  although the magnitude of 

change was different. The technique is non-invasive and simple to use and remains a 

useful tool in the assessment of diseases that affect the microcirculation. La s e r  Doppler 

fluxmetry overcomes many of the problems associated with other methods for 

measuring microcirculatory blood flow. However, as I have pointed out above, it has its 

own limitations which must be appreciated. It is most useful for detecting changes in 

blood flow after some form of stimulus such as compression, postural change, heating 

and post-occlusion hyperaemia. Absolute LASER Doppler values are less reproducible 

but significant errors are avoided when comparisons are made between groups.

Transcutaneous oxygen tension (tcP02)

Transcutaneous oximetry measures the partial pressure of oxygen at the skin surface 

using a heated Clark electrode with an oxygen permeable membrane.

As early as 1851 Gerlach observed that oxygen diffused out from the skin to ambient air 

(Gerlach 1851). Clark described the use of an electrode, comprised of a platinum
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cathode, a silver anode and an electrolyte solution in a chamber, for recording oxygen 

tension in 1956. The electrochemical reduction o f oxygen diffusing through the chamber 

leads to the generation of current between the cathode and anode that is proportional to 

the concentration of oxygen diffusing through the electrolyte reservoir (Clark 1956). 

Huch incorporated a heater system in Clark electrode; the skin temperature beneath the 

electrode is heated to 43-45°C to cause maximal vasodilatation and ‘artérialisation’ of 

the capillaries. He was the first to use the m odified Clark electrode to monitor the 

oxygenation of arterial blood in neonates (Huch et al. 1974). The system can also be 

used to measure transcutaneous carbon dioxide tension (tcPC02) using a heated pH 

sensitive electrode covered with a CO 2 permeable membrane.

Transcutaneous PO 2 is ideal in neonatal monitoring where it is closely related to PaÛ 2 . 

However, concern over the accuracy of tcPÛ 2 measurements in adults was expressed by 

some workers. It correlates less with Pa02 compared to neonates. Single daily 

measurements of tcP 0 2  varied by an average of 10% from the mean of normal 

individuals (Coleman et al. 1986). It is influenced by skin structure and epidermal 

thickness (Falstie-Jensen et al. 1988) and several other m ethodological and physiologic 

factors (Fronek 1990). Significant errors, however, are avoided when relative changes 

rather than the absolute values of tcP 0 2  are considered.

The technique is used in intensive care units for blood gas monitoring in neonates 

(Laing and Amoore 1993). It has also been widely used in the assessment o f skin 

perfusion in arterial disease (Young et al. 1981, Burgess et al. 1982, Frankek et al.

1982). In a recent study (Abu-Own et al. 1993a), the effects of intermittent pneumatic 

compression o f the foot on the skin microcirculation of patients with arterial disease 

were assessed using transcutaneous oximetry and LASER Doppler fluxmetry. In the 

dependent position, a significant increase in both tcP02 and LASER Doppler flux were 'I* 

observed. The technique has also been used in the investigation o f venous disease,
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(Partch 1984, Clyne et al. 1985, Mannarino et al. 1988, Stacey et al. 1987a, Cheatle et 

al. 1991c) and for other research and clinical purposes. Dowd (Dowd et al. 1983) 

studied the effect of age and sex upon the transcutaneous oxygen tension in the lower 

limb. Bader (Bader and Grant 1988) studied the changes in tcP02 as a result of 

prolonged pressures at the sacrum.

Reliability on this technique depends on accurate system calibration and proper 

preparation and application of the sensor electrode. The electrode is applied to the skin 

using an adhesive ring and contact gel. Any air bubbles are excluded by careful 

application of the probe to the skin. An equilibration time of 15 minutes is required 

before measurements can be taken. The temperature control system of the 

transcutaneous oximeter is set to 43-45°C to cause maximal vasodilatation. This is 

because the absolute values of tcPOz and tcPCOi at physiological temperatures are small 

making it difficult to interpret changes; with heating, values are magnified and 

accordingly easier to interpret. It must, however, be appreciated that the use of a heated 

sensor creates an unphysiological environment; it abolishes the normal blood flow 

regulation and the perfusion would be determined mainly by the blood pressure. Heating 

increases both oxygen and carbon dioxide in the tissues due to increased tissue 

perfusion. The increased metabolic activity due to heating balances some of the increase 

in tissue oxygen but increases tissue CO2 further.

Xenon (̂ ^̂ Xe) Clearance

As described by Sejrsen (Sejrsen 1968, Sejrsen 1969), this is the best known and most 

commonly used of several radio-labeling techniques for assessment of local tissue blood 

flow. The local *̂ ^Xe washout technique involves the epicutaneous application of '̂ ^Xe 

which diffuses into the skin and subcutaneous fatty tissue. The subsequent washout will 

then depend on local blood flow. A scintillation counter is used for ”̂Xe detection and 

the counts can be recorded on a chart recorder. The local skin and subcutaneous tissue
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blood flow can be calculated accordingly. For measurement of muscle blood flow, 

'^^Xenon may be injected directly into the target muscle tissue (Lassen et al. 1964). The 

technique has been shown to be useful in determination of the amputation level in 

arterial disease (Moore 1973), and has recently been used to study disease mechanisms 

in venous disease (Cheatle 1991).

The technique is a more direct measure of tissue blood flow compared to l a s e r  Doppler 

fluxmetry. It is, however, more difficult and involves the use of a radioactive labeling 

material. In a study involving a small number of healthy volunteers, the two techniques, 

LASER Doppler fluxmetry and ’̂ ^Xe clearance, were used to assess the effect of a 

pressure relieving product on the local skin blood flow. Because the results of the two 

techniques were found to reflect the same pattern, it was suggested that for testing 

pressure relieving materials the simpler l a s e r  Doppler method would be sufficient 

(Karlsmark and Kristensen 1987).

Capillary Microscopy

Capillary microscopy enables direct examination of the nutritional capillaries in the skin 

non-invasively. Zimmer (Zimmer and Demis 1964), in 1964, introduced the dynamic 

capillary microscopy which made it possible to study blood velocity in the nutritional 

skin capillaries in man. Measurement of capillary blood velocity using capillary 

microscopy technique was refined by later investigators (Goodman et al. 1974, 

Intaglietta et al. 1975). Fagrell, in 1980, used capillaroscopy to study morphologic 

abnormalities of the microvasculature (Fagrell et al. 1977, Fagrell 1979). Bollinger 

(Bollinger et al. 1986) and Leu (Leu et al. 1991) used intravital fluorescent 

capillaroscopy which, in addition to capillary morphology, also allowed capillary 

permeability to be studied.

The major advantage of capillary microscopy is that it measures only nutritive, rather 

than total, skin blood flow; skin viability is dependent on the nutritional flow, which
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may comprise only 10% of the total skin blood flow (Fagrell 1973, Bongard and Fagrell 

1990).

Capillary microscopy suffers from a number of technical difficulties which explains 

why its use is still confined to a limited number of centres. For technical reasons, it is 

applicable only to certain anatomical areas such as the nailfold. In addition, only a small 

sample of capillaries can be viewed at the same time; this leads to poor spatial 

resolution, unless a large number of samples are examined. Finally, the part being 

examined has to be absolutely still; various systems have been used in an attempt to 

achieve such inunobility (Fagrell et al. 1977) or compensate for it (Chittenden et al. 

1990). Thulesius, most recently, described the use of a fibreoptic video microscope; this 

system could simplify the technique and facilitate its wider use (Thulesius 1992). On 

theoretical grounds, despite these limitations capillary microscopy is still regarded as the 

‘gold standard’ for direct measurement of nutritional capillary blood flow (Tooke et al.

1983).

There are other techniques used in the investigation of the skin microcirculation such as 

flouresceine uptake and thermography but their description is beyond the scope of this 

thesis.
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1.5 PATHOLOGY OF VENOUS DISEASE

1.5.1 Varicose veins

Varicose vein disease is exclusively a human condition, and is regarded as a penalty of 

the erect posture (Foote 1954). Figure 1.1 is a tablet at the National Archeological 

M useum  in Athens depicting a leg with varicose veins.

Figure 1.1 This tablet is the oldest known illustration o f a varicose vein and dates to the 
4th century. It was dedicated to Doctor Amynos -  who might have been one o f the first 
phlebologists. (National Archeological M useum, Athens).
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Despite the fact that about 10% of the adult population have significant varicose veins, 

surprisingly little is known about the aetiology of varicose veins, and consequently their 

management is far from satisfactory. The majority of varicose veins are classified as 

‘primary’, for which no direct cause can be identified. Secondary varicose veins may be 

due to deep vein thrombosis (post-thrombotic), A-V malformations, pelvic mass 

(including pregnancy) or rarely the result of congenital valvular agenesis.

Trendelenburg (Trendelenburg 1891) suggested that the venous valves protected the 

vein walls from the high hydrostatic pressure in the upright position. The operation 

bearing his name, later refined by Homans (Homans 1916), was based on the concept 

that varicose veins are caused by descending valvular incompetence. This was supported 

by Ludbrook (Ludbrook 1963) who concluded from his experiments that incompetence 

of the long saphenous vein preceded the development of distal varicosities. This study, 

however, has been criticised (Quill and Fegan 1971, Browse et al. 1988), and there is 

now growing evidence against the theory of descending valvular incompetence. The 

presence of an equal number of valves in the forelimbs and hindlimbs of animals 

including those which adopt a partially erect posture, as shown by Williams' dissections 

(Williams 1954), cast doubt on their anti-gravity role. Moreover, studies in humans 

revealed a lack of association between the absence of ilio-femoral valves and the 

presence of saphenofemoral incompetence (Basmajiani 1952).

The second and more convincing theory suggests that varicose veins are caused by 

inherited structural weakness of the vein wall. King (King 1950) made observations 

which may be interpreted in support of this concept. Cotton (Cotton 1961) indicated that 

the dilatation of varicose veins is always eccentric and occurred below the valves; he 

presented this as evidence of structural weakness of the vein wall as a cause of varicose 

veins. Svejcar (Svejcar et al. 1963) showed a reduced collagen content in varicose veins 

as well as in apparently ‘normal’ veins in patients with varicose veins compared to

7
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normal individuals. Rose (Rose 1986) and Haardt (Haardt 1987) also presented some 

evidence suggesting biochemical and ultrastructural abnormalities in the wall of 

varicose veins. Normal veins, used as arterial conduits, do not dilate in response to the 

high intra-luminal pressure but their walls become ‘arterialised’ and stronger. This is 

further evidence that primary valve failure resulting in high venous pressure cannot be 

the cause of primary varicosities.

Using duplex ultrasound imaging, I have recently demonstrated (Abu-Own et al. 1994) 

that in one-third of limbs with LSV reflux there is no associated SFJ incompetence; in 

most cases this could not be attributed to incompetent perforators. It is suggested that in

/such cases, saphenofemoral ligation alone is unlikely to control varices associated w ith^>  

LSV reflux and that the development of varicose veins may be an ascending rather than ‘ ^

a descending phenomenon.

An attractive concept, but one which lacks experimental support, is that haemodynamic 

abnormalities lead to turbulent flow which causes venodilatation. Fegan (Fegan and 

Kline 1972, Fegan 1993) suggested that outward flow of blood through incompetent 

ankle perforators produces high pressure turbulent flow in the superficial venous system 

causing varicosities.

Finally, in addition to the arteriovenous fistulae (congenital malformations or traumatic) 

as an occasional cause of secondary varicosities, small arteriovenous shunts, similar to 

those which form part of the thermoregulatory mechanism, have been suggested as a 

cause of primary varicose veins. Gius (Gius 1960) reported seeing these 

communications using an operating microscope in patients undergoing varicose vein 

surgery. Other evidence used to support this hypothesis included thermographic 

evidence by showing that skin temperature is higher in legs with varicose veins (Haeger 

and Bergman 1963) and radiological evidence by describing rapid venous filling during 

arteriography in patients with varicose veins (Piulachs and Vidal-Barraquer 1953).
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Schalin (Schalin 1981) also claimed he could localise arteriovenous communications by 

thermography and identify them by operative microscopy. Partsch’s group (Lindemayr 

et al. 1972), using labelled albumin particles, challenged the arteriovenous shunt 

hypothesis. They showed no difference in the distribution and haemodynamic function 

of arteriovenous anastomoses in patients with primary varicosis and in healthy 

volunteers. The evidence for the arteriovenous shunting as a cause of primary varicosis 

appears to be inconclusive (Scott 1990), and requires further investigations.

The evidence thus far suggests that structural weakness of the vein wall, with the 

possible contribution of haemodynamic factors, appears to be the principal cause of 

primary varicose veins. The structural weakness in the vein wall is likely to be inherited 

since children of patients with varicose veins have been shown to have abnormal venous 

haemodynamics (Reagan and Folse 1971). The role of race and hereditary factors have 

been stressed by other authors (Dodd and Cockett 1976). In addition, a number of other 

risk factors are identified; these include age, female sex and occupation. Varicose veins 

often manifest themselves during pregnancy. This is probably a combination of 

mechanical and humoral factors. The high levels of oestrogen and progesterone exert a 

relaxing effect on the vein wall and that, helped by an increase in plasma volume, leads 

to venodilatation (Negus 1991).

1.5.2 Chronic venous insufflciency and venous ulceration 

Venous hypertension

Ambulatory venous hypertension is the hallmark and ultimate cause of chronic venous 

insufficiency (CVI) and venous ulceration. It is due to venous obstruction or venous 

reflux; the latter may be due to deep, superficial, or perforator incompetence or mixed. 

Superficial venous reflux has already been discussed in the section on varicose veins.

Deep venous incompetence or obstruction and perforator incompetence are usually post- 

thrombotic; occasionally, deep vein incompetence is due to primary valve failure.
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Following deep vein thrombosis, the vein may remain occluded, or the thrombus may be 

lysed allowing the vessel to recanalise. Re-canalisation is often associated with deep and 

perforator incompetence due to destruction of the valves. Venous obstruction may 

manifest itself clinically as venous claudication. It has been suggested that pain in 

venous claudication is caused by the high intramuscular pressure during exercise, and 

therefore fasciotomy may be useful in the treatment of this disorder (Qvarfordt et al.

1984).

If the cause of venous hypertension is not corrected, tissue damage and skin changes 

will eventually take place, typically, in the medial supramalleolar region. 

Lipodermatosclerosis (LDS) is a term coined by Bumand and Browse (Bumand et al.

1980) to describe the progressive fibrosis and pigmentation of the skin and 

subcutaneous tissues induced by chronic venous hypertension. It describes a pre-ulcer 

state characterised by sclerotic changes in the skin and subcutaneous fat. In the majority 

of limbs with CVI, functional venous tests will show features of calf pump failure.

The association between varicose veins and ulceration was first recognised by Hippocrates 

(Adams 1849). In the 17th century, Wiseman (Wiseman 1676) also acknowledged the 

association between varicose veins and leg ulcers. Authors of the 19th century approved 

the link between varicose veins and leg ulcers, and the term ‘varicose ulcer’ was coined 

(Anning 1954). However, Gay (Gay 1868) and Spender (Spender 1868) focused attention 

on the deep veins as the prime cause of venous leg ulceration and suggested the use of the 

term ‘venous ulcer’ instead of the term ‘varicose ulcer’. Some were led to believe that 

superficial venous incompetence is not an aetiological factor in venous ulceration (Lancet 

1977). Homans in 1917 (Homans 1917), recognised post-phlebetic ulcers, but also 

acknowledged the role of varicose veins as an aetiological factor in venous ulceration. He 

suggested that varicose ulcers are generally curable by adequate removal of varicose veins, 

whereas post-phlebetic ulcers are incurable by the removal of varicose veins alone. This
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concept that venous ulceration may be due to incompetence in the superficial or deep 

veins is now generally accepted (Nicolaides 1985). Between 10% and 50% of venous 

ulcers are attributable to pure superficial venous incompetence - in other words, primary 

varicose veins (Hoare et al. 1982, Sethia and Darke 1984, Shami et al. 1993b). Such 

patients should be identified by appropriate investigations since their ulcers may be 

curable by surgery (Darke and Penford 1992). In an uncontrolled study it has been shown 

that early surgery in such patients leads to ulcer healing and a low rate of ulcer recurrence 

(Kiely and Murphy, unpublished work, presented at the Autumn meeting of the Venous 

Forum of the Royal Society of Medicine, London, 1991). Patients with post-thrombotic 

ulcers are more difficult to treat; for the majority of these patients, compression treatment 

remains the mainstay of their management.

The role of incompetent perforator veins

Linton (Linton 1938) strongly argued the importance of incompetent communicating 

veins in the development of venous ulceration and advocated their surgical ligation. 

Surgical excision of the medial calf communicating veins (Linton’s operation) has been 

met with relative success by a number of workers (Cockett 1953, Field and van Boxel 

19971, Negus 1985b, Wilkinson and Maclaren 1986). However, Bumand (Bumand et 

al. 1976) reported that surgery to the superficial and perforating vein system would not 

be beneficial in the presence of deep vein damage.

The general view is that valves in the perforating veins, whilst allowing blood flow from 

the superficial to the deep veins during muscle relaxation, prevent the outward flow of 

blood from the deep to the superficial veins during muscle contraction. However, it has 

recently been shown that in a substantial proportion (24%) of normal limbs, proximal 

compression resulted in outflow; in limbs with DVI, the same manoeuvre resulted in 

outflow in 81% of limbs (Sarin et al. 1992b).
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Stasis and tissue hypoxia

Homans (Homans 1917) introduced the concept that venous ulceration was attributable 

to stasis which interferes with nutrition of the skin and subcutaneous tissues. De Takats 

(De Takats 1929) claimed that the oxygen content of the varicose blood was reduced 

whereas the reverse was true of the carbon dioxide content. In 1929, Blalock (Blalock 

1929) demonstrated just the opposite: The oxygen content of femoral vein blood in 

patients with varicose veins and patients with venous ulceration is higher than in normal 

limbs. Blalock interpreted his finding as being the result of increased total flow of blood 

through a leg with venous disease. This finding has consistently been reproduced by 

subsequent studies (Piulachs and Vidal-Barraquer 1953, Holling et al. 1938, Blumoff 

and Johnson 1977). However, this difference is not found when blood sampling is 

carried out with the subject standing due to a relatively greater reduction in oxygen 

content in the limb with venous disease on moving from the supine to the erect posture 

(Scott 1990).

Arteriovenous shunting and tissue hypoxia

The increased PO2 in venous blood may be, but not necessarily, due to the presence of a 

hyperdynamic circulation. Homan’s ‘venous stasis’ hypothesis was rejected on the basis 

that the increased PO2 was due to the presence of a hyperdynamic circulation. 

Subsequently, arteiio-venous shunting was suggested not only as a cause of primary 

varicosis, as explained above, but also as a cause of skin hypoxia and venous ulceration 

(Brewer 1950, Haimovici 1976). In essence, this hypothesis suggests that oxygenated 

blood bypasses the nutritional capillary bed depriving the overlying skin of oxygen and 

nutrients. This phenomenon, however, was not shown by other research workers who, 

using quantitative assessment, have demonstrated that shunting was not increased in the 

lower limbs of patients with varicose veins (Lindemayr et al. 1972, Hehne et al. 1974).

58



Chapter One: Introduction 

Microangiopathy in venous disease

Venous hypertension, whether due to venous reflux or obstruction, is the main large 

vessel haemodynamic abnormality in chronic venous insufficiency (Summer 1985). The 

causal relationship between venous hypertension and venous ulceration is beyond doubt 

(Nicolaides et al. 1985), but the actual structural and haemodynamic changes in the skin 

microcirculation which lead to lipodermatosclerosis and ulceration are poorly 

understood. Fagrell (Fagrell 1979), using capillary microscopy, described a "halo like" 

formation around the dilated capillary loops which he attributed to ‘micro-oedema’ and 

suggested that it could be the cause of venous leg ulceration by interfering with 

metabolic exchange between the capillaries and tissues. Fagrell also showed that skin 

capillaries in CVI are widely dilated and coiled as seen by the capillary microscope. 

These findings have recently been confirmed by Leu (Leu et al. 1991) using intravital 

fluorescence microscopy. It is conceivable that the high venous pressure is transmitted 

backwards to the skin capillaries causing them to dilate and twist and facilitating the 

formation of micro-oedema. Franzek and Bollinger (Franzek et al. 1989), using 

fluorescence and light capillary microscopy, described the occurrence of 

microthrombosis as a feature of CVI. A recent study, using immunohistochemical 

technique, showed no evidence of capillary proliferation in the skin of patients with 

CVI, but the capillaries were shown to be elongated and distended (Vanscheidt et al. 

1991). The increased blood flow in liposclerotic skin has recently been confirmed usin^f 

LASER Doppler fluxmetry (Belcaro 1988, Cheatle 1991a, Shami 1992).

The Fibrin Cuff Hypothesis

Having rejected the venous stasis and A-V shunting theories. Browse and Burnand 

(Browse and Bumand 1982) published their hypothesis into the pathogenesis of venous 

ulceration in an influential paper in the lancet in 1982. They postulated that the high 

venous pressure is transmitted backwards to the skin capillaries leading to widening of
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the interendothelial pores -  widening of the intercellular spaces of the capillary 

endothelium and increased capillary permeability was previously demonstrated by 

Wenner (Wenner et al. 1980). This allows fibrinogen to escape into the interstitial space 

where it polymerises to form insoluble fibrin cuffs around the capillaries. The fibrin 

complexes are not broken down because of inadequate fibrinolytic activity within the 

blood and tissue fluid. The pericapillary fibrin cuffs constitute a diffusion barrier, 

interfering with the exchange of oxygen and nutrients between the capillary blood and 

the cells in the skin. Cell death due to deprivation leads to ulceration. The presence of 

peri-capillary fibrin cuffs in liposclerotic skin is beyond dispute; this has been shown 

histologically by the authors of the hypothesis themselves (Bumand et al. 1982) and by 

other investigators (Falanga et al. 1987). Decreased fibrinolytic activity in blood and 

tissues has been demonstrated in patients with venous disease (Browse et al. 1977, 

Wolfe et al. 1979, Leach 1984, Leach and Browse 1986). Finally, several studies have 

demonstrated that transcutaneous oxygen tension is reduced in liposclerotic skin (Clyne 

et al. 1985, Kolari et al. 1988, Mannarino et al. 1988).

A number of observations which cast doubt on the ability of the fibrin cuff hypothesis to 

provide a complete explanation of the pathogenic process leading to venous ulceration 

have been made. The assumption that fibrin cuffs may act as a diffusion barrier has been 

questioned by Michel (Michel et al. 1990). The structure of the commercial fibrin cuff 

which was shown by Bumand et al. (Bumand et al. 1982) to be relatively impermeable 

to the passage of oxygen was not identical to the fibrin cuff found in vivo. Although a 

preliminary report on the effect of the fibrinolytic steroid stanozolol showed a reduction 

in the area of LDS in the treatment group compared to a control group, later studies have 

been less encouraging. In one study (Layer et al. 1986), there was no overall difference 

in the healing time in patients treated with stanozolol or placebo. In an other study 

(McMullin et al. 1991), stanozolol and compression therapy were found to reduce the 

area of LDS. However, multivariate analysis showed that the effect due to stanozolol
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alone was not statistically significant. As pointed out above, several studies (Clyne et al. 

1985, Kolari et al. 1988, Mannarino et al. 1988) have shown reduced tcPOa in 

liposclerotic skin compared to normal skin; a finding which appears to support the fibrin 

cuff hypothesis. However the conventional method for measuring tcP02 involves using a 

Clark’s electrode heated to 43 to 44°C. A recent study (Cheatle et al. 1991c) has shown 

an impaired vasodilator capacity in liposclerotic skin. Cheatle (Cheatle et al. 1990a) 

studied the diffusion characteristics of '^^Xenon in normal and liposclerotic skin. He 

found that the clearance of this molecule, which is of comparable size and solubility to 

oxygen, was the same in LDS as in normal skin. This is evidence, albeit indirect, that 

oxygen diffuses normally in venous disease. In addition, in a study using a Clark’s 

electrode heated to only 37°C, the tcPOi was found to be higher in liposclerotic skin 

compared to normal skin (Dodd et al. 1985). These data suggest that tissue hypoxia has 

not been demonstrated in the skin of patients with venous disease.

It has been suggested, using positron emission tomography, that oxygen extraction is 

reduced in limbs affected with LDS or venous ulceration compared with the clinically 

normal limbs in patients with CVI (Gowland Hopkins et al. 1983). This study has been 

criticised; one obvious defect in the design of the study was the use, as controls, of the 

clinically ‘normal’ limb in patients with apparently unilateral venous disease. Two 

recent studies have shown that the “apparently” normal limb in patients with clinically 

unilateral venous disease is often abnormal on objective testing (Stacey et al. 1987b, 

Sarin et al. 1992c).

White cell trapping hypothesis

White cell trapping and activation is known to be an important mediator of tissue injury 

in several organs including the heart (Engler et al. 1986), kidney (Braide et al. 1986), 

lung (Wilson et al. 1972) and brain (Yamakawa 1984). White blood cells are also 

important in the pathology of critical ischaemia (Dormandy and Stock 1990) where they
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play a central role in the development of the ischaemia-reperfusion injury (Leff and 

Repine 1990). In animal experiments, neutrophil depletion has been shown to reduce the 

size of myocardial infarction produced by an ischaemic insult (Romson et al. 1983).

White blood cell trapping in patients with chronic venous insufficiency and its possible 

relevance to the mechanism resulting in skin injury in these patients was first suggested 

by Moyses et al. (Moyses et al. 1987). They raised the venous pressure of normal 

volunteer subjects by getting them to sit on an exercise bicycle with the legs dependent. 

It was found that blood taken from a foot vein showed a rise in red cell count, but not 

white cell count, implying that some white cells had become 'lost' or 'trapped' in the 

peripheral circulation. A similar study on patients with venous disease was subsequently 

carried out by Thomas et al. (Thomas et al. 1988). It showed that patients with venous 

disease trapped more white blood cells than control subjects when the venous pressure 

was raised. Using capillary microscopy, it has been shown that raised venous pressure 

resulted in a reduction in the number of visible capillary loops in the skin of patients 

with venous disease (Scott et al. 1989). Using this technique, capillaries are invisible 

unless red blood cells are passing through them.

It has been shown both in vivo and in vitro that at low shear rates, adhesion and 

interaction of leucocytes with the endothelium is much more likely than at higher shear 

rates (Schmid-Schonbein et al. 1975). Reduced flow velocity in dilated venules and 

capillaries are associated with low shear rates and are, therefore, more likely to lead to 

leucocyte adhesion and leucocyte-endothelium interaction (Lawrence et al. 1987, 

Lawrence et al. 1990). Margination of white blood cells appears to take place 

predominantly in the post-capillary venules ((Schmid-Schonbein et al. 1980).

Because of the reservations expressed as to whether the pericapillary fibrin cuff 

constitutes a metabolic diffusion block, and based on the studies and observations 

outlined above, Coleridge Smith et al. (Coleridge Smith et al. 1988) proposed an
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alternative hypothesis for skin damage in venous disease. This states that raised venous 

pressure reduces capillary flow rate causing trapping of white cells. Trapped white cells 

lead to occlusion of the capillaries affected resulting in a perfusion defect and tissue 

hypoxia. In addition, trapped white cells become activated and release toxic oxygen 

metabolites, proteolytic enzymes, cytokines and chemotactic substances. The 

combination of defective perfusion and accumulation of products of white cell 

activation result in tissue damage. The process also results in endothelial damage and 

increased vascular permeability allowing the escape of fibrinogen to form the 

pericapillary fibrin cuffs.

White cell trapping does not seem to result in a significant reduction of oxygen dehvery 

or blood flow during short term venous hypertension (Scott et al. 1990). There is, 

however, some evidence accumulating in favour of the role of white cell activation in 

the production of tissue damage in venous disease. In one histological study, punch 

biopsies of supramalleolar skin were taken from patients receiving treatment for 

varicose veins (Scott et al. 1991). Three groups of subjects were investigated: those with 

uncomplicated varicose veins, those with liposclerotic skin changes and those with a 

previous history of venous ulceration. The results showed that biopsies from patients 

with uncomplicated varicose veins contained a small number of white blood cells per 

unit area (4 WBC/mm^), with eight times as many in the liposclerotic skin and thirty 

times as many in liposclerotic skin from patients with a previous history of ulceration. 

The method of this study did not permit an assessment of the location of the white blood 

cells in relation to the lumen of the blood vessels. No change in white blood cell content 

was observed after the venous pressure was raised for 30 min by sitting the patient with 

the lower limb dependent. It is possible that the increased white cell count in patients 

with LDS and in patients with previous ulceration may be just an indication of 

inflammation. In a subsequent investigation, an attempt was made to ascertain the types 

of white cells present, and the nature of the associated inflammatory processes
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(Wilkinson et al. 1992). Skin specimens were taken at the time of surgery from patients 

with venous disease. Immunohistochemical staining was used to identify cell 

populations and inflammatory mediators. It was found that the white cell infiltrate 

comprised largely of macrophages and t-lymphocytes, lying in the peri-capillary region. 

Neutrophils were not identified in large numbers. This suggests the nature of the white 

cell population in liposclerotic skin is that of a chronic inflammatory reaction. The main 

cytokine involved in these inflammatory changes was interleukin 1 (IL-1). The 

capillaries were highly abnormal with much proliferation, as has previously been 

reported by Bumand (Bumand et al. 1981). There was expression of the white cell 

adhesion molecule IC AM by the vascular endothelium.

Assessment of thromboxane and neutrophil free radical production has been undertaken 

in patients with venous ulceration and control subjects ((Edwards et al. 1992). 

Thromboxane and oxygen-derived free radicals were raised during dependency in the 

patient group but not in control subjects. They were also raised during re-elevation, 

suggesting the occurrence of a reperfusion injury. More recently, it has been found that 

patients with all classes of venous disease, from varicose veins to active venous 

ulceration, have higher semm neutrophil elastase levels, measured by radio

immunoassay, than subjects without venous disease (Shields et al. 1994).

Finally, should inhibitors of white cell activation prove beneficial in treatment of venous 

disease, this would be an indirect support to the white cell activation hypothesis. 

Pentoxifylline, has been shown to result in better venous ulcer healing than placebo 

(Colgan et al. 1990). Intravenous prostaglandin E%, which prevents the release of 

superoxide radicals, has also been shown to be effective in healing venous ulcers 

(Rudofsky 1989). Topical application of the free radical scavenger allopurinol has been 

shown to improve the efficacy of compression therapy in venous ulcer healing (Salim 

1991).
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1.5.3 Deep vein thrombosis

Deep vein thrombosis (DVT) is common in patients receiving medical or surgical 

treatment in hospital. The rate of DVT each year is around 160 per 100 000 in the 

general population and the rate of fatal pulmonary embolism (PE) 60 per 100 000 

(Nicolaides 1992). In the USA it is estimated that 50 000 individuals die each year as a 

result of PE (Consensus Conference 1986). Furthermore, patients with DVT often 

develop the post-thrombotic syndrome. Bauer (Bauer 1942) reported that at 15 years 

after DVT nearly all patients had leg swelling and 80% of patients had ulceration. More 

recent studies indicated that the prognosis for patients suffering DVT today is not as 

poor as reported by Bauer; at 10 years about 17-35% of these patients develop leg 

swelling and 10% develop leg ulceration (Mudge and Heghes 1978, Browse et al. 1980). 

The reduction in the development of post-thrombotic syndrome following DVT is likely 

to be related to the use of heparin in the treatment of acute DVT. Milne and Ruckley 

suggested that the improved outlook for patients with established post-thrombotic 

changes, as shown by their study (Milne and Ruckley 1994), is attributable to the 

institution of good quality graduated compression stockings and improved care of the 

limb.

Risk factors

The incidence of DVT increases with age, obesity, a previous history of DVT, varicose 

veins and malignant disease (Collins et al. 1988, Nicolaides and Irving 1975). Other risk 

factors include major trauma, myocardial infarction, stroke and thrombophilic disorders. 

Some surgical procedures are particularly likely to cause DVT including hip, knee and 

pelvic surgery. For patients under 40 years of age undergoing short surgical procedures, 

lasting less than 30 minutes, the risk is low (< 3%).
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The incidence of DVT and pulmonary embolism appears to be very low after venous 

surgery. Keith (Keith and Smead 1983) reported an incidence of 0.65% DVT in 544 

varicose operations. Cockett and Dodd (Cockett and Dodd 1976) diagnosed one case of 

pulmonary embolism after 204 varicose vein operations, and Lofgren (Lofgren et al. 

1976) reported an incidence of 0.39% of clinically diagnosed pulmonary embolism. 

Undoubtedly, the routine application of compression bandages or stockings and early 

mobilisation have contributed to this low incidence. Patients with post-thrombotic 

syndrome, however, have a high incidence of DVT during hospitalisation even for 

venous surgery (Browse et al. 1988), and should always be considered for additional 

prophylaxis. Pregnancy increases the risk of developing DVT and operative delivery 

increases the risk still further. Deep vein thrombosis and pulmonary embolism are 

common causes of maternal morbidity and mortality. A high risk group of pregnant 

patients (past history of DVT or PE) can be identified for selective prophylaxis (Clarke- 

Pearson 1994). Many limbs with chronic venous insufficiency are the result of an 

undiagnosed DVT during pregnancy. The diagnosis can now be made easily and at no 

risk to the fetus using duplex ultrasound imaging.

Diagnosis

The diagnosis of DVT and PE are frequently missed as the conditions are often silent 

and difficult to diagnose on clinical examination. Clinical examination proves to be 

correct in the diagnosis of DVT in only 50% of subsequently proven thrombosis. 

Clinical symptoms and signs of DVT (pain, tenderness and swelling of the calf and 

pyrexia) are only present in 50% of subsequently proven thrombosis. Furthermore, in 

30% of those who are suspected clinically to have DVT objective testing reveals no 

evidence of thrombosis (Kakkar 1975). It is even more difficult to diagnose recurrent 

DVT in limbs with pre-existing post-thrombotic syndrome. Post-mortem studies have 

shown that PE is often missed ante-mortem (Karwinski and Svendson 1989). In only 38
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(19%) of 195 patients who died in hospital from autopsy proven pulmonary embolism, 

was a DVT suspected before death (Sandler and Martin 1989). It is therefore mandatory 

that the diagnosis of DVT is confirmed by objective tests before treatment is instituted. 

Every effort must be made to avoid committing a patient to anticoagulation therapy 

unnecessarily.

For over fifty years venography has been the method of choice in the diagnosis of DVT. 

It has been considered the gold standard against which other investigative methods are 

evaluated. The non-invasive tests have been used largely as screening tests; they include 

continuous wave Doppler ultrasound examination, strain gauge plethysmography, light 

reflex rheography and thermography. During the last decade the advent of duplex 

ultrasound imaging, which is now becoming available in more hospitals, has 

revolutionised the investigation of venous disease and, in particular, the diagnosis of 

DVT. The accuracy is comparable to that of venography in the femoral and popliteal 

veins. It is less reliable in the calf veins where sensitivity falls to 80% (Mitchell 1991). 

This technique is non-invasive and does not expose the patient to ionising radiation. It is 

rapidly replacing venography as the principal method for the diagnosis of DVT. The test 

costs approximately £50 compared to £180 for venography.

Prophylaxis

Simple methods of prophylaxis can reduce the risk of DVT in surgical patients by 60 - 

75% (Collins et al. 1988, Colditz et al. 1986). Several means to reduce the risk of DVT 

have been studied in many trials during the last twenty years. Most have relied for 

diagnosis on the use of the ‘̂ ^I-fibrinogen uptake test (Flanc et al. 1968). A meta

analysis of these data shows that the incidence of DVT where no prophylaxis was used 

was 23% in general surgical patients and 47% in orthopaedic patients (Collins et al. 

1988). Low dose subcutaneous heparin reduced the incidence to 9% in general surgical 

patients and 24% in orthopaedic patients. A meta-analysis of seven studies showed that
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full-length anti-embolism stockings providing graduated compression reduced the 

incidence of DVT from 27% to 11% in general surgical patients (Colditz et al. 1986). 

Intermittent pneumatic compression devices reduce the incidence of DVT to 17% in 

general surgical patients and have an additive effect when combined with graduated 

compression stockings (Scurr 1988). The efficacy of subcutaneous heparin may also be 

improved by combination with graduated compression stockings (Wille-Jorgensen et al. 

1991).

Heparin is currently available as unfractionated, 'standard', heparin or low-molecular 

weight heparin. In the latter new products, low molecular weight fractions of the 

original heparin have been separated which retain anti-thrombotic activity, but 

theoretically have reduced potential to cause haemorrhage and may be administered 

once daily by the subcutaneous route (Holmer 1989). A prospective, randomised 

multicentre trial showed an additional reduction in the incidence of DVT when using 

low molecular weight heparin (Fraxiparin) given once per day in comparison with 

standard heparin given three times daily, although there was no reduction in the 

incidence of haemorrhagic complications (European Fraxiparin Study Group 1988). 

Low molecular weight heparin (Fragmin) has also been shown to be more effective in 

preventing DVT in patients undergoing total hip replacement compared to dextran 

(Erikssen et al. 1988).

Medical patients have been less well studied in trials of prophylactic measures. Low 

molecular weight heparin has been shown to reduce the risk of DVT in patients with 

stroke from 28% to 4% (Turpie et al. 1987). It has also been found effective in elderly 

medical in-patients (Dahan 1986).

Low molecular weight dextrans and warfarin also reduce the incidence of DVT. 

However, the use of these drugs has been limited by the risk of allergic reactions 

(dextrans) and haemorrhage (warfarin). Although a detectable reduction in the incidence
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of postoperative DVT has been found with aspirin, this is too small to be clinically 

useful (Harris et al. 1982).

Despite the proven efficacy of prophylactic measures, it is estimated that only 50% of 

general surgeons, 20% of orthopaedic surgeons and fewer physicians employ any of the 

methods described above in the UK.

Patients should be assessed for the presence of risk factors and categorised into high risk 

(> 40%), moderate risk (10-40%) and low risk (<10%); the methods of prophylaxis are 

decided accordingly (Nicolaides, European Consensus Statement, 1992). For low risk 

patients graduated compression stockings are used routinely in many centres. There is, 

however, insufficient data to make their use mandatory. Prophylactic methods are used 

in moderate risk and high risk patients singly or in combined modalities. These methods 

include graduated compression stockings, low-dose heparin (unfractionated and low 

molecular weight heparins), intermittent pneumatic compression and dextran.
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1.6 COMPRESSION TREATMENT IN VENOUS DISEASE

Compression bandages were used for the treatment of leg ulcers by ancient Egyptians. 

Hippocrates (Adams 1849) advocated the use of compression in the treatment of venous 

disease. In the Indian main textbook of surgery {The Sushruta Samhita, 200 BC) a 

description was given of the use of Chinese cloth bandage for the treatment of ulcers. 

Celsus (Celsus 1756) used plasters and linen bandages for ulcers, whereas Ibn-Sina, also 

known as Avicenna (Avicenna 1658), used wine soaked compresses. De Mondeville 

(De Mondeville 1893) also recognised that compression bandaging helped heal ulcers, 

however, like Hippocrates and Ibn-Sina, claimed that bandages healed ulcers by driving 

out ‘evil humours’.

The first use of modified elastic was described by Underwood in 1783 (Underwood 

1783). Spender in 1866 (Spender 1866) held the view that "compression answers every 

objective to be gained by the recumbent posture". He also stressed that bandages should 

be applied properly and "when possible, be executed by the surgeon in attendance". In 

1930, Dickson Wright (Dickson Wright 1930) described an adhesive elastic bandage, 

and Bisgaard in 1948 (Bisgaard 1948), described the strong elastic webbing bandage. 

The advent of elastic fibres led to the development of the modern true elastic stockings.

Wiseman's (Wiseman 1676) leather lace-up stocking (Figure 1.2) may be regarded as 

the first graduated compression design; the use of such a genius design meant that the 

desired level of compression could be maintained after the leg swelling is reduced.
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Figure 1.2 This Leather lace-up stocking was designed by Richard Wiseman at St. 
Thomas’s Hospital in 1676. (From Browse et al. Diseases of Veins, Pathology, 
Diagnosis and Treatment. London: Arnold, 1988).

1.6.1 Types of compression

Compression is usually applied continuously to the leg as graded static compression 

using stockings or bandages. Alternatively, intermittent pneumatic compression (IPC) 

may be used.

Graduated compression

Theoretical considerations and physiological measurements suggest that leg 

compression should be graded, being maximal at the gaiter area and diminishing 

proximally.

71



Chapter One: Introduction

Van der Molen (Van der Molen 1982) and Sigg (Sigg 1963) introduced the idea of 

graduated compression. Sigg suggested that the greatest pressure should be applied over 

the ulcer-bearing area, and so limb compression should be graduated. More convincing 

argument, albeit based on theoretic considerations, was that by Stemmer (Stemmer et al. 

