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ABSTRACT

Hypertrophic scars are cosmetically unattractive
products of abnormal wound healing and, if they occur

over flexor aspects of joints, considerable functional
impairment often results,

Pressure, as a therapy for hypertrophic:scarring has
considerable attraction since it is effective and non-
surgical, Previous reports of this therapy have not
quantified magnitudes or durations of pressure required
to induce remodelling. Correlation of these parameters
1s necessary to define guidelines to optimise pressure
therapy. Measurement of pressure applied to hypertrophic
scars by garments with elastic properties was achieved
using a monitoring system based on a thin (0.2mm) flat
(lcmz) capacitive transducer, Pressures of 15 - 40mmHg
produced, in generai, accelerated scar remodelling with
superior cosmesis resulting from higher pressures. Clinical
studies suggested that 6 - 9 months pressure is sufficient

to induce permanent remodelling, although studies of
rates of collagen biosynthesis in pressure-~treated and

untreated scars indicated 9 - 12 months pressure was .
necessary.

Two types of pressure applying garments, Tubigrip and
Lycra, were studied and compared, Tubigrip garments

demonstrated superior elastic properties for maintaining
pressure with time.,

Investigations of two "hypotheses for pressure-induced
remodelling were performed; A first hypothesis that pressure
induces ischaemia in scars, implying remodelling - by
autolysis, was investigated with vital micfoscopy‘US1ng
a hamster cheek pouch model. Pressure magnitudes which
induced scar remodelling did not disturb the microcirculation
sufficiently to cause permanent damage, therefore this
hypothesis was thought unlikely to be correct.

| A second hypothesis that pressure-~induced vascular




changes produce scar resorption via a collagen-based
mechanism was inﬁestigated using a radioactive lsotope
assay of the rate of collagen biosynthesis. The time
for which the rate of collagen biosynthesis approached

normal scar levels was reduced by half in pressure-treated

compared to untreated scars.

A two-phase scar remodelliné theory was introduced
comprising a pressure-magnitude dependent phase followed
by a time-dependent phase. The second hypothesis was
thought to be partially correct and the complexity of the
pressure-induced remodelling mechanism is discussed.
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CHAPTER 1

INTRODUCTION

1.1. The Problem of Hypertrophic Scarring
1.2. Background to the Investigation

1.3. The Scope, Aims and Objectives of the Investigation
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1,1, THE PROBLEM OF HYPERTROPHIC SCARRING

Hypertrophic scars are erythematous, elevated
plaques of tissue which are mechanically rigid, inextensible
and, which, histologically, consist mainly of collagen bundles
fused together and arranged in an amorphous matrix, Their
aetioiogy ls presently unknown and their formation is
most frequently observed subsequent to the destruction of
large areas of skin to the level of the deep reticular
dermis such as occurs after burns. In this thesis a hyper-
trophic scar is defined as an abnormal scar which remains

"within the ofiginal wound boundary after healing. Although
similar lesions have been infrequently reported in other
animal species, the formation of hypertrophic scars, in their
frequency and consistency, is a phenomenon which appears
unique to human beings,

Hypertrophic scars are often accompanied by severe
cosmetic and functional disablement - contractures occurring
over the flexor aspect of joinfs such as the axillae or
the volar neck surface, The socio-economic consequences of
hypertrophic scarring can be serious for both the individual
and the state; incumbent individuals often undergo intensive
rehabilitation therapy, such as surgery and physiotherapy,
which is frequently demanding for the community, traumatic
for the patient and in the short term has been generally
ineffectual; the individuals are often unable to work
productively and consequently may be thought of as an
added burden to community welfare departﬁenté; and the
magnitude of the cosmetic and functional debilitation
can result in the individual's complete withdrawal from
normal society, it has long been recognised that both
intrinsic and éktrinsic factors are important in producing
scar formhtioﬁ, the onset of which is variable depending
on the initial wound healing process. . Intrinsic factors include
age, race, location of lesibn and skin tension at the
location of the 1esion; and extrinsic factors include

'depth and extent of injury.
The wound contraction, process is present in all healing




wounds and normally stops after an unknown predetermined

period, however, in wounds which are predisposed to hyper- 1
trophy furthercontraction occurs after an indeterminate 3
period resulting in a hypertrophic scar, | “

The proliferation of hypertrophic scar tissue is

rapid and usually begins around the third to fifth week
after the initial wound healing process continuing for q
a period of six to eight weeks thereafter, during which i
the hypertrophic scar morphology develops and subsequent
contraction begins, This process of subsequent contraction

can continue for several months, A period of stability of

the scar then occurs during which time no further contraction
ls observed, and later after an indeterminate time, the

scar undergoes a natural regression or remodelling process
which may be either spontaneous or gradual. The hypertrophic
scar is thus transformed into a mature scar during this
latter process but the. mechanism responsibie for initiating
and maintaining the remodelling process is unknown. The
 resulting mature scar has similar mechanical properties

and histological features to those of normal scar.

The quality of the mature scar can Be improved by
treating the active scar to modify the natural remodelling 1
process, and many therapies have been used for this
purpose, Such therapies include surgery, irradiation,
chemotherapy‘and external pressure with each type of therapy
1being reported as providing a better clinical result than
that achleved by the:natural remodelling process itself,
Consequently each therapy has been extensively invegtigated
with a view to producing a universally successful and
acceptable roufinq treatment for hypertrophic scarring.

surgery was, and still is, a very popular treatment
because of expediency. However, recent studies have shown
that after a few months lesions treated by surgery alone
show a marked tendency to recur. Surgery in combination
with other therapies such as irradiation and chemotherapy
- has been frequently used, but no significant improvement




has been demonstrated over, ah;r.other individual method.
Irradiation was previously used to treat hypertrophic

scars due to the concept that such scars were produced by

an abnormal proliferation of fibroblasts, but thils type

of therapy was not wholly successful; scars frequently did,

not resolve and atrophy of the treated site and surrounding

tissue was common, Consequently, this therapy is no longer
used,

rieall

Anti-inflammatory..agents, such as triamcinolone
acetonide have been applied locally to scars, usually by
injection, with widely wvarying results being reported,
However, the actual mode of action of the drug remains
unknown, since the high internal hydrostatic pressures
produced within the scars by the injection may have been
responsible for indirectly mediating the scariremodelling
process in instances where sucessful results were reported.

