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Abstract

Malignant melanoma is a malignant tumour of the pigment forming cells of the
skin, the melanocytes, which normally reside within the epidermis abutting the dermo-
epidermal junction. Although the cancer is dangerous, its treatment is frequently suc-
cessful if the condition is detected at an early stage: typically whilst penetration into the
dermis is less than 0.7mm. This thesis presents a non-invasive method for assisting in
the diagnosis of malignant melanoma by quantifying diagnostically relevant histological
information from the analysis of one colour and two infrared images of a lesion. In par-
ticular, it is shown that the presence of melanin can be detected when its invasion from
the dermo-epidermal junction is > 0.02mm.

Through development of an optical image formation model of human skin it is shown
that all normal skin colours lie on a two-dimensional surface within a three-dimensional
colour-space. In contrast, colour co-ordinates corresponding to the penetration of melanin
into the dermis deviate from this surface along characteristic paths and thus can be
identified. This solution could not be directly applied because the colours resulting from
a decrease in the thickness of the top layer of the dermis, the papillary dermis, can
occupy the same position in the colour space as colours resulting from melanin descent.
This ambiguity can be resolved by transforming the measured colour co-ordinates to
compensate for the thickness of the papillary dermis. It is shown that this thickness can
be obtained through the analysis of a pair of infrared images.

It is further shown, although not experimentally verified, that the amount of epidermal
melanin, dermal blood and thickness of the papillary dermis can also be quantified.
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Chapter 1

Introduction

1.1 Overview

Malignant melanoma, a form of skin cancer, is a malignant tumour of the melanocytes,
the pigment forming cells of the skin. Its incidence in the UK is increasing at 10% per
annum. Many of those affected are of working age. If it is detected and removed early,
whilst residing in the top layer of the skin (the epidermis), patients can usually be regarded
as cured. Once it has infiltrated into the dermis below, however, the outcome progressively
worsens with the depth of invasion such that for patients with melanomas greater than
4mm in thickness approximately 50% will be dead in five years from lymphatic or blood
born metastasis. It is crucial, therefore, that the transformation to malignancy be detected
at, or before the time the dermo-epidermal junction is breached.

The clinical! diagnosis of melanoma is not always easy even for those professing to
have a special interest in the disease [Mihm 1997, Barnhill 1997]. A study carried out at
St. George’s hospital bravely concluded that clinicians are only 50% correct when their
diagnoses are compared with those of the histopathologist [Curley et al. 1989]. The same
authors also reported [Curley et al. 1990] that clinicians find it difficult to agree upon the
presence of visual signs in pigmented lesions. A recent study of over 44,000 lesions from
the University of Graz [Wolf et al. 1997] has shown a sensitivity of clinical diagnosis for
melanoma of 70% - i.e. 1/3 of melanomas are missed by clinical criteria alone. General
practitioners see on average one melanoma every 3-4 years and are therefore likely to
experience even more difficulties with diagnosis. However, as they are the first point
of referral for a patient, it is crucial that their diagnosis is highly sensitive (i.e. they
never miss a melanoma) and specific (i.e. they do not refer too many innocent lesions as
suspicious).

There is a widely acknowledged need amongst medical professionals for an aid to
reliably distinguish melanoma from innocent pigmented lesions. This aid needs to be
sensitive, specific, available to all and affordable. Early detection will reduce the costs to
patients in terms of survival and the avoidance of unnecessary biopsy; and to the health
service by picking up tumours which can be dealt with simply by excision thus avoiding
the resource implications of monitoring and subsequently treating patients with disease
which has a high risk of recurrence.

!The clinical diagnosis is a process of determining the nature of a disorder by considering the patient’s
past and hereditary history, the symptoms complained of and the signs of disease found, in the context
of medical knowledge.



1.2 Aids for the diagnosis of melanoma

Various clinical aids have resulted in some improvements. For instance, check-lists have
been developed which outline those features which may indicate melanoma and indeed the
use of the seven-point check-list [MacKie 1989a] by GPs has led to an apparent increase
in the number of thin (good prognosis) tumours being detected. However, the validation
of its impact found areas of deficiency [Keefe et al. 1990] and in particular pointed to a
low specificity of 30% with a sensitivity of 78% [Higgins et al. 1992].

A hand-held instrument called the oil immersion microscope (dermatoscope) is becom-
ing increasingly popular allowing a magnified view of the lesion and the study of a wide
range of extra morphologic features. As discussed by Pehamberger et al. [1993] this has
been shown to help experienced clinicians improve their diagnostic accuracy but learning
this technique is difficult and requires identification and interpretation of complicated
subjective criteria. In particular, the visual extraction of the features necessary to form
a diagnosis is a non-trivial task requiring a great deal of training for such identification
to become reliable.

1.2.1 Computer techniques

The use of computer image analysis methods to assist in the diagnosis of melanoma dates
back to the mid-eighties. All the published methods attempt to correlate the lesion ap-
pearance with its diagnosis by extracting visual features often based on such published
lists as the seven-point check-list and include colour, pigmentation, pigment variation,
border irregularity, asymmetry, size, etc. Typically algorithms are developed which pro-
duce a measure for these features and then combine them through a neural network or
other classification algorithm. Indeed, the sensitivity and specificity of these image-based
methods are reported to approach levels achieved by clinical diagnosis.

These results, however, although scientifically interesting have not so far enjoyed clin-
ical uptake. A possible reason for this may be an “ad-hoc” approach to the development
of algorithms which has resulted in a number of problems. For instance, there is often a
lack of explanation of the results with systems purely reporting a measure for a particular
feature but not how this measure was achieved. This is further compounded by the com-
bination of extracted features into a diagnosis with the computer often being seen as a
“black box” simply returning a diagnosis. Indeed, even with systems that purport to have
the diagnostic accuracy of a specialist the lack of total confidence, when combined with
the fatal consequences of a misdiagnosis, can result in the vast majority of lesions being
passed onto a consultant dermatologist in the same manner as occurs with the seven-point
check-list thus negating their use.

1.3 Objective — analysis of the tissue rather than the
image

It is clear that the clinical diagnosis of skin cancer is a difficult task requiring biopsy
for a reliable result [Marshall 1980]. However, this is impractical for population wide



screening and often undesirable. This thesis works towards a solution for this problem by
exploring the hypothesis that, since the external appearance of a skin lesion is formed by
the interaction of light with the internal structure, then, conversely, the structure of the
interior may be inferred from the external appearance. Extraction of this histological and
structural information then allows for its examination in isolation as well as in parallel
with visual features. As an example, skin cancers will often have a blurred edge due
to the petering out of melanin, the pigment formed by the melanocytes, in comparison
with the well demarcated edge seen in benign lesions. If analysis could be performed
directly on knowledge of the amount of melanin, rather than on its appearance, this may
reduce the subjective nature of any assessment. Specifically this thesis concentrates on
the development of a method whereby the presence of melanin can be identified when it
has breached the dermo-epidermal junction.

1.3.1 Development of an optical model of human skin

Towards extracting this information a mathematical optical model of human skin was
developed [Cotton and Claridge 1996]. By considering the skin to be a layered structure
of materials with different optical properties and exploiting the physics related to the
optical interface between these layers it was possible to predict the range of colouration
found within human skin. In particular, the model predicts that the colours occurring
in normal skin have to lie on a two-dimensional surface patch within a three-dimensional
colour-space. A location within the patch depends on, and can be indexed by, the amount
of melanin within the epidermis and the amount of blood within the dermis. The existence
of this surface was experimentally validated by comparison with colouration taken from
images of human skin collected from a cross racial sample.

In contrast with normal skin, colour co-ordinates corresponding to skin in which
melanin has penetrated into the dermis deviate from the predicted surface in the colour-
space along characteristic paths. The trajectory and magnitude of this deviation was
found to depend on the depth of penetration and concentration of this dermal melanin.
Thus, theoretically, any colours which deviate from the surface of normal skin colouration
should be indicative of the presence of dermal melanin.

During a clinical trial, however, this hypothesis turned out to be incorrect with the
vast majority of lesions, whether containing dermal melanin or not, having colouration
lying off the normal surface. This “failure” led to an exploration of the effect of varying
parameters within the skin-model with the aim of explaining this behaviour and revealed
that the thickness of the papillary dermis, a parameter previously considered constant,
had a gross effect on the resulting skin colouration [Cotton et al. 1997a]. Indeed, it
was possible to mimic the colouration expected during the penetration of melanin within
the dermis by varying this thickness, a result which may explain why the correct clinical
identification of many diagnostic markers proves to be so difficult.

Analysis of the model suggested that if the thickness of the papillary dermis were
known a transformation of the colouration could be performed resulting in the appear-
ance of the lesion at a standard, and known, papillary dermal thickness. This was shown
to be possible by the analysis of two near-infrared primaries (600-800 and 800-1000nm).
Following this calibration the separation of colouration particular to skin containing der-
mal melanin could then be performed [Cotton et al. 1997a, Cotton et al. 1997b].



Prior to a second clinical trial the effect of variations in the papillary dermal thickness
was demonstrated through the use of computer phantoms and the expected sensitivity and
robustness of the system assessed through error analysis. This error analysis suggested
that the system should be extremely sensitive to the presence of melanin within the dermis
reliably detecting it when penetration is as small as 0.01lmm from the dermo-epidermal
junction. This compares with a penetration of 0.7mm [Breslow 1970] which is often quoted
as the depth at which metastatic spread of the tumour is likely to occur. The second
clinical trial was based on images obtained from Addenbrooke’s hospital, Cambridge, and
returned positive results indicating the system is indeed able to discriminate between
lesions based on the presence of dermal melanin [Cotton et al. 1997d].

1.3.2 Clinical applications

The experimental work concentrated on the detection of melanin within the dermis. How-
ever, it was shown theoretically that within discussed limitations the system can also
quantify the amount of epidermal melanin, the amount of blood within the dermis and
the thickness of the papillary dermis. It was further shown that knowledge of these pa-
rameters allows for a quantitative assessment and isolation of many of the features found
both within the various published check-lists and observed during dermatoscopy.

This work opens up a wide variety of clinical applications. Firstly, the non-invasive
quantitative extraction of histological and structural information allows a clinician to
examine them in isolation. For instance, an important diagnostic feature within der-
matoscopy are brown globules, which refer to melanin within the top layer of the dermis,
and black dots, which refer to melanin within the epidermis. In practice, however, these
features are difficult to identify and thus an automatic, and reliable, method would have
great clinical value. The system is therefore closer in approach to that of an x-ray ma-
chine, where extra information is presented to the clinician, rather than to previous work
in this field where computers formulate a possible diagnosis. As an example of the results
obtained figure 1.1 shows a pair of lesion images with those regions containing melanin
within the dermis indicated. It can be clearly seen that this was found to be present
within the right hand lesion whilst the left hand lesion was found to be free. These results
were confirmed by comparison with the histopatholgy report obtained through biopsy.

A particular application of the system with regard to the management of melanoma is
the identification of the transition of a lesion from a non-invasive to invasive state [Cotton
et al. 1997c]. However, it is a general tool which may be applied to many other areas of
medical research ranging from observing the development of skin lesions to more general
dermatological problems such as the assessment of port wine stains.

1.4 Structure of the thesis

The thesis is divided into eight chapters (including this one) and five appendices. Chap-
ter 2 discusses the background covering the structure of human skin, the histological and
clinical features of skin cancer, screening and diagnosis of skin cancer and outlines the
problems to be tackled. Chapter 3 gives further background on the handling of colour



Figure 1.1: Top row, lesion images with, bottom row, those regions containing dermal
melanin indicated.

information and investigates its possible use within the diagnosis of skin cancer. Chap-
ter 4 describes the development of a mathematical model for predicting the colouration of
human skin and shows its validation by comparison with a cross racial set of skin images.
Chapter 5 extends this model to skin containing melanin within the dermis and includes
details of a clinical trial which failed to discriminate lesions based on this feature. The
need for knowledge of the papillary dermal thickness is then discussed and a means for
its measurement based on infrared images described. Chapter 6 outlines a system which
utilises this measurement and is capable of extracting a variety of structural and histo-
logical features based on one colour and two infrared images. This includes an analysis
of the sensitivity and robustness of the system. Chapter 7 shows the results obtained
using a computer phantom of the skin and a clinical trial based on images collected at
Addenbrooke’s hospital, Cambridge. Chapter 8 discusses the conclusions and outlines
further work.




Chapter 2

Background

2.1 Introduction

This chapter discusses the structure and composition of normal human skin including
sections covering both benign skin lesions and skin cancers. The health benefits associated
with an early detection of skin cancer through screening are then examined outlining both
its promise - in reducing deaths, and problems - in that reliable diagnosis is difficult. The
need for a reliable diagnostic aid is then introduced and the range of currently available
aids discussed. These aids have, however, seen little clinical uptake and reasons for this are
postulated. An analysis leads to the proposition of a possible solution and identification
of the problem to be explored within this thesis.

2.2 The skin

Skin forms the external covering of the body protecting against injury and loss of body
fluids. It is also the largest organ in the human body, comprising approximately a sixth
of the overall body mass, and varies in thickness, colour and the presence of hairs, glands
and nails. Despite these variations, which reflect the different roles the skin has to play,
all types have the same basic structure. The external surface is called the epidermis which
is supported on a layer of dense, connective tissue called the dermis. The dermis is then
attached to underlying tissues by a layer of loose connective tissue called the hypodermis.
Hair, sweat glands, sebaceous glands and nails all originate from this hypodermal layer.

2.2.1 Epidermis

The epidermis is largely composed of epithelia which is the name given to a diverse group
of tissues which function as interfaces between biological compartments [Wheater et al.
1985]. These interfaces are involved in a wide range of activities such as absorption,
secretion and protection. Surface epithelia, such as those found mainly in the epidermis,
consist of layers of cells which are separated by minute quantities of intercellular material.
Within the epidermis these cells are known as keratinocytes [Lever and Schaumburg-
Lever 1990] and have an occupancy of around 95%. They are supported by a basement
layer membrane of variable thickness which separates the keratinocytes from underlying
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Figure 2.1: Cross section of human skin.

connective tissues and which is never penetrated by blood vessels. This layer, which is
known as the dermo-epidermal junction or basal layer [Wheater et al. 1985], forms the
junction between the epidermis and the dermis and is only one of several further layers the
epidermis can be divided into which, starting from the basal layer, include the squamous
cell layer, the granular layer and the stratum corneum [Ross and Romrell 1989].

. Stratum corneurn

Granular layer

Soquarnous layer keratinocyte

Melanocyte

Dermo—epidermal junction
(hazal layer)

Figure 2.2: The epidermis.

The epidermis has a remarkable facility for self-renewal [Breathnach 1974] continuously
replacing keratinocytes lost from the top layer of the skin through a cyclical process
starting with the production of new cells within the basal layer which then migrate to the
surface. Indeed it is this property which allows the skin to combat wear and tear and is an
essential element of the protective function of the skin. Within this germinative layer it
has been measured that the cells divide approximately every 19 days taking a further 26
to 42 days to reach the granular layer and about 14 days to traverse the stratum corneum
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The squamous layer is a mosaic of keratinocytes which Lever and Schaumburg-Lever
[1990] remark to be between 5 and 10 cell layers thick and, as has already been noted,
migrate towards the surface. During this migration they also change from having their
long axis perpendicular to the basal layer to, on reaching the granular layer, being flattened
and having their long axis parallel to the basal layer. On passing through the keratin
producing granular layer they become impregnated with keratin to become the stratum
corneum. This forms the tough outer surface of the skin and varies considerably in
thickness, being thickest in areas exposed to friction such as the soles of the feet. It is
chiefly the thickness of the stratum corneum that accounts for differences in thickness
between the epidermis of thick and thin skin [Ross and Romrell 1989].

2.2.1.1 Melanocytes

Melanocytes form one of the set of dendritic cells that also make up the epidermis. They
are found wedged between the keratinocytes within the basal layer and although the
number varies with the body region and exposure to sunlight they have an occupancy of
approximately 1 to every 10 basal cells [Lever and Schaumburg-Lever 1990]. They produce
the pigment melanin which is transferred to the surrounding epithelial cells through a
process known as cytocrine secretion [Ross and Romrell 1989] and is assisted by the
dendritic nature of the cells. This process of formation occurs in membrane-limited bodies
called melanosomes [Lever and Schaumburg-Lever 1990] and it is mature melanosomes
that are transferred to the keratinocytes. Melanin is responsible for the dark-brown
colour of skin although it also occurs in the hair and in the iris and choroid layer of the
eyes [Martin 1994].

Within Caucasians the production of melanin increases during exposure to sunlight,
which protects the underlying skin layers from the sun’s radiation. Similarly, within
Caucasians, the melanosomes are then degraded by lysosomal activity within the epithelial
cells. It is this relative instability of the melanosomes that leads to the observation that
within the skin of Caucasians, especially with light skin, melanosomes are found almost
exclusively within the basal cell layer.