1980). He argued that the ideal external compression should match the increase in 

venous pressure responsible for capillary transudate into the tissues; greater external 

compression is required at the ankle than at the knee. A number of calf pump function 

studies have shown improved venous return with graduated stockings (Cornwall et al. 

1986, Homer et al. 1980, Jones et al. 1980, Partsch 1984).

Bandages

Bandages are preferred following sclerotherapy, venous surgery and for some leg ulcers 

where soiling through dressings is frequent. They are relatively cheap and, with 

appropriate training, easy to apply. The main advantage over stockings, however, is that 

bandages can accommodate any size and shape of leg. One frequently encounters 

patients with legs for which custom (off-the shelf) stockings would not fit; a stocking 

that is not a proper fit will fail to produce the desirable effects, and occasionally can do 

harm. Injudicius application of stockings can result in pressure ulcers or even loss of a 

limb (Callam et al. 1987). Several requirements need to be fulfilled for a bandage to be 

acceptable. These include: high-quality bandage material, skilled bandager and 

appropriate technique. A figure-of-eight is more effective for achieving and sustaining 

the desirable level of compression than a simple spiral bandage (Ruckley 1992).

Single-layer bandages maintain pressure poorly; the sub-bandage pressure may decrease 

to inadequate levels within a few hours (Raj et al. 1980, Coleridge Smith et al. 1987). It 

is widely accepted that multiple-layer bandaging is superior to single-layer bandage. The 

favourable results achieved by the Charing Cross multiple-layer bandaging method
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(Wright et al. 1988) are attributed to the application of this four-layer bandaging 

technique.

Stockings

For the majority of patients compression stockings are more appropriate than bandages. 

Many types of compression stockings are available; however only few conform to 

acceptable standards. A unit interested in the management of venous disease should 

check upon manufactures’ specifications regarding pressures and gradients claimed for 

their stockings. Cornwall et al. (Cornwall et al. 1985) studied 15 types of below knee 

compression garments; only five of these met certain criteria which included satisfactory 

‘graduation’. When tested on patients with CVI, the five garments with satisfactory 

graduation improved PPG refilling time significantly, while those with unsatisfactory 

graduation produced lesser effect.

How much compression?

Manufacturers use wooden legs and fabric testing machines to test their leg compression 

products. However, pressures specified by the manufacturers on the basis of such 

indirect laboratory tests do not usually reflect the actual pressures measured on patients 

{in situ pressure measurements), e.g. using Borgnis medical stocking tester (MST), (Van 

den Berg et al. 1982).

Medical stockings are usually classified, on the basis of the pressure produced at the 

ankle, into four classes. Table 1.1 gives a summary guideline for the uses of each class.

A higher compression is likely to improve calf pump function to a greater degree 

(Stoberl et al. 1989) and to achieve better clinical result (Blair et al. 1988). However, in 

practice for many patients a lower compression class may be prescribed to achieve better 

compliance, e.g. class II compression may appropriately be prescribed for some patients 

with CVI.
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Class Pressure 

at ankle*

Haemodynamic effects Indications

<25 Superficial venous system DVT prophylaxis and varicose veins

25-35
Superficial venous system 

? Deep venous system

DVT prophylaxis in pregnancy, sclerotherapy 

marked varicose veins, venous surgery, 

superficial thrombophlebitis.

III 35-45

IV >45

Superficial venous system 

Deep venous system

CVI and lymphoedema

Severe CVI with oedema, lymphoedema

Table 1.1 Graduated compression classes and use recom mendations. * = mmHg. 
(Adapted from Neumann HAM , Tazelaar DJ. Compression therapy. In: Bergan JJ, 
Goldm ann MP, editors. Varicose veins and telangiectasias: diagnosis and treatment. 
QMP, St Louis, M issouri, 1993)

Elastic, minimal stretch or non-elastic compression?

The advent of elastic fibre which led to the manufacture of elastic stockings and 

bandages was without doubt a major advance in compression therapy. Elastic bandages 

m aintained pressure more effectively than non-elastic bandages (Callam  et al. 1991). 

However, non- elastic compression exerts less pressure when the patient is lying; this is 

a desirable characteristic making non-elastic compression safer in patients with arterial 

impairm ent.

Above knee or below knee compression?

For the majority of cases with chronic venous insufficiency syndrome knee-length 

stocking or bandage is appropriate; this is sufficient to assist the calf muscle pum p as 

well as allow a possible enhancement of the skin m icrocirculation in the gaiter area -  a 

m ajor part o f  this thesis is devoted to investigating the effect o f  compression on the skin 

microcirculation. Short stockings are easier to put on and com pliance with them  is 

better. Occasionally full length stockings with a waist band or full length bandage may
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be indicated because limb swelling is extending into the thigh or on account of the 

patient’s preference. In DVT prophylaxis, a full length stocking that stretches above the 

knee is normally used.

Intermittent pneumatic compression

Intermittent pneumatic compression may be used as an alternative, or in addition, to 

static compression in prophylaxis of DVT. This may be applied to the calf using a 

single-chamber device or through a series of chambers inflated sequentially from the 

ankle to the thigh using a sequential compression device. In a recent study the use of the 

sequential compression device has been shown to enhance ulcer healing (Coleridge 

Smith et al. 1990a).

Intermittent pneumatic compression may be applied to the foot utilising the venous foot 

pump and producing haemodynamic effects similar to those produced by walking (the 

priciples of this method has been covered in Section 1.3.2). This method has been 

shown to be effective in reducing post-traumatic swelling (Gardner et. al. 1990) and in 

the prevention of DVT (Wilson et al. 1992, Fordyce and Ling 1992).

The effectiveness of compression therapy

There is no doubt that compression therapy is effective in venous disease. It heals ulcers 

and keeps them healed if compression treatment is maintained. As mentioned earlier, for 

many patients with chronic venous insufficiency and venous ulceration, long term leg 

compression remains the mainstay of their management. When compression therapy 

fails, it is often an indication to check that an appropriate type of compression has been 

applied correctly and to assess the patient’s compliance. It is also generally accepted, as 

will be discussed later, that graduated elastic compression and intermittent pneumatic 

compression are effective in DVT prophylaxis.
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1.6.2 Indications for compression treatment in venous disease 

Varicose veins

Support stockings are often prescribed for patients with varicose veins as a method of 

relieving symptoms (Dodd and Cockett 1976, Foote 1954). Patients with varicose veins 

wearing support stockings and waiting for varicose vein surgery, occasionally withdraw 

themselves from surgical waiting lists because they find their symptoms relieved by the 

stockings (Chant 1985). There is considerable debate as to how external support 

produces symptomatic r e l i^ ^ n  patients with varicose veins. Somerville (Somerville et 

al. 1974) evaluated the effect of elastic stockings on ambulatory venous pressure in 12 

patients and suggested that external elastic support may produce a reduction in 

ambulatory venous pressure. More recent studies, however, have failed to find any effect 

of elastic compression stockings on ambulatory venous pressure (Mayberry et al. 1991).

Superficial thrombophlebitis

Once superficial thrombophlebitis has developed, it is usually treated conservatively by 

external compression and anti-inflammatory analgesics until the acute inflammatory 

condition has subsided. If the underlying cause is varicose veins, appropriate elective 

surgery may be performed to prevent further attacks. Acute surgical treatment, by flush 

ligation with and without removal of the entire phlebitic vein has been advocated by 

some authors (Plate et al. 1985).

In the short term, thrombophlebitis of a varicose vein may appear to achieve the same 

effect as compression sclerotherapy. However, most of these veins recanalise because 

they are full of thrombus. A varicose vein properly treated by compression sclerotherapy 

is less likely to recanalise.

Superficial thrombophlebitis developing in normal veins extends into the perforating 

veins and hence into the deep venous system in about 30% of patients. In contrast, this
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risk is only about 3% in superficial thrombophlebitis of varicose veins (Bergqvist and 

Jaroszewski 1986).

Compression sclerotherapy

Foote (Foote 1954) referred to a number of clinicians who attempted, since the middle 

of last century, to obliterate varicose veins by injecting them with a variety of solutions. 

Linser in 1916 (Linser 1916) was, however, the first to describe the use of compression 

bandages after the injection of the sclerosant. He used hypertonic saline which caused 

considerable pain and often resulted in skin necrosis. A number of safer sclerosants have 

been developed since. Sodium tetradecyl sulphate (STD) was developed by Toumay 

(Toumay 1931, Toumay 1937), in Paris in the 1930s and still the most commonly used 

sclerosant today.

The technique described by Siggs (Sigg 1952), Fegan (Fegan 1963, Fegan 1969) and 

Hobbs (Hobbs 1976) involves injection of the sclerosant into an almost empty vein 

followed by immediate application of compression. This ensures the development of a 

controlled sterile phlebitis with a minimal diameter thrombus within the collapsed vein. 

Compression maintains lumen occlusion by making opposing surfaces stick together 

with minimal intervening thrombus. The vein is permanently obliterated and replaced by 

a thin fibrosed (sclerosed) cord incapable of recanalisation. Compression is provided by 

using foam rubber pads, cotton wool balls or dental rolls and bandaging the leg with 

Elastocrepe covered by Tubigrip. Other bandaging methods and elastic stockings may 

alternatively be used (Scurr et al. 1985).

Varicose vein surgery

Firm leg compression is required for 6 weeks following varicose vein surgery. At the 

end of the operation, they help stop bleeding and reduce postoperative bruising. They 

also reduce oedema and may reduce the risk of DVT (Wilkins et al. 1952, Wilkins and 

Stanton 1953). Elastocrepe bandage is usually applied initially; this can be changed to

77



Chapter One: Introduction

elastic compression stocking the following day. They should be worn continuously 

during the first week, but can be removed in bed at night during the following 5 weeks.

Chronic venous insuffieiency and venous ulceration

All patients with CVI, with or without venous ulceration, benefit from compression 

therapy. For many patients with CVI, leg compression remains the mainstay of their 

treatment; the majority of these are patients with post-thrombotic deep venous 

insufficiency who, at present, cannot be cured by surgery.

Compression stockings and chronic swelling o f the leg: Patients are often referred for 

assessment in a vascular laboratory because of leg swelling. The common systemic 

causes of leg swelling, like cardiac failure, renal failure and hypoproteinemia should 

normally be excluded before such a referral. The local causes of leg swelling are either 

inflammatory, lymphatic or venous.

Leg swelling in venous disease is caused by chronic venous hypertension. Venous 

hypertension causing an increase in capillary pressure and disturbing the Starling’s 

equilibrium for capillary exchange. Treatment of oedema in venous disease should, if 

possible, be directed to correcting the cause of venous hypertension. However in severe 

oedema, general measures such as limb elevation, physiotherapy and leg compression 

should be considered as part of the management regimen. In the treatment of venous 

ulceration associated with severe local oedema, Ruckley (Ruckley 1992) recommends 

that patients are admitted to hospital for bed rest with leg elevation, followed by 

compression treatment and mobilisation.

DVT prophylaxis

Graduated compression stockings have been shown to be effective and are widely used 

in the prevention of DVT (Wilkins et al. 1952). Stockings should be applied 

immediately following admission to hospital to prevent preoperative thrombosis
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(Heatley et al. 1976). The risk of postoperative thromboembolic disease continues after 

discharge from hospital for several weeks (Bergqvist and Lindbald 1985, Scurr et al. 

1988). Further studies are required to investigate the effectiveness and duration of post

discharge thromboprophylaxis.

Modem stockings are comfortable to wear and can be used for DVT prophylaxis in all 

types of patients without adverse side effects.

Modem compression stockings for DVT prophylaxis are graduated, producing 20 

mmHg compression at the ankle. The minimal compression of these stockings in the 

thigh and the careful design of their tops help to prevent a tendency to a tourniquet 

effect around the thighs.

Graduated compression stockings are also used as an adjunct to other therapy in the 

treatment of DVT. Once anticoagulant therapy is established and firm compression 

applied, patients may be encouraged to mobilise without causing a higher risk of 

pulmonary embolism. A report by Partsch (Partsch et al. 1992) suggested that even 

patients with pelvic vein thrombosis can be treated with firm compression and 

anticoagulation without immobilisation.

Intermittent pneumatic compression (IPC) has also been widely used in the prophylaxis 

of DVT (Sabri et al. 1971, Hills et al. 1972, Nicolaides et al. 1980, Buson 1981, 

Nicolaides et al. 1983). Several studies have shown that the incidence of DVT is 

reduced by the peri-operative application of intermittent pneumatic compression to the 

lower limb. In a compilation of 11 studies on 902 general surgical patients, IPC reduced 

the incidence of DVT from 20% to 9.6% (Browse et al. 1988). This method can be used 

either alone or in conjunction with another mechanical or pharmacological method of 

thromboprophylaxis. Its use in combination with graduated compression stockings has 

been demonstrated to be superior compared to using either of the two methods alone 

(Scurr et al. 1987). In a case meta-analysis the incidence of DVT was reduced from an
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average of 27% in controls to 4.5% in patients who received stockings plus intermittent 

pneumatic compression prophylaxis (Colditz et al. 1986). It is simple to use and free of 

the haemorrhagic complications which may be associated with pharmacological 

methods. It is thought that intermittent pneumatic compression increases blood flow 

velocity in the deep veins (Sigel et al. 1973); thereby counteracting venous stasis, one of 

Virchow's (Virchow 1856) triad of the causes of thrombosis. The suggestion that IPC 

stimulates the release of fibrinolytic activator from the endothelium (Allenbey et al. 

1973, Knight and Dawson 1976, Risberg 1977) has not been confirmed by a more recent 

study (Lj ungner 1981).

Intermittent pneumatic compression may be applied either as uniform compression to 

the calf, using a single-chamber device or alternatively through a series of chambers 

inflated in a sequential manner from ankle to thigh to achieve venous emptying. The 

latter method was designed for use in the prevention of DVT, and has been investigated 

in many studies which have confirmed its efficacy (Nicolaides et al. 1980, Nicolaides et 

al. 1983).

1.6.3 How does compression treatment work?

Despite the widespread agreement on its efficacy, the mechanism by which compression 

treatment works remains largely unknown.

De Mondeville, in 1306, held the view that compression bandaging helped to heal ulcers 

by driving out ‘evil humours’ (De Mondeville 1893). In more recent times the 

controversy has been mainly about the aspects of venous function which are influenced 

by compression. Several conventional tests of venous function have been used to assess 

the outcome of applying compression hosiery, and published results have been 

contradictory (O'Donnell et al. 1979, Jones et al. 1980, Norgren 1988). The effect of 

compressing incompetent popliteal, long and short saphenous veins while monitoring 

the presence of reflux using colour duplex ultrasound imaging has recently been studied
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(Sarin et al. 1992a). It was found that in the majority of veins, competence could not be 

restored without occluding the vein. In those where competence was restored before 

occlusion, much higher pressures were required than those exerted by conventional 

hosiery or bandages.

Decreased fibrinolytic activity in blood and tissues has been reported in patients with 

venous disease (Browse et al. 1977, Wolfe et al, 1979, Leach 1984). It has been 

suggested that external compression may encourage the release of fibrinolytic activators 

from the venous endothelium and improve tissue fibrinolysis (Clarke et al. 1960). 

Allenby (Allenby et al. 1973) showed a reduction in euglobulin clot-lysis time in 

surgical patients who wore elastic stockings for 48 hours postoperatively. Similarly, the 

enhancing effect of intermittent pneumatic compression on fibrinolysis was reported by 

Tamay, using euglobulin clot-lysis time test (Tamay et al. 1980). However, neither of 

these two investigators showed a rise in fibrin degradation products when euglobulin 

clot-lysis time was reduced and the value of this test was questioned by the authors 

themselves stating that it "may not reflect accurately the state of fibrinolysis or 

antifibrinolysis in the circulation at any time". Bumand in 1980, reported that 

fibrinolytic enhancement and elastic stockings reduced oedema and improved calf pump 

function (Bumand et al. 1980).

The use of intermittent pneumatic compression in the treatment of patients with chronic 

venous insufficiency is more recent. It is based on the observation that the venous 

drainage of the limb is improved and oedema reduced when IPC is applied (Pekanmaki 

and Kolari 1987). Cheatle (Cheatle et al. 1990b) have shown that a 4 week period of 

IPC improved subcutaneous blood flow, as measured by ^^^xenon clearance, and 

enhanced the hyperaemic capability of the skin, as measured by l a s e r  Doppler 

fluxmetry. The enhanced hyperaemic capability was demonstrated by a reduction in the 

time taken for maximal post-ischaemic hyperaemia to be reached. Kolari (Kolari 1988)
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reported a decrease in leg volume and an increase in transcutaneous oxygen after the 

application of intermittent pneumatic compression to legs with ulcers of venous origin. 

Recently, in an ulcer healing study, far more rapid healing was obtained in the group of 

patients treated daily for four hours with IPC than in the control group (Coleridge Smith 

et al. 1990a).

The effect of compression of the lower limb on the microcirculatory flow characteristics 

of the skin has not been investigated. A major part of this thesis is devoted to the 

investigation of the effect of compression on the skin microcirculation in patients with 

venous disease (Studies m  and IV). The effect of compression on the heel, which is 

known to be at risk of pressure ulceration has also been studied (Study V). The 

haemodynamic effects of intermittent pneumatic compression and graduated 

compression stockings, commonly used in the prophylaxis of DVT, are addressed in 

Studies VI and VII.
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One hundred and seventy seven subjects were studied in a series of seven experiments. 

An outline of the methods and instrumentation employed in the studies comprising this 

thesis is given in this chapter. Some detailed aspects of the methodology that are 

specific for each experiment are described in the relevant chapters.

2.1 Selection of subjects

Subjects of my studies were either patients with venous disease, attending the 

Middlesex Hospital Vascular Laboratory for venous assessment, or subjects with no 

evidence of arterial or venous disease who were either healthy volunteers solicited from 

members of staff at the Middlesex Hospital or inpatients at the Middlesex Hospital for 

unrelated conditions.

All patients included in my studies (excluding study V) had clinical 

lipodermatosclerosis (LDS) and proven venous insufficiency as demonstrated by colour 

duplex scanning. Control subjects had clinical assessment and colour duplex scanning to 

exclude significant venous disease. In all studies, none of the patients had open ulcers or 

other skin conditions such as eczema or scleroderma. All patients and control subjects 

had normal ankle/brachial pressure indices (ABPI > 0.9) and diabetic patients were 

excluded (as documented in hospital records or by urine testing). The patient group in 

study V comprised elderly subjects at risk of decubitus ulceration and were defined as 

those with a score of 14 or less, according to the Norton risk assessment scale (Norton 

1975). Norton scale (Table 2.1) assesses five characteristics relating to the patient's 

clinical condition: The physical condition, mental state, activity, mobility and 

incontinence; each of these variables is graded from 1 to 4. The total score is the added 

values for the five components scored for the patient. The highest score '20' indicating 

the least risk, whereas the lowest score '5' indicating the highest risk. A score of 14 or 

less indicates susceptibility to pressure ulceration. Four of the patients had rheumatoid 

arthritis, two were being treated with steroids. No attempt was made to exclude the
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possibility of small vessel disease in these rheumatoid patients. None of the patients had 

open heel ulcers. The results of this assessment on the patient group in this study are 

shown in Table 2.2.

Informed written consent was obtained from each subject and the studies were approved 

by the local Ethics Committee.

All studies using l a s e r  Doppler fluxmetry (studies I-V) were carried out in an 

environment-controlled chamber (Medicin AB, Sundyberg, Germany) set at a 

temperature of 22°C and 30% relative humidity. The chamber was switched on for two 

hours before use to allow it to reach the desirable temperature and humidity and the 

subjects lay supine on an examination couch for an acclimatisation period of 20 minutes 

before any recordings were made. The two studies using strain gauge plethysmography 

and duplex ultrasound imaging (studies VI and VH) were also carried out in the vascular 

laboratory, but it was not practical to perform them in the environmental chamber.
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Score 4 3 2 1

Physical condition Good Fair Poor Very poor

Mental state Alert Apathetic Confused Stupor

Activity Ambulant W alks with help Chair-bound Bed-fast

Mobility Full Slightly limited Very limited Immobile

Incontinence None Occasionally Usually Doubly

Total score 20 5

Table 2.1 Pressure ulcer risk assessment tool (Norton Scale)

Patient W m m m : w m m m m 9 10
Physical condition poor fair poor very poor fair poor fair poor poor poor
Mental state alert alert alert alert alert apathetic apathetic alert alert alert
Activity chair bound chair bound chair bound chair bound chair bound walks - help walks - help chair-bound chair bound chair bound
Mobility very limited immobile immobile very limited immobile very limited very limited very limited very limited very limited
Incontinence occasionally usually occasionally occasionally occasionally occasionally occasionally occasionally occasionally occasionally
Norton score ■ 13 ^ ' 1 2 " ■ 12 / 13 14 ..... . 13

Table 2.2 Pressure ulcer risk assessment in the patient group using Norton score
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2.2 Analysis of data

Statistical analyses were made using W ilcoxon m atched-pairs signed ranks test for 

paired data (for within-subject differences) and M ann-W hitney U-test for unpaired data 

(for between-subjects differences); differences were considered significant if the p value 

was less than 0.05. The 95 per cent confidence intervals (95% Cl) were com puted by 

W ilcoxon's method to demonstrate the magnitude of differences. The descriptors used 

are the median and interquartile range (IQR). Statistical computation was carried out 

using the Statistical Package for Social Sciences (SPSS Inc. Chicago, USA) and 

Confidence Interval Analysis (CIA, published by the British M edical Journal, Tavistock 

Square, London).

Calculation of the median percentage change

The median percentage change in the l a s e r  Doppler value is defined as the increase (or

decrease) in LASER Doppler value expressed as a percentage o f the resting value. It is

calculated separately for each individual subject according to the formula:

% change in la s e r  value = [(resting value -  the new value) -^resting value]x 1(H)

The ‘new value’ is the l a s e r  Doppler value following the provocation stim ulus (e.g. 

dependency, elevation or application of compression. The median o f the resultant values 

is the median percentage increase (or decrease) in the LASER Doppler value. This 

m ethod is used to calculate the median percentage change in the LASER Doppler values 

as a result o f the veno-arteriolar response (Study I), leg elevation (Study II) and the 

effects of compression on the skin microcirculation (Studies III, IV &V).

In experiments I through V, l a s e r  Doppler fluxmetry was used for assessment o f the 

skin microcirculation. In the last two studies (VI and VII), strain gauge plethysmography 

and duplex ultrasound imaging were used for haemodynamic assessments. A brief 

description of these techniques is given below.
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The principles of this technique have been described in section 1.4.3. The LASER 

Doppler measurements were made using a Periflux PF2 in experiments I, II and III and 

Peri flux PF 2B in experiments IV and V (Perimed, Jarfalla, Sweden). Calibration was 

performed using Periflux Motility Standard PFIOO solution.

Because the technique relies on the Doppler principle, when l a s e r  light is applied to 

the skin, photons scattered by moving blood cells undergo a frequency shift, whereas 

photons scattered in stationary tissues remain unshifted. The amount o f LASER light 

reflected back from the skin with altered frequency (Doppler-shifted light) is 

proportional to the volume or concentration of moving blood cells in the tissues 

(CM BC). The mean frequency shift in the l a s e r  light is proportional to the average 

speed of moving blood cells or blood cell velocity (BCV). The LASER Doppler flux 

value (LDF), which is proportional to the total skin blood flow in the target tissue 

volume, is the product o f these two parameters (Nilsson et al. 1980a).

M ost studies investigating skin blood flow using l a s e r  Doppler fluxmetry report only 

the LASER Doppler flux value that is related to total skin blood flow in the target tissue 

volume. Analysis of the components of the LASER Doppler flux signal may provide 

useful information as to how blood flow is altered in liposclerotic skin. The Periflux 

PF2 provides LASER Doppler flux (LDF) and concentration o f moving blood cells 

(CM BC) signals. The flux and CMBC signals were accessed via a 15-way ‘D ’ connector 

on the Perimed machine and fed into an analog-digital converter card on an IBM- 

compatible computer. Flow data were sampled at a rate o f 0.8 Hz, corresponding to a 

sampling interval of 1.25 seconds, and stored on the com puter in a database using 

software developed by M r PD Coleridge Smith and Dr S Chittenden. The LDF value is 

proportional to total skin blood flow in the target tissue volume. It is the product of
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CMBC and blood cell velocity (BCV). By dividing the flux value by the CMBC at each 

point, the mean blood cell velocity was calculated.

Since the l a s e r  Doppler signal is produced by moving objects (comprised largely of red 

blood corpuscles), stationary structures, including skin pigment and oedema, have no 

direct effect on the LASER Doppler signal. However, tissue properties (e.g. 

hyperkeratosis and pigmentation) may result in reduced depth of flow detection and can 

therefore, indirectly, affect the l a s e r  Doppler signal. Oedema may cause greater 

separation of the blood vessels, resulting in a reduction in the l a s e r  Doppler signal. 

Despite these theoretical considerations, all studies reported in scientific literature show 

an increased LDF in liposclerotic skin of patients with CVI ((Belcaro et al. 1988, 

Cheatle et al. 1991a, Shami et al. 1993a). Because major superficial vessels influence 

the LASER Doppler flux reading, I ensured that the probe was not overlying a major vein. 

Other factors that may affect the l a s e r  Doppler output include the temperture, type of 

probe and haematocrit (Driessen et al. 1990).

All my studies using l a s e r  Doppler fluxmetry were carried out in an environment- 

controlled chamber set at a constant temperature and humidity, and for any one 

experiment I used the same type of probe for all subjects. It has been reported that 

plasma viscosity, ESR and fibrinogen are increased in patients with post-thrombotic 

syndrome, but the haematocrit is not significantly different from control subjects (Ernst 

et al. 1986). Differences in l a s e r  Doppler measurements between patients with CVI 

and control subjects cannot, therefore, be attributed to differences in haematocrit.
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2.4 Experimental system for leg compression

The purpose of the next phase (studies HI and IV), was to examine the effect o f leg 

compression on the skin microcirculation using LASER Doppler fluxmetry.

A problem with application of compression to a probe is that pressures higher than 

intended may be produced immediately beneath the probe. To avoid this problem, I ^

contained the l a s e r  Doppler fibreoptic system within a polythene cham ber that was 

used to compress the skin under study. I was also able to verify, using an interface 

pressure measuring device, that the compression applied to the skin was equal to the 

pressure in the cuff. Thus, I was confident that the cuff pressure corresponds to the 

compression applied to the skin during the study. This compression system (Figure 2.1) 

consists of a flexible angled l a s e r  Doppler probe (PF 110), in its holder (PF 114), 

attached to the inside of a polythene chamber. The polythene chamber was applied to 

the leg with the l a s e r  beam directed onto the skin. A blood pressure cuff was applied 

over the polythene chamber. Both the blood pressure cuff and the polythene chamber 

were inflated with air. The reading on the sphygmomanometer, therefore, reflects the 

pressure being exerted on the skin underneath the polythene chamber, including that 

beneath the l a s e r  Doppler probe. The compression applied by the combination of 

polythene chamber and cuff was checked against that recorded by an interface pressure 

sensor (Talley Group Ltd, Romsey, Hants UK) applied to the skin underneath the 

polythene chamber; the use of this device for interface pressure m easurem ents has 

previously been described in more detail (Abu-Own et al. 1993b). The pressure applied 

to the cuff, indicated on the sphygmomanometer, ranged from 10 to 100 mmHg and was 

within 5 mmHg of the pressure reading indicated by the interface pressure sensor 

(Figure 2.2).
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Sphygmomanometer
BP Cuff

Perimed
PF2

Computer

Plastic chamber
LASER p ro b e

Figure 2.1 Diagrammatic representation of the experimental model for leg compression. The laser Doppler probe, installed in a 
polythene chamber, is applied to the supramalleolar region underneath a blood pressure cuff. Inflating the blood pressure cuff also 
inflates the polythene chamber via a Y-junction. A computer data logging system records laser Doppler param eters from  the laser 
Doppler fluxmeter.
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Figure 2.2 Relationship between the interface pressure sensing device and the 
sphygmomanometer readings in ten subjects. The pressure applied to the cuff, indicated 
on the sphygmomanometer, ranged from 10 to 100 mmHg and was within 5 mmHg of 
the pressure reading indicated by the interface pressure sensor.
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The next logical step would be to make direct LASER Doppler measurements from 

underneath compression stockings. Such measurement was the subject of study IV; an 

ultra-low profile single-fibre l a s e r  Doppler probe that could fit underneath a 

compression stocking was used so that pressures higher than intended are not produced 

immediately beneath the probe. After recording the resting values of LDF, BCV and 

CMBC with the subject in the horizontal position, a class II (Swiss Standard) graduated 

compression stocking, Venosan 2002 (Salzmann AG, St Gallen, Switzerland), was 

applied to the leg overlying the l a s e r  probe and the measurements repeated. The 

protocol was repeated while the subject was sitting with the legs dependent. The 

pressure produced by the stocking was verified in situ by an interface pressure sensor 

(Talley Group Ltd, Romsey, Hants, UK) and was found to range from 20 to 27 mmHg.

2.5 Experimental system for compression of the heel

Since the heel is known to be at high risk of developing pressure ulceration and the 

effect of compression on the skin microcirculation of the heel has not been studied, this 

was the subject of my next experiment (study V).

The tissue loading "pressure” device (Figure 2.3): For the purpose of this study, and in 

conjunction with the Medical Physics Department (UCL), I designed a special device 

for compression of the heel. It consisted of a stand and a pivoted arm mounted on the 

stand. This horizontal arm could be adjusted up and down as well as sideways. A 

standard 5 cm diameter pressure-applying acrylic indenter with a slot to accommodate a 

low profile l a s e r  Doppler probe was used to apply forces of 50 -  1500g to the heel 

region. A cantilever mechanism was used with a central pivot, so that the force could be 

applied to the opposite end of the arm to which the pressure indenter is attached. The 

pressure applied to the skin of the heel (interface pressure) was measured by the 

interface pressure sensor used in experiments m  and IV. L a s e r  Doppler measurements 

of the skin of the heel were made using a Periflux PF 2B l a s e r  Doppler fluxmeter and a
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specially designed low profile l a s e r  Doppler probe, PF 315:76 (Perimed, Jarfalla , 

Sweden).

The resting l a s e r  Doppler flux was measured with the subject lying supine. 

Compression forces were then applied in increments from 50g to 1500g and the 

corresponding interface pressure (IP) and LASER Doppler flux (LDF) recorded. The IP 

and LDF were also measured from the heel while the subject was lying on a low air-loss 

system and then on a conventional hospital bed. The detailed protocol and results of the 

study are presented in chapter V.
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LASER
probe

Pivoted
arm weights

loaded
here

Acrylic indenterComputer Perimed
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Interface pressure 
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Figure 2.3 Experimental system for compression of the heel. An acrylic indenter with a slot to accommodate a low profile l a s e r  
Doppler probe is used to compress the heel. The l a s e r  Doppler fluxmeter is logged to a computer for data recording. The compression 
applied to the skin of the heel is measured by an interface pressure sensor.
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Compression treatment is as important in DVT prophylaxis as it is in the treatment o f 

chronic venous insufficiency and venous ulceration. The final phase o f this thesis 

(studies VI and VII) is concerned with the assessment o f the haemodynamic effects o f 

different modalities o f compression used in DVT prophylaxis.

Intermittent pneumatic compression (IPC) has been widely used in the prophylaxis of 

DVT. It has also been reported recently that IPC may be useful as an adjunct to the 

management of patients with chronic venous insufficiency (Coleridge Smith et al. 

1990a). IPC may be applied either as uniform compression to the limb, using a single

chamber device or alternatively through a series of chambers inflated in a sequential 

manner from the ankle to the thigh to achieve venous emptying. Both these modalities 

of intermittent pneumatic compression are used for DVT prophylaxis. Reports of 

laboratory studies of hydraulic models suggested that uniform single-chamber 

compression could produce an occlusive tourniquet effect (Kamm 1979, Kamm 1982, 

Olson et al. 1982). In study VI, strain gauge plethysmography was used to compare the 

haemodynamic effects of sequential intermittent pneumatic compression with single

chamber calf compression.

The intermittent pneumatic compression devices: Two intermittent pneumatic 

compression devices were used: The multi-chamber sequential device (Kendall: Kendall 

Healthcare Products Company, Mansfield, Massachusetts, USA), sequentially 

compresses the lower calf, upper calf, and thigh with 40 to 55 mmHg for 12 seconds 

every minute. The single-chamber (Venodyne: 1000 Highland Avenue, Needham 

Heights, USA) provides uniform calf compression alone; it applies 60 mmHg 

compression for 5 seconds once per minute.
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2.6 Strain gauge plethysmography

The general principles of Strain gauge plethysmography (SGP) have been described in 

Chapter One (Section 1.4.1). In study VI (Chapter Eight) foot SGP was used because the 

IPC sleeve was applied to the calf.

A 24 cm strain gauge (Medasonics Inc of Fremont, California, USA) is attached to the 

foot of each lower limb and connected to a strain gauge device. A recording system, 

developed by Mr PD Coleridge Smith, in which data is logged by a computer which 

recorded and analysed the output from the strain gauge system was used. The computer 

digitised both traces 4 times per second, allowing rapid changes in the SGP output to be 

monitored. The resolution of the data recording system is better than 0.1%, ensuring 

sufficient precision of data for analysis. Traces were recorded and stored on the 

computer’s hard disc and subsequently analysed using specifically written software. 

Paper print-outs were not used in the analysis process. The details of the experimental 

protocol are described in Chapter Eight.

Thromboembolic disease (TED) stockings are the most commonly used mechanical 

method for DVT prophylaxis. They have been shown to be effective and are widely used 

in the prevention of DVT (Colditz et al. 1986). It has also been shown that the 

combination of TED graduated elastic compression stockings and intermittent 

pneumatic compression to the whole lower limb is more effective than intermittent 

pneumatic compression alone in preventing post-operative DVT (Scurr et al. 1987). 

Recently, Gardner and Fox (Gardner and Fox 1983) have demonstrated the efficiency of 

the foot pump in assisting venous return from the lower limbs on weight bearing. 

Intermittent pneumatic compression of the foot has been shown to be effective in 

reducing pain and swelling in patients undergoing treatment for fractures of the lower 

limb (Gardner et al. 1990). Recent reports also suggested that this method may be 

effective in prophylaxis of DVT (Wilson et al. 1992, Fordyce and Ling 1992). The
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objective of the last experiment in this thesis (Study VII, Chapter Nine) was to study the 

haemodynamic effects of intermittent pneumatic compression of the foot, using a 

footpump device, and TED stockings and to determine whether the combined use of 

both is likely to offer increased protection from DVT. Since a clinical study would 

necessitate the inclusion of many patients in an extensive study, it may be better first to 

evaluate whether there is any haemodynamic advantage in the application of both 

stockings and footpump simultaneously. I used strain gauge plethysmography and 

duplex ultrasound imaging to conduct this evaluation.

Strain gauge plethysmography: Instantaneous and short-term changes in calf 

circumference were assessed using strain gauge plethysmography. The use of this 

technique to monitor the effects of intermittent calf compression on foot volume have 

already been described. In the present study, a 24 cm strain gauge was attached to the 

mid calf of each leg and connected to a strain gauge device. The computer data 

recording system described above was used.

2.7 Colour duplex ultrasound imaging

Duplex ultrasonography provides an accurate description of the presence and site of 

reflux in the veins (Szendro et al. 1986), and allows the competence of individual valves 

to be assessed (Rollings et al. 1987). Modem vascular laboratories routinely use colour 

duplex scanning for the diagnosis of DVT and assessment of patients with CVI and 

varicose veins. In this thesis, I relied on colour duplex ultrasound imaging to confirm 

the presence of superficial or deep venous insufficiency in patients with venous disease 

and to exclude the presence of venous disease in control subjects.

In addition, in study Vfi (Chapter Nine), colour duplex ultrasound imaging was used 

along with SGP as the principle method to assess the haemodynamic effects of the 

footpump and TED stockings. Vein diameter and flow changes were monitored using an 

Acuson 128 XPIO ultrasound scanner and a 7 MHz linear-array transducer (Acuson,
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Mountain View, California, USA). High resolution images of the veins under study 

were obtained, permitting an assessment of the vein diameter and response of the 

diameter to changes in posture, application of TED stockings and pneumatic foot 

pumping. In addition blood flow velocities were assessed, and the peak as well as mean 

flow measured. An estimate of total flow, or maximum peak flow were calculated from 

the velocity and diameter data. Three veins were studied: the superficial femoral vein 

(SPY), the medial gastrocnemius vein (GY) and the posterior tibial vein (PTY).

Figure 2.4 is a typical duplex ultrasound image of the SPY at the midthigh level. The 

measurements on the GY were carried out 5 cm below its junction with the popliteal 

vein (Figure 2.5), whereas the PTY was studied 8 cm above the ankle (Figure 2.6). A 

typical flow spectrum in the PTY with the footpump switched on is shown in Figure 2.7.
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Figure 2.4 Duplex ultrasound image of the superficial femoral vein (SFV) and 
superficial femoral artery (SFA) with the subject sitting with the legs dependent. The 
vein diam eter is indicated in mm.

100



Chapter Two: Patients and Techniques

2 1 - D E C - 9  
0 6 :  0 6  : 5 8  
L 7 #

4 0
V E I N S  1

V A L V E

I MAGE OFF HOME

P W R " 0
6 0 d B  1 / 1  
G A I N  = 1 8  
# T E X T

HOME

F ig u re  2.5 Duplex ultrasound image of the gastrocnemius vein (GV) at its junction with 
the popliteal vein (PV). A valve sinus is shown in the PV.
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Figure 2.6 Duplex ultrasound image of the posterior tibial venae com m itantes (PTV) 
accompanying the posterior tibial artery (PTA).
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Figure 2.7 Duplex image of the posterior tibia! vein (PTV) with the Doppler gate 
positioned on the vein image. The Doppler angle between direction o f flow and 
ultrasound beam is shown. The peak flow velocity (FV) with the footpum p (FP) 
switched on is provided by the spectral analysis component of the duplex image.

2.8 The AVI footpump

In Chapter 1 (Section 1.3.2) the priciples of the foot pump and its activation by 

intermittent pneumatic compression have been covered.

Using duplex ultrasound imaging, it has been reported that an AVI footpum p (A-V 

Impulse System, Novamedix Ltd UK) enhances the popliteal artery blood flow in 

normal subjects and in patients with arterial obstruction (M organ et al. 1991). The AVI 

footpump has also been shown to enhance the microcirculatory blood flow in patients 

with peripheral arterial occlusive disease; foot pumping increased both LASER Doppler 

flux and tcP 02  in these patients in the sitting position (Abu-Own et al. 1993a). This
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hyperaemic response may be simply the result of emptying of the veins by the pump 

causing an increased arterio-venous pressure gradient. Gardner and Fox discounted this 

possibility and suggested that the hyperaemic response may be due to a temporary 

lowering of peripheral vascular resistance following liberation of EDRF (endothelium- 

derived relaxing factor). Previous work suggested that shear-stress at the intima 

produced by sudden pressure changes may activate the release of EDRF (Rubanyi et al. 

1986, Rubanyi et al. 1989).

Intermittent pneumatic compression of the foot is also effective in prophylaxis of DVT. 

It has been reported that in patients undergoing total knee arthroplasty, intermittent 

pneumatic compression of the foot produced a significant reduction in the incidence of 

major DVT compared with the control group in whom no prophylactic measure was 

used, 17.8% vs. 59.4% (Wilson et al. 1992). In a study in patients undergoing total hip 

arthroplasty, the incidence of DVT was 5% in those who received graduated 

compression stockings and AVI footpumping compared with 40% in those who 

received graduated compression stockings alone (Fordyce and Ling 1992). It was 

postulated that the anti-thrombotic effect may be attributable to induction of turbulence 

in venous valve pockets or possibly the release of EDRF.

The study presented in Chapter 9 of this thesis evaluates the haemodynamic effects of 

the footpump with and without TED stockings. The A-V impulse footpump device used 

to activate the foot pump consists of a pneumatic pad incorporated in a purpose-made 

slipper. The pad is attached to a portable electric pump, which has an air reservoir with 

valves and a timer. The air pump intermittently inflates the pneumatic pad resulting in 

flattening of the planar arch as in weight bearing. The device was set to compress the 

foot for 3 seconds, with the maximum inflation pressure reaching 180 mmHg. The cycle 

of inflation-déflation lasts 20 seconds.
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CHAPTER THREE: STUDY I 

MICRO ANGIOPATHY OF THE SKIN AND THE VENO-ARTERIOLAR 

RESPONSE IN CHRONIC VENOUS INSUFFICIENCY

3.1 Rationale

3.2 Patients and methods

3.3 Results

3.4 Discussion
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3.1 Rationale

Venous hypertension leads to structural and haemodynamic changes in the skin 

microcirculation which may lead to lipodermatosclerosis and ulceration. Fagrell (Fagrell 

1979, Fagrell 1982), using capillary microscopy, and Leu (Leu 1991), using intravital 

fluorescence microscopy, have shown that skin capillaries in CVI are widely dilated and 

coiled. These structural changes may be associated with alterations in the 

microcirculatory flow characteristics.