Major reasons for the conflicting success reports
of the above-mentioned therapies may be the absence or
lack of understanding of the aetiology of hypertrophic
scarring, and of the natural remodelling process.

) Recently, smooth muscle relaxants have been used on
fibroblastscultured from hypertrophic scar tissue and
have been shown to inhibit contraction within these cells.r
Hypertrophic scar fibroblasts have also demonstrated
contractile properties similar to smootﬁ muscle cells with
~ the presence of actinomyosin groups being identified from
biochemical cross-reactions. Hypertrophic scar contraction
has been attributed to contractile filaments within the

' cells,some of which have been termed "myofibroblastg"due to
their morphology and biochemical response, o |
Ultrasound has also recently been used as a treatment
for hypertrophic scars, based on the principle that short-
~wave radiation improves the vascularity of the tissue hence
improves the "healing" or remodelling capacity as well as

removing pain or pruritis associated with the scar, however,

little clinical data has been reported to date,




1.2. BACKGROUND TO THE INVESTIGATION

As a therapy for hypertrophic scarring, the use of
pressure 1s documented in the literature as far back as
the early nineteenth century, although its use since then
has not been widespread nor the results obtained well
documented, The use of pressure as a therapy has more

recently been investigated in detail in the U,S.A., where it
1s now widespread and routinely used for the treatment of

hypertrophic scars, partiéularly'at the Shriners Burns Insti-
tute, Galveston, Texas, Pressure is applied on the scar
surface by elasticated garments. These garments are custom=-

made for each patient and are worn continuously., The garments
have dimensions smaller than the actual anatomical dimensions

at the site of the lesion so that the stretching of the
garment, when worn, produces elastic forces resisting the
stretchewhich act on the hypertropic scar. The results
claimed indicate a superior clinical result over the
results ohtained by other therapies and additionally,

pressure therapy claims the advantages of being non-
surgieal and non-invasive.

Canniesburn Hospital, Glasgow,‘is a major centre of
Plastic and Reconstructive surgery and has for-many years
collaborated with the Bioengineering Unit, University of
Strathclyde, on a variety of complex clinical problems,

This situation is consistent with the Medical Research
Council's current. policy to encourage and foster multi-
disciplinary approaches to skin research (M.R.C.A.R., 1977).
Treatment of post-burn hypertrophic scarring is included

at theihOSpital and several scar treatment regimes have
been carried out, using surgery and chemotherapy, and more
recently, ultrasonics, The results of these previous
therapies were variable and generally unsuccessful., -Due to a
low overall success rate it was therefore realised that a
more consistent therapy was required, It was known from
research in the U,S.A. that encouraging results in the
treatment of hypertrophic scars by pressure were being
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obtained., Moreover, on a closer inspection of the results
i1t appeared most of these studies had been incompletely
reported,and that further data and information were
required before it would be suitable to provide a routine
clinical therapy for hypertrophic scarring based on
mechanical pressure,

1.3. THE SCOPE, AIMS AND OBJECTIVES OF THE INVESTIGATION
It was apparent that pressure-based treatment

offered significant potential as a routine clinical therapy

and consequently it was decided to investigate this

potential using a multidisciplinary approach according
to the following aims and objectives.

(1) To déveloﬁ and construct an instrumentation
system to obtain quantitative values of the
magnitude of pressure at the scar/dressing

_interface, ‘ | |
- (11) To investigate:the relationship between pressure
magnitude, duration of pressure and the scar
| remodellinguresults. |

(iii) To investigate the nature of remodelling

mechanism induced by the effect of mechanical

pressure on scar tissue,

As a preliminary step towards these aims,Chapter 2
compares the structure and function of normal skin and
hypertrophic scar. Comparisons are discussed according
to anatomical boundaries, and the temporal variation of
the hyperprophic scar structure and function is also
included. Chapter 3 reviews the effect of mechanical
stimuli on normal skin and on scar tissue. Critical
threshold parameters for normal skin viability are
discussed in relation to pressure-induced scar remodelling,
In particular, the absence of quantification in previous




studies of scar remodelling is highlighted and the need
for a quantitative approach to the problem is emphasised.
Chapter 4 describes the design and construction of a

monitoring system to measure and record pressures present
at the scar/dressing interface. In particular, the design
criteria for an ideal interface pressure sensor is
discussed and the unsuitability of existing devices high-
lighted., The development of a parallel-plate capacitive
pressure transducer is presented with emphasis placed
onrsuitability for use in a clinical environment.

| Chapter 5 reports a clinical investigation of pressures
developed at the scar/dressing ihterface carried out on a
group of patients with hypertrophic scarring at Canniesburn
Hospital, Glasgow. The relationship between pressure
magnitude, pressure duration and scar remodelling is
discussed, and available pressure applying garments are

compared,
Chapter 6 describes an investigation of the mechanism

responsible for hypertrophic scar remodelling using a
blochemical assay of the rate oflcollagen synthesis in
biopsies taken from pressure-treated and untreated hyper-
trophic scars.

The effect of constant pressure and pressure gradients
on the microcirculation using a Hamster Cheek pouch model
is described in Chapter 7. The significance of the results
are discussed with regard to the effect of pressures found
to induce hypertrophic scar remodelling.

Chapter 8 includes a general discussion of the resulls
of the thesis principally with regard to their clinical

significance and application, The conclusions of the
investigation are also presented. The requirement for
further detailed investigation in certain areas for a better
understanding of the remodelling mechanism is emphasised.
This thesis is a part of an integrated study presently
Being undertaken between the Bioengineering Unit and
Canniesburn Hospital into the aetiology and treatment of

hypertrophic scarring and includes only the investigation
of pressure magnitudes on the remodelling effect of scar



tissue with regard to the changes in collagen biochemistry
and vascular behaviour,

" For a more complete understanding of the subject
the reader is referred to the associated thesis of Tully
(1980) which investigates the response of the structure
and mechanical properties of hypertrophic scars to applied
pressure, | .