2.2.1.2 Nature of the melanin within human skin

Anderson et al. [1981] describe melanin as a “remarkably stable protein-polymer complex”
which, as discussed by Breathnach [1974], is “of high molecular weight”. A result of this
high molecular weight is that even though melanin is of such importance, and is an easily
accessible molecule within the human body, the exact structure and composition are still
to be defined [Kollias and Bager 1986] [Wilczok et al. 1984] [Ito et al. 1993]. The
means by which it is formed within the melanocytes is, however, becoming understood

as a complex copolymerizate of oxidation products of the amino acid tyrosine [Ross and
Romrell 1989].

2.2.2 Dermis

The dermis contrasts strongly in structure to that of the epidermis being highly vascu-
lar, containing many sensory receptors and being made largely from collagen fibres which
range from 2um~15um in diameter and provide the essential structure of the skin [Lever



and Schaumburg-Lever 1990]. The dermis can be split into two histologically distinct lay-
ers the papillary dermis and the reticular dermis [Ross and Romrell 1989] within which
the structure of the collagen fibres differs significantly. The first of these layers is situ-
ated directly below the epidermis within which the collagen exists as “a fine network of
fibres” [Lever and Schaumburg-Lever 1990] and contains vessels that serve, but do not
enter, the epidermis as well as nerve processes. This contrasts with the reticular dermis
where the collagen fibres are united into thick bundles which are arranged nearly parallel
to the skin surface.

2.3 Benign skin lesions

Most people have at least one lesion, or mole, on their skin. Indeed, most people have

a large number of moles the vast majority of which are harmless and benign. These
harmless moles come in a wide variety of forms and it is this variety that makes the
differential diagnosis of skin cancer one of the hardest clinical tasks undertaken by a
dermatologist [Roses et al. 1983]. Before discussing features particular to skin cancer
it is therefore useful to explore a number of the more common benign lesions if only to
emphasise the difficulty faced by clinicians.

2.3.1 Melanocytic lesions

Lesions of the skin fall into two classes, melanocytic and non melanocytic. Melanocytic
lesions are those lesions that are composed of melanocytes [Lever and Schaumburg-Lever
1990] and form into three broad subclasses: junctional, compound and intradermal de-
pendent on the position of the melanocytes within the skin.

2.3.1.1 Junctional naevi

Junctional naevi are seen clinically as a small, sandy-brown, lesions and are found on
any body site. The diameter is usually less than lcm and the lateral margin of the
lesion is poorly defined [MacKie 1989b]. Within junctional naevi melanocytes often lie in
well-circumscribed nests within the lower epidermis. Lever and Schaumburg-Lever [1990]
report that melanocytes can be seen bulging downward into the epidermis, being in a stage
of “dropping oft”, but are always in contact with the epidermis. Indeed, the definition of
melanocytes being confined to the epidermis separates junctional naevi from compound
naevi.

2.3.1.2 Compound naevi

Compound naevi are seen in large numbers on the skin of young adults and may also
affect any body site. They are usually between 3 and 5mm in diameter and range in
colour from a light tan to a relatively dark brown. The histology reveals melanocytes
present within the upper dermis which may also be present within the epidermis [Roses
et al. 1983].



2.3.1.3 Intradermal naevi

These lesions are often small with little, if any, visible melanin pigment and commonly
appear on the face of patients over the age of 30. Within such lesions melanocytes are
confined to deeper regions of the dermis extending into the reticular dermis [Lever and
Schaumburg-Lever 1990].

2.3.1.4 Congenital and acquired naevi

Melanocytic lesions are rarely present at birth with most appearing during adolescence
and early adulthood. Those that are present at birth, however, are termed congenital
naevi with the remainder known as acquired naevi [Lever and Schaumburg-Lever 1990].
Congenital melanocytic lesions are found in approximately 1% of newborn infants and
are, in many instances, larger than acquired naevi [MacKie 1989b].

2.3.1.5 Halo naevi

An interesting variant of a compound naevus is the halo naevus where a pigmented
melanocytic naevus is surrounded by a depigmented zone, or halo. Often these lesions
are not obvious on Caucasian skin during the winter months but become apparent in the
summer because the surrounding normal skin tans in response to sunlight whereas the
halo region does not. Over a period of months the central naevus will disappear leaving
the depigmented area which may persist for several years [MacKie 1989b].

2.3.1.6 Spitz naevi

The spitz naevus presents as a raised red lesion found most commonly on the face of
children. They may grow rapidly over a period of months to reach a size of approximately
lcm in diameter and then remain unchanged for several years. The architecture is that
of a compound naevus with a pathology closely resembling that of malignant melanoma.
Indeed, due to this similarity differentiation from a malignant melanoma can occasionally
be very difficult [Roses et al. 1983].

2.3.1.7 Blue naevi

Blue naevi derive from melanocytes in the dermis that are thought to have become ar-
rested in fetal life during migration through the dermis to the dermo-epidermal junction.
They are often seen in older children and young adults where they present, commonly
on the face, as dense blue-black regular lesions. The histology of a blue naevus re-
veals melanocytes within the dermis containing numerous granules of melanin [Lever and
Schaumburg-Lever 1990].

2.3.1.8 Dysplastic naevi

Dysplastic naevi are benign lesions which in appearance are similar to malignant melanoma.
They are characterised as being brownish, elevated lesions with centres like those of normal
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melanocytic lesions, but with peripheries that are scalloped and often variegated in pig-
mentation [Lever and Schaumburg-Lever 1990]. This irregularity, coupled with a size reg-
ularly greater that 5mm, often leads to their confusion with malignant melanoma [MacKie
1989b).

2.3.2 Non melanocytic lesions

As their name suggests non melanocytic lesions do not involve an increase in the num-
ber, or variation in position, of melanocytes. Regions of the skin can, however, become
hyperpigmented with the melanin produced within the melanocytes.

2.3.2.1 Seborrheic Keratosis

This lesion is a benign overgrowth of epidermal keratinocytes. They are seen mainly on
the skin of the trunk in individuals aged over forty and may become numerous. There
are many varieties of seborrheic keratoses and many can, particularly when irritated,
clinically resemble a malignant melanoma. Histology reveals seborrheic keratoses to be
characterised by increased amounts of melanin within the keratinocytes but no increase
in the number of melanocytes.

2.3.2.2 Dermatofibromas

A dermatofibroma is a firm dermal lesion that clinically presents itself as a pigmented,
usually brown, nodule. It results from a trauma such as an insect bite or puncture wound
causing a thickening of the papillary dermis and an increase in the amount of epidermal
melanin. The majority of such lesions are seen on the limbs.

2.3.2.3 Haemangiomas

A haemangioma is a vascular lesion which results in its reddish colour. When traumatised
they are often mistaken clinically as melanomas due to, as will be discussed in section 2.5.1,
variegation of colouration and asymmetry of the border. The colouration, however, tends
to involve reds and purples to a far higher degree than that found in melanoma, which
are dominantly brown—black.

2.4 Cutaneous melanoma (skin cancer)

Melanoma is a malignant tumour of the melanin forming cells, the melanocytes, in which

they divide uncontrollably forming a tumour. As discussed in section 2.2.1.1 melanin is
not restricted to the skin but when melanoma does occur within the skin it is known as
cutaneous melanoma.

Throughout this century the incidence of malignant melanoma has risen rapidly in
the United States [Masri et al. 1990] to become one of the more common malignancies
in young adults. These findings have been echoed in the United Kingdom where, as
noted by MacKie [1993], “between 1979 and 1989, the incidence of melanoma rose by
80%”. MacKie goes on further to state that the present doubling time for the incidence
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of melanoma is 8 years for men and 13.5 years for women. These findings, and also the
ability of melanoma to strike at the young and apparently healthy, have led to intense
media interest and headlines such as “Skin cancer on brink of an epidemic” [Fletcher
1995]. Typically these include suggestions such as “avoiding the midday sun, wearing
protective clothing and using high factor sunscreen creams” and has certainly increased
public awareness whilst also lessening the previously popular conception of “a healthy
suntan”. However, there are reports [Hall 1996] that, ironically, the increased reliance on
such things as sun creams may put people at greater risk of skin cancer by encouraging
them to spend longer in the sun.

2.4.1 Histological and clinical features

Cutaneous melanoma is a highly malignant tumour which, although essentially a sin-
gle entity produces a wide range of histological appearances. The malignant cutaneous
melanocytes vary from being rounded to elongated, leading to their description as atypical®,
with the tumours varying from being compact and nodular to densely cellular, to be-
ing an ill-defined proliferation which may be difficult to delineate from the surrounding
tissue [Mooi and Krausz 1992]. Some of the more indicative histological features are
discussed in the following sections.

2.4.1.1 Lateral demarcation

Benign melanocytic tumours usually have a well demarcated edge which is due to the
extreme lateral margin consisting of melanocytic nests rather than the gradual petering
out of solitary cells which is commonly seen in malignant tumours [Mooi and Krausz
1992]. This lack of lateral demarcation in many malignant tumours is typically described
as the tumour having a blurred or a non sharp edge. Benign lesions will also usually have
a constant lateral demarcation along the entire border length as opposed to a mixture
which is common in malignant melanoma.

2.4.1.2 Asymmetry

Most benign melanocytic lesions are symmetrical in shape as opposed to melanomas
which are often asymmetrical. This asymmetry may be due to the “random and uncon-
trolled” [Mooi and Krausz 1992] growth of the malignant tumour in the lateral direction
often leading the tumour to have a scalloped or notched outline.

2.4.1.3 Ascent of atypical melanocytes

As discussed by Mooi and Krausz [1992] “In contrast to the large majority of benign
melanocytic lesions, in which intraepidermal melanocytes retain their position at the
dermo-epidermal junction, melanoma cells are often seen to travel through the entire
thickness of the epidermis.”. This may extend at the lateral borders of the tumour
resulting in a pagetoid? spread which is virtually diagnostic of melanoma [Lever and

! Atypical - not typical; not corresponding to the normal form or type [Spraycar 1995].
2The use of the term pagetoid indicates that the histological picture mimics that seen in Paget’s
disease.
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Schaumburg-Lever 1990].

2.4.1.4 Descent of atypical melanocytes into the dermis

While atypical melanocytes are confined wholly to the epidermis the lesion is considered a
malignant melanoma in situ and is biologically benign [Roses et al. 1983]. When atypical
melanocytes descend into the dermis the lesion becomes a true malignant melanoma and
has the potential for metastasis.

2.4.1.5 Regression and fibrosis

When atypical melanocytes descend into the papillary dermis they encounter lymphocytes
the function of which seems to be to try and destroy them [Roses et al. 1983]. This
process may take many months or even years and at times is so effective that not only are
atypical cells within the papillary dermis destroyed but so are those still confined within
the epidermis. Such destruction is termed regression the morphological evidence of which
is a marked thickening and fibrosis of the papillary dermis. Clinically this presents itself
as a whitish, pale, region and on occasions the entirety of a melanoma may regress. Roses
et al. discuss the fact that paradoxically this is not necessarily a good prognostic sign as
in such cases there is likely to be metastasis of atypical melanocytes to distant organs.

2.4.2 Subtypes of cutaneous melanoma

Although, as stated in section 2.4.1, melanoma is essentially a single entity the widely
varying histological features described have led to “numerous clinicopathological subtypes
of cutaneous melanoma being proposed in the literature” [Mooi and Krausz 1992]. Clark
et al. [1989] refined these subtypes to classify the majority of melanomas as superficial
spreading, nodular, lentigo maligna and acral lentiginous melanomas. These divisions are
largely based on the pattern of spread of the intraepidermal tumour component which is
of course that component that can be viewed easily without the need for biopsy.

2.4.2.1 Superficial spreading melanoma

Superficial spreading melanoma is the most common form of melanoma forming over
50% of melanomas treated in the UK [MacKie 1992] and 65% of a study undertaken by
Davis [1985] in Australia. The typical anatomical sites are on the lower leg for females
and on the trunk for men with females being twice as likely to suffer from this lesion
as men [Hall 1992]. Superficial spreading melanomas typically have a diameter greater
than 7mm and are grossly asymmetrical with a border described as “notched” [Hall 1992]
and “irregular” [Davis 1985]. There is usually a striking variation of brown and black
pigmentation which may be mixed with red, indicating inflammation within the lesion,
and blue or white, indicating some degree of regression. Indeed as Davis points out “The
development of depressed pale areas of depigmentation within the pigmented tumour
is almost pathognomic of malignant melanoma.” [Davis 1985]. This form of melanoma
typically shows early radial growth which develops into intradermal growth as the descent
of atypical melanocytes begins. With this vertical invasion the lesion may develop a
nodular component which contrasts to the just palpable surface of the early stages.
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2.4.2.2 Nodular melanoma

Nodular melanoma, accounting for around 25% of melanoma [Hall 1992], is more ma-
lignant than superficial spreading melanoma, may occur on any part of the body [Davis
1985] and is most common in men. It is a fast growing tumour with a history of usually
6—8 weeks rather than months or years. A property of nodular melanoma, and one which
gives it such a poor prognosis, is that there is little significant radial growth with intrader-
mal growth beginning almost immediately. This lack of radial growth gives the tumour a
uniformly round or oval appearance which is clearly palpable although as pointed out by
Hall “close examination can reveal an area of notching or a streak of pigment appearing at
one edge”. The lesions are clearly delineated and elevated from the skin having a smooth
surface and being uniformly blue, black or red in colour. They are the hardest form of
melanoma to diagnose with the greatest clinical confusion occurring between red lesions
and vascular lesions [MacKie 1992]. Ulceration, crusting and bleeding are common with
this form of lesion which is, however, an ominous sign as lesions detected at this stage
are usually thick and carry a poor prognosis. Hall [1992] then goes on to state that “the
challenge for the 1990s is for these small, darkly growing, melanomas to be detected when
their diameters are still around 0.5cm or less” before this ulceration occurs.

2.4.2.3 Lentigo maligna melanoma

Lentigo maligna melanoma is the least malignant cutaneous melanoma accounting for
10-20% of cases. It usually occurs in people in their seventies with 90% of lesions posi-
tioned on the face and the remaining 10% on other chronically sun damaged skin partic-
ularly the back of the hands and the lower legs [MacKie 1992]. The appearance is of a
dark brown to black macular lesion with a highly irregular border that can reach several
centimetres in diameter [Davis 1985]. Areas of regression within the lesion are extremely
common resulting in blue-grey or even white patches. The lesion typically develops from
an existing tan coloured lesion on sun-damaged skin and grows very slowly over a period
of 10-15 years with growth for many years confined to in-situ radial growth within the epi-
dermis. When the lesion is in this in-situ growth phase it is commonly known as Lentigo
Maligna or Hutchinson’s Lentigo. The in-situ phase ends with the descent of atypical
melanocytes leading to a vertical growth phase which manifests itself as a thickening of
the tumour and the appearance of discrete tumour nodules on the surface [Hall 1992].

2.4.2.4 Acral lentiginous melanoma

Acral lentiginous melanoma are typically found on the soles of the feet but can also occur
on the hands. It is the least common form of cutaneous melanoma, accounting for around
5% of cases in the UK, but is the most common form in black and oriental skin. The
early growth phase of this lesion is similar to that of a lentigo maligna but over months a
raised invasive component develops and as with lentigo maligna the lesion has an irregular
border and variable pigmentation [MacKie 1992].

Subungal melanomas are a type of acral lentiginous melanoma found in the majority
of cases under the big toe-nail [Hall 1992]. This appears as a brown to black discoloration
under the nail plate with in some cases the nail plate becoming distorted and separate
from the nail bed.
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2.4.3 Prognosis and treatment of cutaneous melanoma

As stated by Davis [1985| there are a number of factors which govern the likely prognosis
of a malignant melanoma. These include the sex of the patient, with females having a
better survival rate than males, and the age of the patient where young people fare better
than old. The location of the tumour is also important with tumours on the limbs having
the best survival rate whilst tumours on the trunk have the lowest.

Chief amongst these prognostic factors is the depth of invasion of atypical melanocytes,
or thickness, which is considered by MacKie [1989a] to be “the single most important
prognostic factor”. This is a direct result of, as discussed in section 2.4.1.4, the ability
of melanomas to metastasize once invasion has begun with the likelihood of metastasis,
and therefore mortality, increasing with invasion depth. Delaunay [1992] states further
that “the relationship between thickness and survival is progressive but not continuous
especially at the extremes: under 0.76mm thick, more than 95% of the tumours are
curable; over 5 to 6 mm thick, most tumours are fatal”. To ensure a good prognosis,
therefore, melanomas must be identified at an early stage, i.e. when they have not invaded
deeply.

2.4.3.1 Clark’s level of invasion and the Breslow thickness

Although the correlation between tumour invasion and prognosis had been reported be-
fore Clark et al. [1969] his was the first paper to investigate the exact nature of this cor-
relation. Within this paper the histological cross sections of sixty malignant melanomas
were studied alongside the survival rate for each case. To assist in this examination five
levels of invasion were devised and it was clearly shown that the survival rate declined
steadily as the level of invasion increased. This then led Clark et al. to make the rather
gloomy, but probably accurate, prediction that “one or more of the three surviving level
V patients will die of melanoma”.
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Level I: Tumour cells confined to the epidermis (melanoma in situ).