Studies using positron emission tomography (Gowland Hopkins 1983) and LASER 

Doppler fluxmetry (Belcaro et al. 1988, Cheatle et al. 1991a, Shami et al. 1993a) have 

shown increased blood flow in liposclerotic skin of patients with chronic venous 

insufficiency. Most studies investigating skin blood flow using l a s e r  Doppler 

fluxmetry report only the l a s e r  Doppler flux (LDF) value that is related to total skin 

blood flow in the target tissue volume. Analysis of the components of the l a s e r  

Doppler flux signal may provide useful information about the characteristics of the skin 

microcirculation. L a s e r  Doppler flux is the product of the concentration of moving 

blood cells (CMBC) and blood cell velocity (BCV) (Nilsson et al. 1980a).

The veno-arteriolar response (VAR) is a physiological mechanism which serves to 

minimise the rise in the microvascular pressure when venous pressure rises e.g. on 

standing. It is believed to be due to a local sympathetic axon reflex that causes 

precapillary vasoconstriction (Henriksen 1977), supplementing the intrinsic myogenic 

reactions (Folkow 1964). The veno-arteriolar response is known to be impaired in 

diabetic peripheral neuropathy. In chronic venous insufficiency the literature on the 

subject is contradictory with some authors reporting it to be impaired (Belcaro 1987, 

Allen et al. 1988), while others have shown it to be intact (Sindrup et al. 1991).
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The purpose of this study was: (1) to compare the resting LASER values (LDF, BCV and 

CM BC) in patients with lipodermatosclerosis and in normal control subjects, (2) to 

examine and compare the veno-arteriolar response in the two groups.

3.2 Patients and methods

Fifteen patients (4 male, 11 female), median age 64 years (interquartile range [IQR]: 60- 

74), with lipodermatosclerosis (LDS) due to chronic venous insufficiency (CVI) were 

studied. We also studied fifteen control subjects (6 male, 9 female), median age 58 years 

(IQR: 40-61), with no history or clinical evidence of arterial or venous disease.

The LASER Doppler measurements were made using a Periflux PF2 LASER Doppler 

flowmeter. The LDF and CMBC signals were accessed via a 15-way "D" connector on 

the Perimed machine and fed into an analog-digital converter card on an IBM- 

compatible computer. Flow data were sampled at a rate of 0.8 Hz, corresponding to a 

sampling interval of 1.25 seconds, and stored on the computer in a database using in- 

house software. By dividing the flux value by the CMBC at each point, the mean BCV 

was calculated.

The study was carried out in an environment-controlled chamber at 22°C and 30% 

relative humidity. Subjects lay supine for an acclimatisation period of 20 minutes. The 

LASER Doppler probe (PF 108) was attached to an area of liposclerotic skin o f patients 

and 8 cm above the medial malleolus in control subjects. Once the l a s e r  Doppler flux 

tracing stabilised, recordings of the basal values of LDF, BCV and CM BC were carried 

out for at least five minutes while the subject was lying in the horizontal position. The 

subject was then asked to sit up with the legs dependent and the same l a s e r  Doppler 

values were recorded in this position.

Statistical analyses were made using W ilcoxon matched-pairs signed-ranks test for 

‘within-subjects’ differences and M ann-W hitney U test for betw een-subjects’
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differences. The 95 percent confidence intervals (95% Cl) were also calculated. The 

descriptors used were median and interquartile range (IQR). All LDF, BCV and CM BC 

values were expressed in arbitrary units (AU).

The percentage fall in flux is the reduction in LASER Doppler flux on dependency 

expressed as a percentage of the resting flow and calculated from the formula:

%fall influx = [(resting flow -  dependency flow) '^resting flow] x 100

3.3 Results

Resting blood flow (Table 3.1 and Fig. 3.1): In the horizontal position, the basal 

values of LDF were significantly higher in patients than in control subjects (p < 0.001). 

This difference was due to a higher CMBC in the LDS group (p = 0.03). The velocity 

was greater in the control group (p = 0.01). In the dependent position the resting l a s e r  

Doppler flux was similar in the two groups, this was due to a relatively greater reduction 

in LASER Doppler flux in the patient group on moving from the horizontal to the 

dependent position.

108



Chapter Three: Microangiopathy of the skin and the veno-arteriolar response in CVI

LDF (AU) BCV (AU) CMBC (AU)

Controls: M edian (IQR) 33 (22-41) 21 (11-26) 3 (2-5)

LDS: M edian (IQR) 50 (38-60) 9 (4-17) 7(3-13)

M D (95% Cl) 18 (9, 32) 8 (2, 16) 3.5 (0 .1 ,8 )

P value* < 0.001 0.01 0.03

Table 3.1 Basal l a s e r  Doppler parameters in patients and control subjects in the 
horizontal position. LDF, LASER Doppler flux; BCV, blood cell velocity; CM BC, 
concentration of m oving blood cells; AU, arbitrary units; IQR, interquartile range; LDS, 
patients with lipodermatosclerosis; M D(95%CI), median difference (95% confidence 
interval); *M ann-W hitney U-test.

Median values 
(AU)

60 -r

40 __

20 _ _

p=0.01

p=0.03

Controls

I
Q BCV 

I CMBC

LDS

Figure 3.1 The median values of basal LASER Doppler flux (LDF), blood cell velocity 
(BCV) and concentration of moving blood cells (CM BC) in the horizontal position. 
LDS, patients with lipodermatosclerosis; AU, arbitrary units; p, M ann-W hitney U-test.
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The effect of dependency (Table 3.2 and Fig 3.2): On moving from the supine to the 

sitting position there was a substantial fall in the LASER Doppler flux in both groups of 

subjects. The median percentage fall in flux was 56% in patients (p < 0.001) and 35% in 

control subjects (p < 0.001). Thus, the percentage fall in LDF in liposclerotic skin was 

even greater than in control skin, indicating that this physiological mechanism remains 

intact in liposclerotic skin. This reduction in LDF on dependency was due 

predominantly to a decrease in CMBC in the patient group, median decrease 3.4 AU 

(95% Cl: 1.3, 5.5). In control subjects the reduction in LDF was mainly due to a 

decrease in velocity, median decrease 10.5 AU (95% Cl: 5, 17).
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:

j

LDF( AU) BCV (AU) CMBC (AU)

Controls LDS Controls LDS Controls LDS

Horizontal: median(lQ R) 33 (22-41) 50 (38-60) 21 (11-26) 9(4-17) 3 (2-5) 7(3-13)

Dependent: median(lQR) 21 (14-26) 19(12-42) 8(4-12) 6 (4-12) 2.4 (1-8) 4 (2-6)

1 ^ ( 9 5 %  Cl) 10.3 (7, 17) 28 (20, 54) 10(5, 17) 1.8 (-0.9, 5) 1.7 (-1.1, 5.5) 3.4 (1.3, 5.5)

P value* <0.001 <0.001 <0.01 0.14 0.19 <0.01)

Table 3.2 Effect of dependency on l a s e r  Doppler flux in the patient and control groups. Abbreviations as in Table 3.1; 
*W ilcoxon matched-pairs signed-ranks test.
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p<0.001 p<0.001
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Figure 3.2 The effect o f dependency on LASER Doppler flux (LDF) in the LDS and 
control groups. AU, arbitrary units; p, W ilcoxon matched-pairs signed-ranks test.
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Although the l a s e r  Doppler flux in the supine position was higher in liposclerotic skin,

3.4 Discussion

as has been reported previously (Belcaro et al. 1988, Sindrup et al. 1987, Shami et al. 

1993a), the blood celK^eloeity in liposclerotic skin was substantially lower than that in 

control subjects. The increased LASER Doppler flux was attributable to an increase in the 

volume o f  moving blood cells. Previous histological studies have shown that the 

num ber of capillary loops seen on histological section of liposclerotic skin is increased 

compared with normal skin (Burnand et al. 1981). However, this probably represented 

m ultiple cross-sectioning through elongated and distended capillaries. A recent study, 

using imm unohistochem ical technique, showed no evidence of capillary proliferation in 

the skin of patients with CVI, but the capillaries were shown to be elongated and 

distended (Vanscheidt et al. 1991). Other authors, using capillary microscopy, reported 

that the capillaries in liposclerotic skin are dilated and coiled (Fagrell 1973, Leu et al.
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1991). It is, therefore, not surprising that there should be an increased volume of moving 

blood cells in the skin. It has been reported that plasma viscosity, ESR and fibrinogen 

are increased in patients with post-thrombotic syndrome, but the haematocrit is not 

significantly different from control subjects (Ernst et al. 1986). This suggests that the 

increase in CMBC in liposclerotic skin is due to an increase in total volume of moving 

blood cells in the target tissue volume of the LASER probe. This does not necessarily 

imply that the number of moving blood cells per unit volume of blood is increased. In 

this study the increase in CMBC simply means that there is an increase in the number of 

moving blood cells in the target tissue volume of the l a s e r  Doppler probe. The 

increased volume of moving blood cells shown in this study is consistent with the 

observation that capillaries are dilated and coiled in liposclerotic skin. Clearly, the 

microangiopathy of liposclerotic skin comprises not only structural changes but also a 

disturbed microcirculatory flow pattern.

My finding that the veno-arteriolar response is intact in the supramalleolar liposclerotic 

skin is in agreement with previous studies which measured the response in the 

supramalleolar region (Peters et al. 1991, Scott 1991, Shami et al. 1993c). Two studies 

reported an impaired veno-arteriolar response in the big toe (Shami et al. 1993c, Allen et 

al. 1988) This area is known to be rich in sympathetically innervated shunt vessels, and 

may, therefore, have different vasomotor control compared to the supramalleolar region. 

Shami (Shami 1992) has recently suggested the presence of a peripheral neuropathy in 

patients with chronic venous insufficiency and postulated that this may be important in 

the pathogenesis of venous ulceration. It is, however, not clear whether such neuropathy 

is a cause or result of tissue damage in these patients. One study using l a s e r  Doppler 

fluxmetry (Belcaro et al. 1987) reported an impaired veno-arteriolar response in the 

supramalleolar region. A recent study using fluorescein capillaroscopy reported not only 

an impaired postural vasoconstriction reflex in liposclerotic skin, but also a reduced 

capillary density and capillary underperfusion; the authors of this paper suggested that
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capillary underperfusion was the cause of leg ulceration in chronic venous insufficiency 

(Luetolf et al. 1993). The results of my study, and those reported in the literature, do not 

support this hypothesis.

The decrease in blood cell velocity may increase the likelihood of white blood cells in 

capillaries and venules interacting with the endothelium. It has been shown both in vivo 

and in vitro that at low sheer rates, interaction of leucocytes with the endothelium is 

much more likely than at higher sheer rates (Schmid-Schonbein et al. 1975). As the 

sheer rate is a function of the flow velocity, leucocyte adhesiveness is inversely 

proportional to the velocity of blood flow (Lawrence et al. 1990). Since it is possible 

that white blood cells play a significant role in the pathogenesis of venous disease 

(Coleridge Smith et al. 1988), my finding of reduced microcirculatory flow velocity in 

liposclerotic skin may encourage white cell margination and activation within the 

microcirculation. This may contribute to skin damage in patients with chronic venous 

insufficiency.

In summary, the results of this study indicate that the higher LDF in liposclerotic skin 

compared to normal skin is due to a higher volume of moving blood cells in the skin and 

not a higher BCV. This finding is consistent with the suggestion that capillaries in 

liposclerotic skin are dilated and engorged with sluggishly moving blood cells. I have 

also shown that the veno-arteriolar response is not impaired in liposclerotic skin of 

patients with chronic venous insufficiency.
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CHAPTER FOUR: STUDY II

EFFECT OF LEG ELEVATION ON THE SKIN MICROCIRCULATION

3.1 Rationale

3.2 Patients and methods

3.3 Results

3.4 Discussion
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4.1 Rationale

Limb elevation is often used in the treatment of venous disease associated with oedema 

(Rivlin 1958, Foote 1954, Anning 1954). It is known to accelerate the healing of venous 

ulceration. In the treatment of venous leg ulceration associated with severe local 

oedema, some authors recommend that patients are admitted to hospital for bed rest 

with limb elevation and physiotherapy, followed by compression treatment and 

mobilisation (Ruckley 1992). Other authors have suggested vertical leg elevation for 

drainage of oedema associated with venous ulcers; this is followed by compression 

treatment and mobilisation, but the patient is instructed to continue vertical drainage at 

home for a period each day (Bourne 1974). For patients with intractable leg ulceration 

and those who are admitted to hospital for surgical treatment (e.g. skin grafting). 

Browse et al. recommend that bed rest with leg elevation should be an integral part of 

the initial management of these patients (Browse et al. 1989). The mechanism by which 

limb elevation may be beneficial in the treatment of venous disease is not clear.

As I discussed in Chapter Two (Section 2.3), the l a s e r  Doppler flux signal is the 

product of the concentration of moving blood cells (CMBC) and blood cell velocity 

(BCV). Analysis of these components may provide useful information as to how the 

skin microcirculation may be affected by leg elevation.

The purpose of this study was to use this modified l a s e r  Doppler fluxmetry technique 

to assess the effect of limb elevation on the skin microcirculation in patients with 

chronic venous insufficiency and in normal control subjects.

4.2 Patients and methods

Fifteen patients (seven men, eight women), median age 60 years (interquartile range 

[IQR]: 55 to 6 8 )  with lipodermatosclerosis (LDS) were studied using LASER Doppler 

fluxmetry. I also studied 15 control subjects (eight men, seven women), median age 51
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years (IQR: 34 to 58), with no evidence o f arterial or venous disease. Colour duplex 

scanning, was used to confirm  the presence o f chronic venous insufficiency (CVI) in 

patients and to exclude venous disease in control subjects.

The LASER Doppler measurements were made using a Periflux PF2 l a s e r  Doppler 

flowmeter and a flexible angled LASER Doppler probe (PF 110), in its holder (PF 114). 

An IBM -compatible computer recorded the output from  the Huxmeter (flux and CM BC) 

using in-house software. By dividing the flux value by the CM BC, the BCV was 

calculated. The study was carried out in an environm ent-controlled cham ber set at 22°C 

and 30% relative humidity. Subjects lay in the supine position for an acclim atisation 

period o f 20 min. The LASER Doppler probe was attached to an area o f liposclerotic skin 

of patients and 8 cm above the medial malleolus in control subjects. After recording the 

basal values of LDF, BCV and CM BC in the horizontal position, the legs were elevated 

to 30 cm above the heart and the measurements repeated.

The data from this study were used to compare the basal LASER Doppler values (LDF, 

BCV and CM BC) in patients with LDS in the horizontal position with the 

corresponding values in normal control subjects and to calculate the influence o f limb 

elevation on LDF, BCV and CM BC in both groups. Statistical analyses were made 

using W ilcoxon’s test for ‘w ithin-subjects’ differences and M ann-W hitney U-test for 

‘betw een-subjects’ differences. The 95 percent confidence intervals (95% Cl) were also 

calculated. The descriptors used were median and interquartile range (IQR). All LDF, 

BCV and CM BC values were expressed in arbitrary units (AU).

The increase (or decrease) in the LASER Doppler values on leg elevation was expressed

as a percentage of the corresponding resting value and calculated from the formula:

% change in laser value s» ((resting value -  value on elevation) - r̂esting value]x 100
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4.3 Results

Duplex ultrasound examination of the 15 limbs with LDS showed that in seven limbs 

(47%) there was superficial venous reflux alone, whereas in eight limbs (53%) there was 

deep venous insufficiency with or without associated superficial venous reflux.

Resting blood flow (Table 4.1 and Figure 4.1): The basal LDF was significantly 

higher in patients than in control subjects (p < 0.001). This difference was due to a 

higher CMBC in the patient group (p < 0.001). The velocity tended to be less in the LDS 

group, but the difference was not statistically significant.

The effect of leg elevation (Table 4.2 and Figure 4.2): On leg elevation, there was a 

substantial increase in LASER Doppler flux in the patient group (Figure 4, A), the median 

increase was 82 AU (95% Cl: 19, 139; p < 0.01). This increase in LDF on limb 

elevation was due to an increase in BCV (Figure 4, B), median increase 7 AU (95% Cl: 

2, 11; p < 0.01). There was no corresponding change in CMBC (Figure 4, C). In control 

subjects, the results were similar, although the increases in LDF and BCV did not reach 

statistical significance (Figure 4).
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L D F (AU) BCV (AU) C M B C  (AU)

Controls: M edian (IQR) 52 (37-66) 15 (7-21) 4.5(2.1-7.5)

LDS: M edian (IQR) 103 (80-166) 12(6-15) 11.1(9.4-13.0)

MD (95% Cl) 63 (36 ,108) K -5 , 9) 6.5(3.4, 9.0)

P value* <0.001 0.63 <0.001

Table 4.1 Basal l a s e r  Doppler parameters in the LDS patients and control subjects. 
LDS, patients with lipodermatosclerosis; AU = arbitrary units; IQR = interquartile range. 
MD (95% Cl), median difference (95% confidence interval); *Mann-W hitney U-test.

C ontro ls LD S

L D F (AU) B CV  (AU) C M B C  (AU) L D F (AU) B C V  (AU) C M B C  (AU)

Horizontal: median (IQR) 52 (37-66) 15(7-21) 4.5 (2.1-7.5) 103 (80-166) 12(7-15) 11(9-13)

Elevated: median (IQR) 66 (43-97) 16 (8-23) 4.9 (2.7-8.2) 240 (99-319) 21 (17-250) 12(8-18)

% Increase 15% 7% 9% 45% 41% 5%

M D (95% Cl) 9 (5, 25) 1.3 (-0.5, 3) 0.2 (-0.4, 0.6) 82(19 , 139) 7 (2 ,1 1 ) 0.5 (-1.2, 2.5)

P value* 0.05 O .Il 0.62 <0.01 <0.01 0.36

Table 4.2 Effect of leg elevation on l a s e r  Doppler parameters in LDS patients and control subjects. * = W ilcoxon matched- 
pairs signed-ranks test; M D (95% Cl) = M edian difference (95% confidence interval).
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Figure 4.1 Comparison of the basal l a s e r  Doppler parameters in patients with lipodermatosclerosis (LDS) and control subjects 
in the horizontal position. A, L a s e r  Doppler flux (LDF), B, Concentration of moving blood cells (CMBC). C, Blood cell velocity 
(BCV). Descriptors are median and IQR. AU, arbitrary units; *p, Mann-Whitney U-test.
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Figure 4.2 Effects of leg elevation on laser Doppler parameters in patients with lipodermatosclerosis (LDS) and control subjects. A, 
Effect on LASER Doppler flux (LDF). B, Effect on blood cell velocity (BCV). C, Effect on concentration of moving blood cells 
(CMBC). Descriptors are median and IQR. AU, arbitrary units; *p, Wilcoxon matched-pairs signed-ranks test.
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4.4 Discussion

Limb elevation is frequently advocated in the treatment of venous disease associated 

with oedema, and there is widespread agreement on its efficacy. However, the 

mechanism by which limb elevation may be beneficial in the treatment of such patients 

is not clear. Karaca and Nilsson (Karaca and Nilsson 1971) have shown that prolonged 

bed rest raised the level of leg vein wall fibrinolytic activity to a level similar to that of 

the arm. Using radioactive Xenon ( Xe) washout technique, Henriksen (Henriksen 

1977) found that subcutaneous blood flow of normal adult volunteers remained constant 

during elevation of a limb 30 cm above the heart level. Klemp (Klemp 1984) used ^̂ ^Xe 

clearance technique to study the effect of limb elevation on cutaneous blood flow in 

patients with psoriasis. He found that limb elevation to 40 cm above the heart level 

induced a two-fold increase in the cutaneous blood flow of psoriatic skin but no change 

in normal skin. In a study on patients who recently underwent sympathectomy and 

control subjects, limb blood flow was measured by venous occlusion plethysmography; 

it was found that 15° of elevation increased limb blood flow, whereas 45° of limb 

elevation resulted in reduced blood flow (Beaconsfield and Gindsberg 1955). In a study 

using transcutaneous oxygen tension (tcPOz), Clyne (Clyne et al. 1985) reported that 

short periods of limb elevation or dependency has not produced significant changes in 

tcPOi in patients with venous disease, although in a normal control group there was an 

increase in tcPOz on both elevation and dependency. However, tcPOi measurements rely 

on a probe heated to 42°C -  44°C, and the technique therefore is dependent on a normal 

vasodilatory response to heating. An impaired vasodilatory capacity to heating in the 

liposclerotic skin of patients with chronic venous insufficiency have been reported 

recently (Cheatle et al. 1991c). No inferences can therefore be drawn about the 

oxygenation of liposclerotic skin at normal temperature in either the horizontal or 

elevated positions. More recently, Barnes (Barnes et al. 1992) reported that limb
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elevation for 24 hours resulted in a decrease in limb volum e and an increase in LASER 

Doppler flux without a corresponding change in tcPOz. The increase in LASER Doppler 

flux was attributed to a reduction in venous and tissue pressure with subsequent increase 

in capillary flow.

The finding that 47% o f the limbs with lipoderm atosclerosis had superficial venous 

reflux with normal deep veins is sim ilar to a recently reported study on patients with 

venous ulceration (Shami et al. 1993b). Lipoderm atosclerosis and venous ulceration are 

sim ply two clinical stages o f the same disease.

The results confirm  that the l a s e r  Doppler flux is higher in liposclerotic skin of 

patients with CVI com pared with normal skin of control subjects; this is in agreem ent 

with the results in the study on m icroangiopathy o f the skin (Chapter Three) and other 

studies reported in the literature (Sindrup et al. 1987, Belcaro et al. 1988, Cheatle et al. 

1991a, Shami et al. 1993a). My results show that the higher LASER Doppler flux in 

liposclerotic skin o f patients with CVI com pared with normal skin of control subjects is 

attributable to a higher CM BC in LDS patients and not a higher blood cell velocity. In 

this study there was an insignificant trend to a lower BCV in LDS patients com pared to

control subjects. In the study presented in the preceding chapter (Study I), BCV was

ista tis tic^y  lower in LDS patients. In each o f these two studies a different l a s e r  

D oppler probe was used; the difference in fibre-optic configuration and depth of 

penetration o f the l a s e r  light may be the reason for this discrepancy. However, both 

experim ents have clearly shown that the increase in LDF in liposclerotic skin is due to 

an increase in CM BC; the BCV is sim ilar in the two groups, or may even be slightly 

reduced as indicated by the results o f Study I.

About 60% of blood volume is in the veins. On leg elevation, veins empty by the effect 

o f gravity, resulting in less volume of blood in the limb. However, capillaries, venules 

and arterioles respond to leg elevation, and dependency, differently from  the relatively
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passive large veins. On dependency the large veins fill up with blood -  a simple effect 

of gravity -  while at the same time there is decreased microcirculatory blood flow due 

to the physiological veno-arteriolar response.

This study shows that slight to moderate degrees of limb elevation, results in an increase 

in LASER Doppler flux.. Since laser Doppler fluxmetry measures the microcirculatory 

blood flow mainly detecting moving blood cells in the arterioles, capillaries and 

venules, this suggests that on limb elevation, while the large veins empty, the 

microvessels open up enhancing the microcirculatory blood flow.

It is interesting that this increase in flux was attributable to an increase in blood cell 

velocity with no significant change in the concentration of moving blood cells. It is 

possible that the enhanced microcirculatory flow velocity is due to a decrease in venous 

pressure with subsequent increase in arterio-venous pressure gradient and capillary flow. 

The increase in blood cell velocity may decrease the likelihood of white blood cells in 

capillaries and venules interacting with the endothelium and reduce white cell 

margination and activation within the microcirculation. This study suggests an 

additional mechanism by which leg elevation may be effective in the treatment of 

patients with chronic venous disease and venous ulceration.
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CHAPTER FIVE: STUDY III

EXPERIMENTAL SYSTEM FOR LEG COMPRESSION

5.1 Rationale

5.2 Patients and methods

5.3 Results

5.4 Discussion
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5.1 Rationale

The use of compression in the treatment of venous disease has been advocated since the 

time of Hippocrates (Adams 1849). Despite the widespread agreement on its efficacy, 

the mechanism by which compression treatment works remains largely unknown. De 

Mondeville, in 1306, held the view that compression bandaging helped to heal ulcers by 

driving out ‘evil humours’ (De Mondeville 1893). Decreased fibrinolytic activity in 

blood and tissues has been reported in patients with venous disease (Browse et al. 1977, 

Wolfe et al. 1979, Leach 1984). It has been suggested that external compression may 

encourage the release of fibrinolytic activators from the venous endothelium and 

improve tissue fibrinolysis (Allenby et al. 1973, Tamay et al. 1980). Bumand reported 

that fibrinolytic enhancement and elastic stockings reduced oedema and improved calf 

pump function (Bumand et al. 1980).

In more recent times the controversy has been mainly about the haemodynamic aspects 

of venous function which are influenced by compression. Several conventional tests of 

venous function have been used to assess the outcome of applying compression hosiery, 

and published results have been contradictory (O Donnell et al. 1979, Jones et al. 1980, 

Norgren 1988, Mayberry et al. 1991). Colour duplex ultrasound imaging has recently 

been used to investigate the effect of compressing incompetent popliteal, long and short 

saphenous veins on venous reflux (Sarin et al. 1992a). In the majority of veins, 

competence could not be restored without occluding the vein. In those where 

competence was restored before occlusion, much higher pressures were required than 

those exerted by conventional hosiery or bandages. It is therefore necessary to 

investigate alternative mechanisms by which compression may be effective in venous 

disease.

126



Chapter Five: Experimental system for leg compression

The effect of compression of the lower limb on the microcirculatory flow characteristics 

of the skin has not been investigated. The aim of this study was to assess the effects of 

leg compression on the skin microcirculation using laser  Doppler fluxmetry.

Most studies investigating skin blood flow using laser Doppler fluxmetry report 

only the laser  Doppler flux (LDP) value that is related to total skin blood flow in 

the target tissue volume. The laser Doppler flux signal is the product of the 

concentration of moving blood cells (CMBC) and blood cell velocity (BCV). 

Analysis of these components may provide useful information about the skin 

microcirculation and how it is affected by leg compression.

5.2 Patients and methods

Fifteen patients (four men, 11 women), median age 64 years (interquartile range [IQR]: 

60-74), with lipodermatosclerosis (LDS) due to chronic venous insufficiency were 

studied using LASER Doppler fluxmetry. I also studied 15 control subjects (six men, 9 

women), median age 58 years (IQR: 40-61), with no history or clinical evidence of 

arterial or venous disease.

The study was carried out in an environment-controlled chamber set at a temperature of 

22°C and 30% relative humidity. Subjects lay supine for an acclimatisation period of 20 

minutes before any measurements are made.

The experimental system used for leg compression is described in detail in chapter two 

(Section 2.4 and Figure 2.1). The LASER Doppler measurements were made using a 

Periflux PF2 laser Doppler fluxmeter. The laser Doppler probe, installed in a 

polythene chamber was applied to the lower leg with the laser  beam directed onto an 

area of liposclerotic skin in patients and 8 cm above the medial malleolus in control 

subjects. A blood pressure cuff was applied to the lower leg overlying the polythene 

chamber. Both the blood pressure cuff and the polythene chamber were inflated with air.
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The compression applied by the combination o f polythene cham ber and cuff was 

checked against that recorded by an interface pressure sensor applied to the skin 

underneath the polythene chamber. The pressure applied to the cuff, indicated on the 

sphygm om anom eter was equal to the compression applied to the skin as indicated by the 

interface pressure sensor (Figure 2.2). An IBM -compatible com puter recorded the 

output from the fluxm eter (flux and CM BC) using in-house software. By dividing the 

flux value by the CM BC, the BCV was calculated.

A fter recording the basal values of LDF, BCV and CM BC in the horizontal position, 

pressures were applied in increments of 10 mmHg from 10 to 100 mmHg. The LASER 

Doppler values (LDF, BCV and CM BC) corresponding to each of these compression 

pressures were recorded.

Following a stabilisation period of 15 minutes, the subject was then asked to sit with the 

legs dependent, the basal l a s e r  Doppler parameters for this position were recorded. 

Com pression was then applied in increments of 10 mmHg from 10 to 100 mmHg and 

the corresponding values of LDF, BCV and CMBC were recorded.

Statistical analyses were made using W ilcoxon matched-pairs signed-ranks test. The 

median percentage increase (or decrease) in the LASER Doppler value on leg 

com pression was expressed as a percentage of the corresponding resting value and 

calculated from the formula:

% change in laser value ̂ [(testing value -  value with campressiau) - r̂esting value]x 7 #

The 95% confidence intervals (95% Cl) were also calculated. The descriptors used were 

median and IQR. All LDF, BCV and CM BC values were expressed in arbitrary units 

(AU).

128



Chapter Five: Experimental system for leg compression

5.3 Results

The Duplex ultrasound findings in the 15 limbs with LDS studied were: deep venous 

insufficiency (DVI) in 9 limbs (DVI only in 4 limbs & DVI associated with superficial 

venous reflux in five limbs). In six limbs there was superficial venous reflux alone.

The effect of leg compression (Table 5.1): At 20 mmHg compression in patients in the 

supine position, there was a 33% median increase in LDF (p = 0.02), with a 

corresponding 79% median increase in velocity (p = 0.001). There was a 27% median 

decrease in CMBC at 20 mmHg compression (p = 0.02). Higher pressures caused a 

progressive decrease in LDF and BCV (Figure 5.1, A).

In the sitting position, pressures up to 60 mmHg caused an increase in LDF and BCV. 

At 20 mmHg compression, the median percentage increase in LDF was 84% (p < 

0.001). There was a corresponding increase in velocity, median percentage increase was 

22% (p < 0.01). Only compression greater than 60 mmHg caused a fall in LDF and 

BCV. No significant change in CMBC at 10 to 30 mmHg compression but higher 

pressures resulted in an increase in CMBC (Figure 5.1, B).

In both positions, the effects of compression in control subjects were similar to those in 

patients. (Table 5.1 and Figure 5.2). In the dependent position the effect is significant 

(p< 0.01) at 20 mmHg compression, but becomes more apparent at 40 to 60 mmHg 

(Figure 5.2, B).
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..............................

Horizontal

...
(AO)

LDS

CIVIBC

Controls

XAU)

LDS

Basal: median (IQR) 33(22-41) 50(38-60) ) 21(11-26) 9(4-17) 3(2-5) 7(3-13)

Compression*: median (IQR) 41(29-54) 65(46-118) 28(16-46) 21(6-30) 3(2-8) 4(2-6)

MD (95% Cl) 10(4,18) 13(3,24) 11(4,22) 7(3 ,21) 0.4(-1.6, 5) 2.7(0.4, 5)

p V aluet 0.001 0.02 0.01 0.001 ns 0.02

Dependent

Basal: median (IQR) 21(14-26) 19(12-42) 8(4-12) 6(4-12) 2.4(1-8) 4(2-6)

Compression*: median (IQR) 22(19-32) 35(25-55) 15(5-17) 8(5-19) 3 .4(l-9) 4(3-8)

MD (95% Cl) 5 (3 ,8 ) 14(10,22) 3(0 .3 ,9) 2.4(0.7, 8) 0.5(-6, 6) 0.8(-0.8, 2.4)

p V aluet 0.01 <0.001 0.03 <0.01 ns ns

Table 5.1 Effect of compression on l a s e r  Doppler parameters in the horizontal and dependent positions. AU, arbitrary units; 
LDS, patients with lipodermatosclerosis; * 20 mmHg compression; fW ilcoxon matched-pairs signed ranks test; ns, not 
significant; MD (95% Cl), median difference (95% confidence interval).
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Figure 5.1 Effect o f leg compression on LASER Doppler flux (LDF), blood cell velocity 
(BCV) and concentration of moving blood cells (CMBC) in LDS patients. The medians 
o f LDF, BCV and CM BC are plotted in arbitrary units (AU), p, W ilcoxon m atched-pairs 
signed-ranks test, comparing the values at 20 mmHg compression to the basal values at 
0 mmHg; ns, not significant. A, horizontal position B, dependent position.

131



Chapter Five: Experimental system for leg compression

<
u

U

S  CQ

I S
b
QU

3
<

^  U 
o CO
S ^  
= u

B  CQ

I s  
^ * b 

Q
nJ

p=0.001

r p=0.01

60 -|-

40 - -

20  - -

p=ns

(LDF)

(BCV)

(CMBC)

D  L D F
D  BCV 

I CMBC

0 10 20 30 40 50 60 80 100
Compression (mm Hg)

I p=0.01 I (LDF)

' p=0.03 ' (BCV)

I p=ns I (CMBC)

D
D

LDF

BCV
60

CMBC

40

20

0
0 10 20 30 40 50 60 80 100

Compression (mm Hg)

B

Figure 5.2 Effect of leg compression on laser Doppler flux (LDF), blood cell velocity 
(BCV) and concentration of moving blood cells (CMBC) in control subjects. The 
medians of LDF, BCV and CMBC are plotted in arbitrary units (AU), p, Wilcoxon 
matched-pairs signed-ranks test, comparing the values at 20 mmHg compression to the 
basal values at 0 mmHg; ns, not significant. A, horizontal position B, dependent 
position.
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5.4 Discussion

The effects of compression have been widely studied on the overall venous 

haemodynamics of the lower limb (Sigel et al. 1973, Sigel et al. 1975, Lawrence and 

Kakkar 1980a, Coleridge Smith et al. 1990b). In patients with chronic venous 

insufficiency the ambulatory foot vein pressure is raised (Pollack and Wood 1949, 

Pollack et al. 1949, Nicolaides et al. 1985) and it might be hoped that compression 

stockings would restore this index to normal. Some authors have found that this is the 

case (Somerville et al. 1974), while others have failed to find any effect (Mayberry 

1991). Air plethysmography may permit a more detailed analysis of the calf muscle 

pump (Christopoulos et al. 1987), yet this has not demonstrated reduced venous refilling 

times after the application of stockings. It seems probable that stockings and 

compression bandaging may benefit the overall haemodynamics of the limb. However, 

this may play only a small part in the mechanism of action of compression.

A problem with application of compression to a probe is that pressures higher than 

intended may be produced immediately beneath the probe. To avoid this problem, I 

contained the l a s e r  Doppler fibreoptic system within the polythene chamber that was 

used to compress the skin under study. I was also able to verify, using an interface 

pressure measuring device, that the compression applied to the skin was equal to the 

pressure in the cuff. Thus, I am confident that the cuff pressure corresponds to the 

compression applied to the skin during the study.

On application of compression there is an increase in the LASER Doppler flux in patients 

with liposclerotic skin (Table 5.1 and Figure 5.1). This increase is not due to a change in 

the relationship between the optics of the l a s e r  Doppler probe and the skin 

microcirculation since it is clear from Figure 5.1(A) and 5.1(B) that the increase in 

LASER Doppler flux with increasing compression is attributable to an increase in blood 

cell velocity, with no substantial alteration or even a slight decline in volume of the
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blood cells. In the horizontal position, the peak flow occurs in the region of 10 - 20 

mmHg which corresponds with what one might expect the capillary pressure to be with 

a patient lying in this position. On moving to the sitting position, the peak flux occurs at 

50 - 60 mmHg which again corresponds with the expected capillary pressure with a 

patient sitting erect due to the increased hydrostatic pressure.

It can be seen from the graph in Figure 5.1(B) that compression in the range of 20-30 

mmHg, commonly achieved by compression stockings, is sufficient to double the l a s e r  

Doppler flux in a patient in the sitting position. In addition Figure 5.1(B) also suggests 

that still higher levels of compression (of the order of 40 - 60 mmHg) may be effective 

in the treatment of patients with venous disease, without resulting in cessation of blood 

flow to skin in the sitting position. It has been shown that compression bandaging 

reaching pressures of 45 mmHg results in rapid healing of venous ulcers (Blair et al. 

1988), and this is consistent with my suggestion that the findings of increased l a s e r  

Doppler flux on compressing the skin are related to the mechanisms of the effect of 

compression in venous disease. Clearly, there is no fundamental difference in the 

response to compression in liposclerotic skin compared with normal skin, although the 

effect is less marked in control subjects (Table 5.1 and Figure 5.2.A and 5.2.B).

In patients with LDS, LASER Doppler flux is already high and further increase in LDF 

may not necessarily be desirable. However, the high LDF in liposclerotic skin is due to 

an increase in volume, rather than speed, of blood as shown by the results of Study I 

(Chapter Three). The results of the present study shows that compression does cause a 

further increase in LDF, but it is interesting, and perhaps more important, that this 

increase in LDF is due to an increase in blood cell velocity.

From this study it can be seen that local compression of the skin, without compression 

of the whole limb, results in significant alteration in the local microcirculatory blood 

flow. Most obvious is an increase in blood cell velocity in response to compression and
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it might be hypothesised that such an increase in velocity reduces the likelihood of white 

blood cells in capillaries and venules interacting with the endothelium. The finding that 

compression of the skin increases microcirculatory flow velocity could have an 

important bearing on the mechanisms of action of compression.
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CHAPTER SIX

EFFECTS OF COMPRESSION STOCKINGS ON 

THE SKIN MICROCIRCULATION

6.1 Rationale

6.2 Patients and methods

6.3 Results

6.4 Discussion
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6.1 Rationale

Study m  indicated that, with the use of an experimental system for leg compression, 20 

mmHg compression in the horizontal position and up to 60 mmHg in the sitting position 

enhanced the microcirculatory flow velocity of the supramalleolar skin. It may be 

argued that the effects produced by such an experimental system may not exactly reflect 

what happens under an actual compression stocking.

The experiment presented in this chapter was to designed to assess the effects of 

compression stockings on the skin microcirculation using a single fibre l a s e r  

Doppler probe that could fit underneath a compression stocking. The l a s e r  

Doppler flux (LDF) signal is the product of the concentration of moving blood cells 

(CMBC) and blood cell velocity (BCV). Analysis of these components may provide 

useful information about the skin microcirculation and how it is affected by leg 

compression.

6.2 Patients and methods

Ten patients (four men, six women), median age 62 years (interquartile range [IQR]: 44- 

75), attending the Middlesex Hospital Vascular Laboratory for venous assessment were 

studied. All patients included in the study had clinical lipodermatosclerosis (LDS) and 

proven venous insufficiency as demonstrated by colour duplex scanning. None of the 

patients had ulcers and temporary or permanent compression treatment was considered 

appropriate in all cases. I also studied 10 control subjects (five men, five women), 

median age 50 years (IQR: 35-55), with no history or clinical evidence of arterial or 

venous disease; they all underwent clinical examination and colour duplex scanning to 

confirm the absence of significant venous disease. All patients and control subjects had 

normal Doppler ankle/brachial pressure indices (ABPI > 0.9). Patients with diabetes 

mellitus were excluded from the study.
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The LASER Doppler measurements were made using a Periflux PF 2B l a s e r  Doppler 

fluxmeter (Perimed, Jarfalla, Sweden) with an ultra-low profile single fibre l a s e r  

probe. The probe consists of a microfibre (PF 319) that has been modified so that its tip 

is surrounded by a thin circular latex rubber diaphragm to help attach the probe to the 

skin surface; the microfibre is connected to the master probe (PF 3ISA) using a 

coupling piece (PF 318:2). An IBM-compatible computer recorded the output from the 

fluxmeter (flux and CMBC) using in-house software. By dividing the flux value by the 

CMBC, the BCV was calculated.

The study was carried out in an environment-controlled chamber set at a temperature of 

22°C and 30% relative humidity. Subjects lay in the supine position for an 

acclimatisation period of 20 minutes. The l a s e r  Doppler probe was applied to the 

lower leg on the liposclerotic skin of patients and 8 cm above the medial malleolus in 

control subjects.

After recording the resting values of LDF, BCV and CMBC with the subject in the 

horizontal position, a class II (Swiss Standard) graduated compression stocking, 

Venosan 2002 (Salzmann AG, St Gallen, Switzerland), was applied to the leg overlying 

the LASER probe and the LASER Doppler measurements were repeated. The protocol was 

repeated while the subject was sitting with the legs dependent. The pressure produced 

by the stocking was verified in situ by an interface pressure sensor (Talley Group Ltd, 

Romsey, Hants, UK) and was found to range from 20 to 27 mmHg.

The data from this study were used to (1) compare the resting l a s e r  Doppler values 

(LDF, BCV and CMBC) in the horizontal position in patients with LDS to the 

corresponding values in control subjects; (2) calculate the influence of dependency on 

LASER Doppler values in both groups; and (3) measure the effect of a compression 

stocking on LDF, BCV and CMBC in the horizontal and sitting positions in both the 

study groups. Statistical analyses were made using Wilcoxon matched-pairs signed-
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ranks test for paired data and Mann-Whitney U-test for unpaired data. The median 

difference and 95% confidence interval (95% Cl) were also calculated. The descriptors 

used were median and IQR. All LDF, BCV and CMBC values were expressed in 

arbitrary units (AU). The median percentage change in the LASER Doppler values were 

calculated as explained in Chapter II (Section 2.2) and in the preceding chapter.

