hen389477

An Integrated Evaluation of Compression Devices
with a focus on Ambulatory Monitoring of
Sub-bandage Pressure and Posture

by

S Sockalingam, BSc(CEng)

A thesis submitted in accordance with the regulations of
the University of Strathclyde governing the award of
the Doctor of Philosophy Degree in Bioengineering

The Bioengineering Unit
University of Strathclyde
Glasgow, Scotland

September 1993



COPYRIGHT

The copyright of this thesis belongs to the author under the
terms of the United Kingdom copyright acts as qualified by
the University of Strathclyde regulation 3.49.

The Activity Sensor described in Chapter Seven and referred
to in this thesis is filed for patent protection. British
Patent Application Number 9304571 .4.

IT



ABSTRACT

This thesis describes an investigation on the performance of compression
bandages and elastic stockings used in the treatment of venous ulcers. It examines the
magnitude and distribution of pressures beneath these devices and the factors that
influence the generation of compression.

An electro-hydraulic interface pressure measuring device was specifically
designed and developed to measure pressure beneath these compression devices.

An integrated short term evaluation of the performance of twelve routinely
used bandages and elastic stockings was carried out. Two techniques of bandaging
and the effects of laundering on stockings were also examined. In vivo tests revealed
that the majority of the compression devices failed to produce appropriate
compression at the ankle and favourable pressure gradients over the leg. The tests
also indicated that posture, technique of bandaging and the duration of use were
important influencing factors. These factors have previously not been considered in
the classification of bandages and stockings. Mechanical properties of the devices
relevant to the generation of compression were also examined. In vitro tests on
specimen materials showed non-linear and non-elastic load deformation behaviour and
stress relaxation by all the devices. A subjective assessment based on the personal
experiences of the bandager and the volunteer subjects yielded useful information on
the compression devices. The findings of the integrated evaluation suggested a need
for long term ambulatory monitoring of pressure and posture.

A novel ambulatory pressure and posture monitoring device comprising a
pressure transducer and sensor, a flexible goniometer and pocket sized data logger
was developed. This device was used to the monitor sub-bandage pressure and
posture on subjects in three controlled postures during activities of daily living.

The long term performance of five commonly used compression bandages
(Granuflex, Elastocrépe, Coban Wrap, Lestreflex and Low Tack) applied by the same
physiotherapist, was investigated on a single subject. The Granuflex bandage was
further investigated on nine subjects. With the exception of the Elastocrépe bandage,
the pressures fell significantly over the first six hours after which the pressures
progressively became independent of time. Superimposed on the decreasing trends

were cyclic daily variations in pressure for all five bandages. The magnitude and
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gradient of sub-bandage pressures were influenced by posture. The Granuflex bandage
produced the highest pressures with relatively small standard deviations after the first
day. The Coban Wrap performed well in maintaining pressure with low standard
deviations. The performances of the Low Tack and Lestreflex bandages were average
while that of the Elastocrépe bandage was poor. The findings in this investigation
warranted a more comprehensive study on venous ulcer patients.

The ambulatory device was further miniaturised and the goniometer replaced
with the activity sensor which measured posture unambiguously and was conducive
for prolonged use on patients.

A preliminary analysis of the data for three patient tests is reported in this
thesis. The time course of the ambulatory sub-bandage pressure over the seven days
had no discernible trend. Cyclic daily variations of pressure were observed and its
association with the fall in pressure during periods of sleep were confirmed. The
pressures generated during continuous ambulation varied considerably for each day,
patient, bandage and site, and were influenced by posture. Favourable pressure
gradients achieved during ambulation were generally low. The results indicate that
the pressures in the lower section of the leg predominately dictates the profile of the
pressure gradient. Analysis of daily activities revealed that the patients spent a
majority of their time in the upright posture, often continuously during the hours of
work. Further, the patients did not regularly spend time with their legs elevated. This
lifestyle may have a direct bearing to venous ulceration. The preliminary analysis has
highlighted the multiplicity and complexity of factors governing sub-bandage
pressures during activities of daily living.

The ambulatory pressure and posture monitoring device has proven to be a
powerful investigative tool. This research has unveiled new long term characteristics
of pressure generated by bandages and has also provided confirmation of many
previous findings. The measurement of patient activity should provide additional
information on venous ulceration and its reoccurrence. The investigation has
confirmed the limitations of short term measurement of interface pressure beneath
compression devices on non-ambulatory subjects. The knowledge acquired from this
research should prove useful in the ongoing effort to improve compression therapy

used in the treatment of venous ulcers.
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PREFACE

The Objectives of this Study

Compression bandages and elastic stockings are routinely used in the treatment of
venous ulcers. However, little is known of the functional properties and efficacy of
these compression devices.

The primary objective of this study was to conduct an integrated assessment of the
performance and the biomechanical properties of a selected number of compression
bandages and elastic stockings. To accomplish this, a suitable device capable of
measuring interface pressure reliably was designed and developed.

Several factors governing the nature of the pressures beneath these compression
devices emerged from the integrated assessment. In order to examine these factors,
in more detail, an ambulatory device capable of monitoring interface pressure and
posture over prolonged periods was designed and developed.

Ultimately, the objective of the ambulatory studies on subjects and patients was to
enable a fundamental understanding of the properties of interface pressure beneath
compression devices used during activities of daily living and their effect on the
treatment of venous ulcers.
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Chapter 1

1.1 A HISTORICAL PERSPECTIVE

The accumulation of our knowledge and understanding of venous disorders,
has its roots and humble beginnings in ancient Egypt. History reveals that man has
had a considerable empirical understanding of the treatment of venous disorders for
at least 2000 years but the course of advancement has had to await many corner-
stones of science. Some of these great works are unveiled as an attempt is made to
review the history of venous disorders.

If interpretations have it right, then the first known "venous publication” is
contained in the Ebers Papyrus (1550 BC) advocating that incision should not be used
on varicose veins as it would prove fatal (Major, 1954; Majno 1975). At the
Acropolis in Athens lies a votive tablet, dedicated to Doctor Amynos, showing the
medial side of a large leg with swellings characteristic of varicose veins (Figure 1.1).
It dates to sometime in the 4th century BC and probably symbolises the beginning
of phlebology.

In De Carnibus and De Ulceribus (460-377 BC), Hippocrates describes the
artery and the vein as vessels arising from the heart, the effects of tourniquets as
causes of gangrene and bleeding, the causes of venous ulcers and its treatment. It is
possible that the Hippocratic text holds the first, faintest, suggestion of compression
therapy for the treatment of venous ulcers (Adams, 1949; Chadwick and Mann, 1950;
Majno, 1975). In contemporary times in China, the Yellow Emperor’s Classic of
Internal Medicine (400 BC) describes the treatment of ulcers but clarity in the
interpretation of this ancient text is somewhat uncertain (Veith, 1966). Meanwhile,
in another ancient civilisation, the practice of medicine was developing rapidly. The
textbook of Indian surgery, The Sushruta Samhita (200 BC), describes the treatment
of ulcers with maggots to clear away necrotic material, curettage and dressing made
of leaves. Interestingly, it also describes the use of Chinese cloth bandages for the
treatment of these ulcers. These cloth bandages could have been the earliest ancestor
of the modern day compression bandage.

Over the centuries that followed other significant contributions were made,
from the dispelling of "evil humours" by the use of bandages to the masterly

anatomical drawings of the veins by Leonardo da Vinci (1452). Leonardo’s drawings
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(Figure 1.2), however, did not show valves in the veins. It was a century later that
Amatus Lusitanus and J B Canano first identified valves in the veins (Withington,
1894). The first recorded drawing of a valve in the vein was published by Saloman
Alberti in 1585 (Alberti, 1585). Possibly, one of the greatest contributions to
physiology since the beginning of medicine was the revelation, by Harvey (1628),
that blood circulated. He also illustrated the function of valves in the veins to ensure
unidirectional blood flow. Another significant contribution to physiology came from
Lower in 1669, who showed a clear role for the limb muscles on blood flow, in his
book "Tractatus de corde item de motu et colore sanguinis et chyli in eum transitu”,
and so gave the first description of the peripheral muscle venous pump. Wiseman
(1676), whilst working at St Thomas’s Hospital revealed a deep understanding of
venous diseases in his book, "Several Chirurgical Treatises". He was also the inventor
of the "leather lace-up stocking" which was used in the treatment of venous disorders
of the lower limb and was to become the forerunner of the modern day elastic
stocking.

Seventy one years after Sir Issac Newton described his Laws of Gravity,
Sharp (1758) in his book, "A Treatise on the Operations of Surgery", indicated an
appreciation of the effects of gravity on blood and interstitial fluid within the lower
limb. Perhaps the first reference to "stasis" as a cause of thrombosis, was made in
1793 by Ballie when he stated that a reduction in the rate of blood flow leads to
thrombus formation. The fact that hydrostatic forces were important for venous flow
was soon realised by Home in 1797, when he stated that the patient’s height and
weight affected pressures in the veins and hence the risk of venous ulcers. He also
mentioned that venous diseases varied with the weather. In a book on the
management of all forms of leg ulcers, Baynton (1799) reported that ulcers were
situated on the distal part of the limb because they were remote from the "foundation
of life and heat" and were at a disadvantage for the return of blood and lymph. He
also introduced a primitive form of paste bandage. Bandages and stockings to provide
compression therapy was, by this time, a popular theme. The first physiological
explanation for such a therapy came from Cooper in 1824, who stated that
compression of varicose veins restored the competence of the valves in the veins.

In 1845 the invention of the hypodermic needle, by Francis Rynd,
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revolutionised medical science. It led to the development of sclerotherapy, the
measurement of intravascular pressures and the analysis of blood samples. This
invaluable tool provided scientists with a means of unravelling factors related to the
better understanding of venous diseases in the centuries that followed.

The use of medicated compression bandages for the treatment of ulcers was
introduced by Unna in 1854, and has become better known as the "Unna Boot".
Virchow in 1859 published the well known "Virchow’s triad”, in which he described
the three predisposing causes of thrombosis; changes in the vessel wall, the blood
flow and blood. By this time the understanding of venous diseases had significantly
improved. Gay (1866) and Spender (1868) clarified that the use of the term "varicose
ulcers”" was misleading and used the term "venous ulcers" instead. The success of
compression therapy was reiterated when Martin (1878), in his letter to the British
Medical Journal, gave a detailed description of India-rubber bandages for the
treatment of leg ulcers and how they produced elastic compression.

The twentieth century marked the beginning of quantification and
classification of physiological measurements. Hooker (1911) noticed that exercise
affected pressure in the veins of the lower limb. Homan (1916) classified varicose
veins as primary, if the deep veins were normal and secondary if the deep veins
showed evidence of post-thrombotic damage. Berberich and Hirsch (1923) described
their first attempt at venography using strontium bromide.

The term "Gravitational ulcer” was first used by Wright (1930), who also
described the use of local dressings and adhesive bandages (Elastoplast) for the
treatment of venous ulcers. In the same year, Ratschow (1930) introduced the first
water-soluble x-ray contrast material, a di-iodinated pyridine derivative, for safer
phlebography.

From the 1930’s up to the present day, studies on venous related diseases,
have been a subject of continuing interest. The knowledge accumulated thus far, has
highlighted the complex nature of the disease process and the need for a multi-
disciplinary approach in treatment. It would not be possible to comprehensively
review the numerous works here, and it would be invidious to single out any one
piece of work for a special mention. However, the more detailed sub-sections of this

thesis do bear reference to some of these important works.
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1.2 VENOUS ULCERS - THE AILMENT

Ulcers of the lower limb have been a therapeutic problem for centuries,
causing immense suffering to patients and despair to those treating them. Many in the
health care profession consider the problem of leg ulcers as insoluble and intractable.
Harding (1991) pointed out that leg ulcers have received such scant attention that
many of the treatments prescribed are at best probably not beneficial and at worst
potentially harmful. The treatment of leg ulcers has even been described as "an
unpleasant and inglorious task where much labour must be bestowed, and little
honour gained" (Edinburgh Medical and Surgical Journal, 1805).

An ulcer can range from a superficial erosion of the epidermis to massive
tissue damage involving the entire dermis and subcutaneous layers (Rook and
Wilkinson, 1979; Ryan, 1987). The term "Leg Ulcers" is often used inter-changeably
to describe a variety of ulcers occurring in the lower limb. These ulcers differ in
aetiology and distinguishing one from another is often a formidable task even in the
hands of experienced clinicians (Dale, 1986; Callam, 1986). In 1982, the Lothian and
Forth Valley Leg Ulcer Study revealed that venous ulcers were the most common
form of leg ulcers, occurring in the order of seventy percent of all leg ulcers. Also
recorded in this study were arterial ulcers, diagnosed in twenty two percent of the leg
ulcer patients. Ulcers of mixed aetiology, rheumatoid arthritic ulcers, diabetic ulcers
and ulcers associated with vasculitis, hypertension, burns, haematological disorders,
infections and lymphoedema were less common (Callam et al., 1986). Others, Anning
(1956), Kappert (1971) Haeger (1977), and Ryan (1983) had previously established
that between seventy and ninety seven percent of ulcers were of venous origin.

The term "venous ulcers"” is preferred to varicose ulcers, postphlebitic ulcers,
stasis ulcers, gravitational ulcers or hypostatic ulcers, since the exact pathogenetic
mechanisms for venous ulcers have still not been fully elucidated. Venous ulcers are
most commonly situated on the lower third of the leg, along the medial aspect, above
the malleolus and seldom on the foot. This ulceration is the final event in a well
recognised series of changes in the skin and subcutaneous tissue. The first changes
are cutaneous pigmentation, mild ankle oedema, and the appearance of dilated
subdermal venules. Later the skin and subcutaneous fat become thickened and hard.

Since the tissues are often red and tender they are sometimes mistakenly thought to
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be infected or to be the site of superficial thrombophlebitis. At this stage minor
trauma will cause an ulcer. If ulceration does not occur the skin and fat contract and

the patient develops a tight narrow gaiter of hard skin. This whole process is termed

lipodermatosclerosis (Burnand et al., 1982).

A typical venous ulcer does not have raised margins like malignant ulcers
and is irregular in shape. It is usually superficial, although the depth of the lesion
may often be masked by the presence of eschar or necrotic debris. Occasionally
penetration into the deep fascia may occur through infection. The ulcer bed is often
painless, cyanotic and oedematous, and the edges tend to bleed easily through the
granulated tissue. The surrounding leg area frequently presents indurated skin with
shiny texture, loss of hair, hyperpigmentation and oedema (Hill, 1989; Dale, 1986;
Dealey, 1991; Levine, 1990). A typical venous ulcer is illustrated in figure 1.3.

The unfortunate sufferers of this disease tend to be the old and the frail, often
obese and immobile. The disease, often long-standing (Figure 1.4) when compounded
with other health complications, not only makes the suffering intolerable but
treatment highly problematic (Stevens and Ball, 1964). Finally, even when ulcers
heal, much care is required as recurrence within a short period is common (Monk and
Sarkany, 1982).

1.3 THE PREVALENCE OF VENOUS ULCERS

The exact prevalence of leg ulcers is uncertain, let alone that of venous ulcers
(Callam et al., 1985; Callam, 1992). It is regrettable that epidemiological studies of
this age-old condition only began late this century. None of these studies was
conducted on any large scale. In the developed world where such studies exist, the
number is small and can, at best, be described as sporadic.