During the latter part of this thesis the author
was awarded an M.R.C, Travelling Scholarship to visit the
Laboratory of Experimental Biology at Goteborg, Sweden
to study the effects of constant pressures and pressure

gradients on the vascular system; the results of which
are included in Chapter 7 of this thesis.



CHAPTER 2

A COMPARATIVE REVIEW BETWEEN HYPERTROPHIC
SCAR TISSUE AND NORMAL SKIN

2.1 Introduction
2.2 Normal Skin
2.2.1 Normal Skin Epidermis
2.2,2 Normal Skin Dermis
T 2,2.2.1 The Papillary Layer

2.2.2,2 The Reticular Layer
2.3 Scar Tissue -

2.3.1 Scar Epidermis

2.3.2 Pre-Elevation Scar Tissue

2.,3.3. Elevated or Active Hypertrophic Scar Tissue
2.3.4 Mature Scar Tissue

2.4 Discussion and Conclusions
AR
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2.1 INTRODUCTION

In human beings only the epidermis, and to a lesser
extent the liver, have the capacity to regenerate tissue

which is a duplicate of the uninjured tissue., All other
tissues such as nerve, muscle, tendon and dermis must
rely on wound healing, Wound healing is an intricate
physiological process whereby several different kinds of
cells appear at successive intervals in order to absorb
foreign‘matter, destroy bacteria and repalr the injury
(Peacock and Van Winkle, 1976). The magnitude and nature
of the difference between repaired tissue and uninjured
tissue is often a function of the initial insult, although
the wound healing process per se is generally independent
of the form of injury (Ross, 1969).

In the case of skin, the wound repair process
produces very acceptable cosmetic and functional results
when the area of injury is small, wound contraction
closes the wound and grannlation tissue forms to provide
protection from a hostile environment. However, when
damage to the skin involves the destruction of large
area of tissue, as often occurs, for example, in burns
or avulsion injuries, the wound repair process often
becomes abnormal and a posfdwound healing phenomenon,
characterised by excessive production of collagen and
severe contraction, occurs. This phenomenon is clinically
described as hypertrophic scarring.

In order to optimise treatment for hypertrophic
scarring it is important to investigate and identify
differences between the structure and function of hypertrophic
scar tissue and normal skin and scar. Such differentiation
would assist evaluation of different therapies and, it
may also provide a basis for determining the aetiology
of hypertrophic scars.




2.2 NORMAL SKIN

- The skin forms the outermost surface of the body
containing the body's contents under a small internal
pressure and is continuous with the mucosal surface of
the respiratory, alimentary and urogenital tracts., It
forms the interface between the body and the external

environment, experiencing large differentials of physical
and chemical parameters throughout its thickness.

Skin minimises the potentially injurious effects
of mechanical, osmotic, chemical, thermal and other
environmental stresses, it provides a barrier against
invasion by other micro-organisms and it controls, in
part, the exchange of heat by its thermal properties.
Additionally, skin is, inter alia; an important sensory
surface and sweat, and, it is capable of synthesising
metabolic substances such as vitamin D. .

Physically, skin is composed of two essentially

adjacent layers, the dermis and the epidermis, the

latter being the innermost layer, The epidermis is

avascular and consists of six closely packed strata
which rely on diffusion for nutrition. The underlying
dermis consists of a dense network of fibrous proteins

contained in a viscous mucopolysaccharide matrix, often

called '"ground substance', The adipose layer of tissue

beneath the dermis is usually associated in mechanical
terms therewith.and it also provides a mobile inter-
face between the skin and the deeper fascia,

Although the most significant differences between
skin and scar occur in the dermis, changes have also been
observed between the epidermis of normal skin and scar,
Characterisation of these epidermal differences may yield
information which complements that obtained from the dermis,

11
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2.2.1 Normal Skin Epidermis

Normal skin epidermis is avascular and consists of
six closely packed strata and, although the thickness of

the epidermis varies considerably over the body, the

six layer structure is maintained., The structure of the
epidermis is flexible, permitting adaptation to differing
physiological requirements, notably repeated intermittent
loading, in which case hypertrophic epithelium results
and the stratum corneum noticeably thickens, The six
strata of the epidermis are arranged as illustrated in
Figure 2.1 with the stratum basale being the layer of cells
immediately above the dermis, followed by: the strafum
spinosum, stratum granulosum, stratum lucidum, stratum
corneum respectively and, finally, the stratum disjunctum
which is the outermost layer.

The cells of the stratum spinosum become elongated
and flattened as they approach the stratum granuldsum.
This flattening process continues in the stratum granulosum
and,in the superficial cells,organelles are frequently
absent. Desmosomes, ihtercellular contact media, are
commonly observed in the stratum although they appear to
lose their structure in the superficial stratum granulosum,
Cell nuclei are rarely observed in or about the stratum

lucidunm,
The junction between epidermis and dermis is

characterised by papillae, or réte ridges, which appear
as a wavy convoluted pattern in cross-section (Figure 2.2)
and which provide a large surface contact area between

the epidermis and the dermis. Papillae are most clearly
defined at palmar and plantar surfaces where elevated
ridges are observed on the surface of the dermis.

2.2.2. Normal Dermis

The dermis adjacent to and beneath the epidermis
reflects the major differences between normal skin and

scar tissue,
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The dermis 1s formed from the somatic layer of the
mesoderm in the embryo and is highly innervated and
vascularised, especially just heneath the papillary
layer., The dermis is composed of an irregular network of
collagen and elastin fibres contained in a viscuous
mucopolysaccharide and glycoprotein matrix, known as
"ground substance', It may be structurally divided into
two layers, the reticular layer and the papillary layer.
The fibroblast, a specific connective tissue cell, is
thought to be responsible for the production of most of
the extracellular material in the dermis (Ross, 1969,
Craig et al, 1973). The fibrous network and viscous
matrix are responsible for the tough, resilient charc-
teristics of skin. Ground substance is a complex matrix
of carbohydrates and glycoproteins synthesised by the
fibroblast and the liver respectively, and it has a high
water-binding capacity which facilitates the diffusion
of metabolites and nutrients. It is also thought to form
a mechanical barrier to impede the movement of foreign

bodies such as bacteria.

