HYPERTROFIIC SCAR TISSUE

Its Microstructure and Mechanical Properties and the

Effects of Pressure Therapy

by

‘3 AMNE E. TULLY, B.Sc.

A Thesis submitted for the Degree of Doctor of Phileosophy

(Bioengineering) of the University of Strathclyde
& 1A J

Pirbtrizht,
serrey.

March, 19C0.



ABSTRACT

The formation of hypértrophic scar tissue during the process
of wound healing resulis in severe disfiguring and disabling con-
sequences for the patiént. This thesis presents the detailed
micro-structure ef hypertrophic scar tissue, as viéwed with the
S.E.M. and discuszes the inter-relationship tetween the micro-
structure and mechanical properties of the tissue. The effect of
éustaiqed pressure (in the‘fofm of pressure therapy) upon the
.micro-structure and the mechanical propertieg is also discussed.

A review of the literature concerning nbrmal wound healing
and the fprmation of hypertrophic scar tissue, togethér with a
review of the different forms of therapy currently in use is
presen?ed.

A detailed micro-architectural picture of hypertrophic scar
tissue has teen established. Abnormalities in collagen fibre size
and packing arrangerent, together with abnormally large diameter
blood vessels and excessive numbers of fibroblasts have beeﬁ
observed. )

A motor driven, rotary biopsy punch, for obtaining undistorted,
full thickness cores of scar tissue for microscopical analysis was
designed and develozed.

Pressure therapy has been found to result in an acceleration
of the naturai remodellin; process of the hyﬁerﬁrophic scar tissue.
This corresponded wifh observed charzes in fitre wmicro-archiiecture
and fidrobvlast concentration, together with a remodelling of the

ren mt . N . [P - . - .
echanieal characteristics tcwards those of normal skin.

Trhe inter-relatioachin between micro-ctrusture and mechanical



- properties of the scar tissue is digcussed. -Anisotropy in the
mechanical characteristics has been obéerved.to be reflectéd in the
fibre orientation within the scar tissue dermis. The aggravatihg
effect of static aﬁd dynamic tensions in the forration of these‘
scars is discussed.

. The discussion centres on establishing a betfer understanding
of the aetiolozy of hypertrﬁphig scar tissue and the.way in whiéh
pressure therapy wofks, in’order that the treétment’of‘already
established scars céﬁ,be optimised; and in’the future, that their

formation can be prevented.
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CHAPTZIR 1

INTRODUCTION



Fig-1.1. Hypertrophic scar of the face, showing the severe
disfigurement which can be caused by these scars.



. IINTRODUCTTON

Hypertrophic scars and keloids are conditions found almost
exclusively in human beings. In the "‘normal” events of wound
healing, an equilibrium occurs between the synthesising and
degradative pha§¢s of collagen metabolism; ’but‘in some ihstances
this normai equilibrium’is lost, and the end result is a greater
mass of fibrous tissue and the formation‘bf a hypertrophic or keloid
scar.

Clinically these scars are cﬁaracterised by their raised, fed
and hard appearance, vhich can cause severe disfigurement (Fig. 1.1.)-j
If the scarred area lies over or neér a Joint, severe flexion
deform%ties can also be formed which prohibit normal joint movement.

{ . -
A hypertirophic scar is defined as a raised scar which remains
within the orizinal boundaries of the wound, in contrést to a keloid
scar which grows beyond the confines of the original wound.

Although ruch haswbeen written about the treatment of excessive
scar production, very little has been presented concerninz the true
nature and cause of hypertrophic scar formation. The author has
carried out a detailed structural analysis of the micro-architecture
of hypertrophié scar tissue, toéether with an investigation of the
inter-relationship between the micro-structure and the mechanical
properties of the ticsue, in order that a better understanding of
the aetiolosy of these scars can be achieved.

In recent years the use of sustained pressure applied to the
surface of a hypertrophic scar to accelerate the natural remodelling

w )

processes of the tissue has become one of the most imporiant nmethods



of treating these scars. Again, although there are numerous case
reports in the literature concerning the effectiveness of this form

of therapy, there is little quantitative data available on the way

in which this therapy works.

This thesis presents the results of monitoring the changes in
micro-structure and mechanical properties produced By prolonged
pressure therapy,.in an attempt @o both further the understanding

of the way in which the therapy works, and to optimise the forms of

pressure therapy used to achieve the maximum benefit for the patient. -
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CHAPTER 2

LITERATURE REVIEW



" 2.1, The Functions and Structure of Huﬁan Skin

Skin is a remarkable organ - thé largest and by farbthe most
versatile organ ;f the body (Montagna, 1965); With regard tobits
size, a'man of average proportions, approximately 1.83 metres tall ‘
will have a skin area approaching two square metres (Montagna, 1965)
which will weigh about 4.8 kg (Montagna, 1956) .

Mans skin follows a éharacteristic life cycle. 1In infancy and
early childhood it is dry, soft and apparently hairless. With
adolescence comes an enlargement of the hair follicles, which are
present in the skin from bifih, and a more active growth of the hair.
“The sweat glands and sebaééous glands go'from a nearly dormant state
to full activity. Physiologically speaking the skin reaches its
peak with puberty,thereafter i;s condition start; to decline, fipally
resuiting in the wrinkled, flacid skin of old age.

\ ‘
2.1.1. Functions of skin The skin acts both as a container

for the body fluids and tissues, énd as a protective shield agaipst
physical, chemical and biological attack.

The egtenSive network of blood vessels in the skin performs a
variety_of functions. As well as providing nourishment for the skin
it acts as a thermoregulatory system. Whén the environmental
teméerature is high, sweat glands pour water on to the skin's surface.
The evaporation of the water cools the circulating blood and hence
Ccools the body. The blood vessels can actively assist’this process
by relaxing and allowing a maximum flow of blood through the skin.
Conversely if body heat needs to be consérved the blood flow is
greatly reduced.

The cutaneous circulatory system also assists in tﬁe regulation

of blood pressure. Depending on the prevailing trends in blood



‘pressure, the blood may be allowed to course through the capillaries
or it may be diverted from the arterioles directly to the venous

return system. By altering the blood flow rate in this way the
blood pressure xﬁay be reguiatéd. |

The complicated network of blood vessels in the skin is matched
by an equally extensive network of nerves. As well as controlling
the glands;-blood vessels éﬁc;, in the ékin, spécialised nerve
endings sense pressure, thermal and painful'stimuli in all aieas bf
the skin, although the sensitivity is more acute in some sites than
in others.
H Another prominen£ feaéﬁre of the skin is its pigmentatiop.
Specialised cells scattered in the epidermis produce a dark‘pigment,
melanin. The prime function of this Pigment is to shield the skin's
cells by absorbing £he uitraviblet rays from the sun. There are
approximétely the same number of melanocytes in all human skin, the
: differenéeéin skin colour result froﬁ thg amount of pigment Produced
(Montagna, 1965). |

Skin is congfantly subjected to attacks on its integripy. At
a consérvative estimate,ra persoﬂs skin suffers some minor trauma,
such as a scratch, about once a week. Thislhigh-lights one of the
most important prdperties §f the skin - its capacity for self repair.
If the trauma is minor the wound will ﬁeal leaving virtually no trace.
If the damage is more severe the skin will restore its éontinuity‘by

the formation of scar tissue.

2.1.2. Structure of skin To speak of "The Skin" is an

abstraction, and it is necessary for the experimenter to know the
exact origin of his tissue specimen, since the gross characteristics

of human skin vary greatly on different body sites and the

Coa
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ﬁistological features vary accordingly (Moﬁtagna, 1956). However
the structure does follow a generalised pattern. It is composed of
two major layers: an exteriorreovering of specialised epitheliem.
called the epidermis;yard beheath this, a dense connective tissue
. layer called the dermis. The epidermis of mammais coesists of two
distinct types of cells of different origins.-‘The epidermal cells
proper arise from the general surface eeroderd, and those of the
pigmentary system come from the neural crest (Mcntagna, 1962) . .The
dermis and its associated cells are of mesenchymal origin. The
deeper limits of the skln cannot be distinctly defined as it merges
with a layer consisting predominaptly of adipose tissuengig. 2.1).
2.1.3.\<Egidermis The epiderﬁis is’a stratified_squamus
epithelium which covers the entire outer surface of the body. The
term "squamus" defines only the superficial cells, which are in the
: \ . :
form of seales. The living cells in the lower layers are fusiform,
columﬁar; cuboidal or polyhedral (Fig. 2.2).

The thickness of the epidermis varies between sites on the body.
Generally it rahges from 0.06 m.m. to 0.1 m.m., reaching a maximum
thickness of 0.6 m.m. to 0.7 m.m. on the palms and soles'(Helwig
and Mostafi 1971). Although continued wear and stress are factors
in the thickening of the epidermis, the actual properties are
genetically pre—determined (Bloom and Fawcett 1962).

The epidermis can be divided into five layers. The innermost
layer, the stratum basale or stratum germinativum, follows the
contours of the underlying dermis. Cell division occurs principally
in this layer, the daughter cells being pushed out to&ards the skins

surface by the continual division products.

The stratum spinosum forms the next layer of the epidermis.



Fig. 2.2. Cells of the epidermis. Cell shape changes as they
progress towards the skin surface, going from a co’-
umnar form in the basal layer to the flat scales of
the keratinised layer. (After Helwig and liostoii,

1971).



;hé cells are attached mechanically to one aﬁother by cytoplasmié
processes called intercellular b:idges; Due to cell shrinkage in
prepared sections this gives the spinous 6utlihe to the individual-
cells which ga§e rise to their némé. The thickness ofvthis layer
varies with body site. As the cells migrate outwarés, they become
increasingly flattened, whilst showing a progressive accumulation of
granuleé. Thése granulate‘ce¥ls make u; ﬁhe ne#t iayer, the stratum
granulosum. The granules are the precursors of,kératin, the f£ibrous
protein that constitutes the pulk of the déaa suifabe of the skin
(Montagna 1956).

The differentiation of the cells is Eompieteazﬁifh the loss of
nuclei and conspicuous cellular ofganelles aé'the’ﬁéxt two layers
emerge.

The\stratum lucidum, in the general body surface, is composed
of a thinkhyalin layer oﬁly one or two cells thick which does not
always show up clearly in tissue sections prepéred for histology.
Whenever the epidermis is thicker than average the stratum lucidum
1s much more conspicuous.

The outermost layer, the sﬁratum corneun, is made up of fully
anucleated cells full of keratin. ‘This thick, horny covering forms
a barrier against biological and>chemic;l attack, physical abrasion,
and is impermeablé to most substances. The cells are plaque-like
in form and are continually being shed from the surface.

The pigment producing me;anocytes are situated in the epidermis.
Exposure to ultraviolet light causes the melaﬁocytes to injegt
granules of melanin into the surroun@ing epidermal cells, where the

Pigment forms a protective awning over each cell nucleus on the side

-

towards the skir's surface.



T 2.1.4. Dermo—epidermal junction The junction between the

epldermis and the.underlying dermis iﬁ man is rarely smooth; It
usually carries a series of retg ridges, the depressions between
them being filled with peg—~like dermal projections (Fig. 2.3). These
projections are t£e capillary bearing papillae of the superficial
dermis. )

The architecture of the:jﬁnction varies with body site and is
related to the arrangement of;haifs and sweat glands in thé skin.

In the back, the abdomen, and the breasts the epidermal ridges are
inconspicuous, and the papillae, though numerous, are flatter than
in other régions (Montagn;, lééG). Those regions of the epidermis
which are subjéct to shearing forces (i.e. the SOLes and palms) are
as a rule covered by very scanty hair but are provided with well
developed and elaborate ridges and papillae. It has been postulated
that skin rich in hair follhﬂesnmg be anchored to the dermis by
these folliéles aﬁd therefore does not need the presence of an .
elaborate system of rete ridges and papillae (Montagn;, 1956).

The dermo-epidermal interface has been shown by electron
microscopy to consist of a complicated interdigitation of basal cell
pedicles, dermal ground substance and fibrils (Zelickéon 1967). This
is organised into a basal lamella, or adepidermal membrane, which
closely parallels the cell membrane of the.basal cells. The latter
are fixed to the lamella by hemidesmosomes and anchoring fibrils.
There is evidence that the fibres of the dermis are also attached to
the Sasement membrane by these specialised fibrils (Swanson, 1967).

2.1.5. Dermis ' The average thickness of the dermiswis 1 m.m.

to 2 m.m., with a minimum of 0.6 m.m. on the eyelids and a maximum

of 3 m.m. or more on the soles, palms and back of the neck. It is
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genérally thinner on the ventral surface of the body and on the
underside of the gppendages.v The derﬁis is also thinner in women
than in men (Helwig and Mosfofi, 1971). |

The Dermis of human skin is usually described as having two
structurally distinct lgyers. These layers closely correspond to a
biological division into a mgtabolically active, epidermis associated
stroma ~ the papillary layer; and é metabolically sluégish, tough
fibrous layer with mainly a mechanically supportive role - the
reticular layer.

In contrast to this claséical desc:iptioﬁ, Craik and McNeil
(1965) identified three structﬁral layers: the papillary léyer, the
mid—dermis and the deep-dermis. The'mid~-dermis ig described as
having a more compact arrangement qf fibres than the deep-dermis.

The following discussioh of the components and microarchitecture
of human ékin, as observed with thg Scaqnigg Electron Microscope
(SEM) ié a précis of the work carried out by Brown (1971). The
results presented in Chapter 3 were obtained using similar tissue
preparation techniéues to those of Brown (1971). Readers are referred
to Browns thesis for more detailed information.

Connective tissue in the dermis is composea of the fibrous
proteins collagen, elastin and reticulin. Collagen is predominant,

" 77% of fat-free dry weight. Elastin accouhts for 4% and reticulin
0.4% (Montagna, 1956; Weinstein and Boucek, 1960). When operating
the‘SEM in the secondary electron emissive mode for topographical
studies, it is not possible to label the tissue’components. Thus
the following description of dermal architecture will be restricted
to fibre arr;ngement and form. Although takiné into account the low

percentages of elastin and reticulin in the skin, most of the fibres



Fig.2.4. ¥——-1 25ym. Transverse section of normal skin, showing
the epidermis, the papillary layer(PL) and coarse fibres

of the mid-dermis. (Brown,1971).

Fig-2.5.1 ¢ 5ym. Open network of papillary fibres. (Brown,1971) .



(After Brown,1971).



Fig.2.7. 1 i 50ym. Horizontal section through mid-dermis showing

densely packed coarse fibres. (Brown,1971).

Fig.2.8.1 i 50ym. Horizontal section through deep-dermis showing

loose arrangement of coarse Tfibres. (Brown,1971).
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described are likely to be collagenous.

The papillary layer is made up of fine fibres typically 0.3 um
ém 3.0 ym. in width. They form a relatively open network in which
no regular arrangement is apparent (Figs. 2.4, 2.5).

In the mid-dermis the fibres are more coarse, ranging from 10
um to 40 um in width. They are arranged more compactly than the
fibres in the deep-dermis, where a looser arrangement prevails.
Aggregations of fat cells are found in greater abundance within the
networks of the deep-dermis (Figs. 2.6 - 2.9).

Although at low magnifications the fibres of the mid- and deep-
dermis appear to be arranged in a haphazard multidirectional system,
the fibres rarely run in directions perpendicular to the skins surface.
The fibre architecture is arranged in a series of layers, parallel
to the skins surface but with many fibres running at a slight angle
between adjacent layers. The only exception to the irregular
architecture is the concentric arrangement of fibres which often
surrounds hair follicles (Fig. 2.10).

In specimens sectioned through the mid-dermis, parallel to the
surface the fibres within the microscopic field at a magnification
of approximately 200 (field of view 0.5 m.m. square) appear to be
bPartially orientated. But thiﬁ’crientatian varies between sités.

The extensibility of the gkin is Qenerally anisotropic.
Mechanical studies of abdominal skin have shown that the skin is
ore extensible in the cranio-caudal direction than in the transverse
direction (Daly, 1966). Brown (1972) found that although the fibre
Orientation in abdominal skin varied between different fields of
View at a magnification of x 200, in the SEM, there was a "preferred"

Orientation close to the transverse axis of the specimen. That is,




Fig.2.9. Aggregations of fat cells (FC) within network of deep-dermis
(Brown,1971) .

Fig.2.10. < s 200pm. Concentric arrangement of fibres around
hair follicles. (Brown,1971) .



Fig.2.11. v__j 50]im. Variation in fibre breadth and cross-section
within mid-dermis. (Brown,1971).
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therewas a preferred orientation of fibres perpendicular to the
direction of greatest extensibility, although the network was
multidirectional and irfegular in overall structure. In general the
mechanical properties of the skin are reflected in the fibre
architecture as in the specimens of abdominal skin described above.

In the mid- and deep-~dermis, aggregations of fibres take
various forms ranging from flat ribbon-~like bundles to those with
almost circular ¢ross section. The breadth and shape of a bundle
change al&ng its length as a result of the branching and inter-
connections between fibres (Pig. 2.11).

Brown (1971) studied skin specimens from 30 adults, in the age
range 30 to éﬁ years. The only age~related change in fibre form
within this range appeared to be that the fibres became progressively
straighter with increasing age.

The fibrils that m&ke‘up the fibres are mostly aligned in
parallel arrays along the length of the fibre, with a few lying in a
haphazard arrangement on the fibre surface. Thé spaces between
’aﬂjaaﬁnﬁ fibres are bridged at intervals by an open network of
fibrils. Hair follicles, glands and blood vessels are surrounded by
& system of fine fibres which appear to form attachments to the
tourse fibre network comprising theé bulk of the dermis.

2.1.6. Elastin fibres The second major fibrous component

of connective tissue is elastin. This fibrous protein is not readily
replaced when removed and its absence in repair tigsue is strongly
reflected in the mechanical properties of the scar (Peacock and Van
Winkle, 1976).

The elastin fibres in the mid~ and deep-dermis are coarse,

branching, cylindrical or flat ribbons interspersed amongst the




13

collagen fibres (Montagna, 1976). The elastin fibres in the
papillary layer are much thinner and form a dense belt running just
below the base 0f the dermal papillae (Pinkus, 1970). From thisbelt
fine fibres ascend almost vertically towards the epidermis to end
free just below it. 1In areas of skin with short or no papillae, the
.belt, which constitutes a highly characteristic base line, iz close
to the epidermis. In skin bearing papiilae it skirts the lower
extremities of the epidermal ridges, and long fibrils extend into
the papillae (Pinkus, 1970}.

Elastin fibres occur in tissues which are subjected to repeated
distortional forces. Their role is to restore the original contour
after the distorting force has ceased to act. Where the loads
applied are high, as in some ligaments, the elastin fibre content is
high. Where the loads are smaller, as in skin, the elastic fibres
are relatively sparse (only 4% of the dry weight).

2.1.7. Reticulin fibres So called because they branch and

form a network, the reticulin fibres make up about 0.4% of the dry
weight of skin.

The greatest preponderance of reticulin fibres is in the
papillary layer and in its extensions around the cutaneous appendages.
The dense bed of reticulin fibres found underneath the epidermis is
bProbably a component of the basement membrane (Montagna, 1956).

In the dermis the reticulin fibres are numerous only around
blood vessels. In the extreme deep dermis, these reticulin Ffibres
are well developed around the blood vessels and they also form
basket-~like capsules around each fat cell (Montagna, 1956).

Evidence suggests that reticulin may be a precursor of collagen

and as such does not constitute a separate type of fibre.  The
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physical and chemical properties of reticulin and cellagen are
similay, with-oreticulin demonstrating the same 70 nm. periodicity
as collagen. In optical microscopy, reticulin fibres often appear
to continue into collagen fibres which are distinguishable by

differences in their histological staining properties.

2.1.8. Ground substance The ground substance of the dermis
is a semifluid, non fibullar amorphous ;ubﬁtanae containing salts,
water, protein and polysaccharides in solution, that fills the spaces
between the fibres and the cells. There is proportionately more
ground- substance in the papillary layer than in the mid- and deep~-
dermis (Montagna, 1956).

The ground substance contains heteropolysaccharides that can be
divided into two groups: Mucopolysaccharides and Glycoproteins.

The acid mucopolysaccharides isolated from the tissue comprise
Hyaluronic agid, Chondriotin Sulphates A and-C, Dermatan Sulphate,
Keratan Sulphate, Heparin and Haparan Sulphate (Craig and Schofield,

- 1973.). There is no free fluid in the ground substance despite its
~high water content as the hygroscopic hyaluronic acid binds the water
in molecular form.

All substances going to a¥from the cells in the tissue must
Pass through the ground substance, so that changes in its state and
composition will exert a profound influence on the life of individual
cells and tissues.

It has been suggested that the mucopolysaccharides play a role
in a number of physiological and pathological processes including
calcification, control of electrolytes water and the extracellular
fluids, wound healing, lubrication and the maintenance of a suitable

medium for the eye (Craig and Schofield, 71977 ). Whilst the chemical
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Fig. 2.12. The Tfibril stabilizing role of rr.ucoproteins and
mucopolysaccharide-protein complexes. (After
Jackson and Bentley, 1968).
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structures of the mucopolysaccharides and collagen carry with them
the possibility of significant interéctimn, the evidence to date
suggests that they are not necessary for the formation of collagen
fibrils in vivo {Jackson and Bentley, 1968.3. It seems likely,
however, that mucopolysaccharides, particularly chondroxtin sulphate,
may be involved in an interaction with collagen that has already
aggregated to . form fibrils. The mucopolysaccharides appear to be
necessary for the further crdaring of collagen structure at a higher
level of organisation, and are thus important to the overall
structural stability of connective tissues (Jackson and Bentley,
1968 ).  Fig. 2.12 shows a model of the possible chondreitin
aglphate - protein -« ¢ollagen interaction. This model shows that
the initial collagen aggregates must first be further aggregated by
interaction with mucoprotein to attain a level of fibrillar
ﬂrganimatioh at which point the chondrimtin sulphate ~ protein

complex comes into play.

2.1.9. Hair and hair follicles Hairs are produced by hair

follicles which are tube~like structures extending in a slanting
manner from the epidermal surface deep into the dermis (Pig. 2.13).
The hair itself is composed of keratinised cells compactly cemented
together. Beneath the surface of the skin the hair is encircled by
the follicle, which is a sleeve of epithelium continuous with the
surface ayiﬂaxmis} The hair is at no time in direct contact with
the fibrous components of the dermis. |

After an injury to the skin {unless the trauma extends into
the deep dermis) the hair follicles provide important islands of

epidermal cells capable of taking part in the re-epithelisation of

the wound.




keratin

2.1; The ruicroanator.y of the hair follicle in cross
section. (After llenaker, 1975) =
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2.2. Wound Healing

The normal process of wound repair differs little from one kind
of tissue to another and is generally independent of the type of
injury (Ross 1969). A simplified summary of the stages involved in
the healing of a linear incision will be presented in sections
(2.2.1 - 8). The healing of excised wouna and burns which, although
following a similar pattern are subjected to further complications,
is discussed in subsequent sections. The reader is referred to
Peacock and Van Winkle (1976) for a more detailed description and a
comprehensive bibliography.

Wound repair can be divided into three overlapping and inter-
related stages, each characterised by the activities of a particular
population; of cells.

2.2.1. Formation of scab Healing in the dermal layer begins
when a clot forms from the blood that flows into the wound
immediately after injury. As the blood coagulates, fibrinogen
molecules from the blood quickly link up into interconnected strands
of fibrin. These strands provide a network throughout the wound
defect that somewhat tenuously unite its edges. Meanwhile at the
surface, Ffibrin and other proteins in the blood serum dehydrate and
form the protective barrier or scab .

2.2.2. Inflammatory response to injury After formation of the
blood clot, blood vessels in the surrounding uninjured tissue start
to leak serum into the wound space. The stimulus which initiates
this leakage is thought to be a substance released by the damaged
tissue, which acts by altering the intercellular structure of the
vessel walls so that its cells do not fit together so tightly, thus

allowing serum to escape.
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The serum contains a number of proteins such as globulin,
albumin and anti-bodies. If the wound is infected the globulin and
anti-bodies may attack the infecting organisms but normally this
fluid merely provides a sustaining environment for the white cells
that begin bo follow into the wound about six hours later.

The first of these cells is the neutrophil (a polymorpho-nuclear
leucocyte). Once inside the wound this cell can provide two types
of defence. Firstly it can ingest organisms by phagocytosis. In
many cases the neutrophil kills the bacteria and then digests most
of the remains. Secondly if the wound is sterile, with no organisms
to be ingested the neutrophil degenerates and dies. At this point
the neutrophils outer membrane ruptures, pouring enzyme containing
granules into the wound. It is thought that as these enzymes are
released from the granules they attack the debris at the sight of
injury making it easier for the cells that follow to remove (Ross,
1969).

At some stage during the first twelve hours after injury a
second kind of white blood cell, the monocyte, begins to migrate into
the wound. On entering the wound the monocyte becomes a macrophage
which then proceeds to remove most of the debris by ingesting and
partially digesting it. Unlike the neutrophil, the monocyte has a
fairly long life span and can synthesise proteins, in particular the
enzymes it uses iIn phagocytosis.

Although the neutrophils and monocytes play a Vital role in
wound repair, there are times when they can be destructive.
Repetetive inflammation, with its overabundance of inflammatory cells
and release of their enzymes may cause actual damage to the tissue,

as in rheumatoid arthritis.



2.2.3. Mast cells The mast cell is ubiquitous in the body,
being found mainly in loose connective tissue. There is a
controversy as to the multitudinous potential functions, origins or
transformations of this cell type, but it is generally accepted that
the cell"s granules contain sulfated mucopolysaccharides.
Substances which play important roles in the different phases of
wound repair (Schilling, 1968). The mast cells have also been
reported to be associated with the presence of Heparin, Hyaluronic
acid and Histamine in the tissues.

2.2.4. Fibroblasts Towards the end of the inflammatory
response another kind of cell, the fibroblast, appears and begins
to repair the injury by secreting collagen and the protein
polysaccharides that go to make up the scar tissue.

The source of the fibroblast in healing wounds has long been
a matter for debate. Ross and Benditt (1961) from their Electron
Microscope (EW) morphological studies of fresh wounds, suggested a
vascular origin for the cell. The evidence to date indicates that
the cells are derived from the surrounding connective tissue,
perhaps from the perivascular mesenchymal cells (Grillo, 1964).

In surface view, the fibroblasts have an ameboid shape, with
Processes of varying lengths stretching out from the body of the
cell; in profile they appear spindle shaped. Their shape is also
influenced by their environment (Montagna, 1956). In the mid- and
deep-dermis they are usually very thin, long and compressed; in the
Papillary layer they are larger and resemble mesenchymal cells. The
large oval nucleus is stippled with very delicate chromatin particles
and contains one or more large nucleoli.

The rough endoplasmic reticulum (rer) of the fibroblasts
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synthesises the proteins that form the tissue and secretes them into
the extracellular space.
2.2.5. Collagen The formation of collagen fibrils from free

amino-acids is shown in Fig. 2.14, which is a reproduction from

Gross (1961).

Collagen has a unique amino-acid composition as demonstrated
by the fact that the molecule contains exceptionally large amounts
of glycine (30%), proline and hydroxyproline (2% each), and
substantial amounts of both glutamic and aspartic acids (Ross, 1967).
In vertebrates, hydroxyproline and hydroxylysine appear to be unique
to collagen, with the exception of the small amount of hydroxyproline
present in elastin-

Studies of the amino-acid sequences of the three linear a
chains that make up the left handed 'super helix", revealed that
two of the chains were identical whilst the third differed in its
distribution of acidic and basic residues. The two identical
chains were termed al and the dissimilar chain a2. Thus the
collagen in these studies, which was derived mainly from skin or
tendon, was made up of al and a2 chains in the ratio of 2:1.

In 1969, a second type of collagen was discovered. This was
composed of three identical a chains differing from the al chains
shown previously. The two types of collagen were designated as:
Type I with the formula al(1>2a2, present in skin tendon and
cartilage, and, Type 1l with the formula alUD”, present only in
cartilage.

In 1971, studies on infant dermis revealed another different
od chain, designated al(111) . The type 111 collagen made up of

these al(lll) chains had no a2 chain and was found in greatest



Fig.2.15. Schematic diagram of the assembly of the components of a
native collagen fibre. (After Peacock and Van Winkle,1976).
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amounts in embryonic tissue.
A fourth type of collagen (type IV)~has been identified in

Descemet's membrane and the anterior lens capsule'oi the eye. ‘This

is again composed of three identical al chains (al(IV) ).

In summary, four types of collagen have been identified, all
of which appear to be tissue specific. Synthesis of these collagens
is probably directed by different structural genes (Peacock and Van
Winkle, 1976) .

The basic tropocollagen molecule varies in cross;section and
~electric charge along its length and these variations are both
'irregularly spaced and asymmetric.( The molecules are approximately
)l.S nm in;dianeter and 280'nmvlong.;‘lt isvthondhtmthatlnhenitwo
pAiallelvtropocollagen molecules overlap by one quatter of their
length; the three dimensional contiguration and charge distribntion
of adjacent sections are complementaty and therefore attract one
another. Native collagen,fibrils consist of ttooocollagenb
molecules linednb in this quarter staggerlfashion giving rise to
_ the characteristic banding of periodicity 64 nm to 70 nm, seen in
the electron microscope (Fig. 2.14). This banding occurs at the
tropocollagen”molecule junctions but is is not clear whether it is
the effect of variation of cross section or density, andiif it is
Cross-section, whether this obtains in the native envitonment or is
Cuased by differential contraction when dehydrated for electron
microscopy.

A schematic diagram of the assembly of the components of a
native collagen fibre are shown in Fig. 2.15.°

As the aggregation of %opocollagen molecnles proceeds the

solubility of the collagen changes Fig. 2.16. The most recently
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formed collagep is most easily sdiuble (in cold physiological
saline), the §1d§r more tightly aggrééated collagen is soluble in
hypertonic salt solution and acid citrate. With time the collagen
becomes progressively moré insoluble, as sFructurally specific
molecules fitAtqgether in increésinglf_stable ass&éiation. |
Eventually cross-linking becomes so strong thét solubilisation will

occur only under the most.drastic.cogditions (Grillb, 1964).

The native collagen fibrils in human adult skin have been
shown to vary'from 70 nm to 140 nm in diameter (Gross and Schmitt,
"1948)° In infant skin fhg fibrils showed diameters as small as
30 nm, althoughvthe average diameter was not.significantly different.
- from adult skin. The fibrils aggrggate into'bunq1es which consﬁitute
the collagen»fibres. Viewed in the light microscope collagen in the
dermis is arranged in fibré bundleg ranging in size from 1 um to
30 ym in dfameter.

2.2.6. Collagen remodelling After approximately 14 days (in

the case of a linear incision) the synthesis of connective tissue
Proteins begins to decrease, and a procesé'of remodelling starts.
It is this process that gives the scar tissue its tensile strength
(Ross 1969). |

Forrester and co-workers (1969) carried out an SEM étudy of the
collagen fibre architecture of healing incised skin wounds of
different ages. Their results showed that in the 10 day specimen
the individual collagen fibrils appeared to be less discrete than
in the normal unwounded skin. The fibrils were in a haphazard
arrangement and showed little sign of coming together into bundles.

Cross~banding was not visible. The wound had~very little tensile

Strength at this time.



Fig.2.17.1 ____1500ym. Although parallel and aligned at high
magnification, lower magnifications show that the fibre
are grouped into bands which run in all directions.

(Brown and Gibson,1974).
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In the 100 day specimen the collagen was in the form of large
irrégulaz; masses without the obvious fibril substructure that

characterised the normal speéimens. {(The 100 day specimen was the

bldest specimen viewed by Forrester.)

With time the fibrous network:underga;further remodelling into
thick bundles and sheeté of collagen f;pres, which often have a
. wavy appearance. |

At high magnificatibn parallei aiignménﬁ of the fibres is
evident,'but at low magnificatioﬁs the fibre sheets and bund;es run

in all directions (Brown and Gibéon, 19745 (Fig. 2.17).

2.2.7. Mucopolysacchatiées There appears to bé an inverse
relationship between the amount of mucopolysaécharide and tﬁe.amount
of céllagen present in a wouﬁd. Autoradiographic studies have
demonstrated that the same cells that synthesise and secrete
collagen aﬁe simultaneouﬁly synthesising and secreting muco-
p01ysaccha£idés. Following the proliferation of the fibroblésts in
the wéund an amérphous matrix with the sﬁaining characteristics of
- acid mucopolysaccharides appea;s: The amount of muéfopolysaccharides
Yeaches a peak on the 5S5th or 6th day after wounding, declining
rapidly therea%ter. This décline coincides with the rapid appearance‘

of the collagen fibres (Jackson and Bentley, 13£3.).