In 1929 Dickson-Wright ventured on an estimate, suggesting that 0.5% of the
British population suffered from venous ulceration. Boyd et al., arrived at a similar
British figure in 1951 based on the returns of patients registered as off work due to
leg ulceration. It is dubious if this figure reflects the entire cross-section of the
population, and besides it is inclusive of the entire spectrum of leg ulcer ailments.

Elsewhere, in Europe several similar isolated attempts at estimating the magnitude
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of the problem were carried out. A Swedish study conducted in Géteborg, based on
medical records from 1980 to 1982 on leg and foot ulcers, estimated the prevalence
to be about 0.3% (Hansson, 1988). A more limited Danish investigation
(Christophersen, 1984) revealed that 24% of the in-patient capacity of dermatological
departments were occupied by leg ulcer patients. Two other studies, one in
Czechoslovakia (Bobek et al., 1966) and the other in Switzerland (Widmer et al.,
1978) present a figure of 1% of the adult population, as suffering from leg ulcers.
Across the Atlantic, the prevalence of leg ulcers or venous ulcers is unknown. It is
thought that some 500 thousand adult Americans have or have had venous disorders
(Coon et al., 1973; Dalen et al., 1986).

Between 1980 and 1982 the Forth Valley Ulcer Group carried out a postal
survey in Southern Scotland comprising a mixed urban and rural population of about
one million people. The objective of the survey was to identify all the patients
receiving treatment for chronic leg ulceration from any branch of the National Health
Service at that time (Dale et al., 1983; Dale, 1984; Callam et al., 1985). This is the
most comprehensive study available to date on the prevalence of leg ulcers, including
venous ulcers. The study also highlighted the difficulties encountered in obtaining
accurate and reliable information, and has endeavoured to make the appropriate
corrections.

Results from this study reveal that 1% of the adult population and 3.6% of
those over sixty five years of age suffered from leg ulcers, of which 70% were
venous ulcers. The survey also confirmed that leg ulcers of vascular origin increased
in both incidence and prevalence with age (Figure 1.5), as was also shown in the
Swedish study. Hohn et al. (1990) also reported increased prevalence as a result of
reduction in the efficacy of venous function associated with ageing. Another
revelation of the study was that females outnumbered males in the incidence of leg
ulcers and this progressively increased with age (Figure 1.5). Obesity was observed
in nearly half the patients and over three quarters of the overweight were females.

Mobility was a point of particular interest to this study and 45% of those
suffering from ulcers had some limitation of activity while in 20% walking was

reported as being difficult. Limitation of the ankle joint movement was found in 83%
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of ulcerated legs compared with 57% of the unulcerated legs in the same group of
patients (Dale, 1984).

Having established that the incidence of these ulcers was high, it was
observed that the problem was further aggravated by the fact that healing was slow
and recurrence common (Dale, 1984; Monk et al., 1982; Cherry et al., 1985). The
Forth Valley study reveals that only 21% of ulcers healed within three months, 40%
took more than a year, and 10% were open for more than five years. A few had
never healed from onset. Recurrence was rife, two thirds of the patients had more
than one episode and over a third of these had at least five episodes. The survey
showed that only about one ulcer in ten was likely to heal and never recur.
Meanwhile, approximately 100 limbs are amputated every year in the United

Kingdom as a result of venous diseases (Browse et al., 1988).

1.4 THE COST IMPLICATIONS OF VENOUS ULCERS

The costs incurred in the treatment and caring for venous ulcer patients are
immense. In Britain, a recent estimate of cost to the National Health Service provided
at a Department of Health and Social Security Seminar (1989) on venous ulceration
was £300 to £600 million per annum. Similar high costs of caring for venous ulcer
patients have been reported in America. Wood and Margolis (1992) have estimated
an average cost of $1951 (range $784 - $6449) for healing a single leg ulcer in the
USA.

The primary cost of treatment, wound dressings, bandages, elastic stockings,
drugs and sometimes surgery can, in itself, be very expensive. Furthermore, there are
large underlying costs in diagnosis, equipment and evaluation, community nursing
care, patient transport and rehabilitation (Sartain, 1985; Bloom, 1987).

Much of these costs are probably an inevitable aspect of health care but many
in the profession (Moffatt, 1991; Sartain, 1985; Eagle, 1990) argue that some of the
current practices in venous ulcer management are not cost effective. Moffatt (1991),
claims that few Health Authority premises are ideal for ulcer treatment as they lack
adequate space and resources. She advocates the setting up of Community leg ulcer
clinics which offer the advantages of collective resources, expertise, in-house training

and education, and an atmosphere that is caring and warm. The latter is particularly
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important as links between social isolation and recurrence of ulcers have been
previously established (Wise, 1986). These clinics run by community nurses would
alleviate bed shortage problems at hospitals, economise the community nursing time
and would have a better opportunity of providing an informed quality of care which
in the long run may help arrest the costly problem of recurring ulcers. These
community leg ulcer clinics offer a viable alternative to the current practice of
treating venous ulcers in the community and in hospitals both of which are reported
to be costly (Dale, 1984; Eagle, 1990; Sartain, 1985).

Sartain (1985) relates unnecessary expenditures to poorly informed selection
of treatment material and the lack of skills in applying compression therapy which
contributes to low healing rates and recurrence. Often patients wash their bandages
in a commendable effort to economise. Dale (1984) and Sartain (1985) both question
this practice as it has been shown in some instances to reduce the functional
properties of the bandages (Callam et al., 1983) and this may lead to higher cost
implications in the longer term. Eagle (1990) compared and contrasted the different
regimes in the nursing of venous ulcers, and highlighted the role of the model nurse
in being cost effective.

The lack of proper comprehensive standardization of materials used in venous
ulcer treatment, the scarcity of documentation on the performance characteristics of
compression bandages and stockings collectively, the limitations of the Drug Tariff
and the difficulties in estimating and comparing unit costs of each item, are all
considered as contributory factors to the high cost of treatment (David, 1990;
Dunford, 1989; Eagle, 1990; Sartain, 1985; Dale, 1990; Corbett, 1988).

Demographic changes indicate that by the year 2000 there will be a 43%
increase in the number of people aged over 85 years, many of whom will suffer from
ulcers, thus further increasing the demand for treatment (Bosanquet, 1989). With the
current restructuring of the National Health Service it may be necessary for
enterprising managers to reconsider the limitations and cost implications of the
existing framework within which ulcers are cared for in Britian, and possibly the

European Community from 1992 onwards.
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posterior edge of the tibia above the ankle and also occur above and below the knee

(Figure 1.8). All three categories of veins contribute in returning venous blood from

the lower limb to the heart (Gray, 1973).

1.5.2 The Physiology of Venous Blood Flow

Blood flows through the closed circulatory system of vessels as a result of
pressure gradients within it. Blood is pumped out of the heart through the aorta with
a mean pressure of 100mmHg (13.3kPa) and by the time it reaches the capillaries the
pressure has dropped to between 25 and 12 mmHg (3.3-1.6kPa). Blood enters the
venous system with pressures between 12 and 8 mmHg (1.6-1kPa) in the venules and
the pressure further drops to between 10 and 5 mmHg (1.3-0.7kPa) in the veins
before returning to the right atrium of the heart (Figure 1.9).

In the venous system where blood pressure is lower, there are other
mechanisms which enhance venous return. The exact level to which some of these
mechanisms contribute to venous return in the lower limb is still controversial
(Gardner and Fox, 1986).

One established means of improving venous return is based on the anatomical
structure of the vessels. The velocity of blood flow is inversely related to the cross-
sectional area of the vessel. Thus, as blood vessels leave the capillaries and approach
the heart, their total cross-sectional area decreases. As a result, the velocity of blood
increases as it flows from the capillaries to venules, and to veins (Tortora and
Anagnostakos, 1984).

Breathing is an important factor in maintaining venous circulation. During
inspiration the diaphragm moves downward. This causes a decrease in pressure in the
chest cavity and an increase in pressure in the abdominal cavity. Once the pressure
difference is established, blood is squeezed from the abdominal veins into the
thoracic veins. When the pressure is reversed during expiration, backflow of blood
in the veins is prevented by the unidirectional mechanism of the valves (Gray, 1973).

First described by Harvey (1628) as the muscle pump, the combined
complimentary action of skeletal muscle contraction and the venous valves offer a
pump mechanism which assists venous return (Gray, 1973). This type of pump action

is particularly important in the veins of the extremities such as the lower limb, where
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it is frequently referred to as the calf pump. When the muscles in the lower limb
contract, they tighten around the veins running through them and the valves open.
The pressure derived from the contraction squeezes the blood in the direction of the
heart. This process is called milking and is illustrated in figure 1.10. When the
muscles relax, the valves close and prevent backflow of blood. Lewis et al. (1972)
reported that the veins of the leg emptied at a much slower rate in patients under
anaesthesia than those awake. They believe that this was because the leg muscles
were relaxed under anaesthesia and the muscle pumps were not functional.

Another variation of the muscle pump is the venous pump in the foot, first
suggested by Le Dentu in 1868. Later, Fegan (1967) and Bassi (1962) have described
the foot pump mechanism in aiding venous return during walking. Fox and Gardner
(1986) claim that the footpump improved venous return during weight-bearing. Their
studies also showed that the footpump not only emptied the deep veins but also
emptied through the long and short saphenous veins.

Van Der Molen et al. (1979), have described a different type of venous
pumping system, the skin-tendon pump as a supplement to the muscle pump. This
mechanism is based on the passive distention of the skin, in the supramalleolar region
during contraction of the extensor muscles of the foot, thus enabling venous flow in
the proximal direction.

There is a less powerful venous pump, first described by John Hunter (1794),
resulting from the compressive action of the arterial pulse on the veins enclosed
within the vascular bundles. Rose (1986) suggested that the tone of the venous vessel
walls provided by the smooth muscles has a physiological function in assisting
venous return.

It is clear that all these mechanisms depend on competent valves in the veins
to aid venous flow in the right direction towards the heart. In people with weak
venous valves, large quantities of blood are forced by gravity back down into the
distal parts of the vein (Figure 1.11). Here the excessive pooling of blood, referred
to as venous stasis, creates abnormally high pressures on the walls of the vein thus
causing venous hypertension. Over longer periods, the walls of the veins become
stretched and flabby, losing their elasticity. Veins damaged in this way are called

varicose veins (Tortora and Anagnostakos, 1984). This condition can lead to further
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complications such as deep venous thrombosis, lipodermatosclerosis and eventually
venous ulceration (Burnand et al., 1982).

Venous insufficiency causing venous stasis and hypertension can be brought
about by congenital or acquired incompetence of the venous vascular system.
Congenital defects include absence of valves, connective tissue defects and
arteriovenous aneurysm. Acquired incompetence may be secondary to lack of
physical activity, increased abdominal pressures from a tumour or pregnancy,
prolonged periods of standing, anaemia and deep venous thrombosis. The majority

of leg ulcers are due to chronic venous stasis (Hill and Pogue, 1989).

1.6 DIAGNOSTIC APPROACHES TO VENOUS DYSFUNCTION

The first measurement of venous pressure was carried out by the Reverend
Stephen Hale in 1733, on conscious animals. Further progress in this area had to
await developments in science and technology. From about the middle of the
twentieth century there has been a keen interest in diagnostic tools and techniques for
the qualitative and quantitative assessment of the haemodynamics of the human body.
Several devices have been developed and are currently in use, some in routine

clinical assessment of venous diseases while others are limited to research work only.

1.6.1 Venography (Phlebography)

Venography was the earliest technique used to define the state of veins
(Berberich and Hirst, 1923) and has been the standard by which other diagnostic
methods are assessed (Nicolaides, 1978). This technique offers direct visualization of
the venous system and is often used to confirm the extent of deep vein obstruction
and valvular damage. This valuable tool (Figure 1.12) is also used in locating the site
of perforator veins and in assisting examinations prior to surgery or sclerotherapy.

The clarity of venography is enhanced by the use of image intensifiers or
contrast medium such as meglumine diatrizoate. This type of venography is also
known as ascending phlebography. The contrast medium is injected into a vein in the
dorsum of the foot. Tourniques at the ankle and the knee may be used for preferential

direction and visualization of the contrast material. Serial pictures are taken with
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1.6.3 Plethysmography

Plethysmographic 'techniques are also widely used in research involving
haemodynamics and venous incompetence. Plethysmography offers a noninvasive
technique and it is relatively easy to use. There are several variations of this device;
Air-plethysmography (Cranley et al., 1973), Water-plethysmography (Dahn and
Eiriksson, 1968), Impedance-plethysmography (Wheeler et al., 1972), Strain gauge-
plethysmography (Barnes et al., 1972) and Photo-plethysmography (Abramowitz et
al., 1979).

Photo-plethysmography (Figure 1.14) is the most extensively used version of
this device and measures photoelectrically the degree of congestion of red blood cells
within the cutaneous microcirculation. This is directly responsive to changes in the
ambient venous pressure which can then be estimated.

Exercising the limb causes a fall in venous pressure, known as the ambulatory
venous pressure and the time taken for this pressure level to return to normal is the
key observation in this procedure. A full normal recovery time indicates satisfactory
deep vein and valve function. A very short recovery time often indicates venous
insufficiency. Improvement to the recovery time with temporary occlusion of the
superficial vein under suspicion indicates the presence of superficial incompetence.
If there is no improvement in the recovery time then it is possible that there is a deep
vein dysfunction.

The technique is frequently used for assessing the performances of
compression therapy devices, such as bandages and stockings used in the treatment
of venous ulcers. However, this technique has a limitation in that it is difficult to
place the probe on the skin without removing the bandage or stocking (Nicolaides,
1987). For this reason, other plethysmographic techniques such as the strain gauge

version are sometimes preferred (Mclrvine et al., 1986).

1.6.4 The Light Reflection Rheography

Shepard et al. (1984), described a technique of measuring venous emptying
and refilling times using the light reflection rheography. This device consists of an
electronic sensor head and a combined amplifier recorder. The sensor head contains

three light-emitting diodes which transilluminate the skin to a depth of 0.5 to 1.5 mm.
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The light is either absorbed primarily by red blood cells within the dermal
microcirculation or reflected back to the photodetector on the sensor. The intensity
of reflected light is translated into an electrical signal which is recorded on a strip
chart. The light reflection rheography curve thus provides a continuous display of
dermal blood content. This technique is similar to photo-plethysmography but has the

advantage of being able to quantify both venous emptying and venous refill times.

1.6.5 The Direct Cannulation Method

This is an invasive technique of measuring venous pressure directly, by
cannulating the dorsal foot vein (Somerville et al., 1974; Hoare et al., 1981;
Runchman and Rowland, 1986). Such measurements performed in the upright posture
during exercise and at rest were used to investigate chronic venous insufficiency
(Bjordal, 1973). The results of this method produced poor correlation between
recorded vein pressures and the degree of chronic venous insufficiency (Lawrence
and Kakkar, 1980). An explanation for this poor correlation was suggested by
Stranden et al. (1986) who claimed that venous pressures should be measured not

only at the foot but also at the calf.

1.6.6 Foot Volumetry

Foot Volumetry (Figure 1.15a) is a simple, non-invasive technique used in the
assessment of superficial and deep venous competence (Thulesius et al., 1973). It has
also been used for the evaluation of prophylactic devices, such as compression
bandages and stockings (Gjores and Thulesius, 1977; Pierson et al., 1983).