2.2.2.1, The Papillary Layer The papillary layer is

adjacent to the stratum basale of the epidermis and consists
of loosely arranged non-oriented fibres. It has a rich
vascular system particularly an anastomosing capillary
network which is supplied from the reticular dermis by
vessels which are quasi-perpendicular to the skin surface
(Figure 2,3), The papillary layer also has a large cell
population, in particular fibroblasts (Linares et al, 1972),
It is continuous with the reticular layer of the dermis

and, is structurally differentiated from the reticular
layer mainly by the diameter of the collagen fibres

although also by differences in vascular patterns.

2.2.2.2, The Reticular Layer The collagen fibres in
the reticular layer are wavy in appearance and have an

apparent random orientation (Linares et al, 1972, Brown,
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1971). The distance between collagen fibrils is
considerable and these fibrils are connected at various
irregular intervals by collagen filaments, which,

unfortunately, have not yet been completely characterised,

Linares et al (1972) estimated that collagen fibrils had

‘a diameter between 400& - 15003 with a mean value of 10005
in normal skin, Elastin fibres were frequently observed
within the collagenous network, and have been reported as
greatly influencing the resilient properties of tissue
(Nachemson and Evans 1968, Daly, 1968). ﬁ

2.3. SCAR TISSUE

In a normal wound repair process, a normal scar
results direttly from the granulation stage, whereas a

hypertrophic scar is essentially an intermediate stage
of an abnormal wound repair process, After an indeterminate

period which can range from a few months to several years,
the hypertrophic scar undergoes a spontaneous natural
remodelling process into a ''mature scar" which has a
similar clinical and histological appearance to normal skin,
The structure and metabolism of scars is therefore
a function of scar agé and, in the case of hypertrophic
scars three main phases are important; the pre-elevation
phase, the active or elevated phase and, the mature scar
phase. 1In order to provide a meaningful comparison between
the hypertrophic scar and normal skin it 1s necessary to
consider and examine the tissue of each phase in turn,

2.3.1. Scar Epidermis

Scar epidermis, like normal epidermié, is avascular
and has the same number and order of cellular layers,
however polymorphism has been observed in hypertrophic
scar specimens; some specimens exhibited atrophy whereas
others showed a normal appearance or varying acanthosis,
(Linares et al, 1972). Linares et al, (1973) reported that
structures of epidermal origin, such as hair follicles
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and sweat glands, are not consistently observed in hyper-
trophic scar epidermis, Since deep partial thickness or
full thickness injury to the skin destroys most epithelial
producing elements, healing is accompanied by epithelial
migration from the edges of the wound. Mancini et al
(1961) observed that the basal membrane in hypertrophic
scar tissue was thin at the initial healing stage, but

by the forty-second may of healing its thickness had
increased considerably, Tully (1980) has shown that, in
active hypertrophic scars the epidermis is considerably
thicker than in less active scars, and also reported

mor phological differences in the appearance of cells in
certain layers. In particular, stratum granulosum cells

of ovolid shape were observed near to the stratum lucidum
which contrasts with observations in normal skin where
cells tend to become flatter as they move upwards. As in
normal skin desmosomes have been frequently observed at
cell to cell junctions in the stratum spinosum (Baur et

al, 1975). Brown (1971) found that in skin under tension,
the cells of the stratum spinosum were flat. These results
may indicate that within the hypertrophic scar skin tension
is reduced.

The papillary layer observed between the epidermis
and the dermis is usually absent in scar tissue, the
boundary being usually planar which is illustrated as
linear in cross-section (Figure 2.4), Mancini (1961) noted
the absence of papillae and Tully (1980) demonstrated
their absence over a wide range of scar specimens.

Tully (1980) found that in preparation of scar
tissue specimens, the epithelium was very labile, and
sequestration often occurred between the stratum sSpinosum
and the stratum granulosum layers. The observation of
both in-vivo and in-vitro lability of scar epidermis may
be due, in fact, to the reduced surface contact area
at the dermal-epidermal junction, producing inferior
epidermal attachment therebetween, Differences in meta-

16



‘bolism between the scar and the normal epidermis are also
evident, such as the rapid mitosis of cells in the stratum

basale of scar, °

2.3.2. Pre-Elevation Scar Tissue'

Histologically it is difficult to delineate layers
in pre-elevation scar tissue phase, Ehe upper scar being
very cellular and vascular which accounts for erythema
of the scar (Linares et al, 1972), There appears to be
no organised pattern to the vascular system as in the
papillary layer of normal skin, At the granulation stage,
collagen filaments are very loosely arranged and form an
irregular pattern in the upper dermis, whereas in the
reticular or deeper dermis they appear orientedinto a

17

curvilinear pattern (Figure 2.5). The fibroblast population

is more numerous than in normal skin (Baur et al, 1975)
and includes a number of fibroblasts containing filaments
with supposed contractile prgperties, termed "myofibro- -
blasts' which have been implicated in the aetiology of
hypertrophic scarring. (Gabbiani et al, 197%, Majno et al,
1971, Larson et al, 1971, Baur et al, 1975)., Perivascular
lymphocytes and plasma cells have also been observed,
although these are usually only evident in inflammatory

reactions,

Few epithelial remnants remain- sweat ducts, sebaceous

glands, halr follicles and arrector pilorum muscles are
destroyed or displaced by the scar (Linares et al, 1972,

Kischer et al, 1975a),

The reticular layer is less cellular and more fibrous
with larger fibrils located in the deeper, portion near the

fat bed, Elastin is rarely observed in the hypertrophic
scar at this phase, although it has been implicated in

contributing to the inflammatory response (Linares and
Larson, 1974),

Ny Ll el ol i o ma ra . . BRrr . wur M P apa — = R & -



FIGURE 2.6, LIGHT MICROGRAPH OF A SECTION THROUGH
AN ACTIVE HYPERTROPHIC SCAR SHOWING
BUNDLES OF COLLAGEN FIBRES ARRANGED