6.3 Results

Duplex ultrasound examination of the 10 limbs with LDS showed that in five limbs 

(50%) there was superficial venous reflux alone, whereas in the remaining five limbs 

there was deep venous insufficiency with or without associated superficial venous 

reflux. The median age for control subjects was less than that for the patient group, but 

the difference was not statistically significant (p = 0.08).

Resting blood flow (Table 6.1)

In the horizontal position, the basal LDF was significantly higher in patients than in 

control subjects (< 0.05). This difference was due to a higher CMBC in the LDS group 

(p < 0.05). The difference in blood cell velocity between the two groups was not 

statistically significant (p > 0.05).

Effect of dependency (Table 6.2)

When subjects moved from the supine to the sitting position, there was a substantial fall 

in LASER Doppler flux in both groups of subjects. The median percentage fall in flux 

was 55% in patients (p = 0.03) and 32% in control subjects (p = 0.04). In the patient 

group there was a significant decrease in BCV on dependency (p = 0.01); the decrease in 

CMBC was not statistically significant (p > 0.05). In control subjects the effects of 

dependency on BCV and CMBC were not significant. With the stocking on, moving 

from the supine to the sitting position caused no significant decrease in l a s e r  Doppler 

flux in either of the two groups (p > 0.05).
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Effect o f compression stocking (Table 6.3̂  Figures 6.1-6.3)

On application of the compression stocking in patients in the supine position, there was 

a 28% median increase in LDF (p = 0.03), with a corresponding 29% median increase in 

velocity (p = 0.01). There was no significant change in CMBC. In the sitting position, 

application of the compression stocking caused a 105% median increase in LDF (p < 

0.01). This was due to a corresponding 89% median increase in BCV (p = 0.01); by 

contrast, there was only 25% median increase in CMBC.

In both positions, the effects of compression in control subjects were similar to those in 

patients, although a small but significant increase in CM BC was seen in the patient 

group but not in the control group (Table 6.3).

LD F (AU) BCV (AU) C M B C  (AU)

Controls: Median (IQR) 6.8 (3.1-8.5) 1.4(1.0-2.0) 3.6 (3.0-5.0)

LDS: M edian (IQR) 18.2 (5.1-30.0) 2.3(1 .5-5 .8) 5.1 (3.8-6.8)

MD (95% Cl) 12.2 (0.3, 25.0) 1.1 (0, 4.4) 1.6 (0.1, 3.4)

P value* 0.04 0.06 0.04

Table 6.1 Resting l a s e r  Doppler parameters in the horizontal position in LDS 
patients and control subjects. LDF, LASER Doppler flux; BCV, blood cell velocity; 
CM BC, concentration o f moving blood cells; LDS, patients with lipodermatosclerosis; 
AU, arbitrary units; IQR, interquartile range. M D (95% Cl), median difference (95% 
confidence interval); *p M ann-W hitney U-test.
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LDF(AD) BCVl:a u ) CMBC (AU)
Controls ï.iDS Controls LD8 Controls LDS

Horizontal:
median (IQR)

6.8 (3.1-8.5) 18.2 (5.1-30.0) 1.4(1.0-2.0) 2.3 (L5-5.8) 3.6 (3.0-5.0) 5.1 (3.8-6.8)

Dependent:
median (IQR)

5.3 (L9-5.7) 6.6(4.3-10.5) 1.1 (0.6-1.6) 1.7(1.2-1.9) 3.7 (3.4-4.9) 4.0 (3.6-5.3)

Median % fall 32% 55% 18% 32% 7% 16%

p Value* 0.04 0.03 0.09 0.01 0.95 0.20

Table 6.2 Effect of dependency on l a s e r  Doppler flux (LDF), blood cell velocity (BCV) and concentration of moving blood 
cells (CMBC) in patients with lipodermatosclerosis (LDS) and control subjects. AU = arbitrary units; IQR = interquartile range; 
p* = W ilcoxon matched-pairs signed-ranks test.
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.....C a .... 1 LD S
Horizontal
Basal: median (IQR) 6.8 (3.1-8.5) 18.2 (5.1-30.0) 1.4(1.0-2.0) 2 .3(1.5-5.8) 3.6 (3.0-5.0) 5.1 (3.8-6.8)
Stocking: median (IQR) 8.1 (5.2-12.1) 21.7(12.2-35.4) 2.2(1.7-2.3) 4.2 (2.3-6.9) 3.9 (3.6-5.6) 5.3 (4.1-5.8)
MD (95% Cl) 1.9 (0.2, 6.6) 7.0 (0.4, 55.0) 0.6 (0.3, 0.8) 1.3 (0.4, 2.1) 0.4 (-1.2, 1.3) 2.4 (-1.6, 3.2)
Median % increase 38% 28% 47% 29% 7% 1%
p Value* 0.04 0.03 0.01 0.01 0.07 0.96
D ependen t
Basal: median (IQR) 5.3(1.9-5.7) 6.6 (4.3-10.5) 1.1 (0.6-1.6) 1.7(1.2-1.9) 3.7 (3.4-4.9) 4.0 (3.6-5.3)
Stocking: median (IQR) 7.0 (5.0-9.7) 13.6 (8.7-29.6) 1.6(1.2-2.1) 2.8(1.5-4.4) 3.7 (3.5-4.7) 4.7 (3.9-7.9)
MD (95% Cl) 2.9 (1.2, 4.7) 7.2 (2.2, 80.0) 0.4 (0.2, 0.9) 1.3 (0.2, 6.1) 0.6 (-1.5, 1.0) 1.2 (0.4, 3.3)
M edian % increase 50% 105% 29% 89% 6% 25%
p Value* 0.01 0.01 0.01 0.01 0.54 0.01

Table 6.3 Effect of compression on l a s e r  Doppler parameters in patients with lipodermatosclerosis and control subjects in the 
horizontal and dependent positions. AU = arbitrary units; LDS, patients with lipodermatosclerosis; IQR = interquartile range; MD 
(95% Cl), median difference (95% confidence interval); p* = W ilcoxon matched-pairs signed-ranks test.
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LDF 
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p = 0.03* p = 0.01*
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Figure 6.1 Effect of the compression stocking on l a s e r  Doppler flux (LDF) in patients 
with lipodermatosclerosis (LDS) in the horizontal and sitting positions. Descriptors are 
median and interquartile range. AU, arbitrary units; *p, Wilcoxon matched-pairs signed- 
ranks test.
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Figure 6.2 Effect of the compression stocking on blood cell velocity (BCV) in patients 
with lipodermatosclerosis (LDS) in the horizontal and sitting positions. Descriptors are 
median and interquartile range. AU, arbitrary units; *p, Wilcoxon matched-pairs signed- 
ranks test.
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Figure 6.3 Effect of the compression stocking on the concentration of moving blood 
cells (CMBC) in patients with lipodermatosclerosis (LDS) in the horizontal and sitting 
positions. Descriptors are median and interquartile range. AU, arbitrary units; *p, 
Wilcoxon matched-pairs signed-ranks test.
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6.4 Discussion

In the present study, an ultra-low profile single fibre LASER Doppler probe was used for 

direct l a s e r  Doppler measurements from underneath a compression stocking. This 

ensured that pressures higher than intended are not produced immediately beneath the 

probe.

The results indicate that the LASER Doppler flux is higher in liposclerotic skin of 

patients with CVI compared to normal skin of control subjects. This is due to a higher 

volume of moving blood cells in the liposclerotic skin compared with normal skin. In 

addition, the results indicate that the veno-arteriolar response is intact in the 

supramalleolar liposclerotic skin of patients with CVI. These findings are similar to the 

results presented in Chapter Three. However, in contradiction to my finding in Study I, 

in both this study and Study II the BCV is not significantly different between the two 

groups. In Study I, a different l a s e r  Doppler probe incorporated in a polythene chamber 

was used. This might have resulted in different depth of penetration of the l a s e r  light. 

One may speculate that when the probe is separated from the skin by a polythene cover, 

LASER light penetration into the skin is reduced and the LASER signal is due more to 

capillary flow than to the high velocity arteriolar and shunt flow.

Clearly, the microangiopathy of liposclerotic skin comprises not only structural changes 

but also a disturbed microcirculatory flow pattern; in particular, there is an increase in 

the volume of moving blood cells without a similar increase in blood cell velocity. The 

increased CMBC in dilated capillaries and venules may increase the likelihood of white 

blood cells interacting with the endothelium. Since it is possible that white blood cells 

play a significant role in the pathogenesis of venous disease (Coleridge Smith et al. 

1988), the finding of increased volume of moving blood cells without a corresponding 

increase in blood cell velocity may encourage white cell margination and activation 

within the microcirculation. This may contribute to skin damage in patients with CVI.
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On application of the compression stocking there is an increase in LASER Doppler flux 

in liposclerotic skin in both the supine and sitting positions. This increase is not due to a 

change in the relationship between the optics of the l a s e r  Doppler probe and the skin 

microcirculation since it is clear from Table 6.3 that the increase in LDF is mostly 

attributable to an increase in BCV, with no substantial alteration in the volume of the 

moving blood cells. Clearly, there is no fundamental difference in the response to 

compression in liposclerotic skin compared with normal skin (Table 6.3).

The increases in LDF and BCV are noted almost immediately after application of the 

compression stocking. These effects cannot therefore be attributable to changes in skin 

temperture produced by the comression stocking.

From this study it can be seen that application of a class H graduated compression 

stocking results in significant alteration in the local microcirculatory blood flow. Most 

obvious is an increase in blood cell velocity in response to compression and it might be 

hypothesised that such an increase in velocity reduces the likelihood of white blood cells 

in capillaries and venules interacting with the endothelium. This suggests that 

compression stockings may be effective in the treatment of chronic venous insufficiency 

by enhancing the microcirculatory flow velocity.
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CHAPTER SEVEN: STUDY V

EFFECTS OF COMPRESSION 

ON THE MICROCIRCULATION OF THE HEEL

7.1 Rationale

7.2 Patients and methods

7.3 Results

7.4 Discussion
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7.1 Rationale

The effects of externally applied forces on soft tissues are complex and depend, amongst 

other factors, on the magnitude of the force, the duration o f its application and the 

anatom ical area to which the force is applied. Cattell (Cattell 1936) reviewed the studies 

which investigated the effect o f externally applied pressure on unicellular organism s and 

concluded that enorm ous pressure was required before signs o f disruption of the cellular 

functions were noticed. The damaging effects of pressure in higher animals and in 

hum ans must, therefore, be related to interference with the circulatory function and the 

characteristics of extracellular tissues. In other words, “the death of the cells is a 

biological death from deprivation, rather than a m echanical death from disruption” 

(Brand 1976). M easurement o f the microcirculatory blood flow to localised tissue areas 

is an essential part o f the assessment of tissue viability.

In the clinical context, pressure-related tissue breakdown is comm only seen in certain 

susceptible anatomical areas resulting in pressure ulcers. The heel is a comm on site for 

the developm ent of pressure ulceration. Such susceptibility may be due to the lack of 

soft tissue padding over the bony prominence of the heel.

Studies ni and IV showed that compression of the supram alleolar region enhanced the 

skin microcirculatory flow velocity as assessed by LASER Doppler fluxmetry in patients 

with venous disease and in normal control subjects. The effect o f compression on the 

skin m icrocirculation o f the heel, which is known to be at high risk of developing 

pressure ulceration, has not been studied. It has been reported that some patients 

develop pressure ulcers while wearing compression stockings (R uek ley -19887. It is 

unclear whether the ulcers are attributable to immobility of patients receiving such 

therapy or to the effect o f the compression stockings and bandages. It is probable that in 

some patients the injudicious use of compression has lead to pressure ulcers or even loss 

o f the limb.
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The purpose of this study was to determine which levels of compression reduce the 

perfusion of the heel to the point where ischaemia and tissue necrosis may ensue. A 

specially designed LASER Doppler fibre-optic system was employed to measure blood 

flow beneath the region of compression.

7.2 Patients and methods

In total 30 subjects were studied. Ten patients at risk of decubitus ulceration (three men, 

seven women), median age 64 years (interquartile range [IQR]: 54-76); these were 

patients at risk of decubitus ulceration and were defined as those with a score of 14 or 

less, according to the Norton scale as described in more detail in Chapter Two (Section 

2.1, Tables 2.1 & 2.2). None of these patients had open heel ulcers. The control groups 

comprised 10 sex- and age-matched, healthy volunteers, (three men, seven women), 

median age 67 years (IQR: 65-71) and 10 young, healthy volunteers: (six men, four 

women), median age 32 years (IQR: 30-36). All subjects in the two control groups had 

no symptoms or clinical evidence of lower limb vascular or other disease, and with 

normal mobility and conscious state. All subjects studied had normal ankle/brachial 

pressure indices (ABPI > 0.9). Patients with diabetes mellitus were excluded from the 

study.

The study was carried out in an environment-controlled chamber set at a temperature of 

22°C and 30% relative humidity. Subjects lay in the supine position for an 

acclimatisation period of 20 minutes. The l a s e r  Doppler flux was measured using a 

Periflux PF 2B l a s e r  Doppler fluxmeter (Perimed, Jarfalla, Sweden) and a specially 

designed low profile three-fibre l a s e r  Doppler probe. The measurements were made 

from the most prominent part of the back of the heel with the foot in a neutral position 

to maintain uniformity of the method throughout the study.

The tissue loading device for compression of the heel, described in more detail in 

Chapter Two (Section 2.5 and Figure 2.3), consists of a stand and a pivoted arm
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mounted on the stand. A pressure-applying acrylic indenter that has a slot to 

accommodate a low profile LASER Doppler probe was used to apply forces to the heel 

region. A cantilever mechanism with a central pivot was used so that the force may be 

applied to the opposite end of the arm to which the pressure indenter is attached. The 

pressure applied to the skin of the heel (interface pressure) was measured by an interface 

pressure sensor (Talley Group Ltd, Romsey, Hants, UK).

Study protocol

With the subject lying in the supine position, and following an acclimatisation period of 

20 minutes, the resting l a s e r  Doppler flux on the skin of the heel was recorded using a 

computer data logging system. The tissue loading device was then used to apply forces 

to the posterior aspect of the heel of the study limb. The weights used to apply forces 

were: 50, 100, 200, 400, 600, 800, 1000, 1250 and 1500g. The interface pressure (IP) 

and LASER Doppler flux (LDF) corresponding to each force applied were measured 

using the interface pressure transducer and the LASER Doppler fluxmeter, respectively. 

Thus, the relationship between applied force and the IP and LDF were established.

With the subject lying on a conventional hospital bed (King's Fund bed) with a standard 

mattress, the interface pressure and LASER Doppler flux over the region of the heel in 

contact with the bed were measured using the same IP sensor and l a s e r  Doppler probe .

Finally, the subject lay on a low air-loss system known as the Frameless Air Support 

Therapy (F.A.S.T.^™) system (Cardio Systems Inc, Carrollton, Texas, USA and 

Humanetics Medical Ltd, Slough, U.K.). This low air-loss design incorporates a system 

(Micro-Adjust Pressure Profiling, MAPP^™) allowing the precise control of individual 

sac pressure to very low levels approaching zero mmHg. With the system chamber 

pressure in the heel region adjusted to 5 mmHg, the interface pressure and l a s e r  

Doppler flux over the region of the heel in contact with the support system were 

assessed by the same techniques as before. The chamber pressure in the heel region of
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the support system was then increased to 10 mmHg and the measurements repeated. 

Finally inflation pressures of 20 and 30 mmHg were selected for further measurements.

Analysis of data

The data from this study were used (1) to compare the resting LASER Doppler flux in 

patients at high risk of pressure ulceration to healthy control groups, (2) to assess the 

relationship between applied force and the resultant interface pressure on the skin of the 

heel in the three study groups, (3) to measure the effect of compression on l a s e r  

Doppler flux in each group, (4) to compare the effects of heel compression by the 

conventional hospital bed and the low air-loss system on the interface pressure and 

LASER Doppler flux in each of the study groups. Statistical analyses were made using 

Wilcoxon matched-pairs signed rank test for paired data and Mann-Whitney U test for 

unpaired data. The median difference and 95 per cent confidence interval (95% Cl) were 

also calculated. The descriptors used were median and IQR. The LASER Doppler flux is 

expressed in arbitrary units (AU).

7.3 Results

The age and sex data for the three study groups are summarised in Table 7.1

Resting LASER Doppler flux in the horizontal position (Figure 7.1)

The resting LDF is lower in the patient group compared to the young control group 

(median difference 85 AU; 95% Cl: 6, 169; p = 0.04) and the age-matched control group 

(median difference 163 AU; 95% Cl: 13, 275; p = 0.03). There was no significant 

difference in resting LDF between the young and older healthy groups (p = 0.36).

The relationship between applied force and interface pressure (Figure 7.2)

The relationship between applied force (50 -  1500g) and the resultant interface pressure 

(mmHg) is similar in the three study groups.
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The relationship between interface pressure and LDF (Figure 7.3}

Very low levels of compression (up to 5 mmHg IP) caused no significant change in LDF 

in any of the three study groups (p > 0.05). Higher levels of compression caused a 

progressive decrease in LDF in all groups. Compression of 50 mmHg or greater reduced 

the LDF signal to a minimal value in all the three study groups.

The effects of heel compression by the conventional hospital bed and low air-loss 

system (Table 7.2)

When lying on a conventional hospital bed, there is no significant difference in the IP 

between the three study groups (p > 0.05). The LDF signal was reduced to a minimal 

value in all three study groups (5-7% of the resting l a s e r  Doppler flux values). On 

lying on the low air-loss system, there is no significant difference in the IP between the 

three study groups (p > 0.05). With the heel chamber inflated to 5 mmHg, the LDF 

signal was also reduced, but not to the same degree as with the conventional hospital 

bed. The median LDF was 21% (young controls), 17% (older controls) and 33% (patient 

group) of the corresponding resting LDF values. Using low air-loss system chamber 

inflation pressures of 10 mmHg or higher resulted in interface pressures greater than 50 

mmHg and reduced the LDF signal to minimal values in all the three groups.

Figure 7.4 shows graphically that the IP is significantly lower on lying on the low air- 

loss system (chamber inflation pressure 5 mmHg) compared to lying on a conventional 

hospital bed in all three study groups. By contrast. Figure 7.5 shows that the 

corresponding LDF values are significantly higher with the low air-loss system 

compared to the conventional hospital bed.
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Young group 6 4 32 (30-36)

Older controls 3 7 67(65-71)

At risk patients 3 7 64 (54-76)

Table 7.1 Age and sex data of patients at risk of pressure ulceration and control 
groups * = M edian (interquartile range).

Resting LDF (AU) Conventional hospital bed Low air-loss system

IP (mm Hg) LDF (AU) LDF(%) IP (mm Hg) LDF (AU) LDF(%)

Young group: M (IQR) 229(166-267) 79 (59-109) 14(12-17)* 6 26(14 -38 ) 49(17-85)* 21

Older controls: M (IQR) 271 (154-379) 76 (61-109) 15(10-18)** 5 28 (21-47) 47(15-115)** 17

At risk patients: M (IQR) 124 (68-173) 64 (53-89) 10(5-23)*** 7 30 (26-44) 40 (29-44)*** 32

Table 7.2 The effects of lying on a conventional hospital bed and on the low air-loss system (heel chamber inflation pressure of 5 
mmHg) on interface pressure and LASER Doppler flux in the three study groups. AU = arbitrary units; IP, interface pressure; M (IQR) = 
median (interquartile range); LDF(%) = per cent of corresponding resting value; *p = 0.01, **p = 0.01, ***p = 0.02 (Mann-W itney)
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Figure 7.1 The resting l a s e r  Doppler flux (LDF) in the 3 study groups compared. 
Descriptors are median and interquartile range. AU, arbitrary units; *p, Mann-Whitney 
U-test.
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Figure 7.2 The relationship between applied force and the resultant interface pressure 
(IP) in the three study groups.
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Figure 7.3 Relationship between interface pressure (mmHg) and LASER Doppler flux (LDF) in arbitrary units (AU).

157



Chapter Seven: Effects of compression on the heel microcirculation
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Figure 7.4 Effect of bed surface type on interface pressure in each of the three study groups. M edian values are shown; 
interquartile ranges are shown for the low air-loss (Air Support Therapy) system with chamber inflation to 5 mmHg and for the 
conventional hospital bed. IP, interface pressure in mmHg; *p, W ilcoxon matched-pairs signed rank test; LAS, low air-loss 
system.
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Figure 7.5 Effect of bed surface type on l a s e r  Doppler flux (LDF). Median values are shown; interquartile ranges are shown for 
the low air-loss (Air Support Therapy) system with chamber inflation to 5 mmHg and for the conventional hospital bed AU, 
arbitrary units; *p, Wilcoxon matched-pairs signed rank test; LAS, low air-loss system.
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7.4 Discussion

The results showed that the resting l a s e r  Doppler flux is lower in the ‘at risk’ patient 

group compared to a sex- and age-matched healthy control group and to a young healthy 

group. This finding was not unexpected; it may be one of the mechanisms by which 

such patients with poor pressure ulcer risk assessment score are susceptible to ulceration 

of the heel. It is interesting that the resting LDF was similar in the young and older 

healthy groups; this may indicate that age per se does not influence the resting LDF.

Figure 7.3 shows a sudden drop in l a s e r  Doppler flux occurring at an interface pressure 

of 30 to 40 mmHg in all the three groups. At an interface pressure of 50 mmHg, the 

LDF signal was reduced to a minimal value. This level of compression is likely to have 

caused capillary occlusion and complete cessation of blood flow as higher levels of 

compression caused no further significant alteration in the LASER Doppler signal. This 

signal level may represent the ‘biological zero’ which is attributable to Brownian 

motion of red cells and other structures in the tissues.

It was not surprising to find that the same force applied to the heel of subjects from 

different groups resulted in similar interface pressures (Figure 7.2). The pressures 

observed indicate that the force was absorbed over a small area of the heel, e.g. at 500 

grams an interface pressure of 40 mmHg was recorded, suggesting an interface area 28 

nun in diameter. This small contact area indicates why the heel, with its small radius of 

curvature and little subcutaneous tissue is at such high risk of pressure ulceration. The 

weight of each lower limb is approximately one sixth of total body weight, so even if a 

small proportion of this rests on the heel, a high interface pressure may be encountered, 

even on air-support systems. Thus the finding that conventional beds and even air- 

support systems at high inflation pressures resulted in interface pressures of 60 to 80 

mmHg is not surprising.
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In the studies presented in the preceding two chapters (Studies m  & IV), I have shown 

that up to 20 mmHg compression of the supramalleolar skin increased LASER Doppler 

flux in the horizontal position. The results of the present study showed that an interface 

pressure of the same magnitude applied to the heel region resulted in a substantial 

reduction of the microcirculatory blood flow as measured by LASER Doppler fluxmetry. 

Furthermore, patients at risk of developing heel ulceration seem to have greater 

susceptibility than control subjects to compression of the heel, as assessed by l a s e r  

Doppler fluxmetry. This may be part of the explanation of the development of pressure 

ulceration of the heel in these patients.

The results showed clearly that with a conventional hospital bed very high interface 

pressures were observed in all the three study groups. The corresponding l a s e r  Doppler 

flux was reduced to a minimal value (biological zero). Patients at high risk of pressure 

ulceration are likely to develop pressure ulcers of the heel while lying on a conventional 

hospital bed. In this study, using the low air-loss system, with the heel chamber inflated 

to 5 mmHg, resulted in substantially lower IP; the IP was maintained sufficiently low to 

prevent complete cessation of the heel microcirculation. This however was achieved 

only by using 5 mmHg chamber inflation pressure; inflating the heel chamber to 10 

mmHg or higher resulted in much greater interface pressure and the corresponding LDF 

was severely reduced.

On the basis of these results, it is recommend that the interface pressure under the heel 

should be maintained as low as possible. For the low air-loss system I used in this study, 

the heel chamber inflation pressure should not exceed 5 mmHg, corresponding to a 

maximum interface pressure of 30 mmHg.
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CHAPTER EIGHT: STUDY VI

SEQUENTIAL GRADIENT VERSUS UNIFORM PNEUMATIC

COMPRESSION

8.1 Rationale

8.2 Patients and methods

8.3 Results

8.4 Discussion
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8.1 Rationale

Several studies have shown that the incidence of DVT, which remains a common 

problem (Nicolaides and Irving 1975, Collins et al. 1988), is reduced by the peri

operative application of intermittent pneumatic compression to the lower limb (Sabri et 

al. 1971, Hills et al. 1972, Nicolaides et al. 1980, Butson 1981, Nicolaides et al. 1983). 

This method can be used either alone or in conjunction with another mechanical or 

pharmacological method of thromboprophylaxis. Its use in combination with graduated 

compression stockings has been demonstrated to be superior compared to using either of 

the two methods alone (Scurr et al. 1987). In a case meta-analysis the incidence of DVT 

was reduced from an average of 27% in controls to 4.5% in patients who received 

stockings plus intermittent pneumatic compression prophylaxis (Colditz et al. 1987). 

IPC is simple to use and free of the haemorrhagic complications which may be 

associated with pharmacological methods. It is thought that intermittent pneumatic 

compression increases blood flow velocity in the deep veins thus avoiding venous stasis, 

one of Virchow's triad of the causes of thrombosis (Virchow 1856).

The use of intermittent pneumatic compression in the treatment of patients with chronic 

venous insufficiency is more recent. It is based on the observation that the venous 

drainage of the limb is improved and oedema reduced when IPC is applied (Pekanmaki 

et al. 1987a, Pekanmaki and Kolari 1987b). In an ulcer healing study, far more rapid 

healing was obtained in the group of patients treated daily for four hours with IPC than 

in the control group (Coleridge Smith et al. 1990a).

IPC may be applied either as uniform compression to the whole limb, using a single

chamber device or alternatively through a series of chambers inflated in a sequential 

manner from ankle to thigh to achieve venous emptying. The latter method was 

designed for use in the prevention of DVT, and has been investigated in many studies
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(Nicolaides et al. 1980, Nicolaides et al. 1983). It has been reported that sequential 

pneumatic compression of the calf and thigh produced more rapid emptying of X-ray 

contrast media from the leg compared to single-chamber calf compression (Nicolaides et 

al. 1980, Mittleman 1983). No investigation has shown a clinical advantage for either 

device.

External pneumatic compression has the potential risk that venous blood may be 

trapped in the distal veins. The resulting stasis and venous distension may promote the 

formation of thrombosis. Laboratory studies of hydraulic models suggested that uniform 

compression would produce an occlusive tourniquet effect (Kamm 1979, Kamm 1982, 

Olson et al. 1982).

The present study was undertaken to compare the haemodynamic effects of the 

sequential versus the single-chamber devices using foot strain gauge plethysmography 

(SGP). This technique allows foot volume changes, due to distal venous filling and 

emptying, to be assessed in response to IPC.

8.2 Patients and methods

Seventeen normal volunteers (IIP , 6M), mean age 57 (range, 29-78), with no clinical 

evidence of arterial or venous disease were studied. Two intermittent pneumatic 

compression devices were used: The multi-chamber sequential device (Kendall: Kendall 

Healthcare Products Company, Mansfield, Massachusetts, USA), sequentially 

compresses the lower calf, upper calf, and thigh with 40 to 55 mmHg for 12 seconds 

every minute. The single-chamber device (Venodyne: 1000 Highland Avenue, Needham 

Heights, Massachusetts, USA) provides uniform calf compression alone; it applies 60 

mmHg of compression for 5 seconds once per minute.
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A 24 cm strain gauge (SG 24) (Medasonics Inc., Fremont, California, USA), was 

attached to each foot and connected to a strain gauge device. After stabilisation, the SGP 

trace from both lower limbs was recorded continuously using a computerised data 

logging system. This enables both the instantaneous as well as long-term changes in foot 

volume to be monitored.

The subjects were asked to lie supine for 15 minutes; sequential compression was then 

applied to one leg and single-chamber compression to the other lower limb. IPC was 

then applied for a period of 10 minutes during which continuous recordings of the strain 

gauge traces were made. The compression devices were then swapped to the opposite 

leg for a further 10 minute period of IPC, while recordings of the strain gauge traces 

continued.

Analysis of data

Figure 8.1 is a diagrammatic representation of foot SGP tracing. The increase in foot 

volume (distal venous distension) in response to each compression, and the subsequent 

decrease in foot volume (distal venous emptying) were measured and expressed as 

millilitres per 100 mis (or ml%) increase or decrease, respectively. These data were 

derived by measuring the traces at six randomly selected times and taking a mean of 

these results for each observation. The net effect on foot volume during the period of 

compression was also measured, that is the difference in baseline level between the start 

and end of the recording. Statistical analyses were made using Wilcoxon matched-pairs 

signed-ranks test. The median difference and 95 per cent confidence interval (95% Cl) 

were also calculated. The descriptors used were median and interquartile range (IQR).
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Increase
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Figure 8.1 Diagrammatic representation of foot SGP tracing. A = distal venous 
distension, B = distal venous emptying, C = net effect on foot volume.

8.1 Results

The increase in foot volume (distal venous filling) was significantly higher with the 

single-chamber device compared to the sequential device. The median difference in foot 

volume response between the two devices was 0.24 ml% (95% Cl: 0.02 - 0.52, p < 

0.01), (Figure 8.2). The decrease in foot volume (distal venous emptying) subsequent to 

each compression was significantly greater with the sequential device, median 

difference between the two systems was 0.17 ml% (95% Cl: 0.11 - 0.34, p < 0.01), 

(Figure 8.3). The net effect on foot volume was a decrease with the SCD, median 

decrease 0.35 ml% (95% Cl: 0.21% - 0.45%, p < 0.001). With the single-chamber 

device, there was no significant net change (median decrease 0.09 ml%, 95% Cl: - 

0.25% - 0.22%, p = 0.10). Finally, there was a significant difference between the net 

effects of the two devices, median difference 0.17 ml% (95% Cl: 0.11 - 0.42, p < 0.05), 

with the SCD system resulting in greater reduction in foot volume than the Venodyne 

(Figure 8.4).

166



Chapter Eight: Sequential gradient versus uniform pneumatic compression

MD (95% Cl) = 0.24 (0.02-0.52) 
I I

p* < 0.012.0 T

1.6 -  -

1.2 -  -

Distal venous 
filling (ml %)  ̂^

0.4 - -

0.0

SCD Single chamber

Figure 8.2 Distal venous filling during cuff inflation compared using the intermittent 
pneumatic sequential compression device (SCD) and single-chamber intermittent 
pneumatic compression device. MD(95% Cl) = Median difference (95 per cent 
confidence interval); p = Wilcoxon matched-pairs signed-ranks test; Descriptors are 
median and interquartile range.

MD (95% Cl) = 0.17 (0.11-0.34)

1.6 T p* < 0.01

1.2

0.8
Distal venous 

emptying (ml%)
0.4 -  -

-0.4

SCD Single chamber

Figure 8.3 Distal venous emptying compared in the SCD and single-chamber 
pneumatic compression devices. MD(95%CI) = Median difference (95 per cent 
confidence interval); p = Wilcoxon matched-pairs signed-ranks test; Descriptors are 
median and interquartile range.
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MD (95% Cl) = 0.17 (0.11-0.42)
1.0

p *  <  0 .0 5
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Net change in foot 
volume (ml%) 1

- 0 .5  -  -

- 1.0

-1.5
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Figure 8.4 Net change in foot volume compared in the SCD and single-chamber 
pneumatic compression devices. MD(95% Cl) = Median difference (95 per cent 
confidence interval); p = Wilcoxon matched-pairs signed-ranks test; Descriptors are 
median and interquartile range.

8.4 Discussion

In this study I have used an objective means of assessing distal venous distension in

response to intermittent pneumatic compression of the lower limb by two separate

devices. Strain gauge plethysmography is not without its errors, but I have mitigated

these by applying a strain gauge to the foot, away from the area of limb to which

compression was applied. In addition, both devices were used to compress each limb

studied in order to ensure that there is definite comparability between results. The

computer data recording system sampled the strain gauge trace 4 times a second

ensuring that instantaneous changes in the level of recording were observed as well as

long-term changes. Data recorded at high precision (better than 0.1%) ensuring
K

much better accuracy in analysing the data than could be obtained from paper
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recordings. It has been suggested by Kamm (Kamm 1979, Kamm 1982), that single

chamber compression results in significant distal venous distension. It is certainly the 

case that using both the single-chamber and sequential devices, an increase in foot 

venous distension was observed during cuff inflation. This reflects the compression of 

the venous system achieved by the pneumatic sleeves. In the case of the sequential 

device the venous distension was found to be less than that for the single-chamber 

device. Care was taken during the study to ensure that both devices reached the same 

level of compression ensuring that this was not the explanation for these differences. 

The difference in venous distension is not as marked as might be expected from 

hypothetical considerations, but is clearly shown in Figure 8.2. Following deflation of 

the sleeves a phase of distal venous emptying was observed which is more effective 

when using the sequential compression sleeves (Figure 8.3). These data show that better 

venous emptying is obtained using a sequential rather than single-chamber compression 

device, justifying the increased complexity of sequential devices in reducing the extent 

of distal venous distension. These considerations are particularly important in 

connection with DVT where it has previously been suggested that venous distension 

may be part of the mechanism resulting in this complication.

When IPC is used to treat venous ulceration it is desirable that the compression device 

reduces the oedema of the lower limb and improves venous return. The duration of the 

present study would not permit a proper assessment of the efficacy of the two devices in 

treating patients with venous ulceration. However, as an assessment of the overall 

efficacy of the compression devices in reducing limb oedema, I have measured the 

change in baseline level between the beginning and end of recordings (net effect). The 

single-chamber device was unable to reduce this significantly, however the sequential 

device resulted in a decrease in limb volume consistent with a reduction in limb 

oedema. Since all limbs studied were treated using both pneumatic compression sleeves
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this difference is not attributable to random differences between the limbs under 

investigation, but to the effect of the pneumatic compression device. There is an 

advantage in using sequential rather than single-chamber compression devices when it is 

desirable to reduce limb oedema.

In this study the physiological effects of short-term intermittent pneumatic compression 

of the lower limb were investigated. It clearly does not replace the need for long-term 

clinical studies to compare efficacy of two compression devices, but suggests that there 

may be an advantage in using sequential compression in the prophylaxis of DVT, as 

well as in the treatment of patients with lower limb oedema.
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CHAPTER NINE: STUDY VII

HAEMODYNAMIC EFFECTS OF TED STOCKINGS 

AND THE FOOTPUMP

9.1 Rationale

9.2 Patients and methods

9.3 Results

9.4 Discussion
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i w  r  '

9.1 Rationale j Q

Gardner and Fox have demonstrated the efficiency of the venous foot pump in assisting 

venous return from the lower limbs on weight bearing (Gardner and Fox 1983). They 

showed that intermittent pneumatic compression of the foot using an AVI (arterio

venous impulse) footpump device has an effect on venous return sim ilar to that of 

weight bearing. They found this device to be effective in reducing pain and swelling in 

patients undergoing treatment for fractures of the lower limb (Gardner et al. 1990). 

Intermittent pneumatic compression of the foot may also be effective in prophylaxis of 

DVT. It has been reported that in patients undergoing total knee arthroplasty, 

intermittent pneumatic compression of the foot produced a significant reduction in the 

incidence of major DVT compared with the control group in whom no prophylactic 

measure was used, 17.8% vs. 59.4% (W ilson et al. 1992). In a study in patients 

undergoing total hip arthroplasty, the incidence of DVT was 5% in those who received 

graduated compression stockings and AVI footpumping compared with 40% in those 

who received graduated compression stockings alone (Fordyce and Ling 1992). The 

effect o f different levels of compression on the resulting femoral vein flow velocities 

has been studied (Andrews et al. 1993). It has been shown that the optim um  increase in 

velocity is obtained by the use of a 20 second cycle time, with a pressure of 200 mm Hg.

Graduated elastic compression are the most commonly used mechanical m ethod for 

DVT prophylaxis. They have been shown to be effective (Colditz et al. 1986) and are 

widely used in the prevention of DVT. It has also been shown that the com bination of 

TFD  (Throm bo-Fm bolism  Deterrent) stockings and intermittent pneumatic compression 

to the whole lower limb is more effective than intermittent pneumatic compression 

alone in preventing post-operative DVT (Scurr et al. 1987).

It is therefore desirable to determine whether the combined use of the AVI footpump 

and TFD  stockings is likely to offer increased protection from DVT. Since a clinical

n
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study would necessitate the inclusion of many patients in an extensive study, it is better 

first to evaluate the haemodynamic effects of TED stockings and AVI footpump and to 

determine whether there is any haemodynamic advantage in the application of both 

stockings and footpum p simultaneously. The objective o f the this study was to use 

duplex ultrasound imaging and strain gauge plethysmography to conduct this evaluation.

9.2 Patients and methods

Twenty volunteers (11 men, 9 women), median age 34 years (interquartile range [IQR]: 

31-38), with no clinical evidence of venous or arterial disease in either lower limb were 

studied using colour duplex imaging and strain gauge plethysmography.

The A VI footpum p  device (A-V Impulse System, Novamedix Ltd, UK) used to activate 

the foot pump has been described in Chapter Two (Section 2.8). For the purpose o f this 

study the AVI footpump was modified to include a pressure transducer in the tube near 

the foot pad. The pressure transducer was connected to a standard pressure monitoring 

system (Hewlett-Packard). This allowed continuous monitoring of the actual pressure 

exerted by the AVI on the foot and adjustment to the same level for each subject. In this 

study the standard AVI footpump was modified to include a pressure transducer in the 

tube near the foot pad. The pressure transducer was connected to a standard pressure 

m onitoring system (Hewlett-Packard). This allowed continuous monitoring o f the actual 

pressure exerted by the AVI on the foot and adjustment to the same level of 180 mmHg 

for each subject. The foot was compressed for 3 seconds and the cycle o f inflation- 

déflation lasting 20 seconds.

Strain gauge plethysmography: Changes in calf circumference were assessed using 

strain gauge plethysmography (SGP). In Study VI (Chapter Eight) I have used this 

technique to m onitor the effects of intermittent calf compression on foot volume. In the 

present study a 24 cm strain gauge (M edasonics Inc of Fremont, California, USA) was 

attached to the mid calf o f each leg and connected to a strain gauge device. A
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computerised data recording system, described in Chapter Two (Section 2.6), was used 

to record and help analyse the data.

Duplex ultrasound imaging: Vein diameter and flow changes were monitored using 

colour duplex ultrasound imaging. An Acuson 128 XPIO ultrasound scanner and a 7 

MHz linear-array transducer (Acuson, Mountain View, California, USA) were used. 

High resolution images of the veins under study were obtained, permitting an 

assessment of the changes in the vein diameter in response to application of TED 

stocking (T.E.D. Kendall Healthcare Products Company, Basingstoke, UK), pneumatic 

foot pumping and combination of both. In addition, blood flow velocities were recorded 

and volumetric flow calculated from the velocity and diameter data.

Protocol — Assessment by strain Gauge Plethysmography

With the subject resting supine on the examination bed, strain gauges were attached at 

the mid-calf region of both the right (test) leg and left (control) leg. These were 

connected to the strain gauge device and computer recording system. The feet were 

supported to ensure that the calf was not compressed by contact with the bed, which 

could influence calf vein diameter and SGP recordings.

A footpump slipper was fitted to the right foot with the AVI footpump switched off. 

Continuous SGP recordings were made from both legs for a period of 10 minutes to 

assess the response of the limb to a short period of lying in the supine position. The AVI 

footpump was then switched on, and the maximum pressure adjusted to the correct level 

(180 mmHg) using the pressure monitoring system. Continuous SGP recordings were 

made from both limbs for a period of 10 minutes. While foot pumping for the right leg 

continued, further 10 min SGP recordings were made with the subject sitting up with the 

back of the examination bed elevated to 45® and finally with the subject sitting up with 

the legs dependent. The subject’s lower limbs were then measured to permit an
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appropriate size of TED stockings to be selected. The same protocol was repeated after 

the correct size of TED stockings were applied to both lower limbs.

The changes in baseline level of the SGP recordings during each of the 10 minute study 

periods were calculated. The effects of AVI footpumping, TED stockings and change in 

posture on calf volume were assessed.

Protocol — Assessment by duplex ultrasound imaging

Three veins were studied using duplex ultrasound imaging. The superficial femoral vein 

(SPY) at the midthigh level (Figure 2.4), the medial gastrocnemius vein (GY) 5 cm 

below its junction with the popliteal vein (Figure 2.5) and the posterior tibial vein 

(PTY) 8 cm above the ankle (Figure 2.6). A typical flow spectrum in the FT Y with the 

footpump switched on is shown in Figure 2.7.