The method involves placing the foot in an open, temperature controlled,
water bath, filled to a constant level. A photoelectric float sensor continuously
registers changes in the level of water while the foot is placed in the bath and
exercised. With exercise, blood is translocated from the dependent venous reservoirs
of the foot up to the calf and thigh. Inferences on the state of the venous system can
then be drawn based on the measurements of expelled volume (Norgren et al., 1974).
Figure 1.15b depicts an example of a foot volumetry trace for a normal leg and a leg

with venous insufficiency showing the reduction in expelled volume and rapid reflux
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1.7 THE PATHOGENESIS OF VENOUS ULCERS

The precise nature of the pathogenesis of lipodermatosclerosis leading to
venous ulceration, stll remains uncertain. Its association with venous disorders has
been known for over 2000 years (Adams, 1949). It is now thought that venous
insufficiency and hypertension are the primary factors which eventually lead to
venous ulceratdon. The exact mechanism of the ulcerating process has been poorly
understood and is open to much controversy. There are three main theories that
attempt to offer an explanation to the underlying mechanism of venous ulceration

(Browse et al., 1988).

1.7.1 The Underlying Mechanism of Venous Ulceration.

Homans (1917) was the first person to suggest that defective venous return
from the lower limb caused by deep vein damage or varicose veins, could result in
"venous stasis". His theory was that the resulting stagnant anoxia was responsible for
the tissue death seen as cutaneous ulceration. This concept of stasis causing ulceration
was widely accepted until measurements of oxygen content of the venous blood,
capillary blood and tissues of ulcerated limbs were carried out. It was found that
venous blood leaving an ulcerated limb had a high oxygen content and an increased
flow (Blalock, 1929; Blumoff et al., 1977). However, venous stasis as a cause of
ulceration has not been entirely discredited. Videomicroscopy has provided some
evidence that there is local slowing of blood flow through the cutaneous capillary bed
of the peri-ulcer skin compared to other areas of the limb (Bollinger et al., 1982).

Holling et al (1938) suggested that it was possible that a shunt of blood
directly from the arterioles to the venules, largely avoiding the capillary bed might
explain their findings of high oxygen levels in the venous blood of the ulcerated
limbs. This lead to Pratt (1949) and Brewer (1950) suggesting that the arteriovenous
communication beneath the skin resulted in the death of the overlying tissues by
anaemic anoxia. This concept received support from a number of indirect
observations (Brewer, 1950; Haimovici, 1966). However the validity of this theory
is still treated with caution as direct evidence for the existence of these arteriovenous
shunts is limited and its concept is open to criticism (Lindemayr et al., 1972; Gius,
1960; Hehne et al., 1974). '
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The third theory which has received much popular support was proposed by
Browse and Burnand (1982). They suggested that chronic venous hypertension leads
to leakage of fibrinogen from capillary venules into the perivascular interstitial space.
This fibrinogen is then polymerized and deposited as a "cuff" of fibrin around the
blood vessel. The fibrin cuff is believed to prevent diffusion of oxygen from affected
vessels which leads to tissue necrosis and cell death (Figure 1.16). The high oxygen
tension often found in venous blood of ulcerated limbs could be accounted for by this
theory and has been supported by Falanga and Eaglstein (1986), Lotti et al. (1987)
and Falanga et al. (1987). However, Cheatle et al. (1990) failed to yield evidence

suggesting that an oxygen diffusion barrier existed in lipodermatosclerosis.

1.7.2 Secondary Causes of Venous Ulcers
There are a host of secondary disorders, abnormalities and acquired conditions
that are predisposing factors to chronic venous insufficiency and hypertension. Often

the problem is exacerbated as several of these conditions may present concurrently.

1) Simple valvular incompetence of the superficial veins usually in the saphenous
veins leads to retrograde flow causing stasis and hypertension (Figure 1.17a).
The condition can be severe enough to overwhelm the venous muscle pump

(Browse et al., 1988).

(i)  Patients with a history of deep vein thrombosis often present with impaired
deep veins. In these patients the deep veins are deformed, occluded to varying
degrees and usually have extensive valvular damage (Edwards and Edwards,
1937). As shown in figure 1.17b, sometimes the superficial veins act as

collaterals in the upward flow of blood.
(iii)  Communicating vein incompetence often as a result of valvular dysfunction

leads to retrograde flow and disruption of the muscle pump, resulting in

venous insufficiency (Lawrence and Kakkar, 1980).
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(iv)

(v)

(vi)

(vii)

(viii)

(ix)

An ineffective calf pump mechanism, which is central to venous blood flow,
will result in venous insufficiency. This can be caused by muscular arophy

resulting from injury, disease or lack of physical activity, or a combination of

the above factors (Browse et al., 1988)

Obstructon of venous outflow caused by thrombosis leads to venous

insufficiency (Sevitt, 1974).

Patients with reduced levels of blood and tissue fibrinolytic activity have been
shown to be predisposed to thrombosis and varicose veins, and consequently

venous dysfunction (Clayton et al., 1976; Pandolfi et al., 1969).

Congenital venous abnormalities such as absence of valves (valveless
syndrome), connective tissue defects affecting collagen and elastin fibres, and
arteriovenous aneurysm are predisposing factors to poor venous function (Plate
et al., 1983).

Ageing has been associated with reduced efficiency of venous function (Hohn

et al., 1990) and this has been supported by prevalence surveys (Dale, 1984).

Acquired conditions resulting in venous insufficiency may be secondary to
lack of physical activity, obesity, prolonged standing or sitting, prolonged
wearing of constrictive clothing and high heeled shoes, abdominal pressures
from a tumour or during pregnancy (Demis, 1986; Jacques, 1987) and poor
nutrition (Cheatle et al., 1991).

These theories and predisposing factors based on clinical and experimental

evidence provide some clues to the pathogenesis of venous ulcers. Unfortunately, as

Burnand and Browse (1988) have commented, the mechanism by which the cutaneuos

changes of lipodermatosclerosis and ulceration develop in response to prolonged

venous hypertension remains open to speculation.
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1.8 THERAPEUTIC MANAGEMENTS OF VENOUS ULCERS

The treatment of venous ulcers has posed such a great challenge that
numerous forms of treatment have evolved with mixed results. The use of
compression therapy to treat venous ulcers was first recognised by Hippocrates,
although his objective was to let out the "evil humours"” (Majno, 1975). Compression
therapy and leg elevation are still, by far, the most widely used forms of treatment,
despite advances in medicine and surgery. The present day management of venous
ulcers relies to a large extent on conservative methods which are non-invasive and
most successful, although the results of treatment can be varied. Other categories of
treatment include invasive techniques and therapies that focus on local aspects of the

ulceration.

1.8.1 Conservative Therapies
) Compression Therapy

Graduated external compression applied to the lower limb can be of
therapeutic benefit in treating venous ulcers. The compression is achieved by the use
of devices such as bandages, elastic stockings and inflatable pneumatic leggings. The
therapeutic value of compression bandages and stockings has been recognized since
very early times. The Indians used cloth bandages to treat venous ulcers in 200 BC.
Later, Celsus described the use of plasters and linen roller bandages in 25 AD. The
first alternative means of compression in the form of a laced leather stocking was
introduced by Wiseman in 1676 and was the forerunner of the modern elastic
stocking (Figure 1.18).

Compression therapy is the most acceptable and probably the most effective
means of treatment currently available (Cherry, 1992; Dale, 1990; Myers et al., 1972;
Lewis et al., 1976). The external compression provided by bandages and elastic
stockings give support to the tissues and superficial veins of the lower leg, control
oedema and venous hypertension, and assist in improving venous return. Elastic
stockings are also widely used along with other modes of treatment and are

particularly favoured in post healing therapy (Stacey et al., 1988).
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skin, usually from the thigh, which are then applied onto the ulcer bed. In the split
graft technique, larger sections of healthy skin are cut to the shape of the ulcer or
sometimes into small squares (postage stamps) which are then applied to the ulcer
bed. This is usually done under general anaesthetic. In the pinch graft technique, one
centimetre discs of healthy skin are closely placed to cover the whole ulcer (Figure
1.19). There are mixed reports on the success of skin grafting. Monk and Sarkany
(1982) found that 80% of ulcers, treated by the pinch graft technique, recurred within

one year.

(iii)  Systemic Medication

The use of systemic drugs in the treatment of venous ulcers has been of little
benefit and until very recently, of minor importance (Cheatle, 1991). With progress
in the understanding of the pathological mechanisms of ulceration, more rational
pharmacotherapeutic methods may become common place in the future. Some of the
medicaments that have been tried include, zinc supplements, fibrinolytic enhancing

agents, vasodilators, diuretics and systemic antibiotics (Browse et al., 1988).

1.8.3 Local Ulcer Treatments
(i) Topical Medication

An assortment of topical medications is available and is often used in
conjunction with conservative methods of treatment, in an attempt to improve the
healing of venous ulcers. These drugs can be broadly categorised into antiseptics,
antibiotics and cleansing agents.

Antiseptics have been shown to have harmful effects on the ulcer micro-
environment in animal experiments (Niedner and Schopf, 1886). Osmundsen (1982)
has reported that antiseptics have never been shown to promote venous ulcer healing
and can cause allergic skin reactions.

Several antibiotics have been applied to the surface of ulcers but there is little
justification for their use because there are few controlled trials which show that they
are beneficial. Bacterial resistance and skin sensitivity reactions are real risks. Browse
et al. (1988) and Hansson (1988) have recommended that topical antibiotics should

be abandoned as a mode of treatment for venous ulceration. Some topical antibiotics,
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such as neomycin and gramicidin (Graneodin - Squibb) and silver sulphadiazine
(Flamazine - Smith and Nephew) have, at best, received anecdotal support in the
treatment of ulcers.

Possibly the most encouraging of the topical applications are the cleansing
agents. These substances are mainly chemicals or naturally derived enzymes that are
proteolytic or fibrinolytic. Although these agents have not been shown to accelerate
ulcer healing, their contribution to ulcer cleansing has been notable (Morrison, 1979
and Coopwood, 1976). These preparations have a place in the use of desloughing

dirty ulcers, particularly when surgical cleansing cannot be tolerated because of pain.

(ii) Ulcer Dressing

Although the treatment of the underlying causes of venous ulcers is
paramount, the local management of the ulcers should not be disregarded. According
to Scales (1963) and Turner (1985), an ideal local dressing for ulcers should protect
the wound, absorb wound exudate, remove bacteria, allow some fluid evaporation (in
order to allow concentration of the exudate, which retards bacterial growth), offer
thermal insulation, be impermeable to bacteria and should be easy to remove without
destroying the new epithelium.

A wide variety of dressings are now available and the main types include,
absorbent dressings, impregnated dressings, absorbent and occlusive or semi occlusive
dressings, and impregnated bandages. Absorbent dressings made from linen, cotton
wool, open weaved gauze (often moistened with saline), melolin and gamgee pads
serve to absorb ulcer exudate. Impregnated dressings are made of gauze coated with
vaseline and often with an antibacterial agent. This is a popular form of dressing
although there are doubts about the use of antibacterial agents (Browse et al., 1988).
The semi-occlusive and occlusive dressings may include, hydrogels, foams,
polyurethane films and hydrocolloids which offer varying degrees of permeability and
absorption. The majority of these dressings have been developed recently and there
has been no large scale clinical trials conducted to evaluate their performance.
However, the introduction of the occlusive hydrocolloid dressing (Granuflex) has
been shown to have made a significant contribution to the process of wound healing

(Alvarez et al, 1983; Cherry and Ryan, 1985). Impregnated bandages with
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medicament have been a very popular form of ulcer dressing (Kikta et al., 1988). Its
forerunner was the famous "Unna Boot" (Unna, 1854). There has been much doubt
about the actual benefits of the medicament which can often cause sensitivity
reactions, although many have reported reasonable success in treating venous ulcers
(Munro-Ashman and Wells, 1968). It is the belief of some that, impregnated
bandages work because they set into a semi-hard cast which acts as an effective form

of external compression.

1.8.4 Other Miscellaneous forms of Treatment

In an attempt to find an alternative, successful, method of treatment, many
less effective techniques were experimented with. Even herbal remedies have been
tried in desperation (Dale, 1985). Some of the lesser known treatments include the
use of hyperbaric oxygen (Bass, 1970; Zelikovski et al., 1985), lumbar
sympathectomy (Patman, 1982), pulsing electromagnetic fields (Cadossi, 1991) and
electrical stimulation (Doran and White, 1967). None of these methods has been

widely accepted and the success of these treatments has been dubious.

1.9 THE LYMPHATIC SYSTEM

A review of venous physiology is not complete without reference to the
lymphatic system which functions alongside the venous system. It is made up of the
lymphatic vessels, lymph nodes, lymph organs and lymph (fluid within the vessels).
The fine network of lymphatic vessels are responsible primarily for the drainage of
excess interstitial fluid that is not returned to the blood at the capillaries.

Lymph within the lymphatic circulation flows as a result of skeletal muscle
contractions and respiratory movement, aided by valves in the vessels similar to
mechanisms associated with venous flow. Lymphatic drainage when disrupted leads
to lymphoedema and a host of ailments as a consequence.

Conservative treatment of peripheral lymphoedema is similar to that of venous
oedema. As such, elevation of the oedematous leg, external compression and exercise

are the normal modes of treatment (Yamazaki et al., 1988).
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cither one way stretch or two way stretch, although elasticity in the longitudinal
direction is not necessarily an advantage. The modem day elastic stockings are
manufactured on weft knitting machines which can be circular or flat bed. Elastic
stockings made from fabric knitted on the flat bed machines are shaped to fit the leg,
by controlling the number of needles in the machine and these stockings can be made
with or without seams. In the case of the circular bed knitting machines, stockings
are shaped by using cylinders of different diameters and these elastic stockings are
seam free.

In the past, elastic fabrics were woven or bobbinnet fabrics which were cut
to shape from a roll of material, folded down the middle and seamed along its edges,
with the foot section added on later (Figure 2.4). Present day, elastic fabrics may be
knitted or knitted with weft inlay, as illustrated in figure 2.5. Elastic stockings, such
as Venosan 3000 (Salzmann, Switzerland) which are designed to generate higher
compression are normally knitted on the circular machines with weft inlay.
Specialised machines are now used to control the tension in the inlay yarn during
manufacture. The inlay yarns may be covered elastomers or just bare yarns, not all
of which within a fabric are required to be elastic. Further, the number of the inlay
yarns can be varied and do not have to be laid in every course. By varying the type
and number of inlay yarns, along with the factors considered in the case of extensible
bandage, a variety of elastic stockings, providing a range of compression, can be
manufactured (Reicher, 1990). In the knitted fabrics where inlay yarns are not used,
the threads are normally covered elastomers and the compression*gencrated is
relatively lower.

Elastic stockings are required to provide graduated compression, maximum
at the ankle and decreasing proximally. Typically, pressures are defined at the ankle
and it has to be 30% lower at the calf, and 50% lower at the thigh (Reicher, 1990).
This pressure profile is achieved by varying the tension in the elastic yarn along the
stocking during manufacture.