INTO "WHORLS" (W) SEPARATED BY SEPTA (S)
(After Tully, 1980)
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2.3.3. Elevated or Active Hypertrophic
Scar Tissue

Classical descriptions of hypertrophic scars almost
always enter into this category; in this phase the scar
is clinically described as erythemic, elevated, rigid
and inextensible (Mowlem, 1951, Larson et al, 1971). The
vascular system appears to have no organised pattern
and vessels can be seen through the scar surface with
the naked eye. Histologically, collagen fibres are densely
packed into bundles which then appear to be arranged
into "whorls" or '"nodules'" separated by septa-like
structures (Figure 2.6). These nodules have been postulated
as originating in granulation tissue prior to hypertrophy
(Linares et al, 1973) and are particularly evident in
the deep dermis (Larson et al, 1971, Kischer et al, 1975b,
Tully et al, 1980). Although it has been suggested that
these nodules are spherical and, that, in microscopic
cross-sections they are generally observed as ovoid or
circular, it has recently been thought that the three-
dimensional shape may, in fact, be prismatic (Tully, 1980).

At the periphery of these nodules there appears a
rich vascular supply whereas the interior is almost
entirely a vascular, From microscopic analysis, it has
been reported that many vessels in the hypertrophicC Scar
are partially occluded (Kischer et al, 1975b). Sloan et al
(1978) from intradermal measurements of oxygen and carbon

dioxide tension, showed that pO2 in hypertrophic scar
tissue was significantly lower than that of normal skin,

whereas pCO2 was relatively unchanged, This result may
be due to either high tissue metabolic activity or reduced
diffusion of oxygen, however the 002 tension is consistent
with the former hypothesis whereas the ultrastructure of
the scar favours the latter hypothesis. From scanning
electron microscopy (S.E.M.) the mean diameter of collagen
fibrils has been estimated as 6063 which is significantly

smaller than that of normal skin (Linares et al, 1972),
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Collagen filaments are more numerous than in normal
skin, occupying the interstices in the collagen framework
(Kischer et al, 1975a), and are thought to mediate a rigid
mechanical bond between collagen fibres. A layer of
collagen fibres adjacent the fat layer which is |
morphologically similar to normal skin has been observed,
(Linares.et al, 1974, Tully, .1980). This latter observation
may indicate that tension across the scar boundaries 1s

very similar to that of normal skin.
Fine elastic fibres have been observed in the papillary

layer and in the septa surrounding the nodular areas,
however no elastic fibres have been observed within the

nodules, (Linares et al, 1973, Tully, 1980).
In contrast to normal skin and pre-elevated scar tissue,

mast cells have been frequently observed (Kischer and

Bailey, 1972)., They also estimated that t here is a four-
fold increase in the mast cell population in comparison

to normal skin, and concluded that this contributes
significantly to the persistance of the inflammatory response.

The amount of collagen in active scars has been reported
 to be increased with respect to other scar types and to
normal skin, and it has been demonstrated that the concen-=
tration of collagen is also significantly increased
(Bazin et al, 1975, Craig et al, 1975b).

Increased collagen biosynthesis in active hypertrophic
scars has been widely reported, ‘Cohen et al (1971) and
Jeffrey and Eisen (1973) demonstrated a significant
increase in collagen biosynthesis in active hypertrophic

scars in comparison with that of normal skin, and with.
that of normal scars, using a prolyl-hydroxylase asSay.
Craig et al, '(19752a) found an increase in collagen bio-
synthesis using both radiolabelled hydroxyproline and
prolyl-hydroxylase assays.
Recently, Weber et al (1978) demonstrated, by elec-

trophoretic distribution patterns of CNBr peptides that
type 111 coilagen is dramatically increased in hyper-



trophic scars whereas in normal or mature scars it is
only slightly increased above normal skin levels. The
distribution pattern for active scar collagen types

was found to be very similar to that of fetal dermis,
and Linares et al (1972) also reported that collagen in
active scars was of the young or immature type.

In addition to the cellular, ultra-structural and
vascular differences observed between hypertrophic scars
and normal skin and normal and mature scar, there are
also differences present between the acid mucopoly-
saccharide contents, Shetlar et al (1971) showed that
acid mucopolysaccharides were increased in hypertrophic
scars in comparison to normal scars and normal skin, and

Shetlar et al (1972) demonstrated that this mucopoly-
saccharide increase was due in particular to the increased

level of a Chondroitin-Dermatan Sulphate fraction.

Shetlar R. and Shetlar C, (1977) found, by using a
histochemical assay followed by electrophoretic studies,
that Chondroitin-4-Sulphate was much higher in the scar,
and the Dermatan Sulphate (or Chonrdoitin-6-Sulphate)
level was much more uniformly distributed thfough the scar.

2.3.4,. Matufe Scar Tissue

A mature scar is clinically, histologitally and bio-
chemically similar to a normal scar, Clinically the mature
scar demonstrates an absence of. erythema, however no
quantitative or qualitative comparison of blood flow or
blood content has yet been published, Sloan et al (1978)
found that tissue PO, was greater in mature scars than
in active scars, However, Sloan also demonstrated that
the ‘metabolic activity is lower in mature scars than
active scars and concluded that this result was due to

less oxygen consumption by the mature scars. Kischer (1975bh)

observed from scanning electron micrographs that the
mean diameter of collagen fibrils were greater than in
active scars, although it was still somewhat less than
that of normal skin, 1Individual collagen fibrils were
observed and the interfibrillar distance was increased,



but the morphology of normal skin fibrils was not observed.
Tully (1980) found that by mechanical analysis on mature
scar specimens in comparison with histological observation,
that the fibre orientation was in the direction of the
lines of maximum skin tension, Collagen synthesis in
mature scar tissue was reported as being the same level

as in normal scar, but less than in normal skin 2 - 3
years post-wounding (Craig et al, 1975b) although the
tissue concentration of collagen had increased relative
~to normal scars.