Level I1: Tumour cells invading the papillary dermis.

Level I11: Tumour cells abutting the papillary-reticular dermis interface.

Level IV: Tumour cells invading the reticular dermis

e Level V: Tumour cells invading the subcutaneous fat.

Through an examination of tumour volume against survival rate this work was ex-
tended by Breslow [1970]. This necessitated him measuring both the depth of invasion
and maximal diameter of a set of melanomas leading him to the same conclusion as Clark
et al. in that tumour thickness was the most significant measure. Indeed, after surgical
removal, out of the 98 melanomas he studied none of those thinner than 0.76mm recurred
within five years which compared with a rate of 75% for those thicker than 3mm. This
has led to the term “Breslow thickness” which refers to the distance from the granular
layer to the point of deepest invasion [MacKie 1989a] being adopted as a standard piece
of information on histology reports [Reeve 1997].

Although both Clark’s level of invasion and the Breslow thickness offer a useful method
for categorising the level of invasion Davis [1985] argues that Breslow thickness is “a more
reproducible method than Clark’s, and is the most valuable single guide for prognosis and
management”.

2.5 Screening of patients and diagnosis of melanoma

As discussed in section 2.4 the incidence of malignant melanoma has risen rapidly to
become one of the more common cancers. Further to this, as discussed by Reeve [1997],
“Many of these deaths will occur at a younger age than for other solid tumours. Thus the
number of person years of life lost due to melanoma exceeds that of many other cancers.”.
Despite this the case-fatality rate of patients with melanoma has changed from almost
90% mortality to about 80% survival which, as discussed in section 2.4.3, is largely due
to the good prognosis of treatment applied to a melanoma which has not invaded deeply
i.e. a melanoma which has been detected at an early stage. Masri et al. [1990] point
out that as “melanomas appear to evolve through a relatively benign period in which
mortality after simple therapy is very low or nearly zero ... [it] meets many of the criteria
for a cancer whose outcome in terms of population based mortality could be influenced by
screening and surveillance of populations at excess risk”. This is reiterated by Rampen
et al. [1992] who conclude that “Skin cancer/melanoma is an important health problem.
Theoretically, public and professional education and screening efforts would result in a
substantial reduction of the mortality of cutaneous melanoma.”.

Masri et al. [1990] tested the hypothesis of identifying melanoma early by clinically
surveying groups thought to be at a high risk of developing skin cancer. Patients had
examinations at six month intervals and were given colour charts with examples of the
early stages of melanoma growth to perform self examination with. After the stability
of a patient’s lesions had been assessed the inter examination period was increased to
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one year. The results of this showed that “patients whose melanomas were diagnosed
either while they were under care at the Pigmented Lesion clinic, possess an important
survival advantage compared with index cases”. Indeed, 63% of surveillance cases with a
diagnosed malignancy had an 8-year survival rate as opposed to 23% for the index cases.
Masri et al. attribute this increased survival rate to the number of melanomas found
during the radial growth phase resulting in the removal of low risk thin melanomas.

Koh et al. [1991] give a good description of 14 other published studies based mainly
in the USA. They range from Weary’s 1971 survey where he examined the sun exposed
skin of 548 farmers and ranchers in rural Virginia which demonstrated that “screening for
melanoma and skin cancer is feasible and appealing” to screening of over 350,000 people
by a programme set up by the American Academy of Dermatology at state fairs.

Although welcoming the positive results of these trials Koh et al. are at pains to point
out the experimental and methodological problems inherent with screening programmes.
Most experiments testing the efficacy of a theory rely on having two uncorrelated groups
on which one the theory is applied and the other, a control group, the theory is not
applied. With a subject such as screening for skin cancer this can prove to be both
practically and methodologically difficult. Koh et al. suggest that “for melanoma, a ran-
domized prospective trial with the power to demonstrate reduced mortality may require
follow-up of several hundred thousand people over many years” and that “many persons
may refuse to enter a nonscreening arm of such a randomized study”. Due to this no true
randomised trials have been undertaken on the efficacy of screening for skin cancer with
researchers relying on other measures such as comparing mortality rates after a screening
campaign with those before. Such measures may take a large number of years to accumu-
late and even then the final result is not necessarily directly correlated to the success of
a screening campaign. Even with these problems considered, however, there appears to
be overwhelming evidence to suggest that skin cancer screening programmes can assist in
reducing the mortality rates of melanoma; what is unclear is exactly how effective they
are. Because of the difficulty with demonstrating reduced mortality Koh et al. suggest
that the measure of a screening campaign’s effectiveness should be based on the Breslow
depth thickness of discovered tumours, such a measure being directly correlated to the
prognosis of skin cancer.

2.5.1 Public education campaigns

Numerous public education campaigns have been launched throughout the world to try
and promote an early diagnosis of malignant melanoma. Many of these are based on lists
of diagnostic features which the public should be aware of among which is the original
seven-point check-list developed in 1987 by MacKie [Claridge et al. 1992] in Glasgow. The
launch of this check-list in the UK was accompanied by the opening of several screening
clinics which generated great media interest resulting in the number of pigmented lesions
being presented for examination increasing threefold [Higgins et al. 1992].

Although the public education campaigns within the UK were based on the original
seven-point check-list, shown in appendix A, this list was primarily designed for use by
clinicians with the public being urged to present any lesions that exhibit “change” or
look “suspicious” and, as discussed by Keefe et al. [1990], “public education campaigns
encouraging people to seek advice for any change in a pigmented lesion will cause a great
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deal of anxiety and will inevitably result in a huge workload”. This, when combined
with the fact that, even when armed with the original seven-point check-list, “most UK
family doctors see melanoma only occasionally and, as a result, many do not have the
confidence to exclude melanoma when faced with a pigmented lesion” results in “the brunt
of the workload, therefore falling upon the small number of consultant dermatologists in
the United Kingdom, who inevitably find their capacity to deal with other problems
reduced”. This indeed was the case with, as discussed by Higgins et al. [1992], the
vast majority of patients, being referred by their general practitioner, having “simple,
benign pigmented lesions”. Higgins et al. go on to argue that the reason for the large
number of suspected lesions being referred to specialist dermatologists was due to the
original seven-point checklist lacking sensitivity and family doctors therefore not feeling
sufficiently certain of their diagnosis to reassure their patients. This lack of sensitivity
led to the guidelines being updated at the end of 1989 resulting in the revised seven-point
check-list shown below [MacKie 1989a].

Major features
e Change in size of previous lesion or obvious growth of a new lesion.

e Irreqular shape; asymmetry and irregular outline of a newly developed pigmented
lesion or appearance of this feature in an old lesion.

e Irreqular colour; a variety of shades of brown and black in a new or old lesion.
Minor features

e Largest diameter 7mm or greater. Most benign lesions are smaller than this.

e Inflammation. This is rare in benign lesions unless they are regularly traumatised.

e Qozing, crusting or bleeding. Oozing, causing sticking of clothing such as stockings
to the lesion, is relatively common in early melanoma.

e Change in sensation. This is usually described as a mild itch.

The revised check-list has indeed been shown to have a greater sensitivity, lowering
clinicians’ fear of returning a false negative, but at the cost of greatly reduced specificity:
Higgins et al. [1992] record this lack of specificity leading to 70% of lesions achieving a
suspicious score. The result of this, ironically, is that even greater numbers of benign
lesions now pass through the first stage of screening to be presented to dermatologists
leading to clinics “being overwhelmed with easily recognizable banal lesions” [Higgins
et al. 1992].

As Higgins et al. point out “While no-one would wish to discourage any patient
or general practitioner concerned about the possibility of a malignant melanoma from
appropriate referral ...the challenge for the future should be to increase the specificity
of such screening programs. If this cannot be achieved at mass-media level without a
loss of sensitivity then future education should be aimed at primary care, as it is the
general practitioner who has the capacity to provide screening, before referring patients
to a specialist clinic.”.

18



Despite the problems faced with the low specificity of the seven-point check-list ma-
lignant melanoma is still a prime candidate for a screening campaign. For this to be
effective, however, both the sensitivity and specificity of primary care screening need to
be increased. Higgins et al. [1992] point out that it is not the particular features within
the seven-point check-list that result in the low level of specificity, but rather it is the fact
that most general practitioners “have had limited dermatological training” thus leading
them to have difficulty in the interpretation of the diagnostic features.

2.5.2 Aids to clinical diagnosis of Melanoma

To assist clinicians in this difficult diagnostic task Marshall [1980] claims that a histological
“microscopical examination of tumour tissue is the most reliable method”. However,
as discussed by Lever and Schaumburg-Lever [1990] “several authors have opposed the
performance of an incisional biopsy, because they believe it may cause metastatic spread”.
This dilemma is further addressed by Marshall when he goes on to discuss “the hazards
associated with ‘invasive’ methods of diagnosing pigmented lesions by incisional biopsy,
or by complete local excision, have underlined the need to develop dependable laboratory
procedures or tests which will make a precise differentiation between malignant and benign
pigmented lesions”.

2.5.2.1 Magnetic resonance imaging

Hughes et al., from [Hall 1992], used magnetic resonance imaging (MRI) which can be
shown to make melanin hyper-resonant and therefore appear as a bright area. The advan-
tage of this is the ability of MRI to allow visualisation of the underlying structures within
the skin. The immediate disadvantages are firstly technical with the best available spatial
resolution detecting structures measuring 0.5 0.5 * 2.5mm, which is too low to detect the
subtle signs of an early melanoma where invasion may be in the order of 0.1mm; secondly
is the question of cost with, even considering the considerable strides which have been
made in reducing the magnetic field strength needed to obtain high-quality images, “unit
prices still in the range of $1 million to $2 million” [Perednia 1991]. Thus, as pointed
out by Hall, the use of MRI would then be “restricted to specialist centres” which would
negate its use at the primary care level.

2.5.2.2 Photometry

An interesting approach was that taken by Marshall [1980] where he investigated, by
photographic photometry, the reflectance of infrared and ultraviolet radiation by skin
lesions. This is based on observations, made by Marshall, that malignant melanoma
“appeared to absorb IR radiation quite strongly while UV radiation appeared to be less
strongly absorbed than other kinds of pigmented lesions”. This line of research was refined
by Marshall [1981a] when the difference in reflectance recorded on IR and panchromatic
(PA) film was measured. Marshall argued that this value should be higher in malignant
melanoma and indeed gave results that “were better than the results of clinical diagnoses
by a mixed group of clinicians”. Similarly the absorption of ultraviolet light increases when
the skin becomes sun-tanned which Marshall [1981b] used to accentuate the difference
between the depigmented skin found in cases of vitiligo and normally pigmented skin. In
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particular he investigated the depigmented “halo” that surrounds certain lesions, such as
the “halo naevus”, finding that indeed the use of UV did enhance the contrast between
depigmented and pigmented skin and revealed areas of depigmented skin that were not
visible to the unaided eye. This, argued Marshall, could then be “a useful adjunct to
diagnosis”.

2.5.2.3 Cutaneous ultrasound

Ultrasound can be applied to cutaneous imaging by direct extension of its use in diagnostic
radiology where an ultrasound transducer directs high-frequency sound impulses into the
skin. These signals are partially reflected whenever tissues with different acoustical prop-
erties are encountered resulting in either an A-scan, amplitude map, or B-scan, brightness
display. The B-scan is a two-dimensional image showing the variation in echogenicity?
throughout a pictorial cross section of the skin. As “collagen is an important source of
echogenicity in any tissue, particularly the skin” [Perednia 1991] it appears as a bright
area whilst regions “such as the subcutaneous fat or masses of tumour cells contain little
collagen” and thus appear dark or echolucent. Perednia reports that these B-scans “have
begun to resemble non-invasive cross sections of skin” and they have assessed the possi-
bility of using such a technique for measuring the thickness of a tumour. The results of
this do show that some form of measure can be performed, but only on tumours where
invasion is fairly advanced reporting that “Clark’s levels IV and V can be clearly dif-
ferentiated, although the lack of sonographic distinction between epidermis and dermis
makes classification of less advanced levels difficult”. Indeed, they discuss a clinical trial
by Schwaighofer where “Three ultrasound [tumour thickness| values could not be resolved
because of the thinness of the melanomas. Histologically measured tumour depth in each
of these cases was j 0.6mm.”. This is of course the exact region where measurements need
to be sensitive if melanomas are to be diagnosed whilst still thin.

2.5.2.4 Surface microscopy

Towards developing a test MacKie [1972] advocates the use of surface microscopy to
view the surface histology of a lesion without requiring excision. This is achieved by
covering the lesion with immersion oil and a glass slide which, through refractive index
matching, removes surface reflections thus rendering the stratum corneum translucent.
These systems are expensive and Hall [1992] discusses the use of “less expensive systems
based on standard single lens reflex cameras and an extremely portable and inexpensive
hand-held device, the dermatoscope”. Hall points out, however, that “there is clearly a
learning curve to this technique and the interpretation is an extremely subjective art”.
The system of surface microscopy has now been in clinical use for several years but, as
discussed by Cascinelli et al. [1992], although it “was thought to improve the quality of
clinical diagnosis, has not modified this”.

Despite the difficulties inherent with forming a diagnosis the Australian Cancer Net-
work gave testimony, within a handbook distributed at the 4th World Conference on
Melanoma [Reeve 1997], of its potential to allow “visualisation of a multitude of morpho-
logical features, not visible to the human eye, that enhances the clinical diagnosis of nearly

3 A measure of the sound reflectance of a tissue.

20



all pigmented lesions, including melanoma”. Indeed, a glance through the programme for
this conference reveals the large amount of time dedicated to diagnostic workshops demon-
strating this technique. However, within this booklet it is acknowledged that a diagnosis
formed using this technique is not easy leading to distribution of a guideline recommending
that specific “training and experience with skin surface microscopy” is required.

The difficulty in using this approach lies in the non trivial nature of extracting the
necessary features. In practice, without a great deal of training, when faced with a lesion,
it is very difficult to isolate them reliably. Indeed, a common quote heard during the
practical diagnostic workshops, populated largely by consultant dermatologists, was “I
can see all the features in all these lesions. Benign or Malignant!”.

However, a general consensus reached during this conference was that once a relevant
set of features had been identified “clinical diagnosis of pigmented skin lesions can be
significantly facilitated by using a step-by-step procedure in dermatoscopy” [Stolz 1997].
Indeed, as discussed by Stolz et al. [1993], “In dermatoscopy correct identification of
different morphological structural components is the foundation for the assessment and
correct diagnosis of a lesion, just as the identification of individual letters is the first
step in recognizing written words.”. A representative subset of these features, taken from
[Pehamberger et al. 1993, is discussed in the following sections.

2.5.2.4.1 Pigment network

The pigment network represents a subtle network of brownish lines over a background tan.
The anatomic basis of the pigment network is melanin pigment in the epidermal basal
cells. There are a range of descriptions that can be attributed to the network including
irregular, narrow or wide delicate or prominent. In benign lesions the network is usually
delicate, regular, and thins out at the border whilst in melanoma it is prominent, irregular
and ends abruptly at the periphery.

2.5.2.4.2 Diffuse pigmentation

Diffuse pigmentation refers to regions of a lesion where the pigmentation is so heavy
as to preclude the recognition of a pigment network. It may be regular or irregular in
distribution with that in melanoma usually being irregular. The pigmentation results
from a large quantity of melanin.

2.5.2.4.3 Depigmentation

In contrast to diffuse pigmentation depigmentation represents the absence, or diminution,
of the pigment melanin. It too can be irregular or regular in shape with irregularity often
indicating melanoma.

2.5.2.4.4 Brown globules

Brown globules are round or oval tan to dark brown spherical bodies that represent nests
of cells pigmented with melanin and existing in the papillary dermis. They are uniform
in size and regularly distributed in benign lesions but vary in size, colour and shape and
are irregularly arranged in melanoma.
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2.5.2.4.5 Black dots

Black dots are small, black, globular structures that correspond to accumulations of
melanin within the epidermis. They may occur in the centre, in the periphery, or through-
out the lesion. When present in benign lesions, they only occur in the centre and are reg-
ular in size, shape, and distribution. In malignant lesions they also occur in the periphery,
vary in size and shape, and are irregularly distributed.

2.5.2.4.6 Grey-blue veil

The grey-blue veil is an ill-defined usually irregular bluish or grey-blue area within pig-
mented or non-pigmented areas of a lesion. Histologically, it corresponds to superficial
fibrosis, see section 2.4.1.5, and is almost exclusively found in malignant melanoma within
areas of regression.

2.5.3 Computer assisted screening

As discussed by White et al. [1991b] the type of features mentioned in the seven-point
check-list “are highly amenable to the kinds of image analysis that a computer can per-
form. There is the prospect, then, of having a computer calculate each of the factors
more exactly than a human observer can.”. This belief has been the driving force behind
a large volume of work aimed at formulating methods which allow a computer to assess
these features.