Commercially available elastic stockings come in a range of standard sizes
measured according to calf circumferences, typically, from small (circumference less
than 30.5cm) to extra large (circumference greater than 44.5cm). Most manufacturers

also provide a further choice of leg length to improve the fit of the garment. Many
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de Bruyne and Dvorsk offered a theoretical explanation of such an elastic
compression based on a simplified model of the leg. The model was assumed to have
an uniform circular cross-section with no longitudinal curvature. A further assumption
was that, there was no friction between the stocking and the surface of the cylindrical
model (Figure 2.8).

Based on this model and the illustration in figure 2.9, de Bruyne and Dvordk

calculated the radial component of force F, exerted by a one cm wide strip of fabric
as;

= . (Aa)
F, = 2T, sin===>
and the pressure p, per square centimetre as;
F. sin(Aa/2)
= =27 = -7
P: S » AaR

where,
S = AaR x 1 cm is the area of the one cm wide strip subtended by the angle Aa

For small angles of Aa

and hence;

They concluded that, "the radial pressure profile per square centimetre exerted
by an elastic stocking on the surface of a cylindrical body is proportional to the

peripheral tension of a 1cm wide strip of fabric divided by the radius in centimetres
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of the curvature at the area considered.”" Based on this, the relative pressure profiles
for three differently shaped cross-sectional areas are illustrated in figure 2.10.

This relatonship better known as Laplace’s law is frequently quoted in the
literature pertaining to compression therapy. It should be pointed out that the
relationship implicated by this law is highly simplified and based on many
assumptions. Apart from the assumptions outlined earlier, the law assumes
homogeneity of the material within the "cylindrical body". The human leg, composed
of soft and hard tissues, fibres, muscles and fluids, is non homogeneous and this
should be taken into account when applying the law.

Attempts have been made to modify Laplace’s law to derive specific equations
for use in the study of compression devices (Hansson and Swanbeck, 1988; Thomas,
1990). However, caution must be exercised when using such modified equations.
Hansson and Swanbeck (1988) compared a cohesive bandage and a non adhesive
elastic bandage using the same, modified, equation (Figure 2.11). These bandages
have different frictional characteristics and must be accounted for. Thomas (1990Q)
appears to have overlooked this point when presenting a general equation for sub-
bandage pressures (Figure 2.12). Similarly, such equations would fail in a multi-layer
bandaging system where different types of bandages are used.

Laplace’s law may be a useful tool in providing a general understanding of
the distribution of pressures beneath compression devices but extending the principles
for specific applications should be viewed with caution until more detailed
investigations are carried out. Further, the behaviour of elastic tension outside the
recommended limits of stretch, which are easily exceeded when applying a bandage,
has not been fully understood as yet (Hansson and Swanbeck, 1988).

(b)  Longitudinal (Vertical) Pressure Profile
de Bruyne and Dvordk (1976) used the previously derived expression (1) to
describe the nature of the longitudinal pressure profile resulting from the longitudinal

component of tension in the fabric. The pressure p, was calculated as;
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7

pL~72:

(In practice, with the exception of the area around the ankle and shin, the radius of
longitudinal curvature R, is very large)

Therefore,

Hence, the pressure resulting from the longitudinal component of tension is generally
less significant than the radial component and as such longitudinal elastic yarns are
not usually used within the fabric of compression devices.

In bandages, however, a local distribution of pressure within its width is
likely. Crenshaw et al. (1988) investigated tourniquet cuffs of different sizes and have
shown that the pressure transmitted varied transversely across the cuffs. The pressure
was greatest at the centre of the cuff and least at the edges (Figure 2.13). A bandage
could be expected to produce similar local pressure profiles. Crenshaw et al. (1988)
also showed that broader cuffs were more efficient in transmitting pressure than
narrower cuffs and that the pressure profile was dependent on the width of the cuffs.
Therefore it would seem reasonable to assume that the longitudinal pressure profile
generated by a bandage would depend on its width and further, would be influenced

by the degree of overlap of the bandage material (Raj et al.,1980).

(c) External Compression and Flow

Kamm et al. (1979) observed the geometrical changes in a model vein, of a
single compliant tube, subjected to uniform external compression. They observed that
the model vein was emptied by a sequential process of vein collapses. Figure 2.14
is an exaggerated schematic representation of this sequence. In this representation the
final configuration is one in which the collapse is maximal at the proximal (knee) end
and minimal at the distal (ankle) end. Thus, uniform compression, as seen by this
model, may compromise flow, especially at the proximal end, as a result of a flow-

limiting throat.
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As a follow up to the above study, Kamm (1982) and Olson et al. (1982)
conducted a numerical study on the effects of different types of external compression
on flow rate, flow velocity and shear stress. This theoretical study was based on a
highly simplified model of a leg and vein, with simple flow conditions (Figure 2.15).
The authors reported that sequential or graduated compression was significantly more

effective in promoting flow than uniform compression, and that optimum compression
was around 4 kPa.

(d) Flow and Cross-Sectional Area of Vein
The volume (V) of fluid that passes through a vessel per second and the fluid

flow rate (Q) are related to the mean velocity of flow (v) and the cross-sectional area

(A) of the vessel by the equation of continuity;

(where t is the time and d the distance travelled by the fluid as illustrated in figure
2.16)

It follows that a reduction in the cross-sectional area of a vein as a result of
external compression will increase the mean velocity but not necessarily the flow rate
(Stanton et al., 1949 and Yamaguchi and Yamaguchi, 1986). Perhaps, for this reason
venous flow velocity is often measured at a distant point, typically at the femoral
vein, well away from the point of compression (Stanton et al., 1949, Sigel et al,,
1975, Lawrence and Kakkar, 1980 and Spiro et al., 1970). At this distant point it may
be assumed that the cross-sectional area is unaffected by compression, hence an
increased venous velocity would reflect increased flow rate and therefore increased
venous return.

A practical point of interest is that, to-date, there is no reliable, non invasive
means of measuring blood flow rate. The measurement of venous blood flow rate is
particularly difficult because of the highly complex and variable nature of the blood

flow pattern and the cross-sectional profiles of the veins (Fisher, 1992). Spiro et al.

36



Chapter 2

(1970) and Roberts et al. (1972) have measured flow rate in the femoral vein
invasively using an electromagnetic flowmeter, initially on dogs then on a limited

number of patients under general anaesthesia and have reported that external

compression of leg increases the flow rate.

2.2.2 The Effect of Compression on Venous Haemodynamics

Graduated compression of the leg can have favourable effects on venous
haemodynamics by alleviating the aetiological factors of impaired venous function.
External compression in the first instance, provides support to the weakened
musculature and underlying tissues. Further, such a support can assist the muscle
pump mechanism in "milking" the venous blood upwards against the force of gravity,
by providing a firm "skin" for the muscles to counteract against (Fentem, 1990 and
Comwall, 1988).

Graduated external compression may also oppose the reflux of venous blood
from incompetent perforating veins and encourage unidirectional flow from the
superficial veins to the deep veins and thereafter towards the heart (Somerville et al.,
1974 and Sigel et al., 1975). Meyerowitz et al. (1964) and Makin et al. (1969) using
#I-fibrinogen tracer and venographic techniques reported improved venous flow as
a result of compression therapy. A similar observation was also reported by Jones et
al. (1980) using foot volumetry and Na-24 subcutaneous tissue clearance techniques.

Stanton et al. (1949) using Evans blue dye tracer technique, observed that
local compression of the leg accelerated the venous blood flow velocity. Sigel et al.
(1975) reiterated this when they reported that graduated compression produced
maximum increase in venous flow velocity. Further, Lawrence and Kakkar (1980),
using technetium-99 tracer also reported that for external pressures between 18 and
8 mmHg (2.4 and 1kPa) there was a significant increase in the mean deep vein blood
velocity. Similar findings were also reported by Wilkins et al. (1952), Spiro et al.
(1970) and Sabri et al. (1971). The increased venous velocity is seen by clinicians as
improved venous return (Burnand and Layer, 1986).

Levs'/is et al. (1976) using venographic techniques have reported that external
compression of the leg significantly improved clearance of stagnant blood from

behind venous valves. Browse et al. (1974) had previously reported similar findings.
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Blood propelled in the deep veins by compression from surrounding muscles
travels in the direction of least resistance. The application of external support,
compresses the superficial veins and hence, increases the resistance to retrograde flow
from the communicating veins. As a result more blood is returned in the normal
centripetal fashion in the deep venous system (Keely et al., 1962). Somerville et al.
(1974) substantiated this claim by reporting that external compression helped to
restore competence and reduce retrograde flow.

Lawrence and Kakkar (1980), using sodium-24 tracer clearance in
subcutaneous tissues reported increased blood flow in the tissues when suitable levels
of compression were applied.

The equilibrium that exists between the intra and extravascular fluid
compartments is a delicate balance (Starling’s Law). Among several factors
influencing this equilibrium, intravascular, osmotic and hydrostatic pressures are of
paramount importance. Prolonged venous hypertension can easily upset this delicate
balance. External compression may contribute to the redressing of this imbalance,

preventing capillary transudation and oedema in the leg (Keeley, 1962 and
Backhouse, 1987).

2.2.3 The Influence of Compression on Venous Ulcers

It has been previously established that compression therapy plays an important
role in improving venous return (Section 1.8). As such, it directly addresses the
aetiology of venous ulceration.

Prolonged venous hypertension is a primary factor in the process leading to
lipodermatosclerosis and eventually venous ulceration. The value of supportive,
graduated, compression of the leg in overcoming the effects of prolonged venous
hypertension has been widely proven (Sigg, 1963; Fentem et al., 1976; Gjores and
Thulesius, 1977 and Somerville et al., 1974). External compression alleviates venous
hypertension by reducing the distension of the superficial veins and by counteracting
the excessive intra-venous pressures (Fentem et al., 1976).

/ /Compression therapy is also widely used in the control of oedema implicated
in venous ulceration. External compression discourages swelling by reducing the

pressure difference between the capillaries and tissues, thereby restoring normal rate
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of tissue fluid formation (Heather, 1969).

The persistently raised venous pressure distends the dermal capillary bed and
encourages large macromolecules, particularly fibrinogen, which are normally held
within the vascular compartment, to escape into the tissues. This initiates the
mechanism leading to lipodermatosclerosis and eventually venous ulceration (Burnand
et al., 1981; Burnand et al., 1982). External compression applied to the leg, raises the
local interstitial pressure and decreases the superficial venous pressure thereby
reducing the leakage of solutes and fluid into the interstitial space, and thus
preventing the onset of lipodermatosclerosis (Burnand and Layer, 1986).

External compression enhances the local release of plasminogen activators
(Clarke, 1960; Burnand et al., 1982), which initiates extravascular dissolution of
fibrin. This may have potential benefits in restoring defective fibrinolysis and
stimulating the breakdown of pericapillary fibrin deposits responsible for the onset
of lipodermatosclerosis (Burnand et al., 1980).

Low transcutaneous oxygen tension adjacent to venous ulcers has been
previously reported (Partsch et al., 1984). Burnand and Browse (1982) have suggested
that low oxygen tension values in venous diseases may reflect a barrier to oxygen
diffusion from the dermal pericapillary fibrin. External compression of the leg has
been shown to increase tissue oxygenation (Kolari et al.,, 1987 and Okoye, 1984).
Kolari et al. (1987) have suggested that a decrease in oedema, resulting from
compression therapy, augments oxygen diffusion. Further, a decrease in venous stasis,
as a result of such therapy, can enhance capillary and arterial inflow which, in turn,
can increase tissue oxygen content. The reversal of the low oxygen content in the

tissues can prevent tissue necrosis and promote ulcer healing.

2.3 EVALUATION AND CLASSIFICATION OF COMPRESSION DEVICES

The first official standard for bandages appeared in a supplement to the 1911
British Pharmaceutical Codex (BPC) which included a specification for crépe
bandages, and monographs for simple non-extensible bandages, used mainly to
provide warmth and protection. As new products were developed, additional
monographs were introduced, but when the publication of the BPC ceased, many of

these standards were transferred to the British Pharmacopoeia (Thomas, 1990). These
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specifications were based on the construction rather than the performance of the

device, and as such had little relevance to compression therapy. Furthermore, there
were no specifications for elastic stockings.

2.3.1. The Standard BS6612 For Compression Hosiery

A committee of the British Standards Institute (BSI) was first convened in
1970, to produce the standard BS6612 for compression hosiery but this was not
published until 1985. Progress in producing a standard based on performance was
particularly slow because methods of measuring compression had to be sufficiently
developed so that monitoring standards were possible (Fentem, 1990).

The intention of the standard was to provide a description of the devices in
terms of their compressional ability. Each elastic stocking was labelled with a specific
range of compression values that would be exerted at the ankle when the stocking
was worn on a leg of the size for which it was manufactured. The standard also
required the elastic stocking to provide graduated compression along the limb within
predefined compression profiles. Further, it was necessary to demonstrate that the
elastic stocking retained its compression with simulated wear, and its "stiffness” was
within stated limits. The desired effect of such classification was to assist clinicians
in selecting suitable elastic stockings according to levels of compression, to ensure
that these devices were manufactured to performance specifications, to create a
nationally acceptable standard, and to form a basis for future research and
development of compression devices (Fentem, 1990).

In order to achieve this classification, the performance of elastic stockings had
to be measured, either by using direct or indirect methods. Direct measurement of
compression involved placing sensors between the elastic stocking and the patient’s
leg. Indirect compression measurement was based on the theoretical considerations
previously discussed in section 2.2.1. Measurements of fabric tension and leg
circumference are used to estimate the stocking compression. The Instron tester, the
NAHM tester (National Association of Hosiery Manufacturers’tester), and the
HATRA tester (Hosiery and Allied Trades Research Association) are commonly used
indirect measuring instruments. The committee of the BSI on compression hosiery

had selected the HATRA tester to be the instrument by which all elastic stockings are
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ulcers are carried out by district nurses. The importance of good bandaging is now
recognised and emphasis is placed on training and educating district nurses and others
in the profession, on the art of bandaging.

An ulcerated leg should be bandaged only after the vascular status of the
patient has been investigated (Dale and Gibson, 1986; Cornwall, 1985). Usually the
distal pulses are palpated but in excessively edematous legs a Doppler ultrasound may
be used to establish the Ankle Pressure Index (Kulozik et al., 1986; Johnson, 1990).
This precaution is taken to exclude arterial disorders. Further, it is recommended
practice that a patch test be carried out to exclude possible skin allergies such as
contact dermatitis. This is particularly important when paste bandages are used
(Kulozik et al., 1988).

Most bandages are accompanied with the manufacturers’ brochures which
provide instructions and information regarding the bandage. Prior to the actual
bandaging, the bandager is expected to gain some familiarity with the bandage, a feel
for its stretch and elasticity (Gibson, 1990). In order to be able to reproduce the
recommended percentage of stretch, the bandager may need to practise unrolling a
length of the bandage and stretching it to varying degrees. Many bandages have lines
or patterns printed on them to assist the bandager in estimating the required
percentage of stretch (Thomas, 1990; Parpex, 1984).