Linares et al (1972) found that elastic tissue
eventually recurs in mature écar tissue and Bhangoo (1974)
found greater amounts of elastin in mature scars than in
active scars but still less than in normal skin, Tully
(1980) demonstrated by mechanical testing that mature scar
tissue has a greater elasticity than that of active scar,
and similar to that of normal scar which implies that the
pressure induced remodelling process results in a scar
being similar to a normal scar, |

2.4. DISCUSSION AND CONCLUSIONS

The structural and functional differences between
the various phases of hypertrophic scars and normal skin
leads to several important aetiological and therapeutic
implications, In particular, inspection and examination
of these differences provides a picture of a dynamically
varying tissue which slowly tends towards a known type
of tissue; normal scar,

Studying the scar ultrastructure may also provide
explanations for hitherto unexplained clinical phenomena;
HypertrophiC'séar eplidermis is‘freqﬁently removed by
trauma such as abrasions which normal skin would easily
tolerate, 1In scar tissue there are various observations
which may account for this effect, for example, there is
an absence of reéte ridges, or dermal papillae, at the
epidermal/dermal junction in hypertrophic scar tissue
which means that for a given surface area there is 2

21
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reduced contact area at the junction which could result

in inferior attachment and consequently susceptibility

to small loads and strains. Tully (1980) noted the
presence of ovoid cells in the upper stratum granulosum

of scar in contrast to flat cells found in normal sk;n,

and found that during preparation of scar tissue samples
eplidermal sequestration frequently occurred just superficial
to this layer. Simple geometry implies that the contact
area between ovold cells is due to point contact and is
much less than the contact area for an equivalent number

of planar cells, and as such may augment the susceptibility
of the scar epldermis to minimal trauma, A further
observation is that the réte ridges in normal skin are

extensible, and as such can deform to take up applied
loads whereas scar tissue has a much lower '"load take-up

strain' consequently is more affected by small trauma,
The major differences between hypertrophic scar and

normal  skin occur in the dermis where the scar tissue is
composed of bundles of fused collagen fibres frequently
arranged into nodules, This éollagen structure 1s respon-
sible for most of the mechanical characteristics of the
scar. The natural remodelling process results in a
'mature' scar which is almost indentical structurally and
physiologically to a 'normal' scar,

Thus, although scar tissue exhibits a wide variety
of structural and physiological changes from normal
skin in almost every aspect, it would appear that for
practical purposes a more sensible comparison should be
made between hypertrophic scar and normal scar., Thus
certain parameters common to both hypertrophic and normal
scars could be selected and compared to those of the
hypertrophic scar -observed during the natural remodelling
process, This would support objective evaluation and
comparison of the efficiency of hypertrophic scar therapies,
in contrast to the present subjective evaluations which may
be responsible for much of the conflict and uncertainty
which presently surrounds attempts to understand the
remodelling process.
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The inferaction of mechanical stimuli and the body
via the medium of skin is of such important clinical
significance that numerous investigations have been

performed in attempting to qualify and quantify the
response phenomema, A succinct treatise on the t‘'state

of the art'" has been published (B_S,B‘:-, Ed.. Kenedi, 1976) and
many reviews on the subject exist, of which Ferguson-
Pell's (1977) is perhaps the most thorough. When consi-
dering the effects of mechanical stimuli on tissue, it is
important to specify the nature of the stimuli as

the tolerance and the response of the tissue can vary
conslderably. 1In the case of skin, stimuli such as loads,
strains, forces inter alia can be classified into hydro-
static and non-hydrostatic components. |

There are two generally accepted main forms of such
stimuli; transient mechanical insults and prolonged
mechanical insults, although the author considers only
the latter to be within the scope of this thesis and,
therefore, relevant..

In considering prolonged mechanical insults, two
-important  limitations are evident which adversely affect
the accuracy of experimental results:

+Firstly, measurements of mechanical insults are
usually made at the surface of the skin, which is the
interface between the internal and the external environments,
However, most stimuli induced phenomena occur within the
skin and prediction of the stimuli parameters thereat
are exceedingly difficult. Therefore, correlations between
applied mechanical stimuli and most response phenomena
and aEEroximaté} |

Secondly, skin is a biological organ and as such,
1s continually adaptive maintaining a tissue homeostasis
despite neurological, hormonal and metabolic changes which

may occur in addition to those induced by mechanical

stimuli,
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The tolerance of skin is known to be very high to
hydrostatic loading with a figure of + million p.s.i.
(1688 MPa) being required to disrupt the normal function
of a cell as the pressure difference across the cell

remains relatively unchanged., The tolerance to non-
hydrostatic loading is decidedly lower, non-hydrostatic

components, such as uniaxial and biaxial stresses and
strains produce distention of the skin which results in

an interruption of blood flow.
This effect is critical in determining the tolerance

threshold and the response of the skin; since many important
physiological processes cease when the circulation is
arrested; thermoregulation ceases, innervation is lost

and epithelial components such as sebum and sweat glands

are .disrupted, Mass transfer functions necessary for
cellular activity are disrupted due to the arrest of

.blood flow, |

In normal skin, three major éspects characterise
the nature of the response; the tolerance of the vascular
system to mechanical insults, the response . of the
constituents of skin to prolonged ischaemia and the
ability of the tissue to support reflow consequent to
prolonged ischaemia,

In the case of hypertrophic scar, it has been known
for some years that the application of mechanical stimulil
to the scar will result in a remodelling process, the
result of which is fortuitously therapeutic. The use
of mechanical stimuli to remodel “hypertrophic; scar tissue
on a widespread scale is recent (Fujimori et al, 1968,
Larson et al, 1971, Tolhurst, 1977), the applied*mechanical

stimuli used being pressure.
- Changes between "before"aand*ﬂafterﬂ“fhejapplication

of pressure have been reported. for. a variety of skin
parameters such as clinical appearance. (Larson et al, 1971)
histological (Shetlar et.al, 1972, 1977) and skin gas

tensions . (Sloan et al, 1978), inter alia.