The patients lay supine for duplex ultrasound assessment of the lower limb veins, the 

examination was first carried out without stocking. With the footpump switched off, a 

PTY was identified and its position marked 8 cm above the ankle. In addition, the GY 

was identified 5 cm below the popliteal-gastrocnemius junction. The SPY was identified 

and marked in the mid-thigh region. With the subject lying supine, the following basal 

measurements are made on the SPY:

(1) vein diameter

(2) flow velocity

(3) volumetric flow (calculated value)

The footpump was then switched on and duplex ultrasound imaging was used 

simultaneously to repeat the same measurements as above. With the subject still in the 

supine position, the same measurements were repeated for the GY and PTY with and 

without AYI footpumping.
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The subject was then asked to sit up with the back of the examination bed elevated to 

4 5 0 . The duplex ultrasound measurements were repeated. A further series of 

m easurem ents were made with the subject sitting with the feet dependent.

Finally, a TED stocking o f appropriate size was applied to the right lower limb, and the 

complete sequence of measurements repeated.

Analysis of data

The strain gauge plethysmography data from this study were used to assess (1) postural 

changes in calf volume (left lower limb data); (2) changes in calf volume with the TED 

stocking on (left lower limb data); (3) changes in calf volume due to AVI footpumping 

(right lower limb data); (3) Changes in calf volume while both the TED stocking and 

AVI footpumping are used simultaneously (right lower limb data).

The duplex ultrasound imaging data were used to assess the effects o f posture, TED

stockings and AVI footpumping on: (1) vein diam eter (measured value), (2) blood flow

velocity (measured value), (3) volumetric flow: This is calculated from the vein

diam eter and flow velocity data as follows:

Volumetric flow = cross sectioml area of the vein xflow velocity

Statistical analyses were made using W ilcoxon matched-pairs signed ranks test. The 

descriptors used are median and IQR.

9.3 RESULTS

Strain gauge plethysmography results

The net change in calf volume during each of the 10 m inutes’ study periods are 

summ arised in Table 9.1.

Lying in the supine position for 10 minutes caused no significant reduction in calf 

volume. The median decrease in calf volume was 0.26 ml% (IQR: -0.45 -  0.94, p =
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0.75). Likewise, the use of TED stocking, AVI footpumping or a com bination of both 

produced no significant effects on calf volume (p > 0.05).

W ith the subject lying with the head of the bed elevated to 45 degrees, there was an 

insignificant increase in calf volume. The median increase in calf volume was 0.27 ml% 

(IQR: 0.05 - 0.53, p = 0.06). W ith the use of TED stocking, there was still an 

insignificant trend to an increase in calf volume. The median increase in calf volume 

was 0.25 ml% (IQR: 0.07 - 0.50, p = 0.08). In contrast, such a trend to an increase in 

calf volume was not seen with the use of AVI footpumping (p = 0.88). Using AVI 

footpumping and TED stocking simultaneously resulted in a significant decrease in calf 

volume. The median decrease in calf volume was 0.22 ml% (IQR: -0.90 - 0.04, p = 

0 .02).

W ith the subject sitting up with the legs dependent, there was a significant increase in 

calf volume (p < 0.001). W ith the use of AVI footpumping, TED stocking or a 

combination of both, the increases in calf volume were less in magnitude, but still 

statistically significant (p < 0.05).

Table II compares the basal net change in calf volume with the net changes in calf 

volume when TED stocking, AVI footpumping or combination of both are used in each 

of the three study positions. In the supine position, the net changes in calf volume were 

not significantly different (p > 0.05). In the 45° head-elevated position, the net decrease 

in calf volume was significantly greater with AVI footpum ping or the com bined use of 

AVI footpum ping and TED stocking compared to the basal net change in calf volume (p 

< 0.01). In contrast, with TED stocking alone the net change in calf volume was not 

significantly different from the basal net change in calf volume (Figure 9.1). The net 

decrease in calf volume was significantly greater with the com bined use o f AVI 

footpum ping and TED stocking compared to either o f the two m ethods alone (Figure 

9.2). In the sitting position, the net increase in calf volume was significantly less with
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the combined use of AVI footpumping and TED stocking compared to the basal net 

increase in calf volume (p = 0.04), whereas with either of the two methods alone the net 

increase in calf volume was not significantly different from the basal net increase in calf 

volume (Figure 9.3).
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Supine 45 degree Sitting

Net change in calf 
volume M(IQR)

p value Net change in calf 
volume M(IQR)

p value Net change in calf 
volume M(IQR)

p value

Basal - 0.26 (-0.45 -  0.94) 0.75 0.27 (0.05 -  0.53) 0.06 1 .1 7 (0 .4 5 -  1.71) <0.001

Stocking -0.14 ( -0 .6 2 -0 .1 0 ) 0.31 0.25 (-0.07 -  0.50) 0.08 0.32 (0 .0 9 -  1.04) <0.01

FP -0.25 ( -0 .4 6 -0 .1 3 ) 0.37 0.03 (-0.26 -  0.25) 0.88 0.45 (0.03 -  1.31) 0.01

Stocking + FP -0.26 (-0.83 & -0.05) 0.19 -0.22 (-0.90 -  0.04) 0.02 0.30 (-0.05 -  1.15) 0.02

Table 9.1 The net change in calf volume during each of the 10 m inutes’ study periods (ml%). M (IQR), m edian (interquartile 
range); FP, footpump; p, W ilcoxon matched-pairs signed-ranks test comparing strain gauge reading (calf volume) at the 
beginning and end of each 10 minute study period (the median and IQR of the differences are shown)
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Net change in calf volume (ml%) 
Median (IQR)

Supine 45 degree Sitting

Basal - 0.26 (-0.45 -  0.94) 0.27 (0.05 -  0.53) 1 .1 7 (0 .4 5 -1 .7 1 )

Stocking -0.14 (-0 .6 2 -0 .1 0 ) 0.25 (-0.07 -  0.50) 0.32 (0.09 -  1.04)

p value* 0.15 0.31 0.08

FP -0.25 (-0 .4 6 -0 .1 3 ) 0.03 (-0.26 -  0.25) 0.45 ( 0 .0 3 -  1.31)

p value* 0.69 <0.01 0.14

Stocking + FP -0.26 (-0.83 & -0.05) -0.22 (-0.90 -  0.04) 0.30 ( -0 .0 5 -  1.15)

p value* 0.18 <0.01 0.04

Table 9.2 Net changes in calf volume (ml%) with TED stocking, AVI footpumping 
and combination o f both are compared to the basal net changes in calf volume in each of 
the three study positions. IQR, interquartile range; p*, W ilcoxon matched-pairs signed- 
ranks test, compared to basal net change in calf volume.
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Figure 9.1 Net changes in calf volume (ml%) with TED stocking, AVI footpumping 
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recumbent position. Descriptors are median and interquartile range; p*, Wilcoxon 
matched-pairs signed-ranks test.
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Figure 9.3 Net changes in calf volume (ml%) with TED stocking, AVI footpumping 
and combination of both are compared to the basal net changes in calf volume in the 
sitting position. Descriptors are median and interquartile range; p*, Wilcoxon matched- 
pairs signed-ranks test.
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Duplex results

Effect o f posture on vein diameter and flow velocity

There was progressive venodilatation on moving from the supine to the sitting positions 

in all the three veins studied (Table 9.3 and Figures 9.4 to 9.6). W ith TED stockings on, 

there was still a significant increase in vein diam eter on moving to the 45° recum bent 

and sitting positions (Table 9.3). In contrast, flow velocity decreased progressively on 

moving from the supine to the sitting positions (Table 9.4 and Figure 9.10).

SFV (mm) GV (mm) PTV (mm)

5.45 (4.70-6.23) 3.30 (2.78-3.70) 2.35 (1.95-2.9)

8.05 (6.88-8.38) 3.55 (3.10-4.03) 2.55 (2.30-3.43)

0.0002 0.0176 0.0005

8.90 (7.73-10.43) 3.95 (3.00-4.50) 3.15 (2.58-3.93)

0.0001 0.0013 0.0002

5.15 (4.13-6.13) 2.80 (2.38-3.03) 1.80(1.43-2.23)

7.40 (6.75-8.10) 3.50 (3.10-3.83) 2.15 (1.80-2.70)

0.0001 0.0002 0.0016

8.85 (7.60-9.65) 3.80 (3.50-4.58) 2.85 (2.65-3.40)

0.0005 0.0002 0.0001

Table 9.3 Effect of posture on vein diameter (VD). SFV, superficial femoral vein; GV, 
gastrocnem ius vein; PTV, posterior tibial vein; M (IQR), m edian (interquartile range); 
p*, W ilcoxon matched-pairs signed-ranks test, comparing VD in the 45° recum bent and 
sitting positions to the VD in the supine position.
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No TED SFV (m/s) PTV (m/s)

.# # # u p in e ; M4IQR) - - 0.13(0.09-0.17) 0.08 (0.06-0.10) 0.05 (0.00-0.09)

W recum bent: M (IQR) 0.11 (0.08-0.12) 0.06 (0.03-0.09) 0.05 (0.00-0.07)

: pvalu 0.01 0.46 0.53

titling: M (IQR) 0.02 (0.00-0.09) 0.00 (0.00-0.01) 0.00 (0.00-0.00)

p value* 0.0017 <0.001 <0.01

Table 9.4 Effect of posture on flow velocity (FV) in meter/second. SFV, superficial 
femoral vein; GV, gastrocnemius vein; PTV, posterior tibial vein; M(IQR), median 
(interquartile range); p*, Wilcoxon matched-pairs signed-ranks test, comparing FV in 
the 45° recumbent and sitting positions to the FV in the supine position.

p*< 0.0001

p*< 0.001 p *  <  0 . 0 0 1

s
B

1
2
>
00

14.0 T

12.0 - -

10.0 - -

8.0 --

6.0 --

4.0 -- • ••

2.0 --

0.0

45° RecumbentSupine Sitting

Figure 9.4 Effect of posture on superficial femoral vein (SFV) diameter. Descriptors 
are median and interquartile range; p*, Wilcoxon matched-pairs signed-ranks test.
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Figure 9.5 Effect of posture on gastrocnemius vein (GV) diameter. Descriptors are 
median and interquartile range; p*, Wilcoxon matched-pairs signed-ranks test.
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Figure 9.6 Effect of posture on posterior tibial vein (PTV) diameter. Descriptors are 
median and interquartile range; p*, Wilcoxon matched-pairs signed-ranks test.
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Effects o f TED stockings alone

1) Effect on vein diam eter (Table 9.5 and Figures 9.7 to 9.9): TED stockings caused a 

reduction in the diam eter of the veins examined. In the supine position, the reduction in 

vein diam eter was statistically significant in all the three veins. However, the reduction 

was not statistically significant in the 45° recumbent and sitting positions except for the 

PTV in the 45° recum bent position where the reduction in vein diam eter was significant

(p = 0.0006).

2) Effect on flow velocity and volumetric flow (Table 9.6): TED stocking increased 

flow velocity in the SFV in the supine, 45° recumbent and sitting positions (Figure 

9.10); the corresponding increase in volumetric flow was not statistically significant (p 

> 0.05). There was no significant change in flow velocity and volumetric flow in the GV 

and PTV in any o f the three study positions. Figure 9.10 also shows a reduction in flow 

velocity on m oving from the supine to the sitting positions.

SFV (mm) GV (mm) : PTV (mm)

Supine

NoTED:M (IOR)
5.45 (4.70-6.23) 3.30 (2.78-3.70) 2.35 (1.95-2.9)

) TED: M (lOR)
5.15 (4.13-6.13) 2.80 (2.38-3.03) 1.80(1.43-2.23)

p value* 0.02 0.02 <0.01

recumbent: M (IQR)

. No TED: M (IQR) 8.05 (6.88-8.38) 3.55 (3.10-4.03) 2.55 (2.30-3.43)

- TED: M (IQR) 7.40 (6.75-8.10) 3.50 (3.10-3.83) 2.15 (1.80-2.70)

l i i i  p value*
0.07 0.16 <0.001

...

No TED: M aQR) 8.90 (7.73-10.43) 3.95 (3.00-4.50) 3.15 (2.58-3.93)

TED: M (IQR) 8.85 (7.60-9.65) 3.80 (3.50-4.58) 2.85 (2.65-3.40)

p value* 0.09 1 0.07

Table 9.5 Effect of TED stocking on vein diam eter (VD). M (IQR), median 
(interquartile range); p*, W ilcoxon matched-pairs signed-ranks test, comparing VD with 
and without TED stocking in each of the three study positions.
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Flow Velocity (m/s) SFV GV PTV

Sùjpîne
0.13 (0.09-0.19) 0.08 (0.06-0.10) 0.05 (0.00-0.09)

TED: MaOR) 0.18(0.11-0.23) 0.08 (0.00-0.11) 0.00 (0.00-0.09)

0.01 0.08 0.41

recumbe
0.11 (0.08-0.12) 0.06 (0.03-0.09) 0.05 (0.00-0.07)

0.13 (0.09-0.20) 0.08 (0.06-0.10) 0.03 (0.00-0.09)

0.02 0.13 0.64

E
Volume*

0.02 (0.00-0.09) 0.00 (0 .00-0 .01) 0.00 (0.00-0 .00)

0.07 (0.00-0.12) 0.00 (0 .00-0 .01) 0.00 (0 .00-0 .01)

0.04 0.59 0.35

SFV GV PTV

3.21 (1.88-4.89) 0.64 (0.37-0.88) 0.10(0.00-0.42)

3.28 (1.64-4.75) 0.36 (0.00-0.83) 0.00 (0.00-0.19)

0.97 0.37 0.97

5.21 (3.49-6.49) 0.63 (0.30-1.04) 0.25 (0.00-0.420

5.46 (3.64-8.02) 0.72 (0.41-1.13) 0.06 (0.00-0.36)

0.14 0.37 0.24

0.66 (0 .00- 6 .00) 0.00 (0.00-0.09) 0.00 (0 .00-0 .00)

1.49 (0.00-8.20) 0.00 (0.00-0.09) 0.00 (0.00-0.03)

p Vahîè* 0.11 0.50 0.67

Table 9.6 Effect of TED stocking on Flow Velocity (FV) and Volumetric Flow (VF). 
M (IQR), median (interquartile range); p*, W ilcoxon matched-pairs signed-ranks test, 
com paring FV and VF with and without TED stockings in each o f the three study 
positions.
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Figure 9.7 Effect of TED stocking on SFV diameter in the three study positions. 
Descriptors are median and interquartile range; p*, Wilcoxon matched-pairs signed- 
ranks test.
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Figure 9.8 Effect of TED stocking on GV diameter in the three study positions. 
Descriptors are median and interquartile range; p*, Wilcoxon matched-pairs signed- 
ranks test.
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Figure 9.9 Effect of TED stocking on PTV diameter in the three study positions. 
Descriptors are median and interquartile range; p*, Wilcoxon matched-pairs signed- 
ranks test.
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Figure 9.10 Effect of TED stocking on SFV Flow Velocity (FV) in the three study 
positions. Descriptors are median and interquartile range; p*, Wilcoxon matched-pairs 
signed-ranks test. Note also that FV is less in the sitting position compared to the supine 
position.

Effects of AVI footpumping alone

The effects of AVI footpumping alone on vein diameter, flow velocity and volumetric 

flow are summarised in Table 9.7

1) Effect on vein diameter: There was a significant increase in vein diameter in all veins 

in all the three study positions.

2) Effect on flow velocity and volumetric flow: Foot pumping produced a significant 

increase in velocity with a significant corresponding increase in flow in all veins in all 

the three study positions (p < 0.01).
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SFV VD PV Flow

Supine
No FP: Median (IQR) 5.45 (4.70-6.23) 0.13 (0.09-0.19) 3.21 (1.88-4.89)

FP: Median (IQR) 5.95 (5.10-6.85) 0.22 (0.14-0.30) 5.23 (4.07-10.74)

p* value 0.001 0.0002 0.0001

45 degree
No FP: Median (IQR) 8.05 (6.88-8.38) 0.11 (0.08-0.12) 5.21 (3.49-6.49)

FP: Median (IQR) 8.25 (7.38-8.85) 0.28 (0.22-0.35) 12.63 (8.35-17.90)

p* value 0.0003 0.0001 0.000.1

Sitting
No FP: Median (IQR) 8.90 (7.73-10.43) 0.02 (0.00-0.09) 0.66 (0.00-6.00)

FP: Median (IQR) 9.25 (7.88-10.70) 0.64 (0.36-0.84) 43.90(15.25-79.56)
p* value 0.0058 0.0001 0.0001

GV VD PV Flow

Supine

No FP: Median (IQR) 3.30 (2.78-3.70) 0.08 (0.06-0.10) 0.64 (0.37-0.88)
FP: Median (IQR) 3.55 (3.20-4.03) 0.17(0.14-0.22) 1.67 (1.01-2.39)

p* value 0.0015 0.0001 0.0001

45 degree
No FP: Median (IQR) 3.55 (3.10-4.03) 0.06 (0.03-0.09) 0.63 (0.30-1.04)

FP: Median (IQR) 4.00 (3.38-4.30) 0.21 (0.14-0.29) 2.54(1.29-3.94)
p* value 0.0023 0.0002 0.0001

Sitting

No FP: Median (IQR) 3.95 (3.00-4.50) 0.00 (0.00-0.01) 0.00 (0.00-0.09)
FP: Median (IQR) 4.25 (3.20-5.00) 0.19(0.12-0.24) 2.52(1.43-5.34)

p* value 0.012 0.0001 0.0001

PTV VD PV Flow

Supine
No FP: Median (IQR) 2.35 (1.95-2.90) 0.05 (0.00-0.09) 0.10(0.00-0.42)

FP: Median (IQR) 3.10(2.40-3.65) 0.84 (0.59-1.27) 7.71 (3.34-9.73)
p* value 0.0001 0.0001 0.0001

45 degree

No FP: Median (IQR) 2.55 (2.30-3.43) 0.05 (0.00-0.07) 0.25 (0.00-0.420)
FP: Median (IQR) 3.30 (3.00-3.80) 0.90 (0.64-1.35) 7.34 (6.42-11.49)

p* value 0.0003 0.0001 0.0001

Sitting
No FP: Median (IQR) 3.15 (2.58-3.93) 0.00 (0.00-0.00) 0.00 (0.00-0.00)

FP: Median (IQR) 3.50 (2.75-4.00) 0.95 (0.61-1.28) 8.46 (5.94-11.94)

p* value 0.0007 0.0001 0.0001

Table 9.7 Effect of FP on vein diameter (VD), flow 
(VF) in each of the three study positions. M(IQR), 
Wilcoxon matched-pairs signed-ranks test.

velocity (FV) and volumetric flow 
median (interquartile range); p*,
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The simultaneous effects of TED stocking and AVI footpumping on flow velocity 

and volumetric flow

The combined use of TED stocking and AVI footpumping caused a significant increase 

in flow velocity and volumetric flow in the three veins in all the three study positions 

(Table 9.8 and Figures 9.11 to 9.16). These effects were similar to those produced by 

AVI footpumping alone (Table 9.9), but significantly greater compared to the effects 

produced by TED stockings alone (Table 9.10 and Figures 9.17 to 9.22).
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SFV GV PTV

Flow Velocity Volumetric Flow Flow Velocity Volumetric Flow Flow Velocity Volumetric Flow

Supine

Basal values: M(IQR) 0.13 (0.09-0.19) 3.21 (1.88-4.89) 0.08 (0.06-0.10) 0.64 (0.37-0.88) 0.05 (0.00-0.09) 0.10(0.00-0.42)

TED + FP: M(IQR) 0.24 (0.20-0.28) 7.47 (3.75-7.47) 0.20 (0.13-0.28) 1.62 (0.81-2.48) 1.02 (0.60-1.47) 4.68(1.82-8.59)

p* value 0.0001 0.0006 0.0003 0.0036 0.0001 0.0001

45 degree

Basal values: M(IQR) 0.11 (0.08-0.12) 5.21 (3.49-6.49) 0.06 (0.03-0.09) 0.63 (0.30-1.04) 0.05 (0.00-0.07) 0.25 (0.00-0.420

TED + FP: M(IQR) 0.28 (0.22-0.38) 12.11 (6.46-16.15) 0.21 (0.18-0.34) 2.61 (1.20-3.93) 1.15 (0.70-1.58) 7.61 (5.23-11.34)

p* value 0.0001 0.0004 0.0001 0.0001 0.0001 0.0001

Sitting

Basal values: M(IQR) 0.02 (0.00-0.09) 0.66 (0.00-6.00) 0.00 (0.00-0.01) 0.00 (0.00-0.09) 0.00 (0.00-0.00) 0.00 (0.00-0.00)

TED + FP: M(IQR) 0.65 (0.29-0.84) 33.51 (10.00-65.20) 0.19(0.06-0.30) 1.62 (0.47-3.52) 0.83 (0.46-1.21) 6.93 (4.24-9.64)

p* value 0.0001 0.0002 0.0002 0.0002 0.0001 0.0001

Table 9.8 The simultaneous effects of AVI footpump and TED stocking on flow velocity (FV) and volumetric flow (VF) in 
each of the three study positions. M(IQR), median (interquartile range); p*, Wilcoxon matched-pairs signed-ranks test.
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SFV GV PTV

Flow Velocity Volumetric Flow Flow Velocity Volumetric Flow Flow Velocity Volumetric Flow

Supine

FP; M(IQR) 0.22 (0.14-0.30) 5.23 (4.07-10.74) 0.17(0.14-0.22) 1.67(1.01-2.39) 0.84 (0.59-1.27) 7.71 (3.34-9.73)

FP + TED: M(IQR) 0.24 (0.20-0.28) 7.47 (3.75-7.47) 0.20 (0.13-0.28) 1.62 (0.81-2.48) 1.02 (0.60-1.47) 4.68(1.82-8.59)

p* value 0.12 0.77 0.55 0.55 0.52 0.09

45 degree

FP: M(IQR) 0.28 (0.22-0.35) 12.63 (8.35-17.90) 0.21 (0.14-0.29) 2.54(1.29-3.94) 0.90 (0.64-1.35) 7.34 (6.42-11.49)

FP + TED: M(IQR) 0.28 (0.22-0.38) 12.11 (6.46-16.15) 0.21 (0.18-0.34) 2.61 (1.20-3.93) 1.15 (0.70-1.58) 7.61 (5.23-11.34)

p* value 0.09 0.82 0.29 0.76 0.65 0.25

Sitting

FP: M(IQR) 0.64 (0.36-0.84) 43.90(15.25-79.56) 0.19(0.12-0.24) 2.52 (1.43-5.34) 0.95 (0.61-1.28) 8.46 (5.94-11.94)

FP + TED: M(IQR) 0.65 (0.29-0.84) 33.51 (10.00-65.20) 0.19(0.06-0.30) 1.62 (0.47-3.52) 0.83 (0.46-1.21) 6.93 (4.24-9.64)

p* value 0.63 0.17 0.89 0.29 0.32 0.19

Table 9.9 The simultaneous effects of AVI footpump and TED stocking on flow velocity (FV) and volumetric flow (VF) 
are compared to the effects of foot pumping alone in the three study positions. FP, footpump; M(IQR), median (interquartile 
range); p*, Wilcoxon matched-pairs signed-ranks test.
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SFV GV PTV

Flow Velocity Volumetric Flow Flow Velocity Volumetric Flow Flow Velocity Volumetric Flow

Supine

TED: M(IQR) 0.15 (0.11-0.19) 3.28 (1.64-4.75) 0.08 (0.00-0.11) 0.36 (0.00-0.61) 0.00 (0.00-0.09) 0.00 (0.00-0.19)

TED + FP: M(IQR) 0.24 (0.20-0.28) 7.47 (3.75-7.47) 0.20 (0.13-0.28) 1.62 (0.81-2.48) 1.02 (0.60-1.47) 4.68(1.82-8.59)

p* value 0.0001 0.0001 0.0001 0.0001 0.0003 0.0001

45 degree

TED: M(IQR) 0.13 (0.09-0.20) 5.46 (3.64-8.02) 0.08 (0.06-0.10) 0.72 (0.41-1.13) 0.03 (0.00-0.09) 0.06 (0.00-0.36)

TED + FP: M(IQR) 0.28 (0.22-0.38) 12.11 (6.46-16.15) 0.21 (0.18-0.34) 2.61 (1.20-3.93) 1.15(0.70-1.58) 7.61 (5.23-11.34)

p* value 0.0001 0.001 0.0001 0.001 0.0001 0.0001

Sitting

TED: M(IQR) 0.07 (0.00-0.12) 1.49 (0.00-8.20) 0.00 (0.00-0.01) 0.00 (0.00-0.09) 0.00 (0.00-0.01) 0.00 (0.00-0.03)

TED + FP: M(IQR) 0.65 (0.29-0.84) 33.51 (10.00-65.20) 0.19(0.06-0.30) 1.62 (0.47-3.52) 0.83 (0.46-1.21) 6.93 (4.24-9.64)

p* value 0.0019 0.0001 0.0003 0.0002 0.0001 0.0001

Table 9.10 The simultaneous effects of AVI footpump and TED stocking on flow velocity (FV) and volumetric flow (VF) 
are compared to the effects of TED stocking alone in the three study positions, M(IQR), median (interquartile range); p*, 
Wilcoxon matched-pairs signed-ranks test.
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Figure 9.11 The simultaneous effects of AVI footpump and TED stocking on SFV 
flow velocity compared to the basal values in each of the three study positions. 
Descriptors are median and interquartile range; p*, Wilcoxon matched-pairs signed- 
ranks test.
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Figure 9.12 The simultaneous effects of AVI footpump and TED stocking on GV flow 
velocity compared to the basal values in each of the three study positions. Descriptors 
are median and interquartile range; p*, Wilcoxon matched-pairs signed-ranks test.
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Figure 9.13 The simultaneous effects of AVI footpump and TED stocking on PTV 
flow velocity compared to the basal values in each of the three study positions. 
Descriptors are median and interquartile range; p*, Wilcoxon matched-pairs signed- 
ranks test.
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Figure 9.14 The simultaneous effects of AVI footpump and TED stocking on SFV 
volumetric flow compared to the basal values in each of the three study positions. 
Descriptors are median and interquartile range; p*, Wilcoxon matched-pairs signed- 
ranks test.
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Figure 9.15 The simultaneous effects of AVI footpump and TED stocking on GV 
volumetric flow compared to the basal values in each of the three study positions. 
Descriptors are median and interquartile range; p*, Wilcoxon matched-pairs signed- 
ranks test.
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Figure 9.16 The simultaneous effects of AVI footpump and TED stocking on PTV 
volumetric flow compared to the basal values in each of the three study positions. 
Descriptors are median and interquartile range; p*, Wilcoxon matched-pairs signed- 
ranks test.
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Figure 9.17 Flow velocity in the SFV with the combined use of AVI footpump and 
TED stocking compared to flow velocity with TED stocking alone in each of the three 
study positions. Descriptors are median and interquartile range; p*, Wilcoxon matched- 
pairs signed-ranks test.
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Figure 9.18 Flow velocity in the GY with the combined use of AVI footpump and 
TED stocking compared to flow velocity with TED stocking alone in each of the three 
study positions. Descriptors are median and interquartile range; p*, Wilcoxon matched- 
pairs signed-ranks test.
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Figure 9.19 Flow velocity in the PTV with the combined use of AVI footpump and 
TED stocking compared to flow velocity with TED stocking alone in each of the three 
study positions. Descriptors are median and interquartile range; p*, Wilcoxon matched- 
pairs signed-ranks test.
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Figure 9.20 Volumetric flow in the SFV with the combined use of AVI footpump and 
TED stocking compared to volumetric flow with TED stocking alone in each of the 
three study positions. Descriptors are median and interquartile range; p*, Wilcoxon 
matched-pairs signed-ranks test.
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Figure 9.21 Volumetric flow in the GY with the combined use of AVI footpump and 
TED stocking compared to volumetric flow with TED stocking alone in each of the 
three study positions. Descriptors are median and interquartile range; p*, Wilcoxon 
matched-pairs signed-ranks test.
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Figure 9.22 Volumetric flow in the PTV with the combined use of AVI footpump and 
TED stocking compared to volumetric flow with TED stocking alone in each of the 
three study positions. Descriptors are median and interquartile range; p*, Wilcoxon 
matched-pairs signed-ranks test.
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9.4 Discussion

Despite widespread agreement on the efficacy of graduated elastic compression in 

preventing DVT (Holford 1976, Scurr et al. 1977, Allan et al. 1983), their mode of 

action remains uncertain. Stasis and vein wall damage may promote the formation of 

DVT (Virchow 1856). Venous distension has been shown to occur in the upper limb 

veins (Comerota et al. 1989) and lower limb veins (Coleridge Smith et al. 1991) during 

surgery and it has been proposed that venous distension may cause vein wall injury, 

thereby contributing to the development of DVT. There is improved DVT prophylaxis 

achieved by combination of graduated elastic compression and intermittent pneumatic 

compression (Scurr et al. 1987). Early studies suggested that compression stockings 

increased venous flow velocity (Makin et al. 1969, Sigel et al. 1973). However recent 

studies indicated that compression stockings produced no significant effects on deep 

venous haemodynamics (Mayberry et al. 1991).

Intermittent pneumatic compression (IPC) of the whole lower limb has been shown to 

be effective in DVT prophylaxis (Sabri et al. 1971, Hills et al. 1972, Nicolaides et al. 

1980, Butson 1981, Nicolaides et al. 1983). However, this method has the potential risk 

that venous blood may be trapped in the distal veins. I have shown in the preceding 

chapter that such distal venous distension can be mitigated by using sequential 

graduated compression to the whole limb. Alternatively, intermittent pneumatic 

compression may be applied to the most distal part of the limb using an AVI footpump 

device. A further advantage of this device is the feasibility of using it in patients 

following operations on the lower limbs. Intermittent pneumatic compression of the foot 

is simple to use and free of the haemorrhagic complications which may be associated 

with pharmacological methods. It is thought that intermittent pneumatic compression 

prevents DVT by increasing blood flow velocity in the deep veins.
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In this study I have used two objective means of assessing the effects of compression 

stockings and IPC of the foot; strain gauge plethysmography was used to assess the 

effects on calf volume whereas duplex ultrasound imaging was used to assess the effects 

on vein diam eter and venous blood flow characteristics.

Strain gauge plethysmography data

Strain gauge plethysmography is not without its drawbacks, but I have mitigated these 

by applying a strain gauge to the midcalf, away from the area o f limb to which 

interm ittent compression was applied. The computer data recording system sampled the 

strain gauge trace 4 times a second at high precision (better than 0.1%) ensuring much 

better accuracy in analysing the data than could be obtained from paper recordings.

In this study calf volume changes over a 10 minute treatment period has been examined.

The advantage of examining short term data rather than instantaneous changes is that 

this indicates the overall effect o f treatment rather than the immediate physiological 

effects.

The results indicate that the use of AVI footpump, TED stocking or combination of both ^ 

produced no significant effects on calf volume in the supine position. ^

W ith the subject lying in the 45° recumbent position there was an insignificant trend to 

an increase in calf volume, this is due to the effect o f gravity unopposed by the muscle 

pum ps o f the lower limb. A longer period of recumbency might have produced a 

statistically significant increase in calf volume. There was a similar trend to an increase 

in calf volume with TED stocking but not with the use of AVI footpump. In addition, 

the results show that the combined use of the two methods resulted in a net decrease in 

calf volume that is significantly greater than the net change in calf volume produced by 

either o f the two m ethods alone (Figure 9.2).
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Sitting up with the legs dependent resulted in a significant increase in calf volume even 

in a short 10 minute study period. Tables 9.2 and Figure 9.3 show that although the 

median increase is less when either TED stocking or the footpump are used, the 

differences were not statistically significant when compared to the basal net change. In 

contrast the net change in calf volume was statistically less with the combined use of the 

two methods compared to the basal net change in calf volume. This indicates that the 

combination of stocking and footpump is more effective than either alone.

Clearly the results of the present study indicate that the combined use of graduated 

elastic compression and AVI footpump improve venous drainage from the lower limb in 

the 45° recumbent and sitting positions but not in the supine position. It is interesting 

that in a previous study I showed that the AVI footpump increased LASER Doppler flux 

in patients with arterial disease in the sitting position but not in the supine position 

(Abu-Own et al. 1993a).

The subjects studied in this experiment are healthy volunteers with no clinical evidence 

of lower limb oedema. The effect of these methods on calf volume in patients with 

lower limb oedema warrants a further study.

Duplex data

Using colour duplex ultrasound imaging I was able to examine the effects of posture, 

graduated elastic compression and AVI footpump on vein diameter and deep venous 

haemodynamics.

The diameter changes seen in Table 9.3 and Figures 9.4 to 9.6 are not unexpected - there 

is progressive dilation on moving from the supine to the sitting position. The results 

show a corresponding decrease in flow velocity on moving from the supine to the sitting 

positions (Table 9.4 and Figure 9.10). It is clear that when the lower limb is dependent
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venous distension and sluggish blood flow, which predispose to the development of 

DVT, are the result.

The results summarised in Table 9.5 and shown graphically in Figures 9.7 to 9.9 

indicate that application of TED stockings reduced the diameter of the veins studied. 

The reduction was statistically significant in all veins studied in the supine position. In 

the dependent positions the effect of stockings on vein diameter was not statistically 

significant, except for the PTV in the 45° recumbent position where TED stocking 

caused a significant reduction in vein diameter. It is clear from Table 9.6 and Figure 

9.10 that TED stockings caused an increase in flow velocity only in the SFV with no 

corresponding increase in volumetric flow indicating that the increase in flow velocity is 

largely due to a reduction in vein diameter. In general greater flow velocities are seen 

with the use of TED stockings, although these are associated with slightly lower 

volumetric flow rates. Stockings probably increase the flow velocity at the expense of 

flow rate by causing a reduced vein diameter.

The effects of AVI footpumping alone are summarised in Table 9.7. They show that the 

footpump caused an increase in vein diameter, flow velocity and volumetric flow. The 

increase in flow is due to the increase in vein diameter as well as the increase in velocity 

since the flow value is the product of the vein cross sectional area and the blood 

velocity. The efficacy of the footpump in preventing venous thrombosis is due to the 

effect on flow velocity. The increase in flow velocity is maximal in the PTV due to 

proximity to the foot pump, but even in the SFV in the midthigh region flow velocity 

reached a median of 0.64 m/sec in the sitting position. The volumetric flow reflected the 

venous dilatation seen on moving to the sitting position. Greater volumetric flow rates 

were seen in all veins studied in the sitting position compared to the supine.

The combined use of TED stocking and AVI footpump produced significant increases in 

flow velocity and volumetric flow (Table 9.8 and Figures 9.11 to 9.16). These effects
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were similar to those produced by AVI footpumping alone (Table 9.9). However, TED 

stockings and AVI footpumping produced opposite effects on vein diameter; the former 

tended to produce a reduction in vein diam eter whereas the latter increased vein 

diameter. In contrast to the effects o f AVI footpum p alone on velocity and flow, the 

com bined use of AVI footpump and TED stocking increased flow and velocity without 

a corresponding increase in vein diameter. This may be an advantage, since 

venodilatation may predispose to DVT by causing endothelial vein damage. Finally, the 

results shown in Table 9.10 and Figures 9.17 to 9.22 show clearly that the com bined use 

o f the two methods are more effective in increasing flow velocity and volumetric flow 

com pared to the effects of TED stockings alone. In summary, the efficiency o f the 

footpum p is greatest in the 45° recumbent and sitting positions. The implications for 

this in the prevention of DVT or treatment of patients with swollen legs are unclear. If 

vein velocity is the most important criterion, then the posture becomes less important, 

especially in the calf.

In this study the haemodynamic effects of short-term  graduated elastic compression and 

interm ittent pneumatic compression o f the foot were investigated. The results suggest 

that there may be an advantage in using IPC o f the foot and graduated elastic 

compression simultaneously. It clearly does not replace the need for long-term clinical 

studies to compare efficacy of these methods.
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CHAPTER TEN

DISCUSSION AND CONCLUSIONS

10.1 Skin blood flow in chronic venous insufficiency

10.2 Compression treatment in chronic venous insufficiency

10.3 Compression in DVT prophylaxis

10.4 Conclusions and suggestions for further studies
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The work presented in this thesis aimed to investigate: (1) The characteristics of 

microcirculatory blood flow in skin damaged by chronic venous insufficiency and how 

these are affected by leg compression and (2) the haemodynamic effects of graduated 

elastic compression (TED stockings) and intermittent pneumatic compression.

10.1 Skin blood flow in chronic venous insufficiency

Ambulatory venous hypertension, whether due to venous reflux or obstruction, is the 

undisputed large vessel haemodynamic abnormality in chronic venous insufficiency 

(Summer 1985). The causal relationship between venous hypertension and venous 

ulceration is beyond doubt (Nicolaides et al. 1985), but the actual structural and 

haemodynamic changes in the skin microcirculation which lead to lipodermatosclerosis 

and ulceration are poorly understood. It has been suggested that the high venous 

pressure is transmitted backwards to the skin capillaries causing them to dilate and 

twist. Fagrell (Fagrell 1979, Fagrell 1982), using capillary microscopy, and Leu (Leu

1991), using intravital fluorescence microscopy, have shown that skin capillaries in CVI 

are widely dilated and coiled. Fagrell also described a "halo like" formation around the 

dilated capillary loops which he attributed to "micro-oedema". Widening of the 

intercellular spaces of the capillary endothelium and increased capillary permeability 

(Wenner et al. 1980), lead to oedema formation and leakage of fibrinogen which 

polymerises to form the fibrin cuffs described by Browse and Bumand (Browse and 

Bemand 1982). A recent study, using an immunohistochemical techniques, showed no 

evidence of capillary proliferation in the skin of patients with CVI, but the capillaries 

were shown to be elongated and distended (Vanscheidt et al. 1991). Studies using 

positron emission tomography (Gowland Hopkins 1983) and l a s e r  Doppler fluxmetry 

(Belcaro et al. 1988, Cheatle et al. 1991a, Shami et al. 1993a) have shown increased 

blood flow in liposclerotic skin of patients with chronic venous insufficiency.
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Most studies investigating skin blood flow using l a s e r  Doppler fluxmetry report only 

the LASER Doppler flux (LDF) value which is related to total skin blood flow in the 

target tissue volume. Since the LDF signal is the product of the concentration of moving 

blood cells (CMBC) and blood cell velocity (BCV) (Nilsson et al. 1980a), it is not clear 

whether the increase in LDF in liposclerotic skin is due to an increase in CMBC or 

BCV. In studies I through IV (Chapters III - VI) I have been able, using in-house 

software, to analyse the LDF signal to its components, CMBC and BCV. This provided 

useful information about the characteristics of the skin microcirculation in liposclerotic 

skin and how it is affected by leg compression.

In Study I which was concerned with investigation of the skin microcirculation in 

liposclerotic skin, I have shown that the l a s e r  Doppler flux in the supine position was 

higher in liposclerotic skin, as has been reported previously (Belcaro et al. 1988, 

Sindrup et al. 1987, Shami et al. 1993a). In addition the results of my study indicated 

that the blood cell velocity in liposclerotic skin was lower than that in control subjects. 

The increased LASER Doppler flux was attributable to an increase in the volume of 

moving blood cells. Previous histological studies have shown that the number of 

capillary loops seen on histological section of liposclerotic skin is increased compared 

with normal skin (Bumand et al. 1981). This was probably due to multiple cross- 

sectioning through elongated and distended capillaries. Thus the increased volume of 

moving blood cells shown in this study is consistent with the observation that capillaries 

are dilated and coiled in liposclerotic skin. Since in patients with post-thrombotic 

syndrome the haematocrit is not significantly different from control subjects (Ernst et al. 

1986), the increase in CMBC in liposclerotic skin may be due to an increase in total 

volume of moving blood cells in the target tissue volume of the LASER probe without an 

increase in the number of moving blood cells per unit volume of blood. In my study the 

increase in CMBC simply means that there is an increase in the number of moving 

blood cells in the target tissue volume of the l a s e r  Doppler probe.

209



Chapter Ten: Discussion and conclusions ^  I  ̂^

Clearly the microangiopathy of liposclerotic skin comprises not only structural changes 

but also a disturbed microcirculatory flow pattern; in particular, there is an increase in 

the volume or concentration of moving blood cells without a corresponding increase, or 

even a slight decrease, in blood cell velocity. The increased CM BC in dilated capillaries 

and venules, without an increase in velocity, may increase the likelihood of white blood 

cells in capillaries and venules interacting with the endothelium. It has been shown both 

in vivo and in vitro that at low shear rates, interaction o f leucocytes with the 

endothelium  is much more likely than at higher shear rates (Schmid-Schonbein et al. 

1975, Schmid-Schonbein et al. 1980). Low flow states and dilated venules and 

capillaries are associated with low shear rates and are, therefore, more likely to lead to 

leucocyte adhesion and leucocyte-endothelium interaction (Lawrence et al. 1990, 

Lawrence et al. 1987). The increased volume or concentration of moving blood cells 

without a corresponding increase, or even a slight decrease, in blood cell velocity may 

encourage white cell margination and activation within the m icrocirculation. This may 

contribute to skin damage in patients with chronic venous insufficiency. This supports 

the white cell ‘trapping’ hypothesis (Coleridge Smith et al. 1988) which postulates that 

venous hypertension reduces capillary flow rate causing white cell trapping and 

activation. This may contribute to skin damage in patients with chronic venous 

insufficiency.