Bandaging of the leg starts at the foot and finishes just below the knee, with
the primary objective of producing an uniformly graduated compression which
decreases proximally. If excessive oedema is present, a period of leg elevation prior
to bandaging is advantageous. In the United Kingdom, the two most popular
techniques of bandaging are the "simple spiral” and the "criss-cross” also referred to
as the "figure of eight” technique. The spiral technique starts with a double turn of
the bandage at the base of the toes, usually on the medial side of the foot, forming
an anchor. The stretched bandage is then wrapped around in consecutive spirals to
cover the foot including the heel and the leg up to just below the knee. Each new
turn of the bandage overlaps the previous turn as illustrated in figure 2.21. The
degree of overlap, as seen in figure 2.22, can be varied according to the
manufacturer’s instructions and is an important factor in determining the level of

compression (Raj et al., 1980; Hansson and Swanbeck, 1988). The criss-cross
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technique starts with a turn at the ankle which anchors the bandage. The bandage is
then carried distally in simple spirals to the base of the toes where the criss-cross
sequence of bandaging starts. The stretched bandage is wrapped around the leg in
alternate ascending and descending turns which form a criss-cross pattern and this
proceeds to cover the foot, heel and eventually the leg up to the knee (Figure 2.23).
With both techniques there may be small variations in the anchoring process but the
overall bandaging technique remains the same.

In many European countries, however, a different technique of bandaging is
used. This technique illustrated in figure 2.24 incorporates both the simple spiral and
the criss-cross (Cornwall, 1988).

Recent practices in bandaging include foam padding of bony prominences and
the ulceration itself, to improve the local pressure distribution. When paste bandages
are used, a similar effect is achieved at these sites by folding the bandage back over
area and then proceeding forward, as illustrated in figure 2.25. Good bandaging
includes ensuring that each turn is smoothly and neatly laid without creases, at every
stage. At the last turn just below the knee, the bandage is cut and taped.
Occasionally, bandages are not long enough especially if the criss-cross technique is
used and may have to be joined. Care must be taken to minimise the overlap at the
joins to prevent a tourniquet forming (Raj et al., 1980). A check with the patient for
overall comfort and an examination of the toes and the toe nails ensures that
excessively high compression is not applied. Finally, the bandaging should not restrict
ankle movement and the use of foot wear, particularly when paste bandages are used.

In 1988, a four layer bandaging system was reported to produce favourable
results (Blair et al., 1988). The concept of multi layer bandaging is not new and each
bandage in the system is still applied using either the simple spiral or the criss-cross

technique.

24.2 Applying Elastic Stockings

Elastic stockings used in the treatment of venous ulcers require less skill to
apply and are less user dependent than bandages (Callam et al., 1987). For these
reasons they are more suited for out-patients who are expected to apply elastic

stockings by themselves and who may not have the necessary skills required for
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bandaging. However, an elastic stocking will only be effective in providing
appropriate compression if the type and size of the device are correctly selected (Dale
and Gibson, 1990).

As in bandaging, elastic stockings should only be applied on a patient’s leg
after the vascular status of the patient has been examined. Manufacturers of elastic
stockings provide varying levels of information on the overall size, calf and ankle
circumference, length and type or classification of the stockin g. Figure 2.26 illustrates
an information chart supplied by the manufacturer. Many also provide instructions
on application and include devices such as foot slips to assist application. Elastic
stockings are designed to provide the appropriate compression, for its class, with the
desired pressure gradient, but its performance is dependent on a good fit (Lewis et
al., 1976; Whitley, 1988).

When applying for the first time, the circumference at the widest section of
the calf, the circumference at the narrowest section of the ankle and the length of the
leg must be recorded. These measurements are used along with the chart provided by
the manufacturer to select the best fit elastic stocking within the prescribed class.

Application of an elastic stocking is best done in the morning when the leg
is least likely to be oedematous. The leg should be dry, as perspiration can make
application difficult. Light powdering of the leg often helps application by reducing
the skin surface friction. An elastic stocking can be applied in one of two ways, as
recommended by the manufacturer. The most common method is to reach into the
stocking and pull the heel pocket out whilst turning the stocking inside out. The
stocking is then placed onto the foot and the material worked on, untl the heel
pocket is positioned over the heel. The loose material at the toe end is gathered and
slid over the heel. Then by a gentle rocking motion, the material is evenly smoothed
out over the leg, removing any creases. This sequence is illustrated in figure 2.27.
Final adjustments include, positioning the toe window, heel pocket, garter and
ensuring that there are no tight bands or unevenness.

The other method sometimes recommended by the manufacturers does not
involve turning the stocking inside out, instead a silk foot slip is used over the foot
and the stocking is worked up the foot by gently spreading the material until the toe

window and heel pocket are in place. The remaining material is then slid over the
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heel and gradually spread out, in a similar fashion, over the leg with the palm of the

hand. Once the stocking is in place, the foot slip is then withdrawn. This method is
illustrated in figure 2.28.

When highly compressive elastic stockings are prescribed, especially for the
infirm and elderly, simple aids may not be sufficient for patients to apply the devices
themselves (Whitley, 1988; Partsch, 1985). The problem can be made worse by the
presence of a fresh, open ulcer which can be very painful. Various devices have been
introduced to assist application in these awkward circumstances, like the simple wire
frame (Figure 2.29) by Cornu-Thenard et al. (1983), but none have been particularly
popular.

Like bandaging, it is necessary precaution to examine the toes for colour and
warmth to ensure that blood flow is not occluded. Ankle mobility, foot wear and
overall comfort must be checked. It is good practice to regularly examine the fit of

the elastic stocking by re-measuring the necessary dimensions as these tend to change

when the oedema subsides.

25 THE HAZARDS OF COMPRESSION THERAPY

Compression therapy, like any other treatment, involves certain risks. These
can range from simple skin allergies to severe tissue necrosis and, in a few instances,
to amputation. Very high compression can easily be produced and sustained by the
improved modern day bandage and elastic stocking, consequently narrowing the
margin between benefit and hazard. A survey conducted in Scotland over a five year
period, revealed that 32% of the surgeons who took part in the study had experienced
at least one case of damage induced by compression therapy and there were twelve

cases of amputations (Callum et al., 1987).

i. Improper Diagnosis

The injudicious use of compression therapy on a leg with arterial disease, as
a result of improper diagnosis, is a danger with the gravest consequence. The effect
of such an action would lead to impairment of arterial circulation, tissue necrosis and
if the pressure is prolonged, irreversible damage of the leg (Dale and Gibson, 1987).
Arterial impairment is normally diagnosed by palpation of the pedal pulses but
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with venous dysfuncton can further aggravate oedema and can hinder the ulcer
healing process (Stemmer, 1982; Demis, 1986; Jacques, 1987). Chant (1972) noted
a reduction in Na* clearance when the leg was lowered and deduced that it was due
to the pooling which was clinically observed in the form of oedema. Keeley et al.
(1962) have observed walking by patients undergoing compression therapy to be an
effective means of controlling oedema.

The hydrostatic component of venous pressure arising as a result of
gravitational effects is dependent on posture especially at the lower extremities.
Pollack and Wood (1949) measured variations in the resulting venous pressure in the
dorsal vein of the foot brought about by postural changes. They reported that average
venous pressures at the ankle were 11.7mmHg (1.6kPa) in the recumbent posture,
56.0mmHg (7.5kPa) in the sitting posture and 86.8mmHg (11.6kPa) in the standing
posture. It has been previously pointed out (Section 1.7) that venous hypertension is
a primary factor in the process leading to venous ulceration and that restoring normal
venous pressure is vital to ulcer healing.

During ambulation and exercise such as in walking there is a significant drop
in venous pressure which has been measured using plethysmographic and foot
cannulation techniques (Somerville et al., 1974; Horner et al., 1980; Norris et al,,
1984). Figure 3.1 illustrates the ambulatory venous pressure measured by Pollack and
Wood (1949) showing the pressure drop as the subject walked. Ambulation may
therefore have a role in reducing venous hypertension at the lower extremities and
favour ulcer healing as reported by Hordegen (1989). Chant (1990) also voiced a
similar opinion when he stated that a reduction of venous pressure in the lower
extremities by any means including postural changes will promote healing of venous

ulcers.

32 THE EFFECT OF AMBULATION ON EXTERNAL COMPRESSION

Very little is known about the long term characteristics of pressures generated
beneath compression devices and the effect of ambulation on external compression
of the leg. However, from very early times it had been recognised that both
ambulation and external compression of the leg had favourable effects on the healing

of venous ulcers. Such ambulation may simply be periodic changes in posture, short
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to lying, using three different types of external compression devices (Figure 3.2).
Bumand et al. (1985) whilst investigating the performance of elastic stockings
reported significant increases in the interface pressures when the patients changed
from the lying to the standing posture. Fentem et al. (1976) suggested that
movements of the leg during walking will produce variations in pressure as a result
of changes in tension within the fabric of the compression device.

It has been pointed out that during recumbency a much lighter compression
is optimal (Sigel et al., 1975; Amoldi, 1976). Sigel et al. (1975) pointed out that
hospitalised patients receiving "leg elevation” treatment may require even lesser
compression. Conversely, patients who work in the upright posture for long periods
of time would need high levels of compression to conteract the hydrostatic pressures
and thus preventing distension of veins. This opinion was also voiced by Stemmer
(1982), who stated that these patients should be prescribed with elastic stockings of
a higher compression class.

Blecher et al. (1985) have mentioned that during leg movement there is a
constant change of shape and dimension of the leg. This could significantly interfere
with the interface pressure beneath the compression device. Further, such changes
also lead to the problem of the device slipping during ambulation. Adhesive bandages
were developed to overcome the problem of slippage but the characteristics and
sustenance of the resulting interface pressure can only be verified by long term
monitoring of pressure and ambulation.

Despite claims that ambulation coupled with compression therapy has
favourable effects on venous function and ulcer healing, Fox and Gardner (1985)
pointed out that ambulation could adversely affect superficial varices by pressurising
them via incompetent perforator veins. Norris et al. (1984) whilst measuring
ambulatory venous pressure demonstrated worsening ambulatory hypertension
following the application of elastic stockings. Schraibman et al. (1982) did not note
any significant changes in interface pressure beneath elastic stockings that related to
postural changes or exercise. Chant (1972) reported that when external compression
was maintained at intravascular hydrostatic pressure the effect of posture on Na*
clearance was removed.

Clearly, the influence of ambulation on venous function, compression therapy
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Chapter 3

1975). The desire to measure the resulting interface pressure has posed formidable
challenges and it would be accurate to say the an ideal means of measurement still
does not exist (Grant, 1985). As a consequence, there exist numerous pressure
mesuring devices and transducers that perform to varying levels of success (Wytch
et al.,, 1989; Grant, 1985; Crenshaw and Vistnes, 1989). Some of these pressure

measuring systems have been regularly used in the study of compression therapy and

in the evaluation of elastic stockings and bandages.

(i) Talley-Scimedic Pressure Evaluator

The Talley-Scimedic Pressure Evaluator (Talley Medical Equipment, U.K.),
developed by Reswick and Rogers (1976), is an electro-pneumatic device that has
been used for investigating interface pressures (Figure 3.7). This device, a derivative
of the pneumatic system first described by Hendry et al. (1946), had been very
popular but is now superceded by more automated systems. In its simplest form it
consists of a polyvinyl chloride (PVC) "bladder" sensor with metal strips bounded to
the upper and lower inside surfaces. When the deflated sensor is placed at the
interface, the metal strips are in contact and this completes an electrical circuit which
switches on a light emitting diode or an electrical bulb. The sensor cell is then
inflated by a standard, hand-held, sphygmomanometer which also indicates pressure.
When the pressure inside the sensor cell exceeds the externally applied interface
pressure the capsule inflates, the contacts break and the light goes out. By releasing
the screw on the sphygmomanometer the sensor cell is allowed to deflate slowly until
the light re-illuminates, at which point the interface pressure is taken as equal to the
pressure within the capsule as indicated on the sphygmomanometer gauge. Variations
of this device include a larger sensor pad which has a metallic grid covering the
entire inner surface instead of a single pair of metal strips.

As one of the pioneer devices, this instrument has enjoyed many favourable
reports (Wytch et al., 1989, Palmieri et al., 1980; Reddy et al., 1984). The device is
easy to use, simple to manufacture, and relatively inexpensive, although caution
should be exercised when interpreting the results. The sensor in the deflated mode
is thin, flexible and contours well around anatomical features. The inflated sensor,

however, is considerably less flexible and the inflation also increases the thickness
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of the sensor which results in some averaging effect of the pressures measured
(Barbenel,1983; Ferguson-Pell et al., 1985). The sensor with the single point contacts
appeared to respond to the pressure in the area of contact only (Barbenel, 1983). The
precise point of pressure measurement cannot be determined when the larger sensor
pad, with the metallic grid contacts, is used (Reswick and Rogers 1976). This device,
like the other pneumatic devices is only capable of providing intermittent pressure
measurement and as such is limited to static applications only. Nevertheless, it has

formed the basis of more complex systems such as the Borgnis medical stocking
tester.

(i) Borgnis Medical Stocking Tester (MST)

The Borgnis medical stocking tester (Saltzman Limited, Switzerland)
developed by Borgnis et al. (1978) is the most extensively used pressure measuring
system in the evaluation of pressures generated by compression devices. The Borgnis
instrument (Figure 3.8) consists of "bladder" sensors connected to pressure
transducers. Within each sensor cell, there are two very thin metal discs bounded to
the upper and lower inside surfaces. These metal discs are connected to leads running
within the connecting air tube to an electronic conditioning and display unit. Initially
when the sensor cell is placed at the interface between the compression device and
the skin, it is deflated and the disc contacts are together. Air is then automatically
pumped into the sensor cell until the pressure within it is just sufficient to break the
contact between the two metal discs. The pressure at the point is taken to be equal
to the interface pressure which is recorded and displayed.

The Borgnis instrument offers an advantage over other electro-pneumatic
systems in its more compact sensor cells. Van Den Berg et al. (1982) have reported
that such a small sensor cell with a relatively large radius of curvature does not bulge
under the compression device nor does it unduly lift up the textile. These sensor cells,
normally in a set of four or six, are layed out in a row at regular intervals, on a PVC
strip and are designed for easy use on the limb. Van Den Berg et al. (1982) have
tested this system against plethysmography techniques and have reported high

accuracy and reliability based on their measurement of relative coefficient of

variation (4.2% at the calf).
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+4mmHg (0.5kPa) which is not particularly suitable for evaluating compression
devices (Wytch et al., 1989). An intrinsic disadvantage of the device is the delay,
between the instant pressure is applied and equilibrium of the system reached, before
pressure is recorded (Torres-Moreno, 1991). The sampling frequency of the Oxford
monitor is quoted to be in excess of 2 Hz by the inventors but this can vary as it is

dependent on the applied pressure and pump characteristics of the device.

(iv)  An Electro-hydraulic System (Nottingham)

An electro-hydraulic system was described by Fentem et al., in 1976 and was
popularly used for evaluating compression devices for several years that followed.
The device (Figure 3.10) was not commercially developed but a review is in order
as many important research works on compression therapy were based on the device
(Raj et al., 1980; Schraibman et al., 1982; Fentem et al., 1976; Gandhi et al., 1984).

The system utilises a large PVC bag (10x8 cm), containing a small amount
of water (5ml), as the sensor. This bag is connected by a fine nylon tube to a
pressure transducer (Bell and Howell 1.221) which is linked to a recording device.
Prior to use, the sensor bag is taped to the site of measurement and the base-line
reading is recorded, which is then subtracted from the pressure reading when the
compression device is applied, to give the interface pressure.