The most famous of these was called AI/DERM, from [Umbaugh et al. 1989], where
the user had to input the presence or absence of some 300 clinical features pertaining to a
skin lesion. An expert system then formulated possible diagnoses, with their probability,
based on these features. Clinical tests had shown that user interaction was the weak
link in this system with problems falling into two broad areas: lack of consistency of
feature identification between clinicians and positive reinforcement of features based on
the clinicians’ belief that the lesion was benign or malignant. Umbaugh believed that
these could be overcome by the application of computer vision techniques stating that “by
automating the feature identification aspect of the diagnosis, a more consistent paradigm
can be developed for the entire diagnostic procedure”.

The presence of variegated colouring is one of the major features in MacKie’s revised
seven-point check-list and as such formed the first feature investigated by Umbaugh et al.
[1989]. They defined variegated colouring as “a tumour with two or more colors within
the tumour border” describing it as having “high predictivity for diagnosis of malignant
melanoma”. A range of techniques were applied based around the clustering of similar
colours with the final algorithm reported as showing a “moderate success” which they
hoped would improve as the number of lesion images they had to train the system in-
creased.

This was extended by Umbaugh et al. [1991] to cover a number of features* which
were then combined by applying various Al techniques to form a diagnosis. In particular
they compared the performance of a neural network system and a heuristically based
system finding that the neural network system gave better results. Indeed, they reported
identification rates “as high as 92 percent” when compared with an expert clinician.

4The exact nature of the features was unspecified.
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As discussed earlier White et al. [1991b] expressed confidence in the use of computers
to perform a diagnosis and with this view the authors developed a set of measures which
attempted to quantify a number of clinical features. Although they stressed that “the
systems described here are exploratory. None have been subjected to a rigorous clinical
trial to prove their efficacy.” the conclusion they drew is that the computer may become
“an integral part of the diagnosis and prognosis of melanoma in the future”.

Cascinelli et al. [1992] also took this approach when they developed an image analysis
system called “Skinview” which, they claimed, “is able to mimic the clinical diagnostic
procedures of an expert clinician”. This endeavoured to produce measures for the Ameri-
can ABCDE? check-list by producing a set of “positive indicators” for each feature. Very
little detail is given regarding the algorithms they used, but the results were described as
“promising” and to “be regarded as a useful aid to diagnosis”.

Through this work Cascinelli et al. identified an important problem facing such diag-
nostic systems which arises from the extreme difficulty in translating apparently simple
statements such as “the tumour exhibits asymmetry” into a computer algorithm. For
example, they discussed “What exactly does a clinician mean by asymmetry? What kind
of asymmetry makes the clinician concerned? What does the clinician mean by uneven
distribution of colours on the surface of the lesion? What does ‘brownish’ or ‘bluish’
mean?”. This problem also manifests itself in the work of Stoecker et al. [1992] and Gol-
ston et al. [1992] which both endeavour to produce measures of lesion asymmetry. These
measures vary from “finding the difference between the length of two sides after finding
a ‘best’ line of symmetry” to “a constant times the ratio of the square of the perimeter
of the tumour border to the area of the tumour”. Whilst these can definitely be counted
as “measures” of asymmetry it is harder to justify their use in mimicking a clinician’s
perception of asymmetry.

An alternative approach was taken by White et al. [1991a] which aimed to identify
the first feature in the seven-point check-list “Change in size” by tracking lesions through
time. To do this it was first necessary to identify the lesion border which was achieved
by applying a Laplacian-of-Gaussian filter [Niblack 1986] to a grey scale image of the
lesion. This did produce a border, and a claimed sensitivity ranging from 78% to 98%
in identifying lesions, although it is arguable whether it would correlate with the border
identified by a clinician. Given the nature of the problem, however, it could be argued
that White et al. were more concerned with obtaining reproducible results rather than
mimicking a clinician.

This line of work has culminated in a number of systems [Menzies et al. 1997, Hoff-
mann et al. 1997, Ganster et al. 1997, Burroni and DellEva 1997] which combine such
measurements through the use of a neural network or other such classification system to
form a diagnosis. Indeed, the reported specificity and sensitivity of such systems is now
in the same range or higher than that of an expert clinician. However, there has so far
been little clinical uptake of such systems.

5This is an American system similar to the seven-point check-list. The full ABCDE check-list is shown
in appendix B.
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2.5.3.1 The lack of clinical confidence in computational systems

As discussed in section 2.5.1 lack of confidence in the sensitivity of the seven-point check-
list resulted in a low level of specificity and vast numbers of lesions being referred to
consultant dermatologists. It is interesting to note the cause of this low specificity which,
at primary care level, lies in a combination of a lack of confidence in the clinician’s own
diagnosis and the potentially fatal consequences of getting this diagnosis wrong. This is
a perfectly understandable situation which also underlies the lack of clinical confidence
in, and therefore uptake of, many of the computational systems developed to aid in this
diagnosis. Essentially, unless a system can be demonstrated to obtain perfect sensitivity
the possibility, however small, of a wrong diagnosis may negate its use.

The underlying reason for this is the extreme difficulty a human faces undertaking
this task, with lesions, especially early lesions, exhibiting a wide range of appearances.
Indeed, as discussed by Roses et al. [1983] “although malignant melanomas are readily
accessible for diagnosis by clinical and histological examination, they are probably more
frequently misdiagnosed than any other cutaneous neoplasm”. To obtain the goal of
perfect sensitivity within a computational system is therefore also likely to be extremely
difficult. However, without this demanding level of sensitivity a clinician will always
choose to err on the side of caution and refer the lesion as possibly suspicious.

This is reiterated by Hall et al. [1995] when they discuss a hypothetical device which
could “distinguish those lesions which are entirely innocent”. This is an approach not often
taken by designers of computational systems which normally concentrate on identifying
those lesions which are definitely malignant. In practice, however, it is “relatively easy”
to identify “definitely suspicious” lesions, it is achieving the requirement of Hall et al. to
have 100% sensitivity whilst not reducing the specificity to an unworkable level that is
the difficult task.

Further developments seem to have just added complexity to this situation as in the
algorithm developed by Dhawan and Sicsu [1992] which combines grey scale texture in-
formation with colour information to produce a segmentation algorithm aimed at images
of skin lesions. This is a thorough and substantial piece of work which undeniably does
provide a powerful segmentation algorithm, however, it is not at all made clear whether
it will measure the features that clinicians actually look for in classifying skin lesions.
Further evidence of this trend can be found in the work of Cascinelli et al. [1992] who
developed a number of algorithms all again giving some measure of a feature and is echoed
in the work of Schindewolf et al. [1993], Umbaugh et al. [1993] and Schindewolf et al.
[1994].

This is beginning to be addressed with the work of Morris Smith [1997] who first
made an extensive study of what exactly clinicians mean by the border of a lesion before
designing an algorithm which aimed to model this. He then applied the same philosophy to
ascertain the features clinicians look for when describing a lesion as asymmetric. Through
this work Morris Smith underlined the great difficulties associated with mimicking human
perception. Similarly, he identified the problem that whilst reporting varying levels of
success many algorithms tended to suffer from a lack of explanation of those cases reported
as false negatives thus leading to a lack of confidence in their clinical use.

By working interactively with clinicians formulating diagnoses Morris Smith explored
another interesting facet of this research whereby, through attempting to model human
perception, it is possible to identify “types” of borders the position of which clinicians
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disagree about. This information can then be used to firstly alert clinicians to the presence
of one of these “difficult” borders and secondly explain why the computational system
is placing the border in a certain position. Through this interaction it is hoped that
the clinician will place higher confidence in the measure thus moving towards a greater
acceptance of the system.

2.6 Discussion

If a skin cancer is diagnosed early in its development, i.e. when the tumour is thin, it has

a good prognosis which significantly worsens as the thickness increases. This has led to it
being identified as a prime candidate for a population wide screening programme with the
aim of detecting these tumours whilst still thin. As an aid to this, check-lists have been
developed which prompt workers at the primary care level to report a lesion as suspicious
if it exhibits a number of characteristic features. However, this form of diagnosis has
proven to be an extremely difficult task which, when combined with the potentially fatal
consequences of a misdiagnosis, has led to a low level of specificity and around 70% of
lesions being reported as suspicious.

As discussed in section 2.5.2, the most reliable method of diagnosis is through the
histological examination of an invasive biopsy. However, this firstly may carry the risk of
assisting in the spread of malignant cells and secondly “is impractical when one considers
the number of lesions seen in melanoma screening clinics” [Hall et al. 1995]. It is towards
assisting in this that many different aids to clinical diagnosis have been developed.

The simplest and most accessible of these, surface microscopy, has so far failed to
influence the diagnostic performance of clinicians [Cascinelli et al. 1992]. A reason for
this may be the difficulty faced by clinicians in reliably isolating the features necessary
to perform a diagnosis. The resulting uncertainty therefore lowers the confidence in
any diagnosis leading the clinician to err on the side of caution and no improvement
in specificity.

Assessment of clinical features by the use of image analysis has also received a great
deal of attention and shows future promise. However, its current clinical presence is small
which may be a manifestation of both its relative youth and, as discussed, lack of current
clinical confidence in this form of system. This situation should improve as measures begin
to reflect clinical perception to a higher degree and, importantly, are able to explain and
describe how they assessed a feature. Indeed, through this interplay it may be possible
to demonstrate that this form of measure is more consistent than that performed by a
clinician.

Given that the most effective method for formulating a diagnosis is an incisional biopsy
it seems likely that systems such as cutaneous ultrasound have a higher chance of clinical
take-up. This form of technology does not try and indicate whether a lesion is malignant
but rather presents the clinician with information regarding the internal histology. The
information reported is not, however, the same as that from an invasive biopsy with indeed
Perednia [1991] reporting that “because of the physical principles involved, there may
never be a direct correlation between many specific tissue diagnoses and their ultrasound
appearance”. It remains to be seen whether what is reported is relevant enough to assist
in a diagnosis. At present, however, ultrasound systems are insensitive to signs of early
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tumour invasion only becoming reliable when invasion has reached Clark’s level IV or V/
when the prognosis is already poor. This may allow assessment of advanced tumours but
seems unlikely to improve the identification rate for prognostically good thin tumours.
One of the major benefits of this approach, however, is the additional information provided
to the clinician which is otherwise unavailable. It is notable that this is also true of the
majority of diagnostic aids in regular clinical use such as X-ray machines, MRI, CAT
scanners etc.

2.6.1 Analysis of the tissue not of the image

To summarise, a desirable goal is to provide clinicians with useful information regarding
the internal histology of a skin lesion. Secondly, it is preferable for the method by which
this information is obtained to be non-invasive. Image analysis systems based on exterior
optical images of the lesion certainly satisfy this second condition but have so far failed
with regards to the first. However, they do allow simple and fast collection of data and
have an important advantage in that spatial information is obtained. If it were possible,
therefore, to satisfy both conditions through the use of image analysis technology it may
prove to be of great clinical value.

A solution to this may be obtained through altering the emphasis of the image analysis
from analysing the image to analysing the tissue that results in the image. As lesion
colouration is already known to be of important clinical value an understanding of the
mechanisms resulting in the emergence of various colours may provide information on the
internal structure and histology of a skin lesion.

The major prognostic factor regarding cases of melanoma is the tumour thickness and
clearly it would be desirable if this information could be obtained through a non-invasive
examination. Further to this, if an analysis of the features which require identification
during surface microscopy is made it can be observed that they are all related to histolog-
ical characteristics. For example, as discussed in section 2.5.2.4, “brown globules” refer
to melanin within the papillary dermis whilst “black dots” refer to melanin within the
dermis. If, therefore, the relevant histological information pertaining to these features -
melanin within the papillary dermis - could be recovered through a non-invasive examina-
tion it would become possible for their identification to be performed qualitatively rather
that subjectively thus assisting in a difficult stage of the diagnosis.

Unfortunately, current systems cannot provide the necessary sensitivity to identify
such regions whilst the level of melanin penetration is low enough to ensure a good
prognosis; it is towards improving this sensitivity that the work contained in this thesis
is directed.
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Chapter 3

Colour Analysis

3.1 Introduction

This chapter outlines the importance of both colour and spectroscopic analysis in recov-
ering information regarding human skin. This is followed by a discussion of colour science
including the use of various colour-spaces. An analysis of the range of colours found
within both normal and abnormal skin is then undertaken concluding that the range of
colouration within normal skin appears to be confined to a two-dimensional surface within
a three-dimensional colour-space. This is in contrast with those observed within images
of skin cancers and it is postulated that an understanding of this phenomenon may assist
in the development of a diagnostic aid.

3.2 Colour analysis of human skin

As discussed, the colour of human skin is of important diagnostic value. This colour
is formed through the interaction of light with the internal structure and may carry
information regarding this structure. There is the possibility therefore, if this process were
understood, to develop a method which allows useful information regarding this internal
structure to be recovered through colour analysis and used to assist in the diagnosis of
skin cancer.

Support for this approach can be found in the results obtained through optical re-
flectance spectroscopy of the skin. This is an extension of its use in chemistry where the
analysis of a molecules spectra, a measure of light absorption against wavelength, often
allows determination of the molecules structure and composition.

3.2.1 Optical reflectance spectroscopy

As discussed by Edwards and Quimby Duntley [1939] “The color of the skin in patients is
of distinct diagnostic value”. This is true not only in the diagnosis of malignant melanoma,
as has been discussed, but is also true of many other medical conditions and traditionally
has been assessed by the clinician relying on experience and training. Whilst this is
undoubtedly a highly effective and trusted technique, proving that skin colouration is
a good indicator of many medical conditions, it does prompt the question “will further
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Figure 3.1: Absorption spectra of the major pigments of human skin: from Anderson et
al. [1981].

analysis of skin coloration render further medical diagnosis opportunities?”. It is this
question that Edwards and Quimby Duntley set out to answer in their postulation that
“a method whereby skin color can be precisely analyzed should prove to be of clinical and
scientific interest”.

Their aim in exploring this was firstly to try and produce a method of categorising
skin colour which would remove some of the problems “of comparison with painted stan-
dards” which they claimed “suffer from the inconstancy of the human eye, as well as from
difficulties inherent in the standards of illumination”. Secondly, they wished to evaluate
the possibility that by understanding the optical properties of skin it may be possible to
“identify the pigments giving rise to the color and evaluate their approximate quantity”.

The basic premise they followed is that skin is constructed from a series of materials
which having particular scattering and absorption characteristics leave “fingerprints” of
their existence on the remitted and reflected light. To identify these they used a spec-
trophotometric technique to examine the spectra of major optical chromophores present
within the skin. For instance they extracted melanin from the epidermis and constructed
solutions of various concentrations the transmission of which was then measured against
wavelength. This revealed, as shown in figure 3.1, that melanin absorbs blue light strongly
which then decreases towards the red end of the spectrum. Using this information they
made spectral measurements of various parts of the body and for various races of peo-
ple and by looking for this characteristic feature of melanin they were able to determine
‘qualitatively’ areas of low and high melanin content. Detail is not given of how they
determined which skin samples were ‘high’ in melanin and which were ‘low’ other than
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examining the spectrographs by eye. The results, however, are promising suggesting that
such a technique can yield useful results. Indeed, based on these readings, they produced
figures showing the bodily distribution of melanin.

A more quantitative approach was taken by Dawson et al. [1980] in their construction
of a layered model of the human skin which utilised an understanding of the physical
processes behind the scattering and absorption within these layers. Through generating
this model they introduced a parameter “which is the logarithm to base 10 of the inverse of
reflectance (LIR)”. This is a mathematical construct which greatly simplified the analysis
and allowed, by studying its variation with wavelength, indices to be obtained attributable
to the proportion of blood and melanin within normal human skin.

This led Dawson et al. to develop further systems which all utilise the fact that,
as shown in figure 3.1, the absorption curves of blood show distinct peaks at certain
wavelengths whilst that for melanin varies consistently. Indeed the logarithm of melanin
absorption is almost linear within the range of visible light. Through this it was possible
to identify wavelengths of light at which the absorption due to blood is negligible, with
the measured absorption therefore depending largely on melanin, thus allowing an esti-
mation of the melanin content to be made. Similarly, once this measurement is made the
contribution of melanin at wavelengths at which blood strongly absorbs can be estimated
allowing a measurement of blood content.

This work was extended by Wan et al. [1981] and Tang and Wan [1983] in a series of
papers. Their approach involved the experimental determination of the absorption and
scattering coefficients of both the epidermis and dermis resulting in a calibrated erythema
index capable of determining the blood content of living human skin in ml/cm? based on
spectrometer measurements at 544, 610 and 577nm.