Limb elevation is frequently advocated in the treatment o f venous disease associated 

with edem a (Browse et al. 1989, Ruckley 1992), and there is widespread agreement on 

its efficacy. However, the m echanism by which limb elevation may be beneficial in the 

treatment o f such patients is not clear. Karaca and Nilsson (Karaca and Nilsson 1971) 

have shown that prolonged bed rest raised the level o f leg vein wall fibrinolytic activity 

to a level similar to that of the arm. It is also possible that drainage of oedema helps to 

accelerate the healing o f venous ulceration. In a recent study, Barnes (Barnes et al.

1992) reported that limb elevation for 24 hours resulted in a decrease in limb volume
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and an increase in l a s e r  Doppler flux without a corresponding change in tcPOz. The 

increase in LASER Doppler flux was attributed to a reduction in venous and tissue 

pressure with subsequent increase in capillary flow.

The results of Study n, presented in Chapter Four, indicated that leg elevation to 30 cm 

above the heart level enhanced the microcirculatory blood flow as measured by l a s e r  

Doppler fluxmetry. It is most interesting that this increase in flux was attributable to an 

increase in blood cell velocity with no significant change in the concentration of moving 

blood cells. It is possible that the enhanced microcirculatory flow velocity is due to a 

decrease in venous pressure with subsequent increase in arterio-venous pressure 

gradient and capillary flow. In other words, the low venular and venous pressure lead to 

less, or ‘negative’, veno-arteriolar response. The increase in blood cell velocity may 

decrease the likelihood of white blood cells in capillaries and venules interacting with 

the endothelium and reduce white cell margination and activation within the 

microcirculation. Thus the cascade of events, described in the preceding paragraph, 

which may lead to skin damage in venous disease may be counteracted by simple limb 

elevation. This study suggests an additional mechanism by which leg elevation may be 

effective in the treatment of patients with chronic venous disease and venous ulceration.

In summary, the results of my first two studies indicate that the higher LDF in 

liposclerotic skin compared to normal skin is due to a higher volume of moving blood 

cells in the skin and not a higher BCV, and that limb elevation enhanced the 

microcirculatory flow velocity. Since it is possible that sluggishly moving blood cells in 

dilated and engorged capillaries may become “trapped” and activated leading to skin 

damage, limb elevation my help prevent such damage by enhancing the microcirculatory 

blood flow.
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10.2 Compression treatment in chronic venous insufficiency

Ambulatory venous hypertension is the undisputed large vessel haemodynamic 

abnormality in CVI. There is evidence, albeit indirect, that the high venous pressure is 

transmitted to the microcirculatory bed. The capillaries dilate and twist, as demonstrated 

by histological and capillary microscopy studies. In the preceding section, in discussing 

my results from Studies I and H, I have presented evidence that the microcirculatory 

flow pattern is disturbed in such dilated and twisted capillaries. There is more blood, but 

it is moving sluggishly. The low flow state may trigger white cell trapping and 

activation leading to tissue damage. My results in Study H, suggested that limb elevation 

may help interrupt this cascade of events by causing an increase in the microcirculatory 

flow velocity.

Leg compression is commonly used in the treatment of CVI. In the majority of patients 

with DVI compression remains the main stay of their treatment. There is widespread 

agreement on its effectiveness, but considerable controversy remains about the 

mechanism by which compression is effective in the treatment of this condition. 

Previous studies have focused attention on studying the effects of compression on the 

overall venous haemodynamics of the lower limb (Sigel et al. 1973, Sigel et al. 1975, 

Lawrence and Kakkar 1980a, Coleridge Smith et al. 1990b). In patients with chronic 

venous insufficiency the ambulatory foot vein pressure is raised (Pollack and Wood 

1949, Pollack et al. 1949, Nicolaides et al. 1985) and it might be hoped that 

compression stockings would restore this index to normal. Some authors have found 

that this is the case (Somerville et al. 1974), while others have failed to find any effect 

(Mayberry 1991). The time required for the foot vein pressure to return to resting levels 

after the end of exercise is an indicator of the degree of reflux in a limb. Whether 

measured by air plethysmography, strain gauge plethysmography, foot volumetry or foot 

vein pressures, variable results have been obtained with some authors reporting a
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beneficial effect (O'Donnell et al. 1979, Jones et al. 1980) and others not (Norgren 1988, 

Mayberry et al. 1991). Air plethysmography may permit a more detailed analysis of the 

calf muscle pump (Christopoulos et al. 1987), yet this has not demonstrated reduced 

venous refilling times after the application of stockings. It seems probable that stockings 

and compression bandaging may benefit the overall haemodynamics of the limb. 

However, this may play only a small part in the mechanism of action of compression.

In Studies IQ and IV, I examined the effect of leg compression on the skin 

microcirculation in patients with LDS and normal control subjects. In study HI, I used an 

experimental system that allowed me to measure the effects of different degrees of 

pressure on the microcirculatory blood flow. The results show that compression up to 20 

mmHg in the horizontal position and up to 60 mmHg in the sitting position increased 

LASER Doppler flux. It is interesting, and perhaps more important, that the increase in 

LASER Doppler flux with increasing compression is attributable to an increase in blood 

cell velocity, with no substantial alteration or even a slight decline in the volume of 

blood cells.

It can be seen from the results of this experiment that compression in the range of 20-30 

mmHg, commonly achieved by compression stockings, is sufficient to double the l a s e r  

Doppler flux in a patient in the sitting position. In addition, the results also suggest that 

still higher levels of compression (of the order of 40 - 60 mmHg) may be effective in the 

treatment of patients with venous disease, without resulting in cessation of blood flow to 

skin in the sitting position. It has been shown that compression bandaging reaching 

pressures of 45 mmHg results in rapid healing of venous ulcers (Blair et al. 1988). My 

finding of increased blood cell velocity on compressing the skin may therefore be 

related to the mechanisms of the effect of compression in venous disease.

In Study IV, I have used a single-fibre l a s e r  Doppler probe to make direct l a s e r  

Doppler measurements from underneath a grade II compression stocking (Swiss
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Standard). These produced a compression of 25 mmHg at the ankle. Again patients with 

LDS and normal control subjects were studied. The results show that in both the supine 

and sitting positions there is an increase in l a s e r  Doppler flux similar to that produced 

by the application of 20-30 mmHg compression in the experimental model for leg 

compression, presented in Study m . In addition, the increase in LASER Doppler flux by 

the compression stocking was similarly due to an increase in blood cell velocity.

In patients with LDS, l a s e r  Doppler flux is already high and further increase in LDF 

may arguably be regarded undesirable. However, the high LDF in liposclerotic skin is 

due to an increase in volume, rather than speed, of blood as shown by the results of 

Study I (Chapter Three). The results of studies m  and IV show that compression does 

cause a further increase in LDF, but it is interesting, and perhaps more important, that 

this increase in LDF is due to an increase in velocity rather than volume of blood.

From these two studies it can be seen that leg compression results in significant 

alteration in the local microcirculatory blood flow. Most obvious is an increase in blood 

cell velocity in response to compression and it might be hypothesised that such an 

increase in velocity reduces the likelihood of white blood cells in capillaries and venules 

interacting with the endothelium. This suggests that compression stockings may be 

effective in the treatment of chronic venous insufficiency by enhancing the 

microcirculatory flow velocity.

Certain anatomical areas are susceptible to pressure-related tissue breakdown resulting 

in pressure ulcers. The heel is an example of such areas susceptible to pressure 

ulceration. This may be due to the lack of soft tissue padding over the bony prominence 

of the heel. When patients are lying supine, a proportion of the body weight is supported 

by the heel and a high interface pressure may be encountered, even on air-support 

systems. Ulceration of the heel is a relatively common occurrence in patients with
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arterial or sensory impairment and in patients with other pressure ulcer risk factors, but 

rarely happens in healthy subjects. It has been reported that some patients develop 

pressure ulcers while wearing compression stockings (Ruckley 1988). It is unclear 

whether the ulcers are attributable to the immobility of these patients or to the effect of 

the compression stockings and bandages. It is probable that in some patients the 

injudicious use of compression has lead to pressure ulcers or even loss of the limb.

In Studies IQ and IV, I have shown that up to 20 mmHg compression of the 

supramalleolar skin increased LASER Doppler flux in the horizontal position. In contrast, 

the results of my subsequent study (Study V) showed that compression of the same 

magnitude applied to the heel region resulted in a substantial reduction of 

microcirculatory blood flow as measured by l a s e r  Doppler fluxmetry. This may be part 

of the explanation of the susceptibility to pressure ulceration of the heel in these 

patients. The results of this study showed clearly that with a conventional hospital bed 

very high interface pressures were observed in both healthy subjects and patients at risk 

of pressure ulceration. The corresponding l a s e r  Doppler flux was reduced to a minimal 

value. Patients at high risk of pressure ulceration are likely to develop pressure ulcers of 

the heel while lying on a conventional hospital bed. In this study, using the low air-loss 

system resulted in substantially lower IP; the interface pressure was maintained 

sufficiently low to prevent complete cessation of the heel microcirculation. This 

however was achieved only by using 5 mmHg chamber inflation pressure; inflating the 

heel chamber to 10 mmHg or higher resulted in much greater interface pressure and the 

corresponding LDF was severely reduced. The interface pressure under the heel should 

be maintained as low as possible. The results of this study also showed that the resting
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LASER Doppler flux is lower in the ‘at risk’ patient group compared to a sex- and age- 

matched healthy control group and to a young healthy group. This finding was not 

unexpected; it may be one of the mechanisms by which such patients with poor pressure 

ulcer risk assessment score are susceptible to ulceration of the heel.

10.3 Compression in DVT prophylaxis

Deep vein thrombosis (DVT) is common in patients receiving medical or surgical 

treatment in hospital. The rate of DVT each year is around 160 per 100 000 in the 

general population and the rate of fatal pulmonary embolism (PE) 60 per 100 000 

(Nicolaides 1992). Furthermore, about 40% to 70% of patients with DVT are expected 

to develop the post-thrombotic syndrome (Mudge and Heghes 1978). Simple methods of 

prophylaxis can reduce the risk of DVT in surgical patients by 60 - 75% (Collins et al. 

1988, Colditz et al. 1986). These methods include graduated compression stockings, 

low-dose heparin and intermittent pneumatic compression.

Several studies have shown that the incidence of DVT is reduced by the peri-operative 

application of intermittent pneumatic compression to the lower limb (Sabri et al. 1971, 

Hills et al. 1972, Nicolaides et al. 1980, Butson 1981, Nicolaides et al. 1983). 

Intermittent pneumatic compression (IPC) may be applied either as uniform 

compression to the whole limb, using a single-chamber device or alternatively through a 

series of chambers inflated in a sequential manner from the ankle to the thigh to achieve 

venous emptying. The latter method was designed for use in the prevention of DVT, and 

has been investigated in many studies which have confirmed its efficacy (Nicolaides et 

al. 1980, Nicolaides et al. 1983). It has been reported that sequential pneumatic 

compression of the calf and thigh produced more rapid emptying of X-ray contrast 

media from the leg compared to single-chamber calf compression alone (Nicolaides et 

al. 1980, Mittleman 1983). External pneumatic compression has the potential risk that
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venous blood may be trapped in the distal veins. The resulting stasis and venous 

distension may promote the formation of DVT. Laboratory studies of hydraulic models 

suggested that uniform compression would produce an occlusive tourniquet effect 

(Kamm 1979, Kamm 1982, Olson et al. 1982).

In Study VI, I have compared the haemodynamic effects of the sequential (SCD) versus 

the single-chamber devices using foot strain gauge plethysmography (SGP). The data 

show that the net effect was a decrease in foot volume with the SCD and no change with 

the single-chamber device. Better venous emptying obtained using a sequential rather 

than a single-chamber compression device, justify the increased complexity of 

sequential devices in reducing the extent of distal venous distension. It has been 

suggested that venous distension may be part of the mechanism resulting in DVT. This 

study clearly does not replace the need for long-term clinical studies to compare the 

efficacy of the two compression devices, but suggests that there may be an advantage in 

using sequential compression in the prophylaxis of DVT, as well as in the treatment of 

patients with lower limb oedema.

Graduated elastic compression (TED stockings) are the most commonly used 

mechanical method for DVT prophylaxis and they have been shown to be effective 

(Holford 1976, Scurr et al. 1977, Allan et al. 1983, Colditz et al. 1986). However, their 

mode of action remains uncertain. Stasis and vein wall damage may promote the 

formation of deep vein thrombosis (Virchow 1856). Venous distension has been shown 

to occur in the upper limb veins (Comerota et al. 1989) and lower limb veins (Coleridge 

Smith et al. 1991) during surgery and it has been proposed that venous distension may 

cause vein wall injury, thereby contributing to the development of DVT. Early studies 

suggested that compression stockings increased venous flow velocity (Makin et al. 

1969, Sigel et al. 1973). However recent studies indicated that compression stockings 

produced no significant effects on deep venous haemodynamics (Mayberry et al. 1991).
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Intermittent pneumatic compression of the foot using the AVI footpump has been shown 

to be effective in reducing pain and swelling in patients undergoing treatment for 

fractures of the lower limb (Gardner et al. 1990). There has also been preliminary 

reports suggesting that this method may be effective in prophylaxis of DVT in patients 

undergoing total knee arthroplasty (Wilson et al. 1992) and total hip arthroplasty 

(Fordyce and Ling 1992). It is not clear whether the combined use of the AVI footpump 

and TED stockings is likely to offer increased protection from DVT. It has previously 

been reported that the combination of TED stockings and intermittent pneumatic 

compression to the whole lower limb is more effective than intermittent pneumatic 

compression alone in preventing post-operative DVT (Scurr et al. 1987).

In my final study (Study VII), I evaluated the haemodynamic effects of TED stockings 

and AVI footpump and compared the effects produced by the combined use of the two 

methods to the effects produced by using each of the two methods alone. In this study I 

used strain gauge plethysmography to assess the effects on calf volume and duplex 

ultrasound imaging to assess the effects on vein diameter and venous blood flow 

characteristics.

Strain gauge plethysmography recorded calf volume changes over a 10 minute treatment 

period. The advantage of examining short term data rather than instantaneous changes is 

that this indicates the overall effect of treatment rather than the immediate physiological 

effects. The results indicate that the use of AVI footpump, TED stocking or combination 

of both produced no significant effects on calf volume in the supine position. In the 45° 

head-elevated position, there was a net decrease in calf volume with the combined use 

of the footpump (FP) and TED stocking. Either of the two methods alone failed to 

produce a net decrease in calf volume, although the FP alone prevented a trend to an 

increase in calf volume in this position. Moving to the sitting position caused a 

significant increase in calf volume. This increase was significantly less with the
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combined use of FP and TED stocking. Using either of the two methods alone failed to 

prevent the increase in calf volume in this position.

Clearly the results of the present study indicate that the combined use of graduated 

elastic compression and AVI footpump improve venous drainage from the lower limb in 

the 45° recumbent and sitting positions but not in the supine position. It is interesting 

that in a previous study I showed that the AVI footpump increased LASER Doppler flux 

in patients with arterial disease in the sitting position but not in the supine position 

(Abu-Own et al. 1993a).

The subjects studied in this experiment are, however, healthy volunteers with no clinical 

evidence of lower limb oedema. The effect of these methods on calf volume in patients 

with lower limb oedema warrants a further study.

Using colour duplex ultrasound imaging I was able to examine the effects of posture, 

graduated elastic compression and AVI footpump on vein diameter and venous blood 

flow velocity. The results show progressive venous dilation on moving from the supine 

to the sitting position; this is not unexpected. It is, however, interesting that the flow 

velocity decreased on moving from the supine to the sitting position. It is clear that 

dependency of the lower limb is associated with venous distension and sluggish blood 

flow, a combination of factors which may be important in the development of DVT.

Application of TED stockings tended to reduce the diameter of the veins studied. The 

reduction was statistically significant in all veins studied in the supine position, but not 

in the dependent positions except for the PTV. TED stockings caused an increase in 

flow velocity only in the SFV with no corresponding increase in volumetric flow 

indicating that the increase in flow velocity is largely due to a reduction in vein 

diameter. The footpump caused an increase in vein diameter, flow velocity and 

volumetric flow in all the veins in all study positions. The increase in flow is due to the
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increase in vein diameter as well as the increase in velocity since the flow value is the 

product of the vein cross sectional area and the blood velocity.

The combined use of TED stocking and AVI footpump produced significant increases in 

flow velocity and volumetric flow. These effects were similar to those produced by AVI 

footpumping alone. However, because TED stockings and AVI footpumping produced 

opposite effects on vein diameter; the combined use of AVI footpump and TED 

stocking increased flow and velocity without a corresponding increase in vein diameter. 

This may be an advantage, since venodilatation may predispose to DVT by causing 

endothelial vein damage. In addition, the results show that the combined use of the two 

methods are more effective in increasing flow velocity and volumetric flow compared to 

the effects of TED stockings alone. Thus the efficiency of the footpump is greatest in 

the 45° recumbent and sitting positions. The implications for this in the prevention of 

DVT or treatment of patients with swollen legs are unclear. If vein blood flow velocity 

is the most important criterion, then the posture becomes less important, especially in 

the calf.

In summary, in this study the haemodynamic effects of short-term graduated elastic 

compression and intermittent pneumatic compression of the foot were investigated. The 

results suggest that there may be an advantage in using IPC of the foot and graduated 

elastic compression simultaneously. It clearly does not replace the need for long-term 

clinical studies to compare efficacy of these methods.
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10.3 Conclusions and suggestions for further studies

The studies described in this thesis demonstrate abnormal microcirculatory blood flow 

in liposclerotic skin; an increase in l a s e r  Doppler flux is due to increased volume of 

blood without a corresponding increase in velocity. This abnormal pattern of 

microcirculatory blood flow may lead to skin damage as suggested by the white cell 

trapping hypothesis. Both limb elevation and leg compression increase the 

microcirculatory flow velocity. This suggests that limb elevation and compression 

stockings may be effective in the treatment of chronic venous insufficiency by 

enhancing the microcirculatory flow velocity.

Because l a s e r  Doppler fluxmetry measures total skin blood flow, a further study is 

required to determine if the increased blood cell velocity produced by limb elevation 

and leg compression corresponds to increased flow velocity in the nutritional capillaries. 

Capillary microscopy is the only method available at present for investigation of 

nutritional, rather than total, skin blood flow. Recent advances in the use of this 

technique, such as the advent of fibreoptic capillary microscopy and the development of 

new computerised software for tracking of capillaries, may make it possible to study the 

effects of limb elevation and leg compression on nutritional blood flow.

I have also demonstrated a haemodynamic advantage in the combined use of graduated 

compression stockings and intermittent pneumatic compression of the foot compared to 

using either of the two methods. The results may help explain the mode of action of 

these methods of thromboprophylaxis. On the basis of this haemodynamic study, 

clinical studies comparing the effectiveness of these methods in DVT prophylaxis are 

suggested.
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Appendix One

Control Subjects LDS Patients

Subject Sex Age LDF BCV CMBC Subject Sex Age Supine Supine Supine

66
40

62

38.5

31.6 

16.8

27.5

23.1

11.2

2.5

2.8
3

F

F

M

61

64

39

60

38.4

110

0.9

3.6

9.1

22.8
13.3

13.5

4 F 60 20.9 4.2 5 4 F 76 55.4 6.7 1

5 F 61 33 21.9 6.5 5 F 68 55 15.8 1.3

6 F 27 35.6 324 2.2 6 M 74 42 4.5 9.7

7 M 61 18.2 16.2 3.3 7 F 65 18 2.2 11.3

8 M 60 41.1 20.7 2.8 8 M 74 50 3.3 15

9 M 58 46.4 20.3 2.5 9 F 28 49 20.7 2.4

10 M 63 21.6 8 12.1 10 F 60 50 7.6 6.8

11 F 45 24.3 26.2 2.3 11 F 52 50 14 4.7

12 F 43 24.7 35.2 1 12 F 71 38 9.2 4.8

13 F 35 32.7 8.2 0.4 13 F 61 159 25 6.6

14 M 31 42.9 11.4 5.2 14 F 60 34 20 2.5

15 M 40 46.7 22.8 3.5 15 M 75 102 17 6.3

25 th: 40 22.95 11 2.4 60 40.2 4 3.6

75th: 61 39.8 25 4.25 64 57.7 16 12.3

Median 58 32.7 21 2.8 74 50 9 6.6

Appendix I.l Basal LASER Doppler parameters in patients with LDS and controls subjects
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Appendix One

Subject Sex Age Supine Sitting % Supine Sitting % Supine Sitting

1 F 66 38.5 29.6 23 27.5 7.7 0.72 2.5 13.6 -444

2 F 40 31.6 25.7 19 23.1 15 0.35 2.8 1.9 32

3 F 62 16.8 7.6 55 11.2 14 -0.3 3 0.5 83

4 F 60 20.9 222 -6 4.2 4.8 -0.1 5 12.7 -154

5 F 61 33 27.7 16 21.9 9.2 0.58 6.5 21.4 -229

6 F 27 35.6 22.6 37 32.4 2.9 0.91 2.2 7 -218

7 M 61 18.2 14.3 21 16.2 4.4 0.73 3.3 1 70

8 M 60 41.1 22.8 45 20.7 12.1 0.42 2.8 5.2 -86

9 M 58 46.4 2&9 36 20.3 10.8 0.47 2.5 2.3 8

10 M 63 21.6 17.7 18 8 7 0.13 12.1 0.5 96

11 F 45 24.3 13 47 2&2 3.2 0 88 2.3 6 -161

12 F 43 24.7 17.1 31 35.2 8.9 0.75 1 1.6 -60

13 F 35 32.7 21.2 35 8.2 4.2 0.49 0.4 2.4 -500

14 M 31 429 16.3 62 11.4 1.5 0.87 5.2 8 -54

15 M 40 46.7 13 72 22.8 14.5 0.36 3.5 0.7 80

25th Percentile; 40 22.95 15 20 II 4 35.7 2.4 1.3 -190

75th Percentile: 61 39.8 24 46 25 11 73.8 4.25 7.5 50.9

Median: 58 32.7 21 35 21 8 48.8 2.8 2.4 -60

Appendix 1.2 Effect of dependency on LASER Doppler parameters in controls subjects
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Appendix One

Subject Sex Age Supine Sitting % Supine Sitting % Supine Sitting %

1 F 61 60 41.5 31 0.9 4 -344 22.8 20 12

2 F 64 38.4 17.6 54 3.6 4.5 -25 13.3 4 70

3 M 39 110 10 91 9.1 2.6 71.4 13.5 6.3 53

4 F 76 55.4 30.8 44 6.7 8.3 -24 1 2 -100

5 F 68 55 19 65 15.8 2.9 81.6 1.3 2 -54

6 M 74 42 18.4 56 4.5 5 -11 9.7 4.1 58

7 F 65 18 7.4 59 2.2 2.3 -4.5 11.3 3.8 66

8 M 74 50 20 60 3.3 6.7 -103 15 6.6 56

9 F 28 49 23 53 20.7 20.2 2.42 2.4 1.2 50

10 F 60 50 12 76 7.6 6.3 17.1 6.8 2 71

11 F 52 50 51 -2 14 17 -21 4.7 3 36

12 F 71 38 8.8 77 9.2 5.6 39.1 4.8 1.8 63

13 F 61 159 65 59 25 21 16 6.6 3.6 45

14 F 60 34 19 44 20 11.6 42 2.5 1.8 28

15 M 75 102 59 42 17 9 47.1 6.3 6.6 -5

25th Percentile: 60 402 15 44.3 4 4 -23 3.6 2 20.1

75th Percentile: 74 57.7 36 62.7 16 10 40.6 12.3 5.2 60.1

Median: 64 50 19 56.2 9 6 2.42 6.6 3.6 50

Appendix 1.3 Effect of dependency on LASER Doppler parameters in LDS patients.
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Appendix One

LDF BCV CMBC

Subject Sex Age Supine Sitting %Change Supine Sitting %Change Supine Sitting %Change

1

2

3

4

5

6

7

8

9

10 
1 1  

12

13

14

15

F

F

M

F

F

M

F

M

F

F

F

F

F

F

M

61

64 

39 

76 

68 

74

65

74 

28 

60 

52 

71 

61 

60

75

60

38.4  

110

55.4  

55 

42  

18 

50

49

50  

50 

38 

159 

34  

102

41.5

17.6 

10

30.8

19

18.4

7.4

20 

23 

12 

51
8.8 

65 

19 

59

31

54

91

44

65

56

59

60  

53

76 

-2

77 

59 

44 

42

0.9

3.6

9.1

6.7  

15.8

4.5

2.2 

3.3

20.7

7.6 

14 

9.2 

25 

20 

17

4

4.5

2.6

8.3 

2.9

5

2.3 

6.7 

20.2

6.3 

17

5.6 

21

11.6 

9

-344

-25

71.4

-24

81.6

- 1 1

-4.5

-103

2.42

17.1 

-21

39.1 

16 

42

47.1

22.8

13.3 

13.5

1

1.3

9.7

11.3 

15
2.4

6.8

4.7

4.8  

6.6

2.5

6.3

20

4

6.3

2

2

4.1

3.8

6.6

1.2 

2 

3

1.8

3.6 

1.8

6.6

12

70  

53

-100

-54

58

66

56

50

71 

36 

63 

45 

28 

-5

25th Percentile; 60

75th Percentile: 74

Median: 64

40.2

57.7

50

15

36

19

44.3

62.7

56.2

4

16

9

4

10

6

-23

40.6

2.42

3.6  

12.3

6.6

2

5.2

3.6

20.1

60.1

50

Appendix 1.4 Calculation of the median percentage change in LASER Doppler parameters on dependency 

in LDS patients.
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Appendix Two

LDF BCV CMBC

Subjects Sex Age Horizontal Elevated %Change Horizontal Elevated %Chang 
e

Horizontal Elevated %Chang

1
2
3

4

5

6
7

8
9

10 
11 
12
13

14

15

65 

28

58

51
58
59

51
52 
22 
58
66 

34  

31 

40  

51

32 

108 

62 

37 

35 

52 

40 

66 

66 

50  

66 

58 

43

33 

55

36

97 

132 

52  

44  

54  

20 

100 
68 

66 

76

98  

43  

29 

70

13
-10
113

41

26

4

-50

52

3

32

15

69

0
-12
27

21
27

34

19

19

49

6
7 

15
17.1 

9.7

8
5.1 

2.9

7

22.5

26

39

23

17

46

4

12
16

22
10.3

13.3

4.5

3.3 

8.2

7

-4

15

21
-11
-6

-33

71

7

29

6
66
-12
14

17

1.5

4.1 

2
2.1 
2.1 
1.1 
6 
9

4.5  

3

6.8
7.3

8.3 

10.9

7.5

1.6
3.8

3.4  

2.6 
2.7

1.5 

5

8.2
4.9  

3

7.4  

7.3

9.5

8.5 

8.2

7

-7

70

24

29

36

-17

-9

9

0

9

0

14

-22
9

25th

75th

Median

34

58

51

39

64

52

44

87

66

2

36

15

7

20
15

9 -5

23 19

16 7

3 -4

19

9

Appendix II. 1 Effect of leg elevation on l a s e r  Doppler parameters in controls subjects
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Appendix Two

LDF BCV CMBC

Subject Sex Age Horizontal Elevated % Change Horizontal Elevated % Change Horizontal Elevated %Chan« 

_________________________ SL_
1
2
3
4

5

6
7

8
9

10 
11 
12
13

14

15

68
60

61

70

75

55

51
58
57

35

67

60

53

77

61

101
68
148

133

435

159

166

103

57

191

80

98

95

312

75

78

97

280

202
296
240

200
347

62

390

319

116

99

451

278

-23

43

89

52

-32

51

20
237

9

104

299

18

4

45

271

5.5 

13 

13 

36 

34

15.7

14.5 

8.1
6.3

12.5

6.7

7.7

12.3 

17.9

6

21
20
30

38

26

19.4

16.9

23.5

7.9 

22
18.5 

7.6  

12.4 

25.2

21

282

54

131

6
-24

24  

17 

190

25 

76 

176 

-1
1

41

250

18

5.4 

11
3.8 
12
9.8 
111 
11.9

9.4  

15
11.1
13.2 

8
18.5

11.3

4.7 

3.4

9

5.2

11
12.1
11.6
14.6

7.7

17.6 

20 
18

7.7

18.6 

13.1

-74

-37

-18
37

-8
23

5

23

-18

17

80

36

-4

1
16

25th

75th

Median

55

68
60

163

103

108

308

240

14
97

45

7

15

13

18

24

21

11
153

41

10
13

11
16

12

-13

23

5

Appendix 11.2 Effect of leg elevation on LASER Doppler parameters in LDS patients.
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Appendix Three

Subject Sex Age OmmHg lOm m Hg 20 mmHg 30m m H g 4 0 mmHg 5 0 mrnHg 60 tnmHg SOmmHg 100 mrnHg

2

3

4

5
6

7

8

9

10 

I I 

12
13

14

15

66

40

62

60

61

27

61

60

58
63

45

43

35
31

40

38.5
31.6  

16.8

20.9  

33

35.6  

18.2 

41.1 

46.4

21.6 

24.3

24.7

32.7

42.9

46.7

42.6  

42.5

13.3

15.9

44.2

38.7

19.4

59.5  

4&8
49.5

23.5

23.3

36.4 

42.1

57.9

53.8

57.9

14.9 

29.6

31.9

41.3  

21.8 

86 2

51.5

49.9  

28 j  
28 8
38.3

45.6  

76.5

52
57.3

17.8 

19.5 

25

35.8

19.1

87.4  

52

57.1 

2&3 
25.3

37.8

41.5

80.9

53.2

62.4

18.7

14.7

19.5 

36.9  

20.1

79.3

46.1

60.4

25.1

24.3  

36 

40

67.4

57.4

59.5  

20.2

14.2 

18

26.1

20.2

69.9  

42.7

59.5

25.9

22.5

33.1

41.9

53.1

54.1

45.8

19.9

14.5

18.3

25.7

14.9

55.3

44.1

53.6

21.9

21.6

35.7

34.7

44.8

42

25.2

13.6

15.7

15.9

19.9 

13

54.7

36.1

33.1

17.9

20.2

27.7  

31.1 

31.5

26.2

12.8

4.7

13.9

16.9

11.7 

9.4

29.9

23.7

19.8

13.1 

15.6

24.1 

20

26.5

Median

IQR

58

(40-61)

33 42  41 38 37

(22-41) (23-47) (29-54) (25-57) (20-60)

33 35 25 17

(20-57) (20-46) (16-33) (13-24)

Appendix III.l Effect of leg compression on l a s e r  Doppler flux in controls subjects (Supine)

Subject Sex Age 0 mmHg lOm niHg 20 nrunHg 30 mmHg 40 mmHg 50 mmHg 60 mmHg 80 mmHg 100 mmHg

1 F 66 29.6 40.2 54.2 67.7 71.9 44.9 37.3 286 16.6

2 F 40 25.7 28.6 35.9 52.8 73 77.3 60 32 20.5

3 F 62 7.6 11.4 15.7 14.2 16.1 17.6 16.1 18.9 16.1

4 F 60 22.2 10.9 22 16 24 31.4 29.3 22 11.6

5 F 61 27.7 32.1 31.9 27.7 23.4 24.7 14.6 14.6 15.5

6 F 27 22.6 34.5 24.1 31.9 41.6 57.7 50.3 37.7 31.8

7 M 61 14.3 17.6 19.9 19.8 19.7 21.1 22.4 17.8 14.7

8 M 60 22.8 24.2 29.3 35.8 49.4 63.2 9^2 77.9 57.3

9 M 58 29.9 328 39.5 50.3 59.3 72 81.4 64.7 44 .4

10 M 63 17.7 17.2 18.8 23.3 26.7 38.2 48.3 35.7 27^
11 F 45 13 14.4 14.9 14.9 23 22.4 25 18.9 17

12 F 43 17.1 17.2 19.8 2^9 27.6 32.3 31.4 2&8 16.7

13 F 35 21.2 21.6 22.6 26 27.8 32.4 34.9 27.5 25.4

14 M 31 16.3 19.8 21.1 239 2T9 34.8 47.1 36.4 29 9
15 M 40 13 15.6 18.9 26.7 35.5 59.5 71.8 44.3 26.1

Median

IQR

58
(40-61)

21

(14-26)
20

(16-32)

22

(19-32)

26
(20-36)

28

(23-49)

35

(25-60)

37

(25-60)

29

(19-38)

21

(16-30)

Appendix III.2 Effect of leg compression on LASER Doppler flux in controls subjects (Sitting)
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Appendix Three

Subject Sex Age OmmHg 10 mmHg 20 mmHg 30 mmHg 40 mmHg 50 mmHg 60 mmHg 80 mmHg 100 mmHg

1

2

3

4

5

6

7

8

9

10 

11 
12

13
14

15

66

40

62

60

61

27

61

60

58
63

45

43

35

31

40

27.5

23.1

1 1 . 2

4.2 

21.9  

32.4

16.2

20.7

20.3 

8

26.2
35.2

8.2

11.4

22.8

40

27.2  

14

2Z3
32.2 
3&8
17.2

17.9 

68 

11.6

17.2 

32.7

27.2 

15.5

26.9

45.9

27.6

12.8

13.1 

38 7
42.8

16.4

27.1 

55

47.2

23.5

11. 6

24.4

48.4

31.9

34.7

21.3

10.7

14.7 

26 8
33.2

23.4

26.4

60.4

65.4

12.9

22.9  

23 j
41.4

33.3

27.5

26.7  

9.4

13.1

12.3

23.5

13.7

14.4

29.6

72.5

29.5

23.1 

17.4

25.6 

26

14.1

22.8

12.7

9.7  

6.9

12.3

21.5

17.5

13.6 

32
29.4  

22.3 

2&3
81

25.7

14.7

20.8

7.9

3.9  

6.6 

8.5 

6.1 

12.2 
12.2
56.7 

22L6

19.4

21.7

55.4  

13.3

7.6  

10.9

7

2.1

7.4

7.8

8.6

7.3

3.9
5.8

18.8

2.3

3.4 

13.2 

3.8

3.2

13.1

3.9 

1

8.6

5.1

7.5 

5

5.3

12.9 

7

3.8

3.6 

4  

2

Median

IQR

58

(40-61)

21 27 28 26 24 22 13 7 5
(11-26) (17-33) (16-46) (21-35) (14-28) (13-28) (8-22) (4-9) (4-8)

Appendix III.3 Effect of leg compression on BCV in controls subjects (Supine)

Subject Sex Age 0  mmHg 10 mmHg 20 mmHg 30 mmHg 40 mmHg 50 mmHg 60 mmHg 80 mmHg 100 mmHg

1 F 66 7.7 17.7 22.5 22.3 67.7 24.9 23.4 13.8 16.7

2 F 40 15 19 14.7 17.7 24.1 28.1 16.6 11.7 11.2

3 F 62 14 3.3 2.5 8.2 5.1 2.7 1.1 4.6 2.7

4 F 60 4.8 11.3 5.3 7.3 6.5 16 9.5 5.3 2.6

5 F 61 9.2 18.3 13 14.8 11.5 9 7.2 7.1 5.3

6 F 27 2.9 0.6 2.4 2.4 2.1 4.5 7.6 3.8 4.8

7 M 61 4.4 6.7 4.7 6 6.3 6.1 6.9 5.4 4.4

8 M 60 12.1 16.2 14.6 12.2 6 6.7 10.9 21.4 9.3

9 M 58 10.8 21.7 15.4 7.4 22.3 11.4 19.3 16.4 14.9

10 M 63 7 2.9 4.7 10 18.2 45 55.1 46.9 51.9

11 F 45 3.2 4.7 6.6 4.9 7.1 3.9 14.3 19.4 11.5

12 F 43 8.9 27.2 26.3 25.1 24.3 10.9 9.4 11.6 10.7

13 F 35 4.2 11.4 17 18.7 27.7 21.3 32.2 333 12.7

14 M 31 1.5 8.5 18.6 238 34.8 26.3 28.1 369 26.1

15 M 40 14.5 16.9 16.4 13.8 16.4 25 27.7 16 16.3

Median

IQR
58

(40-61)

8

(4-12)
11

(5-18)

15

(5-17)

12 16

(6-24)
11

(6-25)

14

(8-28)

14

(5<H)
11

(5-16)

Appendix III.4 Effect of leg compression on blood cell velocity in controls subjects (Sitting)
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Subject Sex Age OmmHg 10 mmHg 20 mmHg 30 mmHg 40 mmHg 50 mmHg 60 mmHg 80 mmHg 100 mmHg

2

3

4

5

6

7

8

9

10
11
12
13
14

15

66

40

62

60

61

27

61

60

58

63

45

43

35

31

40

2.5 

2.8

3

5

6.5 

2.2

3.3 

2.8

2.5 

12.1

2.3 

I

0.4

5.2

3.5

1.8

1.6

I

0.5

3.8

1.2

3.6

4.5 

1.2 

17.1

7.5 

0.8

1.7

5.8 

2.2

2.6

2.9

2.3 

12.6 

1.8

1.1 
15.8

4.3

1.3

8.4 

15.7

3.1

2.1 

0.4

2.4

3.7

3.7 

2.4 

2.9

2.8 

1.6 
3.2 

3.8 
2 

4 

14 

1.6 
4 

0.2 

2.7

4.3

3.5 

2.8

6.5

5.4

1.6 

4

8.7

5.3

1.9 

0.5

1.3

4.9  

0.4

3.4

9

3.8

1.7

4.8  

8.6

3.6

10.6

4.9

8.4

7.5

1.5 

1.4 

2.1 
0.4 

2.1

6.9

3.2

2.9

8.2 

7

4.8  

5

5.8

5.2 

2.1

3

2.6

2.9 

0.6

4.3

9.1

5.2

2.3 

10.8

4.2

5.2 

2.5

8.4 

10.6

6.5 

1.8 

12
12.1 

3 

I I.l

11.6

1.9 

0.5 

14

4.4 

5

4.5

6.4

5.9 

4

4.5 

4.8 
10 

7.1 

15.4

Median

IQR
58

(40-61)

3

(2-5)

2

(1-5)

3

(2-8)

3

(2-4)

4

(2-5)

4

(2 -8)

4

(3-6)

7

(3-11)
5

(4-10)

Appendix III.5 Effect of leg compression on CMBC in controls subjects (Supine)

Subject Sex Age 0  mmHg 10 mmHg 20 mmHg 30 mmHg 40 mmHg 50 mmHg 60 mmHg 80 mmHg 100 mmHg

1 F 66 13.6 5.1 2.4 3.1 3.3 13.9 12.6 13 5

2 F 40 1.9 1.6 2.7 3.3 3.2 2.7 8.4 3.7 2.1

3 F 62 0.5 17.9 18.5 1.9 5.8 13.5 17.9 12 7.7

4 F 60 12.7 3.4 7.1 3 8 2 3.9 7.1 7.2

5 F 61 21.4 4.6 9 8.9 5.7 5.4 8.9 3.9 11

6 F 27 7 22.2 19.3 27.1 25 14.8 15.8 16 7.7

7 M 61 1 8 19.9 11.3 7.2 12.1 6.4 3.8 8

8 M 60 5.2 2.6 3.4 4.9 11.3 13.1 19.3 3.7 7.9

9 M 58 2.3 5.3 6 12.5 3.4 8.8 7.8 9.3 7

10 M 63 0.5 2.4 1.4 1.6 1.5 1.8 1 1.6 0.8

11 F 45 6 4.4 4.1 5.7 7.9 8.2 3.3 2.9 3.7

12 F 43 1.6 0.5 1 1.6 1.7 5.1 5.6 5 4.2

13 F 35 2.4 0.4 1.9 2 1.8 5.3 6.3 2 4.9

14 M 31 8 1.8 0.4 13.9 0.9 1.7 1.7 1.2 2.3

15 M 40 0.7 1 1.2 3.4 2.7 2.4 2.7 5.2 2

Median 58 2.4 3 3.4 3 3 5 6 4 5

IQR (40-61) (1-8) (2-5) (1-9) (2-11) (2-8) (2-13) (3-13) (3-9) (2-8)

Appendix III.6 Effect of leg compression on CMBC in controls subjects (Sitting)

261



Appendix Three

Subject Sex Age OmmHg 10 mmHg 20 mmHg 30 mmHg 40  mmHg 5 0  mmHg 60 mmHg 80 mmHg 100 mmHg