2,2.8. Capillary proliferation As the fibroblasts synthesise

the collagen and the protein-polysacéharides, large numbefs of small
blood vessels form throughout thevwound. These ca?illaries originate
as budlike structures on near by vessels, penettate the wound and
grow into loops. Tﬁe’loops thenkramify ’throughoht the wound by the
division of their cells. As the capillaries from diffefent sites

migrate through the wound, they meet and form an interconnected
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network ofvvessels (Schoeﬁ.and Majno, 1964).

In the early stages of wound repair this network of.
" capillaries provides comparatively 1arge contents of oxygen for the
cells that are actively synthesising the proteins in the wound.
Once the continuity of the tissue‘has been re-estahlished many of
the new capillaries regress. Thus the nound changes from a tissue
that is rich in bloodvvessels and actively dividing cells‘into one
vthat has a nuch more.simple cellular structure. |

2.2.9. Granulation tissue and epithelisation' The presence

of capillary proliferation, fibroblasts,‘collagen fibrils and
associated mucopolysaccharides comprise what is termed the
granulation.tissue. It is over this base that epithelial migration
and centripetal contraction of the skin surrounding the wound occurs.
Without the presence of healthy granulation tissue wound healing is
greatly impaired. Although granulation tissue forms in all wounds,
in a linear incision with little gaping of the wound edges the
amount is small, and in fact its appearance is often overlooked.
- In a wound of large surface area, however, the important role of
granulation tissue is‘much morevstrihing.

As scar tissue forms in the wound the epidernal cells begin
to close the'surrace of the defect. The disruption of the epidermal
layers causes some of the cells nearest'the wound to degenerate.
Most of the other cells lose the orderly, orientated appearance
they had in their undisturbed state. Within a few hours these
cells become amorphous and develop,ruffled borders and blisters,
much like those‘seen,in the actively moving cells grown in tissue

Culture. The migration of the epithelial cells seems to be well

Organised. It is thought that the scaffolding of fibrin derived
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from the clotted blood that forms the first provisionél "patch"
over the wound aléo guides tﬁe migraéing'epidermal cells (Fig. 2.18).

As the cells migrate they exhibit a feature quite unusual for
epldermis. They appear to actively participate in theyingestion
and digéstion of tﬁe strands of serum aﬁd,fibrin ;ying in their
path (Ross, 1969). '

When the ieadiﬁg edgés of thé sheets of épidérmal cells meet
and form a continuous layer undef the scab, each ;ell resumes its
normal identity. . The cells become more columnar in character and
commence mitosis. The daughter”cells migrate upwa}ds within the
surface of the wound and begi; to keratinise. |

The question arises of how do the epidermal .cells "know" when
wound closure has been completed. .Abercrombie and Heaysman,(;954\
put forwérd the theory of Contact’Inhibition. ‘They observed that
fibroblast;fgrown in culture continued to move and divide until they
came into éontact with other fibroblasts. vThey hypothesised that
this might also be the case with epidermai cells.:

Other 1nvestigations suggest that as the cells touch the
distribution of electric charge on their surfaces changes, and this
change serves ;s.a signal to the cell to stop ﬁoving. As yet there
is no definite answer to the question.

The epithelisation of excised wounds‘follows the general
Pattern of that just described for incised wounds. In an excised
wound the epithelial migration commences at the wound edges exactly
as it did in the incised wound. 1In addition if the full thickness
Oof the dermis has not been removed, epithelial cells of the skin

appendages, (notably hair follicles) will also commence to migrate.

In such an excised wound one is apt to see numerous "islands" of
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nem.epithelium on the surface (Peacock and Van Winkle, 1976).

In large excised wounds all stages’of epithelial repair may besu
seen simultaneously. At the margin of the migrating epithelium, a
single 1ayer of epithelial cells is moving across the wound. Further
back some cells will be undergoing mitosis, and just beyond them
upward cell migration is occurring producing stratification. Where
several layers of cells cover the wound, differentiation and
keratinisation occur. :At the original wound margin a hyperplastic

thickening of the‘epithelium is seen.

2.3. Burn Wound Healing

Because of tne‘incidencehof:burns that neal with the formation
of hypertrophic scar tissue a summarj of thevhistological asnects
of burn wound healing will be presented here.

The repair of burns is in some ways similar to the healing of
excised wounds which have been exposed to drying and have>formed a
superficiallscab.- In other ways.it is similar to wound healing in
the presence of a foreign body. It is complicated by the presence
- of non-viable tissue and by the graded nature of the injury.
Healing is modified by the widespread‘damage.to blood vessels
locally and the/consequential poor supply of orygen and nutrients.
Tnis also makes the injured tissue unusually prone to bacterial
infection. |

The wound that results from contact between the skin and a hot
body does not have a regular perimeter because heat flows more
readily in some compartments of the tissue than in others, and
because some cells are very sensitive to heat and others less so

(Winter, 1975.).

Furthermore, the injury can be a progressive one. Lawrence,



2.19.

Diagram showing the zones that deveion following

a thermal burn of the skin. These 1iones occur
in deoth as well as on the surface: (1) zone of
hyperaemia; (2) zone of stasis; (? zone of

coagulation. (After Lawrence, 1975).
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(1§75),describes the three well defined zones discernable in a
typical‘thermal burn of the skin (Fig. 2.19). Contact of the skin
with sources of heat frequently causes immediape coagulation of
tissue protein. This zone of coégulation is sgrrognded by a region
of capillary stasis which is in turn bound by an area of
hyperagmia. These zones, which are often visible with the unaided
éye on the skins surface, also occur in the depths of the burn.

The capillary stasis develops within a short time of burning
and persists for éome days. During this period the trapped blood
cells and the surrounding tissué become nectrotic and eventually
indistinguisﬁaﬂle from the coééulated tissue.‘ Thus if the zone of
stasis penetrates below the plane of the deepest.epithelial
structures the burn will be full thickness in depth (Lawrence,
1975)."  More damage may also be caused by the loss of water vapour
through the\injured surface, causing dehydration of the exposed
dermis. | |

Winter (1975 ) in his work on’pigs, found that regeneration of
epithelium did noﬁ begin until the condition of the wound had
stabilised. In pigs this took 8 to 9 days. It was impossible to
be certain aboﬁf the duration of this "1ag-pha§e" in humans because
of the wide variations in individuals, injuries and anatomical
sites observed. |

Winter interpreted this delay in healing in the light of the
diffuse and progressive nature of the injury, as a failure of any
effective stimulus to repair after burning. Studies of surgical
wounds have éhown that regeneration begins in a zone about 1.5 to
2.0 mm wide bordering the injury (Buifough and Lawrence, 1957). It

can be deduced that this is the distance over which wound healing
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sighals from thg damaged tissue are able to diffuse and brihg about
appropriate reactions leading to rep;ir (Bﬁllough, 1972). In burns
the cells in this critical zone are unable tquespond becagée they
are dying through lack of oxygen and other essential nutrieqts.
Moreover, in the absence of a cifculating tissue fluid the chemical
messengers are not dispersed and do not reach such cells as are
competent to respond, and the boundaries of the critical zone are
not static. |

When equilibrium is attained the damaged tissue is at last
juxtaposed to living, healthy'tissue. The signals emanating from
the injured cells and tissue éiements then have their appropriate
affect and the ordinary processes of epithelial cell m&vement and
fibrogenesis are initiated.
2.4. Wound Contraction

\ ’ .
Two major processes contribute to the closing of an open wound:

epithelisation and wound contraction. Contraction of a wound is
characterised by the centripetal movemement of the whole thickness
. of the surrounding skin resulting in the size of the open wound

diminishing.

2.4.1. Cohtraction and contracture The‘differencgs between
the terms Contracture and Contraction must be stressed here. Wound
contraction is an active process which tehds to close a wound in
which an actual loss of tissue has occurred. A contracturé refers
to an end result which may, in some instances, be caused by the
Process of contraction, or the shortening and re-orientation of an
established mass of scar tissue. For example, the skin surrounding
a4 wound over the flexor surface of a joint wili contract in an

effort to close the wound. This contraction may be to such an



Fig.2.20. Movement of the margins of excised wounds in the backs
of guinea pigs. (A Skin excised, @B Same animal 104
days post wounding. (After Straile,1959).

Fig-2.21. Stellate scar which forms after the healing of a square
excision. (After Peacock and Van Winkle.1976).
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ektént that the surrounding skin is too tightly stietched and thus
inhibits the joints movement. The scar tissue léid down in the
wound may also contract causing further inhibition of movement.
The combination of these contractions will result in some perﬁanent
flexure of the joint involved, or in other words a contracture
deformity.

Contraction does nbt\pioceed uniformly fromvthe moment of
| wbunding buf appears tb be sﬁbjeét t§ a "iag-phése“. Hoﬁever this
delay is more apparent than real. A small but significant
diminution of the wound size doéé occur soon after wounding, but
contraction is much more rapiélaftef a few days (Abercrombie et al,
1954). ' ’

WQuﬁd contraction involves the movement of'existing tissue at
the wound edge, not the formation of new tissue. This results in
the tissue ;urrognding the wound bheing stretched, ﬁhinned and
placed undé? tension (Peacock and Van Wink;e, 1976). |

Straile (1959) observed the movement of the margins of
- exclsed wounds in the backs of guinea pigs. A grid system is
pPrinted onto the back of a guinea pig and an‘oblong 6f skih |
excised (Fig. 2;20A). N

Fig.VZ.ZOB shows the samé animal 104 days after wounding. The
wound has contracted, primarily in the ah£erior—posterior direction.
This has resulted in a marked shortening of therlateral bérders of
the wound and a relaxation in the normal tension of the lateral skin.
(It is of interest to note that the cleavage line pattern (section
2.6.1) on the backs of rats and guinea pigs lies in the transverse
direction, at right angles to the predominant Qirection of

Contraction).
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- There was an éctual reductiqn ig the surface‘area‘of skin
lateral to the wound, and an eﬁpansion'of‘the'skin in'tﬁé anterior-
posterior directio;.

The centripetal motion of wound contraction is well illustrated

by the stellate scar which forms after the healing of a square
excision (Fig. 2.21). The centripetél motion causes pfoblems when
~the wound is circular. The edges‘of the wound become coﬁpressed
énd this can 1limit or halt the contraction (Peacock and Van Winkle,
1976). |

2.4.2. Source of wound contraction A lot of research has

béen carried out in an effort to determine the source of wound
contraction. The reader is referred to Abercrombie and
cé-workers (1954) for a more comprehensive review éhan that which
will be preseﬂted below. |

If, ingan excised wound, the granulation’tissue within the
wound is separated from the uginjdr;d skin surrounding it the
isolated island of granulation tissue will c@ntfact;

If an island éf in=-tact skin is left within an excised wound
the island will expand as fhe wound contracts.. However this island

can be made to contract back to its original size by isolating it
from the granulaiing tissue within the wound, |
Both of these experiments poinfed to the Sburce of the
contraction mechanisms beiﬁg found within the granulation tissue
(James, 1964).
.. :0Originally it was thought that the collagen fibres in the
wound contracted pulling the w;und margins towards the centre.

However, this did not explain the closure of wounds made in

Scorbutic animals. (Collagen production is markedly inhibited in
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- scorbutic animals (Ross, 1962).  Secondly, collagen is not a
contractile protein and exhibits shortening only upon

denaturisation, which disrupts its crystalline structure.

Attention was ﬁhereforé focussed on thebcells of the |
granulation tissue, more specifically on the fibroblaéts; :

Gabiani and colleagues, (1972) examined the ultrastructure of
fibroblasts in open wounds, as well as in several other mddels of
contracting granulation tissue. ' They fouhd that certain
fibroblasts developed characteristics typical of smooth muséle
cells.k’ The name "myofibroblast“vwas given to this type of cell.

An ultrastructural analyéis pf the myofibroblasts revealedk
that they;contained an extensive cytﬁplasmic fibrillar system.

Théy showed immunofluorescent labelling of their cytoplasm with
human anti-gpooth muscle serum and the nuclei exhibited complicated
folds and inhentations, indicative-of cellular contraction.

The myofibroblasts also showed cell-to-cell and cell=-to-stroma
attachments. These attachments weée postuiated.to Supply the
hecessary mechanical apparatus for the exertion and transmission
of their contractile forces. e i

The generél view today is that the source of wound contraction
lies in the cells of the granulation tissue. In particular, in the
myofibroblast, a form of fibroblast exhibifing characteristics
similar to smooth muscle cells.

2.4.3. Result of wound healinz = The size of a wound does not

affect the rate at which it will contract. The amount of available
mobile uninjured skin around the defect will determine whether.

Or not the wound will be completely closed by the process of

Contraction,
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Two events may stop wound cohtraction. If the edges of the
wound meet, contact inhibition of the mo&ing cells sets in and

halts further advance.  .However, if before the edges meet the

tension in the surrounding skin equals or exceeds the force of
contiaction, further centripetal motion will cease, and some
revefsal of movemenf may occur;

If wound contractioh déés result in the apposition of the
wound margins, a relatively thin stellaté scar williremain as
visual evidence of the for@er wouhd. Depending upon the amouﬁt
of mobiie skin suirounding the Qound, and tﬂe strﬁctures within
the skin, a variable amountvoé visual distortion may'be apparent.
The distorfion will be particularly'noticeableVif the extensibility
of the surrounding skin is. aniéotrqpic (Peacock and Van Winkle,
1976} .

\

The exéernal appearance of a wound that has closed completely
by éontracfion 1s misleading. Beﬁeath the_migréted dermis lies a
connective tissue scar equal in exfent to that of the’driginal
“wound. Furthermore, the quality of the expanded skin has been
alteréd;‘ The tissue deficit caused by the sétetching and thinning |
of the skin surrounding the wound is feplaced by new connective
tissue. This process of "intussusceptive growth" proceeds until
the full thickness of the stretched ékinbis restored.

If equilibriuﬁ between the force of contraction and the tension
in the skin is reached before the wound edges meet, a defect will
- Temain., Collagen continues to be laid down in the uncovered area and
the éhysical area of the scar tissue will beg;n to increase in
Size again. This expansion of the scar is a late phenomenon in

the wound healing process and appears to be related to the tension
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in the skin (sece section 2.6.4).

The final result of wound healing is the restoration of the
skins integrit& by epithelisation, contraction and scar form&tion.
Unfortﬁnatel& sométimesvthe repair process goes fﬁrther thah’just
restoring continuity ana excessive scar tissue is iaid‘down
resulting’in the formation 6f hypertrophic.or keloid scars.

2.5, Aetiolozical Factors Influencing the Formation of Excessive

Scar Tissue.

It appears that certain indiﬁiduals have a predisposition to
excessive connective tiésue production in response to trauma. This
predisposition may be genera1; 1ocal and chrbnological. Affected
individuals may be prohe to devélop hypertrophic or keloid scars in'
mény areas’ofpthe skin, or in a few areas only. The same
individuél ﬁay have different degreés of susceptibility at
different tihes of his life. ,

‘Many theories in regard to tﬁe lesions aetiolog& have been
put forward, the main ones will be discussed in the following
Sections.

2.5.1. Sex The ratio of the incideﬁce of hypeftroéhic scars
in men to women has been reported as . being 1#1'(A1hady, 1964
Koonin, 1964) and slightly weighted towards a higher incidence in
Women, 1:1,8 (Cosman 1961). However\Cosmén (1961) states that
the apparent higher incidence in women mﬁy be'due to the fact thét ‘
the female is more conscious of the uncosmetic appearance of a

Scar and is therefore more likely to seek the rlastic surgeon's

help,
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2.5.2. Age It is generally agreed that the incidence of
hypertrophié and keloid scar formation is greater in young people
(Peacock, 1976; Larson, 1974).

Garb (1942) reviewed the incidence of ‘excessive scar formation

in 67 patients and obtained the following distribution

First decade - 17%

Second decade 34%

Third decade 21%

Fourth decade - : 18% _ :
Fifth decade" 7% |
Sixth decade 3%

1

Approximately 80% of hypertrophic and keloid scars occur in
people under the age of 30 (Garb, 1942 (72%) ; Alhady, 1964 (80%) ;
Ketchum, 1914 (88%)). Roughly 50% of these lesions are in people
under 20 years of age (Garb, 1942, 51%; Alhady, 1964, 48%).

Several factors could account for this'distribution: that
collagen turnover is accelerated 1Q the young due to their
"growth spurts"; there is a higher degree of elasticity'and
tension.in young skin than in old skin; young people are more
Prone to trauma (Ketchum, 1974).

2.5.3. Race - A problem arises when reviewing the literature
With the differentiation between hypertrophic and keloid scars. It
is generally agreed that there is apreponderance of keloids formed
in dark skinned races. But in very few cases has the clinical
impression been compared with a pathological diagnosis, so that it
1s uncertain whether hypertrophic scars have been included under

the definition of keloids.

Crockett (1964) differentiated between the two types of scars
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and concluded that hypertrophic scars were no more common in
dark skinned races than in Caucasians.  Kelolds were, however,

more common in Negroeé..‘

Koonin (1964) in his review of the literature formed a
hypothesis that keloild formation was linked to an aberration in the

’

Melanocyte Stimulating Hormone (MSH), b?sed upon the foliowing
‘conclusions, each of which will be discussed in turn.

1) The high incidence of keloids in dark-skinned races,
wﬁose melanocytes are apparently more reactive to.MSH.

11) The fact that deeply pigmented, swarthy skins, in people
©of all races, seem more prohe to keloid formation than pecple
with fair skins. |

i111) The relation of hyperpituitarism éo keloid formation, as
in acromegalics (people with enlargement of face, hands and feet)
and, the higher incidence of keloids in states of physiological
hyperactivity of the pituitary eg. puberty and pregnancy, and
that these are associated wiﬁh 1nc£eased pigﬁentation.‘

iV)vThe main sites of keloid formation are on the parts of the
~ body where the concentration of melanocytes 1s greé;est, such as
the face And neck, and that keloids are extremely rare on the
Palms and soles where the concentration of melanocytes is minimal.

v) The well recorded relation of keloids to thyroid disease
and the known increase in pigmentat;on in certain cases of
hyperthyroidism. |

vi) Hydrocortisone is an inhibitor of MSH output and local
injections of hydrocortisone and its derivatives fie. triamcinalone,
acetonide and decadron) have been used with a fair degree of

Sucess in treating keloids.



Koonin concludes that it is not known whether the importantA
factor 1s an increase in MSH secretion, or a hypersensitivity of
melanocytes to the effects of MSH.

1) The high'incidencé of keloid formation in NegroesAis
. generally agreed upon, éithough the given ratiosvvary from 2:1
to 14:1. A survey of the 1iterature by Cosman and colleégues
A-(1961)‘gave an average ratio of 3:1. '

11) Kitlowski (1953) felt that the deeply pigmented, oily skin
was more prone to keloid formation because of its higher sulphur

content. This'was contradicted by the resﬁlts of Alhady and
co-workers (1964). They applied the Chi-square test to populatién
distribution and hospital admission statistics of a city in
Malaysia, wiﬁh a Chinese. Malay and Indian population. Results
indicated t@at the relative}y fair-skinned Chinese Were more prone
to keloid formation than the Malays;and Indians.
111) Bloom and colleagues (1956) and Ketchum {1976) bothAnoted
a higher incidence of keloid formaﬁion during hyperactivity of the
"Pltuitary gland.

iv) Nason (1942) repdrted that keloids occurred rarely on the
face.Cosmén 'and co~-workers (1961) found 36% of the lesioné
studied occurred on the face or neck and only 0.6% on the hand
Or foot. Crockett (1964) divided the head into regions and found
that the beard area had a much higher tendency to keloid formation
than the face. The lower limb showed a low’tendenéy to excessive
Scar tissue formation. When considering the apparent high
incidence of keloids on the face and neck repofted by some
People, the severe cosmetic disability that this causes could

ﬁaVe an influence on the patient making him more inclined to seek

35
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medical help. This could bias any conclusions drawn from
- hospital admission lists.

v) Hyperparathyroidism causes hypercalcemia and Pautrier i1931)
found an elevated serum calcium in 9 of 12 patients with keloids.
Each of these patiehts also had an elevated calcium level in the
keloid tissue. Garb and co-workers (1942) however;‘found a
decrease in calciﬁm levels in keléid tis;ue. Cosman and
colleagues (1961) could find no association between the
hyperthyroid state and the tendencnyo form keloids.

vi) Hydrocortisone is an MSH inhibitor. Triamcinalone, which
is a 94x-fluorohydrbcortisone, produces depigmentation of the skin
but also produces a degradétion of th; collagen in the tissue.
(Ketchum 5976). It is more probable .that tﬁe beneficial effect of
Triamcinalone is due fo this collagen degradation rather than the
inhibition o; MSH. |

Only the increased incidence of keloids in Negroes and in
states of hyperéctivity of the pituitary are unrefuted by other
authors., The latter has been linked with the hormonal effect
‘Tather than with the associated increase in pigmentéfion.

It was suggested by Glucksman (1951) that the ritual
Scarring practiced by some Negro tribes had established an inherent
tendency to heal with excessive scarring., This is now refuted by
most authors.

Vhy Negroes are more prone to keloid formation is not known.
That Some physiological difference must accound for this is accepted.

The possible connection with melanocyte-stimulating hormone needs

to be further investirated,
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2.5.4. Heredity 1In 1956, Bloom reviewed the literature
concerned with the possible heredity 6f hypettrophic scars and
keloids. He defined a keloid as an excessive and abnormal over-
~growth of the dermis, and further classified the scars into groups
depending upon their "degree of proliferative tendency". These
groups ranged from the "spontapeous" keloid (where the initiating
trauma was so slight that it had been;over;ooked), through the
"traumatic" or "cicatricial" keloid to the hypert:opﬁic scar.‘ The
latter showing the least degfee of proliferative tendency.

He discovered 31 familial cases of keloids in the literature,
to which he added the pedigree of an Italian family with 14
§ffected members of five generations:

The‘pedigree indicated that the predisposition to keloids

was inherited according to a regular, dominant, autosomal
) .

1

mechanism.

In the Italian family three of the affected members and one
Other with a questionable keloid had suffered from gastric ulcers.
Bloom (1956) hypothesized that ;he same genetic mechanisms which
- Caused peptic ulcers were implicated in the predispésition to-
keloid formation.

In Cosman's review of the literature in 1961 only 8 patients
out of 240 supplied past case histories of scarring. Whether this
¥as due to a deficiency in eliciting the patient's family history
" Or that the hereditary influence was not strong in the average
Patient was not made clear. However, some of the severest cases

'©f keloids did have positive family histories.



. 2¢5.5. Hormonal factors Emphasis has been placed on the

"glands of internal secretion" as influencing factors in keloid.
formation by Garb (1942). | Out of 80 patients 34% were in their
second décade of life, and 12% of the scars followed acne vulgaris
lesions., (Acne vulgaris commonly occurs during adolescence).

An increased incidence of keloid fq?mation has been feported
during physiological hyperactivity of the pituitary gland, such as
during pﬁberty and pregnancy (Edgerton et al, 1951; Cosman, 1961;
Ketchun 19?4),

.Edgerton and co-workers (1951) observed that‘some keloids
resorbed after the menopause, and that,keloids were rare in the -
elderly. The time factor in these resorptions was not recorded.
It is quité poséible that the scars were just following the natural
reéorption process that takes place with most scars given enough .
time. Garbd (5942) however suggested that the‘resorption was due to

the diminution or absence of a type of hormonal secretion.

2.5.6. Local factors The most significant contribution to

the literature concerned with the "local factors™ influencing keloid
formation was that of Glucksman (1951). In the exam;‘.nation of 70
cases of scar hypertrophy and keloids he found a foreign bodj
Teaction in 45 of the 50 hypertrophic scars.- IHair and keratinised.
Baterial of endogenous origin were present in 31 of these cases.
Anima) experiments were presented to show the ability of keratin
to induce a fibvroblast response in connective tissué;

Mowlem (1951) carried Glucksman's (1951) hypothesis further;
from a parallel histological analysisvof animal and human scar |
forration he concluded that there were both systemic and local

factors involved. He postulated that the skin most likely to

38
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produce hypertrophic scars would have a high density of lanugo
and sebaceous glands, and that the possibility of isolating either
within a wound would increase in proportion to tne thickness of
the skini | |

ﬁowever, in both Glucksman's‘and Mowleﬂs'reports‘now’
distinction was made between keloids and nynertrophic scars and
no clinical follow-up was given on any resolution of the scars
wilth treatment. |

| In contrast to Glucksman's (1951) observations, Blackburn

;and Cosman (1966) found small foreign bodies in serial sections
of hypertrophic scars, but none'in sections of keloid scars.

It is felt that Glucksnanls incidence ofgforeign body
reaction is higher than that usually found Cosman (1961)
) found no significant incidence of foreign bodies in the study
of 340 lesions.

2.5.7. Initiating trauma Some form of trauma, though it

may be so slight that it goes un-noticed, is considered to be
"~ the initiating factor of all scars.

The incidence of hypertrophic scar formation after thermal
injury is high (Kischer,‘1975; Konural;, 1976; Larson et al, 1976) .
However, this apparent high incidence could be influenced by the
large surface areas involved with burnsuand the complications
involved in their healing.

’Smallpox vaccinations and BCG innoculations have also been
reported as having a tendencyvto stimulate the formation of
hYpertrophic and keloid scars in the injection'site ®loom, 1956;

Alhady, 1964). Although no experiments have been reported as to

whether a similar effect occurs in injection sites other than
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the deltoid region of the arm. -

2.5.8. Repgional susceptibility No part of the body is

exempt from scar formation but some areas do seem more inclinéd to
produce hypertrophic or keloid scars than others (Tfusler et al
1948, - | | |
e b Fig. 2.?2,5h§ws the results obtained by Cr§ckétt in:5964 on
.the reéioﬁal susceptibility qf the body. The scérs weré divided
into hypertrophic and keloid, and the latter subdivided intof”:
severe and ordinary. 'A severe keloid was defined as one'which‘
extended beyond the original wound bbundary by é.5‘cen£imétrés or
more, | |

L6 patients were includéd in the study, ali coloﬁreé nétives
of the Republié of the Sudan.'v (Nopé of the patients came f;'omj

tribes which practiced deliberate inducement of scar hypertrdphy.)

' B

Fig. 2.23 shows the results obtained when the 12.b6dy regions
are compared to one another. Whenever’diffefenf_regions in the
S8ame patient were scarred tﬁe severity of the scér reaétion was
COmpared; | |

Taking the beard area as an‘examplé. Wheg Eompared withrthe
upperrback, 2'scars in the beaid area were less severe and S ofi
€qual severity. This gave a -1 rating to thé csmp;riéon‘(scaré of
€qual se§erity cancelled each other out). Aftef éémparingithe>
beard area with all the other rezions it was fouﬁd that the scars
Were more severe in 8 cases, of equal severity.iﬁ»1 caée and of less
Severity in 2 cases.

This was used to calculate the Keleoid Susceptibility Ratio
(KSR) for the beard area.

6

1§

KSR (beard area) = (8x(+1)) + (1x0) + (2x(~1)); XSR
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The KSR’s obtained in Fig. 2.23 have been superimposed on a
schematic diagram -of the body in Fig. 22%-.

Crockett’s results should not be taken as absolute values,
since there are individual variations in the boundaries of the
12 regions, and only 46 patients were studied. The results do act,
however, as a qualitative indication that some body areas are more
susceptible to keloid formation than others.

Other authors have reported certain body areas as being more
susceptible. In particular the sides and back of the neck, the
ears, the sternal area of the chest, the back and the abdomen
(Trusler et al, 1948); the deltoid region, the presternal area and
the upper back (Ketchum et al, 1974).

Keloids and hypertrophic scars are rarely found on the eyelids,
genitalia, palms or soles (Alhady et al, 196%; Peacock et al 1970).

Crockett (1964) concluded by .dividing the body region into
three orders of susceptibility:

First Order: In a susceptible individual all scars are
likely to show keloid change - Pre-sternal region, upper back

Second Order: The detailed nature of the injury can
influence the liability to keloid - Beard area, ear, deltoid and
Pre-axial upper limb, anterior chest wall (excluding the mid-line),
scalp and forehead.

Third Order: Keloid change is exceptional and is almost
never severe - Lower back, abdomen, lower limb, post-axial upper
limb, central face, genitalia.

V/hy some areas of the body are more prone to hypertrophic
scarring is unknown. Various hypotheses have been put forward,

the primary one being the degree of extensibility/tension in the



Fig. 2,28,  Xeloid susceptibility ratios obtained by Crockett
: (1954) superimposed on a schematic diagram of the
body. ‘ ‘ .
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skin in the different regions.
2.6 Skin Extensibility/Tension

The skin acts as a container for the rest of the body and as
such Is under constant tension. Because of the tentlike effect
produced by the underlying bony skeleton the tension varies from
site to site. Many attempts have been made to map out the
tensional forces in the skin, and the patterns obtained have been
variously described as Cleavage lines, Langers lines, Crease lines,
Wrinkle lines, Lines of Election, Lines of Tension, Lines of
Minimal Tension, Lines of Minimal Extensibility and Lines of
Extensibility (Flint, 1976). Because the patterns described are
due essentially to the tension in the skin they will be discussed
in the following section under the generalised heading of Lines of
Skin Tension."

2.6.1. Lines of skin tension. The first recorded observation
of the tensional properties of skin were those made by Dupuytren in
1834. The corpse of a suicide who had allegedly stabbed himself
with an awl showed elliptical wounds instead of the expected round
ones. Dupuytren carried out further tests on cadavers and verified
that puncturing the skin with a round instrument left elliptical
wounds.

Malgaigne (1838) showed that when many punctures were made in
the skin, the long axes of the elliptical wounds lay along a pattern
°1 lines.

Langer (1861) using cadavers of all ages exhaustively studied
this linear pattern and drew up a detailed map of the lines for the

entire body (Fig. 2.25).



Lanier’s lines. A reproduction of the vrork 2
lanper (1861).
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Kocher (L1092) was the Ffirst surgeon to recognise the
importance of these Cleavage or Langers lines. The assumption was

made that the elliptical wound was due to the splitting of the

dermis between adjacent groups of collagen fibres. Kocher (1892)
advised that surgical incisions be made along Langers lines so that
the least tension would be placed across the healing wound.

Other people disagreed with this. Kraissl (1951) argued that
the natural crease lines of the skin were the directions of
election for incisions and that these did not coincide at all
points with Langers lines. He gave the impression that the crease
lines were due to the underlying muscle attachment and that they
generally ran at right angles to the direction of muscle pull.

Doubt has been thrown on the accuracy of the drawings of
Langers lines upon which Kraissl (1951) made his comparison
(Flint, 1976). However, even making allowances for these possible
errors there are still many areas of the body where Langers lines
and Kraissls crease lines do not coin;ide.

Cox (1941) repeated Langers experiments on cadavers. The
cleavage lines that he obtained differed from Langers in certain
areas (Fig. 2.26). The main differences were found on the
postero-medial aspect of the thigh, sole of the foot, anterior and
posterior aspects of the upper extremity and in the region of
Pouparts ligament. Langer (1861) stated that the pattern changed
with age. Cox (1941) came to the conclusion that the pattern
showed variations according to body configuration (degree of
muscular development, emaciation, stheric and astheric types etc.),

was only constant for bodies of similar build. The upper

e*tremity line pattern formed an exception to this rule, as it
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either due to experimental errors, or other special factors such as
muscle, tendon or fascial attachments to the skin, which invalidate
the normal criteria of selection. His results also showed that the
extensibility of the skin was much greater in the direction
perpendicular to the cleavage lines than along them, and that this
was reflected in the fibrous microarchitecture of the skin. The
histological studies demonstrated that the elastic fibres crossing
the cleavage lines were loosely arranged in coils, whereas those
along the lines were more extended. The collagen fibres of the
mid-dermis also showed a "‘preferential orientation”™ along the
cleavage lines. This histological pattern was also a reflection
of the greater tension in the skin in the directions parallel to
Langers lines.

2.6.2. Mechanical properties of skin The mechanical
properties of the skin are determined by the physical properties of
the extracellular materials and their peculiar micromorphology.