Feather et al. [1988] then extended it further leading to the development of the
“Haemelometer”, a portable instrument which allowed n vivo determination of the amount
of blood and melanin within human skin. Similarly, Kopola et al. [1993] produced a
portable “skin erythema meter” which measured the ratio of absorption between a wave-
length suffering high blood absorption, 555nm, and one of low blood absorption, 660nm.
This ratio was therefore high in regions of large blood content and small in regions of low
blood content.

Arridge and Hebden [1997] took this approach further by proposing that “based on
the assumption that, given a set of measurements of transmitted light between pairs of
points on the surface of an object, there exists a unique three-dimensional distribution
of internal scatterers and absorbers which would yield that set”. Towards this they em-
ployed a number of models of photon transport concluding that although being “at a very
preliminary stage ...the benefits are significant enough to make the effort worthwhile”.

Spectrophotometric analysis can obviously be used to gather useful non-invasive data
regarding the composition of human skin. It allows a detailed examination of the remitted
light to be made and as such if any useful information regarding the malignancy of a skin
lesion is encoded may allow for its extraction. The drawbacks of this approach, however,
are that unless very specialised equipment is used the gathering of spatial information is
non trivial and time consuming.
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3.2.2 Colour analysis

In contrast to spectrophotometric data colour information can be rapidly gathered over
an entire lesion with technology that is relatively inexpensive and easily available. It
is nevertheless, as will be discussed, essentially a sub sample of this spectrophotometric
data and therefore information can be lost through this transformation. If, however, it can
be shown that the necessary information can survive such a transformation then colour
analysis may be possible with its inherent benefits.

3.2.2.1 What is colour?

As discussed within the author’s technical report [Cotton 1995] “Colour vision is a per-
ception. Without the mind there is no such thing as colour.”. Indeed the perception of
colour by human beings and other animals has been an important topic of research since
the days of the Greek philosophers and there is still much that is not understood. We
have more information, however, on the physical processes that lead to the perception of
colour, which, for humans, an important stage is the interaction of light with the rods
and cones within the retina of the eye.

3.2.2.1.1 The retina, rods and cones

At the rear of the eye is the retina where the light receptors reside. These receptors are
made up of two different types of cells called rods and cones. Both rods and cones contain
a pigment called rhodopsin which converts the incoming light to nerve impulses. Each
molecule of rhodopsin can be broken down or “bleached” by a photon of light and it is
this bleaching of rhodopsin that gives rise to the impulses [Martin 1994].

As further discussed by Martin the human eye contains around 125 million rods which
are primarily used in dim light and provide black and white vision. This form of vision is
called scotopic vision. The world appears black and white at night and at other times of
low illumination because at these times vision is almost solely provided by the rods. In
contrast there are 6-7 million cones in the human eye which function best in bright light
and are essential for acute vision. The cones are one of three different types often referred
to as Red, Green or Blue (R, G or B) which approximately reflect the area of the visible
spectrum to which they respond. Figure 3.2 shows the response curves of the three cones
along with the overall photopic sensitivity curve [Robertson 1992]. It is these cones that
allow us to perceive colours which is known as photopic vision.

3.2.2.1.2 The response of the three retinal cones and the Young—Helmholtz
theory of trichromacy

When incident light of a particular colour falls on the eye a set of responses in the three
retinal cones is exhibited. For instance if light in the red end of the spectrum falls
on the retina the response from the R cones will be greater than that of the G and B
cones. It is this initial response that is the input into the neuronal system leading to
colour perception. The existence of three different colour receptors existing within the
eye was first postulated by Sir Thomas Young, a British Physician, who published “The
Tri-chromatic Theory of Colour Vision” in 1801 in which he claimed, from [Boynton 1979]:
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Figure 3.2: Response curves for the cones within the human visual system.

As it is almost impossible to conceive each sensitive point of the retina to
contain an infinite number of particles, each capable of vibrating in perfect
unison with every possible undulation, it becomes necessary to suppose the
number limited; for instance to the three principle colours, red, yellow and
blue, and that each of the particles is capable of being put in motion more or
less forcibly by undulations differing less or more from perfect unison. Each
sensitive filament of the nerve may consist of three portions, one for each
principle colour.

A German mathematician, physicist and biologist Hermann von Helmholtz greatly
developed this work formulating the Young—Helmholtz theory of trichromacy [Birren 1969]
which states that:

Any colour can be formed by combining three properly chosen primary colours.
Any primaries can be used as long as none can be formed from a mixture of
the other two.

It is this trichromatic theory that predicts that any colour can be formed by mixing three
different coloured lights thus allowing colour televisions to operate with three different
coloured “guns” and the human eye to make sense of the world using three different types
of cones.

3.2.2.2 The representation of colour: tristimulus space

The Young-Helmholtz theory of trichromacy allows any colour to be formed by mixing
differing amounts of three primaries assuming the conditions laid down by the trichromatic
theory are met. This property is often used by the designers of computer systems to
represent colours by simply holding the amount of each particular primary. When colours
are represented in this manner they are said to be stored in tristimulus space with the
RGB values represented on three orthogonal axes.
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The three primaries are defined by the integration over all wavelengths of the product
of the spectral response function for each primary, Sg(\), Sg(A) and Sg(A), with the
spectral power distribution of the scene, S(A). This trichromatic representation allows
the representation of a point in tristimulus space to be defined by a vector P where
P=R+ G+ B given that R =i.Rs, G = j.Gs and B = k.Bg.

Rs = /OOOS()\)SR()\)d)\ (3.1)
Gs = /OOOS()\)SG()\)dA (3.2)
Bs = /OOOS()\)SB(/\)dA (3.3)

As any three primaries can be used to represent a colour, providing that they fulfil
the requirements of the trichromacy theory, it is likely that a colour may be represented
by different primaries in different colour-spaces. Indeed this is frequently the case and
as discussed by Allebach [1992] creates problems in communication between devices and
computer systems which do not share a common set of primaries.

3.2.2.2.1 Colourimetric transformations

Colourimetric transformations allow movement from one set of primaries to another, e.g.
RGB to R'G'B!, providing a mapping from one trichromatic colour-space to another.
This transformation can be written in the form shown below [Wyszecki and Stiles 1982]
where a1 to as3 are constants

Rl = anR + UllgG + (1:133 (34)
Gl = CI,21R + a22G —+ CL23B (35)
B1 = a31R + CI,32G + a3gB (36)

or P! = PT where T is the transformation matrix and P and P! are the different colour-
spaces.

ay; Q2 Q13
T = Q91 Q22 Q923 (37)
asz; Qazz2 G33

3.2.2.2.2 CIE colour-space

To address the problems in communication caused by different systems using a variety of
primaries the Commission Internationale de I’Eclairage or CIE adopted in 1931 a system
of colour specification [Boynton 1979]. This system specifies colours using a standard set
of primaries and it is this standardisation of the primaries that allows the CIE system to
be portable between different computer systems and devices.

Although it is possible to match any colour with any set of primaries which satisfy the
trichromacy theory it is sometimes necessary to use negative amounts of a primary. This
is possible in theory but when using an additive mixture of lights is obviously impossible;
to simplify this the CIE chose an “imaginary set of primaries” called the colour matching
functions [Chamberlin 1980] which ensure that visible colours all lie within the positive
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octant of the colour-space. These imaginary primaries are a super saturated red a super
saturated green and an unattainable blue represented as L, M and S respectively; although
they are imaginary they are all defined in terms of sets of real lights. As a further
simplification the CIE ensured that the M primary matched the photopic sensitivity curve
for humans [Niblack 1986], which is of course brightness. This allows the luminance of a
colour to be easily calculated from the M primary and the hue to be altered by simply
adjusting the L and S primaries. The unit vectors controlling the relative brightness of
the three primaries were then adjusted so that when L, M and S were all equal to one the
colour white was defined [Chamberlin 1980].

Any realisable colour can now be represented by a point in the positive octant of the
three-dimensional LMS space. As the three primaries represent unattainable colours the
volume of realisable colours will not fill this entire space but is rather a cone shape lying
within the positive octant [Niblack 1986].

3.2.2.2.3 The chromaticity diagram

Many applications are not concerned with the luminance of a colour but purely its hue. For
these it is customary to transform the LMS co-ordinates to the chromaticity co-ordinates
1, m and s!. These co-ordinates are found by projecting the LMS co-ordinates onto the
surface L + M + S = 1 leading to the transformation equations:

L
b= ITv+s (3.8)
- M (3.9)
mo= L+M+8S ’
S
= - 1
L+M-+S (3 0)

As the chromaticity co-ordinates are a projection onto the surface L + M + S = 1 it
follows that [ +m + s = 1. Since, therefore, s = 1 — (m + [ ) any position on this surface
can be uniquely specified by just m and 1. A two-dimensional plot transformed so that
m and | are orthogonal is shown in figure 3.3. This is known as the chromaticity diagram
and is a standard way of representing colours. When using such a diagram it is important
to realise that it cannot uniquely represent a colour, to do so requires the knowledge of
the brightness, or M primary.

11, m and s are often referred to as z, y and x respectively.
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Figure 3.3: CIE chromaticity diagram.

3.2.2.2.4 Perceptually uniform colour-spaces

Although the 1931 CIE colour-space is useful in the measurement and specification of
colour it does not provide a measure of the perceived difference between two colours.
The determination of such a quantity depends on the ability of an observer to judge
the relative magnitude of such a difference and this judgement depends greatly on the
conditions of observation and the kind of stimuli presented [Wyszecki and Stiles 1982].
There is, however, a great deal of experimental data available on colour discrimination
which has led to a number of empirical formulae designed to predict colour differences. In
1976 the CIE recommended two approximate perceptually uniform colour-spaces chosen
from several of similar merit to promote uniformity of practice [Wyszecki and Stiles 1982].
An important point concerning these formulae is that they are firstly approximate and
secondly can only be said to operate correctly under certain experimental conditions.

The first of these uniform colour-spaces is produced by plotting the quantities L*, u*
and v* where L* is a measure of the colour’s brightness, u* is redness—greenness and v* is
blueness—yellow. They are defined by:

1
M\ s
L* = 116(—) —16 3.11
(37) 311
u* = 13L*(u' —ul) (3.12)
v* = 13L*(v' —v}) (3.13)
where
AL
(- 3.14
" L+ 15M + 38 (3:-14)
oM
1 _ 3.15
v L+15M +3S (3.15)
4L,
u, = (3.16)

L, +15M, + 35,
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0y,
L= - : 1
“n T T.+15M, + 35, (3.17)

The tristimulus values L,, M, and S,, are those found from a white stimulus.

The second uniform colour-space is based on Munsell’s uniform colour-space [Thomp-
son 1995] and is produced by plotting the quantities L*, a* and b* where the tristimulus
values L,, M, and S, are again those found from a white stimulus.

L = 116 (ﬁ) 16 (3.18)
* 500- L : M d 3.19
o =50\ () - (57) (3:19)
M3 S\3
= w2 ;
b 00| (37 o (3.20)

These colour-spaces allow a magnitude to be attached to the perceived difference
between two colours by use of the relevant colour difference formula shown below:

AE, e = [(AL*)? + (Au*)? + (Av*)?)2 (3.21)
for L*u*v* space or
AEgy = [(AL*)? + (Aa*)? + (Ab*)?]2 (3.22)

for L*a*b* space.

3.3 Exploring the efficacy of using colour analysis in
the diagnosis of skin cancer

As discussed in section 2.5.3 the computer analysis of colour within skin lesions has
been investigated by a number of groups. These are typically based on some form of
segmentation algorithm operating on the image of the lesion represented in a particular
colour-space. As can be seen there are a variety of colour-spaces in common use and the
effectiveness of any colour analysis can be greatly influenced by the choice of colour-space.
For skin lesion analysis the ideal colour-space would create a large separation between the
colouration of normal and abnormal skin.

3.3.1 Exploring how the colours of skin and skin lesions appear
in various colour-spaces

To try and answer the question of whether useful information can be recovered from an

external colour analysis and to gain insight into the problem a preliminary study was

undertaken by the author during which colour images of healthy skin, benign pigmented
lesions and malignant lesions were projected into various colour-spaces. The purpose
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was to explore the distribution of colours within a colour-space and identify any trends
peculiar to one particular class of lesion. Various computer algorithms were developed to
assist in this task which allowed the visualisation of colour images in LMS, L*u*v*, L*a*b*
and lms colour-spaces.

3.3.2 Appearance of normal healthy skin

When images of normal healthy skin were projected into these colour-spaces it became
apparent that the colouration was anything but random. This of course is not an un-
expected result as, for instance, we do not see blue or green people but the degree to
which the colouration was structured was surprising. The initial appearance suggested
that normal healthy skin colouration is confined to a surface within the LMS, L*u*v* and
L*a*b* colour-spaces whilst it occupies a small patch within lms space.

3.3.3 Appearance of abnormal skin

In contrast when the colour-space of abnormal skin was viewed in the same colour-spaces
as above the situation appeared more complex. The colouration, whilst still “based”
around the previously discussed surface, appeared to be far more blurred and noisy with
areas of colouration “streaming” from the surface.

3.3.4 Is it possible to gain useful diagnostic information through
an investigation of the colour of human skin?

This preliminary study showed that there may be some possibility to use colour informa-
tion to obtain useful information regarding a skin lesion. It must be stressed that this was
not a qualitative observation but it rather acted as a precursor indicating that further
investigation may be profitable. However, it was not clear at this stage which features
should be identified. Should the blurring of the observed “normal surface” be quanti-
fied or should the observed “streaming” from this surface be identified. Indeed does this
“normal surface” actually exist or is it just a feature of the particular lesions analysed?

3.4 Discussion

This chapter put forward the postulation that the colour-space of a skin cancer may differ

in appearance from that of a benign lesion, and by an analysis of this colour-space it may
be possible to gain information on the structure of a skin lesion relevant to the diagnosis
of a skin cancer.

To ascertain whether this approach is valid there were a number of possible routes to
explore the first of which was to gather a large amount of data with the aim of provid-
ing answers through a statistical analysis. This is an approach similar to that pursued
by a number of groups which, although achieving results quoted as being comparable
with an expert clinician, have so far failed to achieve clinical uptake. As discussed in
section 2.5.3.1 a possible reason for this is the lack of explanation given for those le-
sions wrongly diagnosed and the possibility, however small, of a false negative. Whilst
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these problems exist, in the author’s opinion, it is unlikely that a diagnosis formed by a
computer in this manner will be used in anything other than a parallel “safety net” role.

A second approach was to investigate the optical properties of human skin with the aim
of answering specific questions such as “does a surface of normal skin colouration exist?”.
Indeed, if the colouration of normal skin is bounded does the presence of an abnormal
histology and/or architecture allow for the generation of colouration outside this bounded
region? Further, if this last hypothesis is shown to be true, is it then possible to correlate
phenomenon such as “streaming”, in the colour-space of a skin cancer, to particular
histological and architectural features?

The work of groups in the field of optical spectroscopy has shown that certain informa-
tion regarding the composition of human skin can be recovered through an understanding
of the skin’s optical properties; as such it appears reasonable that information regarding
the internal structure of a skin cancer may also be recovered. In view of this, the forma-
tion of colouration within human skin was investigated by utilising both knowledge of its
internal structure, composition and optical properties. This is discussed in the following
chapter where a mathematical model of the generation of colours within human skin is
developed.
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Chapter 4

How do the colours of normal human
skin arise?

4.1 Introduction

As discussed within the previous chapter the colouration of normal human skin appears

to be confined to a defined two-dimensional surface within a three-dimensional colour-
space. The colouration within skin cancers, however, does not appear to be so confined.
To explore this observation a mathematical optical model of the human skin is devel-
oped within this chapter which shows, theoretically, that such a surface should indeed
exist. This predicted surface of normal colouration is then compared experimentally with
colouration from a cross racial sample of skin types finding good agreement within pre-
dicted experimental errors [Cotton and Claridge 1996].

4.2 The optical properties of human skin

The interaction of light with matter is, as described by Newton [1982], very complicated

with the techniques used to describe and model this interaction depending on the energy
of this light, its wavelength, and the exact nature of the matter. However, within the
wavelength range of interest within this thesis. i.e. visible and near infrared light, its
interaction can be adequately described through consideration of scattering and absorp-
tion [Tang and Wan 1983]. Scattering is the deflection of light energy by particles of
solid, liquid or gaseous matter from the main direction of the beam whilst absorption is
the transformation of the energy into a different form [Pitt 1988].

As discussed in section 2.2 human skin is composed of two separate, structurally
and compositionally different layers, the epidermis and dermis. Just as these contrast
strongly in structure they also differ greatly in their optical properties. This section
discusses these properties for both the epidermis and dermis prior to them being expressed
mathematically within section 4.3.

4.2.1 Interaction of light with the epidermis

The epidermis is a layer of epithelium cells which contain varying amounts of melanin
with an outer layer, the stratum corneum, of keratinised epithelium cells. As the surface
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of the stratum corneum is not smooth and planar normal skin lacks specular reflectance
rather causing the incident radiation to become diffuse.