The results of such studies were construed to
provide hypotheses for a mechanism responsible for the
remodelling process, However, a close inspection of the
results leads back to a requirement for a clear and a more
fuller understanding of the structu;e and physiology of
the hypertrophic scar tissue, It is important to determine
the effect of varying parameters such as the magnitude,
duration and nature of the stimuli on the remodelling
process and on the final clinical result.

Although such data are lacking in the case of hyper-
trophlc scar tissue, normal skin has been investigated and
much documentation exists in the aspects concerned.' Extra-
polation of normal skin results to scar tissue is dispu-
table, and indeed wrong, for many parameters. However
parameters such as pressuré magnitude threshold tolerances
and the duration of pressure are relevant and should, at
least, be considered when investigating the response of
scar tissue to mechanical stimuli. As for normal skin,
there are three najor factors to consider when assessing
the effect of mechanical stimuli on hypertrophic scar
tissue; the threshold magnitude required to initiate and

maintain the remodelling process; the duration over which

the threshold pressure is maintained: the response of the
constituents of scar tissue to the stimuli and their
effect on mediating the remodelling process.

3.2. THE EFFECT OF MECHANICAL STIMULI ON NORMAL SKIN

The response of each of the three major aspects
which characterise . in normal skin is'exam@ned under the
following sub-sections,

3.2.1. The Response of the Vascular System to Mechanical
Stimulil -

In order for mechanical stimuli to occlude the
flow of blood in a particular vessel, mechanical stimuli
in the form of '"normal" pressure, applied to the skin

26
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must be equal to or greater than, the hydrostatic pressure

within the vessel Elﬂﬁ:the pressure drop across the skin.
Venous occlusion plethysmography and occlusive

cannulation are the two main techniques used to determine

intravascular hydrostatic pressure. The latter technique
involves the use of small bore pipettes attached to

manometers and is particularly well suited for use in
small vessels such as capillaries and venules (Krogh

et al, 1929). Landis (1930) using the cannulation
technique, demonstrated that the average pressure 1in a

capillary loop was about 32mmHg, varying from about 48mmHg
at the proximal end to about 12mmHg at the venule end.

It was also reported that the average capillary pressure
could be altéred ly various stimuli, such as temperature,
injury and histamine, and related compounds by as much
as 100% in some cases,

Many studies have verified the results of Landis
and a presently accepted normal range for mean capillary
pressure (m.c.p.) is 22 - 35mmHg. It seems unlikely there-
fore that pressures within this range, when applied to skin,
will significantly affect capillary flow, however, they
may well impair the flow in venules which have a much
lower Hydrostatic pressure than that of capillaries
(Figure 3.1). ‘

Few investigations of the effect of external forces,
pressure, etc, on skin blood flow have been documented,
However, pressures lower than the mean capillary pressure
have been reported as affecting tissue viability in
supine subjects (Campion et al, 1968). Sabri (1971)
investigated the effect of inflating a plastic splint
to pressures between 5 - 150mmHg on the legs of patients
undergoing surgery for varicose veins and found that a
pressure of 15mmHg applied below the knee significantly
decreased the blood flow in the femoral vein ofpatients
by about 15%, and increased the peripheral resistance,
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In contrast, Sigel (1975), on a study of the effect
of elastic compression stockings on lower limb blood

flow found that if an external pressure gradient of 18

to 8mmHg was applied distally to proximally on the 1limb,
an increase in the femoral vein blood flow velocity of
138% was increased. Pressures between 20 - 30mmHg

were found to reduce the blood flow slightly and above
30mmHg a  significant reduction in blood flow was reported.
However, Gardner (1966), using an inflatible "G-splint"
to compress tissue with angiography to measure the vascular
‘response, reported that, compression of a traumatised
limb between 20 = -30mmHg does not significantly reduce
blood flow in the limb. "Unfortunately, these results
represent the blood flow in subcutaneous tissue and

L

skin and it is virtually impossible to decouple only
ﬁthe response of skin therefron, , -

Hickman-et al, (1965) used a radiosodium (Na2
technique to investigate skin blood flow and found that
the:-application of 25mmHg by a pneumatic piston reduced

the normal skin blood flow in the human forearm by only
10%.

4) tracer

Daly et 'al, (1976) investigated the effect of
préssure on skin blood flow using a radioactive traéer
technique with Xenon (Xelas). The rate of clearance
.of the Xe133,'in response to pressure applied to a small
area of skin by a metal ring, was estimated using on-lilne
computer analysis which provided highly accurate results,
The results are shown in Figure 3.2. There is a considerable
reduction in blood flow (about 50%) for a small increase
in pressure, up to about lommHg., A quasi-ste afdy state
exists thereafter up to about 3OmmHg. Increaéing pressure
produces a further decrease until at between 60 - 90mmHg the
flow rate is aound 10% of the original value, The quasi-
steady state phase is thought to be due to the action of
an autoregulatory mechanism, probably neurologically

mediated,which provides a minimum blood flow rate in order
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to maintain the basic metabolic requirements of skin,
3.2.2. The Response of Normal Skin to Prolonged Pressure

The application of prolonged pressure of a magnitude
sufficient to overcome the hydrostatic pressure and the
intrinsic compensatory mechanism of the vessels in the
skin will ultimately induce cell death and necrosis

(Kosiak, 1959, Landau, 1961, Fernie, 1973, Ferguson-Pell,
1977).

During ischaemia, the skin metabolism becomes
anaerobic as oxygen is consumed. This process can be
monitored biochemically by pH and tissue lactate

measurements, (Karpf et al, 1974). Once the cells change to
anaerobic metabolism the cell membrane disintegrates and

lysosomal enzymes are released which autolyse the skin
causing necrosis.

The aforedescribed process has been defined as
pressure induced ischaemia in which ischaemia is taken
to mean complete circulatory arrest, (Romanus, 1977).