Unlike the pneumatic devices, this hydraulic device is capable of continuous
pressure measurement. Its partially filled, large sensor bag conforms well over the
anatomical curvatures and is a prominent feature of the system but not without
controversy. Fentem et al. (1976) claim that such a large sensor would avoid over
estimates of pressure, locally, because of its larger radius of curvature. Shaw (1979)
on the other hand, has pointed out that a large sensor is a source of a multitude of
errors. Disappointingly, the performance characteristics of this system were never
fully investigated despite extensive use.

Numerous other pressure mesuring devices have been developed with less than
satisfactory performance (Patel et al., 1989; Patterson and Fisher, 1979; Sachs et al.,
1974). Nevertheless many of these less sucessful devices have contributed to the
better understanding of the properties required of an interface pressure measuring

device.
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percentage error (e)
local peak pressure (Po)... 8 kPa (60mmHg)
pressure gradient (k) ..... 0.0075 kPa/mm (0.057mmHg/mm)

Therefore,

r < (2.5 x 8) /(200 x 0.0075) mm

r< 13 mm

The philosophy behind Ferguson-Pell’s calculations appears sound and should
serve as a reasonable guideline but caution is required for more precise applications,
in view of the many assumptions involved.

The inflatable sensors used in pneumatic pressure measuring devices tend to
have a varying area of sensitivity according to the volume of air that is pumped into
the sensor. Figure 3.13 exaggerates this variation of the sensitive area, with the sensor
deflated and inflated (Chow, 1974; O’Leary and Lyddy, 1978). If this variation in
size of the sensitive area of the sensor is an important contributory factor to error in
measurement, as implied by Ferguson-Pell, then most pneumatic devices including
the Talley-Scimedic and Oxford monitor would have an identified source of error.
Van Den Berg et al. (1982) claim that such variations are minimised in the Borgnis
device by limiting the volume of the sensor cell. Further, Robertson et al. (1980)
have reported that, the "switch pressure” required to make and break the contact in
sensors with metallic inserts varied with the radius of sensor. Perhaps conductive
paint contacts as suggested by Krouskop et al. (1981) may help overcome this
irregularity and also minimise the variation in stiffness within the sensor wall.

Liquid filled sensor cells used in a hydraulic measuring device, similar to the
that used by Van Pijkeren et al. (1980), have a constant volume within the sensor and
do not experience the problem of varing sensitive contact area. In principle this
device is similar to the device described by Fentem et al. (1976) but they insist that
compression beneath bandages and elastic stockings should be measured with very
large sensors, typically 100 x 80mm. This would proportionally increase the error in
the pressure measured, according to Ferguson-Pell (1977) and Shaw (1979).

Capacitive, inductive and resistive types of pressure measuring devices can
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where; P = perturbation pressure (% error x pressure)
r = radius of curvature
1 = diameter of sensor
t = thickness of bandage
d = thickness of sensor

E = stiffness of bandage

(as shown in figure 3.14)

This expression was based on the assumption that the interface representing skin and
bandage was linear, elastic, homogeneous, isotropic and not time dependent; clearly
a rash assumption for skin (Barbenel, 1978).

Based on Ferguson-Pell’s expression the following calculation was carried out
using typical values; Typical pressure was taken to be 30 mmHg (4kPa) (Dale and
Gibson, 1987); An error of £1 % and sensor diameter of 28mm (Barbenel and
Sockalingham, 1990); Stiffness of Tubigrip bandage, E = 30 kPa and thickness t =
1.3mm (Ferguson-Pell, 1980).

p=2 x4

d=—2—8- 28 x 0.08
2 2 x30x1.3

therefore, d = 2.4mm

It follows that the aspect ratio (2.4:28.0) for the pressure sensor in the above
estimation is in the same order of magnitude as the minimum aspect ratio (1:10)

recommended by Ferguson-Pell (1980).

As there is no current research available on the ideal dimensions of a pressure

sensor, the aspect ratio is the only satisfactory guideline.
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(iii) The Interface

Any interface involving body tissue is predisposed to a multitude of factors
such as pressure gradients, shear stresses, frictional forces, temperature and humidity
(Barbenel, 1978; Appoldt et al, 1968; Lowthian 1976). The significance of each of
these factors is dependent on the physical properties of the interface, the nature of the
applied pressure, the geometry of the surfaces at the interface, and the degree of
movement between the surfaces. Artefects in the interface pressure measurement as
a result of these in-plane factors are difficult to assess. Ferguson-Pell (1977) was of
the opinion that these artefacts were less than 10% of the normal pressure measured
between body and support cushion. Therefore, it would seem reasonable to assume
that such artefacts would be considerably less at the more benign bandage-soft tissue
interface, especially at sites of small pressure gradients.

The choice of an appropriate pressure sensor is dependent on the nature of the
interface (Reddy et al., 1984). Some interface materials do not exhibit good "envelope
properties” and as such do not readily accommodate the presence of a sensor (Reddy
et al, 1984; Chow, 1974). In such circumstances non compliant, rigid or thick sensors
like the strain gauged diaphragm or inflatable air cell types may prove less suitable.
The frequent change in volume during inflation and deflation of the pneumatic sensor
does not conveniently allow the interface to "wrap" around the sensor (Reddy et al.,
1984).

The compliance of the underlying material at the interface may also affect the
performance of a pressure sensor. Barbenel (1983) reported that inflatable pneumatic
and capacitive sensors show good agreement for medium density mattresses but
displayed much poorer correlation on the more compliant interfaces. Patterson and
Fisher (1979) have reported that Sensotec (strain gauged diaphragm) sensors
performed better at a soft tissue interface than over hard underlying surfaces.

If the pressure gradient at the interface is relatively small as in the flat areas
of the bandage-soft tissue interface then useful results may be obtained by using
simple sensors like the inflatable electro-pneumatic types (Barbenel, 1983).
Conversely, these sensors are not suited for pressure measurement at highly curved

interfaces like the amputee stump-socket interface. Over such harsh contours these
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SeNSOrs are prone to a build up of stresses within the sensor cell (Barbenel, 1992). At
such an interface, very small and thin resistive, capacitive or strain gauged sensors
would be more applicable by virtue of their size.

Litle is known of the characteristics of in-plane forces at an interface with
body tissue but it appears that some pressure sensors are affected more than others.
Fernie (1973) had shown that the "Katie beam" (strain gauged sensor) is highly
proned to distortion from in-plane forces at the interface. Similar sensors like the
Entran EPL series do not conform well to curvatures and have been reported to be
susceptable to bending stresses (Wytch et al., 1989). Palmieri et al. (1980) and Bader
(1982) have made claims that the pneumatic sensors cells are inherently less sensitive
to the shear stresses that develops at an interface.

The suitability of a sensor to measure pressure is also dependent on the type
of loading that is transmitted through the interface. Patterson and Fisher (1979) have
reported that strain gauged diaphragm sensors are not suitable at interfaces where the
diaphragm may be unevenly loaded. An interface subjected to temporal variations in
loading would require a sensor capable of continuous measurement such as the liquid
filled hydraulic sensors. For this requirement, devices with pneumatic sensors like the
Oxford pressure monitor, the Talley-Scimedic or the Borgnis stocking tester are not
suitable because of their intermittent nature of measurement.

Clearly, the choice of an appropriate sensor rests on a multitude of factors and
requires careful consideration of the limitations involved within a particular

application.

3.5.3 The Pressure Transducer

The pressure transducer can either be an integral part of the sensor as in the
capacitive device or be located at a distant point from the sensor as in the hydraulic
device. The remote transducer has the advantage of being independent of the
prevailing conditions at the site of measurement. Upon overcoming the difficulties
posed by the sensor and the interface, the quality of the pressure measurement then
rests on the type of transducer and its operating characteristics. There is a large

variety of commercial and custom-made pressure transducers available. Each of these
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on it, as illustrated in figure 3.17. When a pressure difference occurs across its active
surface, the diaphragm deforms and generates membrane forces which are detected
by the strain gauges. With appropriate electrical conditioning the output from the
strain gauges can be used to measure pressure differences across the membrane.
There are many variations of this type of transducer such as the strain gauged beam
device described in figure 3.18 (Maslin, 1969). Modern strain gauged devices have
semiconductor strain gauges diffused into silicon diaphragms and perform to high
specifications. These transducers can be either part of the sensor or be entirely
separate. Many commercially available strain gauged devices are particularly suited
for the measurement of fluid pressure and are regularly use in hydraulic, pneumatic
and electro-pneumatic pressure measuring sytems (Raj et al., 1980; Bader et al.,1985).

The piezo-electric transducer uses piezoelectric materials to convert pressure
to electrical signals. In the past, various ceramic based materials were used which
were brittle and could not be made with large surface areas, as such not particularly
suitable for pressure measurement. The introduction of a new piezoelectric material,
polyvinylidene fluoride, holds new promise for this type of transducer (Carlisle,
1986). This film material is flexible and thin but its application is limited as steady
state or very slow changes cannot be detected without specialised electrical circuitary.
Gross and Bunch (1988), however, have reported the successful use of this type of
transducer for monitoring pressure in the shoe during gait.

Nornes and Serck-Hanssen (1970) described a device which utilised the piezo-
resistive properties of silicon. Resistors were diffused onto silicon rod to form part
of a Wheatstone bridge circuit. A pressure sensitive diaphragm was linked
mechanically to the piezo-resistive rod resulting in an output voltage from the bridge
which corresponded to the applied pressure. This early version had problems with the
zero level drift but the modern piezo-resistive pressure transducer is designed to
perform to very high standards. The device uses ion implanted resistors in an integral
silicon diaphragm to convert the shear stress due to pressure into electrical signals
via an integrated circuit. Commercially available piezo-resistive transducers are
relatively inexpensive and have a wide range of applications where high precision

pressure measurement is required.
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(i)  Operating Characteristics of a Pressure Transducer

The operating characteristics of a pressure transducer provide useful guidelines
when selecting or developing such a device. The transducer’s performance and
suitability t0 a particular application may be assessed by examining some of the
following characteristics.

The operating range specifies the maximum and minimum pressures within
which the transducer is designed to function effectively. Selection of a transducer
with a suitable operating range is required for optimising the sensitivity and
resolution of the pressure measurement. This is particularly important in the
measurement of interface pressures beneath bandages and elastic stockings as the
pressures generated are relatively small (typically below 60mmHg or 8kPa). Pressure
transducers operating in the absolute mode have a minimum operating range of 0 to
103kPa which would severely compromise the sensitivity of measurement if used at
the bandage-skin interface. A differential mode pressure transducer with a choice of
a lower operating range would be more suitable for this type of application.

The sensitivity describes the ratio of the change in output voltage signal to the
corresponding change in input pressure. The sensitivity of a pressure measuring
device may be optimised by selecting an appropriate operating range. In interface
pressure measurements beneath bandages and elastic stockings it is particularly
important to have high sensitivity because of the very low pressures generated within
a low pressure range. For this reason the Talley-Scimedic pressure evaluator which
has a large operating range of 0 to 300mmHg (0-40kPa) and poor sensitivity below
20mmHg (2.7kPa), is not suitable for such pressure measurement. The semiconductor
strain gauged transducers (Honeywell, UK) and the piezo-resistive silicon diaphragm
transducers (Sensor Technics, UK) both offer a good selection of operating ranges
with very high sensitivities.

The linearity of a transducer decribes the maximum deviation of the measured
output from the best fit straight line, usually calculated by the least square method
(Figure 3.19). Problems relating to poor linearity are often present in transducers
which depend on the compressibility of the sensing material. Brown and Muratori
(1979) have reported poor linearity of the resistive transducers which use pressure

sensitive paints and foams. Other transducers that use dielectric materials such as the
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capacitive and inductive devices often have poor linearity (Patel et al., 1989;
Ferguson-Pell, 1976). Linearity no longer poses a problem with the modern pressure
transducers as the output from these devices are linearised using compensatory
circuitry or microprocessors.

Hysteresis is the maximum deviation in the transducer output for any given
input pressure when the input is approached first with an increasing pressure and then
with decreasing pressure or vice versa. Transducers that utilise elastic material for the
detection of changes in pressure may be more prone to exhibit hysteresis as a result
of creep, stress relaxation or time dependency of the sensing material. Capacitive,
inductive, pressure sensitive paint and resistive foam transducers generally exhibit
noticeable hysteresis. Figure 3.20 illustrates hysteresis in a capacitive transducer with
unsuitable dielectric material (Ferguson-Pell, 1977). Early versions of strain gauged
diaphragm transducers were also prone to hysteresis of the diaphragm material (Sachs
et al., 1974). However, advances in silicon technology have lead to the development
of strain gauged diaphragm and piezo-resistive transducers which have negligible
hysteresis.

A transducer has good repeatability when successive applications of any given
input pressure do not yield large deviations in the output signal, with other conditions
remaining constant. Good repeatability is particularly important in continuous
pressure measurement when frequent calibration checks are not possible. Transducers
such as the capacitive and inductive devices that utilise dielectric materials which
exhibit creep or drift with age and use, often have poor repeatability (Grant, 1985;
Patel et al., 1989). Most modern transducers, however, perform with a high level of
repeatability.

Long term stability of a pressure transducer expresses the ability of the
devices to maintain the value of an output signal for a given input pressure, over
prolonged periods of time whist other conditions remain constant. Good long term
stability is essential when monitoring dynamic pressures over prolonged periods of
time which are more difficult to correct for time dependent drift. Modern solid state
pressure transducers such as the strain gauged diaphragm and piezo-resistive silicon

diaphragm devices have very high stability over periods of a year.
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Frequency response relates to the time required by the transducer to respond
to a change in input pressure from zero to full scale. The level of frequency response
required would depend entirely on the nature of the pressure measurement.
Applicatons with rapid dynamic changes in pressure would require a high frequency
response and for such measurements slower devices such as the Talley-Scimedic
pressure evaluator or the Oxford pressure monitor would be not suitable (Torres-
Moreno, 1991). The frequency response required for interface pressure measurement
beneath compression devices does not pose any technical difficulties on most modern
transducers.

The temperature coefficient describes the maximum deviation of the
transducer output signal as a result of temperature variation from 25 degrees Celsius,
within a specified pressure range. This coefficient is virtually negligible for most
modern pressure transducers which are temperature compensated. Such temperature

compensation also rectifies any temperature hysteresis that may be exhibited by the

transducer.

3.5.4 The Calibration of a Pressure Transducer

Meaningful interpretation of pressure measurements carried out at an interface
can only be achieved if the pressure measuring device is suitably calibrated. The
technique of calibration is particularly important if a high degree of accuracy is
expected and if the measurements are absolute rather than relative. Ferguson-Pell
(1980) and Bader (1982) have correctly pointed out that a suitable technique of
calibration should simulate the conditions encountered in the clinical situation.
Attempts to simulate these conditions have led to a variety of calibration rigs and

techniques.

(i) Hydrostatic Calibration

Hydrostatic calibration is probably the simplest method of calibration. It
involves immersing the sensor into a column of water, the height of water column
above the sensor then provides an accurate measure of the hydrostatic pressure acting
on the sensor. Shaw (1979) successfully used this technique to calibrate a pneumatic

pressure measuring device. The suitability of this technique for calibrating capacitive,

76



highly
inflated
membrane

/

0174

V.