Within the body of the epidermis there are many absorption peaks, for instance nucleic
acids with an absorption peak of 260nm and urocanic acid with a peak at 277nm. However,
as discussed by Anderson et al. [1981], “in the visible portion of the spectrum, melanin
is essentially the only pigment affecting the transmittance of normal human epidermis,
giving rise to the wide range of discernible skin colours form ‘black’ to ‘white’”. As the
epidermis contains no blood vessels, blood vessels being confined to the dermis, evidence
for this is further found in the claim by Hertzman et al. [1987] that “The color of the skin
is primarily due to two factors: melanin in the skin and the presence of blood”. Anderson
et al. [1981] go on further to point out that “Melanin is not a ‘neutral density’ filter
of the skin; its absorption increases steadily toward shorter wavelengths over the broad
spectrum of 250 to 1200nm.” which results in blue light being more strongly absorbed
than red light.

Other than regular reflectance, only about 5% of incident radiation in the range 350—
3000nm is remitted by scattering within the epidermis, this is shown by Anderson et al.
[1981] to be due to either a small back scattering component within the epidermis or
that the absorption factor relative to scattering is large. They go on further to state that
whatever back scattering does occur “in the normal epidermis over this range it is for
practical purposes weak, and that any strong scattering within the epidermis that does
occur must be forward directed”.

4.2.2 Interaction of light with the dermis

The light not absorbed by the epidermis then enters the dermis which, as discussed in
section 2.2.2, is constructed from a densely fibrous collection of collagen fibres and blood
vessels. Just as this structure differs greatly from that of the epidermis the dermis also
has distinctly different optical properties. Firstly, if in witro, i.e. bloodless dermis, is
considered the absorption coefficient is far smaller than the scattering coefficient and thus
scattering is of major importance. This is in contrast to the epidermis where scattering
was found to be negligible. Indeed the results of Findlay’s work, from [Anderson et al.
1981], in which he measured the remittance and transmittance of thin sections of in vitro
dermis, indicate that practically none of the incident light is absorbed. Anderson et al.
point out that this scattering coefficient increases with decreasing wavelength of light
with red light penetrating far deeper than blue. They go on further to say that “dermal
scattering therefore plays a major role in determining the depth to which radiation of
various wavelengths penetrate the dermis, and largely accounts for observations that, in
general, longer wavelengths across the UV-visible-near infrared spectrum penetrate the
dermis to a greater extent than do shorter wavelengths” [Anderson et al. 1981].

The appearance of blue skin naevi, a type of skin lesion with a black—bluish appearance,
can be explained based upon this fact. In blue naevi melanin is deposited within the
dermis. As the dermis exhibits far higher scattering for blue light than red, blue light will
encounter far less of the melanin and as such suffers far less from absorption. Anderson
et al. [1981] point out that “Such scattering is the only way in which a pigment, such
as melanin, which absorbs shorter wavelengths more strongly than long wavelengths can
produce blue colours.”, this is likely to also account for the blue colourings commonly
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found in cases of melanoma where tumour cells have invaded the dermis.

4.2.2.1 In vivo dermis

Within the dermis the blood supply differs in nature between the papillary and reticular
dermis. For instance, as discussed by Rosen [1983], within the papillary dermis the
structure of the blood vessels is largely capillary in nature with larger vessels existing
within the reticular dermis. Furthermore, the blood vessels within the papillary dermis
become increasingly further capillary in character as the dermo—epidermal junction is
reached resulting in the ratio of blood vessel area to collagen fibre increasing.

When viewed in vivo, the blood borne pigments haemoglobin, oxyhaemoglobin, beta-
carotene and bilirubin are the major absorbers. As the depth of penetration of light
into the dermis is wavelength dependent only the superficial vessels contained within the
papillary layer and consisting of capillaries will be exposed to significant blue light with
the larger vessels in the reticular layer being exposed to light of a longer wavelength.
This papillary-reticular layer divide is further emphasised by the small amount of back
scatter within the reticular layer which, as will be discussed in section 4.3.2, is due to the
bunching of collagen fibres into thick bundles resulting in most of the light reaching the
reticular layer passing deeper into the body.

Within the dermis and epidermis it is interesting to note that the chromophores re-
sponsible for scattering appear to be different from those that cause absorption [Anderson
et al. 1981]. Within the dermis these separate into collagen fibres which provide the scat-
tering and blood born pigments which provide the absorption. This is convenient for
modelling because, in normal skin, the scattering component is therefore fixed with ab-
sorption depending on the amount and nature of the blood present.

4.2.3 Overall effect of epidermis and dermis on incident light

When light strikes the skin it enters the epidermis where it is rendered diffuse by the
non-planar surface of the stratum corneum. Within the epidermis scattering is negligible
or at least forward directed and absorption, in the visible spectrum, is due solely to
melanin. As melanin absorbs short wavelength light more strongly than long wavelength
the resulting light entering the dermis will have lost a blue component, the magnitude of
this loss depending on the amount of melanin present.

Within the dermis this “brown” light is subject to scattering with the shorter wave-
length light being scattered to a greater extent than the long wavelength. This largely
determines the depth of penetration of the incoming light and thus controls the amount
and nature of blood vessels various parts of the spectrum encounter. These blood vessels
contain pigments which absorb blue light more strongly than red, hence giving the red
colour of blood.

Most of the light incoming to the dermis, other than that absorbed, is remitted. Indeed
as Anderson et al. [1981] point out there is almost zero transmittance for wavelengths less
than 600nm. This light then passes back through the epidermis where further melanin
absorption takes place before exiting through the stratum corneum. In normal skin this
light is “brown” in colour due largely to melanin absorption with the red hues being due
to absorption within the vascular dermis.
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It can be seen from this description of the skin that both the epidermal and dermal lay-
ers can be considered as translucent materials where the light is scattered and absorbed by
various materials embedded within these layers. These materials include melanin, collagen
fibres, blood vessels and lead to a description of the skin as a translucent inhomogeneous
material.

4.3 Developing a predictive model of human skin colour-
ing

By modelling the interaction of light with the structures and pigments within human
skin this section constructs a model which can be used to predict the spectral makeup,
and therefore colour, of light remitted from the skin’s surface.

4.3.1 Model of the epidermis

To understand the absorption of radiation by melanin within the epidermis it is useful
to consider Bouguer’s law [Wyszecki and Stiles 1982], which describes the attenuation of
light where scattering is negligible,

O\, dp) = e~ 4™ (4.1)

where 0()\, d) is the ratio of transmitted radiation to incident radiation, d is the path
length and m(\) is the spectral absorptivity of the material.

Therefore if d,, is considered to be the path length of epidermal melanin and m(\) the
spectral absorptivity of melanin 0(\,d,,) describes the absorptivity for a certain wave-
length and the intensity of light emitted from the epidermis, S,, can be shown to be

S, = 0(), dp)S(N) (4.2)

where S()) represents the intensity of incident light against wavelength. The amount of
each primary emitted from the epidermis in LMS space is then given by

Lon(dw) = /OOOG(A,dm)S()\)SL(A)d/\ (4.3)
M (dy) = /()OOQ(A,dm)S(/\)SM(/\)d)\ (4.4)
Smldn) = [ 60\ dm)S(N)Ss(N)dA (45)

where Sp(A), Sy(A) and Sg(A) are the spectral response curves for the CIE L, M and
S primaries [Wyszecki and Stiles 1982]. This then allows a vector representation of the
emitted light P; where

If the radiation were emitted from the skin at this point the spectral composition
would lie on the locus of points described by the vector P; over the range of melanin
thickness’ present in the skin.
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4.3.2 Model of the dermis

As discussed there is very little scattering within the epidermal layer with the small
amount that occurs being forward directed. The result of this is that all light not absorbed
by melanin can be considered to pass into the dermis. Within the dermal layer, in contrast,
the scattering coefficient is high and as such light is scattered back towards the surface:
this high scattering coefficient then renders it unsuitable for modelling with Bouger’s
law. To model the dermis it is therefore necessary to consider a more rigorous approach
encompassing both scattering as well as absorption.

Within an inhomogeneous material the nature of such scattering varies markedly with
the size and structure of the inhomogeneitys. If they are large compared with the wave-
length of the incoming light then the scattering is highly forward-directed and known as
Mie scattering [Egan and Hilgeman 1979]. If, however, they are small then the scattering
can be modelled by considering Rayleigh scattering [Newton 1982] in which the amount
of scattering varies inversely with the fourth power of incident wavelength.

Within the papillary dermis the conditions for Rayleigh scattering are met with the
collagen fibres having a diameter of an order of magnitude less than the incident visible
light. Within the reticular dermis, however, this is not the case with the large bundles of
collagen fibres resulting in scattering becoming Mie scattering and as such highly forward-
directed with very little light being remitted.

In constructing a dermal model it is therefore convenient to consider the papillary
and reticular layers as distinct with different scattering properties. Indeed, to a first
approximation, the remitted light due to the reticular layer can be considered negligible
with the papillary layer being assumed to be an inhomogeneous material that combines
absorbing particles with Rayleigh scattering. One such theory that models this is the
Kubelka—Munk theory [Egan and Hilgeman 1979] in which it is assumed that the material
contains particles small in comparison to the material thickness and that the incident
radiation is diffuse. The first of these conditions is easily met for skin and as discussed
in section 4.2.1 the stratum corneum causes the incident light to become diffuse meeting
the second condition.

The applicability of the Kubelka-Munk theory to modelling the propagation of light
within human tissue has been argued by a number of authors. For instance Cheong et al.
[1990] disputed its accuracy as a general model for light propagation within “biological
tissue”. However, this work aimed to produce general theories capable of modelling the
propagation of light in materials ranging from tooth enamel to brain tissue. Indeed, for
the specific application of modelling the light propagation within human skin Van Gemert
et al. [1989] recommend it is a “good” model particularly in the region between 300 and
1000nm. Anderson et al. [1981] add on a practical note that “the more physically rigorous
theories of radiation transfer require a knowledge of structure and optical parameters
which is difficult to obtain for skin”.

4.3.2.1 The Kubelka—Munk theory

Within the Kubelka—Munk theory the radiation passing through an inhomogeneous translu-
cent material is divided into two opposing diffuse fluxes: the radiant flux in the direction
of increasing sample depth is termed I with that returned (as a result of scattering) being
termed J.
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dx

Incident light (10) ——= 1) — = Transmitted light (Id)

Remitted light (JO) | IJX) — 1 J(d)=0

x=0 x=d

Figure 4.1: The Kubelka~Munk two flux model.

At a distance = from the material surface the change in flux over an infinitesimal
distance dz for I and J is

dIl = —aayldz —cagldz + abyJdz (4.7)
and
dJ = abyJdzx + cbyJdxr — aagldx (4.8)

where « is the fraction of radiation absorbed per unit path length, ¢ is that fraction of
radiation scattered per unit path length and a¢ and b, are constants that relate dz to the
average path lengths for I and J.

If the radiation is directionally isotropic it can be shown that the average pathlength
through an infinitesimal distance dz in any one direction is 2dz [Anderson et al. 1981]:
this condition is met if the radiation is diffuse which, as discussed in the previous section,
is met as a result of the interaction of light with the stratum corneum. For a diffuse
medium the value of ay and by is therefore 2 resulting in the differential equations 4.7
and 4.8 being written as

dI = —(k+s)Idz +sJdz (4.9)
and
dJ = +(k+s)Jdz — sldx (4.10)

where £ = 2a and s = 2¢.

The solution to these is an exponential and by application of the boundary conditions
shown in figure 4.1, as shown by Egan and Hilgeman [Egan and Hilgeman 1979], the
expressions for the ratio of diffuse radiation R(3, K,d) and transmission 7'(53, K, d) to
incident radiation are

Iy ~ ~ (1 - ﬂQ) (eKd o G_Kd)
T REKD = o (4.11)
and
I(d) _ _ 4B
I—o = T(8,K,d) = i+ 5)2 oKd_ (1= 5)2 K (4.12)
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where
K= Fk(k+2s) (4.13)

and

k
k+ 2s

8= (4.14)

The remitted light from an inhomogeneous material thus depends on the value of «
and ¢ for the material in question and d, the material thickness. For real materials it is
likely that these are wavelength dependent and as such these coefficients become a(\) and
¢()) leading to k and s becoming k(\) and s(\) and R and T also becoming wavelength
dependent.

4.3.2.2 lyin the Kubelka—Munk theory to the a illary dermis

Within the papillary dermis R and 7" are not solely dependent on wavelength but are also
affected by the amount of blood born pigments present. As discussed in section 4.2.2 a
useful simplification can be made due to the observation that the chromophores responsi-
ble for absorption are different from those responsible for scattering. Those responsible for
scattering, namely the collagen fibres, then lead to values of ¢ which do not vary between
wn vitro and ¢n vivo samples of the dermis. This results in a value for ¢ which is solely
wavelength dependent and a value for o which varies with the amount of blood present.
Hence they can be represented as ¢(A) and «(), ), where represents the amount of
blood born pigments, with R and 7" becoming

R(B(K(k(a(X; )),s(c(V))), K(k(a(X, )),s(c(A)),d) (4.15)
T(B(K (k(a(X, )),s(c(N)), K(k(a(, )),s(s(A))), d) (4.16)

To apply the Kubelka—Munk theory to the papillary dermis in such a way as to predict
the spectral makeup of the remitted and transmitted light thus relies on a knowledge of the
values of a( , \), s(\) and dy (the papillary dermal thickness). As discussed in section 2.2.1
it is chiefly the stratum corneum that accounts for differences in skin thickness with the
dermal layer reported to have a constant thickness. Anderson et al. [1981] assume this
thickness to be 200 m.

The values of ¢(A) and a(X) for in vitro dermal tissue have been measured as have the
absorption coefficients for the blood born pigments [Anderson et al. 1981]. The value of
a(), ) for in vivo dermis can then be found by considering the total absorption, 6 , being
the sum of § and 6 , the absorption due to the blood born pigments and that measured
for the in vitro dermis. Hence

0 =0 +0 (4.17)
6 = e e ¢ (4.18)
g = e« ) (4.19)

Thus, it can be seen that « for the dermis is simply the sum of & and a . From the
above equations it is possible to calculate the value of a and ¢ for any wavelength and
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concentration of blood leading to a calculation for R and 7. For simplicity of notation it
is helpful to consider R and T' where

R (A da) = RBIE(K(a(A ), s(c(M)), K(k(a(A; ), s(c(N)),d)  (4.20)
T (A da) = TBE KA, ) s(cN)), K(k(e(A, ), s(s(A)),d)  (4.21)

As with the epidermis the light remitted and transmitted from the papillary dermis can
then be found by calculating the product of the incoming light with R and T respectively
giving the following equations

Sa(N, ,ds) = R (N ,dg)Sa(N) (4.22)
Sa(A, ,dg) = T (XN ,dg)Sa(N) (4.23)

where Sy represents the light incident on the dermis and S 4 and S 4 represent the remitted
and transmitted light from the dermis.

4.3.2.3 Thee et o di erin blood onstitutions

Blood is composed from a number of constituents the relative proportions of which can
vary. The absorption coefficient, o , may therefore also vary altering the spectral compo-
sition of the light remitted from the dermis.

4.3.2.3.1 The level o blood o y enation

As discussed in section 3.2.1 the major blood born pigment is haemoglobin which can exist
in two forms oxyhaemoglobin and reduced haemoglobin. These have slightly differing
absorption spectra, see figure 3.1, which allowed Edwards and uimby untley [1939]
and subsequent workers to develop optical spectroscopy methods to identify which form
of haemoglobin was dominant in a particular area. To perform this analysis requires
spectroscopy |[Hajizadeh-Saffar et al. 1990] at a resolution capable of identifying the
characteristic double dip in the oxyhaemoglobin absorption spectrum. However, since the
absorption spectra do differ the colour of human skin is also likely to vary depending on
the form of haemoglobin prevalent. To investigate this it is useful to consider that just
as the total absorption coefficient for the papillary dermis was found to be the sum of
that for in wvitro papillary dermis and that for the blood born pigments, the absorption
coefficient for the blood born pigments can be expanded to take account of the relative
amounts of oxyhaemoglobin and reduced haemoglobin. Thus

a= o + « (4.24)

where v represents the absorption coefficient of oxyhaemoglobin, @  represents the
absorption coefficient of reduced haemoglobin and the constants and allow differ-
ing amounts of both pigments. As haemoglobin has to be in either of the two forms this
can then be simplified to

a =ba +(1-ba (4.25)

where b represents the balance between oxyhaemoglobin and reduced haemoglobin. When
b = 1 the haemoglobin is purely of the oxidised form whilst if it is 0 it is purely of the
reduced haemoglobin form with intermediate steps being represented by values in between.
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4.3.2.3.2 1 erin levels o bilirubin

Bilirubin is a normal waste product of the breakdown of red blood cells and is usually
removed from the blood stream by the liver. In the case of a liver disease, such as
hepatitis, cirrhosis or jaundice this process can be slowed or stop resulting in a build up
of bilirubin in the blood which manifests itself as a yellow discoloration of the skin and
sclera (whites of the eyes). The most common cause of jaundice in new-born babies is
an underdeveloped liver at time of delivery the treatment for which is phototherapy. As
discussed in section 3.2.1 spectrographic systems have been developed which can measure
the amount of bilirubin non-invasively with the particular aim of monitoring such levels
in new-born babies.