Between the initiation of ischaemia and necrosis,
the temporal response of skin is complex and is responsible
for a variety of clinical phenomena such as oedema.
Fibroblast activity is also reported as being receptive
to mechanical stimuli mediating the response of the skin
to ischaemia (Guttman, 1976).

Ethical considerations have restricted destructive
investigations of pressure induced ischaemia to animals,
Results of animal investigations are difficult to |
extrapolate to humans due to differences between the
structure and composition of the tissues, however, Some€
studies have also been performed on human volunteers
(Branemark, 1971). Husain (1953) on a series of experi-
ments in which rat legs were occluded for varying times
at similar pressures concluded from the results that once
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a threshold pressure was applied time was the major factor
determining tissue viability. Kosiak (1959) demonstrated

a clear inverse relationship between pressure magnitude and
the duration of ischaemia required to induce breakdown

from a series of experiments in which varying pressures were

applied to the trochanteric region of dogs. This relation-
ship was confirmed with humans by Reswick and Rodgers (1976)

on a étudy of recumbent patients (Figure 3.3). Sachs

(1976) stated that a minimum continuous pressure of 70 - 80OmmHg
isrequired to induce tissue breakdown. However this minimum
level may be optimistically high, since recent experimental
clinical evidence shows that the maximum value of continuously

tolerable pressure may, in fact be as low as 50mmHg
(Barbenel, 1978).

The aforedescribed skin responses to prolonged pressure
are generally understood to be a consequence of 'normal
pressure' in which the pressure is applied approximately
perpendicular to the skin surface, although other stimuli
have also been reported as greatly. influencing the skin
response, in particular, shear forces,

3.2.3. The Response of Normal Skinto "Shear' Forces |

It has been reported that ''shear" forces, stresses,
strains, etc., produce significantly more skin damage
than equivalent magnitudes of normal pressures, acting
mainly via vascular occlusion (Reichel, 1958). Dinsdale
(1974) reported increased tissue susceptibility to
- frictional stresses during repeated pressure applications
of 45mﬁHg in paraplegic swine, Chow et al (1976) stated
that distortions of capillaries in skin are produced in
response to shear strains (Figure 3.4), which can reduce,
and even prevent, blood flow in the capillaries, Rydevik
and Lundborg (1977) found that when a section of rabbit
tibial nerve was compressed at 400mmHg for 4 hours;, damage
was most severe at the boundaries of the pressure area
where the pressure gradient and shear forces were highest,

Quantitative investigations of response of skin to

shear forces are lacking since at present there 1is no .
satisfactory physiological shear force transducer.
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available, Lewis and Nourse (1978) produced a shear
transducer which operated on a pneumatic principle,
however no clinical data has been reported hitherto. It
has been thought that the value of shear-related stimuli
required to induce skin damage may be as much as an order

of magnitude less than the equivalent critical normal
pressure values,

At the cellular level two immediate consequences
of ischaemia are oedema and endothelial damage, Diana
and Laughlin (1974) showed oedema to be a function of
pressure duration. The cellular porosity was increased
dramatically from 343 to 543 when the ischaemic period was
extended from 1 to 3 hours. Oedema of the perivascular
cells lining the capillary wall has been shown to increase
the vascular resistance and completely occlude vessels
(Strock & Majno, 1969,' Leaf, 1973). The diffusion distance
for oxygen, nutrients and metébolites is increased by

oedema and may therefore contribute to the susceptibility
of skin to pressure, |

3.2.4. The Reflow Abilitz of Normal Skin

The duration of pressure induced ischaemia required
to produce irreversible tissue damage is short. Brﬁnemark,
(1971) using intravital microscopy on a human pedicle

flap raised on the volar arm surface which could be
occluded by;pneumajicélly controlled cuffs, demonstrated

that irreversible changes in the microvascular system
occurred after 7 hours' ischaemia, Romanus (1977) found
that 60mmHg applied to a hamster cheek pouch for 4 hours
produced changés which were not reversible within 120mins,
post-pressure, However Larsson (1977) showed that metabolic
alterations after 1 - 3 hours' ischaemia were normalised
within 30 - 40mins, reflow. Pressure and ischaemia have
been reported as producing more damage than either pressure
or ischaemia per se, (Lauritzen, Personal Communication, 1978),
Sufficient pressure was applied to compress the medial
portion of a rabbit skin flap to produce ischaemia in the
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distal portion which was not compressed (Figure 3.5.).
For equivalent pressures and durations of ischaemia,
greatest permanent pressure induced change was always
observed in the compressed and ischaemic region.

Factors other than mechanical stimuli have been
reported as influencing skin breakdown, Husain, (1933)
suggested that vitamin C deficiency reduces the skin
tolerance to prolonged ischaemia, and it is commonly known
that vitamin C deficiency is associated with scurvy, a
disease which is characterised by an abnormality in collagen

cross-linking (Peacock and Van Winkle, 1971). Proteln
deficiency has been reported as reducing the skin tolerance

to ischaemia (Rudd, 1962) and .endocrine substances
injectedsystemica11y (Selye 1967) implied a reduced
incidence of irreversible tissue damage for severely
stressed cases, Innervation is considered an important
factor in determining the response of skiﬁ to prolonged
pressure- and although the healing rates of normal and
denervated skin in rabbits are similar (Muren and Zederfeldt,
1966, Guttman, 1976) it has been shown ‘that, in a study
of healing spinal laminectomies, the rate and the quality
of'healing is a funcfion of innervation (Whimster,1976),
There appears to be no specific value of either
pressure magnitude or duration associated with the

response of normal skin since most experiments have beem
performed over widely varying environmental conditlons

which greatly vary both the local and systemic vascular
systems. However, critical pressures of 60 - 70mmHg and
durations of 6 - 8 hours are generally recognised |
as being limitations beyond which there is a high pro-
bability of tissue breakdown. Once a critical threshold
has been overcome, time appears to be the crucial factor,

3.3. THE EFFECT OF MECHANICAL STIMULI
ON HYPERTROPHIC SCAR TISSUE

The response of hypertrophic scar tissue to externally
applied mechanical stimull may be considered under

the following sub-sections..
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