Skin has anisotropic, non-linear, time-dependent properties which
can be attributed to the intertv/ined networks of collagen and
elastin and to the ground substance matrix (Evans et al, 1971).

A typical in-vitro, load strain characteristic is shown in Fig. 2.27.

The non-linearity of the characteristic can be explained in
terms of three phases of extension. Initially there is a fairly
rapid increase in length for very small increments of force. This
is reflected in the microarchitecture by a straightening of the
undulating epidermis, and a reorientation of the fibres in the
dermis towards the direction of load. The second phase constitutes
the "elbow™ of the graph. At this stage the cells of the epidermis

are becoming elongated, the papillary layer fibres of the dermis are



46

beginning to compact and the dermal fibres are straighfening out.
The thlrd phase is characterised bj small changes in extens1on for
relatively large increases in force. The flbres of the dermls
stralghten out and start to compact w1th 1ncrea51ng load, the deep-
dermal fibres lagging sllgntly behind those of the mld-dernls
(Brown, 1973) . .

A Age varlatlons in the load strain characteristic are confined
to phase I, show1ng a shortening of this portlon of the curve with
age.,

The extention of the skin in one direction is accompanied by‘

a similar degree of contraction at riéhtéanglee fo tﬁe stretching P
force (Fig. 2.27). As the skih’is progressively extended there
Comes a point et which a'decfease inhvolume occurs. This is
assumed to be‘due to a dlsplacement of the interstitial fluld.
This fluid must be replaced before the relaxed pattern can be re-
established after the removal of the load. In-vivo the fluid is
Probably displaced into the neighbooring tissues and is therefore
readily available on relaxation (Gibson et al, 1965)1
| The extensibility of the skin is limited to that allowed By
the deformatlon of the fibre networm, as little exten51on is |
Possible once the fibres are aligned. The deformablllty of the
fibre network is determined, in turn, by the fidbre configuration in
the unstrained condition (Brown, 1973). Thus'in cases of
hYPoextensibility, such as in hypertrophic scap tiseue; the low
Strains achieved with high lcads woold be'expected to be reflected

1n the fibre orientation of the tissue.
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2.6.3. Effect of tension on wound healing When an incision is

made in the skin, the static tensions within'thextissue will distort
the wound. "The area of the resultant defect.wiil»aiways be larger
than‘the original incision or excision, in pioportion to the
inherén; skin tensions‘(Thacker et al, 1975).  There are also
dynamic tensions associated with joint movement and muscie

‘activity which will also have an‘éffect on the wound;

Tﬁe dynamié forces haQe an iﬁportant influence on the static
skin tensions. As a joint moves, the magnitude and direction
_Of tensions within the skin change (Fig. 2.28).

Taking the knee as ah example, when flexed the extension per‘
unit force is smaller. THe effect oé these changing tensioné on a
Circular wound are shown beneath the graph in Fig. 2.28. With
the leg ex£ended a circular excision results in an elliptical
defect whose‘long axis is iﬁ the longitudinal direction. The
flexing of the knee increases the skin tension and results in
the narrowing and lengthening of the wound.

Both the static and dynamic tensions have an effect on the
wound healing process (Thacker et al, 1975). It has been shown
that increased tissue traction écross‘aﬁwound can result in an
increase in the tensile strength of the wouﬁd tissue (Sussman,
1969; Myers et al, 1969). Forrester and co-workers (1969)
emphasised the importance of measuring the energy absorption or
toughness of a specimen as well as its breaking strength. 1In
fact sussman (l96§) fouﬁd no significant differénce in breaking
Strength between wounds closed under different degrees of tension,
although they did exhibit significantly different tensile strengths.

Forrester and colleagues (1969), found that tape closed
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~ wounds in rats developed a greater tensile strength than sutured
'Qounds, although the rate of collagen synthesis was the same in
both kinds of wounds. Tﬁe rate ofvcollagen synthesis can be
correlated with the éain in teASile strength through the early stages
of healing (hadden and Peacock, 1968). However, the major gain-ia
ten511e strength oceurs during the perlod of differentiation of the
collagen (Dunphy and Jackson, 1962);" In fact this dlfference in
tensile'strengthvbetween the Qounds was observed by Forrester and
his colleagues to'be ?eflected in the }ibre micro-afchitectare.
The tape-cloaed wound was under increaeed tissue tension due to the
retraction of the cut ends of the panniculus muscle beneath the .
dermis.  The appearance of the 10 day sutured wound was that of a
dlsorganlsed, random arrangement of collagen flbrlls; As healing
Progressed the’fibrlls coalesced to form irregular masses of collagen
without evidence of fibril structure.

In the 10 day tape-closed wound there were already signs of
fibriy aggregatlon. Small flbrlls lay together in groups and
Small bundles were orientated across the wound. As healing
Progressed the fibrils formed irregular'massee as.in the sutured
wWound, However, a noted difference was the development of
fenestrations in the tape-closed wound. Forrester concluded that
the increased tension resulted in an increase in the tensile
Strength of the wound and that this was mediated by a qualitative
Change in the collagen laid down in the wound. - Although the tape=-
¢loseq wound had a greater tensile strength the scar was less
xtensible than the scar in the sutured wound. 'Thus, the final

Tes .
®Sult was a brittle scar, with no greater ability to absorb energy
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than the supposedly weaker sutured wognd 5CAr.

| Over a céntury ago Wilhelm His proposed that connective
tissues can‘respoqq to repeaﬁgdvstress by @he formation of a
fibrous band of tissue (eg. a tendon);;the direction of whose
fibres‘ﬁas féballel to the diréction‘bf tension. Ink1892_WOlff
QOte& thaf tﬁé structure ofAbone :élatedmto the funcﬁion it
rerformed, and'obéervedvtﬁat'the internal structure altered to fit
the changes in functional demands. It has been postulated that a
fOrm~of w¢1ff's Law also appliés to tﬁéwhealing skin wound
(Forrester etbal, 1970). , | |

2.6.4., Wolff's Law and fibre orientation  Sussman (1966)

§OStulated that there were two types of tension acting on a wound:
The inherent skin tension (both static and dynamic) and a "Gaping
forcen, In\any incision collageﬁ is laid down to bridge the
defect in the skin. = Sussman postulated that these forces acted
as stimuli to the collagen formation.

In an incisioh at right anglés to Langegs lines Both the
"&aping force’and ﬁhe,lines of tensioh actiaCrdss the‘wound.w This
°5mbination of forces tends to alién the new-fibrils in such a
Tanner as to smoothly bridge the defect and pérallel the pre-
eXiSting-fibfes in the surrounding normal skin (Fig. 2.29). in
an ihcision paraliel to the langers lines the fwo’forces acﬁ at
right angles to one another. - This would result in the collagen
being léid dovm in an haphazard arrangement whilst trying to
8atisfy both stimulating forces. ' The scar formed in this way -
Would be of poor structural stability. |

Somnerlad and Creasey (1978) obse:ved'the fibre orientation

in g e . s
Stretched scars from linear incisions in human skin that had
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been sutured. (The effect of suturing would be to remove the
gaping force &&ross the wound by providing a mecﬁanical support).
In a linear incision parallel to Langers lines the cdllagen is laid
down in the direction of the incision. If the resultant scar
_tissue.is sfrong enough to resist rupture when the sutures are
~ removed the scar will remain narrow. If however the tensions are
éufficient to overcome the bond new collagen fibres will be laid
down across the’wound to resist the gaping force. This will
reSuJ_.t’in a spreading of the wound and the histological appearance
shown diagrammatically in Fig. 2.30a. |

If the incision is at right angles to Lanéefs lines the
5011agén fiﬁre; will orientate across the wound. ' Once the
Sutures are removed the skin tensionlwill act across the wound.
If these tenéions are low the scar may resist rupture, if not more
collagen will be laid down across the wound (Fig. 2.30b).

Hunter and Finlay (1976) observed the éEM structure of five
normal human scars, all running at-right angies to Langérs lines.
"After 3 weeks the collagen fibrils were aggregated into smali |
fibres running along the line of the wound, withAnumeréus
Connections between the fibres. At the edge of the defect the
Tibrils aggregated to form small fairly discrete fibres, whereas
in the centre of the wound the fibres were more "matted". By
One year the predominant orientation had changed to a direction
ACross the wound. At the scar edge the fibrils were fairly
discrete and orientated directly across the wounﬁ, parallel to
the epidermis. In the centre the appearance waS again more
Fatted, with the fidbres passing more obliquely across the wound

wit v 3 . .
h tany interconnections between the different layers and
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interdigitations between the fibres in the same layer. = Hunter and
Finlay (1976) interpret these results by assuming that the éollagen
fibres within the wound are undergoing a continuous remodelling
Process. | Whereas Sommerlad and Creasey (1978) interpret their
results by éoncluding that once collagen is laid down in a wound

it does not alter its direction in the process of reﬁodelling.
instead, new collagen is laid down in response to the tensional
forces. They explain the apparently more mature appearance of

the qentral fibresiby stating that the fibroblasts in this region
are nore éctive ahd that these fibres have to resist more stresses
than the peripheral fibres which are partially protected by the ’
adjacent normal skin.

The general view is that the méturation of scar tissue
involves botﬁ;new collagen being laid down and existiﬁg collagen
being remodelled (Arem and }hdden,.1976). Since collagen is a
non-living material the remodelling that occﬁrs must ultimately
depend on the ability of the liviné cells to’sense and fransduce
“the mechanical forceé into biomechanical action.

If tissue deformation is the mechanical trigger for
bi°l°8ical activity, fhen the degree of force, the rate, frequency
and duration of its application, and the loading velocity may all

be § : . . . .
€ lmportant in produacing the connective tissue alterations.

(Arem ang Yadden, 1976).

2.6.5, Tension and hvertrovhic/keloid scars Tension has

been ¢ . . . .

n Clted as an aggravating factor in hypertrophic and keloid scar
fo : ' .

fmation.,  1In the early literature the authors differentiated
be&_ ) .

‘ween hypertrophlc scars and scar contracture bands and stated

t . c o
hat the latter were inclined to develop in areas of changing
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tension, particularly over joints (Trusler and Bauer, 1948;
Mowlem, 1951). -

T&day'no distinction is made between hypertrophic scars and
scar contracture bands. Apart from Cosman and co-workers (1951)
it is generally agreed that incisions made parallel to the
cleavage lines are lesé prone to hypertrophy than those made at
right angles to the lines.  Cosman and co-workers (1961) stated
that keloids often tended tollie along, ratherbthan across the
cleavage lines.

‘Both the dynamic and static tensions in the wéund are
aggravating factors. If the area involved is arouﬁd a joint where
powerful muscles exert their pull, h&pertrophic scar tissue will
start to appear the moment that mo;ement is permitted throughout
the normal functional range (Longacre et'al, 1968). This
thickening of the scar will further interfere with joint motion,
causing more te?sion across the scar and thus a vicious circle
is established. '

Forrester'and co-workers (1969) observed that the fibre
pattern in the dermis of a one year old hypeftrophic scar had a
"ragged" appearance with smail fibre fragmenta£ion suggesting that
its genesis might have been due to multiple "sub-clinical" ruptures
and re-healing resulting in a weak and brittle tissue.

Hunter and Finlay (1975) studied the SILi! structure of L
keloid scars. (They gave no definition of wﬁat they classified as
a keloid scar and no data on the age of'the scar). The collagen
in the dermis of the scars was azcregated into large bands of
fairly uniformly orientated fibres. A striking feature was that

these bands apreared to ve orientated in every direction except
I J
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directly across the wound. The authqrs felt thaﬁ the large

amount of fibrous tissue in these scars was due not to excessive
forces“acting on the wound, but to thevinability of the fibroblasts
to lay down the collagen in the direction QfAstress. Thus although
the fibroblasts could sense the forces being applied across the
wound they were unable tovlay the coilagen down to resist the
tension. The fibroblasts would continue synthésising the collagen
until the strength of the tissue was large enough to withstand the

forces, and this would mean excessive scar tissue being laid down.

2.7 Hypertrovhic and Keloid Scars

In the "normal" events of wound healing, an equilibrium
exists between the synthesising and.degradative phases of collagen
metabolism, At some stag; this ;quation becomes unbélanced and
the result is an excessive amount of fibrous tissue (Peacock et al,
1970). It is thought thaﬁ this imbalance may start in the very
early stages of wound healing.

2.7.1. Hypertrophic granulation tissue In the normal

-process of wouﬁd healing the tissue goes from a state of juvenile
fibroplasia through to fibrohyalinosis and maturation of the scar.
The hyperfrophic scar follows the same evolutionary cycle, but the
time involved in each stage is longer (lbﬁcini and Quaife, 1961).
The essential difference was felt to lie in the growth po;ential
of the fibroplasia, which was.considerably increased. This would
bring about a greater amount of tissue which.would'con;equently
need a longer time to follow throuch the evolutionary cycle.
Attention was drawn to the fourth week of healing as the critical

phase; the juvenile fibroplasis instead of going to fibrohyalinosis

b,
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persists and contindeé its growtﬁ. (Mancini and Quaifc, 1961).

The per31stence of a chronlc 1nflammatory reaction in
hypertroPhlc tissue hasvbeen reported (Mancini and Quaife,’ 1961;
Schilling, 1968; Linares et al, 1973, 1976).

Differences in the histoidgiéai m;rphbloéjyof’the granulation
tissue in wounds which subsequently healed with the formation of
hypertréphic scérs’havé bééanémonsfrated (Linares et-al,i1973,
1976).  The new'coilagenvin:the granulatidn tissue had a tendency
to assume a whorl-like or nodulér pattern. Blood vessels |
generally surrounded these collagen formations, but occasionally
Cqursed_within them. The degree of this Whorl-like'orientation
differed between patients, with ;ome'patients showing‘almoét
nérmal appearing granﬁlatioﬁ~tis$ué. : |

2.7. 2..Myofibrc§b1asts A large number of the contractile

myofibroblasts were found in the granulatlng and young hrpertrunhlc
scar tissue. (Baur et al, 1975). This concentration was higher
than that foung in normal Sﬁln, non-hypertrophlc and mature
hypertrophic scars. = No comparison between myofibroblaSt
concentfgfion in granulation tissue from wounés that healed
normallyvor with hypertrophic scars was given.

Such contractile cells can.be found in almost é?ery slow
contractile process in humaﬂ patholgéy‘(Ryan et al, 1974).
Myofibroblasfs have been found in conditions_of Dupﬁ&ﬁren's
contracture (Gabiani et al, 1972). Thus although the
myofibroblast appears to play an important role in wound con-

traction, its appearance in granulation tissue cannot, as was suggested

by Baur and colleagues (1975) be taken as an indication of the
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predisposition of that tissue ta hypertrophy.’

. 2.7.3. Mast cells Population couats of mast cells from
normal skln, hypertrophlc scar, mature scar and granulatlon tissue
indicated that the hypertrophlc scar contalned approx1mate1y four
times more maSt celis than ncrma; skin and approximately one and
" a half pimes more‘than ﬁature.scars.  Mast célls'were virtually
absenfbih granuiatian tiasuel(Kischar and Baiiéy,wﬁ9?2) 

AV
Subsequent studleo by Klscher and hls collearues (19?8) showed
that the mast cells began to appear as the granulatlon tlssue
developed 1nters+1t1al col’agen.
The hlgh ponulatlon of nast cells in the hypertrophlc tissue
has been postulated to be 11nked with the chronlc 1nflammatlon

persistent in this tissue. (Kischer et al, 1978).

2.7;4. Collagen'metabolismb The excessive collagen'

depcsitidn in hyperfrophic and keloid scars may be due to‘inéraaSed
collagen syn;hesis, inadequaté collagén degfadation or a combination
of these faq%drs. | |
| ycbhen:and Cb-wbrkers (1974) determined:thé fate 6f coliagea

synthesis in keldid, hypeftrophic and horﬁai scar, and in skin
adjacent to abnormal scar, and in normal akin (Fig. 2.31). The
enzyrie Prouocolla gen Prollne Fjdroxylase (PPH) unec1f1cally |
hydroxylates proline during ‘collagen synthesis; PPH activity
correlates well with direct meaéufements of the’relative rate of
cdllagen synthesis.

_ The results showed that thé”meap léfel of PPH‘activity in
keloids was greater'than that invhypeftrophic:scars, and both
levels were greater thah those in norﬁal séafé and normal skin.

There was no significant difference in PPH activity between the
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latter two groups. PPH activity in specimens adjaéent to
abnormal scar tissue was not significantly higher ﬁhan that found
in normal skin and scar. |

Methods based on PPH activity could be inaccuréte since the
enzyme activity can be élevated without actual collagen synthesis

(Diegelmann et al,.1974). Hﬁwevér, the results shown in
"Fig. 2.32 confirmed the previous findings. These results were
obtained from in-vitro 14C—proléﬁe incorporation into tissue
»biopsies (Diegelmann et al, 1974). The mean;relative rate of
‘collagen-synthesis in keloid was 5.2%, whereas it was only 0.5%
in normal skin. The increase in relative collagen synthesis was
due to increased absolute collagén synthesis (collagen/mg protein)
as compared to total protein s&nthesis. Craig and colleagues(1975),
using a similar technique found the rate of collagen synthesis

in hypertrophic and keloid scars to be about the same in each,
and equal to twice that found in normal skin.

Whereaé Cohen and co-workers (1974) found that the rate of
. collagen syhthesis did not vary with the age of the lesion (F1912.32).
Craig and colleagues (1974) found that after two oxr three years
the rate fell to approximately that seen in normal skin.

Craig also reported a difference in collagen concentration
in the tissues. In normal scar the concentration remains’
relatively constant with time, but in both types of abnormal
lesion the concentration started off somewhat lower than normal
scar and then rose to levels higher than the normal scar after
two to three years. Other authors have found no differences

in the collagen concentration of the different tissues (Bazin et al,

1974; soussaline et al, 1976).



Iﬁadequate collégen degradatibn would also result in an.
excessive amount of collagen deposition.  However, the cqllagenase
activity in all types of scars was found fé be higher th;n in
‘normal skin (which had no significant collagenase activity). The

activity was greatest in keloids and approximately the same in

'

hypertrophic and rormal scar (Cohen et al, 1974).

It appears that both collagen synthesis and degradation are
‘elevated in the abnormal scaré.‘P‘Two explanations are possible
for this apparent paradox: An abnormality in the collagen ﬁhich
makes it resistant to the norral breakdown méchanisms, or an
inhibition of the collagenase mechanism., However, Milsom and
Craig (1973) demonstrated that neither of these explanations was .
correct,

Cohen and his colleagues concluded that although the |
collagenase\was present in-vitro, the enzymes activity must be
inhibited ié some way in thé in-vivo situation. A view supported

by Linares and Larson (1978).

2.7.5. Collagen type Granulation tissue and young abnormal

scars showed significantly higher levels of neutral salt-soluble
collagen. The citrate-soluble and insoluble collagen fractions
appeared to differ little in the scaré and normal skin. (Shetlar
et al, 1971; Bazin et al, 1974; Soussaline et al, 1976). However
Hayakawa and colleagues (1973) demonstrated an increased level of
acid-soluble collacen in granulation tissﬁe and immature
hypertrophic scars. iHe also found that the fraction of insoluble
collagen in the tissue varied with time. The éoncentration was
relatively low in the granulation tissue, but this value

gradvally increased over the next two years until it was
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significantly higher than that of normal skin.
An abnormally high ratio of type III to type I collagen was
found in the granulation tissue of burn wounds. This ratio

gradually fell to normal after approximately two years.

(Hayakawa et al, 1973). However Berry and co~researchers (1974)
found the collagen to be unlike that of infant dermis (type III) or.
human cartilage (type II). The amino-acid composition of scar
collagen.was found to resemble £;;t of édllagen from the achilles
tendon rather than normal skin although the differences were not
striking. They postulated that this difference could be explained
on the basis of a change in the ratio of ®;and ol chains in the
collagen molecules.

1

2.7.6. Mucupolysaccharides and glycoproteins An increase

in mucopolysaccharide and glycoprotein levels in scar tissue has
been reported (Shetlar et al, 1971; Kischer and Shetlar, 197##
Bazin et a1,§19?4; Soussaline and Nicoletis,'1976). fhese levels
were consistently elevated in hypeftrophic scars, but only slightly
~higher than normal skin in normal scars. |

The excess of glycosaminoglycans was found to be due to the
chondroitin sulphates, more specifically to an increase in
chondroitin-l-sulphate (chondroitin sﬁlphate A). Hyaluronic acid
content did not vary significantly between different tissues.
(Shetlar et al, 1971). |

Linares and Larson (1978) have demonstrated that
Chondroitin-h-sulphate'preveﬁts collagenase fronm Breaking down
collagen, This suzgests that the pfesence of éreat amounts of

chondroitin-4-sulphate in hypertrophic scars may contritute to the

Overabundance of collasen deposition found in these scars.
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2.7.7. Water content The water content of normal skin has
been reported as approximately 64% (kischer and Shétlar, 1974).
Hypertrophié scar tissue contained a higher level than normal (82%),.
but normal scar tissue water content closely resembled that of
normal skin (76%). (Kischer and Shetlar, 1974; Bazin et_al, 1974).
This high water content in hypertréphic tissue did not
decrease significantly‘witﬁ time as it does with normal scar
tissue. (Bazin‘et al, 1974). v

2.8 Structure and Mechanical Properties of Hypertrophic Scar Tissue

The first description of’ﬁypertrophic—or keloid-like lesions
appeared in the literature around 1790 (Linares 1577). Retz in
his book on gkin lesions described the epidermié of these scars
as Séing dark red in colour, and giving the appearénéeras of
being compr?ssed by the accumulation of a dense substance which
at times formed nuclei or nodules.. These nodules varied‘in shape
from almost spherical to disés of plaques éf tissue and were
intertwined by fibres of tﬁe same substance, but of different
thicknesses. a

In 1816, Alibert gave a similar descripéién of these lesions.
He described them as fleshy, ovular or oblong excrescenceé which
were hcrizéntally situated in one or various parts of the skin.
They were pale pink in colour with whitish lines. These lesions
deeply adhered to the skin and the edges often demonstrated
bifurcated prolongatiéns similar to the légs of a'crab. (This
gave rise to their being called chancroids or keloids). The
Scars showed a rich venous network on their»sﬁfféce and blanched

when pressed.
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2.8.1, Microarchitecture as observed with the light microscope

Early reports in the literature put forwa;d a variety of obserVedv
histological differences séen between keloids andvhypertrophic
scars;

In some keloids dense bundles of collagen fibres in regular
and systematic arrangements, runhing mainly parallel to fhe
‘epidermis were obser?ed. Other specimens showed an irregular
arrangement with curled and braﬁching fibre bundles frequently
crossing.one another. (Heidingsfeld, 1909). The fibfe bundles
in hypertrophic scars were more evenly arranged, but again ran
mainly parallel to the epidermal surface. Some thin walled,
newly formed capillaries were obser#ed in bptﬁ tissues. Any other .
vascular différences obsérved appeafed to be purely inflammatory.
(Heidingsfeld, 1909).

During the period of fibroplasia, in the keloid tissue,
nodules and whorls of collagen appeared.firstly in the centre of
the defect, and later in the transitidnal area (Kitlowski, 1953;
_Mancini et al, 1961). These nodules were separated by long
collagen bundles arranged as if they were septa.  (Qéncini et al,
1961). Few blood vessels were seen éssociated with the nodules
(Kitlowski, 1953). The margins of the keloid scars tendéd to
end abruptly, whereas those of the hypertrophic scars had a wider
transitional border region.

The presence of these broad, irregular and brénched septal
bands of collagen was felt by some to be the single most reliable
Criterion in differentiating keloid from h&pertrophic scar tissue
(Blackburn and Cosman, 1966).

Descriptions of the fibre architecture of hypertrophic scars
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in the early literature was scant, most authors tended to group
the two lesions together under the heading of keloid scars. Since

the late 1950's the emphasis has changed to the hypertrdphic
scars, and keloids are takeﬁ to be just a qualitatively different
result of the same fundamental process (Peacock et al, 1970). The
characteristics originally associated only with keléid scars are
'now also applied to hypertréphic scaré as well. (Linares et al;
1972, 1973, 1974; Kischer, 19757 1975; Larson et al, 1974 a,b;
Longacre et al, 1976). |

In the early stages of scar formation, before clinical
evaluation, the collagen fibres showed no specific orieﬁtation. N
Although the overall pattern was irregular, some fibrils .
demonstrated ; unidirectional or cﬁ¥vilinear pattern, these were
interpretedzas the fore—runne¥s of the whorl like arrangements
that were observed in the more mature hypertrophic scars by the
same authors (Linares et al, 1973; Linares,‘1974).

A very rich network of small capillaries was. found disposed
in an irregular pattern similar to that of the collagen fibfes.i
Approximately half of the scgrs showed écattered foci of chronic
inflammation, but only a few demonstrated foreign body gfaﬁulomas.‘
In histological sections of the granulation tissue, elastin-like
fibres, most of them fragmented with a degenerative appearance
and a frequent giant cell reaction were seen at random, particularly
in the tissue of patients who later developed hypertrophic scars.
(Linares and Larson, 1974). This response could contribute to
the persistency of the chronic inflammatory proéess present in
these scars. Linares also postulatéd that the immunological

response elicited by the injured elastin fibres could be also



Fig.2.33. 1 i 500lim. Light Micrograph. Mid-dermis of hypertrophic

scar with two large discrete nodules(N), surrounded by
septal-like capsules. (After Linares et al,1972).

Fig.2.34. #—-i 10pm. S.E.M.Hypertrophic scar nodule surrounded
by whorled pattern of collagen fibres. (After Larson et al,
1974) .
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interfering ﬁith the normal pathway of the biosyntﬁésis of elastin,
resulting in a failure of elastoéenesis. |

In the next stage of development the collagen fibres
progressed from the whorl-like arrangement, seen by Linares and
his colleagues (1973, 1974) to distinct nodular forms, The fibre
“‘bundles increased in thickness_aﬁd the nodular area Became highly
compacted. iFr;quently thetppdules became more clearly delineated
and appeared to be surrounded by thicker collagen fibres which
formed a septal-like capsule'(Fig. 2.33). ' These bands of collagen
fibres were observed to run at“fight angles £o the sﬁrface of the
scar. (Longacre et al, 1976). |

A high concentration of acid-mucopolysaccharides had already
been observed in the lesions (section 2.7.6). A combined histo-
chenical ané histological study of the tissue indicated that the
nodules of collagen within the scar tissue cont%ined a high level
of chondroitin-b-sulphate. This high concéntration decreaséd as
the scar matured (Shetlar et al, 1977). It wa$ concluded that
“ the high level of chondroitin-4-sulphate was re{ated to the‘
Proliferation of the connective tissue in the dérmal scarsuand that
Since the nodules contained the highest concentration, they must be
the active sites of proliferation within the sc;r tissue.

The arrangement of the blood vessels within the hypertrophic
dermis is not agreed upon. YWhilst Linares.;ndbco-workers (1973)
described small arteriols and capillaries predoﬁinating about the
Nodules, Longacre and his colleagues (1976) described large calibre,
€ngorged blood vessels running in the large baﬁds of collagen, which
were orientated at richt angles to the scar surface. Smaller

Vessels were permeated within the nodule.
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A thin band of‘éollagen fibres, with near-normal
characteristics was observed below the hypertrophic dermis. This
appeafed to be acting as a boundary between the scar and the sub-
cutaneous tissue (Linares et al, 1973).

Elongation of both the fibres within the nodules and the
"podules themselves was taken as an indication of scar maturation.
The pattern proceeded until the fibre orientation was essentially
that of a mature "normal" scar. The mature.hypertrophic scar
showed a regular pattern with a bredominant parallel orientation
of the collagen fibres with reébect to the long axis of the scar
and the epidermis (Linares et al, 1972).

The appearance of the epidermis'of the scars varied from
almost normal in some, to thin and atrophic in‘others (Linares et
al, 1972; ﬁéacock et al, 1970).

2.8.2; Microarchitecture as observed with the S.E.M. The

SEM picture of the hypertrophic scar tissue presented by Linares,
Larson and their célleagues from tﬁe University of Texas (1972,
1973, 1974, 1976, 1978) is very similar to the light microscopy
view,

A whorled pattern of the collagen fibres appears to orientate
around the central ;ass or nodule (Fig. 2.34). The.centré of the
nodule is formed by a complete fusion of the fibres into a homogenous
M3t of collagen with the fibrils and filaments either just visible
OT completely indistinguishable (Larson et al, 1974, 1976; Kischer,

1975; Kischer et al, 1974).



Fig.2.35. . . lym. Holey pattern of collagen filaments taken as
characteristic of mature scar. (Larson et al, 1974).

Fi1g.2.36. 1___ s 5ym. Whorl [like arrangement of collagen fibres
orientated around a small blood vessel.
(After Baur et al,1977).
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Thé dermis of tﬁe more mature hypertrophic scar demonstrated
& loosening of the compact bollagen. Individual coliagen filaments
were once more observed, set within a web-like background of still
compacted areas (Fig. 2.35). This left a holey pattern which the
authors took to be characteristic for a mature scar (Larson et al,
197%).  This picture of mature scar is somewhat different to that -
Presented by other authors (gée Fig. 2.17 for comparison).v

A micrograph showing a similar arréngement of coilagen fibres
as in Fig., 2.34 is shown in Fig.‘2.36. Here a whorl-like
arrangement of collaéen fibres“is described, but they are
orientated around a small blood vessel. (Baur et al, 1977). A
similar concentric arrangemgnt of collagen fibres has also been.
observed surrounding hair follicles in specimens of normal skin
(Brovm, 197%).

Fig. 2.37 shows tfansverse sections of the mid-dermis of a
15 month old hypertrophic scar. Tﬁe cdllageﬁ is arraqged in
sheets of fibre buﬁdles criss-croséing in all directions, forming
‘a firmly interlocked structure. Some areas exhibited the parallel
aligne@ vavy fibres seen in mature scar tissue.l The criss-crossing
bands of fibres enclose roughly circular structures. These are
taken to be bands of collagen fibres cut t}ansversely. (Brown and
Gibson, 1974; Hunter and Finlay, 1976). |

Biophysical techniques (including microradiography, X-ray
diffraction and polarising microscopy) have indicated that the
collagen in hypertrophic scar dermis was not as well organised as
in mature lirear scars or normal dermis. Any pattern of fibre
Orientation that was observed tended to be along the longitudinal

8xis of the scar. (Holmstrand et al, 1961).



Fig.2.37.. i 50]im. 25ym. i———— 1
Mid-dermis of a hypertrophic scar, showing sheets of fibre

bundles criss-crossing in all directions.
(Brown and Gibson,1974).
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Most of the descriptions of the microarchitecture of
hypertrophic scars has been confined to the dermis of the tissue.
In fact the mid-dermis appears to be the major area of involvement
in the excessive fibrous growth. (Linares et al, 1972; Larson et
al, 1974). In the early literature considerable emphasis was
.placed on the presence or absénce of dermal papillae and

I\
secondary skin appendages in differentiating between the différent
types of scar. (Heidingsfeld, 1909). Today, it is generally
agreed that these features are_vériable to the extent that they

are of no practical value in the differentiation between the lesion

types. (Blackburn and Cosman, 1966; Linares et al, 1972).

2.8.3. Ultrastructure , The'diahetefs of collagen fibrils
from normal 3dult dermié usﬁ%lly lie in the range 70nm to 14Onm.
s‘.Orne fibrilslof fetal dermis are as small as 30nm, but the average
diameter does not differ éignificanfly‘from_that of adult skin.

The fibrils exhibit a banding periodicity of 64 to 70nm.

A slightly different ultrastructural picture of normal dermis
~haS been presented by Basom and colleagues (1974) based upon work
carried out by H;ust_in 1965. - They describe collasgen as being -
made up of subunits, collectively known as unit collagen fibrils.
These fibrils ranging from 20nm to 30nm wide with a periodicity of
22nn, grow and soon écquire a Ghnm periodicity making then
indistinguishable from the unit collagen fibrils of collagen fibres.
A third type of fibril, the Microfibril, is described as being the
deVelopmental forerunner of the unit collagen fibril. They are
Slender fi amentous structures atout 4 to 15nm wide, without
Periodicity; and it has been susgested that they are the "common
denominatop" of both the unit coliagen fibrils and clastin fibres.