As can be seen in figure 3.1 the absorption curve of bilirubin is prominent between 400
and 500 nm. The effect of bilirubin on the overall blood absorption can be expressed in
the same manner as that for the different forms of haemoglobin leading to the following
equation

a =ba +(1-ba + « (4.26)

where @ is the absorption coefficient for bilirubin and represents the amount.

4.3.2.3.3 veralle e t o blood o y enation level and bilirubin on R and T

To take account of the differing levels of blood oxygenation and bilirubin levels equa-
tions 4.20 and 4.21 need to be extended in view of equation 4.26 to allow o to be a
function of b and resulting in R (A, ,dg,b, ) and T (A, ,dg,b, ).

4.3.2.4 Perturbin e e t o the a illary dermis vas ular stru ture

Thus far the model assumes that the papillary dermis is constructed from a uniform
distribution of blood vessels and collagen fibres. This, as discussed, is not an accurate
representation with the blood vessels becoming more capillary in nature as they leave the
su erficial arteriolar le us and extend towards the epidermis resulting in a larger surface
area of blood born pigments in the upper papillary dermis. To accommodate this a two
layer model of the papillary dermis is proposed where the amount of blood born pigments
is larger in the top layer. The result of this is that the remitted light from the dermis is
a combination of the remitting and transmitting properties within each layer leading to
an overall model of the skin as shown in figure 4.2.
As can be seen from this the total light remitted from the papillary dermis,

R (A, a4 ad a4 dgb, ) can be represented as

R ()\a d» dad daddab’ ) =
R d()‘a daddaba )+T d(/\a d:dd:ba )2R d()‘a daddab: )+
T d()\a dad daba )2R d()\a daddaba )2R d()‘a dad daba ) (427)

where 4 and 4 are the amount of blood born pigments present in the upper and lower
papillary dermis respectively and d 4 and d 4 represent the thickness of these layers.
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Figure 4.2: Model of the human skin.

4.3.3 Model of the entire s in

The light incident to the dermis is that transmitted by the epidermis (A, d,,). Thus
the spectral composition of the light remitted and transmitted from the dermis can be
represented as:

S d()‘a d» dad d:dd,dmaba ) = R (/\a ds dad d,ddaba )G(Aadm)S(M28)

Sd()\a d» dad daddadmaba ) =T ()\’ ds dad dadd’b’ )Q(A’dm)S(A429)
where S 4 refers to the light remitted and S 4 to the light transmitted.

The light remitted from the dermis passes through the epidermis again before being
finally emitted from the skin resulting in the spectral composition of the final emitted
light, S , having the form

S ()‘7 d» d:d d?ddvdmabv ) = R ()‘7 ds d;d dvdd7b: )0(A7dm)25(@1)30)

S can then be used to calculate the LMS primaries in the same manner as that discussed
in section 3.2.2.2 resulting in

L ( d> d:d daddvdmabv ):/0 R ()\7 d; did d7dd7b7 )0()‘7dm)28()\)SL()‘)({431)
Mo adadadmb )= "R O o adadab )00 da)*SO)Su(N)dN32)

S ( ds d;d daddadmaba ) = A R ()\a dy dad daddaba )0()‘1 dm)QS()‘)SS()‘)C(A?’s)

which can be normalised to have a maximal value of one by further dividing by the white

value for each primary leading to

OOOR ()\ﬂ ds dad daddab’ )H(A’dm)QS()\)SL()\)dA 34
\'_.t.

L 7 ’d ’d admaba = o0
(4 adadd ) &SNS, (A)dA
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CR (N 4 adadad )N dr)2S(N)Su(N)d) 35)
SN Su(A)dA v

R (N, 4 e dadab, )N, dm)2S(N)Ss(A)dA 26

)= & S(AN)Ss(N)dA 4.36)

M ( d> daddaddadmaba ):

S ( ds daddadd,dmaba

and the vector representation

P ( d) d;d d;ddadm;b7 ) = il ( d> dad dadda dmab’ )+jM ( d> dad daddadmaba )
+ kS ( d> d:d daddadmaba ) (437)

It should be noted at this stage that the amount of blood, , and epidermal melanin,
d,,, are not calibrated to actual measurable quantities but rather are relative quantities.

4.3.3.1 aminin the e e t o errors and un ertainties on the model

The model depends heavily on measured histological and physical parameters such as the
absorption curves of oxyhaemoglobin and reduced haemoglobin. As with any physical
measurement, there is a finite degree of accuracy to which these can be measured and
these uncertainties in the model parameters can then result in an uncertainty in the
result predicted by the model. The size of this uncertainty can be calculated by analysing
how these initial uncertainties combine and alter as they pass through the various steps
within the model. Whether the model is then deemed useable for a particular task will
depend on the predicted uncertainty in the models result compared with the required
accuracy.

To this effect the propagation of uncertainties through the model was calculated in
the manner discussed by Lyons [1991]. This analysis is shown in appendix C resulting
in equation C.78. As can be seen in this analysis the predicted uncertainty is dependent
on the uncertainties in the model parameters along with the initial value, and range, of
these parameters. This allows an exploration of how the behaviour of the model varies
with differing sets of parameters and assessment of its applicability to various tasks.

4.3.3.1.1 ariation o model behaviour ith sele ted rimaries

Principal amongst these parameters is the range and form of the primaries which can be
selected to either make the model highly sensitive to variations in a certain parameter or
highly insensitive. This method of tuning, or detuning, allows the model to be targeted
to a specific task. As an example consider the case of using a “narrow” primary which
extends over only a few nm’s and therefore approaches the measurements made by a
spectroscope. If positioned in a part of the spectrum where there is a large difference
between the absorption of oxyhaemoglobin and reduced haemoglobin, i.e. over one of
the characteristic dips in the oxyhaemoglobin absorption curve, the model would then
become extremely sensitive to this variation. However, if it is either moved or made to
operate over a range which encompasses both blood absorption curves it can become
highly insensitive.

To summarise the behaviour of the model varies grossly with the primaries selected, the
values of the parameters and the uncertainty in these parameters. Application to a certain
problem therefore requires careful selection of the primaries and range of parameters
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the model is required to operate over. Before the model is used the predicted range of
uncertainty in the model results needs be calculated and only if they are deemed to be of
an acceptable size should the model be used.

4.3.4 Initial application the s in model to the prediction of nor
mal s in coloration

To generate the range of normal skin coloration requires a calculation of the predicted
colouration for every permutation of the parameters outlined in equation 4.37 and for a
defined set of primaries. As discussed the selection of primaries will have a gross effect on
the results of the model and thus have to be selected with care. For the purpose of this
study it is the colouration of human skin as “seen” by the eye that is of interest; hence
the ideal primaries would match the sensitivity curves of the three different types of cone
found within the eye.

Practical considerations, however, require that the colouration generated by the model
be displayed on various output devices including monitors and colour printers. A consid-
erable amount of research has been directed towards achieving this [Tannas 1992] with a
particular emphasis on reproducing colours both accurately and allowing communication
between different devices. As discussed in section 3.2.2.2 a device independent colour-
space can be used with the most common being the rigorously defined CIE colour-space.
Movement between different colour-spaces, and devices, can then be achieved by perform-
ing colourimetric transformations. In view of this it was initially decided to generate
colouration using the CIE LMS primaries. These could then be transformed into either
a device specific colour-space, for reproduction, or any other colour-space, including the
perceptual colour-spaces L and L a b , for analysis.

For an initial examination into the behaviour of the model it is useful to assess which
of the input parameters are the most important and which have only a small effect on
the predicted results. Isolation of the main factors should then allow an understanding
of the gross behaviour of the model which can be further refined through the variance
of additional parameters. Firstly, as discussed, in section 4.3.2.2 the thickness of the
papillary dermis can be considered constant with a value of 200 m. Secondly, as discussed
in section 4.3.2.4, the majority of blood within the dermis is found within the upper section
of the papillary dermis which led to the development of a two layer model of the papillary
dermis and the terms 4, 4, d 4 and d 4. By definition d 4 + d4 = 200 m however
the value of d 4 is less well defined, indeed no figures are published for this parameter
and all that is possible is to estimate a suitable value. However, for this to be applicable
it is essential that the effect of a relatively large uncertainty in this parameter does not
render the model unusable. To this effect, as a first approximation, d 4 was defined as
d 4 =20 20 m with the uncertainty being carried forward to the error analysis. Thirdly,
as we are interested in healthy skin, the amount of bilirubin, , can be considered very
small and effectively assumed to be zero.

The level of uncertainty in the model predictions can now be calculated by considering
the uncertainty in the input parameters. For the blood and melanin absorption curves
and the scattering and absorption coefficients of in wvitro dermis this can be found by
considering the results published by [Anderson et al. 1981]. Similarly the error in the LMS
primaries can be found by considering [Wyszecki and Stiles 1982]. When these parameter
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uncertainties are applied to the model using equation C.78 the result is to predict an
uncertainty in the value of R of around 2% to 4%. A standard deviation for the
model, when summed over the LMS primaries, is also predicted ranging from 4% to

9%. Interestingly the contribution to this error from the large uncertainty in d 4 was
negligible, 1%, indicating that perhaps the development of the two layer model for the
papillary dermis was unnecessary.

In examining the uncertainty introduced through variations in the level of blood oxy-
genation it is useful to first consider the worst case scenario of no knowledge of this level.
This equates to a value of b, the parameter governing the balance of oxyhaemoglobin to
haemoglobin within equation 4.25, represented by b = 05 05 and indicates that ap-
proximately a further 1% uncertainty will be added to the model prediction. In view
of the size of this uncertainty, in relation to the existing model uncertainty, to a first
approximation it is plausible to consider the value of b, which governs the level of this
parameter, to be fixed at 0 5. As discussed in section 4.3.3.1 the model could be made
more or less sensitive to this parameter by selecting appropriate primaries.

Whether the use of these assumptions and simplifications is valid can only be assessed
by comparison of the model results with experimentally obtained results for actual skin.

4.3.4.1 sin om uter sot are to enerate the oloration

The model was implemented in computer software using C++ resulting in a program
called s inMo el. The software is capable of generating the colouration of human skin
given the input parameters discussed. The parameters governing the absorption and
scattering characteristics of constituents are input using a set of data files which record
these parameters against wavelength. The same style of data file is used to input the
spectral response of the desired primaries. When coded it provided a powerful and flexible
method of exploring the range of possible human skin colouration.

When the parameters discussed within the previous section form the inputs to the
system the range of colouration shown within the left hand graph of figure 4.3 is produced.
This is represented within the LMS colour-space where a surface of possible colouration
can be clearly seen.

4.4 alidation of the skin model

To assess the applicability of the model a study was undertaken where images of skin
from the interior and exterior forearm of fifty volunteers representing a racial cross section
were obtained by the use of a JVC K -F55B 3-CC colour camera. This camera uses the
industry standard RGB colour-space [Allebach 1992] which is a linear transformation of
LMS space. These were then transformed into CIE 1964 LMS co-ordinates by means of a
method described by Connolly and Leung [1995b] and Connolly and Leung [1995a]. They
were supplemented by the published LMS co-ordinates of ten skin samples by Weatherall
and Coombs [1992]. The surface formed by the combination of all measured skin samples
is shown in figure 4.3 along with that predicted by the model in LMS space.

As previously discussed there is an inherent uncertainty in the model results due to
the original uncertainties in parameter values. Further, as discussed by Lyons [1991]
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Figure 4.3: Left: Predicted surface of skin colours; right: colours found in actual skin
samples.

approximately 66% of measured results should lie within one standard deviation of the
predicted values. If therefore, approximately 66% of the measured deviations lie within
this range then the model may be considered valid. This can be tested by measuring the
actual deviation to the closest point on the model and comparing it with the predicted
standard deviation. This analysis was performed on the skin samples and the cumulative
frequency of the ratio of actual deviation to predicted standard deviations are shown in
figure 4.4.
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Figure 4.4: Ratio of measured deviation to predicted standard deviation for each plane.

These results show that for the L primary 86% of measured LMS values lie within
a single standard deviation of the model with 78% and 82% for the M and S primaries
respectively. In view of this the model can therefore be considered valid within the bounds
of experimental errors.
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4. eparation of the surface into melanin and lood
a is

The results of this analysis indicate that the normal range of skin colouration, as predicted
by the model, indeed occupy a surface within LMS space which is in agreement with the

qualitative observation in section 3.3.2.
The nature of this surface can be further understood by performing the substitution

L(A) =S(A)SL(X) (4.38)

into equations 4.31-4.33. When this is performed equation 4.31 becomes
L( o edadadnd )= B (O & edadab  )00dn)? 1()dN39)

This can be further simplified by considering the generalise first —ean value theore [Spiegel
1962] which states that if (z) and (z) are continuous in [a, b], and (z) does not change
sign in the interval, then there is a point in (a, b) such that

/ () (2)dz = () / (z)dz (4.40)

As R and @ are continuous and do not change sign, it is impossible to have a negative
remittance, these conditions are met for equation 4.39 over the wavelength range where
SL(A) is nonzero, [aL, bL], leading to a value of ,( , ) which satisfies

L
L ( d» dad d;ddadmaba ) = L( L )/L R ()\a d> dad dadd’ba )G(A’dm)zdméll)

It becomes apparent from this that ( 1 ) is a constant the value which can be found
by considering the normalised version of equation 4.31, equation 4.34, and the limiting
situation of both R and 6 being one over the entire wavelength range. When this is
performed equation 4.34 can be shown to simplify to:

L( L )(bL - aL)

L ( d» d:d d:ddadmaba ) = (442)
( (A)dA)
By definition this is equal to one which therefore leads to a value for . ( ) of
L
AGRACILRY
= 4.4
o(2) bL —alL (4.43)
or
L
=__° ¢ 4.44
t(z) bL —aL (4.44)

Similarly for every value of d,, there exists a value 5(d,,) which satisfies
L( 4 adadadnb )= 1000 n(dn).dn)® [ B O o adadeb )dM45)
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Figure 4.5: The predicted surface of skin colouration within the RGB colour-space showing
the melanin and blood axes. This figure is reproduced in colour within figure E.2 of
appendix E.
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Further to this there is a value p ( 4, 4,d 4,dg,b, ) which satisfies

L ( d» d7d d;dda dm7b7 ) = L( L )9( LQ(dm)idm)2
R ( L ( ds d:d d:ddaba )a ds dad daddaba ) (446)

The result of this is that a position on the surface is defined by the product of
three terms. Firstly 1 ( ;) which is a scaling constant ensuring that the normalised
value, L , is one in the case of all light incident on the skin being returned; secondly
0( r2(dm),dm)? which defines the total light transmitted by the epidermis and finally
R ( L ( ds ds d ds d ds b, ), dy ds d ds d ds b, ) deﬁning the llght remitted by the
dermis. The last term, as discussed in section 4.3.4, can be significantly simplified for
practical purposes resulting in dependence only on , where = 4 with 4, d 4, dg4, b,

assuming the values outlined in section 4.3.4. This then results in a final simplified
expression for the value of the L primary, L , given by

L = L( L )0( L2(dm)7dm)2R ( L ( )7 ) (447)

and similarly for the M and S primaries

M = u( )0 m2(dm)dn)’R - (), ) (4.48)
S = s(s)0(s2(dm),dm)’R (5 (), ) (4.49)

The simplification of these equations to a product of three terms is useful in formulating
an understanding of the surface. Firstly for each of equations 4.47-4.49 the first term,
or nor alisation ter , simply defines the maximal value of the equation. The second
term, the e ¢ er al ter , then defines how this maximal value is modulated by the
presence of epidermal melanin with the third term, or er alter , defining how the light
is modulated within the dermis. This, therefore, leads to the value of a primary being
defined as in equation 4.50.

ma a e= ma sa Te m de ma Te m e ma Te m (4.50)

An interesting result is that these terms are independent of each other only becoming
coupled in equations governing the total light remitted from the skin. Therefore it can be
seen that the e ¢ er aland er alterms define the bounding axes of the surface, which
becomes apparent when either d,, or are set to zero, whilst the nor alisation term
defines the maximal possible value. These can be seen in figure 4.5 with the elanin a s
descending rapidly to the origin and the loo a is taking a more gradual descent. Thus,
a combination of both melanin and blood in the skin results in the grid like structure
shown in this figure with each point on the surface being uniquely defined by these two
parameters.