/
sensor

rubber
pad

/
//

partially
inflated

membrane

4 VAV
, sensor
‘ rubber ;o7

pad




Chapter 3

inductive or resistive devices is limited as it involves getting the sensors wet which
may interfere with the performance of these devices. This mode of calibration does
not physically simulate the interface encountered in the clinical situation but when
applicable it serves as a useful "bench-mark" and convenient counter-check.
Hydrostatic calibration has its limitations and is not practical when calibrating to high

pressures because the height of water column required would be too great.

(ii) Rubber Membrane - Pneumatic Calibration

Sachs et al. (1974) developed a pneumatic calibration rig which consists of
a Perspex pressure chamber sealed with a rubber membrane on one face. The
chamber is mounted onto a solid Perspex block with a small gap as illustrated in
figure 3.21. The upper surface of the gap comprises the rubber membrane and the
lower surface has a rubber pad glued onto the Perspex block. The gap at this
interface is just sufficient to place a pressure sensor and was designed to simulate the
skin-support interface. A sphygmomanometer attached to the chamber is used to
inflate the rubber membrane which then loads the pressure sensor. The applied
pressure at any instant is read directly from the sphygmomanometer dial.

This rig was originally designed for calibrating devices used in the
measurement of seating pressures and as such the simulated interface does not
resemble the bandage-skin interface, nor the skin-support interface. Major
modifications of the rig would be required to simulate the bandage-skin interface. A
further drawback of this calibration system is that the contact area between the
membrane and sensor is not constant. The curvature of the stretched membrane
increases with the level of inflation in the chamber thus varying its envelope property
and the area of contact between the membrane and sensor. An exaggeration of this
is illustrated in figure 3.22. It appears that this variation in contact area is more
pronounced in the lower pressure range and therefore not suitable for calibrating
devices used in pressure measurement beneath bandages or elastic stockings.

A simpler version of this method of calibration was used by Talley Medical
Equipment Ltd., to calibrate the Oxford pressure monitor. The calibration technique

was based on the inflation of a PVC bag which was folded into two and enclosed
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and skin. Pressure was applied on the sensor by inflating the sphygmomanometer cuff
and was directly read from its dial. This simple method of calibration provides a
good means of simulating the bandage-skin interface. Further, it can be readily used
over the actual site of measurement to study its effect on the pressure measurement.

The selection of a suitable technique for calibrating a pressure measuring
device used in a clinical situation would largely depend on its application. The
simulation of an interface for the purpose of calibration can at best be only a close
approximation and is subject to various factors such as the properities of materials
used, the type of loading and the load-transfer characteristics (Bennett, 1971). In view
of the complexities involved some degree of compromise is required which can be
kept to a minimum by selecting an appropriate method of calibration.

The choice of an interface pressure measuring system rests on the sound
knowledge of both the quantitative and qualitative aspects of the various factors that

influence the measurement and most importantly an appreciation of the limitations
involved (Barbenel, 1983).

3.5.5 The Need for an Improved System

At present, interface pressure measurement is severely restricted by the lack
of a suitable measuring device despite the numerous devices commonly available. A
number of extensive evaluations have shown that these devices are largely
unsatisfactory (Crenshaw and Vistnes, 1989; Wytch et al., 1989; Crant, 1985 and
Barbenel, 1983). A review of the more popularly used pressure measuring systems
in section 3.4 confirmed that none of the systems is particularly suitable for
measuring pressure beneath bandages and stockings. This is not surprising as a
suitable pressure measuring device has to meet many difficult and stringent demands
(Section 3.5). Successful interface pressure measurement in the future would therefore
depend on an improved measuring system. Chapter four describes the design and
development of such a pressure measuring system, custom built to meet the needs of

interface pressure measurement beneath bandages and stockings.
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4.3 The Signal Conditioning Unit

This unit consisted of two components, the power supply and the
instrumentation amplifying circuits. The constant voltage power supply circuit
illustrated in figure 4.4 is mains driven to deliver + 6 volts. Figure 4.5 describes the
basic amplifying circuit for the one channel used in the earlier version of the device.
The use of three channels in this device was facilitated by a switch mechanism. The
circuit diagrams of the improved version incorporating, zero controls (fine and
coarse), variable gain settings, external printer port and multiple display boards
(LCD) mounted on a printed circuit board are illustrated in Appendix A.

The variable gain setting was used to calibrate the pressure readings to display
in millimetres of mercury (mmHg). The zero controls enabled the zero datum to be
set after placing the sensor in position, an important requirement of the system.

Finally the multiple liquid crystal display (LLCD) facilitated simultaneous observations

of measurements made in the three channels.

sensor cell
{(28mm diameter)

Figure 4.6 The P.V.C. sensor

44 The Pressure Sensor and Tubing

The sensor was a disc shaped cell constructed of two sheets of polyvinyl
chloride (PVC), each 0.25mm thick. It had a central circular area (28mm diameter)
and a narrow slot for the insertion of the connecting tube where the layers of PVC
were not bonded (Figure 4.6). The surrounding layers PVC were bonded forming a

flange which was ideal for taping the sensor in place. The sensor was commercially
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available (Diastron Ltd., U.K.) and was manufactured by heat sealing the two PVC
sheets in a mould with a central rim. The mould also had a parallel channel which
was used to connect the metre long nylon tube. The tube with an internal diameter

of lmm and a wall thickness of Imm was sealed to the sensor and was sufficiently
stiff not to be sensitive to the applied pressure.

4.4.1 Sensor and Tube Preparation

The cell and attached tube had to be filled with a suitable liquid for the sensor
to be used in the hydraulic mode. Vegetable cooking oil was preferred as it met the
requirements of the transducer and would not be harmful in the event of accidental
leakage. An ordinary syringe half filled with the oil was attached to the connecting
tube and used to draw air out of the cell. When most of the air was drawn out, the
syringe was gradually released while it was held vertically along with the connecting
tube and sensor cell. The oil at the bottom of the syringe rapidly flowed into the tube
and partially filled the sensor. The syringe was then detached and the sensor cell was
gently massaged to remove the trapped air bubbles while the tube was still heid
vertically. The procedure was repeated until the sensor was completely filled. The

sensor was always filled with more oil than required thus enabling suitable

adjustments to be made during final assembly.

4.5 The Assembly of the Pressure Measuring Device

The pressure transducer already filled with oil up to the brim of nozzle B had
a bulging meniscus and was connected to the signal conditioning unit with its output
adjusted to zero. An adaptor piece to fit the size of nozzie B was then attached to the
free end of the connecting tube. The oil in the sensor cell and tube was then drained
gradually by holding them at an inclined angle, until the thickness of the sensor at
the centre of the cell was about 2 mm. At this point, the bulging meniscus of oil at
the adaptor end of the tube was fused into the meniscus of oil at the transducer
nozzle and the adaptor was firmly fitted to the nozzle. While fitting the adaptor to
the nozzle the signal output was observed to ensure that excessive pressure was not
exerted. The three components of the pressure measuring device were now connected

and ready for calibration.
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4.6  Calibration of the Pressure Measuring Device

A calibration chamber was constructed from Perspex with three outlet nozzles
and four electrical connecting pins through its wall as illustrated in figure 4.7. The
first outlet nozzle was connected to a U-tube water manometer which was 1.5m high
and the second outlet nozzle was attached to a simple hand pump. The transducer
connected to the sensor via the tubing was placed inside the chamber and attached
to the signal conditioning unit via pins in the chamber wall. A short piece of tube
connected to port A was exposed to atmospheric (reference) pressure through the
third nozzle in the chamber.

As the pressure in the chamber was increased in equal steps by working the
hand pump, the output voltage from the conditioning unit was recorded together with
the corresponding manometer reading. The pressure in the chamber was increased
until the manometer reading was 100mmHg (13.33kPa) after which the system was
gradually vented to the atmosphere while readings were obtained during the
unloading phase. The output voltages were then plotted against the manometer
readings for both the loading and unloading phases. The resulting graph (Figure 4.8)
was always linear and its gradient was used as the calibration factor. This calibration
factor was later used in pressure measurements to convert the output voltage to either
millimetres of mercury or kilo-pascal. The above procedure was repeated three times

for each device and periodically during use to ensure reproducibility.

4.7  Simulation of Conditions During Use

The pneumatic calibration described in the previous section, however, does
not simulate the conditions of the skin-bandage interface during use. A skin-bandage
interface was simulated using a cloth covered sphygmomanometer cuff representing
the bandage and the flat area of skin beneath the forearm. With the pressure sensor
at the interface, the pressure in the sphygmomanometer was gradually increased while
the voltage output from the conditioning unit and the manometer readings were
recorded. Similar to the previous calibration, readings were taken for both the loading

and unloading cycles and plots of the output voltages against the manometer readings
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were produced (Figure 4.9). The Pearson Correlation test on the resulting linear

relationship showed good agreement with the results obtained from the pneumatic

calibration (Loading curve, r = 0.991; Unloading curve, r = 0.997).

4.8  Evaluation of Operational Characteristics

The pressure measuring device was evaluated for an operating range of 0 to
13.33 kPa (0 to 100mmHg), although the transducer was capable of measuring
pressures up to 34.5kPa (260mmHg).

The sensitivity of the measuring device over the operating range was obtained
by periodically comparing the output voltage with the applied pressure. The
sensitivity was found to be greater than 15mV per kPa (2mV per mmHg).

The linearity of the output voltage signal was computed by least squares linear
regression and was found to be less than 0.5% of the operating range. (The maximum
deviation from the best fit straight line was calculated as a percentage of the
operating range).

Hysteresis was investigated by gradually increasing and decreasing the applied
pressure using the pneumatic chamber. The maximum hysteresis was 0.5% of the
operating range.

Repeatability of the measuring device was investigated by performing periodic
measurements while maintaining a constant applied pressure on the sensor within the
pressure chamber. The maximum difference between repeated measurements was
ImV (0.5 mmHg) which is 0.5% of the operating range.

The pressure sensor was placed in a temperature controlled water bath for
twelve hours to investigate the effects of temperature on the device. The depth of
water in the bath conveniently served to hydrostatically pre-load the sensor during the
test. Three temperature levels including core body temperate were examined as
illustrated in figure 4.10. The device was insensitive to changes in temperature from
20°C to 50°C.

The above test also served to examine the long term stability of the device
and a maximum of 1mV difference was occasionally observed. This is 0.5% of the
operating range and is within the inherent level of accuracy of the device.

Additionally, regular measurements of the calibration factor over a period of one year
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showed that it varied by less than 2%. The variation was random rather than as a
result of ageing.

As the pressure measuring device was not intended for dynamic use, the
frequency response was not specifically investigated. However, pilot studies (Nelson,
1991) indicate that the response time of the device is less than 100 ms with 48%
glycerine solution and less than 500 ms with cooking oil.

The sensor cell had a diameter of 28mm and a maximum central thickness of
2mm, thus the aspect ratio of the sensor was less than 0.07.

Finally, the device was sensitive to any vertical displacement of the sensor

relative to the transducer. It was therefore necessary to fix the positions of these
components prior to used.

4.9 Discussion

The "Strathclyde Pressure Monitor" was built specifically to measure interface
pressure beneath compression bandages and elastic stockings, although it can be used
for many other applications. It was designed to meet the stringent requirements of an
interface pressure measuring device, outlined in Section 3.5 and features
improvements in many aspects of existing devices. The performance of this easy to

use and robust device has been highly satisfactory both under laboratory conditions

and during clinical use.

4.9.1 The electro-hydraulic system

The choice of an electro-hydraulic pressure measuring system was preferred
as it offered a range of advantages. Unlike the resistive, inductive and capacitive
devices, it is possible to have the sensor distant from the transducing element, thereby
protecting it from being exposed to the conditions at the interface such as perspiration
or changes in body temperature. The system permits the use of fluid filled PVC
sensors which have low stiffneés and which are flexible and pliable over the contours
of the interface. Further, the electro-hydraulic system is best suited for the use of the
more advanced piezo-resistive, silicon technology transducer which is highly regarded

for its precision and low cost.
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A disadvantage of the electro-hydraulic pressure measuring system is that the
device is sensitive to the vertical displacement of the sensor relative to the transducer.
Any change in the vertical separation of the two components will produce a change
in the hydrostatic pressure resulting from the column of fluid in the tube and is
recorded by the transducer. This effect is eliminated by fixing the vertical separation
of the sensor and transducer prior to use.

During postural changes the vertical separation of the two components cannot
be easily fixed. However, recording and subtracting the zero datum from the pressure
measurements for each posture would resolve the problem.

In the longer term, the effect may be eliminated by either using a very low
density fluid or by using the transducer in a differential mode. The most suitable low
density fluid is air but it is not a viable option becéuse it is highly compressible.
Further research on the differential mode of operation of the transducer, with a

"dummy" fluid filled tube connected to port A, to counteract this effect is underway
(Nelson, 1991).

4.9.2 The Transducer

The SCX series transducers have performance characteristics that are only
matched by devices which are at least twenty times more expensive such as those
produced by Entran International (France). The SCX transducers are internally
calibrated and temperature compensated to provide accurate and stable output. It has
a wide selection of operating ranges and is particularly useful for the measurement
of very low pressures as in the case of sub-bandage pressures. The sensing element
is well housed in a ceramic case and is distant from the site of measurement. It is
therefore not directly exposed to any abrupt pressure gradients, shear and frictional
forces, excessive temperature and humidity that may be present at the interface. Such
factors have often produced large hysteresis and drift in the capacitive, resistive and
strain-gauged transducers. The hysteresis, linearity and long term stability for the
SCX series transducers are 0.1% of full scale output (Sensor Technics Handbook,
1992) which is negligible. Unlike the intermittent measurements produced by the
Oxford Pressure Monitor and the Medical Stocking Tester, the SCX transducer is

capable of continuous measurement and output, with a sampling frequency of 100
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micro-seconds. Finally the SCX transducer is relatively easy to assemble, requires

only very basic electronic circuitry and operates from a constant voltage power
supply which offers good stability.

4.9.3 The Sensor

The PVC fluid filled sensor has several advantages over other sensors. It has
low stiffness and once in place it is virtually insensitive to minor bending or shear
stresses. Unlike capacitive or inductive sensors it does not undergo significant
material creep which can cause hysteresis and drift in the output. The fluid filled
sensor cell has a fixed volume which does not changes during use. In contrast, the
air sensors of the pneumatic devices inflate and deflate during use which constantly
disrupt the interface thus producing distortions in the measurement. The fluid filled
sensor inherently responds to the average pressure within the sensor area and is not
affected by small changes in the contact surface area. In contrast, the capacity or
resistive sensors may produce disproportionate measurements as the contact area
changes. These sensors are also likely to be affected by an abrupt pressure gradient
such as a point "peak” load. The fluid acting as the medium of pressure transmission
from the PVC sensor ensures an even loading of the pressure sensitive diaphragm
thus avoiding differential stresses and ambiguous outputs. An additional feature of
the PVC sensor is that it is not limited to the flat disc shape and has the potential to

be pre-shaped to fit any awkward anatomical feature.

494 Assembly and Calibration of the Device

The connecting tubes used initially were made of PVC but as they were too
soft and sensitive to pressure, they were replaced by the more rigid
polytetrafluoroethylene (PTFE) tubes. These tubes although hard and insensitive to
pressure did not adhere well to the PVC sensor and frequently leaked at the joints.
A compromise was achieved with nylon tubes which glued well to the PVC sensor
with a PVC adhesive (Strathbond Ltd.) and was insensitive to any applied pressure.