(avst, 1945).
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Basom and co-workers (1974) observed the evolutionary cycle
of these microfibrils together with the amorphous ground substance

* represented the promordium of the earliest elastic tissue. The

first elastin fibres are small, becoming recognisable about the
seventh day. Thé matrix of each fibre expands, apparently at the
'_expense of the microfibrils.

With increased pressufg and attrition from the coastantly
developing circulatory system larger microfibrils appear. These
microfibrils later develop a visible periodicity and become
identifiable as unit collagen fibrils. These developing fibrils
undersgo continuous "transfofmation" into elastin fibres, a change
which Basom states, can occur at any stage_éf fibrillar development.
Thus large elastin fibres are derived from fibrils that have already
grouped to fgrm light microscopic collagen fibres; The authors
classified the fibril types into five groups: primary fibrils,
microfibril, "unit collagen" fibril, collagen fibril and
"transforming" fibfil. These fibfillar types maintéin a constant
"ratio in normal dermis. When the normal stresses are alteféd, by
immobilisation and/or trauma, the fibrilla matrix responds by
altering the ratio of the fibril types and their orientation.

lIn a later paper (Longacre et al, 1976) Basom described the
abnormal ultrastructure of hypertrophic scars as being due to a
block in the coliasen and elastin synthesis. The dermis of a
one year old hypertrophic scar contained a high concentration of
‘transforming fibrils and microfibrils. Aggregates of microfibrils
exhidited a periodicity of 150am to 160nm, creating a fibril

Never seen in normal dermis., Unit collazen fibrils were seldenm

.
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Fig.2.38., sl1l4nm. T.E.M. collagen filaments.
A) Normal skin, large round filaments.
B) Mature scar, slightly smaller, round to ovoid filaments.
0O Hypertrophic scar, smaller, irregular to ovoid filaments.
D) Granulation tissue, small, angular and irregular filamen
(After Larson et al, 1974) .
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seen. The authors felt that the apparent block in synthesis could
be due to an inhibition of the enzymes responsible for microfibrillar:
aggregation. Or, consid;ripg the abnormal 150nm pefiodicity fibril,
the synthesis of an abnormal mucoprotein within the microfibrils
Preventing their';gg;egétion and incorpération into collagén |
and elastin fibres. |

In discussing the transformation of cdlLagen into eladin
the autyprs made no attemp? to explain thé different chemical
Composition of the two protéins.- Further research based upon tbeir
hypotheses needs to be carried out.

Differences in hypertrophic dermal ultrastructure havé been
'reporﬁed by other authors (Kischer et al, 1971; Larson eﬁ al, 1974;
Linares et ai, 1372,1973). 'Collageh filaments in the granulation

tissue had %iameters in the'rang¢.30 to 50nm, with prominent
micro-filamentous material between them. In longitudinal sections
_these filaments exhibited unusual bends and curls with no
appearance oéia rigid packing pattern. (Linares ét al, 1973).
Col;agen filaments within the nodular regions of the dermis had
diameters in the. range 40 to 80nm, with the majority about
€Onm wide. (Kischer et al, 1971).

The shape of the collagen filaments also varied.‘ In
. 9ranulation tissue the filament‘cross—sections were irregular and
angular; in hypertrophic dermis-angular to ovoid; mature scar -
Ovoid to rdund; and in normal skin all the filaments were round
In cross-section. (Fig. 2.38). Micro-filaments of 4nm width
appeared to interconnect or wind around the collagen filaments,
these were much more prominent in tﬁe nodulés than in the

Surrounding tissue. All fibrils exhibited periodicity within the
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normai’range,

Considerably more cellular processes are present in the
hypertrophic dermis. The high concentration of fibroblasts
'deménstrated.markedly dilated rough endoplasmic reticulum, and
a paucity of organelles. They continued to show a system of
“intracytoplasmic microfilaments. - (Linares ét al, 1972).

The nodules characteristically lacked elastic tissue, both in
the extracellular compartments and in the walls of the vessels.

The lumen of thevvessel walls in the nodules were often partially
or completely occluded and the number of perivascular satellites
appéared increased over that in normal dermis. (Kischer, 1971).

Two basic forms of interstitia; material were observed in ‘the
dernmis of normal skin, granuIAtion tissue, hypertrophic and mature
Scar, (Kiséher and Shetlar; 1974). A globular form predominated
in normal ékin, granuiation tissue and maturg scar, whilst the
filamentous form was predominapt in the hypertfophic dermis. The
latter type appeared to link the coilagen filaments in a chain-like
fashion, which could explain the near homogenous dermal matrix seen
by the same authors when using the SEM. |

Globular forms of interstitial material could be demonstrated
in stretched samples of hypertrophic tissue; This conversion from
filamentous to globular by stretching was felt to reflect poSsible
"recoil capacity" of the material. Conﬁersion to the‘globular forn
also occurred norrally during the maturation of the scar when

Softening of the tissue occurs.
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2.8.4. Contractures and mechanical properties Numerous case

reports have been published on the disfiguring and disabling

sequence of scar formation, and much effort has been put into

the analysis of the esrly stages of wound healing. However little.

experimental deta is as yet aveilable‘on the mechanical properties

V»of the scar tissue and how these properties vary with time.
Clinically hypertrophic scar tissue is hard to the touch

and appears inextensible. If the scarred area lies over or near

.a joint, severe flerion deformities can be formed.. These are

felt to be due partly to the contraction of the wound edges during

the healing process, partly to the excessive fibrous tissue that

is laid down in the open granulating space, and partly to the

muscle pull around the joints.

- Patlients with substantial areas of skin loss will assume the

position which gives them the most comfort. This usually involves

a flexing of the joints, and a patient with extensive skin loss

will assume the. fetal position. Unfortunately this position .

- of comfort is also the position of contracture. (Larson et al, 1974).

The main areas‘of contrecture are listea below:

Neck - the chin is drawn down to the chest, the mandible
fixed and the lower lip everted.

Axilla - Contracture‘webs of fibrous tissue over the axilla,
limiting sbduction oflthe arm.

Elbows and Knees - Flexion contractures preventing extension

of the limb.

Hips - The hip is fixed in a position of adduction and flexion,

With a predisposition to subluxation and dislocation.
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Fige 2.39. In-vitro stress strain curve obtained for a
‘ - 15 month old burn scar, demonstrating the
inextensibility of the scar at low loads and
~the visco~elastic stress relaxation at high
loads. (After Browm and Gibson, 1974).°
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Ankles and Feet - Shortening of. the heel chord, preventing

placement of foot flat on the floor.

Wrist and Hand - The wrist is fle%ed; the metacarpophalangeal
Jjoints ektended and the prbximal interphalangéai joints flexed.
The thumb is adducted and extended.

Fig. 2.39 (Brovn and Gibson, 1974) shows an in-vitro stress
straiﬂ curve obfainéd for a ﬁS monfh 61& burn scar of’the dorsum
of the hand. It demonstrates thé inextensibility of the scar at
low loads and the visco-elastic'streés relaxationzat high loads.
It has been suggested that‘£he grouné substance of the tissue is
responsible for the stress relaxatioh’of a tissue (Browm, 1971).
This would act by delaying the deformation of tﬁé'fibrous hetworks
to loading c#anges.

Chu ané Brody (1975)"05tained a similar siress strainv
characteristic in-vivo. Mechanical fests were performed'on a
7 month old scar of the fbrearm. The scar,was‘very stiff, but
the possible extensibility varied with the position of the arm.
"With the elbow flexed the scar showed a highér degféé of

.extegsisility than when thé elbow vas extended.

2.9 Methods of Treatment

 The types of preventive or corrective therapy reported in
the literature are too numerous to list. The procedures can

however be classified into four major groups.

2.9.1. Surzical nrocedures If‘a wound'is.too'lérge‘to be
allowed to heal by contraetion and epithelisation skin from another
Source must be grafied onto the defect. Essentially three
Methods are available: free grafting, pedicle flaps and free

flaps.  (Peacock and Van Vinkle, 1976). Free crafts are
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completely detached frém all connections with the donor site and
thus have to reconstitute new connecéions with the host sites |
vascular-systéms. Pedicle flaps are never completely detached
from all of their vascular connections, but are transferred
in stages. 1In the past few years the use of free flaps has
Vinﬁreased. These take the same form as pedicle flaps but now the
tissue is completely freed from its donor site vascular connections
and surgically connected to suitable host site blood véssels
- by microvascular anastomoses. The free skin graft can'be of
.various thicknesses, usualiy divided into>split skin grafts (SSG)
or a thick skin graft (TSG). ,

In a SSG only a thin layer of skin is transplanted and the
donor site will be left witﬁ enough epithelial remnants to heal
Spontaneousiy,'with minimal- scarring. If a flap or TSG which is
sufficiently thick to interrupt the integrity of the deep-dermis
is used the donor site may heal with severe.scarring (Larson et al,
1974). To prevent‘this the donor site is treated as aﬁy other

- Partial or full thickness wound. The technique of applying a graft
to the host site essentially provides it with réplacemgnt
epithelium, in the case of a SSG, or replacement skin in the case
of a pedicle or thick skin graft. If the amount of patients
donor skin is not sufficient t& cover the defect, skin from
another individual (a homograft) or from another species (a
Xenograft) can be used. The latter two types of graft are only
temporary, and are usually used as bioclogical dressings whilst
the patients donor sites are healing. (A SSG AOnor site can be
Ye-used after it has healed, although care must be taken to

Prevent the risk of itshealing with scar formation from increasing).



Fig.2.40. Uncosmetic appearance resulting from the re-surfacing
of a wound with postage stamp grafts. (After Larson et al
1974) .
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Skin autografts do decrease the tendency for a wound to heal
with a hypertrophic scar (Larson et 51, 1974; Pitanguy, 1976;
Janzekovic, 1975). It appears that granulation tissue proliferation
’is strongly related to its coverage by epithelium. "Whilst the
i granuiation tissue remains uncovered, it éontinues to grow,
sometimés obtaining levels above those of thé'surrounding skin,
>becoming exuberanﬁjénd hypertrophic (Pitanguy, 1976). This is u
further supported 5y ﬁhe formation of excessive’scar tissue at
. graft sorders where epithelisati@n has been required., (Larson et
_ai, 1974). This process limits the effectiveness of other types
of autograft that have been modified in order td increase the are;
of wound that_can‘be covered. In these grafts the "effective" area
that can be covered is incre&sed by‘either cutting the graft into
‘small piecegi(sometimés called pos;age stamp grafts) or making
a series of incisions in the‘grafp which allow it to be expanded,
like pulling out a length of‘mesh fencing. ‘Héwever both of these
methods (postaée stamp and mesh grafting) Just convert the large
. wound into a number of smaller wounds, each of which will then
heal by contraction and epithelisatiocn. Frequehtly these
uncovered areas form hypertrophic écarsl giving an unpleasant
a8ppearance to the tissue (Fig. 2.40).

The application of a skin éraft does notvstop a woﬁnd from
Contracting (Sawhney and Manga, 1970). Depending uﬁén‘the
thickness of the graft, however, it will limit the process.
iBecause the application of a graft does not insfantaneously halﬁ
the coﬁtraction of the wognd édges the graft it#elf is prone
to contract. This can result in either giving a wrinkled

&ppearance to the graft, or the graft area will actually decrease.
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(505 reductions in area have been reported (Peacock and Van Winkle,
1976)). This decrease in area sugrests that an active remodelling
process is paking place.

The thickness of the graft appears to be‘reldted to the degree .
of contraction. | A thick graft will tend fo contract less than a
thin one (Sawhney and Monga, 1970).

Other factors, including the orientation of the graft on the
host site with respect to the cleavage line pattern and the degree
of skin laxity in the host site affect the contraction. - Sawhney
and Moﬂga (1970) and Cronin (1951) found that the amount of graft
contraction increased in proportion to the skin "laxity" ét'the
host site. So that g:afts piaced on the heck contracted by up to

80%, whereas those on the scalp only contracted by a maximum 27%.

\
}

The maximum contraction occurs during the first few'weeks after
application (ﬁagﬁell, 1952; Sawhney and Monga, 1970). The skin
grafts contracted by the least amount in the direction of the
cleavage lines (éee section 2.6.1)'around the host site. This
‘suggested that the inherent tensions within the skin play an
importaﬁt role in graft confrdction.' Longacre, (1974) recomnended
the "matching" of cleavage line orientation between the grafts and
the skin surrounding the host site to help minihise thi%
Contraction. A mechanical support, such as a splint, can also be
applied over the graft to physically oppose the graft contraction
(see section 2.9.5).

Once a disfiguring or debilitating scar has formed various
Surgical procedures can be used to 'try and improve the appearance
and function of the area. The scars can be partially or

Completely excised, the resultant defect being covered with a skin
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_graft.

The success- rate of any surgieal procedure depends on whether
the scar is a hypertrophic ot keloid lesion. The complete egcisioﬁ
and resurfacing with a skin graft of a hypertropﬁic scar has a
_good suceess rate (83%), whereas this is much lower if the scar
is of the keloid type (53%). (Cosman et al, 1961); A higher
success rate with keloids has been achieved using partial excision.
In this procedure the outer rim of the scar is left in tact. It
is felt that this helps to splint the wound, preverting the retraction -
of the wound edges or the transmission of the external deforming
forces to the central area. (Pitanguy, 1974; Peacock and Van Winkle,
1976). | |

A variation on the partial excision technique is that of
"shaving" thé scar surface until it lies flush with the surrounding
skin. The defect‘is4again resurfaced with a skin graft (Hynes} 1957;
Moustaffa and Abdel-Fattah, 1976).

Contracted scat tissue, or coﬁtracture webs of scar tissue
" Present a slightly different problem to the surgeon.- Here the
main problems are the’ functional limitations'caused by the scar
tissue. The contracture has to be released either by the addition
of more skin to the area, or by rearranging‘the scar to
effectively lengthen it.

If a contracture band is divided at right angles to its
long axis the resultant defect is an elliptical gaping wound. The
author observed one such operation in which the wound gaped by
approximately 8 centimeters immediately after the incision. After
division of the tissue the defect is resurfaced with‘a skin graft.

Conway (1939) advocated the use of a full thickness skin graft to



(i) Initial lines of incision (ii) After flap trans-
position

Fig. 2.VIL. The Z-plasty. (From Furnase and Fischer, 1971)
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prevent the recurrénce of the contracture, since SSG appeared tél

be more prone to contraction. Ldngacre (1874) found the

recurrence high even when thick skin grafts wefe used. . Conway (1939)
noted that'with the successful release of tension however, the scar
tissue appeared to thin and soften,

- 2.9.2. The Z-plasty The'possiblq complications that can

arise when a skin graft 1s used are avoided to a large extent by
using a Z2-plasty. 1In this operation the tension in the scar
1s released by "febositioning" the tissue. This is achieved by
-the transposition of two triandﬁlar flaps of the tissue (Fig} 2.41).
The original markings ﬁade to define the flaps also define a
parallelogram on the skins surface.. Transposing the flaps ﬁas
tﬁe effect of interchanging ﬁhe diagonals of this parallelogram.
The longer diaéonal is tranposed to lie in the direction of the
contracture,bso that the scar is effectively lengthened in’
this direction. - The Z-plasty is usually diagrammed as a
symetrical 600--60o figure, but thié orthodox design is often
" altered to tailor a particular defect. (Furnase and Fischer, 1971).

The release of tension by a Z-plasty.on a ﬂard, thick,
raised efythmatous hypertrophic scar at any age of its
development is associated wi£ﬁ a softening,-thinning; flattening
and blanching of the tissue. - Changes in the biochemical,
ultrastructural and histological properties are also observed.
(Davis and Kitlowski, 1939).

Berry and co-workers (1974) found that collagen degradation
Products in the urine of patients increased in ;ﬁount following
the release of hypertrophic scar contractures by Z-plasty. This

Increased excretion of degradation products coincided with a
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softening and thinning of the scar.

The excessive amounts of microfibrils and transforming fibrils
(reported to‘have been observed in hypertrophic scar dermis by
Townsend, Longacre and their colleagues) start to disappear after
Z-plasty (Townsend et al, 1974), They are replaced by normal
appearing unit collagen fibrils and elastic fibrils.v fhe
vascularity of the dense nodules of the scar tissue was increaséd
after Z-plasty, suggesting that new blood vessels had éroﬁn into
the lesion. (Longacre et al, 1976).

The results achieved with Z-plasty have béen quite good. - As
well as the release in the contracture obtained with the | |
repositioning of the tissue the scar also starts to soften and thin.

The role of surgery in ﬁhe tre;tment of keloids and hypertrbphic
scars 1s oft;n a sﬁpportive.one. Primarily its role is in the
reorientation of scars to minimise‘the tension across thgm, and
the reduction of the mass of the scar tissué so that with other
. forms of therapy an acceptable scar can be achieved.

2.9.3. Irradiation The principal effect of short wave
irradiation upon cell action is to injure, killior depress cell
functioq'thrqugh mutation (Peacock et al, 1970).

X-ray treatment of keloids was first described by
DeBeurman and Gougerot (1906). The usual procedure is for the
lesion to be excised and the defect closed, taking great care to
leave as little tension as possible across the wound. (Craig
and Pearson, 1965). The irradiation therapy consists of giving
Controlled doﬁes of radiation pre- and/or post; operatively.
Successful prevention of recurrence have been reported using

various combinations of pre- and post-operative irradiation.
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Levitt (1951) used just pre-opcrative, or both pre- and post=
operative courses of therapy. Cosman (1961), Konuralp (1976) and
Craig and Pearson (1965) all advocated early post-operative therapy.

One of the problems of using radiotherapy is that of
restricting the radiation dose to a particular aréa. Soussaline
and Nicoletis (1974) have developed a technique for applying
interstitial irradiation using a piece of iridium 192, placed
inside a lumbar puncture needle and inserted beneath a linear

hypertrophic scar.

| Any successes achieved wifh radiotherapy can be explained
on the basis of altering the collagen metabolism through damage
to the highly specific stem cells necessary to this process.
(Peacock et al, 1970).

Althoug% it is theoretically possible to administer a dose
of radiation Which does not increase the hazard of subsequent
neoplasia, finding such a patient variable dosé with today's
technology is largely a matter of frial and error. Because of

" this, radiotherapy is not routinely used as a therapeutic measure

in the correction of excessive scar tissue. (Peacock et al, 1970).

2.§.4. Chemotherany = For centuries, almost every herb known
to man has been applied to scars in an effoft to soften and/or
flatten them. In 1950 Baker and Whi£aker demonstrated thaf
direct applicationkof steroids to the skin over a prolonged period
of time produced a thinning of the dermis, limited to the area of
treatment. They also noted that steroid therapy applied to a

healing wound stopped the growth of granulation ticsue completely.
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Fibroblasts did not proliferate, and there were few outgrowths of.
endothelial buds’ from the blood vessels.

Conway and Stark (1951) observed the affect of applying
Adrenocorticotrophic hormone (ACTH), both systemically and locally
to keloid scars, Scars were either excised and the patient given
ACTH post~-operatively, or ACTH was*injected directly into the wound.
Both types of treatment alleviated‘thebsyﬁptoms of the lesion but
. did not appear to affect the physical size of the scar.

The successful use of hydrocbrtisone, or one of its
derivatives in preventing the rééurrence of hypertrophic scars has
been reported (Asboe-Hansen, 1956; Murray, 1963). Although some
successes have been reported when tréafing keloid scars (Conway,

\
treating Negrées.' (Murray, 1963).

1§60), the therapy was generally ineffective, particularly when

The intfalesional injection or topical application of
triamcinalone can give relief of paraesthesia and regregsion in
both hypertrophic and keloid scars; (Ketchum 19663 Griffith,
"1966; Ketchum et al, 1971; Macmillan, 1976; Garcia-Velasco, 1973).
Various.protocols were used.  Small scarS'cén bé treated with
either topical or intralesional applications. Larger scars are
usually excised and the defect resurfaced with a SSG. The steroid
being injected into the wound edges at the time of surgery.

It was suggzested that the injection of the steroid, in some
way altered the collaged metabolism within the.leSioﬁ, resulting in
either preventing its recurrence or in causing its regression

once forned. It was demonstrated that triamcinalone did not

affect collasen synthesis (Cohen, 1974). ' Thus it has been
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postulated that the steroid in some way enhances the collagen
degradation (Ketchum, .1967; Cohen, 1574, 1977).

Because of the effect of external pressurevapplied to a’
hypertrophic scar causing its regression it was als§ hypothesised
that the high pressure uﬁder which the steroids were injected into
the lesion could result in thé beneficial affect observed. (Peacock,
1970). However Im and co-workers (1976) injected saline into
hypertrophic scars to investigate this hypothesis and found no
evidence, either visual or enzymatic, of scar resolution other
than that assoclated with the normal maturation process.

As with the use of any potent drug, there can be serious
complications if used wrongly. Such untoward effects as atrophy,
depigmégtation, telangiectasia and s&mptoms of Qush;ngs syndrome
have been rep%rted. However, 95% of these arose from the
indiscrete use of the drug. (Ketchum et al, 1974).

In its present form steroid therapy is 6ne of the two most
successful ways of treating hypertrophic and keloid scars. With
. the development of’new drugs and a better understanding of the
ways in which they act, steroid therapy will probably become
one of the standard methods for tréating these lesions. |

2.9.5. Pressure therapy and splinting ~ The first reported

use of pressure therapy in the prevention/correction of
hypertrophic scars was in the 1800's. Warren (1893) cites

Rayer (1835) and Blandin (1842) as being two of the pioneers of
pressure therapy. Panasis (1863) (again cited by Warren (1893))
described the case of an actress who had smallpok scars on her
face, and for a period of 6 months wore a mask both day and night.

At the end of the treatment the skin presented a polished surface.
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He stated that the compression qften removed the redness, as well
as the elevation of the scar. It was his theory that the earlier
the treatment was employed the better the results, and that
treatment should be continued for some time after the scars had
flattened. Since that time there have been repeated case reports
published on the effectiQeness of appiying pressurekfo scars.

Biair (1924) was one of the first people to use pressure
therapy in the treatment of the wounds themselves. He listed
the major advantages of elimination of dead.épace; control of
- oozing, limitation of venous aha'lymph stasis; elimination of ﬁhe
plastic material that pours into a wound and the splinting and |
support given to the tissue.

. Owens (1947) advocated the use of pressure dreséingsAin the
treatment ofﬁburns to diminish the plasma loss and to keep the
) granulatingvsurface firm, flat and free of oedema.

Pressure therapy has been used to prevent recurrence of
contracture deformities of the neék after corrective surgery and
" grafting with good results (Cronin, 1951; Gottlieb,_1963). The
Pressure therapy was also noted to prevent éxceésive scar formation
in wounds and to flatten already existing scars. (Gottlieb, 1963;
Fujimori, 1958).

Since 1968, the Shriners Burns Institute, linked with the
University of Texas has routinely used continuous pressure, traction,
Or both to prevent or diminish scar contractures and hypertrophic
Scar formation with excellent results (Larson et al, 1971, 1974).
Since the major part of the literature on the éffects of preésure
therapy have been published by this group,7their methods and

results will be discussed in detail.



The seVerity of a contracture can be classified under four
headings (Huang et 51,71978):—
. None « When the joint possessed no limitation of motion

Mild - The scar around the joint causes less than 25%

-+ limitation of normal range of motion.
Moderate - Restriction between 25% - 50% on range of motion.
Severe -~ Range of motion less than 25% of normal.

Huang and colleagues (1978) reviewed the case histéries of
625 patients who hgd sustained burns over their joints, Of the
219 patients who had had no form of pressure therapy a high
percentage developed contractures. The severity of the contractur;
seemed to vary with area. More than one third of the axillary
burns developing "severe" contracturés, whilst only 10%-15%
of the burns kver the other joints healed with "severe"
contractures.

Of the remaining patients who received érolqnged pressure
therapy few developed any contracture deformities.

Larson and his colleagues (1971, 1974) recommended starting
Pressure therapy as soon as possible after_iﬁjury. Contraction
of a wound margin starts within days so that early measures.must
be taken to prevent subsequent development of contractures. In
the pre-grafting phase this should involve the correct positioning
of fhe patient usiqg splints or traction to prevent him f;om
assuming the position of comfort, which is also the position of
Contracture (Larson et al, 1974). |

Even after the wound has been grafted the correct positioning
©f the patient must be maintained to prevent the secondary

Contraction of the grafts. This is done using splints and pressure

Wraps,
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The importance of maintaining range of motion and muscle tone
is stressed by the Shriners group. fhé duration-of splint
wearing is individually programmed for each patient to prevent
contracture without permifting stiff or immobile joints. The
pressure wraps are worn continuously until the scar is no longer
"active” since if the pressure is removed too soon the |
hypertrophy can still occux. (Larson et al, 1974).

| Although the Skiners group state that the magnitude of the
pressure must be over 25mm Hg (ie. above capillary pre;sure), |
Naismith (1979) has found that each patient has a different
threshold of effective pressure magnitude.

The pressures can be applied usiné ordinary elastic bandages,
-or at the othe? extreme, custom made'elastic pressure garments
(Jobét preséﬁfe garments) . The prime factor determining the
material used is that the pressure applied must not, ideally
decrease with time or body position.

The length of time that the pressure must be appliéd_again
- varies with the individual. As long as the scar is in its active
phase, it will respond to treatment. (La;soh et al, 1974). The |
Pressure must be continuously applied throughout this activé
phase (6 months to l year) to prevent recurrence.

The applicatioh of a pressure wrap results in an immediate
blanching of the tissue and a reduction in its thickness. After
Several days the consistency of the originally raised and rigid
mass changes with shrinkage and scar softening commonly §bserved.
(Baur et al, 1976).

Traction has also been used to correct éontracture deformities.

A 65° to 75° flexion deformity of the arm was corrected by applying



NO*2 42 1 i lym. Meshy network of collagen fibres rep-
resenting remodelling of hypertrophic scar by pressure

therapy. (After Larson et al, 1976).

\
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traction to the joint for 20 minute periods, maintaining the
improved position between therapy'sessions’with splints:>~After
2 weeks of therapy the flexion contracture of the arm was less
than 10° énd fq;ther therapy iesulﬁéd in a complete correction,
with a softening of thebscar tissue. -
The overall effect of pressure and traction appearé to be an
acceleration of the natﬁial remédelliné process. (Baur et al, 1976).
Exactly hdw pressure thérapy Qorks is not'known, although
various hypotheses have been put forward.
It has been suggesied fhat the application of pressure reduces
the amount of water in the scar resqlting in a loss aof tissge
bulk. However, the degree of pressure needed to do this and
maintain theldehydration was felt £§ be greater than that
supplied by;the pressure wraps. (Peacock ahd Van Winkle, 1976);
Scanning electron microscopy of the scar tissue undergoing
Pressure the;apy dempnstrafed a remodelliﬁg process taking place.
(Baur et al, 1976). The heavily solidified nodules were apparently -
- being resorbed or remodelled into’the "sinuséidal fibre patterns”
Seen in normal skin. The central noduigr gortion ;emained a
Solified mass with a uniform texture. The remodelling area
appeared as a meshy network (Fig. 2.42). This fenestrated pattern
was felt to be due to the’loss of the mﬁcopolysaccharide ground
Substance which had 6:igina11y fused the collagen filaﬁents into
the nodular mass. With the decrease in mucépoiyséccharide content
individual collaéen filaments.became discernable. (Kischer et al,
1975) |
After prolonged pressure therapy‘(greater’than F months) the

Picture observed was similar to that seen in very old and naturally
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remodelled scar tissue. The large collagen fibres had nearlyv

A
'

assumed the size; structure and orientation seen in normal Skin.
No evidence of the nodules was visible. (Baur et al, 19?6;'
Linares et al, 1976).

Pressure thérapy also had an effect on the ultrastfuctﬁre of
the tissue. The diameter of the collagen filaments increased and
the amount of intefstitial filaments deéfeased. (Kis@her et al,
1975). |

It was proposed by Kischerﬂ(1975) that the effect of the
pressure therapy was fo incréaéé thé”tissue‘hypdxia tb such a level
that a portion of the fibroblast population could no longer suévive.
This would result in a‘"shufldown" of excessive éollagén synthésis.
If this hypothesis was correct then atypical cellular coﬁfigurations,
non-viable cell remains, debris and/or ghosts should have been‘
visible in fissue sections. This cellular debris was not visible.
(Baur et al, 1975).

Pressure therapy reduces the blood flow into the scar, Baur
“and co-workers (1976) suggested that the concomitant reduction in
blood vélume reduced the émbunt of collagenase inhibitor in the
tissue. (Milsom and Cfaig,(1973), Cohen and colleagues (1974) and
Baur and colleagues hypothesised that the increased collagen
deposition was due to insufficient degradation of the protéin.

- And that this was due to an inhibition dfkfhé collagenase mediated
remodelling by an increase in the level dfcxuglébulins in the
blood). With this reduction in collagéndse inhibitor the collagen
degradation would proéeed at an increased rate fesulting in a

decrease in tissue bulk.
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‘Although no signs of cell death were observed in the dermis
of the pressure treated scars, the number of cells in éhy given
area of the tissue sloﬁly‘reduced.v (Baur et al, 1975). This
reduction appeéred to take place over a 1qﬁg period of time,
During the active phésé 6f the scar the myofibroblast population
iremained relatively constant. This could account for éhe"
tendency of the hypertrophy to recur if pressure therapy was
discontinued before the end of this stage. (Baur et al, 1978).
When the scar was no longer active the pressure treated dermis
. of the scars showed a noteable reduction in'myofibroblast population.

The number of mast cells found in pressure treated s;ars
was found to be similar to that in normal mature 3car., This
reduction in numbers was first n&téd in the‘papillary layer and
mid dermi%, suggesting that pressure therapy had its earliest
- effects at this depth. (Kischer, 1978). It has been suggested
that one immediate tissue response to cedema ié a-
degranulatidn of the mast cells. The acid mucopolysaccharides in
the cell granules bind the water producea by the oedema, to form
& mucinous ground substance. Based;upon the'finding of an
increased water content in hypertrdphic scars‘Kischer‘aﬁd Bailey
(1972) postulated that this ground substance could provide a
favourable matrix for the formation of new collagén. Baur and
colleagues (1976) found no degranulating mast cells in pressure
treated scars and concluded that the pressure:therapy, which
reduced the water content of the tissue, theiefore inhibited.

. Co
the degranulation of the mast cells which in turn inhibited the
Subsequent formation of the mucinohs grouﬁd substance. |

A mucopolysaccharide assay was carried out on two
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il

hypertrophic scars. (Kischer et ai, 1975). After three months
of treatment the chondroitin sulphate A level had decreéEed, and
the hyaluronic acid level increased, towards that of normal skin.
Although these results indicate that the acceleréted maturation‘of
the scar tissue by pressure involves a change in the
mucopolysaccharides, more quantitative analyses haﬁé yet to be
reported.

Although the pressure therapy caused tﬁe hypertfophic scars
to regress, the fibfoblasts within the pressure treated tissue
still showed dilated and plentiful rough endéplaémic reticulum,
suggesting a high level of synthesis. If was concluded, however,
that the enzyme products synthesised had altered to those required
for nodule dégradation and that préssure therapy altered the
distribution and/or effectiveness of these enzymatic products to

favour tissue remodelling.
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HYPERTROPHIC SCAR TISSUE MICRO-ARCHITECTURE
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" PATTENT/SPECTHEN RECORD

SECTION 1, PATIENT HISTORY

Name/Hospital number

Sex

Race

Date of Birth
Date of Injury
Cause of Injury

Extent/severity of injury

Initial Treatment

-Previous Treatment

Present Sursical Procedure
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3.1. Preparation of Specimens

S~
During the surgical remodelling of uncosmetic or disabling

scars pieces of unwanted tissue are frequently excised-and
discarded. These pieces of tissue provided the specimens for the
analysis of the fibrous architecture of the hypertrophic and keloid
4( scars.

3.1.1. Patient/specimen record. WheréprSSible a detailed‘

record of the specimen's history was kept (Fig. 3.1.). This can
be divided into two.main_sectioﬁs. The patient‘s relevant case
history and the‘specimen's oriéntation and subsequent preparation
for microscopy. Section one lists ‘those aetiological factors
which could affect the michstfucture. ‘The influence of age, race,
and cause of injury have been discuésed in section 2.5.

The ;%tent and depth of the original'injurykwill have an
effect on fhe extent and depth of the scar'tissue. Due to the
pProcess of contraction, apparently normal epidermis surrounding the
visible surface séar will overlie fibrous scar tissue. The degree
“of severity of the original injury Qill also jnfluence thé level to
which the scar tissue will extend into the derﬁis.