1

2

3

4

5

6

7

8

9

10 

I I 

12

13

14

15

61

64  

39 

76  

68 

74

65

74  

28 
60 
52  

71 

61 

60

75

60
38.4  

110

55.4  

55 

42  

18 

50

49

50 

50 

38 

159 

34 

102

47

40.8 

113

59.8 

66 

40 

23 

57 

60 

39 

83 

52 

156 

39 

129

46

51.7 

120
76.8  

87 

44  

24 

62  

66 

46  

118 

65  

141 

43  

136

43

51.5

133

81.2

81

35

25

55

65

39

115

51
130

45

143

30 

47.9  

131 

81.5 

73

31 
22 

51 

60  

30  

102 
37 

122 
42  

145

28

39

96

83.1

74

25 

20 

44  

56

26 

82 

41 

69  

38 

131

5 

37.9  

78  

73.4  

71 

11 
17 

32  

49 

22 

27 

30  

32  

32 

116

3

30.4

39

59.6

47

3.9

1 1

31

28
1 1

10

19

18

22

54

1.5 

23.2  

26 

48.1 

25 

2 

9 

22 

20 

6 

6 

16 

11 
18 

32

Median

IQR

64

60-74

50

38-60

57

40-83

65

46-118

55

43-115

51

31-102

44

28-82
32

22-71

22

(11-39)

18

(6-25)

Appendix II1.7 Effect of leg compression on LDF in LDS patients (Sitting)

Subject Sex Age 0  mmHg 10 mmHg 20 mmHg 30 mmHg 40  mmHg 50 mmHg 60 mmHg 80 mmHg 100 mmHg

1 F 61 41.5 38.1 45.2 53.2 55 26.7 26.6 24.4 8

2 F 64 17.6 21 38.3 46.2 50 57 57.6 40.2 32.2

3 M 39 10 13 27 40 61 83 88 84 82

4 F 76 30.8 34.8 45.1 64.9 75.5 102.7 102.7 99 64.7

5 F 68 19 32.6 54.7 62 86.7 138 120 134 97

6 M 74 18.4 21.7 2^8 30.3 45 54 49 44 20

7 F 65 7.4 10 15 24 29 32 31 25 18

8 M 74 20 21 23 27 38 43 57 42 26

9 F 28 23 28 33 29 54 61 88 59 33

10 F 60 12 21 24 45 77 117 118 76 37

11 F 52 51 50 59 60 97 119 202 170 64

12 F 71 8.8 13 25 35 49 69 61 43 19

13 F 61 65 109 125 154 178 171 155 84 53

14 F 60 19 24 35 47 64 81 76 56 37

15 M 75 59 66 87 104 135 167 209 175 131

Median 64 19 24 35 46 61 81 88 59 37

IQR 60-74 (12-42) (21-38) (25-55) 30-62 49-87 54-119 57-120 42-99 20-65

Appendix III.8 Effect of leg compression on LDF in LDS patients (Sitting)
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Subject Sex Age OmmHg 10 mmHg 20 mmHg 30 mmHg 40 mmHg 50 mmHg 60 mmHg 80 mmHg 100 mmHg

1

2

3

4

5
6

7

8

9

10 

I 1 

12

13

14

15

61

64  

39  

76  

68 

74

65

74  

28 

60  

52  

71 

61 

60

75

0.9

3.6

9.1

6.7  

15.8

4.5

2.2 

3.3

20.7

7.6 

14 

9.2  

25 

20 

17

2.3

4.1

24.6

47.9

19.7 

6

3.6 

3.5

21.6 

33 

22

10.9 

38 

19 

19

3.1 

5.8
26.9

65.1 

21.6 

8.2 

5.5

2.9  

29.6

48

25

19

37

2 1

19

2

4

30

49.3 

17.2

7.3 

3.6 

2.8 

22 

45 

23 

15 
32 

17 

12

2.1

3.4

23.3 

32 

15 
3.9

3.3

3.4 

24.6

31

19

12

30

17

12

1.3 

3.1 

18

28.2

15.2

3.3

2.3 

3

25.8
34

18

12

18

14

10

0.5

2.8

9.1 

7

13.7

1.2 

1.2

7.2 

27.9

16

3.2  

10

8.3 

12 

7.8

0.3

1.9

4.8 
3.3 

14.4 

0.7 

0.5

5 

20

6 

1

5

3.1

6.7

2.9

0.2

1.4 

3

4.6

2.9 

0.7 

0.2

2.5 

22

5.6  

0.8 

2.2 

2.4

2.9 

0.9

Median

IQR

64

60-74

9

(4 - 17)

19
(4-25)

21

(6-30)

17

(4-30)

15

(3-25)
14

(3- 18) (3- 12)

3

( 1-6 )

2.5

(1-3.5)

Appendix III.9 Effect of leg compression on BCV in LDS patients (Supine)

Subject Sex Age 0 mmHg 10 mmHg 20 mmHg 30 mmHg 40  mmHg 50 mmHg 60 mmHg 80 mmHg 100 mmHg

1 F 61 4 8.5 8.2 9.6 10.4 7.6 6.1 6.3 3.6

2 F 64 4.5 5.5 5.1 5.5 6.6 5 7.6 4.5 4

3 M 39 2.6 4.2 5.3 4.5 6.6 8.3 7.8 5.2 5.6

4 F 76 8.3 14.1 29.9 46.8 24.7 31 45.6 19.3 9.5

5 F 68 2.9 6.9 6.8 6.3 4.3 6.9 9.3 9.5 8.4

6 M 74 5 5 5.3 6 7.7 8.3 7.6 6.6 4.6

7 F 65 2.3 2.5 2.8 3.4 4.2 4.4 4.3 3.2 1.9

8 M 74 6.7 6.8 7.5 9 18.5 28.1 30 13 6.2

9 F 28 20.2 18.9 19 14.2 14 13 18 17 10

10 F 60 6.3 19 21 26 29 18 31 17 17

11 F 52 17 18 19 19 21 23 15 8 16

12 F 71 5.6 4 6.1 8.3 11.4 10.6 10.9 5.8 3

13 F 61 21 28 36 37 47 48 42 8.5 6

14 F 60 11.6 14.2 15.9 16.3 22.4 21.6 20.9 16.3 9

15 M 75 9 9.7 9.2 11 8 11 12.2 10.9 6

Median

IQR

64

60-74

6

(4-12)

9

C!-18)
8

(5-19)

10

(6-19)

11

(7-22)
11

(8-23)
12

(8-30)

9

(6-16)

6

(4-10)

Appendix III. 10 Effect of leg compression on BCV in LDS patients (Sitting)
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Subject Sex Age OmmHg 10 mmHg 20 mmHg 30 mmHg 40 mmHg 50 mmHg 60 mmHg 80 mmHg 100 mmHg

1

2

3

4

5

6

7

8

9

10

11
12
13

14

15

61

64  

39  

76  

68 

74

65

74  

28 

60  

52 

71 

61 

60

75

22.8

13.3 

13.5 

0.1

1.3

9.7

11.3 

15
2.4

6.8

4.7

4.8  

6.6

2.5

6.3

12.7

16.9

4.9  

0.2 

0.8 

6.1

8

5

3.6

2.2

3.9 

9 

5

4.5

6.6

6.1

10.4

5.5

1.6 

2

5.6

4.3  

8.8

2.4

3.5

5.5

3.5 

4.3 

2.1 

7.1

14

19.2

8.3
8.5 

10.8

5.1 

7.9

2

13

1.5 

7.8

4.1

4.4  

2.7 

12

6.1

17.7

12.8 

6

2.2

10.8

6.8

1

3.3

2.2

6

3.6

6.5

2.6 

13.5

14.5 3.2 3.4 1.8

14.6 15.5 17.6 19.2

10.8 14.5 19.3 19.4

6.6 16.8 23.2 19.8

1.7 2.6 1.4 4.6

10 11 7.7 3.1

9.6 15.9 25 35

0.1 5.1 5.2 9.9

3 2 2.4 1.5

2 4.1 2.7 2.6

5.1 12 13 9

4.5 3.2 3.8 9.2

4.2 3.9 6.2 4.5

4.9 4.9 3.8 9.6
14.4 16.1 20.7 34.6

5 5 6 9

(3-11) (3-16) (3-19) (3-19)

Median

IQR

64

60-74

7

(3-13)

5

(4-8)

4

(24% (4-12)

6

(3-11)

Appendix III.l 1 Effect of leg compression on CMBC in LDS patients (Supine)

Subject Sex Age 0 mmHg 10 mmHg 20 mmHg 30 mmHg 40 mmHg 50 mmHg 60 mmHg 80 mmHg 100 mmHg

1 F 61 20 10.6 10.7 8.5 8 6 10.1 10.3 4.3

2 F 64 4 3.9 8.1 13.1 11.2 11.2 13.9 24.1 30

3 M 39 6.3 4.2 9.3 11.6 8.7 16.1 9.1 15 9.5

4 F 76 2 0.3 1 1.5 4.1 9.3 2.5 8.3 13.3

5 F 68 2 1.4 2.7 3.1 8.5 7.6 5 4.3 3.6

6 M 74 4.1 4.7 5 5.1 5.9 6.9 6.8 7 4.4

7 F 65 3.8 4.7 5.7 7.3 7.5 7.9 8.2 8 10.6

8 M 74 6.6 2.7 4 2.6 4.1 8.1 4.9 2.8 2.6

9 F 28 1.2 1.8 2.7 2.1 4 7.4 9.8 5.9 4.5

10 F 60 2 4.9 1.1 3.9 3.9 15.4 5.5 6.4 4.2

11 F 52 3 3.1 3.1 4.7 5.3 20 25 3.9 2.7

12 F 71 1.8 5.1 5.9 4.3 4.4 7.3 8.5 8.3 8.4
13 F 61 3.6 6.2 3.5 5.6 4 4 3.9 11.8 11

14 F 60 1.8 1.7 2.1 5.4 3.1 7.9 9.2 4.1 6.6

15 M 75 6.6 6.9 13.6 9.7 28.2 19.2 22 21.9 28.4
Median 64 4 4 4 5 5 8 9 8 7

IQR 60-74 (2-6) (2-5) (3-8) (3-9) (4-9) (7-15) (5-10) (4-12) (4-11)

Appendix III.12 Effect of leg compression on CMBC in LDS patients (Sitting)
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Appendix Four

No stocking (Horizontal) No stocking (Sitting)

Subject Sex Age LDF BCV CMBC LDF BCV CMBC

2

3

4

5

6

7

8

9

10

M

M

M

F

M

F

F

F

F

M

35

56

33

54

55 

45 

55 

45 

54 

27

7.1

3.1 

0.8

3.1

7.5 

11.0

6.5

3.2 

8.0 

10.1

1.0

1.4 

0.2 

1.0

1.7

2.7

1.4 

0.9

2.4 

1.9

6.3

1.7

3.3

4.8

2.8

4.0 

3.8

3.4

3.0

5.4

1.9

5.7 

0.5 

2.3

5.8

5.6

5.6

1.9

5.0

9.1

0.6

1.6
0.1
1.2
0.6

1.6

1.5

0.6
1.0

1.9

3.1

5.3

3.6

3.5

7.5

3.5

3.7 

3.0

4.6

4.8

25th Percentile 

75thPercentile 

Median

38

55

50

3.1

7.9

6.8

1.0

1.9

1.4

3.1

4.6

3.6

2.0

5.7

5.3

0.6

1.6

1.1

3.5

4.8

3.7

Stocking (Horizontal) Stocking (Sitting)

Subject LDF BCV CMBC LDF BCV CMBC

1

2

3

4

5

6

7

8

9

10

10.6

8.4

1.2

16.7 

5.3

11.8 
7.7 

5.1 

7.6 

12.8

2.2

0.3

2.3

2.4

3.0

2.1

1.3 

2.2

2.3

6.0

3.8

3.5 

7.2

3.9 

4.0

3.6

3.7

3.5

5.5

5.8

9.2

0.7

7.0

7.5

11.2

7.0

2.6 

6.5 

15.2

1.5 

1.7 

0.2

1.5 

2.1

2.9

1.9 

0.7 

1.3 

2.2

3.5 

5.0

3.2

4.5

3.5 

3.8

3.6 

3.4

4.7

7.2

25th

75th

Median

5.9 1.9 3.6 6.0 1.4 3.5

11.5 2.3 5.1 8.8 2.1 4.7

8.1 2.2 3.9 7.0 1.6 3.7

Appendix IV.l Effect of compression stocking on laser Doppler parameters in control subjects
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Appendix Four

No stocking (Horizontal) No stocking (Sitting)

Subject Sex Age LDF BCV CMBC LDF BCV CMBC

1
2
3

4

5

6
7

8
9

10

F

F

F

M

M

F

M

M

F

F

82

45

77

53

74

75 

31 

60 

42 

65

4.5 

6.8
28.5

4.5 

11.8
24.5 

5.3 

34.2 

28.8 

47.8

1.3

1.9

2.7 

0.9

1.7

5.5

1.6
8.8 
5.0 

6.8

3.4

3.5 

10.3 

6.8
6.7 

4.4

3.9

3.9

5.7 

7.0

6.6
4.2

6.7

4.3 

15.9

6.7 

0.5

8.7

6.3 

31.0

1.3

1.3 

1.8 
0.9 

1.6
1.7 

0.2 
2.2
1.7 

5.9

4.7

3.1

3.8

5.2

9.0

3.9

2.7

4.0

3.7 

5.5

25th

75th

Median

47

75

63

5.7

28.7 

18.2

1.6
5.4

2.3

3.9

6.8
5.1

4.8

8.2
6.7

1.3

1.8
1.7

3.7

5.1

4.0

Stocking (Horizontal) Stocking (Sitting)

Subject LDF BCV CMBC LDF BCV CMBC

2
3

4

5

6
7

8
9

10

234
8.7

19.9 

13.4

13.9 

31.2

5.8

47.9

29.0

157.0

4.8

2.3

3.5

2.5

2.3

5.8 

1.2
11.3

5.3

10.3

5.0

3.7

5.7

5.2

6.0
5.4

3.5

4.2 

5.4 

15.0

13.3 

6.6
13.9

30.9

17.0

9.4

1.3 

29.2

9.5

193.0

3.1 

1.6
3.2

4.3

1.3 

1.8 
0.4 

4.6

2.4 

18.0

4.4 

3.7

4.4

7.0 

12.1
5.1

3.1

6.2 
4.0 

10.6
25th

75th

Median

13.5 2.4 4.4 9.4 1.7 4.1

30.7 5.7 5.6 26.2 4.0 6.8

21.7 4.2 5.3 13.6 2.8 4.8

Appendix IV.2 Effect of compression stocking on laser Doppler parameters in LDS patients
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Appendix Four

Horizontal Sitting

Controls Sex Age LDF(%) BCV(%) CMBC% LDF(%) BCV(%) CMBC(%)

2
3

4

5

6
7

8
9

10

M

M

M

F

M

F

F

F

F

M

35

56

33

54

55 

45 

55 

45 

54 

27

49 

171

50 

439 

-29

7

18

59

-5

27

80

57

50

130

41

11
50

44

-8
21

-5

124

6
50

39

0
-5

9

17

2

205

61

40

204

29 

100 
25 

37

30 

67

150

6
100
25

250

81

27

17

30

16

13

-6
-11
29

-53

9

-3

13

2
50

25th Percentile 

75thPercentile 

Median

38

55

50

10.1
57.0

38.0

26.1

55.4

47.2

0.5

33.6

7.4

31.7

91.8 

50.7

lfh8
95.3

28.3

-4.9

13.2

5.4

Horizontal Sitting

LDS Sex Age LDF(%) BCV(%) CMBC% LDF(%) BCV(%) CMBC(%)

2
3

4

5

6
7

8
9

10

F

F

F

M

M

F

M

M

F

F

82

45

77

53

74

75 

31 

60 

42 

65

420

28

-30

198

18

27

9

40

1
228

269

21
30

178

35

5 

0 
28

6 
51

47

6
-45

-24

-10
23

-10
8
-5

114

102
57

107

619

7

40

160

236

51

523

138

23

78

378

-19

6
100
109

41

205

-6
19

16

35

34

31

15

55

8
93

25 th

75th

Median

47

75

63

11.5 

158.3

27.6

9.8

47.4

29.0

-10.4

19.0

0.2

5Z4

216.7

104.5

27.6

131.1

8&9

15.1 

34.6

25.1

Appendix IV.2 Calculation o f the median percentage change in laser Doppler parameters

268



Appendix Five

APPENDIX FIVE

EFFECT OF COMPRESSION ON THE MICROCIRCULATION 

OF THE HEEL

269



Appendix Five

Young healthy subjects Older healthy subjects Patient group

Subject Sex Age Subject Sex Age Subject Sex Age

1 M 41

2 M 36

3 M 40

4 M 29

5 M 35

6 M 31

7 F 30

8 F 27

9 F 32

10 F 30

1 M 69

2 M 62

3 M 65

4 F 74

5 F 72

6 F 64

7 F 67

8 F 67

9 F 65

10 F 78

1 M 61

2 M 37

3 M 47

4 F 83

5 F 78

6 F 85

7 F 61

8 F 66

9 F 51

10 F 69

25tb Percentile 

75tb Percentile 

Median

30

35.75

31.5

65

71.25

67

53.5 

75.75

63.5

Appendix V,1 Age and sex data for the three study groups
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Appendix Five

Weight (g) Og 5Qg lOOg 200g 400g 600g 800g lOOOg 1250g 1500g

Subject Interface pressure (mmHg)

1 0 12 20 25 30 46 57 60 72 73

2 0 10 14 20 32 46 58 75 94 122

3 0 0 0 0 22 44 59 82 140 140

4 0 0 2 9 21 32 40 56 60 125

5 1 2 9 17 34 53 71 85 101 114

6 0 0 0 4 9 22 27 37 46 63

7 0 0 1 12 9 22 52 95 137 169

8 0 4 9 20 43 67 93 103 122 98

9 0 0 3 15 18 29 45 62 98 137

10 5 6 7 16 30 55 62 78 98 112

Median 0 I 5 15.5 26 45 57.5 76.5 98 118

25th Percentile 0 0 1.25 9.75 18.75 29.8 46.75 60.5 77.5 101.5

75th Percentile 0 5.5 9 1&25 31.5 51.3 61.25 84.25 116.8 134

Subject Laser Doppler flux (arbitrary units)

1 272 226 231 218 116 80 22 13 9 11

2 273 270 234 243 134 29 25 16 15 15

3 251 187 190 137 123 19 19 15 11 12

4 288 266 226 216 181 17 19 9 7 8

5 103 122 176 79 20 17 16 14 15 14

6 244 276 264 143 49 22 13 13 18 12

7 161 210 205 196 73 5 6 5 5 5

8 139 100 82 44 20 20 16 17 15 0

9 214 209 207 71 40 18 16 14 15 16

10 180 214 171 157 129 12 10 12 12 12

Median 229 212 206 150 94.5 18.5 16 13.5 13.5 12

25th Percentile 165.8 192.5 179.5 93.5 42.25 17 13.75 12.25 9.5 8.75

75th Percentile 266.8 256 229.8 211 127.5 21.5 19 14.75 15 13.5

Appendix V.2The relationship between applied force (grams), interface pressure (mmHg) and LASER  

Doppler flux (AU) in the young healthy group
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Appendix Five

Weight (g) gO 50g lOOg 200g 400g 600g 800g lOOOg 1250g 1500g

Subject Interface pressure (mmHg)

1 3 8 10 21 47 66 84 102 126 146

2 0 0 9 18 38 47 52 65 75 87

3 0 0 0 17 28 33 49 69 73 77

4 1 1 2 14 23 33 39 43 56 64

5 6 12 15 21 30 40 68 92 113 128

6 0 3 21 38 55 74 94 111 136 162

7 6 12 18 21 34 45 63 73 93 108

8 0 6 8 14 19 36 50 67 81 96

9 0 0 0 12 34 58 74 89 112 136

10 0 2 13 19 25 39 49 62 60 64

Median 0 2.5 9.5 18.5 32 42.5 57.5 71 87 102

25th Percentile 0 0.25 3.5 14.75 25.75 36.75 49.25 65.5 73.5 79.5

75th Percentile 2.5 7.5 14.5 21 37 55.25 72.5 91.25 112.75 134

Subject Laser Doppler flux (AU)

1 287 273 254 246 122 38 31 28 25 28

2 101 92 86 67 29 22 20 18 17 18

3 389 447 498 270 306 170 13 1 1 2

4 243 289 222 203 118 35 33 29 33 26

5 69 17 19 20 12 7 5 3 5 2

6 124 117 141 73 5 3 2 2 2 2

7 407 432 380 789 410 96 32 19 19 16

8 822 889 868 969 729 80 3 1 1 1

9 255 283 228 365 198 28 21 15 13 12

10 350 267 244 107 130 70 5 8 3 1

Median 271 278 236 225 126 37 17 12.5 9 7

25th Percentile 154 155 161 82 51 24 5 2.3 2.3 2

75 th Percentile 379 396 349 341 279 78 29 18.7 18.5 17

Appendix V.3The relationship between applied force (grams), interface pressure (mmHg) and la; 
Doppler flux (AU) in the older healthy group
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Appendix Five

Weight (g) gO SOg lOOg 200g 400g 600g 800g lOOOg 1250g ISOOg

Subject Interface pressure (mmHg)

1 3 7 9 15 31 34 42 54 65 81

2 0 5 9 14 18 26 41 46 72 89

3 0 2 11 22 46 70 91 115 120 135

4 0 0 0 7 25 42 61 85 107 116

5 1 0 2 7 20 23 28 31 45 49

6 0 0 1 10 27 71 90 105 109 107

7 0 0 2 10 18 34 47 70 85 93

8 0 1 4 5 12 30 50 70 72 85

9 2 4 7 13 26 47 66 83 100 112

10 0 6 8 17 28 46 57 72 84 101

Median 0 1.5 5.5 11.5 25.5 38 53.5 71 84.5 97

25th Percentile 0 0 2 7.75 18.5 31 43J5 58 72 86

75 th Percentile 0.75 4.75 8.75 14.75 27.75 46.75 64.75 84.5 105.25 110.75

Subjects Laser Doppler flux (AU)

1 29 35 34 26 10 6 6 6 5 5

2 376 407 367 209 113 79 84 38 33 44

3 174 192 302 230 157 243 126 55 45 22

4 65 87 133 121 85 35 29 22 19 17

5 85 56 65 45 38 40 34 36 32 34

6 204 299 307 212 122 138 126 112 76 61

7 75 76 42 52 23 22 18 24 22 17

8 58 64 80 81 29 20 16 20 21 15

9 169 199 192 115 80 25 19 18 18 13

10 163 241 283 179 214 10 3 3 3 4

Median 124 139.5 162.5 118 8Z5 30 24 23 21.5 17

25th Percentile 67.5 67 68.75 59.25 31.25 20.5 16.5 18.5 18.25 13.5

75th Percentile 172.75 230.5 297.25 201.5 119.75 69.25 71.5 37.5 32.75 31

Appendix V.4The relationship between 
Doppler flux (AU) in the patient group

applied force (grams), interface pressure (mmHg) and LASER
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Appendix Five

Interface pressure (mmHg)

Subject Air AB 5 mmHg AB 10 mmHg AB 20 mmHg AB 30 mmHg NHS

1

2

3

4

5

6

7

8

9

10

40

18

35

50

3

3

13

30

21

61

74

80

60

84

51

35

21
60

37

67

89

81

72

104

98

55

44

123

61

92

104

81

89

106

98

60

56

128

67

98

98

141

63

112

57

65

22

135

52

93

Median 

25th Percentile 

75th Percentile

0

0

0.75

25.5

14.25

38.75

60

40.5

72.25

85

63J5

96.5

93.5

70.5

102.5

79

58.5

108.5

Laser Doppler flux (AU)

Subject Air AB 5 mmHg AB 10 mmHg AB 20 mmHg AB 30 mmHg NHS

2

3

4

5

6

7

8

9

10

134

408

251

1069

169

513

61

139

158

180

54

13

50

672

824

49

96

9

20

17

9

16

13

83

20

17

50

15

12

12

15 

12 

1 1  

32 

19 

10 

83 

12

16 

13

7 

1 1  

11 
36

13

8 

12

14 

16 

12

14

13

12

17

36

13

55

8

16

12

Median 

25th Percentile 

75th Percentile

174.5

143.75

368.75

49.5

17.75

8 5 j

15.5

12.25

19.25

14

12

18.25

12

11
13.75

13.5

12.25

16.75

Appendix V.SThe effect of bed surface type on interface pressure (mmHg) and LASER Doppler flux (AU)
in the healthy young group.
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Appendix Five

Subject Air AB 5 mmHg

Interface pressure (mmHg)

AB 10 mmHg AB 20 mmHg AB 30 mmHg NHS

2

3

4

5

6

7

8

9

10

66

26

20

25

39

52

4

14

49

30

105

84

87

42

60

67

68 

28 

83 

51

136

90

105

52

59 

99 

69

60 

84 

58

151

110

84

98

60

108

89

102
89

69

154

105

110

64

23

60

63

132

87

57

Median 

25th Percentile 

75th Percentile

0

0

0.75

28

21.25

46.5

67.5

53^5
83.75

76.5

5&25
96.75

93j
85.25

106.5

75.5

60.75

108.75

Laser Doppler flux (AU)

Subject Air AB 5 mmHg AB 10 mmHg AB 20 mmHg AB 30 mmHg NHS

2

3

4

5

6

7

8

9

10

303

209

228

293

58

844

177

224

105

153

298

115

14 

34 

9

15 

114 

553 

90

16

34

14

8

32

8

14

30

56

16

4

22

17

5

30

6 

15 

24 

89 

28 

1 1

18

17

8

32

4

14 

22 

48

15 

3

20

18

8

17

1
13

13

29

Median 

25th Percentile 

75th Percentile

216.5

159

276.75

62

15.25

114.75

15

9.5

31.5

19.5

12

27

16

9.5

21

15

10

18

Appendix V.6The effect of bed surface type on interface pressure (mmHg) and LASER Doppler flux (AU)
in the healthy older group.

275



Appendix Five

Interface pressure (mmHg)

Subject Air AB 5 mmHg AB 10 mmHg AB 20 mmHg AB 30 mmHg NHS

1

2

3

4

5

6

7

8

9

10

26

33 

60 

53

34 

22 

26 

20 

68 

36

45

57

77

74

50

34

19

29

87

62

68

83

102

98

65

54

34

35 

90

99

75

110

1 1 1

89

77

44

48

28

85

100

57 

52 

127 

86

58 

26 

70 

36 

131 

90

Median 

25th Percentile 

75th Percentile

33j
26

48.75

53.5

36J5

71

75.5

56.75

96

81

54.75

97.25

64

53.25

89

Laser Doppler flux (AU)

Subject Air AB 5 mmHg AB 10 mmHg AB 20 mmHg AB 30 mmHg NHS

2

3

4

5

6

7

8

9

10

36

538

149

24

57

204

71

7

393

582

15

44

60

155

35

27

40

39

7

42

4

45

26

7 

28 

23

8 

15 

9 

2

4

37

20

8

24

16

3

19

8

1

4

44

19

9

21

15

1

21

5

0.5

5

3 

12 

10 

22 

41 

5

25

9

4

Median 

25th Percentile 

75th Percentile

110

41.25

345.75

39.5

29

43j

12

7J5
2525

12

5

19.75

12

4.25

20.5

9.5 

5

19.5

Appendix V.TThe effect of bed surface type on interface pressure (mmHg) and laser Doppler flux
in the patient group group

(AU)
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Appendix Six

Subject Sex Age IFV DFV BFV EFV TDFV

10
1 1

12

13

14

15

16 

17

F

M

F

F

M

M

F

F

M

F

F

F

F

M

F

F

M

50

33

30

29 

78 

60

30 

60

56 

78

77 

72

57 

67

78 

62 

55

0.52

0.17

0.02

0.59

0.69

0.17

&23

0.50

0^9
0.60

0.75

0.23

0.11

0.17

0.57

0.10

0.44

-0.17

-0.39

-0.15

- 0.10

- 0.86

- 0.66

-0.78

-0.63

-1.25

-0.39

-0.82

- 0.20

-0.30

-0.50

-0.29

-0.16

-0.18

283 2.63 -0.21

323 2.71 -0.52

5.32 5.13 -0.19

322 326 0.04

229 1.73 -0.56

2.92 269 -0.23

11.67 11.13 -0.54

6^4 6.15 -0.69

3.07 1.78 -1.30

0^2 &65 -0.18

3.12 2.90 -0.23

1.87 1.57 -0.30

2.64 220 -0.34

2.60 229 -0.21

222 2.37 -0.36

1.54 1.30 -0.24

2.18 2.07 -0.12

229 1.78 -0.52

3.22 2jW -0.21

2.83 229 -0.24

25th Percentile 

75th Percentile 

Median

50.00 0.17 -0.66

72.00 0.59 -0.18

60.00 &44 -029

Appendix VI. 1
subjects.

Effect of IPC by sequential compression device (SCD) on foot volume in seventeen

Abbreviations:
IFV, increase in foot volume during cuff inflation (mean of six peaks: three randomly selected during the 
10 minute period of intermittent compression of each limb)
DFV, decrease in foot volume following each cuff inflation (mean of the six corresponding troughs)
BFV, basal foot volume at the start of IPC
EFV, end foot volume (foot volume at the end of IPC)
TDFV, total difference in foot volume (this is the difference between BFV and EFV)
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Appendix Six

Subject Sex Age IFV DFV BFV EFV TDFV

1

2

3

4

5

6

7

8

9

1 0  

1 1  

12

13

14

15

16 

17

F

M

F

F

M

M

F

F

M

F

F

F

F

M

F

F

M

50

33

30

29 

78 

60

30 

60

56 

78

77 

72

57 

67

78 

62 

55

1.05

0.30

0.14

0.51

1.74

0.50

0.30

0.87

&88

&32

1.76

Œ26

0.26

&37

0.34

0.41

1.32

-0.53

-0.14

-0.05

-0.04

-0.33

-0.47

-0.24

-0.63

-0.56

- 0.21

-032

-0.06

-0.18

-0.39

-0.13

-0.04

0.01

283 2.94 0.11

3.20 283 -0.38

4.70 4.63 -0.07

3^2 323 -0.20

2.92 249 -0.43

3.12 242 -0.70

10.28 10.38 0.11

14.85 15.32 0.47

2.69 2.61 -0.08

0.79 026 -0.03

2.77 2.73 -0.04

1.77 1.64 -0.13

2.61 2.42 -0.19

238 2.55 -0.04

2.67 233 -0.14

1.60 1.43 -0.18

1.91 2.13 0.22

238 242 -0.19

3.20 294 -0.03

2.77 235 -0.08

25th Percentile 

75 th Percentile 

Median

50.00 0.30 -0.39

72.00 0.88 -0.06

60.00 0.41 -0.21

Appendix VI.2
subjects.

Effect of IPC by the single chamber device (Venodyne) on foot volume in seventeen

Abbreviations:
IFV, increase in foot volume during cuff inflation (mean of six peaks: three randomly selected during the 
10 minute period of intermittent compression of each limb)
DFV, decrease in foot volume following each cuff inflation (mean of the six corresponding troughs)
BFV, basal foot volume at the start of IPC
EFV, end foot volume (foot volume at the end of IPC)
TDFV, total difference in foot volume (this is the difference between BFV and EFV)
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Appendix Seven

APPENDIX SEVEN

THE HAEMODYNAMIC EFFECTS OF TED STOCKINGS AND 

THE FOOTPUMP

Abbreviations used in this appendix:
(SGP data: Tables VII. 1 - VII.4; Duplex data: Tables VII.5 - VIL22)

FP = footpump
SGP = Strain gauge plethysmography 
YD = Vein diameter
DV-FP = Vein diameter during footpump inflation 
Area = Cross sectional area of the vein
Area-FP = Cross sectional area of the vein during footpump inflation 
FV = Flow velocity
FV-FP = Flow velocity during footpump inflation 
VF = Volumetric flow
VF- FP = Volumetric flow during footpump inflation 
LQ = lower quartile 
UQ = Upper quartile
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Supine- No FP Supine - FP 45° recumbent - FP Sitting - FP
subject sex age start end difference start end difference start end difference start end difference

1 M 31 225 1.83 -0.42 230 230 0.00 230 2.18 -0.02 238 230 -0.08
2 M 46 2.51 8.11 5.60 2.17 226 0.09 237 1.67 -0.70 235 2.12 -0.23
3 M 38 17.30 19.80 2.50 16.00 17.30 1.30 16.10 16.50 0.40 16.50 15.80 -0.70
4 F 29 Z42 282 0.40 253 4.09 1.56 3.12 3.90 0.78 2.30 4.23 1.93
5 F 46 5.34 7.67 233 5.12 533 0.11 5.26 5.34 0.08 5.50 6.47 0.97
6 F 31 16.30 21.80 5.50 16.40 17.70 1.30 16.20 16.50 0.30 16.50 15.80 -0.70
7 M 39 4.60 4.31 -0.29 4 J y 282 -0.47 4.65 3.60 -1.05 4.68 438 0.20
8 M 37 4.54 4.21 -0.33 4.50 284 -0.66 4.52 4.24 -0.28 3.15 334 0.39
9 F 31 4 J8 4.36 -0.02 4.47 438 -0.19 4.46 4.63 0.17 4.45 432 0.07
10 M 39 23.76 23.89 0.13 23.48 23.67 0.19 24.10 2285 -0.25 23.98 2223 -0.75
11 F 32 4.79 4 J4 -0.40 4.78 4.41 -0.37 4.85 4.78 -0.07 432 5.65 033
12 M 31 24.46 24.07 -0.39 22.72 2236 -0.46 2243 2332 -0.11 19.34 20.44 1.10
13 M 21 246 2.14 2.47 2.17 -0.30 2.57 2.64 0.07 2.42 2.60 0.18
14 F 30 2J2 2.47 -0.05 2.46 2.46 0.00 2.46 2.55 0.09 2.51 2.77 0.26
15 M 29 2.47 2.15 -0.32 2.46 2.16 -0.30 2.57 2.42 -0.15 2.47 233 0.51
16 M 36 12.97 11.53 -1.44 13.56 12.19 -1.37 13.86 14.09 0.23 13.81 19.31 5.50
17 F 36 19.29 17.73 -1.56 19.15 18.23 -0.92 18.70 19.74 1.04 18.07 21.94 337
18 F 32 13.97 11.73 -2.24 14.15 13.72 -0.43 14.23 12.57 -1.66 17.39 21.77 438
19 F 38 3Œ33 26.69 -3.64 30.60 29.69 -0.91 31.24 2294 -2.30 16.76 22.99 633
20 M 38 3.18 281 0.63 3.17 3.61 0.44 3.13 3.53 0.40 223 4.32 1.09

mean 34 9.99 10.28 0.28 8.76 8.73 -0.03 8.91 8.94 0.03 8.54 9.33 0.79
LQ  ̂ 31 2.52 3.56 -0.41 2.52 3.32 -0.46 2.98 3.31 -0.26 2.50 3.40 0.03
UQ 38 16.55 18.25 0.46 16.10 17.40 0.13 16.13 16.50 0.25 16.57 19.59 1.31

Median 34 4.70 6.03 -0.31 4.64 4.35 -0.25 4.75 4.71 0.03 4.75 5.27 0.45

Appendix VII.l SGP data of the test (right) leg without stocking in the three study positions. Start = SGP reading at start of 10 minute recording period;
End = SGP readind at end of 10 minute recording period; Difference = difference between ‘start’ and ‘end’ readings.
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Supine- No FP Supine - FP 45° recumbent - FP Sitting - FP
subject start end difference start end difference start end difference start end difference

1 235 2.40 0.05 226 1.61 -0.65 2.55 230 -0.25 2.42 4.09 1.67
2 228 1.44 -0.84 3.52 332 -0.20 3.43 2.11 -1.32 338 1.65 -1.73
3 933 11.03 1.70 10.00 11.05 1.05 16.78 17.98 1.20 16.15 16.60 0.45
4 2.56 6.81 4.25 1.97 3.05 1.08 1.90 1.80 -0.10 230 2.20 -0.10
5 536 6.81 1.55 5.19 538 0.09 5.19 4.67 -0.52 6.24 6.63 0.39
6 9.21 11.03 1.82 10.78 11.08 0.30 16.80 17.80 1.00 16.50 16.80 0.30
7 4.65 4.25 -0.40 4.58 3.56 -1.02 4.66 3.16 -1.50 4.68 4.97 0.29
8 3.11 2.47 -0.64 3.09 2.53 -0.56 3.11 3.19 0.08 4.11 3.81 -0.30
9 4.45 4.35 -0.10 4.52 3.91 -0.61 4.46 4.30 -0.16 438 432 0.24
10 24.38 24.14 -0.24 24.02 24.06 0.04 24.02 2337 -0.15 23.63 23.40 -0.23
11 4.81 3.99 -0.82 432 4.40 -0.42 4.81 4.37 -0.44 5.49 5.45 -0.04
12 23.90 23.65 -0.25 2299 23.52 -0.47 23.65 23.67 0.02 23.60 24.70 1.10
13 238 2.30 -0.08 258 1.80 -0.78 2.40 2.55 0.15 234 23% 0.08
14 2.50 235 -0.15 2.50 238 -0.12 2.51 233 -0.18 2.53 2.91 0.38
15 2.48 1.92 -0.56 2.44 2.11 -0.33 2.41 2.53 0.12 2.46 2L83 0.30
16 13.79 12.72 -1.07 13.29 10.32 -2.97 13.49 12.37 -1.12 13.63 14.93 1.30
17 19.24 17.46 -1.78 18.86 16.67 -2.19 1836 18.34 -0.52 18.07 23.61 5.54
18 14.41 10.25 -4.16 14.74 22.14 7.40 14.18 11.96 -2.22 14.74 20.94 &20
19 15.63 14.65 -0.98 15.95 10.20 -5.75 15.28 11.87 -3.41 13.34 15.87 233
20 333 3.07 -0.26 3.07 3.07 0.00 3.97 3.15 -0.82 3.09 230 -0.29

mean 8.04 8.18 0.14 8.14 7.69 -0.46 8.88 8.67 -0.22 8.98 9.55 0.57
LQ 2.55 2.45 -0.83 2.95 2.92 -0.68 2.97 2.55 -0.90 3.03 2.92 -0.05
UQ 13.95 11.45 -0.05 13.65 11.06 0.05 15.66 13.73 0.04 15.09 16.65 1.15

Median 4.73 5.58 -0.26 4.70 4.16 -0.38 4.74 4.34 -0.22 5.09 5.21 0.30

Appendix VII.2SGP data of the test (right) leg with TED stocking in the three study positions Start = SGP reading at start of 10 minute recording period;
End = SGP readind at end of 10 minute recording period; Difference = difference between ‘start’ and ‘end’ readings.
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Supine- No FP Supine - FP 45° recumbent - FP Sitting - FP
Subject start end difference start end difference start end difference start end difference

1 3.40 239 -0.51 235 230 -0.05 2.80 2.93 0.13 2.95 3.01 0.06
2 3.55 934 639 3.19 338 0.69 339 2.45 -0.94 337 239 -0.48
3 4.70 5.76 1.06 4.80 536 1.06 4.80 5.30 0.50 5.60 7.30 1.70
4 337 3.16 -0.21 3.41 4.65 1.24 3.62 4.46 0.84 3.45 4.02 0.57
5 5.52 7.12 1.60 5.41 5.61 0.20 5.46 5.85 0.39 5.37 5.84 0.47
6 3.70 4.60 0.90 330 4.60 0.80 330 4.30 0.50 3.60 5.30 1.70
7 4.20 3.79 -0.41 3.75 2.61 -1.14 4.24 338 -0.66 4.30 4.70 0.40
8 4.24 3.72 -0.52 4.20 332 -0.48 4.20 432 0.12 2.70 4.45 1.75
9 4.12 4.23 O il 4.24 4.06 -0.18 4.05 4.44 0.39 4.25 4.58 0.33
10 24.01 23.76 -0.25 23.95 24.37 0.42 24.48 24.78 0.30 23.72 25.37 1.65
11 4.48 4.21 -0.27 4.46 4.38 -0.08 4.51 4.57 0.06 4.51 5.74 1.23
12 24.21 23.83 -0.38 23^9 23.93 -0.16 23.81 25.97 2.16 19.46 20.76 1.30
13 235 2.00 -0.35 233 2.16 -0.22 2.48 2.71 0.23 234 3.40 1.06
14 2.45 232 -0.23 235 2.42 0.07 235 2.35 0.00 2.40 239 0.19
15 2.31 1.88 -0.43 233 1.99 -0.34 2.41 2.51 0.10 2.47 4.30 1.83
16 23.42 17.98 -5.44 25.17 19.89 -5.28 2436 23.10 -1.76 25.56 3834 12.78
17 15.50 14.50 -1.00 15.10 14.57 -0.53 15.10 16.28 1.18 15.06 18.45 339
18 16.93 13.87 -3.06 16.93 15.56 -1.37 16.93 16.93 0.00 17.39 2636 &97
19 21.14 23.00 1.86 21.14 22.20 1.06 21.14 22.74 1.60 2.44 3.54 1.10
20 3.35 4.54 1.19 335 4.18 033 333 3.95 0.62 3.37 4.02 0.65

mean 7.97 7.97 0.00 7.91 7.68 -0.23 8.02 8.23 0.21 7.71 9.47 1.76
LQ 3.39 3.58 -0.45 3.31 3.49 -0.38 3.38 3.42 0.05 2.89 3.90 0.45
UQ 15.86 14.03 0.94 15.56 14.82 0.72 15.56 16.44 0.53 7.97 10.09 1.71