The choice of fluid used in the system was limited because of the silicon
based material in the transducer. The fluid had to be non-ionic, non-corrosive and

non-silicon based. This restricted the use of most hydraulic fluids. A further
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displacement and on selecting a suitable transmission fluid. In the meantime the
device has been successfully used to measure interface pressure beneath bandages and

elastic stockings in studies described in the following chapter.
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exception of TIME-POSTURE (p=0.840), TIME-SITE (p=0.996) and TIME-
BANDAGE (p=0.361), all factors influenced each other significantly (p=0). The
second five-way ANOV A examined pressure by SUBJECT (ten volunteers), SITE,
TIME, TECHNIQUE, and BANDAGE. The results of the second ANOVA (Table
5.4) also showed that all five factors were highly significant (p=0) and the two way
interactions indicate that with the exception of TIME-SUBJECT (p=1), TIME-SITE
(p=0.978) and TIME-BANDAGE (p=0.028), all factors influenced each other
significantly (p=0).

In view of the complexity of the data, the multiplicity of significant factors
and their interactions, it was necessary to simplify the approach to subsequent
analysis by adopting the following criteria;

(1) analysis of data was based on standing POSTURE.

) analysis of data was at a specific moment of TIME (30 minutes after
application).

3) each SUBJECT was used as their own control (in order to compare the
performance of the different bandages on the same subject).

(4)  the effects of POSTURE, TIME and SUBJECT were examined separately

The data were analyzed using non parametric statistical techniques. Non
parametric statistics were used as the data were not normally distributed, obtained
experimentally and for the specific comparison tests, the sample size was small. The
Friedman’s test (Linton and Gallo, 1975), Nemenyi’s test (Linton and Gallo, 1975)
and the non parametric Paired test (Ryan et al., 1985) were used. The Friedman's test
is a non-parametric analogue of two-way analysis and one factor was always
SUBJECT thus allowing for within subject comparisons. The Nemenyi’s test and the
Paired test were used for specific comparisons. For each analysis, a null hypothesis
was set up in the form of a statement, question or comparison and then tested using
a95% confidence limit (p=0.05). Three versions of a fortran computer program called
"Sortformat.for" (Appendix B4) were produced to create suitable matrixes of input
data required for performing the statistical tests.

Finally, the influence of POSTURE, TIME and SUBJECT on the pressures

generated by the bandages at each site of measurement was analyzed separately.
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Chapter §

Analysis of the data produced in the two postures (Table 5.9) revealed that,
with the exception of the compression produced by the Elastocrépe bandage at the
calf, the compression generated in the standing posture was significantly greater than
in the sitting posture for both techniques of application. (p<0.0001 for the spiral
technique; p=0 for criss-cross technique). The criss-cross technique produced higher
compression than the spiral technique for both standing and sitting postures.

Specific comparisons between the two postures at each site of measurement
also revealed that compression during standing was significantly greater than during
sitting. (p=0.0063 for Calf; p=0.0005 for Gaiter; p=0.0005 for Ankle).

1) Inter-Subject Variability

As the statistical analyses were based on within subject comparisons, it was
necessary for completeness that the inter-subject variability be examined.

Table 5.10 shows the percentage inter-subject variability of the measurement
recorded after 30 minutes of commencing each test. The criss-cross technique
produced less inter-subject variability than the spiral technique for all the bandages.
The Blue Line bandage exhibited least inter-subject variability for both techniques of
application while the Elastocrépe bandage exhibited greatest variability. Inter-subject

variability was recorded at all sites of measurement.

5.2 In Vivo Assessment of Elastic Stockings

An in vivo assessment of six routinely used elastic stockings was carried out,
similar to the previous in vivo study on bandages. The aim of the study was to assess
the functional properties of these elastic stockings in providing suitable compression
for the treatment or the prevention of recurrence of venous ulcers. As elastic
stockings are normally washed and reused, it was also the purpose of this study to

examine if washing these stockings altered their functional properties.

5.2.1 Instrumentation and Subjects
The instrumentation used for measuring interface pressures and the procedure
adopted in preparing the subjects for the tests were similar to that in the in vivo

bandage study and are detailed in sections 5.1.1 and 5.1.2.
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5.2.2 Materials Tested

The description of the six elastic stockings tested is presented in table 5.11.

5.2.3 Method

The procedures involved in setting up the pressure measuring device,
positioning the pressure sensors at the three selected sites and subsequent recording
of data were identical to that followed in the in vivo bandage study (Section 5.1.4).

New elastic stockings were selected for each subject according to the subject’s
calf and ankle circumferences, and the length of the leg. As the subjects were of
average stature, the size of the elastic stockings required were generally
"large/regular”. The elastic stockings were applied by a qualified physiotherapist in
accordance with the manufacturers’ instructions. The same physiotherapist applied all
the stockings in the study. The two methods of application that were used are
reviewed in detail in section 2.4. Application of the elastic stockings was relatively
straightforward as the legs of the subjects were not oedematous and their skins were
supple. The time required for the application of each elastic stocking was recorded
for later use in the qualitative study as an index of the ease of application. Upon
completing the pressure measurements over the sixty minutes duration, an estimation
of the in situ extension of the garment was made as described in the previous
bandage study for later use in the in vitro study (Section 5.3).

The elastic stockings were then hand washed with a non bleaching, mild
detergent in luke warm water and spun dried. The laundering of each elastic stocking
was repeated thirty times after which it was re-applied on the subjects and the above

tests were repeated.

5.24 Data Processing

The initial preparation of the data was carried out according to the procedure
described in the in vivo bandage study (Section 5.1.5).

The influence of six factors, the type of STOCKING, the SITE of pressure
measurement, the SUBJECT, the duration of use (TIME), the condition of the
stockings (NEW/WASHED), and the POSTURE of the subjects (standing or sitting)

were examined. To investigate this, the SPSS statistical computer program was used
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to produce two sets of five-way analysis of variance (ANOVA). The first five-way
ANOVA examined pressure by POSTURE, TIME, SITE, NEW/WASHED and
STOCKING. The results of the analysis (Table 5.12) showed that, with the exception
of NEW/WASHED (p=0.821) all other factors were highly significant (p=0). The
second five-way ANOVA examined pressure by SUBJECT, TIME, SITE,
NEW/WASHED and STOCKING. The results of this ANOVA (Table 5.13) also
showed that, with the exception of NEW/WASHED (p=0.788) all other factors were
highly significant (p=0). The two-way interactions in both these ANOVA tests
revealed that the data was highly complex with multiple interacting factors which
were significant.

Some simplification of the approach to subsequent analysis of the data was
necessary. The four criteria previously developed in the in vivo bandage study
(Section 5.1.5) were also applied to this study to facilitate analysis of the data. Non

parametric statistical techniques were then used as described in section 5.1.5.

5.2.5 Results
(a) Magnitude of Compression

Elastic stockings, like bandages, are expected to produced a predetermined
magnitude of compression at the ankle and are classified according to their ability to
produce such a compression. Figure 5.8 illustrates the average magnitude of

compression produced by each stocking at the ankle and its corresponding

classification.
28
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Figure 5.8 Average ankle pressures and corresponding classifications
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washing. The effect of washing on Tubigrip was minimal.

There were no significant differences in the fit of the devices, all of which
were rated between "good" and "average".

Fit as experienced by the subijects

The new or washed conditions of the stockings did not influence the fit of the

device as experienced by the subjects. This result was consistent for all the stockings.

The T.E.D., Jobst and Tubigrip stockings were rated "good" in terms of fit

whilst the Venosan stocking was only rated "below average".

Acceptance in the hospital environment

With the exception of the Venosan stocking, there was no notable difference
in the influence of the new or washed conditions on acceptance. The washed Venosan

stocking was rated less acceptable than the new stocking.

All the stockings were rated between "good" and "average" in terms of

acceptability.

Acceptance in the home environment

Apart from the Harcourt and Venosan stockings, there was no notable
difference in the influence of the new or washed conditions on acceptance. Washed
Harcourt and Venosan stockings were rated less acceptable than new stockings.

The acceptability of all the stockings were rated between "good" and

"average".

Conformability of the stockings

The new or washed conditions of the stockings did not influence the
conformability of the device. The ratings for all the devices were precisely the same
for each condition.

The Venosan and Sigvaris stockings were rated "average" while the rest were

rated "good" for conformability.
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Chapter 7

7 AMBULATORY MONITORING OF SUB-BANDAGE PRESSURE AND

POSTURE ON NORMAL VOLUNTEER SUBJECTS

The prolonged use of graduated compression is now a well established
modality for the treatment of venous ulcers. It has been known for some time that the
success of this treatment is dependent on an appropriate magnitude of compression
being sustained for the duration of the treatment. Previous short term studies (Raj et
al, 1980 and Tennant et al., 1988) to evaluate the performance of compression
bandages have provided limited information, leaving the nature of long term
compression generated by bandages open to speculation.

The importance of the influence of ambulation and postural change on sub-
bandage pressure and the controversies surrounding it have been reviewed (Chapter
Three). Confirmation of the influence of posture on the pressures generated by
bandages in the short term emerged from the integrated evaluation of bandages and
elastic stockings described in Chapter Five. The findings of the integrated evaluation
suggested that further long term measurement of pressure beneath compression
devices in conjunction with posture were required.

This pioneering study addresses the need to examine both the magnitude and
time course of pressure generated by bandages over the duration of treatment. Unlike
previous short term studies performed under controlled postures, this study
investigates the influence of postural changes on sub-bandage pressure during
activities of daily living. The measurement was made possible by the use of a custom
built ambulatory pressure and posture monitoring system described in Chapter Six.

The ambulatory pressure and posture monitoring system generates large
quantities of data. In order to optimise the acquisition of useful data, the tests were
conducted in three trials. Each trial served to control different parameters thus
enabling efficient use of the data whilst highlighting the important features.

Trial one investigates the pressures at mid-gaiter beneath the Granuflex
bandage on five subjects. The pressures were recorded at three hourly intervals, in
three standardised postures, over seven days. The aim of this section of the study was
to provide an overview of the magnitude and time course of pressure, and the
influence of posture. The test was limited to a single site of pressure measurement

using a single bandage.
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Begin {for S}

rgwdatave[S,ll := (rawdat(s,1] +
rawdat([s.,2] +
rawdat(s,31)/3:

rawdatave([S,2] := (rawdat(s,4] +
rawdat([sS,5] +
rawdat(s,6})/3

End {for S}i

END; {make_average_datal

PROCEDURE transform_into_H20_system;

{Taking array CODE "2" '21x6' and array QODE "y .
'3x6' we create array CODE "7" '21x6' which contains
the pressures in h2o system for 21 (rows) reading of
the structure 7 times by 3 different transducers;
and 6 (columns) indicating 3 stages by 2 positions.
Taking array CODE "6" '21x2' and array CODE "5"
'"3x2' we create array CODE "8" '21x2' which
contains the pressures in h2o system for 21 (rows)
reading of the structure 7 times by 3 different
tranducers; and 2 (columns) indicating
the average of the 3 stages for each of the 2

positions.|

VAR
cCc, DD, EE, FF : integer;

BEGIN {transform_into_h2o_system}

{-——————- LOADING ARRAY 7 OF THE TOTAL SET OF DATA -—-}

FOR CC : 1 TO 21 DO
FOR EE := 1 TO 6 DO
Begin {for EE]}

IF CC MOD 3 = 1 THEN
h2odat {CC,EE] := ROUND((rawdat[CC,EE] - rawbare
{1,EE])* MRED); (RED TRANSDUCER!

IF CC MOD 3 = 2 THEN
h2odat [CC,EE] := ROUND( (rawdat([CC,EE] - rawbare
{2,EE])* MBLUE) ; {B-TRANSDUCER]

IF CC MOD 3 = 0 THEN
h2odat {CC,EE] := ROUND((rawdat[CC,EE] - rawbare
{3,EE])* MYELLOW) {Y-TRANSDUCERI

End; {for EE}

{---- LOADING ARRAY 8 OF TOTAL SET OF AVERAGE DATA ----}

FOR DD := 1 TO 21 DO
FOR FF := 1 TO 2 DO
Begin {if FF}
IF DD MOD 3 = 1 THEN
h2odave[DD,FF] := ROUND ( (rawdatave [DD,FF] -
rawbareave([1,FF]) * MRED);
{RED TRANSDUCER|}
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write ('Enter filename of raw data .--scc0scs00
readln (fnaml); {file with 3 columns of datal

writeln; ' o
write ('Enter filename of ranges data ......... ) ;
{file with filecode followed by 2 columns

readln (fnam2);
of ranges start stopl

writeln;
OPEN (infilel, fnaml,history := old): {rgw data filel
OPEN (infile2,fnam2,history := old); {filecode and start

stop data filel

RESET (infilel);

RESET (infile2);

READLN (infile2,filecode);

READLN (infile2);

READLN (infile2,startnum,stopnum);

OPEN (filetable, filecode+'data.tab'); {file containing
table of averages]

REWRITE (filetable);

counter := 1;

numfiles := 0;

laststopnum := 0;

WHILE startnum <> sentinel DO
Begin {while startnuml

numfiles := numfiles + 1; f{counts the bnumber of
files createdl}
numfilesl := numfiles;

IF (numfiles<10) THEN

Begin
countchar2 := CHR(numfilesl1+48):
countcharl := '0’';
End;
IF (numfiles>9) and (numfiles<20) THEN
Begin
countchar2 := CHR((numfiles1-10)+48);
countcharl := '1°';
End:;
IF (numfiles>19) and (numfiles<30) THEN
Begin
countchar2 := CHR((numfilesl1-20)+48);
countcharl := '2°';
End;
IF (numfiles>29) and (numfiles<40) THEN
Begin
countchar2 := CHR((numfiles1-30)+48);
countcharl := *'3°';
End;
IF (numfiles>39) and (numfiles<50) THEN
Begin
countchar2 := CHR((numfiles1-40)+48);
countcharl := '4°';
End;
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{THIS PROGRAM CHECKS IF A FAVOURABLR

GRADIENT
WAS ACHIEVED.

Design: S Sockalingam
Date : April 1993}

program CHECK_GRADIENT;
var

datafile, outfile : text:

time, calf, gait, ank, dummy : real;
cl, c2 : integer:
BEGIN

assign (datafile, 'C:\DATA\INFILENAME'):

reset {(datafile);

assign (outfile, °'C:\DATA\OUTFILENAME');

rewrite (outfile);

Cl := 0; C2 := 0;

while not eof (datafile) do
begin

readln{datafile,calf, gait,

cl :=cl + 1

else

c2 = c2 + 1;

WRITELN('TIME = ', TIME:6:2);
end;

WRITELN(' ')

ank, dummy,
if (ank > gait) AND (GAIT > calf) then

APPENDIX M2

AKKKAKXKAKRKRKKRAKXKKXAKRKAKK AKXk AX ") »
WRITELN('************************ )

writeln ('GRAIDENT ACHIEVED', ((cl)/(cl+c2))*100:6:2 ,'%');
WRITELN (" XXX XXX AXKXKXKKKARKARAARAKRKKKAXRKRKKXKRRRKKKARKAR ") 5

close (datafile);
close (outfile):
end.

{END OF PROGRAM]
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APPENDIX N
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