A record of any previous treatment is important, particularly
& note of any previous grafting‘orvsurgery.

It was not possible to take into account all variables
involved, but by being aware of them any unexpected abnormalities
in the microstructure could perhaps be explaingd;

Section two of the specimen record lists those factors
involved in the specimen prepafation protocol; all of which are
under the control of the cxperimentor.

3.1.2. Svecimen excision and fixation. A record of the




-

Scar Site/Orientation

Fixation

Cleaning

Cutting

" Section number and orientation

Fige 341., vart 2
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specimen's orientation was kept at all times. At the beginning of
the surgical operation the area to be’excised was markeé\out with a
~sterile dye by the surgeon. If the specimen w&s large enough a
surgical stitch was then inserted at a knoWn position to act as a
marker, If the specimen was too small to allow this a detailed
scale drawing was made, marking any distinguishing‘features.,

Where possible the incisions were made at right angles to the
surface of the skin to avoid obtaining a wedge shafed specimen with
its associated small area of intact dermis. Care was taken at all
‘times to distort the specimen as little as possible. . To prevent
the specimen from curling up in the,fixative, immediately after
excision thg sample was placed epidermis uppermost on a piece of
porous card. Small specimens adﬁered to the card with no further
problem, lérger specimens were pinned to the card around their
boundaries. The specimen attached to the card board was then
immersed in a copious volume of fixative. 1 The fixative used
throughout was 10% formol saline buffered with phosphate. This
" fixative was selected as it is particularly suiteq to the aécurﬁte
Preservation of the relations between tissﬁe layers (Bran, 1971).
It gives tissues a firm consistency'without excessive hafdening.

The fixation time varied from three days to several weeks, depending
upon the size of the specimen. The fixative was changed frequently
(at least every 14 days) to prevent the build up of sediment.

3.1.3. Sectioninz technigues. The specimens of scar tissue

obtained came in all shapes and sizes, varying from 5 m.m. wide to
5 cem. wide. Pecause of this size variation no set pattern of
tissue sections could be adopted. Instead each sample was cut to

flve as much information as possible.
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The method used to cut a tissue specimen is important.
Artifacts can be produced during sectionipg,’and thgse égh give rise
to MisleaAing results. Because of the variation in thickness of the
speciméﬁs transverse sections were first prepared., ‘ This allowed the
thickness of the différént tissue»layers to be measﬁred’so that
. horizontal sections couid’be‘prepared at appropfiate levels if
needed. The majority of thé pieces of fixed scar tissue were firm

enough to handlé'without any further supﬁo?t. Iti§aé therefore
decided to cut the specimens by hand using a dermatome blade. The
‘dermatome blade’has a Qedge profile, chamfered on both sides, so
that from one piece of tissue two complementary transverse sections
were produced, either or both of which could be further prepared
for the S.E.M. |

Befoée use the dermatome blades were cleaned by immersion in
a 2:1 water/chloroform solution to remove any grease, and then

»allowed to dry under a dust cover, '

The tissue to be cut was plabed, epidermis uppermost on
Several thicknesses of blotting paper and then immersed in fixative.
The knife waslthen placed at right angles‘tg the surface in the
correct érientation and a steady force w5s’épplied. This force
was maintained untii the knife had cut through into the blotting
Paper. Sawing action of the knife blade was avoided to prevent
Unnecessary distortion. A fresh portion of the cutting edge was
used for each tissue section.

An unexpected advantage in using thi; method of tissue
Sectioning was discovered. As the knife blade was pushed through
the specimen, components of the tissue gave slightly before being

Cut.  The degree of 'give! depended upon the compactness or hardness



Fibre _,'F___m, , —
bundle = =
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" During sectioning .~ After sectioning

Fig. 3.2. Vet sectioning of specimens, resulting in a high-
lighting of the fibrous micro-architectutre.

Hypodermic — | /
needle |

«— sub~dermis —> [ A/
: . , ~ “fine wire
fine wire L © Uinesitu

Fis. 3.3. Inseriion of copper wire marker to record specimen
orientation. -
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of the tissue. In‘the’dermal scar ?iésue largé;bund1es of collagen -
fibres weie'observed. Whén the knife gdge met one of fﬁése; the
fibre bundles resisted slightly before‘being cut; After the blade
had passed through the'tissﬁé this resulted in fhé)cut e#d\of ?he
fibre bundle being left protruding very élightly from fhé'exposed
- surface (Fig. 3.2.). "Thé protrusion was so slight.that if the
Specimen was viewed perpendicularly the surface of the tiséue
appeared to be level, but when viewed at aq angle (as isvusually
the case when using an S.E.M.) a slight shadow formed around the
-fibre. This method of tissue sectioning, therefore, helped high-
light the gross characteristics of the fibrous microarchitecturé.
At all times a record of the sPecimen orientétion was kepf
(see section 3.1.1.). In'mOSt c%ses this involved a Sketch of the
tissue, ma%kiné any distinguishing features. Some specimens
however, had no distinctive shape.or features. With these an
alternative method of recording the orientéfion was useds A fine
hypodermic needle (Gillette 25 G x‘15/16)'was passed‘through a
" corner of the sub-dermal tissue of the specimen. A fine piece of
copper wire (diameter 6/1000") was then inseffed into the needle
which was then withdrawn leaving'thé wire in-situ (Fig. 5.3.).'
Once the transverse section had been obsérved under the S.E.M., any
horizontal sections needed weré prepared. This time'the‘specimen
was cut frozen using a Leitz sledge‘microtome,‘Type 1200. The
‘tissue sample was placed in the middle of’the cold stage of the
Microtome in a drop of fixative. Carbon dibiide wés then pgssed.
through the cold stage, freezing the tissue and at the same time
adhering the specimen to the stage.

The microtome produces planar sections whose thickness can be
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pre-selected, and the adjustable tilt of_the spgcimen clamp permits
the choice of specimen inclination. A 240 x B x 11 m.m>blade with
a wedge profile plane on both sides was used as this was recommended
by the manufacturers, Jung, for frozen tissues. Optimum sﬁarpness
was maintained throughout by sharpeninz the blade before each bafch
of specimens in a Shanden Elliott‘Automatic Microtome Knife Sharpenér
Mk. 1I. ‘. | )

. The blade was clamped in the microtome such that the free angle
was 50. A ;maller angle.could have caused the knife to slide off
the specimen, whilst too.steep,an angle couid cause it to dig into
the tissue. The place of‘interest was exposed by removing ZQ/Lm
thick sections. Thesé thin sections were discarded since they did
not have éufficient tissue bulk to prevent distortion of the fibrous
architecturéLduring subsequgnt prepa;ation for observation.

The protrusion of any large fibre bundles was not so apparent
in specimens that had been cut whilst froze@. Freezing the tissue
madg its compohents much more rigid and decreased their abilify to
'give' with the cutting edge. Records of the specimen orientation
Wefe kept as before. | B

| With both methods of sectioning tpe appearance of the sections
was good with little tearing of the collagen fibres.

3.1k, K-amvlase treatment. If fixed, "un-cleaned" tissue

is observed with an S.E.M., the resolution of fibre detail is limited,
except in very young tissues, by the adherenqé to.the fibres of an
amorphous material, presumably sround substance. These deposits
take the form of globular masses or films on the surface of the

fibres,

A considerable improvement in fibre detail can be obtained by
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- prolonged incubation of the fixed specimens in phosphate buffer,
with 'intermittant agitation'. However, the‘addition ;; crude -
o{~- amylase (C.B.A.) from "Bacillus Subtilis" to the buffer results
ih improved penetration and cleaning, and gives a higher resolution
of the fibrils within a fibre. It has been shown that the C,B;A.
does not damage the fibril, but acts on the glycoprotein component
of the fibre (Finlay et al, 1970). |

' The standard treatment consisted of incubating’the specimen
in 0.2 M phosphate buffer, pH 5.4, containing 0.%% w/v C.B.A. for
three days at room temperature with occasional agitation. A small
amount of chloroform was added to each solution to act as a bacterio-
static agent. The specimens werevthen washed tvice in isotonicv

saline, for one hour in each wash.

\
3.1.5. Dehydration, mounting and coating. Initially, the

specimens were taken directly from the saline wash and placed in
acetone. This resulted, however, in a crystalline substance,
presumably salt, being deposited on the tissue surface. The
“artifacts produced completely obscured the fibre detail of the
5pecimeh. To prevent this happening the specimen was plaeed in
10% acetone for one hour after the two washes in saline and the
specimen was then dehydrated by immersion‘in three successive baths
of 10075 acetone, each for 24 hours. Drying was completed using a
Critical Point Drying (C.P.T.) apparatus. (Polaron, Type E3).

After complete dehydration the specimen was mounted on an S.E.M.
Specimen stub with 'Evo-Stick' adhesive and left for 24 hours under
& dust cover for the adhesive to dry. |

The specimen was coated in a Polaron sputter coater (Diode

Sputtering system, Type ES000) with gold. A coating time of two



minutes had been established by previous experimenters as giving an
optinum coating thickness. After coating, a conductingkhaterial
(*Silver Dag') was painted around.the specimen, ﬁext to the stub, to
complete the conducting path to earth.

' 3,2. Photomicogranhy

Specimens were viewed using a Cambridge Stereoscan Mark 2A
electron microscope. During the early.stages of the project |
micrographs were recorded on Ilford FP4 film 120 size, by a Zenza
Bronica - 8 single lens reflex camera sef on a time lapse exposure
with an f-8 aperture. This camera was 1ate£ replaced by an Exa 14
- single lens reflex camera and Ilford FP4 film 35 size was ;sed
thereaf%er. . The disadvantage in using 35 m.m. size film was that
the contact prints made were too sﬁall to allow much detail to be
observed. E This necessitated enlarging the majority of negatives,
a process both time consuming and costly.

Tﬁe quality of the micrograph dependé‘on the condition of the
specimen, aperturé size, accelerating volfage of the bean, photo-‘
- multiplier level, black level, condenser sétting,wgamma conérol;
and recording video controls. The following meter settings were
used routinely. | |

Aperture size 200

Accelerating voltage 20 kv

Recording video controls - frame period of_ho seconds

The remaining parameters were varied accordingAto the quality
of the specimen to obtain optimum results.

3.3, Generalised licro-architectural Dicture

The micro-drchitecture of hypertrophic scar tissue is under
the influence of a large number of variables, i.e. the age and race

of the patient, and the nature and extent of the injury (see section



rete ridges and papillae. (Transverse section (TS)).

Fig-3.5.1 i 500ym. Dermo-epidermal junction following .
irregularities in scar tissue surface. (TS).
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3¢1.2.). Because of the variation.in influencing parameters it was
not possible to build up a particular structural picture of %he
hypertrophic and.keioid scar tissue. Since no one individual
specimen demonstrated all the charaéteristics found in the various
scar samples three representative scars have been chosen from the 32
scars studied. The spec%mens obtained from these three different
patients demonstrated ihelrange of differént fibre patterns that
differentiaté hypertrophic and keloid scar tissue from *normal’

scar tissue and normal ékin.

A short summary of each patients relevant case history
i1s presented in appendix A. In the succéeding discussions the
patients will be referred fo by their case numbers only.

As can be seen from the case histories the age of the patients
at the time of\injury ranged from 5 years to 13 years,-placing them
in the age grodp which appears to be more susceptable to hypertrophic
scarring (see section 2.5.2). Although the actual age of the scar
specimens ranged from 4 to 19 months, all three scars were diagnosed '
as still being in the active phase; (see section 2,7).

The micrographs shown in the following sections a;e representative
of £he type of microarchitecture observed in fhe majority of
specimens obtained from patients in the.age range of 5 to 48 years
old.

3.3.1, The epidermis In edge view the epidermis of the scars

did not show the orderly series of rete ridges and papillae commonly
seen in transverse sections of normal skin. In general the
dermo-epidermal junction Qas flatter than in normal skin (Fig. 3.4),
although where the outer scar surface'was irregular the Jjunction
followed the same contours (Fig. 3.5). Other regions (sometimes

“within the same specimen section) showed grossly abnormal epidermal



Fig-3.6. and..

Fig.3 . 7 . 500ym. Abnormal epidermal configurations with deep
pits, folds and clefts in the cell layer.



Fig-3.8.. i 20ym. Normal appearing cell layer of hypertrophic
scar.

Fig.3.9. ——: 20ym. Thick cell layer of “active
hypertrophic scar.
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configuratiqns; with deep pits, folds and clefts in the cell layers
(Figs. 3.6., 3.7.2. Figse 3.5 = 3.7; are micrographs of sections
froa case no. 3 whose wound had originally been covered with a mesh
auto-graft, ’It is possible that the specimens contained remnants
of the mesh graft which’had only partiaily taken, giving rise to the
deep pitting of the epidermis; Other specimens viewed which had
similar indentations in the epidermis nearly all had a record of
having been graffed, with only partial 'take' of the graft.

The thickness of the cell layer varied (Figs. 3.8., 3.9.),
being thicker in those scars diagnosed by their age, their inflamed
appearance, and the symptoms of itch&ness and tenderness, as being

more physiologically active. |
| The arderly transition in céll shape from the rounded cells
of the strathm spinosum to the flattened plaque like cells of the
stratunm corﬁeum was observed in thqse sections of epidermis with a
reasonably smooth appearance (Figs. 3.8., 3.9.). THowever, in some
regions of the epidermis the cells of the stratum spinosum were
elongated, giving the impression that they were.séréined. (See
section 2.6.2.), (Fig. 3.10.).

Any_sudden irregularities in the epidermal contouf were also
reflected in a change in orientation of the cell outlines. TFig.
3.11. is a‘microsraph of a rezion adjacent to the deep cleft shown
in Fig. 3.6.

The surface of "active" hjpertrophic séaré, as seen with the
unaided eye, has the appearance of being tightly streiched over the
underlying structures. It is often red and shiny with flakes of
stratum corneun veeling off.  The patient often comél#ins of how
in

friable the scar surface is = the sliphtest trauma resultin

—~
w



Fig. 3.10. 5]lim. Elongated, aligned cells of stratum spinosum
giving the appearance of being under tension.

Fig-3.1L.i i 5ym. Sudden irregularities in epidermal contour
are reflected in a change in orientation of cell outlines.



Fig-3.12 .« » B0lim. Higher magnification of Fig.3.7. showing
detachment of cell layer from tissue bulk.

Fig-3.13.« » 200ym. Distinct layering of hypertrophic scar
dermis.
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a breakdown of the surface integrity. In the specimens of scar
tissue studied the superficial 1ayers.of the epidermis were\very
prone to detachment from the ;issﬁe bulk. The layer involved was
usually just the stratum corneum (Fig. 3.9.). But sometimes deeper
layers detached as well, Fig. 3.7. is a microzraph of a‘grossly
abnormal area of epidermis with deep clefts in its st:ucture.v

.Fig. 3.12. is a magnification of a region in Fig. 3.7. vwhich shoWs
cells of the siratum spinosum, and possibly even the cells of the
"basal layer, detached from the under-lying dermis. This detachment
was possibly enhanced by the sﬁécimen preﬁaration procedure used,(
but since detachment of the stratum corneum of specimens of normal
skin pr;pared‘usingAthe same protocol was rare, it does serve to
highlight the friability of the scars epidermis.

Y .
3.3.2 The papillary layer of the dermis. The papillary

layer in normal skin is made up of fine fibrgs typically 0.3}knto
3.0}unin diameter, distributed in a relatively oﬁen netvork in which
no regular arrangement is apparent (see Fig. 2.4., section 2.1.5.).
In edge view this fine fibre network is easily distinguishable from
that of the ﬁndcr-lying nid~dermis. |

In transverse sections obtained froﬁ specimens of hypertrophic
scar tissue a distinct fibr¢ layer immediatély below and following
the contours of the epidermis is discernadle (Fig. 3.13.). The
-fibres vary in diameter between O.2Fﬂ1to 2.CPﬂ1 with the majority in
the lower range, making them somewhat smaller than those found in
normal shkin. The most striking difference, however, is in the:
fibre network. The fibres are much more tizhtly pgcked, often

making it difficult to distinzuish the individual fibres. In sonme



Fig.3.14.1— __j 200ym. Horizontal section through papillary
layer.

Fig-3.15.t——- 500]Jin.Higher magnification of fibre bundles
within papillary layer showing small diameter Tfibres.



Fig-3.16.i—— « 5pm. Papillary layer fibre orientation varies
from the wavy pattern shown above to the straight fibres
shown in Fig.3.4.

Fig.3.17. ¥——— 1 500Vim. Transverse section of hypertrophic scar
with distinct layers within dermis.
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speciﬁens this gives the impression that.the papillary layer is
made up of lafger than normal diameter fibres.‘ Fig; 3.4 is a
miérograph of a.horizontallsection through the p#pillary layer which
gives such an impression. However, on magnificatioh the individual.
fibres making up the fiﬁre bundles are visible (Fig. 3.15).X

The fibres and fibre buﬁdlés are much moré orientated than in
normal skin. 1In somevregions the fibres are virtually straight,
giving the impression that they are under tension (Fig. }.4).A Inv
some specimens, although still aligned the :ibres exhibit a definite
vavy pattern (Fig. 3.16). |

?he papillary layer shown in Fig. 3.9, ffom an area adjacent
to that shown in Fig. 3.16,\demon$tfates a more normal appearance
vhich is prégably a remnant of the original graft.

\ . .
3¢343. The mid-dermis In the mid-dermis of normal skin the

fibres range from 10fumto hQ/wLin.width, and are arranged in a series
of layers, parallel to @he skins surface but with many fibres running
at a slight angle between adjacenthlayers (see Figs. 2.6=2.9, section
"2.1.5.). ' T

The fibre arrangement in the dernmis of‘hypertrophic and keloid
scar tissue can take a variety of forms; <from that seen in "normal"
rmature scars to a distinctly abnormal arrangement of large'collagen
fibre bundles. However, the more striking deviations from normal -
in the micro-architecture occur in the mid-dermis.

Fig. 3.17 is a transverse section, at low‘magnification of a
specimen taken from case no.1. A series of distinct layers is
visible. Uppermos£ is the stratum corneum (slightly detached from )
the tissue bulk), beneath the epidermis is the papillary layer. The

next two layers, which together constitute the mid-dermis stand



Fig.3.18. . » 50]im. Higher magnification of distinct orientated
band in mid-dermis in Fig-3.17.

Fig.3.19. <——1 5ym wavy pattern (X=15ym.) of fibres within
band shown in Fig.3.18.



Fi1g.3.20. « - _SOJim. Higher magnification of layer above
orientated band in-Fig.-3.17.

Fig.3.21. « | 25fim. Cleft separating two Ffibre bundles
shown in Fig.3.20.



Fig.3.22.1 _ 50ym. Horizontal section through layer shown
in Fig-3.20.
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out very glearlg. The lower of these two layers is nade up\of a
band of highly al%gned collagen fibres.rﬁnning in the caudio-zranal
direction. This band is approximateiy 0.5 m;m. thick and on higher
magnification presents a wavy appearance (Fig. 3.13.). This wavy
pattern continues throughout the length of the band and has a fairly
regular wavelength of approximately 157;m.(Fig. 3.19.).

The layer above the orientated band has a fibre arrangement
that is more difficult to define. From Fig. 3.17. it,éives the
éppearance of being made up of large fibre bundles ruﬁﬁing almost
perpendicularly to the caudio-cranal axis, but on magnifying one of
the large bundles (Fig. 3.20.) it appears to be made up of fibres |
running along the caudio-cranal axis, azain with a wavy appearance,
althoush now the wavelength ié approximately ZQ}UW. The overall
picture suggegts that this layer is made up of large bundles of
collagen fibres running at a slight angle to the plane of the
section with the cut ends of the fibres haviﬁg been spread slightly
by the dermatome blade during the specimen pfeparation.- The fibre
bundles are separated by clefts in the network (which have probably
been enhanced during the dehydration of-the specimen) with straight,
often interbranching fine fidbrils bridsing the gaps. The fibril
diameters range between.%pmw.and 19fuﬁ. (Fig. 3.21.?.

Fiz. 3.22. shows a horizontal section through the same layer,
demonstrating the high degree of fibre ofientation.

Fig. 3.23. is another transverse section, azain at low rmagni-
fication, o a svecimen from case no. 2. The tight packing of
tae fidres is clear, and on hisher maénification‘it can be seen

that they are arransed in criss-crossing bundles of fibres running



Fig.-3.24. — ,,200§Jim. Magnification of Fig.3.23. showing criss-
crossing bundles of fibres.



Fig-3. fibre

Fig.3.27. = » 500ym. Transverse section of keloid scar, with
extremely large collagen fibre bundles surrounded by

septal-like bands.



Fig. 3.28 = i 200ym. Blending of septal-like band into

the papillary layer.

Fig. 3.29 t . 200ym. Magnification of nodule shown

in Fig. 3.27.



Fig-3.30 »2ym. Transversely cut Ffibres within nodule
shown in Fig.3.29.



Fig- 3-32 2jﬂ- Magnification of fibres shown in Fig. 3*31.
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in all directions. (Fig. 3.24). The criés-érossing bands o%
fibres enclose roughly circular structureé, which are'in fact
bands of collagen fibre bundles cut transversely (Fig. 3.25).. The
resolution in Figs. 3.23-3.25 is poor due to the particular
-specimen preparation protocol used., Becauge of contamination to
the dehydrated surfaces of thé original‘specimehs; fresh faces
‘were prepaired by simplykélicing thréuéh the specimen with’a
clean dermatome blade énd ;e-coating; The fibre bundles being
of different degreeé of ¢ompactnéés cut at siightly different"
levels (see section 3.1.3)5' Tﬂus althoﬁéh tﬁis salvaging .
technique tended to obscure details a£ higher magnifications; ét‘
lower magnifications the uneven surface thus prepaired‘highlighted
the fibre_bu?dle pattern. f | :

Fig. 3.%4 shows ¢lefts between fibre bundles; similar to those
described ea?lier, although in this'specimen they are more sparse.
These clefts usually occur in the thinner bands of fibres
separating the.large tranversely cut fibre bundles. The fibrils

~within these clefts are usually str%ight, giving the impression
that they are under tension. Occasioﬁally these fibrils are

_ linked by‘thinner more coiled fibres, which could possibly be
elastin fibres (Fig. 3.26). |

An exaggerated form of the circular arrangement§ of collagen

-fibres described above, is‘shown in Figqg. 3.27.‘ This is a transverse
section of tissue taken from the central region 6f'the:keloid scar
excised from case no.2. It consists of extreme;y large groups of
collagen fibre bundles (up to 1.5mm in diametexr) separated by

septal like bands of fibres. These septa have no wéll defined .

beginnings or ends, but seem to just blend into\either the

Y



normal nomai
skin keloid deeP Trinis skin

Fig. 3.33. Schematic diagram of a cross-section of a keloid
scar . (Case no. 2)
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papilléry layer (Fig. 3.28) or the degp—deimis (Fig. 3.27). ;?hesg
éircul&r arrangements will from now on be termed as Nodules, although
they are not of the‘same form as thé nocdules described by Larson

and his colleagues (see section 2.8.2),

Looking at the nodule on the left in Fig. 3.26 more closely.

‘it is seen to be made.up of tiéhtly packed fibres (Fig. 3.29), grouped
into fibre bundlés :unning at right angles to the plane of the |
section (Fig. 3.30). The fibre diameters are of thé same order as
those found in the papillary layef ie O.Zﬁm to 0.5um.

The septal like boundaries‘of the nodules are again made up of
‘highly orientated fibres, but now the§ are aligned in flat sheets
"of fibres rather than cylindrical bundles (Eigs. 3.31, 3.32).

Because\of the restricted field of view of the SEM, and the
‘ large cross ;ectional area of the tissue specimen from case no.2,
it was not péssible to obtain a micrograph of the complete specimen
cross section. However, a schematic representation is shown in
Fig, 3.33.

The large nodulés, such as those shown in E;g. 3.27, tend to
be restricted to the central region of the scér.‘ The septal band
dividing the mid-dermis from the papillary layer and the deep-
dermis is continﬁous throughout the section, although it is .
continually branching and re-forming other septa. Sﬁalle; nodules
are found outside the central regionv(Figs. 3.23, 3.24) but these
are of the same order of magnitude as those seén’in transverse
sections of hypertrophic scars.

The central nodules are not continuous along the long axis
of the scar. A series of sections were taken through the tissue

and the nodule cross-sectional shape was seen to be alteréd. The
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Fig. 3.34 < 200ym. Transverse section of deep dermis

showing more open Ffibre bundle network.

Fig. 3.35 1 . 5ym. Magnification of fibre bundles in



Fig-3.36.. _ 2ym. Small diameter fibrils forming a loose

covering network around fibre bundles in the deep-dermis.

Fig.-3.37.+—— * looym. Horizontal section through the papillary
layer showing concentric arrangement of Ffibres around a

possible blood vessel, (c.f. Fig.2.36.).
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overall picture was that the large groups of fibre bﬁndles (which iﬁ'
‘cross—section present the outline designated by the term noduie), |
branched and joined other buhdles, just as coliagen‘fibres do in

the netﬁork.of normal skin.

The micro-architecture of the mid-dermis of the keloid tissue
is an exaggerééed form of the micro-architecture of the mid-dermis
of the hypertrophic scar fissue. vThe fibre patterns observed in
the tissue samples taken from.all cases in this study ranged from
the parallel aligned; wavy fibres‘ééen in mature.scar tissue through
the patterns shown in Figs. 3.15;3.26, to the extreme case of

the keloid pattern in Fig. 3.27.

3.3.4. The deep-dermis Of all the layers of the hypertrophic

scar tissue studied, the micro-architecture of_the deep-dermis
differed thegleast'from that seen in normal mature scar tissue.
The fibres thémselves are still tightlyjpacke§, but now they are
aggregated into more discrete bundles and sheets. Thesg, in turn,
are arranged ln a more open netwqu'théh that found in the
mid-dermis (Figs.- 3.34, 3.35f. .Smali diameter fibrils, 0.0Bﬂm to
0.l3um in width, forﬁ a loose network covering Qome of the fibre

bundles, and running between adjacent groups of fibres (Fig. 3.36).

3.3.5. Blood vessels ° Because it is not possible to

effectively label the tissue components when working with tﬁe
S.E.M., individual blood vessels are very difficult to distinguish
in micrographs. No structures that could definitely be described
as blocd vessels ;ere observed in the tiésue specimens obtained .
from theatre, although several objects fhat had similar_
characteristics to blood vessels were seen. Fig. 3.37 shows a

concentric arrangemént of fibres cobserved in a section parallel to

s



Fig-3.38..—— - 150ym. Transverse section of epidermis and super-

ficial dermis with possible blood vessels visible.

Fig-3.39.»——— ~15ym. Magnification of blood vessel in Fig.3.38.

with red blood cells on vessel walls.
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the scar's surface within the papillary layer, which couldlfossibly
contain a small blood vessel, - Fig. 3,38 shows a transverse section
of tissue from case no.3. . 7

The hholes"’in the papillary layer were observed in all the
tissue specimens that made up a complete cross section of the scar
. _tissue contré;ture band. They ranged from Z%Ur\to Squmln dlameter,
which would ﬂake them very large vessels to be found within the
papillary layer of the tissue. On magnification, flattened gells
of the same shape and size of red blood cells were observed én the
walls of these "vessels" (Fig. 3.39).

With another series of specimens adjacent tissue sections
were procésé}d_fof eifher light or‘scanning electron microscopical
observation. Using this méthod the tissue could be stained up to
show indiviéual components under the light microscope, which could
then be located in the adjacent section using the S.E.M. Blood
vessels, of the same order of magnitude in diaﬁeter,as those
described above, wére observed in the papiliary layer of scar tissue
. specimens. | Further discussion of the blood vesselnnetwork-witﬁin
the hypertrophic. tissue will be presented in Chépter_#.

3.4 Summary | |

The overall micro-architectural picture of thé/hypertrophic
and keloid scar tissue is that of tightly paéked collagen fibres,
grouped into large bundles and sheet like arrangements. This fibre
arrangement could account for the high degree of rigidity exhibited
by the tissue. |

The particular fibre pattern is differeng‘in different speci-
mens of the hypertrophic¢c scar tissué. The pattern ranges from wavy

sheets of collagen fibres, similar to that seen in specimens of
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normal mature scars, to extremely largeifibre bundles surrounded by
™ septal-like sheets of collagen.
The possible relationship between fibre bundle alignment and

" the mechanical properties of the scar tissue will be discussed in

Chapter 5.

[
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CHAPTER &4

PRESSURE THERAPY

AND ITS EFFECT ON TISSUE MICRO-ARCHITECTURE
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4,1, Introduction
| The application of é sﬁstéined pressure to-an 'active} hyper-
trophic scar does accelerate the resorption Qf that scar. Similarly
pressure.therapy will help to both prevent the formation of, or
improve the characteristics of the already established contracture
- deformities often associated with these types of scars. The degree
of success achieved with the therapy, however, is patient variable.
Why the patient response varies, and how the actual pressure therapy
worksmié not known. (For a review of the use and effecti?eness of
o .

pressure therapy the reader is referred to section 2.9.5).

4.1.1. Study outline. The Plastic Surgery Unit of Canniesburn

Hospital, Glasgow, Scotland has had successes in using pressure therapy
to impro§e, both cosmeticaliy and functionally, the hypertrophic scars
of a seriegiof patients. l-The ages of these patients ranged from
approximately 18 months fg 50 years. The majority of the scars
treated were the results of burn injuries;.and were of varying

degrees of severity. |

The results achieved with this therapy prompted the eStabiish-
ment of a research study which was designed to evaluate the effect-
i?eness and mode of action of the pressure therapy in order that the
techniques could be optimised to give the greatest benefit to the
patients.

The study was divided into two main sections:

1) Monitoring of the pressures applied by different types of
pressure wraps, and the patient/scar response fo these.  Investiga-
ting the effect of sustained pressure on, the }ate of collagen
synthesis within the tissue, the vascular fesponse; and the w;ter

content of the hyrertrophic scars.
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2) Observing the micro-architecture of hypertrophig\scaf
tissue as seen with the S.E.M. Obtaining a series of tissue
biopsies from patients undergoing pressure therapy and observing
the changes in micro-architecture with the sustained pressure.
Investiéating the inter-relationship between the mechanical charac-

“teristics_and the mi;ro-architecture of Specimens of hypertrophic
scar tiésue in-vitro; and monitoring‘the changes in mechanical
properties with pressure therapy for two patients, in-vivo.

Tﬁe work involved in section 1) was carried out by a colleague

v : .
‘and the results obtained by him will be presented in detail in his
thesis (Naismith, 1980). The two sections of the study are inter-
connected and therefore a brief summary of Naismith's findings with
respect to the pressure monitoring will be presented in the following
\

section. !

4,2, Pressure Monitoring

Initially the patients were fitted with tailor made pressure
garments supplied by Jobst (Jobst Instituté, Toledo, Ohio, U.S.A.).
. This particulaf form of pressure dressing was chosen initially since
éther researchers had already reported on its éffectiveness. (Larson

e£ al, 1971, 1974). A representative éf the Jobst compan&
measured the affected areéa of the patient‘s body, and these
measurements were then used by the company to produce the fequired
pressure garment, for example a glove for a scar of the hand, which
was claimed by the manufacturers to apply the correct degree of
pressure needed to accelerate the scar's remodelling;

'The pressure exerted on the scar surface by thé garment was
measured by means of an igstrumentation system developed by

Naismith (1980). This comprised a circular parallel=-plate

-t



Fig.-4.1. Capacitive bridge pressure monitor and set of pressure

transducers.

Fig-4.2. Pressure transducers in-situ, showing that they do not

sensibly alter the scar surface contour.
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capacitive pressure transducer 1cm2 in sensing area and appfcximately
O.2mm thick, a capacitance bridge pressure monitor, and a pneumatic
calibration chamber. (Fig. Lk.1). The system resolution was

1 Tofr (133.32 Pa) and the accuracy : 2.5 Torr. Before use the
pressure transducers were first calibrated, and a calibration curve

© of monitor output (mV) against pressure (Torr) was obtained. The
pressure transducers were then placed on the scar surface and held

in position by lightly taping the connecting leads to the skin.