Median 4.22 4.57 -0.26 4.22 4.49 -0.07 4.22 4.45 0.27 3.93 4.64 1.17

Appendix VII.3SGP data of the control (left) leg without stocking in the three study positions Start = SGP reading at start of 10 minute recording period;
End = SGP readind at end of 10 minute recording period; Difference = difference between ‘start’ and ‘end’ readings.
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Supine- No FP Supine - FP 45°]recumbent - FP Sitting - FP
Subject start end difference start end difference start end difference start end difference

1 3.50 3.60 0.10 338 4.08 0.50 3.21 3.70 0.49 3.45 2.27 -1.18
2 3.51 5.05 1.54 235 1.67 -0.58 2.65 338 1.03 2.29 2.23 -0.06
3 10.00 10.11 0.11 9.70 9.70 0.00 19.45 20.20 0.75 19.32 19.65 0.33
4 3.11 3.74 0.63 333 3.40 -0.13 336 3.66 0.30 337 5.79 2.52
5 5.59 7.59 2.00 5.20 5.81 0.61 5.45 538 0.43 5.65 5.73 0.08
6 10.99 10.88 -0.11 9.70 9.75 0.05 19.50 20.00 0.50 19.20 19.50 0.30
7 4.23 3.62 -0.61 4.23 236 -1.57 4.23 3.76 -0.47 4.29 4.80 0.51
8 2.63 1.76 -0.87 2.59 2.19 -0.40 2.61 2.70 0.09 2.61 2.70 0.09
9 4.16 4.00 -0.16 4.25 3.92 -0.33 4.22 4.48 0.26 4.37 4.91 0.54
10 24.65 24.38 -0.27 24.38 24.26 -0.12 24.38 2436 -0.12 23.89 24.00 0.11
11 4.51 338 -0.63 4.48 4.21 -0.27 4.47 4.03 -0.44 5.34 5.68 0.34
12 23.70 23.42 -0.28 24.49 24.54 0.05 24.10 24.10 0.00 24.06 25.58 1.52
13 235 233 -0.02 232 2.07 -0.25 232 235 0.23 2.48 2.67 0.19
14 2.42 235 -0.07 2.40 2.37 -0.03 2.40 235 -0.05 2.43 3.54 1.11

15 2.45 1.68 -0.77 2.45 2.14 -0.31 2.42 2.61 0.19 2.46 2.62 0.16
16 25.21 26.81 1.60 24.94 34.94 10.00 25.25 30.45 5.20 24.86 21.81 -3.05
17 15.31 13.79 -1.52 15.06 14.13 -0.93 14.92 15.70 0.78 15.06 18.57 3.51
18 17.12 11.46 -5.66 17.50 26.60 9.10 16.93 14.33 -2.60 17.50 26.71 931
19 2.43 236 -0.17 2.45 1.94 -0.51 2^3 2.07 -0.39 2.46 3.48 1.02
20 343 3.43 0.00 3.37 3.43 0.06 333 3.74 0.51 339 3.42 0.03

mean 8.72 8.76 0.04 8.56 8.93 0.37 9.70 10.24 0.54 9.71 10.12 0.41
LQ 2.99 3.16 -0.62 2.56 2.33 -0.35 2.64 3.42 -0.07 2.58 3.24 0.09
UQ 12.07 11.03 0.10 11.04 10.85 0.05 17.56 16.78 0.50 17.93 19.54 1.04

Median 4.20 3.94 -0.14 4.24 4.00 -0.12 4.23 3.90 0.25 4.33 5.30 0.32

Appendix VI1.4 SGP data of the control (left) leg without stocking in the three study positions Start = SGP reading at start of 10 minute recording period; End = SGP
readind at end of 10 minute recording period; Difference = difference between ‘start’ and ‘end’ readings.
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Appendix Seven

Subject VD VD-FP Area Area-FP FV FV-FP VF VF-FP

1 4.70 6.40 0.17 0.32 0.19 0.59 3.30 18.98

2 4.00 4.00 0.13 0.13 0.25 038 3.14 7.29

3 6.30 6.80 0.31 036 0.20 0.56 6.23 20.34

4 4.70 5.10 0.17 0.20 0.23 0.52 33^ 10.62

5 4.00 4.10 0.13 0.13 0.13 0.22 1.63 2.90

6 6.30 7.10 0.31 0.40 0.23 038 7.17 11.09

7 6.00 6.00 &28 038 0.09 0.14 234 3.96

8 4.10 4.00 0.13 0.13 0.06 0.08 0.79 1.01

9 5.00 5.20 0.20 0.21 0.10 0.10 1.96 2.12

10 8.00 8.40 0.50 0.55 0.13 0.24 6.53 13.30

11 5.40 6.40 0.23 0.32 0.04 0.13 &92 4.18

12 6.60 7.00 0.34 038 0.13 0.14 4.45 5.39

13 3.50 5.00 0.10 0.20 0.07 0.37 0.67 7.26

14 5.30 5.30 0.22 0.22 0.12 0.23 2.65 5.07

15 5.50 6.10 0.24 0.29 0.04 0.15 0.95 438

16 5.10 5.10 0.20 0.20 0.16 0.21 3.27 439

17 5.60 5.60 0.25 0.25 0.14 0.14 3.45 3.45

18 5jW 5.90 0.26 0.27 0.09 0.15 238 4.10

19 &20 7.00 0.30 0.38 0.12 0.27 332 10.39

20 7.50 8.10 0.44 0.52 0.15 0.22 6.63 11.34

Mean 5.48 5.93 0.25 0.29 0.13 0.27 3.31 7.57

LQ 4.70 5.10 0.17 0.20 0.09 0.14 1.88 4.07

UQ 6.23 6.85 0.30 0.37 0.17 0.30 4.10 10.74

Median 5.45 5.95 0.23 0.28 0.13 0.22 3.21 5.23

Appendix VII.5 Data of superficial femoral vein (SFV) without stocking in the supine position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow FIow-FP

1 8 90 9.30 0.62 038 0.11 0.39 634 26.49

2 6jW 7.40 0.36 0.43 0.10 0.36 3.63 15.48

3 &20 9.10 0.53 0.65 0.12 0.36 6.34 23.41

4 4.30 5.00 0.15 0.20 0.21 0.32 3.05 638

5 4.50 5.00 0.16 0.20 0.08 0.27 1.27 5.30

6 8.30 830 0.54 0.54 0.13 0.22 7.03 11.90

7 8.70 10.20 0.59 0.82 0.10 0.35 5.94 28.60

8 3.60 3.50 0.10 0.10 0.00 0.10 0.00 0.96

9 7.30 7.70 0.42 0.47 0.00 0.10 0.00 4.66

10 8.60 8.50 038 0.57 0.11 0.22 639 12.48

11 6.50 6.90 033 0.37 0.20 039 6.64 10.84

12 8.00 830 0.50 0.53 0.10 0.26 5.03 13.73

13 8jW 9.00 0.61 0.64 0.07 0.14 436 8.91

14 8.10 8.10 0.52 0.52 0.12 0.13 6.18 6.70

15 8.10 8.50 0.52 0.57 0.00 0.31 0.00 17.59

16 8.60 830 0.58 0.61 0.07 0.21 4.07 12.77

17 6.90 7.30 0.37 0.42 0.19 0.45 7.10 18.83

18 7.10 7.40 0.40 0.43 0.10 0.31 3.96 13.33

19 8.10 830 032 0.54 0.15 033 7.73 12.44

20 7.90 10.20 0.49 032 O il 0.35 5.39 28.60

Mean 7.37 7.84 0.44 0.50 0.10 0.27 4.54 13.97

LO 6.88 7.38 0.37 0.43 0.08 0.22 3.49 8.35

UQ 8.38 8.85 0.55 0.62 0.12 0.35 6.45 17.90

Median 8.05 8.25 0.51 0.53 0.11 0.28 5.21 12.63

Appendix VII.6 Data of superficial femoral vein (SFV) without stocking in the 45° recumbent position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow Flow-FP

1 10.60 11.00 088 0.95 0.08 0.87 7.06 8228

2 6.00 6.10 028 0.29 0.00 0.12 0.00 3.51

3 11.40 12.10 1.02 1.15 0.00 0.60 0.00 6899

4 9.00 10.60 0.64 0^8 0.09 1.45 5.73 127.96

5 5.10 5.00 020 0.20 0.00 0.41 0.00 8.05

6 9.20 9.30 0.66 0.68 0.09 0.63 598 42.80

7 13.00 13.10 1.33 1.35 0.00 029 0.00 52.57

8 6.20 6.20 0.30 0.30 0.20 023 6.04 25.06

9 8.30 8.40 0.54 0.55 0.00 0.22 0.00 12.19

10 10.40 10.10 0.85 0.80 0.00 0.98 0.00 7822

11 7.50 7.90 0.44 0.49 0.08 0.21 323 10.29

12 &80 9.00 0.61 0.64 0.13 1.38 7.91 87.79

13 7.80 7.60 0.48 0.45 0.05 0.66 2.39 2994

14 8^0 8.60 0.57 0.58 0.00 028 0.00 16.26

15 9.80 11.10 0.75 0.97 0.00 1.11 0.00 107.41

16 10.50 10.60 0.87 0^8 0.00 0.51 0.00 45.01

17 7.50 7.80 0.44 0.48 0.03 0.10 1.33 428

18 8.80 9.50 0.61 0.71 0.00 0.65 0.00 46.07

19 9.10 9.20 0.65 0^6 0.11 0.64 7.15 42.54

20 13.70 13.90 1.47 1.52 0.10 0.71 14.74 107.74

Mean 9.06 9.36 0.68 0.73 0.05 0.64 3.09 50.01

LO 7.73 7.88 0.47 0.49 0.00 0.36# 0.00 15.25

UQ 10.43 10.70 0.85 0.90 0 # 0.84 6.00 79.56

Median 8.90 9.25 0.62 0.67 0.02 0.64 0.66 43.90

Appendix VII.7 Data of superficial femoral vein (SFV) without stocking in the sitting position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow Flow-FP

1 3.60 330 0.10 0.11 0.19 0.47 1.93 5.33

2 1.60 1.60 0.02 0.02 0.35 0.37 0.70 0.74

3 4.30 430 0.15 0.18 033 0.66 4.79 11.94

4 4.50 4.70 0.16 0.17 0.33 0.53 5.25 9.20

5 2.30 330 0.04 0.11 0.10 0.18 0.42 2.04

6 5.00 5.50 0.20 0.24 0.17 0.33 3.34 7.84

7 4.30 4.40 0.15 0.15 0.19 1.40 2.76 21.29

8 2.40 2.60 0.05 0.05 0.00 0.10 0.00 0.53

9 4.50 4.60 0.16 0.17 0.09 0.14 1.43 233

10 6.10 6.50 039 033 0.11 0.27 3.21 8.96

11 5 80 6.70 036 0.35 0.09 0.23 238 8.11

12 5.60 5.80 0.25 0.26 0.14 0.16 3.45 4.23

13 330 3.30 0.09 0.09 0.15 0.22 1.28 1.88

14 6.20 6.60 0.30 0.34 0.18 032 5.43 7.53

15 6.60 6.90 0.34 0.37 0.05 0.16 1.71 5.98

16 5.40 5.30 033 0.22 0.20 0.24 4.58 539

17 6.30 7.30 0.31 0.42 0.19 0.22 5.92 9.21

18 5.10 6.70 0.20 0.35 0.11 0.21 235 7.40

19 530 5.50 032 0.24 0.19 0.34 4.19 8TW

20 8.10 8.10 0.52 0.52 0.31 0.42 15.97 21.64

Mean 4.82 5.23 0.20 0.24 0.17 0.34 3.55 7.48

LO 4.13 4.25 0.13 0.14 0.11 0.20 1.64 3.75

uo 5.88 6.63 0.27 0.34 0.19 * 0.38 4.63 9.02

Median 5.05 5.40 0.20 0.23 0.18 # 0.24 2.99 7.47

Appendix VII.8 Data of superficial femoral vein (SFV) with TED stocking in the supine position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow Flow-FP

1 9.50 9.90 0.71 0.77 0.10 0.51 7.09 3936

2 6.60 630 0.34 0.36 0.09 0.16 338 5.81

3 7.30 7.30 0.42 0.42 0.11 0.26 4.60 10.88

4 4.10 4.50 0.13 0.16 0.29 0.42 333 668

5 330 3.00 0.09 0.07 0.06 0.29 0.51 2.05

6 7.60 7.80 0.45 0.48 0.11 0.23 4.99 10.99

7 9 20 9.20 0.66 0.66 0.12 0.21 7.98 13.96

8 330 4.10 0.11 0.13 0.06 0.10 0.68 1.32

9 6.80 7.10 036 0.40 0.00 0.09 0.00 336

10 8.00 830 0.50 0.61 0.08 032 4.02 13.38

11 6.20 6.40 0.30 032 0.27 0.29 8.15 933

12 7.10 7.60 0.40 0.45 0.15 0.36 5.94 16.33

13 830 9.80 0.61 0.75 0.18 033 10.95 17.35

14 7.50 7.70 0.44 0.47 0.06 0.18 265 838

15 8.90 9.10 0.62 0.65 0.20 0.63 12.44 40.97

16 8.00 8.00 0.50 0.50 0.14 0.32 7.04 16.08

17 6.90 7.30 0.37 0.42 0.21 0.59 7.85 24.69

18 690 7.10 0.37 0.40 0.13 0.37 436 14.65

19 7.80 7.90 0.48 0.49 0.21 0.27 10.03 13.23

20 8.40 0.84 0.55 0.01 0.25 0.45 13.85 0.25

Mean 7.14 7.01 0.42 0.43 0.14 0.31 6.03 13.46

LQ 6.75 6.70 0.36 0.35 0.09 0.22 3.64 6.46

UQ 8.10 8.20 0.52 0.53 0.20 0.38 8.02 16.15

Median 7.40 7.45 0.43 0.44 0.13 0.28 5.46 12.11

Appendix VII.9 Data of superficial femoral vein (SFV) with TED stocking in the 45° recumbent position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow Flow-FP

1 &80 11.50 0.75 1.04 0.11 0.66 830 6835

2 5.00 5.00 0.20 0.20 0.00 0.00 0.00 0.00

3 11.40 12.00 1.02 1.13 0.08 1.19 8.17 134.59

4 8.00 9.10 0.50 0.65 0.10 0.98 5.03 63.74

5 2.90 3.10 0.07 0.08 0.00 1.19 0.00 898

6 8.60 10.00 0.58 0.79 0.00 0.33 0.00 2542

7 12.90 12.50 1.31 1.23 0.05 0.65 633 79.77

8 gjW 8.70 0.61 0.59 0.24 0.92 14.60 54.69

9 5.50 4.80 0.24 0.18 0.00 0.09 0.00 1.63

10 9.60 9.60 0.72 0.72 0.00 0.65 0.00 47.05

11 6.40 7.00 032 038 0.09 0.10 2.90 335

12 8.10 8.60 0.52 0.58 0.35 1.32 18.04 76.68

13 8.90 9.50 0.62 0.71 0.16 0.56 9 95 39 69

14 9.00 9.00 0.64 0.64 0.00 0.24 0.00 15.27

15 10.40 10.50 0.85 0.87 0.30 0.74 25A8 6448

16 9.10 8.60 0.65 0.58 0.00 0.64 0.00 37.18

17 8J0 8jW 0.57 0.61 0.09 0.17 5.11 10.34

18 9.20 9.10 0.66 0.65 0.00 0.31 0.00 20.16

19 8J0 9.40 0.59 0.69 0.00 0.43 0.00 2934

20 12.10 12.90 1.15 1.31 0.14 0.81 16.10 105.87

Mean 8.65 8.99 0.63 0.68 0.09 0.60 6.01 44.39

LQ 8.08 8.60 0.51 0.58 0.00 0.29 0.00 14.04

UQ 9.65 10.13 0.73 0.81 0.12 0.84 8.71 65.20

Median 8.85 9.10 0.62 0.65 0.07 0.65 3.96 38.44

Appendix VII.IO Data of superficial femoral vein (SFV) with TED stocking in the sitting position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow Flow-FP

1 3.20 3 60 0.08 0.10 0.09 0.45 0.72 4.58

2 3.70 4.10 0.11 0.13 0.08 0.27 0.86 3^6

3 3.60 3.30 0.10 0.09 0.11 0.25 1.12 2.14

4 330 4.10 0.09 0.13 0.11 0.12 0.94 1.58

5 2.90 330 0.07 0.08 0.06 0.16 0.40 1.29

6 4.30 4.00 0.15 0.13 0.10 0.14 1.45 1.76

7 4.10 4.60 0.13 0.17 0.05 0.20 0.66 3JC

8 230 3.20 0.06 0.08 0.07 0.09 0.43 0.72

9 2.10 2.50 0.03 0.05 0.00 0.15 0.00 0.74

10 330 3.60 0.10 0.10 0.04 0.10 0.38 1.02

11 2.00 2.30 0.03 0.04 0.08 0.21 0.25 0.87

12 330 3.50 0.09 0.10 0.00 0.19 0.00 1.83

13 3.60 3.80 0.10 0.11 0.07 0.14 0.71 1.59

14 4.60 5.80 0.17 0.26 0.12 0.27 1.99 7.13

15 2.30 2.70 0.04 0.06 0.09 0.11 0.37 0.63

16 2.70 2.70 0.06 0.06 0.11 0.17 0.63 0.97

17 2.50 3.30 0.05 0.09 0.07 0.14 0.34 1.20

18 3.70 3.90 0.11 0.12 0.08 0.19 &86 2J^

19 4.00 4.20 0.13 0.14 0.11 0.15 1.38 2.08

20 3.00 3.30 0.07 0.09 0.02 0.32 0.14 2.74

Mean 3.26 3.59 0.09 0.11 0.07 0.19 0.68 2.10

LQ 2.78 3.20 0.06 0.08 0.06 0.14 0.37 1.01

UQ 3.70 4.03 0.11 0.13 0.10 0.22 0.88 2.39

Median 3.30 3.55 0.09 0.10 0.08 0.17 0.64 1.67

Appendix V II.ll Data of gastrocnemious vein (GV) without stocking in the supine position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow Flow-FP

1 3.60 4.10 0.10 0.13 0.06 0.43 0.61 5.68

2 4.10 4.20 0.13 0.14 0.04 0.26 0.53 3.60

3 3.20 3.60 &08 0.10 0.05 0.14 0.40 1.43

4 4.00 4.30 0.13 0.15 0.12 &28 1.51 4.07

5 3.60 4.00 0.10 0.13 0.06 0.13 0.61 1.63

6 4.30 4.30 0.15 0.15 0.09 0.16 1.31 232

7 5.40 5.10 0.23 0.20 0.06 1.30 1.37 26.56

8 2jW 2.60 0.06 0.05 0.00 0.25 0.00 1.33

9 3.10 3.10 0.08 0.08 0.00 0.08 0.00 0.60

10 3.50 3.60 0.10 0.10 0.00 0.10 0.00 1.02

11 220 2.60 0.04 0.05 0.17 0.17 0.65 0.90

12 3.10 3.20 0.08 0.08 0.06 0.14 0.45 1.13

13 4.10 4.50 0.13 0.16 0.00 0.32 0.00 5.09

14 3.50 5.30 0.10 0.22 0.20 0.17 1.92 3.75

15 3.10 3.40 0.08 0.09 0.00 0.13 0.00 1.18

16 3.30 3J0 0.09 0.09 0.08 &22 0.68 L88

17 3.60 4.00 0.10 0.13 0.09 0.31 0.92 3.90

18 3.10 3jW 0.08 0.11 0.09 0.27 0.68 306

19 4.20 4.30 0.14 0.15 0.10 0.19 1.39 2.76

20 3.90 4.30 0.12 0.15 0.08 0.30 0.96 436

Mean 3.59 3.88 0.10 0.12 0.07 0.27 0.70 3.81

LO 3.10 3.38 0.08 0.09 0.03 0.14 0.30 1.29

UQ 4.03 4.30 0.13 0.15 o.of 0.29 1.04 3.94

Median 3.55 4.00 0.10 0.13 0.06 0.21 0.63 2.54

Appendix VII.12 Data of gastrocnemious vein (GV) without stocking in the 45° recumbent position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow Flow-FP

1 4.20 6.50 0.14 023 0.00 0.21 0.00 6.97

2 4.30 4.30 0.15 0.15 0.00 0.10 0.00 1.45

3 4.50 4.70 0.16 0.17 0.00 0.22 0.00 322

4 3.00 320 0.07 0.08 0.00 0.18 0.00 1.45

5 3.30 3jW 0.09 0.11 0.06 0.22 0.51 2.50

6 4.50 4.20 0.16 0.14 0.00 0.00 0.00 0.00

7 5.00 5.00 0.20 0.20 0.00 0.12 0.00 226

8 2.50 3.00 0.05 0.07 0.00 0.21 0.00 1.48

9 2.90 2.70 0.07 0.06 0.00 0.05 0.00 0.29

10 3.00 3.80 0.07 0.11 0.05 0.30 025 3.40

11 2.90 3.20 0.07 0.08 0.07 0.17 0.46 1.37

12 4.00 3.80 0.13 0.11 0.05 0.51 0.63 5.78

13 5.00 5.00 0.20 0.20 0.00 0.34 0.00 668

14 5.80 5.80 0.26 0.26 0.00 0.20 0.00 528

15 3.90 4.30 0.12 0.15 0.00 0.38 0.00 5.52

16 3.10 3.10 0.08 0.08 0.00 0.10 0.00 0.75

17 5.10 5.50 0.20 0.24 0.03 0.43 0.61 10.22

18 3.00 3.00 0.07 0.07 0.00 0.06 0.00 0.42

19 4.30 4.50 0.15 0.16 0.00 0.16 0.00 224

20 3.70 5.50 0.11 0.24 0.00 0.12 0.00 225

Mean 3.90 4.25 0.13 0.15 0.01 0.20 0.13 3.26

LQ 3.00 3.20 0.07 0.08 0.00 0.12 0.00 1.43

UQ 4.50 5.00 0.16 0.20 0.01 0.24 0.09 5.34

Median 3.95 4.25 0.12 0.14 0.00 0.19 0.00 2.52

Appendix VII.13 Data of gastrocnemious vein (GV) without stocking in the sitting position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow Flow-FP

1 3.10 3.90 0.08 0.12 0.09 0.26 0.68 3.11

2 3.40 3.90 0.09 0.12 0.06 0.20 0.54 239

3 280 3.10 0.06 0.08 0.00 0.05 0.00 0.38

4 280 4.00 0.06 0.13 0.00 0.46 0.00 5.78

5 280 3.00 0.06 0.07 0.04 0.10 0.25 0.71

6 3.80 2.80 0.11 0.06 0.11 028 1.25 1.72

7 3.40 2.70 0.09 0.06 0.13 0.15 1.18 036

8 1.80 3.00 0.03 0.07 0.15 0.20 038 1.41

9 2.30 2.30 0.04 0.04 0.08 0.13 0.33 0.54

10 2.60 3.00 0.05 0.07 0.07 0.12 0.37 0.85

11 2.20 2.60 0.04 0.05 0.09 0.43 0.34 228

12 2.60 3.10 0.05 0.08 0.06 0.20 032 1.51

13 3.00 3.00 0.07 0.07 0.00 0.05 0.00 0.35

14 4.20 4.20 0.14 0.14 0.00 0.14 0.00 1.94

15 2.90 3.80 0.07 0.11 0.00 0.57 0.00 6.46

16 2.10 2.10 0.03 0.03 0.00 0.09 0.00 0.31

17 2.50 4.30 0.05 0.15 0.16 0.19 0.79 2.76

18 3.50 260 0.10 0.05 0.10 0.16 0.96 0.85

19 3.90 2.90 0.12 0.07 0.12 0.29 1.43 1.92

20 3 80 3.70 0.11 O il 0.15 1.15 1.70 12.36

Mean 2.98 3.20 0.07 0.08 0.07 0.26 0.53 2.42

LO 2.58 2.78 0.05 0.06 0.00 0.13 0.00 0.81

UO 3.43 3.83 0.09 0.11 0.11 0.28 0.83 2.48

Median 2.85 3.00 0.06 0.07 0.08 0.20 0.36 1.62

Appendix VII.14 Data of gastrocnemious vein (GV) with TED stocking in the supine position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow Flow-FP

1 4.30 4.00 0.15 0.13 0.09 0.13 1.31 1.63

2 4.00 4.20 0.13 0.14 0.06 0.19 0.75 2.63

3 3.10 3.50 0.08 0.10 0.06 0.11 0.45 1.06

4 180 4.40 0.11 0.15 0.18 0.38 2.04 5.78

5 3JW 3jW 0.09 0.11 0.05 0.23 0.43 2.61

6 3.40 3.50 0.09 0.10 0.06 0.18 0.54 1.73

7 3.90 4.00 0.12 0.13 0.07 &22 0.84 2J6

8 2.10 2.50 0.03 0.05 0.10 0.18 0.35 0^8

9 2.00 2.20 0.03 0.04 0.00 0.09 0.00 0.34

10 3.50 3.50 0.10 0.10 0.05 0.13 0.48 1.25

11 2.40 2.50 0.05 0.05 0.08 0.19 0.36 0.93

12 3.60 3.20 0.10 0.08 0.09 1.41 0.92 11.34

13 3.50 3.90 0.10 0.12 0.00 0.33 0.00 3.94

14 4.50 4.90 0.16 0.19 0.07 0.68 1.11 12.82

15 3.30 4.10 0.09 0.13 0.08 0.21 0.68 2.77

16 2.30 2.30 0.04 0.04 0.05 0.21 0.21 0^7

17 3.90 4.10 0.12 0.13 0.12 Œ83 1.43 10.96

18 3.10 3.00 0.08 0.07 0.13 0.37 0.98 2.62

19 3.60 3.60 0.10 0.10 0.17 0.19 1.73 1.93

20 3.70 4.30 0.11 0.15 0.11 0.27 1.18 3.92

Mean 3.37 3.58 0.09 0.10 0.08 0.33 0.79 3.64

LQ 3.10 3.15 0.08 0.08 0.06 0.18 0.41 1.20

UQ 3.83 4.10 0.11 0.13 0.10 0.34 1.13 3.93

Median 3.50 3.70 0.10 0.11 0.08 « 0.21 0.72 2.61

Appendix VII.15 Data of gastrocnemious vein (GV) with TED stocking in the 45° recumbent position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow Flow-FP

1 l a o 4.00 0.11 0.13 0.00 0.13 0.00 1.63

2 4.00 4.20 0.13 0.14 0.00 0.09 0.00 1.25

3 4.50 4.50 0.16 0.16 0.00 0.09 0.00 1.43

4 2.90 320 0.07 0.08 0.00 0.20 0.00 1.61

5 3jW 3.70 0.11 0.11 0.00 0.04 0.00 0.43

6 4.80 4.80 0.18 0.18 0.00 0.00 0.00 0.00

7 4.40 3.60 0.15 0.10 0.00 0.04 0.00 0.41

8 l a o 4.20 0.11 0.14 0.00 0.37 0.00 5.13

9 2.90 3.00 0.07 0.07 0.00 0.04 0.00 0.28

10 3.10 3.10 008 0.08 0.00 0.25 O.OOLj 1.89

11 2.50 3.00 0.05 0.07 0.07 0.55 024 329

12 3^0 3.50 0.10 0.10 0.05 0.60 0.51 5.77

13 5.50 5.30 0.24 022 0.00 02 6 0.00 5.74

14 5.40 5.80 023 0.26 0.00 0.00 0.00 0.00

15 3.60 4.30 0.10 0.15 0.09 0.20 0.92 2.90

16 2.40 2.50 0.05 0.05 0.00 0.27 0.00 1.33

17 5.60 6.20 0.25 0.30 0.06 0.48 1.48 14.49

18 3.70 3.20 0.11 0.08 0.06 0.06 0.65 0.48

19 4.90 4.90 0.19 0.19 0.00 0.18 0.00 329

20 2jW Z80 0.06 0.06 0.00 0.39 0.00 2.40

Mean 3.90 3.99 0.13 0.13 0.02 0.21 0.19 2.72

LO 3.05 3.18 0.07 0.08 0.00 0.06 0.00 0.47

UO 4.58 4.58 0.16 0.16 0.01 0.30 0.09 3.52

Median 3.80 3:85 0.11 0.12 0.00 0.19 0.00 1.62

Appendix VII.16 Data of gastrocnemious vein (GV) with TED stocking in the sitting position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP FWw Flow-FP

1 1.50 2.10 &02 0.03 0.16 1.72 038 596

2 2.40 3.10 0.05 0.08 0.00 1.18 0.00 8.91

3 280 330 0.06 0.09 0.17 1.12 1.05 9 j8

4 1.80 2.00 0.03 0.03 0.00 0.43 0.00 1.35

5 2.00 2.30 0.03 0.04 0.00 0.86 0.00 3.57

6 3.10 3.60 0.08 0.10 0.00 0.59 0.00 6.01

7 3.60 4.00 0.10 0.13 0.09 0.81 0.92 10.18

8 1.10 2.40 0.01 0.05 0.05 1.68 0.05 7.60

9 1.50 2.40 0.02 0.05 0.00 0.58 0.00 2.62

10 230 3.20 0.04 0.08 0.06 1.40 0.25 11.26

11 1.60 2.40 0.02 0.05 0.08 0.57 0.16 2.58

12 2.60 3.10 0.05 0.08 0.08 1.22 0.42 9.21

13 2.90 4.00 0.07 0.13 0.09 0.71 0.59 892

14 230 3.00 0.04 0.07 0.10 1.48 0.42 10.46

15 3.00 4.10 0.07 0.13 0.00 1.10 0.00 14.52

16 2.90 3.90 0.07 0.12 0.05 1.60 0.33 19.11

17 2.10 2.20 0.03 0.04 0.00 0.52 0.00 L98

18 2.10 2.40 0.03 0.05 0.00 0.22 0.00 1.00

19 220 3.50 0.08 0.10 0.00 0.60 0.00 5.77

20 2.60 330 0.05 0.11 0.13 0.69 0.69 733

Mean 2.37 3.04 0.05 0.08 0.05 0.95 0.26 7.42

LQ 1.95 2.40 0.03 0.05 0.00 0.59 0.00 3.34

UQ 2.90 3.65 0.07 0.10 0.09 1.27 0.42 9.73

Median 2.35 3.10 0.04 0.08 0.05 0.84 0.10 #7.71

Appendix VII.17 Data of posterior tibial vein (PTV) without stocking in the supine position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow Flow-FP

1 2.10 3.40 0.03 0.09 0.07 1.69 0.24 15.34

2 3.00 3.30 0.07 0.09 0.04 &80 &28 6.84

3 3.20 3.80 0.08 0.11 0.06 0.61 0.48 6.92

4 2.30 3.40 0.04 0.09 0.00 0.65 0.00 5.90

5 2.50 2.50 0.05 0.05 0.00 1.58 0.00 7.76

6 3.40 3.80 0.09 0.11 0.00 0.80 0.00 9.07

7 4.30 4.50 0.15 0.16 0.15 0.57 2.18 9.07

8 2.20 3.00 0.04 0.07 0.07 1.30 0.27 9.19

9 2.30 2.70 0.04 0.06 0.00 1.04 0.00 5.95

10 2.60 3.30 0.05 0.09 0.05 1.91 0.27 16.34

11 2.00 3.00 0.03 0.07 0.00 0.57 0.00 4.03

12 3.50 4.30 0.10 0.15 0.09 1.12 0.87 16.26

13 2.50 3.00 0.05 0.07 0.06 0.93 0.29 6.57

14 2.50 2.50 0.05 0.05 0.00 0.75 0.00 3.68

15 3jW 3jW 0.11 0.11 0.00 1.48 0.00 16.78

16 2.90 3.20 0.07 0.08 0.06 2.03 0.40 16.33

17 2.50 2.80 0.05 0.06 0.22 0.42 1.08 2^9

18 2.00 3.10 0.03 0.08 0.00 0.90 0.00 6J9

19 3.50 3jW 0.10 0.11 0.00 0.90 0.00 10.21

20 4.00 4.10 0.13 0.13 0.11 0.52 1.38 6^7

Mean 2.86 3.37 0.07 0.09 0.05
»

1.03 0.39 9.12

LO 2.30 3.00 0.04 0.07 0.00 0.64 0.00 6.42

UQ 3.43 3.80 0.09 0.11 0.07 1.35 0.42 11.49

Median 2.55 3.30 0.05 # 0.09 0.05 0.90 0 25 7.34

Appendix VII.18 Data of posterior tibial vein (PTV) without stocking in the 45° recumbent position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow Flow-FP

1 3.30 3.20 0.09 0.08 0.04 1.38 0.34 11.10

2 2.90 3.10 0.07 0.08 0.00 1.07 0.00 833

3 4.90 5.00 0.19 0.20 0.00 1.30 0.00 2533

4 3.50 330 0.10 0.11 0.00 0.87 0.00 937

5 2.50 2.50 0.05 0.05 0.00 1.27 0.00 6J3

6 4.00 4.00 0.13 0.13 0.00 0.61 0.00 7.67

7 4.50 4.40 0.16 0.15 0.00 0.57 0.00 837

8 2.60 2.80 0.05 0.06 0.00 1.34 0.00 8J3

9 2.00 2.30 0.03 0.04 0.00 1.22 0.00 5.07

10 3.10 3.50 0.08 0.10 0.00 1.29 0.00 12.41

11 2.80 3.00 0.06 0.07 0.00 0.57 0.00 4.03

12 4.00 4.20 0.13 0.14 0.06 0.85 0.75 11.78

13 4.00 4.00 0.13 0.13 0.00 0.99 0.00 12.44

14 2.00 2.40 0.03 0.05 0.00 1.05 0.00 4.75

15 3.20 4.90 0.08 0.19 0.00 0.91 0.00 17.16

16 3.10 3.50 0.08 0.10 0.00 1.51 0.00 14.53

17 2.20 2.60 0.04 0.05 0.04 0.43 0.15 2^3

18 230 2.60 0.04 0.05 0.05 0.55 0.21 2.92

19 3.80 3.90 0.11 0.12 0.00 0.77 0.00 9.20

20 3.90 4.00 0.12 0.13 0.00 0.61 0.00 7.67

Mean 3.23 3.49 0.09 0.10 0.01 0.96 0.07 9.48

LO 2.58 2.75 0.05 0.06 0.00 0.61 0.00 5.94

u o 3.93 4.00 0.12 0.13 0.00 1.28 0.00 11.94

Median 3.15 3.50 0.08 0.10 0.00 0.95 0.00 8.46

Appendix VII.19 Data of posterior tibial vein (PTV) without stocking in the sitting position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow Flow-FP

1 2.20 2.40 0.04 0.05 0.33 0.70 1.25 3.17

2 1.10 1.40 0.01 0.02 0.00 0.27 0.00 0.42

3 2.70 4.40 0.06 0.15 0.12 1.45 0.69 22.05

4 1.60 1.70 0.02 0.02 0.00 0.75 0.00 1.70

5 2.50 280 0.05 0.06 0.00 0.44 0.00 2.71

6 2.60 2.60 0.05 0.05 0.00 1.59 0.00 8^4

7 2.00 3.10 0.03 0.08 0.51 0.82 1.60 6.19

8 1.50 2.10 0.02 0.03 0.00 1.46 0.00 5.06

9 0.80 1.70 0.01 0.02 0.00 1.41 0.00 330

10 1.50 3.00 0.02 0.07 0.13 1.75 033 12.37

11 1.50 1.90 0.02 0.03 0.08 0.57 0.14 1.62

12 2.30 3.10 0.04 0.08 0.00 1.14 0.00 8.60

13 1.20 2.40 0.01 0.05 0.07 1.29 0.08 5.84

14 1.90 2.50 0.03 0.05 0.00 1.91 0.00 938

15 1.00 1.60 0.01 0.02 0.00 0.89 0.00 1.79

16 2.10 2.70 0.03 0.06 0.00 1.50 0.00 839

17 1.80 2.10 0.03 0.03 0.07 0.53 0.18 1.84

18 1.80 1.90 0.03 0.03 0.05 0.15 0.13 0.43

19 2.60 2.70 0.05 0.06 0.00 1.86 0.00 10.65

20 230 3.00 0.04 0.07 0.61 1.16 2.53 830

Mean 1.85 2.46 0.03 0.05 0.10 1.08 0.34 6.11

LQ 1.50 1.90 0.02 0.03 0.00 0.67 0.00 1.82

UQ 2.30 2.85 0.04 0.06 0.09 1.47 0.19 8.59

Median 1.85 2.45 0.03 0.05 0.00 1.15 0.00 5.45

Appendix VII.20 Data of posterior tibial vein (PTV) with TED stocking in the supine position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow Flow-FP

1 2.70 3.00 0.06 0.07 0.12 1.51 0.69 10.67

2 1.80 230 0.03 0.06 0.08 0.51 0.20 3.14

3 3.00 4.40 0.07 0.15 0.60 1.23 4.24 18.70

4 2.20 3.30 0.04 0.09 0.00 0.79 0.00 6.76

5 1.70 1.80 0.02 0.03 0.00 0.20 0.00 0.51

6 2.70 4.00 0.06 0.13 0.00 0.69 0.00 8.67

7 330 4.10 0.09 0.13 0.19 1.58 1.63 20j&

8 1.80 2.80 0.03 0.06 0.06 1.25 0.15 7.70

9 1.70 2.10 0.02 0.03 0.00 1.58 0.00 5.47

10 1.80 3.00 0.03 0.07 0.06 1.79 0.15 12.65

11 1.80 1.90 0.03 0.03 0.00 2.00 0.00 5.67

12 3.60 4.00 0.10 0.13 0.08 1.06 0.81 13.32

13 2.10 2.50 0.03 0.05 0.00 1.40 0.00 6^7

14 2.40 2.50 0.05 0.05 0.00 222 0.00 10.90

15 1.90 2.50 0.03 0.05 0.00 0.92 0.00 4.52

16 2.50 3.10 0.05 0.08 0.00 1.84 0.00 13.89

17 1.80 2.10 0.03 0.03 0.10 0.59 0.25 2.04

18 1.60 1.90 0.02 0.03 0.06 0.13 0.12 037

19 2.60 3.70 0.05 0.11 0.00 0.70 0.00 7.53

20 230 3.70 0.06 0.11 0.15 0.80 0.92 8.60

Mean 2.29 2.96 0.04 0.07 0.08 1.14 0.46 8.44

LQ 1.80 2.40 0.03 0.05 0.00 0.70 0.00 5.23

UQ 2.70 3.70 0.06 0.11 0.09 1.58 0.36 11.34

Median 2.15 2.90 0.04 0.07 0.03 1.15 0.06 7.61

Appendix VII.21 Data of posterior tibial vein (PTV) with TED stocking in the 45° recumbent position.
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Appendix Seven

Subject VD VD-FP Area Area-FP PV PV-FP Flow Flow-FP

1 2.70 230 0.06 0.06 0.00 1.25 0.00 7.70

2 2.90 5.00 0.07 0.20 0.00 0.35 0.00 6.87

3 4.60 5.00 0.17 0.20 0.00 1.20 0.00 2336

4 3.30 3.90 0.09 0.12 0.00 0.99 0.00 11.83

5 2.70 230 0.06 0.06 0.00 1.11 0.00 633

6 3.40 3.50 0.09 0.10 0.00 0.43 0.00 4.14

7 3.40 3.80 0.09 0.11 0.06 033 0.54 9.41

8 2.20 2.80 0.04 0.06 0.00 1.46 0.00 899

9 230 2.30 0.04 0.04 0.00 1.03 0.00 4.28

10 3.20 3.70 0.08 0.11 0.00 1.62 0.00 17.42

11 1.50 1.70 0.02 0.02 0.06 0.47 0.11 1.07

12 4.00 4.10 0.13 0.13 0.00 0.64 0.00 8.45

13 2.50 2.60 0.05 0.05 0.00 0.63 0.00 334

14 2.10 2.30 0.03 0.04 0.00 1.68 0.00 6.98

15 2.80 2.80 0.06 0.06 0.05 0.34 0.31 2.09

16 3.00 3.40 0.07 0.09 0.00 1.69 0.00 15.34

17 2.80 3.40 0.06 0.09 0.08 0.55 0.49 4.99

18 2.80 3.00 0.06 0.07 0.06 0.19 0.37 1.34

19 3.40 3.60 0.09 0.10 0.00 0.44 0.00 4.48

20 3.80 4.00 0.11 0.13 0.00 0.82 0.00 10.30

Mean 2.97 3.33 0.07 0.09 0.02 0.89 0.09 7.97

LQ 2.65 2.80 0.06 0.06 0.00 0.46 0.00 4.24

UQ 3.40 3.83 0.09 0.11 0.01 1.21 0.03 9.64

Median 2.85 3.40 0.06 0.09 0.00 0.83 0.00 6.93

Appendix VII.22 Data of posterior tibial vein (PTV) with TED stocking in the sitting position.
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