The transducers were of such a thickness that they did not sensibly
_alter the scar surface contour once in position (Fig. k.2.). - The
pressure garment was then donned over the transducers and the changes
in transducer capacitance were measured and displayed by the capaci-
tance bridge pressure monitor. The monitor output in mV was then
converted to pressure (Torr) using the previously obtained calibra-
tion curve;\ The transducers could.bevmade up in sets (up to 5 in
each set) enabling the pressure exerted on different regions of the
scar surface by the garment to be measured.

Within a few days of commencing to wear the pressure éarment
the colour of the scar surface palea and the patients commented that
the scar tissue felt less stiff. Another beneficial effect of the
pressure therapy was that the severe itchyness of the scars was‘
relieved. This was of particular importance in young children
since they often scratched the scars so much that the surface broke
down causing a further aggravation of the symptoms.

With time, and sustained pressure the scar tissue thickness
reduced and the extensibility of the tissue iaproved. -Whilst the
scar remained in its active phase it was essential that the

pressure garment was worn continually. Patients were supplied with
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two garments so that one could be worn whilst the étherAwgg being
washed. = Wnhen the garment was removed_the patignts described a
"tingling" feeiing in the scar, similar to "pins and needles",
which was relieved as soon as the pressure was re~exerted on the
tissﬁe. " In one patient who unavoidably had to stqp wearing his
pressure dressing for a period of approximately three weeks, the
Vscar tissue resumed its red and hard appearance and the symptoms
of tenderness and itchyness réturned.

) With continuous maintenance of préésure the resorption of the
scar tissue eventually reachéé a plateau, wifh no further change in
cosmesis and/or function being noticeable to the patient. - However
during the early stages of this p;ateau_“phase“, removal of the
pressure resulted in a gradual recurrence of the hypertrophic scar
symptoms., \ This was felt to be due to the fact that although the
scar had effectively 5een.remodelled by the pressure therapy, its
characteristics had not yet stabilised enough to maintain this
improvement. If, after a period of one ﬁonth or more there was no
. further improyement in the scar's characteristics.the patient was
advised to leave off the pressure garment~for.increasing periods of
time and to note any changes in sensation. If the tissue was fouﬁd
to be fully stabilised the pressure therépy was diScontinuéd.

The Jobst pressure garments were commércially taiiofed for the
individual patient. This was a costly process and often resulted
in long delays before a suitable garment was manufactured. The
possibility of using alternative types of pressure dressings was
therefore also investigated. An elastic banﬁage, manufactured in

the fornm of a continuous cylinder and supplied under the trade name

of "Tubigrip" (Seton Ltd., Oldham, Znzland) was found to be equally
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effective. At the time of the study this was available in a vafiety
of diameters and could easily be fitted to the truﬂkAand the 1imbs;
The same company have recently started manufacturing a range of
pressure garments, made of the same material as Tubigrip, which
again come in a variety of sizes enabling the patient to be fitted
Moff the péé“ with a suitable garment at a far lower expense and
with a consiaerably smal%er time delay;

The results of monitoring the pressure therapy over a>period
of 2,yéars showed that a;though pressure was effective in accelera-
ting the resofption of the scéf tissue, there appeared to be no
critical combination of pressure magnitude and duration to which
scar resolution could be attributed. Some patients responded very
well to low pressures being'applied to the scar tissue, (considerably
lower than ihe critical 25mm Hg reported by Larson and colleagues
(1974)) whilst other pétients needed the application of much higher
pressures before any improvements were noted.

The magnitude and duration of the pressures devéloped by a
- pressure garment were found to be dependant upon the following
variables: 1) the mechanical properties of thé materials, 2) the
mechanical properties of the tissue and 3) the anatomical lécation
of the scar. ]

It was found that the pressures exerted by the pressﬁre
garments supplied by Jobst were not constant either spatially or
temporally, and that satisfactory results could be achieved with -
the less expensive Tubigrip. With both types of dressing it was
found that the mechanical properties of the maferials resulted in a
permanent stretching of the garments after a period, at the maximum,

of 5 wecks continuous wear. Because this resulted eventually in

B3
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only negligible pressures being applied to the scar,,patiehts were
frequently provxded with new garments.

The mechanical propertles'of the scar tlssue, before
i commencing treatment, also had an eifect on the pressures developed
by the pressure garments since en’erdginally hard, rigid scar would‘
supply a mdch firmer base for the dressings than a sefter scar.
The changes in the mechanical propertles of the scar tlssue w1th
pressure, neasured in~vivo w111 be dlscussed in Chapter 6

That the pressures developed were dependant upon the anatomi-
,cal locatlon of the scar was to be expected since 1t was much more
-d;fflcult,to apply pressure to’scarsilocated over soft regions of
the body i.e. the stomach; or ever‘regions with a concave curvature
i.e. the axilla. |

0 :
" For a complete dlscu551on of the results of pressure monitoring

o’
and the channes in the biochemical-properties of the hypertrophic
scars the reader is referred to the Ph.D thesis of Naismith (1980).

L, 3. Serial B10ps1es

_To be able to observe‘the effeet;ef the pressure therepy on
the fibrous micro-architecturegef the‘scar tissue necessitated taking
a series of tissue biopsies. ‘These tissue biopsies had to be large
enough to permit meaningful observations of micro-structure to be
made, and yet small enough to give an acceptable level of patient
disconfort. It was decided that a 3m.m. diameter core of tissue
was of sufficient size to enable the necessary hlstologlcal obser=-
vations to be made, whilst being small enough to heal spontaneously
without the necessity for suturing. At the time when the first

biopsies were required a biopsy punch that could give an undistorted

core of scar tissue was not available on the commercial market and
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therefore a suitable device had to be designed and constrgpted.

4,3.1. Rotary biopsy punch. The prime requirement for the design

“of the biopsy punch was that it should produce é full thickness core
of tissue with minimum distortion of the specimen and minimum dis-
comfort to the patient.

A very sharp cutting edge is nee@ed to cut either skin or scar
fissue withoﬁt at the same time distorting its fibrous structuré.
It was not possible to manufacture a circular bléde that was sharp
enough to cut through the scar tissue when turned by hand, and it
was therefore decided to consfruct"a motor driven cutting devicg;
‘By turning the blade at speed a less sharp cutting edge was réquired.

There were reports of people using modified dentist's drills,
and even commercial power drilié to try and obtain small cores of
skin, but Qhese rather crude tecﬁniques invariably resulted in gross
distortion of the biopsy rendering it useless for the observation of
fibrous micro-architecture.

The desigﬁ 6f the rotary biopsy punch could thefefore be
. divided into two main sections:. the design of a cutting bit that
produced an undistortedvcofe of tissue; and the choice of a suitable
motor and power source such that the torque exerted on the tissue,
and the speed of rotation of the cutting Bit allowed the controlled
taking of a tissue biopsy.

A scale drawing of the. developed cutting bit is shown in Fig.
L,3, The bits were machined out of rods of Fh american AISI 4/20
high carbon stainless steel, which could be sterilised by eithér
immersion in an antiseptic solution or by autg cIaving.. The centre
hole was machined using a tapered drill bit so that once the tissue

had pacsed inzide the cutting edze it was not in close contact with

C o,
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the revolving walls of the bit. The outer wall of the cutting'
device was also tapered.to allow easy passage of the blade through
the tissue. From triais.carried out on pieces of excised scar:
‘tissue the blade was found to plerce the epidermis with less distor-
tion if one small tooth was cut into the edge of the blade (Flg. .3)
This tooth did not cause any tearlng of the dermis of the tissue

core. The final edge was not put onto%the cutting blade until the
bits had been hardened by placing them iﬁ'an 0il quench at 980°C
followedbby tempering gt 180°%¢c. (This gave an average hardness of
600 on the Vickers4hardneos rénge.), . |

The cutting bits were mounted'ooéo the shaft of the chosen
motor by means of a qulckhrelease soclet and a spec1al collar. The
qulck release socket was of the type used to comnect hydraulic grips
to an Instgon testing méchiné (Insffon Lfd;, Highlﬁycombo;fEﬁgland)
and vas used to ehable the outting bits‘to‘be changed.quiokly and
aseptically. (Appendikyﬁ, Fig. Bﬁ).

Once a triai arrangement of“outting oit, motor and poﬁer source
_had been assembled, Vinevitro! foéfs were carfied.oot to find a
method of stopping the biopsy punch once the fﬁll:thickness of the
scér tissue had been cut through. The thickness of the hypertrophic
scars varies considerably.‘ With normal skin ao'estimate of skin
thlckness can be obtained by measuring with calipers the thlckness
of a skln fold. . However, hypertrophlc scar tissue is much too rlgld
to allow a fold of tissue to be meaéﬁred, making it difficult to -
judge the full depth of a scar. The idea of using a mechanical
'stop! on the cuttinﬂ blade was therefore discordéd.

In the '1n-v1tro' tests, it was found that as soon as the :

cutting blade had passed into the fat layer beneath the scar the

Y
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current required to drive the motor increased. This increase in
current was due to the increase in torque exerted on the cutting bit
by the tissue once it had passed into the fat layer. The tissue of
the scar dermis was firm enoughdto’beieutkby the blade with little
torque required, however the seml-llquld fat layer just gave against
the cutting edge, the flne flbrlls between the fat cells wrapplng
themselves around the blt resultlng in a hlgh torque being exerted
on the blade. . By incorporating an adjustable current limiting
device (C.L.D.) into the c1rcu1try supplylng power to the motor it
.was therefore p0551b1e to stop the motor once the torque/current had
passed a certain level., Using this C.L.D. the biopsy punch could
be made to stop automatically as soon as the fat layer wae reached.
The punch was then removed leaving the tissue core in-situ, attached
by the thi& fibrils within'the fat layer. The loosely attached
epecimen ceuld then be withdrawn from the dermis with forceps and
the attaching fibrils cut with a scalpel.

The circuitidiagram for the biopsy pdnch is shown in Fig. bL.b.
- The motor was ectiéated by meens of the double pole double throw
ON/OFF/CHARGE switch. As seen ae the curreht’drawn from the
batteries reached the set level the motor automatlcally stopped.
The motor could only be restarted by u51ng the push button trigger
to bypass the C.L.D., this safety measure ensured that the punch did
not start to rotate again as it was withdrawn from the scar. The
current cut-off level‘was ad justable.

The biopsy punch was used in-vivo for the first time, in theatre,
on a region of scar tissue that was Fo be excised during the surgical
correction of a contracture deformity. DBiopsies were taken with the

current cut-off level set at a variety of values, and the mean value
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that perﬁitted both a full thickness tiséue core to be obtained and
the motor to stop autométically on reaching the fat layer was marked
on the C.L.D. adjustﬁent screw. This mean cut-off value was
obtained for an average scar "thickness" of 4mm - 5mm (where the
"thickness" was taken as the height of the scar tissue above thé
level of the surrounding norﬁal"skin)., When the rotary punch was
used in the outpatient clinic, with a local anaesthetic, the -
operator could adjust the current cut-off level from the mean value
depending upon the thickness of‘the scar.

The power source consiséed of a 1é volt stack of re-chargeable

Nickel Cadmium button cells (supplied by Varta, Great Britain‘Ltd.,
.Somerset, England). The motor used in the prototype opérated at
3,000 r.p.m., 0.006 H.P, from a 9-12 volt D.C, source (R.B. Pullin
& Co. Ltd;} London, U.K.). This motor was used because it was
readily avéilable and had the require& electrical specifications.
It was however bulky so that together with the circuit board and
stack of batteries the assembled 5iopsy punch was also very bulky.
- ' g - ~ _~ TFig. kS,
shows the assembled punch with cutting bit in place. The casing
was vacuﬁm formed out of thermo plastic to enable the complete
device to be wiped down with an antiseptie solution.

One problem when taking the biopsies was that the cutting bit
tended to slide across the scar tissue unless the device was held
very firmly. A spring loaded guard ring was desiéned that §ou1d
have been attached to the device (Fig. h.6.).  The éuard ring would
be placed on the scar tissue and the cutting bit advanced by pushing
against the ring, this would have heid the cutting%bit at right

angles to the tissue and eliminated the initial'slippage problen.
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The prototype rotary biopsy punch (without guard ring) was
used succeésfully in-vivo to optain éhe init;al tissue biopsies.
However beéause of its large bulk it was both difficultvto handle
and a little off-putting for the patient. A‘feQ weeks after its
first use a commercial hand driven biopsy punch became available.
(Stiefel Laboratories (U.K.) Ltd., Slough, England). (Fig; L,7.)
This de&ice héd several advantgges to the rotary biopsy punch
designed. It was supplied already sterilized and was disposable.
The cutting edge was'scalpel sharp, enabling it to be used by hand.
A variety of cutting blade diameters were available and the overall
device was small and easy to handle. | |

The rotary punch designed in this study could have been refined
to equal the efficiency of-the comhercial hand operated punch,
however it%was felt that the resources,.and particularly the time,
;equired would have been insufficient to allow this. Therefore,

since the main objective of the research study was to observe the

tissue micro-architecture and characterise the effects of pressure

" . therapy further modifications to the rotary punch design were shelved.

Instead the Stiefel skin punch was used throughout the remainder of

the tests.

4.3.2. Tissue bionsy protocol. Since the patient was required

to attend the pressure monitoring clinic and other outpatient activi-
ties at frequent intervals, and have a series of tissue biopsies
taken, a high degree of patient cooperatioﬁ was needed. The choice
of patient was further limited to those who wére of an age to consent
to, and fully understand, what was involvéd iﬁ the tests.

Initially a biopsy of normal skin as well as that of the scar

tissue was taken to give a "within patient" comparison. The normal
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skin biopsy was taken from an area as close to the scar ti§sue as
- possible, to minimise any further sc;rring. ~ However this thréw some
doubt onto the "normality" of tﬁe specimens since it was difficult to
define the original wound boundaries due to'fhe contraction 6f fhe
wound edges. uIdeally the initial pair of biopsies were taken before
‘M"1he patient was fitted with a pressure gafment, however, a number of
patients had already been recéiving pressure therapy for severai
weeks before a suitable biopsy punch was available. | In these cases
,m.___biopsigé were taken as soon as ﬁossible. | The biopsy site was chosen ..
from the area of scar tissue that it was felt would obtain the |
greatest benefit from the pressure.*. The biopsy site was noted in
the patients case notes so that later biopsies wefe not taken from
the same place. |
Aftef;numbing the‘area with local anaesthetic, the surgeon
éemoved a core of tissue using a 3mm Stiefel skin punch.  The stan-
dard of biopsy obtained varied.  Because the surgeoﬁ had to judge
by feel when the full thickness of the tiséue had been pierced some
. of the biopsies obtained_were not full thickness. .. Other biopsies .
were greatly distorted by the forceps used to femove them from the -
scar. Consequently the standard of a lot of the .biopsies taken in
the early stages of the study was poor and this limited the tissue

available for the subsequenf microscopy.

b4, Specimen Prenaration

To attempt to obtain as much information as possible from the
tissue biOpsiés a combined light, scanning electron and transmission
electron microscopy (T.E.M.) tégimediwas planﬁed. The facilities
and technical support were feadily available for the light and

Scanning electron microscopical investisations, unfortunately
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difficulties arose when an attempt was made to prepare and observe
sections using the transmission electron microscope.

L, L,1,. Transmission electron microscopy. A review of the

ultrastructure of hypertrophic scar tissue is given in segtions
2.7.2. and 2.8.3. The author's original objective was .to attempt
to verify the presence of the abnormal collagen filaments (abnofmal
in terms of diameter and cross-section) énd the high concentration
of fibroblasts with markedly dilatgd r.e.r. described by Linares
and colleagues (1972, 1973). |

Although the tissue pro;essing protocols to prepare specimgns
for observation with a T.E.M. appear straightforward, a high degrée
of skill is required to obtain worthwhile and meaningfuliresults.
Unfortunately this skill was lacking by the author and no experienced
Qechnical ;ssistance was readily available. A lafge amount of time
was spent 6btaining ultrathin sections of Fhe hypertrophic scar tissue
biopsies and some T.E.M. micrographs of collagen fibres were eventually
obéﬁined. However, these were‘of‘such a standard that no meaningful
- observations could be drawn from them and no T.E.M. results will be
presented in this thesis. |

Alfhough no definite results were obtained the experience
gained was beneficial, and the tissue prebaration protocols finally
established are shown in Appendix C for future reference.l

h,4.,2, Combined Lirht and Scanninc Electron lMicroscony

Sveciren Prenaration. As stated in section 2;1.5. it is not possible

to effectively label tissue components for viewing with an S.E.M.
However by taking adjacent thin and thick sections from a specimen
and preparing the former for light microscopy and the latter for

S.E.l., tissue conponents can be labelled in the thin section, their

©owh
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locafion noted and the corresponding combonent located'id:the S.E.M.
section. This was the'procéedure,used to observe the micro-
apchitecture of the scar tissue biopsies.

After fixation in 10% phosphate buffered formol saline the
Specimen was washed invdistilled water 0vernight. After which if
was prepared for embedding in paraffin wéx using a Histokinette
(Hendrey Relays and Electrical Equipment Ltd., Slough,ﬂEngland).
This device automatically passes the specimen through a series of
baths which, firstly dehydrates the spe01men by immersion in graded

,alcohols, secondly replaces the alcohol in the specimen with an 011
capable of dissolving paraffin (ie, xylol) and finally saturates
the specimen in melted par;ffin wax, the entire process faking L8
hours. The paraffin saturated tissue was then ready for embedding.

The épecimens were placed on a thin film of semi-liquid
paraffin iﬁ a small mold and orientated to allow transverse séctions
to bé obtained. The mold was then fllled Wlth liquid paraffin
which was allowed to cool and harden. The embedded specimens

- could be stored at this stage. : S |

The sections were cut using a Rotary microtome (Lab., Tek.

Rechert, Austria) with the microtome knife set at a cutting angle
of SO; The knife was sharpened before eéch batch cf specimens in
a Shaﬁden Elliot Automatic Knife Sharpener MkII.  The tiésue block
faceé was prepared by removing a series of thin sections. As soon
as two good quality thin transverse sections (_%pm) of the specimen
were obtained the section thickness control was altered and a thick
transverse section (°7uﬂ - zC}ux) of the tissue was cut. The two -
sections were floated out on a bath of warm water and then picked

uwp on separate microscope slides.  (Adhesion of the sections to the



120

microscope slides was ensured‘by fir§t cdating one side of-the clean
slides with a thin film of egg albumin). Initially only two pairs
of thin and thick sections were cut, the remaining tissﬁe being |
stored for future reference. The mounted sections were then left
to dry on a warm tray.

After drying the two thin sections were stained up and pre-
pared for observation usingvstandafd histological techniques. One
tissue section was stained with Hematoxylin and Eosin (H & E) and
the other section was stained wifh Acid Orcein and Giemsa  Stain
(A0 & G). The staining procééures used are shown in Appendix C.

Hematoxylin and Eoéin is a stain commonly used for 1abe11ing
sections of tissue. It results in the éollagen-being sfained pink,
fhe cell nuclei blue and the cell cjtoplasm pink. Acid Orcein and
Giemsa is axrecommended stain for labelling elastin fibres. - In
sections stéined with AO & G the élastin fibres are dark brown or
black; the collagen rose-pink, the cytoplasm of epidermal cells
light blue and tﬁe nuclei deep blué. (Pinkus, 1969).

The thick section of tissue was prepared for observation with
the S.E.M. using a different technique to thét described in section
3ele The tissue was first de-waxed by immersion in 2 successive
baths of xylol, for 5 minuteéhin each, aféer which they were placed
in a bath of acetoné. Prior -to insertion in the S.E.M. éll
specimens réquire to be mounted on small metallic pedestals called
specimen stubs. - These are circular’aluminiumbplates appfoximatelyv
1 ¢nn in diameter, which have a small projectiqn on one face which
is used to locate the stub in the specimen stage of the microscope.
The specimen stubs were prenared for receiving the specimens by

painting the surface of cach stub with conducting Silver Daz 915
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(Archeson Colloids Ltd., Plymouth) which was then allowed to dry.
Whilst the tissue sections were immersed-in the acetone they were
detached from the microscope slides using a gobd quality artist's
paint brush. | The specimen could theﬁ be picked up on the paint
brush, removed from the acetone and positioned on the Silver Dag.
Adhesion was obtained in a few seconds by the evaporation of the
acetone carried over. There was a drawback to-this procedure:
if too thick a coat of Silver Dag was applied to the étub,'or it
was not allowed to dry completely, the tissue specimen would become
.impregnated with the silver. "This obscured.the finer details of
the tissue fibre arrangement and made direct comparison with the
thin stained sections difficult.

After the acetone had completely evaporated from the tissue,
the specimeg vas coated with gold/paladium in the same way as that
described in section 3e1.5., and could then be viewed with thé S.E.Me

L.,5., Tissue Biopsy Microscony Results

Ten sets ofvserial, scar tissue biopsies were obtained from
- patients undergoing pressure therapy. Because of -the limiéed fime
period available-and-the high degree of patiené cooperation required
not all of the sets were complete in as much that they included pre-,
during and post-pressure therapy scar tiséue biopsies. Only one
patient successfully completed the course of pressure therépy during
the period of investigation, élthough several patients had reached
the plateau phase. (See section k4.2.)

A training in histology/pathology and much experience is
required to fully interpret sections prepared for light microscopy.
tlovever, the major features of collégen orientatioﬁ, vascularity

and degree of cellularity can be discerned by the novice and



Fig 438... 250ym. 8 week old hypertrophic scar, partial thickness
showing friable epidermis and orientated mid-dermis fibres.

Fig-4.9. ¢ - looyn. L.M. of scar shown in Fig-4.8., showing
high concentration of cells within the dermid. (H&E).



Fig-4.10.. ., . 25ym. Magnification of mid-dermis in Fig.4.9.
showing spindle shaped fibroblasts in orientated band
of collagen fibres. (H&E).

Fig.-4.11_,———— , 250ym. S.E.M. of normal skin, patient 1, with
fat cells in the deep-dermis.



Fig.-4.12_. 4 [100ym. S.E.M. of normal skin, patient 2, showing
a section of a sebaceous gland.

Fig-4.13.1i——- looym. L.M. of normal skin, section adjacent
to Fig-4.12. (H&E).
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observations of this fype have been madé Sy the author and‘?sed fo
help interpret the scanning electron micrographs of the scar tissue.
The relative age of the scars studied (ie, age from the time
of injury) varied from several weeks to approximately one year.
Only one "true'" keloid was studied - the scar tissue having exceeded
_the original wound boundaries;
.All micrographs shown are of transverse sections. Due to
operatof difficulties, not all of the biopsies obtained were of the
full thickness of the scar tissué.

-4,5.1. Tissue micro-architecture before commencement of pressure

therapy. Fig. 4.8. shows a partial thickness biopsy of an eight
wveek old, un-treated hypertropﬁic scar as seen with the é.E.M. The
friable epiﬁermis has partially lifted away from the dermis. A
band of higﬁly orientated fibres is visible beneath the éapillary
layer. o

Figs. %.9. and 4.10. are light micrographs of an adjacent
section stained with H & E. The épidermis is thicker than in normal
" skin and again the stratum corneum has partially separated. The
tissue exhibits a high degree of cellularity and the spindle‘shaped
fibroblaéts are easlily visible in the band of orientated collagen
fibres (Fig. 4.10). Blood vessels traveiling perpendicularly
towards the skin's surface are also visible with diaméteré of thcv

order of 9/u.m.

k,5.2. Yicro-architecture of normal skin. The micrographs

presented in the following three sections are taken from two
patients: patient 1, fitted with a pressure glove for a hypertrophic
scar of the back of the hand eipht months after injury; patient 2,

fitted with a pressure vest for hypertrophic scars on the chest

P X



Fig-4.14 ., ,250pm. S_.E_.M. Hypertrophic scar after two months
pressure therapy, patient 1. Tight packing of fibre bundles.

Fig-4.15.,————- . looym, L.M. of adjacent section to Fig-4.14.

showing thick stratum corneum and large diameter blood
vessels. (H&E).



Fig-4.16.. , 25ym. Magnification of dermis in Fig.4.15. (H&E).

Fig.4.17 . «————— - 250ym. S_.E_.M. Hypertrophic scar after 3 months
pressure therapy, patient 2, showing nodular like arrangements
in the papillary layer.



Fig-4.18. ( , 50ym. Magnification of nodular-like region in
Fig-4.17., showing possible blood vessels separating nodules.

Fig-4.19.« i 5ym. Magnification of vessel in Fig-4.18. with
red blood cell attached to wall.
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fourteen months after injury.
Figs. h.11. and %.12. show S.E.M4. micrographs of biopsies of
normal skin taken from patients 1 and 2 respectively. .The adjacent
’section to that shown in Fig. 4.11;, stained with H & E is shown in
Fig. 4.13. The fine network of fibres making up the papillary layer
are visible in all three sections, as are the more coarse randomly
arranged fibre bundles of the dermis. Fig. 4.11. also shoﬁs some
fat cells of the hypo-dermis, and a section of a sebaceous gland is
discernable in Fig. k.12, |

4,5,3, TFarly stages of vressure theranv. Fig. 4.14. is the S.E.M.

micfograph from patient 1, two months after commencing pressufe
therapy.> Figs. k.15, and 4.16. are light micrographs from an
adjacent section. Note the thick stratum corneum, slightly
separated grom the remaining epidermis. The fibres of the mid-
and deep dérmis are arranged in tightly pagked bundles with a
predominant orientation in the pléne of the section. Large blood
vessels (in the ofder of 1§um.diaméter) can be seen in the clefts
between the fibre bundles. ~

Nic:ographs of patient 2, three months after starting pressure
therapy are shown in Figs. 4.17. = 4,19, (S.E.M.) and Fig. 4.20. (L.M.)
Here the tissue has been scctioned at an éngle to the preferential
diréction of orientation of the collagzen fibres. Of particular
interest are the ncdular like arrangements in the papillary layer
(Figs. k.17., %.10.).  Using the S.E.l. it was not possible to
identify these channels although occasionally red blood cells were
found adherriné to the walls (Fig. 4.19.). _The sections stained
for 1lizht microscopy, hqwéver, showed that these wére blood vessels

with diameters of up to 25 M.
1



Fig-4.20.———— JLOOum. L.M. adjacent section to Fig.-4.17., showing
channels in superficial dermis are in fact large diameter
blood vessels. (H&E).

Fig.-4.21. _ i 200ym. S.E_M. Hypertrophic scar after 8 months

pressure therapy, patient 1. No significant change in
dermal architecture.






Fig.-4.22. . i 100ym. Magnification of epidermis and superficial

dermis in Fig-4.21., showing large diameter blood vessels.



Pig.4.24. 1 i 20]iin. S.E_M. Hypertrophic scar after 8 months

pressure therapy, patient 2. No significant change in
dermal architecture.

Fig.4.25. . ——- 50ym. Magnification of epidermis and superficial
dermis in Fig.-4.24_, showing similar blood vessel pattern
as in Fig.4.22.
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Althouzh a large number of fibroblasts are still visible with-
in the dermis they are less numerous than in the untreated scar tissue
(Fig. 4.15. as compared with TFig. 4.9.).

4.5.4. Micro-architecture durins intermediate/late stacses of

pressure therany. TFigs. 4.21. - 4.23. are micrographs of patient 1,
eight months after starting pressure therapy. Figs. 4.24., 4.25. are

micrographs of pétient 2, égain eight months after starting pressure

therapy. MNo significant changes are visible in the dermal fibres

_micro~-architecture, but both sections show large diameter_(of the

order of Zme) blood vessels travelling towards the skin surface
into dermal papillae where they change their direction to run
papailel to the scar's surface. (Figs. 4.26., h.27.). ~Similar
blood vessels are also visible in éhe deep dermis (Fig. 4.28.).

4.5.5. Bléod vessels. An extreme example of these large blood

vessels is shown in Fig. 4.29., which is from a sixteen month old,
untreated hypertrnrhic scar. The scar was clinically diagnosed as

still being in the'active’phase with all the characteristic symptoms

_of tenderness and rubicundity. Tig. 4.30. is a magnification of

the papillary layer of a section adjacent to that shown in the
previous figure. The approximately 2%Pm_diameter vessels are

clearly visible travelling perpendicularly towards the epidermis

.where they then loop around to travel parallel to the dermo-epidermal

Junction for an unknown distance before presumably turning down into
the dermis arain. A micrograpn taken at hicher magnification of one
of the vessels just beneath the epidermis is sﬁcwn in Fig. 431, A
section stained with AO & G to denmonstrate the.presence of elastin
fibres shouws a partial section Qf a blood vessel loop (Fig. 4.32.).
Because of the inexpertice of the author all cections stained with

.o

AO & G were over-staiaed so that it was not possivle to positively

C ot



Fig-4.26.1 i 25ym. L.M. Blood vessels within papillary layer,
section adjacent to Fig.-4.21. (H&E).

Fig-4.27.i—----. 25ym. Similar blood vessels in distinct papillae

within papillary layer, section adjacent to Fig.4.24.
(H&E) .



Fig.4.28. < il00Oym. Dennis of 8 month pressure treated scar
patient 1, Large diameter blood vessels also visible
in the dermis. (H&E).

Fig-4.29. i— 1 500ym. 16 month old untreated hypertrophic scar.
(S.E.M).
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Fig.4.30. 100W. Magnification of blood vessels in the

papillary layer.

Fig.-4.31.» , lovim. Blood yessels cut obliquely,
dermo-epidermal junction.

just beneath
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identify elastin fibres).
The three-dimensional junctions betwcen these blood ve;sels
are shown in Figs. 4.33. and 4.34,
. Although blood vessels were visible in the mid-, and deep-
dermis they were neither S0 numerous or so well defined as those
seen in the papillary or superficial layer. (Fig;‘h.BS.).

4,5.6. Micro-architecture post pressure therapy. As stated

previously only one patient had successfully completed the course
of pressure therapy during the limited study time period.. This
patient had hypertroﬁhic scar tissue on both.hands with associated
webbing and contractures of the fingers. (Fig. 4.76.). After 24
months the scar tissue had remodelled to such an extent that the
tissue was pliable and sympfom free, and the contractures of the
fingers wer; considerably relieved. (Fig. 4.37.). The patient
has subsequéntly had no recurrence of the hypertrophic scar symptoms
upon discontinuing the therapy. |

The S.E.M. view of the successfully treated scaf tissue is
. shown in Figs. 4.38. and 4.39. The large bundles of collaéen fitres
are no longer evident, in their place are smélier groups of fibres
arranged in a less comfact manner, similar to that seen in a normal
mature scar.

There is no evidence of the profusion of large diameter blood

vessels visible in the still Mactive" scars.

4,5.7. Micro-architecture of keloid scar tissue. Only one of
the scars observed was diagnosed as being a true keloid. The patient
suffered a minor burn of the deltoid region of.the arm at the age of
fifteen months. This healed sponténeously, leaving a scar approxi-

mately the size of one new penny. At the age of eight years the



Fig.4 .32, , 100ym. (L.M.) Partial section of blood vessel
loops. (AQ&G).-

Fig.-4.33.« , loym. S_E._M. Branching of blood vessel.



Fig.4.34.. i 10ym. S.E.M. Three-dimensional branching of blood
vessels.

Fig,4.35.«<———-1 20ym. Blood vessel in the mid-dermis of section
shown in Fig-4.29.



Fig-4.36. Hypertrophic scarring of both hands (untreated), scar
tissue is inextensible and joint movement is severely
limited by contracture webs between the fingers.

Fig.-4.37. After 24 months of pressure therapy. Scar is pliable
and stable, contracture webs have remodelled resulting
in a considerable improvement in joint movement.
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lesion was of such a size that it was excised, the resultant defect
grafted and a course of Adcortyl cream prescpibed. ’

The patient was first seen by the author four years after
excision of the scar, duringlwhich time the scar had returned and
increased in size until it was approximately 35 m.m. in diameter
and 8 m.m. thick.

Only one biopsy, before commencement of treatment, was
obtained from this scar, but the micrographs obtaiﬁedvhave béen
included in this discussion sincé fhey show the only evidence of a ‘
_foreign body (hair and keratiniéed material) reaction seen in the”
author's study of hypertrophic scar tissue. (See section 2.5.6.).

Figs. 4.40., .41, show a conglomeration of hair shafts and
cellular material, buried beneath the epidermis of the scar. At
least two haér fragments are clearly visible. (Fig. 4.41.)..

The adjacent section viewed.with the ;ight microscope,
unfortunately only showed a remnant of this abnormal formation
(Figs. 4.42., 4.43.) with no hair shafts evident, but an accumulation
- of cells still visible. |

The deep-dermis of thebscar did not diffef significantly from
that of other,‘hypertrophic, scars.

4,6, Summary

A seri;s of specimens of hypertrophic scar tissue were obtained
from patients undergoing vressure therapy. Biopsies were taken
initially using a purpose designed motor driven rotary biopsy puach,
and later using a hand-driven commercial skin punch (Stiefel Labora-
tories (U.K.) Ltd., Slouzh. |

Adjacent thick (2%un and thin (Spfo sections were cut and

prepared for viewing with an S.E.M. and a light microscope respectivelr.



Fig.-3.38. «—-——* 50pm. S_.E_.M. Hypertrophic scar post-pressure
therapy. Epidermis and superficial dermis.

Eig-4.39, ——— . 50pm. Mid-dermis of scar shown in Fig.4,38.
Large fibre bundles characteristic of an T"active”
hypertrophic scar have remodelled to give a micro-architecture
similar to that of mature scar.



Fig.4.40.. > 200ym. S.E.M. Keloid scar, with encapsulated
hair fragments in the mid-dermis.



Fig-4.42. » 100ym. (LM). Adjacent section to that shown rn
Fig-4.40. Hair fragments are absent in this section,
but accumulation of cells is still visible.

Fig,4.43 25ym. Magnification of region in Fig.4.42
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Sections of scar tissue taken before commencement of pressure
therapy showed the friable epidermis and dense packing of the dé}mal
collagen fibres indicative of active hypertrophic scar tissue.v A
far higher number of fibroblasts were viéible in the scar fissue
tﬁan in the normal skin.

Although there was no easily discernible change in the fibrous
micro-architecture in the intermediate stages of the pressure therapy,
the population of fibroblasts decreased.

Large diameter (in the order of 23»"0 blood vessels were
_observed:in the papillary énd”superficial defmal layers of the still
.active scars. These travelled perpendicularly either towards 6r
away from the epidermis whére they turned through 90o to travel
- parallel to the dermo~epidermal juﬁctibn for sdme unknown distance.

Afteﬂ}a successful course of pressure therapy the fibrous
micro-architecture was similar to that seen in normal mature scar
tissue, and there was no further evidence 6f the presence of abnor-

mally large blood vessels seen in the active scars.
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© CHAPTER 5

- IN-VITRO MECHANICAL CHARAClTERISTICS‘ :



B0

5.1, Introduction

Thé skin, in acting as a container for the body, is constanfiy
under ténsion. These tensional forces, which vary both between
individuals and between different sites on thélsame bpdy, have been
mapped out by vari&us researchers and can bé grouped ﬁnder the
general heading ovaines of Skin Tension (see section12.6.). The
extensibility of the skin is much greater;in the direc&ion perpen=
dicula: to the }ines of tension than along theh, and fhis is
reflected in the fibrous micro-architecture of the tissue.

Histological studies have demonstrated that the'collagéh fibres
of the mid-dérmis show a "preferential orientation" along the liﬁés
of skin tengion, and the elastin fibres perpendicular to the tension
lines are grranged in loose coils in.comparison with the more
.extended eléstin fibres at right angles to these. (Flint, 1975)f

| The mechanical properties of the skin are dependentﬁﬁbgﬁ the
physi&al propertieé of thé gxtfa-éelluiﬁr m;terialé and their
peculiar wmicromorphology. Thus the extenéibiiity‘§f fhe skin is
. limited to that'alléwed‘by the defdrmafion of the fibre network,
which is in turn determined by fhe fibre configuration in the |
t{a;stfaiiéd condition (Bfo&ﬁ, 1973). T
| This interrélatiqnship between mechahiqél properties and fibre
configuration has begn:investigated by the aﬁthor éﬁr hypertrophic
scar tissue. Specimens offscar tissue have been subjected to known
st;ainé, at known strain rates, in order to obfain'their stress/strain
relationship; and then they have been chemicaily fixed whilst in the
sérained condition so that the response of the‘fibre‘configuration to
the loads could be observgd. The results of bogh the tensile tests
and the subsequent histological observations are presented in this

chapter.

B 8
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5.2. Specimen Prenaration

It was decided that the minimuﬁ specimen aréa required to gi;e
meaningful measurements of the mechanical properties'of'the hyper-
trophic scar tissue was approximately a square, 3§.m.'3 Jcem. This
specimen area would Héve'permitted two sets of tissue ;trips, at
_ right angles to one another, “to be prepared such that a mean stress/
strain curve with standard dév1at10n measurements could be obtained
for each scar spec1men.»_ ,

* However areas of tis?ée of‘thisvsize were not routinely
: excised unless the scar(waé cahsing’considerable functional disable-
mgnt to the patient. Therefore those scars that were excised tended
to lie in the region of a 301nt, and to consist of a contracture web
of tissue that could not have been effectlvelj re-modelled by the
\

surgical teéhnique of performing a z-plasty.

5.2.1. Specimen excision. . Five specimens of hypertrophic

scar tissue of a suitable siée were obtained. These varied in
shape depending upbg the original Sody site of the scar, and the
- severity of the contracturg; Scale diagrams of the specimens are
shown in Fig. S5.1. As”Qith”the sﬁecimensloﬁtained for routine
scanning electron and light‘ﬁicroécopy; detailed records were kept
of both the patients' relevant past case historytand the specimen
preparation protocol ﬁéed. f |

Vhen observing &hé mecﬁanical prd?éf;ies of a viscoelastic
material, the underlying requirement of the preparation,prqcé&ure
isnthat the material be handled in a non-traumatic standardised
manner. The precise "state of strain" in a tlSSue ‘is unmnown as
loading histories cannot be determined, but the majority of tissues

exist in a state of pre-strain. . It is essential to the study of
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mechanical function that some measure of pre-strain be optained.

The instantaneﬁgs value of pre-strain is dependent on body
position. Thi$4is normally related to the '"'neutral" position where
the body is prone with the aﬁterior surface upyermost. This body
position serves to define the resting state in skin,_

'Of’the five specimené obféined, three Wére from the axilla and
two from the front of the neck (Fig. 5.2.). - Because of these dey
sites it was imﬁoséible for the scars to be excised whilst the
’ patient was in the "neutral" posifion.v -Instead the neck, or arm
. of the patient had t6 be extenééd as far as the rigidity of the scar
tissue would allow to permit access to the area of interest. o

To measure the amount of pre-;train‘imposed on the scar by
this positioning, before thé area was excised a grid system of points
(in a 1c.m. charation lattice) were tattooed on the scar surface
using a flexible stencil and a sterile hypo@ermic needle w?ich had
been dipped.in a sterile dye. The specimén was then excised and
~ placed epidermis uﬁpermost on a piéce of pofous cardboérd and the
- distance between the tattooed points measured.

No appreciable contraction of theLScar.spécimens was;measured.
This was felt to be due to the high degree of rigidity of the tissue
and to the fact that where possible thé cohtracture web had been
excised intact with a surrounding border of either normal Skin, or
"normal" mature scar tissue.

The defect left after excision of the scar was larger than the
area of tissue removed since the wound edges were able to retract
upon the removal of the tension caused by the éontractﬁre band, and
since the head/arm could be moved throuchout its normal rance. ~ The

wound was then resurfaced with an auto=-graft,
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Immediately after the measurements to determine whether the
tissue had been under a pre-strain the specimen was covered with a
moist swab and placed, still attached to the cardboard which prevented
the specimen from bending, in a plastié bag. All the specimens were
placeq in a deep-freeze within one hour from the moment of excision,
and stored at approximately -20°C until required for-testing.

(Maximum period of storage was one month. This method of storége
had long becn established within the Bioengineering Unit, and was

felt not to give rise to any adverse artifacts within the tissue.)

5.2.2. Specimen cutting and mountinc. Specimen dimensions

of width 3m.m. and gauge length 10m.m. were chosen to allow the
maximum number of strips to be obtained from each scar tissue
specimen, whilst still giving meaningful results. The ends of the
tissue striﬁs were not flared out to give the maximum area for
gripping since this would have seve;ely cut down the number of
speciméns. |

Two sets of specimens were prepared from each scar sample:
.one set (Set I) orientated in a direction parallél to the contracture
band, and the other set (Set II) at right angles to this. The
presence of a contracture band passing through the scar sample did
mean that the thickness (epidermis té hypodermis) of the strips
varied both between individual strips, and over the gauge length of
those specimens prepared at right ancles to the contracture band.
This disadvantage, however, could not be avoided and since the object
of the tests was not to absolutely quantify‘the stress/strain ;
relationship for the h;pertrophic scar tissue Sut rather to observe
the inter-relationsiip betwecen the hypo-extensibility of the tissue

and its fibrous micro-architecture the observations for those strips

B §



Jig 1. Jig Il.
Pig.5.3. CGripping apparatus. Jig | used to maintain initial

and final gauge lengths. Jig 1l used to grip the
specimen during the mechanical tests.

Fig.-5.4. Jigs I and 1l assembled together as for a test.



of varying thiclmess are included in the results.

The number.of tissue stripsiin-oach groub Qas defermined by -
the specimen's shape and dimensions (Fig. 5.1.). Set II were cut-
first, and tﬁeir number waé chosen to leave sufficient length of
tissue for Set I to be cut.  The tiosue sfrips were cut all together
using a set of dermatome blades mounted in a simpie jig which kept
the blades parallel to one another and separated by the chosen éauge
width of Bmems - . .

"~ The scar specimens were removed from the deep~freeie and
' allowed to thaw at room temoorature, being kept moist continuously.
Aé soon as the tissue'was soft enough to cut (i.e. before it hod
fully thawed and whilst it was otlll rigid enough not to distort
under its own weight) the tissue strlps were excised and then
allowed to thaw out completely.

In‘general, connective tissues are difficult to grip and rarely
can a slip-free attachment be obtained. - The grlpp&no of the hyper=-
trophlc scar tigsue vas made even more dlfflcult by the thickness of’

- the specimens. = (Ranging from 3m.m. to 9m.m.). . Purpose-designed

grips have been evolved over the yeérs in tho Bioengineering Unit,
and these had to be further modified to accept the scar tissue.

The grips form part of a test sysiem designed to maintain the
dimensions of the skin specimen both prior to experimental loading
(i.e. in its wastressed condition), and after the loading programme
has been completed (i.e. vwhilst the specimen-is in a stressed
condition.) The complete gripping appafatus consists bgsioally of
two separate jigs. (Figs. 5.3. and 5.4.).A

The first jig (jic I), which is in direct contact with the

tissue is used initially to grip the specimen and maintain its
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&imensions, including the’correct gauge length, prio: to loaaing.
Once the tissue has been mounted the compiete assembly is placed
onto the second jig (jig II) whosé purpose it is to grip fhe specimen
during the test. After fhe loading programme the first jig is then
again used to grip and méintain the specimenbin its stressed condition.

Pieces of extremely coarse, waterproof sand paper were glued
to the inner faces of the grips of jig I to provide extra cohesion
for the tissué.

Surplus pieces of scar tissue were used in trials to determine

the best way to grip the spédimens. Because of their high thickness

to width ratio thé samples‘teﬁded?to twist over as soon as Pressure
was applied to the grips. To ppevent‘this distortion and to give
enough rigidity to the tissue so that it could be easil& handled,
each tiséue strip was immersed in liquid Nitfogeﬁ immediately prior
to being'mounted. The frozen samble could then be correctly
positioned on jig I, and pressure could be applied gradually to the
grips by tightehing the knurled séfews as the tissue thawed out. ‘In
this way the majority of the samples were firmly gripped with minimum
twisting of the gauge length. | |

Jig I, complete with mounted scar specimen was then placed onto
the second jig. The free grips‘of jié IT were locafed over the
clamping studs, andithe normal force su?plied by the helical springs
(see Figs. 5.3. and S.4.) transferred to,them by rotafing the knurled
precompressing screwé. The compléte assembly was then mounted in
the Instron test machine. (Instron Ltd;, ﬁigh Wycombe,)

Once mounted on the test machine the lower grips of jig I could
be released to allow the specimen to extend with the applied lcad.

(The grips of jig II now supplying the necessary pressure to nold
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the specimen firmly.)

53, train Measurements

Strain measurements were taken using a non-contracting exten-
sometric technique. Prior to mounting a grid was drawn on the -
specimén's epidermis, using a blunted scalpel blade and waterproof
printers ink. Sequential photographs of the mid region of the
sﬁecimen weré taken during the test at known loadé, and an accﬁrate
measure of strain could then be obtained from an anélysis of the

photogréphic negatives.

5,4. Mechanical Testiﬁg Protocol

Specimens were tested whilst being immersed in isotoﬁic'
Ringer's solution at a temperature of 379 £ 1°%. An environment
chamber aftached to the Instronicontaingd the solution. The
chamber qad ﬁlate glass sides through which the optical straig
measurements could be made, and a storage tank in which the liquid
could be heateds A pump in the taﬁk en&bled the chamber to be
filled, and provided the circulation necessary to maintain the
~working temperature.

-

S.4.1. loadins and straininec seauences. A constant strain

rate of O.3c.m. per minute was used throughout. (This gave an
extension rate of approximately 30% per minute.)

Skin is a highly viscoelastic material and as such it possesses
a memory. beformatioﬁs imposed on the tissue at the time of excision
or subsequently, will influence the resulis of any mechanical tests.
To attempt to standardise this memory oflany prior loading, the
specirmens of scar tissue were "ereconditioned" by repctitivéiy
loading and unleading the sample, Genefally with repetitive loading

the extension produced by a siven lead increases with each cycle

- b,
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until an eesentially stable characteristic is obtained - at which
point the tissue is said to be "preconditioned."

Each scar specimen was cycled up to the maximum load of 1 Kg.,‘
three times before the finalistress/strain characteristic was
measured. (The maximum load of 1 Kg. resulting'ia a,specimen
'iekfeﬁsion well into the third phase of the_tisSue'svstress/strain
characteristic.) | M
’ Since the scar tissae miero-architecture was totbe observed
'"whiist it was in the Straipedvcendition, the Instron cross-heads
were stopped after the foaréh and final loading and the strain
maintainede‘ The scar tissue exhibited a degree ef stress relaxa-

tlon whlch was qulte pronounced 1n1t1a11y, but which. decreased with
time. . Each spe01men was allowed to relax until the stress reached
a platea& at which point the grips of jig I were re-attached to the
lewer ‘end of the specimen, thus preventing it from contracting on
removal from the Instron.

Jig IT was then removed, and "the opec1men still maintained in
-its strained condition by jig I was immersed in a bath of flxatlve

(1055 formol saline). The jig was released when the tissue was

sufficiently‘fixed not to contract on removal of the mechanical

support (after a time period of approximately four hours.)

5.5.’ S.B,M. Cbhservation

o then the strained scar tissue stirips were fully fixed sections
were'prepared for observation‘with an S.E.ll.° Three sections were
prepared‘from each piece of scar tissue., The first section was cut
transversely to expose the full thicuness of the scar tissue in the
direction parallel to the strain’axis. The redainin; two sections

were cut horizontally to expose the mid-, and deep~-dermis of the
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Fige 5.5. Pre-conditioning of speciman prior to testing.
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scar, respectively. All sections were cut using a hana héld derma-
tome blade.

Un~strained sectioné of the scar tissue were élso prepared
for micro~structural analysis.

’After cutfing fhe specimené were prepared for observation with
thevs;E.M.-using the tissue prepération protocoluoutlined in Chapter

3, sectiong 3.1.4 - 5,

5.6.: Mechénical Results

v‘?iveispecimens of hypertrophic séaf tissue were obtaiged from

patients'ﬁ;dergoiﬁg suréery’for-the correction of a contracﬁﬁre
deformity - three specimens were from the axilla and two from the
front of the neck. (Fig. 5.2.). ‘

Eachjpiece of tissue was aivided:into two sections, and strips,
"~ of a coﬁgtaﬁt width of 3m.m., were cutffrom each section. Ong group
‘6rientated parallél to the main contracture axis and the other group
at right angles to this (Fig. 5.1.).

The ;pecimens were then subjected to a programme of straining
. cycles, at:a constant strain rate of 36% extension per minute on an
Instron tegt machine (Instron Ltd., Higﬁ Wycombe, England). On
completioﬁ of the programme the specimeﬁs were maintaihed in their
final maximum strained condition using a special jig, whilst they
vere beiﬁg‘chemically fixed. A

Sections of the straingd scar tissue wepe'then prepared for

observatiocn with the scanning electron microscope.-

5.6.1. ' Pre-conditionins. The load;stfain grarh from a

q

typical pre-conditioning loading cycle is shown in Figz. 5.5.
The load-strain characteristics of the first loading cycle

display greater initial stiffness and a less distinct elbow than

C o,
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Fire 5.7. In-vitro mechanical characteristics, 5 year old hypertrophic scar,
parallel (/) ) and perpendicular ( | ) to the contracture axis. '
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Fige 5410, In-vitro mechanical characteristics, 5 year old hyperti‘opbic scar,
parallel ( [/ ) and perpendicular (] ) to the contracture axis.
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subsequent cycles (sce section 2.6.2.). Thereafter the increase in
" extension with repeated loading becomes less and by the fourth cycle

stabilisation is apparent.

‘5.6.2. Stress-relaxation. TFig. 5.6. shows an example of the

stress-relaxation effect exhibited by all the specimens of hyper-
trophic scar tissue tested. The relaxation of the load required to
- maintain a cqnstant'extension, though initially quite rapid, soon |
reached ayplateau. All test strips Qere left to relax for at least
fifteenvminutes, after which time the load-extension trace was well
into the plateau phase, and chemical fixation could be commehced
without the danger of further significant relaxation of the tissue.

5.6.3. Load-strain characteristics. An average of four tissue

stfips from each section of the scaf samples were mechanically tested.
The mean results for each section of hypertrophic scar tissue are
shown in Figs.v5.7. - 5.11. The three distinct phases of the load-
strain curve characteristic of normal skin are absent in the load-
strain graphs of the hypertrbphic scar tissue. Most noticeable is
_the aBsence of the initial lax phase where in normal skin large °
strains of the order of 25% to 60¢% are p;oduced by only shall
increases in load. Instead large loads are required to produce even
a minimal amount of extension.

The second phase of the normal skin characteristic is also less
appreciable in the scar tissue characteristic. There is no distinct
"elbow" in the curve wherc the graph changes from large extensions
with small increases in load to a stiffer characteristic, btut rather
there is a much more gradual increase in stiffness, and it is

difficult in some cases to asceriain where phase one finishes an
S an

phase three begins.,



Fig.5.12._. »200ym. Transverse section (TS), unstrained
scar with fibre bundles orientated out of the plane
of the micrograph.
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In.generai the scar ti;sue is much more inextensible %han
normal gkin, wifh a maximum strain of the order of 5% to 20% being
achieved with a load of 1 Kg. |

All the pieces of scar tissue tested exhibited an anisetropy
in their load-strain characteristics. | For those camples of scar
obtained from the ékilla the tissue was mﬁre inextensible in a
direction parallel to the visible contracture band than at right
angles to it (Figs. 5.7. = 5.9.). However, for the two samples of
tissue obtained from thg front of the neck the scar was less exten-
-sible at right angléé to the contracture axis (Figs.v5.10.,'5.1j.).
This observation will be further discussed in Chapter 7, section

7.1 020

5.7, S8.E.!., Results

\

) On completion of the mechanical testing and chemical fi#ing
ﬁrogrammes, each tissue strip was divided into three, and prepared
for viewing with the S.,E.M. One full thickness transverse sectlon,
and two horizontal (one sape”f1c1;l and one deep) sectlons were
" prepared.

Full thicﬁness transverse sections of the unstréined scar
tissue were also prepared. These possessed a micro-architecture
corparable to that previously described in éection 3.3. as being
characteristic of hypertrophic scar tissue. TFig. 5.12. shows the‘
dermal rezion of a full thickness transverse section, with the large
bundles of collazen fibres showing a preferential orientation normal

to the plane of the microzrapi.

After the completion of the mechanical tests it was found that

0]

this axis of "preferred orientation” of ih e collazen bundles wa
marallel to the direction in which the scar tissue was the leas:

cxtensible.



Strained section parallel to contracture axis. (15) .

Fig.5.14.,-—-—--_ 50ym. <—» LOAD AXIS, 4——» CONTRACTURE AXIS.
Magnification of papillary layer. Alignment of fibres

and orientation in scar surface pattern along the
load axis . (s)-



(TS) Orientation of fibres of the mid-dermis.

Fig.5.16..-——_50ym.«— » LOAD AXIS, «--» CONTRACTURE AXIS.
CHS) Alignment of fibres with load axis.
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S.7.1. Micro-architecture parallel to direction of least

extensibility. Fig. 5.13. shows a transverse section parallel to

both the load axis and the axis of least ektensibility. On magni-
fication the collagen fibres of the papillary layer are almet
straight and are aligned along the load axis. (Fig. 5.14.). The
surface pattern of the scar tiésue is glso visiﬁle in this figure,
and it too shows a marked orientation. | \

Figures 5.15. and 5.16. show the fibres of the ﬁid-dermis of
a strained specimen seen in the transverse and horizontal sections
_respectively. Again there is a marked degree of orientation.

Figure 5;17.Iis a magnification of the side of é'specimen
originally cut to show the horizontal section through the super=-
ficial dermis. Sheets éf collagen fibres, arranged in lamellar
lake layers are clearly visigle.

S5e7e2e Micro-architecture perpendicular to direction of

“least extensibility. Fig. 5.18; shows a transverse section parallel

to the load axis, but perpendicuiér to the axis of least extensibility.
- On comparison with Fig.-5.13., which is at the same magnification, the
larger amount of extension in this specimen is evident, as is the
associated "thinning" of the spegimen.

To the right of the section shown in Fig. 5.18., in the mid-
dermis, there is a cleft in the tissue. On magnification (Fig. 5;19.)
this was found to consist of sheets of highly aligned collagen fibres
arranged in a septal like formation siﬁilar to those found Surrounding
a collazen nodule (see section 3.3.3.).

Figure 5.20. shows the fibres of the papillary léyer, and Fig.
5.21. the fibre bundles of the mid-dermis, seen in transverse section.

Vs . . . ot .
Whilst the papillary layer fibres are orlentated out of the plane cf

-,



Fig.5.17.e——0» 50um. View of side of ¥HS) shown in Fig.5.l16.
showing lamellar-like layering of dermal fibre bundles.

Fig.5.18. . 500um. ¢—»% LOAD AXIS, (0} CONTRACTURE AXIS.
(TS) Section strained perpendicular to contracture’
axls. Compare degree of extension with that show in

Fig.5.13.




. | Fi1g.5.19.——s 50um. =P LOAD AXIS, ( CONTRACTURE AXIS.
= ) (TS). Magnification of fibres around cleft in Fig.5.18.
= arranged in septal like formation.
i
s ~. ~-\
i
Fig.5.20, . Soum. 4—» LOAD AXIS, (O CONTRACTURE AXIS.
R (TS) Papillary layer fibres orientated out of the
PR S Plain of the micrograph. .
' i
. :#

-



Fig.5.21.. . 50ym. «———» LOAD AXIS, Q  CONTRACTURE AXIS.
(S) Mid-dermis fibres orientated more obliquely than
the papillary layer fibres.
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the micrograph the mid-dermis fibres have been cut more obliquely,
this point will be discussed in more detail in the followiﬁg section.

The micro-architecture of the ﬁid-dermis as seen in a horizon-
tal section is shown in Fig. 5.22. There“is a distinct diagonal
pattern visible in the specimen demonstrating a_re;orientation
towards the load axis, and on magnification these are seen to be
large bundles of orientated collagen fibres (Fig. 5.23.). Fig.
S.24k. shows the hierarchical arrangement within one of fhese bundles
of individual collagen fibres groupéd to form smaller bundles, which
in turn are grouped into a large bundle.

5.8. Discussion ,

Clinically;'hypertrophic scar tissue is hard to the touch and
is stiffer than nofmal skin. If the scarred area is around a joint
-sévere flexion deformities can be formed. These contractures are
felt to be due partly to the contraction of the wound edges during
the healing process, partly to thé excessive fibrous tissue that is
laid dowh in the open granulating Space, and partly to the muscle
. pull around the joints (see section 2.8.&.).

Contractures which occur at the knees,'elbows and axillae
often take the form of webs of tissue which prevent exfension/ébduc-
tion of the limb. Three specimens of scar tissue from such contrac-
tureé of the axilla were mechanically tested, and it was found thaf
the scar tissue was more inextensible in a direction parallel to the
visible contracture web. (Figs. 5.2., 5.7. = 5.9.).

A distinct web of scar tissue over a joint contracture is nbt
always visible, particularly in such areas as the néck and hips.
Instead, a solid plague of scar prevents the full movement of the

joint. In these instances the direction of least extensibility is



Fig.5.22_ «——--< 500Vim. 4---» LOAD AXIS, | CONTRACTURE AXIS.
(HS) Mid-dermis diagonal pattern orientated towards
the load axis.



Fig.5.23.. . SOym. «———» LOAD AXIS, ~  CONTRACTURE AXIS.
(HS) . Magnification of mid-dermis Tfibre bundles in
Fig.5.22.

Fig.5.24.,———-- 2ym. Hierarchical arrangement of fibre bundles.
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not so epparent but is usually assumed to be the direction in which
the joint movement is most severely limited, i.e. 1n the neck the
contracturewls described as drawing the chin down to the chest, and
it is therefore assumed that the caudio-cranal axis is the a;is of
least extensibility.'

Two specimens of scar tissue from contraetures of the neck
were mechanicaily tested, aﬁd it was‘found that the direction of
least extensibility was not in the eaudio-cranal direction but
rather in the circumferenfial;direction.

It ie recognised that the mechanical p£0perties of normal .
skin are, in general, anieotfopic (see secticn 2.6.). The "Liﬁes
of Skin Tension'" have been mepped out for the body'and‘these lines
have been shown te be the.directions of both greater tensien and
1east extensibility within the skin. This "directionelity" is
also reflected in a "preferential orientation' of the micro-sfructure
of the tissue (Flint, 1976).

Figure 5.25. shows the lines of skin tension or Langers lines

. for both the axilla and the neck. (Taken from Figs. 2.25., 2.26.,

section 2.6.1.)s It can be seeﬁ‘that the directions of least

extensibility measured in the mechanical tests on the pieces of scar

tissue studied,ylie parallel to the direction of Langers lines for

those regions.

The load-strain curve che;acteristic for normal skin exhibits
three distinct phases of extensioe (eee section 2,6.2.). fhe
initial phase of a fairly rapid increase in length for very small
increments of force is ref¢ected in the mlcro-arcnetecture by a

straichtening of the undulating epidermis, and a re-orientation of

the fibres in the dermis tewards the direction of load. The second

e e R i
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Site of specimen excision

Fige 5.25. Diagram of Langer's lines for the specimen
‘ “areas wmechanically tested. '
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phase constitutes the elbow of the graph, and at this stége tﬁe
cells of the epidermis are becoming elongated;’ the papillary fibres -
afe beginning to compact anavthe dermal;fibres are straightening out.

When the scar tissue is loaded in the direction of minimal
extensibility the majority of the fibre bundles are already alignedk
parallel to the load axis. During the initial increase in load
there is an attempt at reforientation by those fibre bundles in the
dermis at a sligﬂt‘angle to the str;in axis,‘but, since the regular
undulatiogé of normal skin epidermis are abééﬁt‘ig the scar tissue
-the resultant extensibn‘ié minimal and.phase'one of the characteris-
tic is virtually missing.y |

Furtﬁer increa§es in load fortnormal skin would result in a
compacéing and stréightening of the dermal fibres. However, the
dérmal fibres of th; scaf,tissue»are already relatively straight
and compacted so that increases in'stréin only result in a slight
increase in extension depending upon the derree of fibre packing
in the tlssue (Figs. 5. 13. - 5. 17 ), and the resultant load-strain
- characterlstlc lacks anJ distinctive elbow or second phase in 1ts
curve, ‘ "

When the scar tissue is loaded in é direqtion perpendicular to
the axis)of minimum extensibility the‘majority‘of the fibre bundles
are at richt angles to the load axis. The regular'epidermal un@ul;-
tions are azain lacking, and a major re-orientation of the collarmen
fibre bundles unrourh 90 is impossible and théfefore phase one of
a normal load-strain characteristic is missinz. (See section 2.6.2.)

Due to *he nature of in-vitro mechanis 1 tests the sides of
the tissue strins parallel to the 1§ad axis are by necessity

unrestrained and therefore increases in load masnitude have a two-
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fola effect on the dermal fibre bundles. Those fibre bundles whiéh
a;; truly at right angles to thebload axis are flattened 6ut by the
forces so that their initially round cross-section becomes ellip;ical;
presenting a micro-structural picture similar to that seen in Fig.
5.18. |

However, for those fibre bundles at a slight angle away from
the perpendicular, because their ends ;re unrestrained there is
slipping of the fibre bundles (Fig. 5.26.). This results in an
increase in extension with increasing load and a thinning of the:

_tissue strip, giving a micro-structural picture similar to that

shown in Figs. 5.18. and 5.22.

[P



CHAPTER 6

IN-VIVO MECHANICAL PROPERTIES
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6.1. Introduction

-~

Thevoverall effect of pressﬁre therapy is an aéceleration of
the natural remodelling processes of the hypertrophic scar tissué;
The consistency §f an originally raised and rigid mass of tissue
changes within days of commencing therapy, Qith a notiéeable
shrinking in tissue bulk and softening in the scar. (Bauer et al,
1976). | |

,,\ A; the time of commencing this study no quantitétive data was
ayailable in the literature on the changes in the mechanical pro-
.perties of the tissue with pressure therapy; . Considerable expertise
had been acquired by researchers at the Bioengineering Unit, |
University of Stratﬁclyde, in the mechanical testing pf-human skin’
'in-vivo! (Gibson et al, i969; Finlay, 1970; Stark, 1970; Finlay
'énh BrQWn, 1971; .Stark, 1977.). It was,_theréfore, decided to
utilise this experience in an effort to monitor tﬁe chénges iﬁ
mechanical cha:acteristics of hypértropﬁic scar tissue with pressure
therapy. -

. 6.2. Patient Selection

The patients selected for the study héd to satisfy $e§eral
requirements. In order that the load/strain characterisﬁics of.
the scar tiscue could be measured along the three chosen ofientation
axes the scar had to be reasonabljulevel so that the load éould te s
applied in a direction parall¢1 to ité surface, and itkhad to be
large enouzh in area to permit thé‘attaéhmenﬁvof the extensometer
tabs alonz the sides of the cauge area.

It vas also decided to further limit the choiéé of suitable
scars to those overlyins bony regiéns of the body, since these‘areas

vere felt to obtain the maximum benefit from the pressure therany
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LOAD AXES

Fig. 6.13.0 ’

PATIENT B

ige. 6.1%. .
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- Diagram of test areus and load axes for in-vitro
mechanical tests.
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Fig.-6.2. "Quasi Static Extensometer.® - used to load skin

uniaxially at constant strain rate.

Fig.-6.3. Operating head of "Quasi Static Extensometer-
stain gauged cantilever arms of load cells.

showing
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because of the more conéfant‘pressuré vhich could be maintained by
the\harment'acting ﬁpdn this rélatively firm support.

Two patients were chosen, who satisfied both the abo;e co;di-
tions and fhe further requirements that the scar tissue Qas still in
its active phése and thét a course of pféésure theraéyzhad‘not yet

comnienced.

6.2.1. Patient recbrds; ' Patient A, was male, early twénties
with active hypertropnic scars of both hands folldwihg a burn injury.
The area monitored was the back of the left hand (Fig. 6.71a.).
_Patient B was again male, in his mld-thlrtles, with substantial
scarring of the chest i‘ollowmO a burn. The area monitored wés thé
right anterior a pcct of the chest over the lower portlon of the rib

cage (Fige 6.104).

'6.3. Instrumentat1on
. ] The 1nstrunentat10n used had been in use for some time W1tn1n
the Bloenglneerlng Unit, but had originally been designed and bullt
by b:. J.H. Evans (1967). |

This system, described as ak"Quasi‘Sfatic Extenso@etef," (Q.S.E.)
.had been modified.ovef the years and wa;\aéain modified by thé author.
The system is shown in Fig. 6.2. éﬁd 6.3. and %he viring diagram in .
Fig. 6.k. "

rnhe dev1ce applleo a kaown load in a unlatlal dlre§tlon to the
skin via double-s1dea adhe ive tape frow metal tabs (Fig. 6. 3 ).
Thlo load is transmitted to load cells within the strain gauced
canhllever bcanu Dj jeweller's chain, which enc1“cles the nullev
wvheels at the ends of the beams. A constant speea A.C. reversing

motor drives the two load cells apart and hence'applies extension

to the sitin via a flexible drive, a gear train and the counter cut
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lead screw to which the cells are attached.

The two load cells embody a full bridge, strain gauge load

measuring system, the output from which can be recorded on a standard
chart recorder.

v

6.3.1. Instrument calibration. To determine the load cell

deflection with load the system was set up as shown diagramﬁatically
lin Fige. 6.5. On application of given loads ¥, the lenzth L waé
measured using 'inside calipers!' and a micrometer. ‘fig. 6.6. shous
the relationship:obtained betweén the deflectiOnZSI,cms and the
-load W gms, from which the relationship, |
L mm = 0.04773 w‘gms.

was obtained.,

The Q.S.E. Qas calibrated before use by applying a succession
o} ioads, W (as in Fig. 6.5.) and measuring thé deflection recorded
" by the graph recorder. ~ As can be seen from Fig. 6.7. the response
of the load measuringvsysfem was-lineér. A Qariable resistor is
included in thebexcitation line fdrthe strain gauge bridge which
. allowé the sensitivity of the instrumentwto be adjusted, this
necessitated that the device be calibrated before each set of tests.
However,'since the response was linear this oniy required the deflec-.

tion measurement for one known load to be recorded prior to use.

-

6.b. leasurement of Totension v )

Initially it wasvdecided to use a photograrhic technique %o
neasure the extension of the scar. tissue with load, similar to that
used in the 'in-vitro! tests (Cuapuer 5). Tor this purpose a gri
was printed on the scars'! curface pfior to testiﬁg (using a non-

waterproof ink). (Fig. 6.8.). A carera, positioned above the

patient, was then used to take photographs of the ;rid at knowm
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Fig. 6.5. Arrangement of extensometer operating head for
determination of load cell deflection.

~ (After Stark, 1970)
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Fig.6.8. Extensometer tabs in-situ on boundaries of test grid
printed on scar surface.



110 -
11001
=

2 90-

—

LOAD,

e

o~ negative measurement

®- computed

Fige 6.9. A coaparison of the load/strain results obtained by
negative measurenment and by computation.




150

loads, and the corresponding extension of the tissue coula then be
measured directly from the negatives.
| However, due to technical and operator difficulties, a hiéh
proportion of the films obtained were unusable (non-synchronisation
of the flash énd camera resulting in unde}-exposed negatives) and
therefore tﬁe author had to resort to the technique used by Stark
(1970) in which extension was computed'frém tﬁe rate §£ separation,
and the deflection with load, of the load cells.
A cohparison of;the resglts obtained by negative measurement,

~and by compﬁtatién.was made usiﬁg one of the few filmé that was
correctly exposéd. (Fig? 6.9.). - It was found thét~theyresuits
obtained by computation were slightly higher than thoée obtained’by
direct measurement (thought to be due to‘siight slippagé of the tabs
?t higher 1oads}, butésince the object éf the tests was to monitor
the changes in mechanical properties rather than to‘definitively
characterise them the error was’considefed by the author to be
acceptable.

6.4.1. . Extension corputation. The following section is taken

froﬁ Stark (1970). From‘thé 1oad/time\recording it is possible to
estimate the extension between tabs as follows:
With reference to Figs. 6.10. and 6.11.
gauge length o = D mm

L mm

distance between cantilever bases

Extension betweenvtabs at T1 = D1'- Do = ¢

1
‘Do
(Dy = Do) = 1 (2L, -=10) =~ 2 L)
Do Do '
vhere L, is the cantilever deflection
L1 = 0.04773 Wzms. seessee (6.1.) from

previous calibration
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Fig. 6.10. Using the load/time recording it is °
possible to estimate the extension,
between the extensometer tabs.
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also (L1 - Lo) = (0.762 x.T1) mm, the bases of the cantilevers

being driven apart at 0.762 mm/sec.

.oy =1 (2x0.762.T) - 2 x 00773 W) .eee.l (6.2.)
Do

6.5 eExperimental Protocol

As already stated, skin is a highly visceeleetic material, and
as such possésses a memory of previous deformations. It was not
possible "to subject the test‘erea of scar tissue to a "preeconditién_
ing" cyele as specified in section S.k.1., since the epidermis of the
scars monitored wasfextremely frieble and the repeated application of
loads to'the same area would have given rise to an unaeceptable deéree
of patient discomfort. |
‘ Instead of a ?pre-COnditioning" programme-tke patients were
a&lowed to relax’for:twentj miﬁutes before starting tests: this
1nvolved flrst remov1ng the pressure garment and then the patlent
taking up the test position (Patlent A, sitting with the left hand
resting palm down on the bench, flngers extended but relaxed
"Patient B, supine w1th arms by his sides.)

After this'period the test area was swabbed dowﬁ with solvent
ether to remove any oils or grease and to ensure satisfactory’
adhesion of the‘tabs,Aand the test grid was printed onto the scars
surface using a rubber pad and washable ink. *

A load/strain characteristic was obtained for each of the thrée
axes shown in Fig. 6.1. A gauge length of 30 m.m. was used for axes
1 and 2, apd of 30«2 Mm.ne fqr axis 3. 3

Both patients were initially'tested before being fitted Qith -
pressure garments, and then azain at their next attendance at the

outpatients clinic. Thereafter the mechanical characteristics of
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the.tissue were measured at intervéls_of up to fwo months.
6.6.- Results | |

The changes in the mechanical characteristics of hypertrophic
scar tissue with pressure therapy were mopitored for two patients:
Patient A, the béck‘of the left hand and Patient B, the lower right
anterior aspect of the chest. [Each test area was measured before .
the commencement of pressure therapy and fhereafter at intervals of‘
up to two months. "

Loéd/étrain characteristics were obtained for each of three
.axes (Fig. é.1.) using a Standard gauge length for each test. : The
maximum load to which the, scar tissue was subjected varied depending
upon the condition of the scar épidermis and the stage 6f the therapy.

Patient A was teséed at intervals of 3 days, 5 days, &4 weeks,
%2 weeks and 4 months after being fitted with a pressufe glove,

Patient B was tested at intervals of 3 weeks, 2 months énd L
months after being fitted with a pressure vest.

> The results of the mechanical tests are summarised in Figs.

6120 to 6.19. ) o

Clinically both patients commented on the reliéf of the
symptoms of itchyness and tenderness within da&s of starting the
therapy, and there was a measurable increaée in extensibility in
the scar of Patient A after five days of wearing the pressure glo;e.

After 4 months of wearing the pressure garments the scars of
both patients-ﬁere noticeably rmore extensible to the touch., The
tissue had lost its angry red appearanceland was nuch more pliaﬁie.
6.7. Discussion |

Pressure therany does result in_a remodelling of the mechanical

characteristics of hypertrophic scar tissue, such that they tend more
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Fig.6.20. Polar plots of extension obtained with constant load.
Normal skin, chest, right anterior aspect.
(After Stark, 1970).
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towards those of normal skin.:

With Patient A the increase in the amount of extension produced
by a given load Qas measurable after only five days (Figs.‘6.12 - 6.14)
and all three test axes showed a continged increase in extensibiiity
with maintained pressure.

However; with Patient B, although there was a large increase in
extensiSility in the direction which had originally been the least
extensible (the caudio-cranal axis), there was a}deéréase in exten-
sibility for the circumferential and the 45° axes (Figs. 6.17. and
6.18.). |

Fig. 6.19. shows the load/strain characteristics for Patient B
for the three test directions both before commencing’pfessure therapy,
and four months 1ater.b Initially there was gross anisotropy in the
characteristics; the tissue was virtually inextensigle in the caudio-
 eranal axis. After four months of consfant pressure the extensibility
in this direction had vastly iﬁprOVed, whilst there had beén a gradual
stifféning in the other two difections. ‘Fig. 6.20. shows the polar
- plots obtained by Stark (1970) fof nor?al skin, of the = % extension
achieved with a constant load (14.2 g/m.m. which was sufficient to
achieve an extension marginally in excess of that associated with
the elbow in the load/extension relationship (see section‘2.6.2.)), o
the true circles representing an extension of 20%%. It can be s;en
that the mechanical characteristics of the scar of Patient B after
four months of therapy are much more like those of normal skin.

The tissue, though still less exéensible than norzal skin, does not
now exhibit the gross anisotropy‘in its characteristics. -

Fig. 6.15. shows a similar set of "before and after" mechanical

characteristics for Patieant A. flowever, in this instance there is



154

no marked anisotropy in extensibility before treatment; and there
is a general inqrease‘in extensibiliéy with therapy in all three
directions tested, although againvthe direction that was init;élly
the most inextensible shows the greaﬁest improvement.

Both of these sets of data imply fhat the tissue has undergone
a remodelling of its_mechanical characteristics with the application
of pressure therapy. The effectlof this remodelling is to alter
the characteristics towards those of normal skin, and; if there is
initially gross anisotropy in the extensibility this will result in
a "swings and roundabouts" situation where some axes have to "give

. up'" some of their extension capabilities'so that the abnormality

can be rectified.



CHAPTER 7

DISCUSSION

"This is not the end. It is not even the beginning
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of the end. But it is, perhaps, the end of the beginnihg."'

* Winston Churchill.  1874-1965.
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7.1« Introduction

‘The medical literature abounds with case reports on thé dis=-
figuring and disablipg sequelaec of excessive scar fdrmétion.
Although much effort has been put into detailing the eérlj stages of
wound healing the analysis, by comparisoﬁ, of the later stages §f
. scar formation and scar tissue remodelling has been relati;ely
. neglected.

In Chapter 3 the results of a detailed analysis of the micro-
structure of hypertrophic scar tissue are presenfed. These results
have been used as a base upon which to in&eétigate both the inter~
relationship between.the mechanical properties of the scar tiésue
and its micro-structure, and the .effect of pressure therapj uponv
these properties.

\ The changgs observed in hypertrophic scar tissue micro-structure
“with pressure therapy are presented in Chapter 4. The inter-relation-
ship between micro-structure and mechanical propertieé, and the

changes in mechgnical properties with sustained.pressure are discussed
in Chapters 5 and 6 respectively.

7.1.1. 1icro~-architecture.  The overall micro-architectural

“picture of hypertrophic scar tissue presented in Chapter 3, is that
of tightly packed, smaller than normal diameter collagen fibres,
grouped into large bundles or sheets. This observation differed
from thaf presented by Larson, Linares, Kischer and colleagues,
(Larson et al, 1968, 1970, 1974a,b, 1976a,b; Linares et al, 1972,
1973, 1976, 1977, 1978; Kischer et al, 1971, 1972, 197ka,b, 1975,
1973) who described a whorled pattern of collagen‘fibres orientated
around a central mass or nodule. These nodules were also obsérved

by the author, but vhereas Larson and colleazues described the centre
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of the nodules as being formed Ey a complete fusion of the fibres
into a homogenéus mat of collagen, thé micrographs in section 3.3.3.
show that the nodules are in fact thé cut ends of extremely la;ge

(up to 1.5 h.ﬁ. in diameter) bundles of collagen fibres. Similar
observations of criss-crossing bands of fibres enclosiﬁg other trans-
versely cut bands of collagen fibres have beehishown by Brown and
Gibson (1974) and Hunter and Finlay (1976).

Most of the descriptions of the micro-architectﬁfe of hyper-
trophié scars has been cdnfined to the dermis of the tissue.

Although the results presented in Chapter 3 show some abhormalities
in the epidermis, papillgfy and deep-dermal layers of'the‘scaf tissue
the major arca of involvement ih the excessive fibrous growth was
fbund to be the/mid-defmis of the tissue. An observation which
Esupports the general view in the literature.

The results obtained.when observing tissue sections with a
light microscope are in effect bnly two dimensional views of a three
dimensional structure. With the greater depth of focus available

.with the advent of the scanning electron microscope a closer approxi-
ration to a three dimensional picture is obtainable. Unfortunately
a high proportion of researchers still interpret their results as
though they were dealinngith’a planar structure, so that they
describe the development of a hypertrophiclscar as the collagen fibres
progressing fron a curvilinear pattern igto whorl-like arrangements
and finally into nodules surrounded by sepfal-like capsules, without
once describing what is happening in the‘third dimension.

The micrographs showa in Chapters 3, 4 and S show that the
collacen fibres of hypertrophic scar tissue are arranged in a dis-

tinctly anisotropic threec~dimensional pattern, which has a direct
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bearing on the mechanical properties of the tissue;
The pattern of blood vessels observed in the scar tissue studied
is descrlbed in Chapter 4, section k. 4 5. Large diameter vessels
(up to ZQFnO arranged in 1oops, were observed\in the papillary and
,sufesficial layers_of the hynertrophic sears. «‘Lengacre and co}leagues
(1976) described similar large calibre, engorged blood vessels. |
These vessels were still in evidence af;er four months ef’continuous

pressure therapy, although they were not visible in tﬁe mature, suce-

cessfully reﬂodelled hypertrophic scar studied.

7elele Lechanlcal characteristics of hypertrophic scar tissue.
In CﬁaéterVE the results obtalned from a study of the mechanlcal
characferist;cs of five specimens of hypertrophic scar tissue obsained
fsom contracsure‘deformities of the neck and axilla are presested.
‘?n ~eneral the scar tissue is much 1ess extensible than normal skln.
The 1n1u1a1 lax phase in the characterlstlc of normal skin, where
large strains of the order of 2 7 to 607 are produced by only small
increases in load, is absent in the load/strain characteristic of
_the scar tissue. Instead quite high 1oads are needed to produce
even small_straiss. |

A1l "the specimens of hypertrophic scar tissue exhibited anisom
tropy in their mechanical characteristics, this anisotropy was also
reflected in tﬁe fibrous micro-architecture of’the tissue.  The less
mature, more 'active' scars showing the highest degree of anisotropy.
Figs 5 11. shows the mechanical characterlstwcs of a nlne month old
contracture of the neck as conpared to the characterlstlcs of a flVC
year o0ld neck contracture shown in Fig. 5.10.

Tension has been cited as an aggravating factor in the aetiology‘

of hyvertrophic scar tissue (Trusler’and Bauer, 1948; tlowlem, 1951;

P
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Longacre e£ al 1968). There are two types of ténsion %cting in the
skin§ these are the static or inherént tensions as described by |
Langer (1861) (Fig. 2.25.), and the dynamic tensions produced by
muscle and jéint movemént (Thacker et al, 1976). The latter forces
having a direct influence on the magnitude and direction gf the static
'ténsiéns. |

The resﬁlts presented in Chapter 5 showed that the scar tissue
obtained_from contractures of the neck and axilla Qas‘mﬁéh more
inextensible in a direction parallel_to Langerg lines, and thét tﬁe
collégen fibres in the dermis were orientated along this axis.

On examining the distribution of static and dynaﬁic fensions
for those other areas of the body particularly prone to thé formafion '
of contracture deformities i.e., the backs of the knees and the in-
s&des ofvthe elbows, it can be seen that the contractufe bands of
fhe scar tissue lie in a direction parallel to bo#h langers lines
and the dynamic tensions that woﬁld be produced by the flexing df
these joints. - | |

The observation that the collagen fibres within a contracture
band are orientated in the direction of maximum tension refutes the
hypothesis put forward by Finlay and Hunter (1976) that the large
amount of fibrous tissue in these scars was’due not to excessive
forces acting on the wound, but to the inabilgty of the fibroblast;
to lay down the collagen in the direction of stress.

In Chapter 6 the results obtained from the monitoring of
changes in mechanical properties with pressure'therapy are présented.
The overall effect of ghe therapy wés_an improvement in extensibility
of the tissue and a remodelling of the characteristics towards those

of normal skin (Figs. 6.15. and 6.19.).
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Both of the areas of scar tissue monitored consisted of large
plaques of hypertrophic scar tissue lying over relatively flat, bony
regions of the body, (back Qf the hand, and lower right anteri;%
aspect of the chest, respectively) as 0pposéa to the contraéturé
webs lying across joints, studied and di;cussed in Chapter 5. 1In »
these regions of the body the distributidn of the static and dynamic
tensions is somewhat different and the distortional effects of joint
movement are now hinimal.

From Fig. 6.19. it can be seen that the scar tissue exhibits
marked anisotropy in its mechanical characfefistics, being much less
extensible in the caudio-cranal axis,lthat is at right éngles fo
Langers lines for this region (Fig. 2.25.). This would appear to
céntradict the results presented in Chapter 5. However, as stated
?bove, the relative distfibﬁtion of the static and dynamic tensions
‘in these and similar body .sites is different. |

A wound heals and restores thé skin's continuity by the triple
processes of epithelisation, wound'contraction and scar formation.

_Wound contraction is the centripetal movement of the whole thickness
of the skin surrounding the wound'and tgis results in the surround-
ing skin’being stretched, thinned and placed uﬁder tension (Peacock
and Van Winkle, 1968). The size of the wound does not affect the
rate of contraction, but rather it is limited by the amount of mobile
uninjured skin-available to contract. Therefore the greatest amount
of contraction of the wound edges will occur in those directions in
which the skin is most extensible, i.e. at right angles to lLancers
1ines (Fig. 2.20.).

In those areas of the body in which there is a higﬁ degree of

dymanic tension produced by muscle and joint movemént, the tension
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produce& by the contraction of the wound edges is insufficieﬁt to
influence tﬁe orientation of the collagen fibres. ’ However, in those
areas where the dynaﬁic tensions_are minimal the collagen fi;res will
be layed down in the direction of maximum wound edge contraction in-
an effort fo relieve the increased tenéion in fhe surrounding skin
produced by this contraction. |

Other_researchers have reported 65 the effect that tension
has on the process of wound healing. Sussman (1969) and Myers and
colleagues (1969) showed that increased tissue traction across a
WOund can result-in an increase in the tensile.strength of the wound
tissue. | This increase in tensile strength was 6bserved by Forrestér
and co-workers (1969) to be reflected in the fibre micro-archiiecfure.
The resultant scar, fhough of greater tensile strength, was less
extensible than the scar of a wound, ﬁhat had not healed under tension,
and thus the final result was a brittle sﬁar, with no greater’ability
to absorb energy than the supposedl& weaker scar.

The general view of the maturation of scar tissue is that the
_process involves both new collagen being laid down and existing
collagen being remodelled (Arem an éédden, 1976).  Since collagen
is a non<living material the remodelling that occurs rust ultimateiy
depend upon the abiiity of the living celis to sense and transduce
the mechanical forces into biomechanical action. Therefore the
degree of force, the rate, frequency and duration of its application,
and the loading velécity will al} Be important in producing the re=- |
modelling of the hypertrophic scar tissue.

7.1.3. The effect of nressure theranv on hyvwertrovhic scar

tissue. The results of the observation of the effect of pressure

therapy on the micro-architecture, and the mechanical properties of

B 3
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hypertrophic scar tissue are presented in Chapters 3 and 6 respec-
tively.

The tissue micro-structﬁfé progressed from the dgnsely ;acked
orientated arrangement of collagen fibres with an abnormally high
number of fibroblasts, and large diametér blood vessels indicative
of active hy?ertrophic scar tissue; to’theyless cellular and less
tightly packed, parallel aligned fibre pattern similar to that
observed in specimens of mature non-hypertrophic:scarg (Browvn and
Gibson, 1974).

The effect of the pressure therapy on fhe mechanical properties
of’the hypertrophic scar tissue, was a progressive remodelling of the
characteristics to giye a generally more extensible tissue. In the
scar tissue which was.originally grossly anisotropic this necessi-

3 tated the remodelling of the tissue in such a way that the final
result was an increase in. extensibility in the direction wheré it
was most needed at the expensé of a stiffening in the other two

directions.

. 7.2+ Sunmmary and Sucrestions for Future tork

The work presented in this thesis can really only be considered
as a pilot study of the characteristics of hypertrophic scar tissue.
A detailed micro-~architectural picture of the tissue as viewed with
the scanning electron microscope has been established, and this
picture has beecn used as a basis upon which to study both the inter-
relationsiip between micro-strﬁcturai and mechanical properties, and

the effects of pressure therapy in the treatment of these disfiguring

scars.
Althoush the S.Z.!. has a larze depth of focus which enables

the 3=dimensional arrangenent of the tisgue structure to be better
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observed, individual tissuebcomponenﬁs cannéf easily be labelled.
The selective staining which>is possiﬁle wheq using the light micro;
scope is required to label the individual cells and fibres th;t make
up the tissue.

. Some light micrographs of hypertréphic scar tissue are
presented in Chapter'h. These demonstrate the increase in informa-
tion that can be achieved byfusing a combined S.E.M. and light micro-
écopy protocol. The e#cessive number of fibroblasts visible in the
light micrograph were not visible in the S.E.M. microgfaph, whilst
%he 3-dimensionalfarrgngement of the'coliagen fibres visible with
the S.E.M. could not be seen using the light microscope.

. The Transmission Electron Microscope (T.E.M.), with its high
magnification, offers fhe means to observe the structure of the
individual cells and the ultrastructure of the othér constituents
of the tissue.

"By using these three types of microscbpy a comprehensive

‘analysis of hypertrophic scar tissue is possible. The differences

_already observed between the scar tissue and normal skin in cell

type, cell distribution, fibre formation and packing and other

parameters (see Chapter 2) by different researchers need to be con-

-bined, ﬁsing these techniques, to explain the prime requisite of

vhy scme wounds heal with the formation of hypertrophic 5car tissue.
Tension has been shown to be one of the key factors in the
government of the orientation 6f ﬁhé fibres of the dermis and their
cérresponding mechanical properties (see Chapter 5). Observins the
mechanical properties of the tissue, in-vitro, gives useful informa-
tion on the inter—relationship‘between micro-structure and mechanical

characteristics, but the analysis of the in-vivo characteristics,
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and the way in which they change with time and therapy is-rcquired
to fully understand this relationship; since the very natu?e of in-
vitro tests introduces discrépancies in the results obtained;m

The changes in mechahical properties With preséure therapy, in-
vivo, for two patients are discussed in“Chapter 6. Hore work needs
to be done on monitoring these properties throughout the developmenﬁ
of the scar tissue; from its earliest stages of development right
through to its mature, fully remodelled state. Since the mechanical
characteristics of a tissue are dependent upon the micro-structure
of that tissue, the effects produced by fhe ébnormalitiesiin micro-

structure could then be‘observed and used in the investigation of the

aetiology of the scars.

| PresSure‘tgerapy accelerates the natural remodelling process

, of hypertrophip scar tissue;‘. The tissue biopsies tsed by the author
to observe the changes in micro-structure with pressure‘therapy
(Chapter 4) were really too small to allow the detaiied observation
of changes in fibrous micro-architecture. The size of the tissue
biopsy(available is obviously limited,‘but in order to observe the
fibre orientation and pgcking proper1§ as large a tissue biopsy as
possible is required.

The way in which pressure therapy remodels the mechanical
characteristics of the hypertfophic scar tissue is still not clear.
It perhaés achieves the remodelliﬁg by relieving the aggravating
tensional force; acting on the scar;by supplying a mechanical support
to the tissue. To further infestigate the way in which the therapy
works,'the mechanical properties of the scar tissue need to be

measured in-vivo, whilst the pressure is being applied to the tissue.

There are other forms of pressure therapy which have also been



165

reporféd‘aé being successful in helping to prévent,ﬂand accelerate
the remodelling of,‘hypertrpphic scar tissue and coﬁtracture §efor-(
‘mities. (See section 2.9.5.). These’téké the'formibf various
types of splinting, used predominantly ?vér joints where contractures
are formed, Both staticy in which the joiht is held immobile, aﬁd
dynamic;.in which a system of springs ailows, and in some forms
encourages, movement of the jointj splints have been ﬁséd sﬁccess-
fully (larson et ai, 1971, 1974; Huang et al, 1978).," Thesg types’
of treatment also need ﬁo be fully‘investigated, s0 that an optimised
therapy regimen can eventually be achieved which will give the
maximum benefit to the patient. | .

In conclusion, pressure»therapy accelerates tﬁe nafural re-
modelling procésses of hypertrophic scar tissue; and with further
developments of combinations of static and dynamic pressure and
splinting therapy the-techniques can be optimised to give‘the.
greafest benefit to the fatieﬁt. These forms of therapy have .
basiéally been used ;n the correction ofgalready formed hypertrophic
- sCars. The prime requirement of futgre work must be in tﬁé pre&en—
tion of the formation of these disfiguring and disabling scarse.
Further study>of both the miqro-structure ana the mechanical proper-
ties of hypertrophic scars will eventually explain the aetiology of
this tissue, and in doing so will show the way in which its foréation,

and the associated debilitating consequences, can be prevented.
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Patient Case Histories (Chapter 3)
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Case No. 1

Sex _ . Male
Race | - ’ Caucasian
Date of Birth | 4.8.64
Date of Injury = ?.9.75
Date of Specimen xcision 21.1.76

Cause of Injury - . Scald

Extent/Severity Range of severities from superficial, through

partial thickness to full thicknéss. Scarring of left buttock
and back of left leg. Complete absence of buttock crease.‘ _Scar
over this region, red, shiny and hard to the touch. Two fairly
tight bands of scar fisSue traversing‘the posterior knee (Fig. Al.)

These were not greatly restricting knee extension but patient com-

plained of stiffness on exercising.

Initial Treatment Crafted?
Previous Treatment Two previous attendances?
~Surgical Procedure Incision made to relieve scar tension over

-~

the buttock (Fig. A1.). SSG taken from right buttock to resurface
resulting defect. SSG applied one day poét-operatively.

Z-plasties performed on the two contracture bands traversing
the back of the knee.

The site and orientation of the specimens obtained are shown

in Fig. Al.
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Case Mo. 2

Sex - Male
-Race “- ' Caucasian
Date of Birth 28.8.6?
Date bf Injury f 2.12.74
Date‘of Specime; Excision . ’v21.6;76r
Cause of Injury 'Sdald

Extent/Severityﬂ Partial thickness injurjrfo right deltoid region.

Healed spontaneoﬁsly. Original wouﬁd area approximately 6vcm long
and 2 cm wide. Final. scar érea 10 cm long, 3.5 cm wide and in

~ places 1.5 cm thicke Diagnosed as keloid. No‘functioﬁal disa= -
bility, but coémeticélly unacceptable.

Initial Treatment Healed spontaneously

Previous Treatment None
Sursical Procedure Entire scar excised down to the fat layer.

SSG taken from left anterior thigh to resurface defect one day post-
- operatively.

Scar/Specimen site showm in Fig. A2.

Lk
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Sex ' Female

Race ' : ' Caucasian

Date of Birth , | 21.6.69

Date of Injury » 1.5.7h

Date of Specihen Excision ’23.8.76‘

Cause of Injﬁry Degloving of left 1eg in road traffic
accident H |

Extent/Severity" Degloving of left leg from top of leg to 2/3 dqwn’
between knee and anile, General’appearancé very poor. Large areas
of hypertrophic scar tissue interspersed with areas of meshed and -
SSG. Contraééure bénds over back of knee. Areas vhere original

graft had taken quite pliant.

Initial Treatment 5SG obtained from right buttock and thigh.
Craft meshed before application due to largze wound area. Donor site
healed well. Incomplete 'take' of graft.

Previous Treatnent None

Sur~ical Procedurc A Host pronounced contracture band ran dowm-

the medial aspect of the leg from crutch td just beiow the knee. .
Lower rezion of this band was excised. Although the bulk of the
scar was renoved there rerained thin bands of scar tissue deep‘within .
the wound. These bands were cui in an effort to bfeak up the scar
fibre orientation and ease the tensicn across the joint.

A smaller excision was made in the lateral coﬁtracture band.

SSG taken from buttock to resurface delects one day post-operativel

Scar/Specimon site showm in Fige A3.
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APPENDIX B

Scale diagram of‘rotafy biopsy punch locking collar
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T.Z.M. Tissue Processing Schedule and L.M, Staining Procedures
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T,EM. Tissue Pfoccssiﬁm Schedule

6.1.ﬁ;- A-Fixativés

Fixative A. 505 Glutaraldehyde.

0.2} Sodium cacodylate buffer. piH = 7.5

255 Glutaraldehyde.

Fizative B. - 1% Osmium tetroxide.

0304

Distilled .water/ 0.1l sodium cacodylate
0;5.2. Tvon Resin

Resin A

Epon 812 62 ml

DDSA 100 ml

Resin B

Epon 812 50 ml

MIA bh,5 m

Final DUmbedding Miture, 10

Resin A
Resin B

DIP 30

7

3
0.25

ml/specimen
ml
ml

nl

80 ml

120 ml

100 ml

.1 -
100 ml
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C.1.3.  Tissue processing SCEedule
1. Fixzative Av : ' v hot less than 2 hrs.
2. Mince‘speéimen
‘.3.' 0.1 sbdium cacodylate + 0.1M sﬁcrose overnight or store
k.  Tizative B - 30 min.~ 60 min.
5. 0.1 sddiﬁm cacodylate . 15 mine
6. n " n : ' | "
7. 1" " 1 ’ \11
8. " nooom - '. 1 - 2 hrs.
9. 305 ethanéi i - 30 qin.‘- 60 min.
0. su v o B noo
M. 705 M “ ’ T
12. 9055 n | | ’ "
13. 10005 v ' "
1k, 100 Propylene oxide : ' n
15, " 1 "o . "
16.  Propylene oxide/complete res&n (1:1) 30 ain.
"7, " "/ " " (1:3) "
18. Complete resin | \ overnisht in

dessicator

. - ' ) o -
19. Embed in complete resin and polymerize at 60 C overnight

C o,
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L.ll. Stainine Protocol
Co2.1. ¢ Hematorrlin and Fosin stain (11 & L)
1. Harris! Fematozylin

Hematoxylin crystals ' 5 gm

Aleohol 9575 | ‘ 50 ml
Anmoniunm or potassium alum - V 100 gm
Distilled water ‘ 1,000 ml
Mercuric oxide | ' 2.5 gm .

Dissolve the hematoxylin in the alcohol, and the alum in the
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water. lMix the two solutions. Bring mixture quickly to the boil,

remove from heat, add mercuric oxide. Reheat until mixture becomes

dark purple.

2.

Remove from heat, and plunge container in cold water.

Acid Alcohol
7055 alcohol \ 1,000 ml
Hydrochloric acid, conc. . 10 ml
3. Alcoholic Eosin
Eosin Y, water soluble . . 2 gn
Distilled wvater ' , 160 ml
Alconol 95¢5 - i 640 ml
L, Stainins nrocedure
1. Xylol, absolute alcohol, 95i¢, 75 alcohol, distilled water
2. Harris' Hematoxylin 5 min. .
2. Rihse in tap water
L, Differentiate in acid alcohol. (Check differentiation of
nucleii, should be distinct in very pale background).
Se Vash in running water ' 10 = 20 mir.
6. Stain with Tosin 15 sec = 2 min. (depending on
degree of counter-stain required)
7o 0%, alcohol



2. Absolute alcohol 2 changes
9. Xylol N 2 changes

10. Mount in Permount

C.2.2. Acid Orcein and Giemsa.Staiﬁ (A0 &% Q)
1. Acid Orcein |
Orcein Synthetic Harleco 0.2 gn
7005 ethyl alconol : ﬁOO nl”
Hydrochloric acid, conc. " 0.6 ﬁl

Dissolve orcein in alcohol and add HCl. (Solution improves on
standing and is stable for many months.)

2e Giemsa Solution

One drdp of Giemsa stock solution for each 20 ml of distilled
water.

3. %, alcoholic solution of eosin yellowish

A few drops of this sdlution are added to 95% alcohol for de-
colorization of excessively blue sections.

4, Stainin~ procedure

1,  Xylol, absolute alcohol, 95% and 70; alcohol.

2. Inmerse in Acid Orcein 30 - 60 min.

3. Wash in running water 10 min.

L, Stain in dilute Giemsa solution 12 - 15 hrs.

5. Wipe excess fluid off slides. IZxcessive blue stéining can

~t

now be rectified using 155 alconolic solution of eosin yellow-

ish.
5. Remove sections when collagen bezins Lo turn pink from blue.
7 Pehydrate in two changes of abcolute alconol.
o . ,
Co Jlol, 2 chanzes.

Q. fovnt in Pernount.