4. .1 pression of the and terms
parametric e ations

The separation of the dermis and epidermis into independent parts, with regard to the
generation of skin colouration, is useful because it allows the possibility of parameterising
0( z2(dm),dm)?, the e i er alter ,and R (s (), ), the er al ter , to simpler
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Figure 4.6: Parametric equations representing the e ¢ er al ter shown overlying values
generated by the skin-model.

forms. This can be achieved by the fitting of a series of curves to these two functions
taking d,, and respectively as parameters. The product of these is then modulated by
the nor alisation actor, r( 1 ), to the actual primary value. For this analysis it is
assumed that both the e ©+ er alter and er alter vary between 0 and a maximum
of 1 and was performed in the industry standard RGB space discussed in section 4.4. As
discussed in section 4.3.3 d,, and do not relate directly to measurable quantities but
rather are relative terms.

4. .1.1 Parameterisin the e 7 er al ter

The e 1 er al ter can be analysed by isolating the melanin axis. This was found
empirically by utilising the skin-model to generate the R, G and B primary values over
a range of epidermal melanin values whilst fixing the remittance from the dermis to be
100%. These are shown in figure 4.6 where it can be seen they appear to be exponential
in nature. Indeed, an exponential of the form

=ae ° (4.51)

can be easily fitted where represents the value for a particular primary, ¢ and b are
constants and d,, represents the amount of epidermal melanin. This curve fitting was
achieved by the use of a computer program called Sigma plot, version 1.02, by Jandel
Scientific producing the values of a and b for the RGB primaries shown in table 4.1.
These parametric equations are shown overlying the results of the skin-model within
figure 4.6 where it can be seen there is a good visual fit. The average variation for
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the red, green and blue primaries is 0.7%, 0.3% and 0.6% respectively which, as will be
discussed in section 6.3, is less than the inherent error in primary value measurement for
the system used to gather images within this thesis. As such the parametric equations
can be considered a good approximation with the value of the modulation applied to the
R primary by the presence of epidermal melanin being represented as 1 012 e~ ¢ and
similar equations governing G and B.

R primary | G primary | B primary
a | 1.012 0.999 1.008
b | -49.9 -92.8 -202.4

Table 4.1: Parameter values for the e 7 er al ter

4. .1.2 Parameterisin the er al ter

By isolating the blood axis the er al ter can be parameterised in a manner similar
to that of the e 7 er al ter . It is, however, more complex than the e i er al ter
requiring an equation of the form

- + (4.52)

where represents the primary value, and k£ are constants and  represents
the amount of blood. This curve was fitted to the results generated by the skin-model
resulting in the parameters shown in table 4.2.

R primary | G primary | B primary
i ]0.3358 0.04981 0.09186
j | 0.3382 0.5537 0.4564
k | 19.527 1.6497 20.450

Table 4.2: Parameter values for the dermal term.

The results of this analysis are shown in figure 4.7 in the same manner as that for the
e © er alter . Itisinteresting to note that the er alter never reaches 1 which is due
to the dermis possessing some in wvitro absorption and loss of light through transmittance
into the body. The fit is comparable to that of the e i er al ter with similar sized
variances of 0.3%, 0.2% and 0.9% for the red, green and blue primary respectively. The
modulation to the R primary due to the presence of dermal blood can thus be represented
as 03358 + 0 3382 2

4. .1.3 s ertainin the value o the nor alisation ter

As discussed the range of the e ¢ er al and loo ter s were fixed to vary between 0
and a theoretical maximum of 1. For application to a specific colour-space these need
to be modulated so that when both equal to 1 the corresponding primary values attain
the correct maximal value. The nor alisation ter is therefore equal to the maximal
value a primary can possess which for the RGB colour-space, when represented within a
computer using 8 bits, is 255.
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Figure 4.7: Parametric equations representing the er al ter shown overlying values
generated by the skin-model.

4. .1.4 Parametri e uations de nin the normal sur a e o human skin oloura
tion

The results of the previous sections can be combined to give a series of parametric equa-
tions governing the colouration of the surface of normal skin colouration. These are given
below both for a general primary  and for an 8 bit representation of the RGB colour-
space.

= @ e ) (+ k)
R = 255 (1012 ¢ %) (03358403382 2 )
255 (0999 e % 4 ) (0004981 +0 05537 )
= 255 (1008 e 22 ) (009186400 4564%* © )

4. Discussion and conclusion

The model predicts a single curved surface within the CIE LMS colour-space on which
should lie, within the discussed error bounds, the entire spectrum of normal human skin
colouration. The model has been proven by comparison with experimental data. An
interesting property of the predicted surface is that it is formed from two physiologically
derived axes, namely the amount of melanin within the epidermis and the amount of blood
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Figure 4.8: Enlarged section of forearm (top) transformed into blood space (bottom)
showing the major blood vessels leading to the hand.

within the dermis. This therefore allows the transformation from a three-dimensional
colour-space to a two-dimensional feature space which is accessible for interpretation by a
clinician and thus allows close clinical involvement with the design of any analysis based
on use of this surface.

For instance it is possible to transform every normal skin colour within an image to a
set of images showing separately the amount of blood and melanin. An example of this is
the top image in figure 4.8 which shows a region of interior forearm with the feature space
on the bottom representing the amount of blood present. Within this image the large
blood vessels leading to the hand can be clearly seen. Similarly the model can be used
to produce an image representing the amount of melanin present in the skin. In the case
of the malignant melanoma shown on the left of figure 4.9 the extra melanin produced
within the bounds of the lesion can be clearly seen against the normal surrounding skin
within the right hand image. It is interesting to note that the areas of regression within
the lesion, where the amount of melanin has receded, can be clearly defined. The lack of
melanin detected within part of the center nodule is due to specular reflection from the
smooth nodule surface.
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Figure 4.9: Malignant melanoma (left) transformed into melanin space (right).
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ect of the rescence of melanin
within the dermis

.1 Introduction

As discussed in section 2.4.3 the single most important prognostic factor regarding
melanoma is the presence and depth of invasion of atypical melanocytes into the der-
mis. Indeed, as discussed in section 2.6.1, the ability to identify this invasion at an early
stage, i.e. when the tumour is still thin, through a non-invasive analysis would be of great
clinical value.

The previous chapter developed a mathematical model of normal human skin which,
in line with that observed in experimental data, predicted that the colouration of human
skin should be confined to a two-dimensional surface within a three-dimensional colour-
space. The effect of dermal invasion perturbs this skin model by introducing chromophores
normally restricted to the epidermis into the dermis. If, therefore, lesions undergoing
invasion have a different architecture to normal skin it is a fair proposition that the
colouration may not be bounded to this surface; if this is true, then the nature of the
deviation may yield important information regarding the skin.

This chapter explores this proposition. In particular, it demonstrates that it is possible
to derive detailed information about the skin architecture (i.e. the thickness and pigment
composition of the skin layers) without incurring the problems inherent in obtaining a
biopsy. The general principle explored is based on the premise that if the optical properties
of human skin are understood and the internal architecture of various skin conditions are
known it may be possible to predict the colouration associated with these conditions.
If colours originating from different architectures prove to be separable in a colour-space
then it should be possible to infer information about the architecture from the colouration
occurring in actual skin conditions [Cotton et al. 1997a, Cotton et al. 1997b].

.2 tending the skin model to predict the coloura-
tion of skin containing dermal melanin

The proposition that the colouration of skin with a different architecture to that of normal
skin may be measurably different is given credence by the observation, as discussed in
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Figure 5.1: The extended five layer skin model.

section 4.2.2, that blue naevi and invasive melanoma, which contain dermal melanin, often
exhibit blue-black hues which one would not expect to see in normal skin [Anderson et al.
1981]. It is worth noting that although it is the presence of melanocytes within the
dermis that is often noted in these conditions it is the pigment melanin contained within
the melanocytes that leads to the distinctive colouration: in view of this the term dermal
melanin will be used throughout this thesis.

To explore the effect of dermal melanin the model presented in the previous chapter
was extended to predict the skin colouration associated with such conditions. To account
for the architectural distortion where dermal melanin occupies a region of the papillary
dermis the model of normal skin needed to be extended to include additional layers. As
can be seen from figure 5.1 there are now five distinct layers which can be combined to
construct an extended model:

Layer 0: The epidermis

Layer 1: A layer within the upper papillary dermis containing no melanin
Layer 2: A layer within the upper papillary dermis containing melanin
Layer 3: A layer within the lower papillary dermis containing melanin
Layer 4: A layer within the lower papillary dermis containing no melanin

To calculate the total light remitted and transmitted from the dermis the previous
chapter developed a two layer model. This can be extended, as shown by Spiegel [1968],
to an layered system resulting in values for R 3 and T, of

T2 R
R = R, _ L= 5.1
2 2 + 1-R, _R (5.1)
T, _T

T — 2
2 1-R, R (5-2)

61



This system of equations can compute the total remitted and transmitted light from an
layered system of arbitrary complexity provided that the thickness and composition of

the layers is specified. Thus R for the dermal system shown within figure 5.1is R 5 .

For the four layer dermal system shown in figure 5.1 this results in a value for the
total light remitted and transmitted from the dermis dependent on A, 4, 4, d 4, dg,
do, o,d and where d 5 and d are the thickness of layers 2 and 3 with 5 and
representing their corresponding melanin densities. The thickness of layerl and layer2 do
not need to be explicitly defined as they are d s —d o and d 4 —d respectively; similarly,

and are zero by definition.

The results of these equations can be combined with the predicted light transmitted by
the epidermis leading to the following description of total remitted, S 4, and transmitted
light, S 4.

SN 4 @dadade od, ,dn) = R (N 4 4 d g da,de, o,d )
(N, dm)2S(\) (5.3)

Sa(A, 4 @dadgdos od, dn) =T (N 4 odadgdsy o2d, )
(N, dy)S(N) (5.4)

These can then be used to predict the value of the corresponding LMS primaries:

L( ds d,ddaddaan Z:da 7dm) = /0 R (Aa ds daddaddad2: Zada )

B\, d)2S(N)S1 (N)dA (5.5)

M( o wdadads od, dn) = /OOOR A w adadads sd, )
B\, dn)2S (N)Sas (A)dA (5.6)

S( v adadads, 2d, dyn) = /OOOR A w adadads od, )
B\, dn)2S(N)Ss(N)dA (5.7)

Similarly, the value of any other primary  can be calculated providing that S () is
known.

Within section 4.5 it was shown that the value of a primary could be formed from the
product of three separate terms one relating to light absorbed within the epidermis, one
relating to the dermis and the third a normalisation term. The conditions that led to this
simplification, namely those of the generalised first mean value theorem, still apply with
R remaining continuous and not changing sign. Therefore the separation into parts
remains true and by extension the L, M and S primaries can be shown to be:

L = L( L )9( L2(dm);dm)2R ( L ( ds d:d d;dd7d27 27d ) )7
d» d?d d;dd:d27 27d ; ) (58)
and similarly for the M and S primaries
M = M( M )0( M2(dm):dm)2R ( M ( ds d;d d;dd:dQ: Qad 5 ):
d> dad ds ddadZa Qad ; ) (59)
S = S( S )0( SZ(dm);dm)2R ( S ( ds d;d d:dd7d27 27d ) )7
d> dad daddaan Qad ’ ) (510)
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2.1 enerating the colo ration of dermis for speci c
s in conditions

The theoretical colouration resulting from melanin descent into the dermis can be inves-
tigated using equations 5.5-5.7. As can be seen from these this colouration depends on
a number of parameters and it is a useful exercise to simplify this expression in order to
gain insight into the nature of the colouration. A useful first simplification is to consider
the appearance of a section of in vitro dermis i.e. bloodless skin with the epidermis re-
moved. A second, more general, simplification is to form the assumption that the value
of , the density of dermal melanin, does not change across the upper—lower papillary
dermis junction. As this junction was introduced purely to form a theoretical distinction
between areas of differing blood content and does not exist as a physical junction this
seems a reasonable assumption. The value of a primary is now dependent on d 4, d 4, d o,
d ,and where = .= .

These parameters can be further bounded if the colouration of a specific skin condi-
tion is investigated. As an example consider skin containing melanocytes “spilling” from
the epidermis into the dermis during the vertical growth phase of a melanoma. In this
situation melanin exists within the dermis abutting the dermo—epidermal junction which
can be modelled by setting the thickness of layerl to be zero. If the thickness of the
papillary dermis is taken to be constant colouration then becomes dependent solely on

and d where d = do +d with the value of d being ascertained from the papillary
dermal thickness.

An example of this colouration is shown in figure 5.2 where it is represented in the
RGB colour-space? with the colouration expected for normal skin included for reference.
It can be seen that the colouration in situations where dermal descent of melanin has
occurred does indeed move off the surface corresponding to normal skin in the direction
of the blue primary. This is as would be expected if the blue hues often associated with
this condition are to form. Further to this, the colour-space locations for this condition
appear separable from those of normal skin, suggesting that it may be possible to use
this property in the identification of areas of abnormal skin and in the quantification of
amounts and positions of constituents within the skin. Although this is a simple use of
the extended model, it does show that such an analysis may be valuable.

The analysis can easily be extended to cover skin conditions such as blue naevi where
melanin exists in the lower sections of the dermis, often not reaching the dermo—epidermal
junction and abutting the papillary-reticular dermal junction. In this case the thickness
of layer4d becomes zero with the thickness of layerl becoming non zero. The results of
such an analysis are shown in figure 5.3 where an interesting point to note is that the
colouration of this and the previous condition appear separable only becoming identi-
cal in the limiting case of melanin occupation throughout the entire papillary dermis.
Further to this, it is also true that none of the colouration resulting from combinations
of melanin concentration and penetration depth are metameric. In principle, therefore,
if presented with a section of in wvitro dermis it should be possible to assess both the
presence, concentration and position of melanin by an examination of its colouration.
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Figure 5.2: Predicted position of skin colouration resulting from dermal descent of melanin
(blue dots) with that of healthy skin for reference. The labelling is as for figure 4.5
but is omitted here for clarity. This figure is reproduced in colour within figure E.3 of
appendix E.

Figure 5.3: As above, but with the predicted position of skin colouration resulting from
presence of melanin in the lower region of the papillary dermis included (grey dots).
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2.2 ploring the colo ration of h man s in for speci c
s in conditions

Given that we can obtain useful information regarding the presence of melanin within in
vitro human dermis it is natural to ask whether this is possible for in vivo skin. To perform
this extension it is necessary to include the effect of both melanin absorption within the
epidermis and blood within the dermis. Examples of this are shown in figures 5.4 and 5.5
where the colouration of melanin invasion into the dermis is shown for both skin with a
low amount of epidermal melanin and a high concentration of dermal melanin and for skin
with a high amount of epidermal melanin and a low concentration of dermal melanin.

As can be seen this colouration becomes metameric at the point indicated in figure 5.5
and indeed from a simple analysis it is not possible to identify which of these internal
architectures is responsible for this colouration. It is possible, however, to quantify the
amount of blood as the deviation from the surface forms planes of constant dermal blood
volume “hanging” from the surface of normal skin colouration. Although the problem
of metamers complicates the issue of finding quantitative parameters regarding the skin
architecture it is possible to identify, and therefore segment, regions where “an amount”
of dermal penetration has occurred for the colouration within these areas does not lie on
the surface of normal colouration. This in itself is useful as it allows for identification of
dermal penetration and for assessment of the extent of this penetration over a lesion.

As discussed earlier it is theoretically possible to establish both the depth of penetra-
tion and concentration of dermal melanin for in vitro dermis. Further, the addition of
blood to the dermis still allows for a unique solution due to the formation of planes of
constant blood volume. The presence of epidermal melanin, however, breaks this unique
solution resulting in the metamerism shown in figures 5.4 and 5.5. Therefore, to establish
information on the depth of penetration and concentration of dermal melanin requires
knowledge of the amount of epidermal melanin within these invasive regions.

2.3 ost lation of a s stem for the non invasive investigation
of internal s in architect re and composition

Following this analysis it becomes possible to postulate a system that, based on an ex-
amination of colouration, allows a non-invasive investigation of internal skin architecture
and composition. The system takes as input a colour image of a lesion, or area of skin,
which is then represented within a computer in a known colour-space, i.e. LMS or RGB.

Areas where melanin exists within the dermis are then recognisable by identifying
those colours which do not lie on the surface of normal skin colouration. This allows for
a segmentation of the image into regions that either do contain or do not contain dermal
melanin. Within those regions identified as not containing dermal melanin the quantities
of epidermal melanin and dermal blood can be quantified by comparison with the surface
of normal skin colouration.

To estimate further parameters regarding melanin, other than its presence or absence
in the dermis, is more complicated, with as discussed the problem of metamerism between
different skin conditions. However, it is possible to quantify the amount of epidermal
melanin within areas of the skin which have been identified free from dermal melanin.
Further, if this parameter were known for those areas where dermal melanin is present it
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Figure 5.4: The formation of metameric colouration within human skin for different com-
binations of epidermal melanin and dermal melanin. The labelling is as for figure 4.5 but
is omitted here for clarity.

Figure 5.5: As above, but shown from an acute angle. The black dots refer to a low
amount of epidermal melanin and a high concentration of dermal melanin whilst the grey
dots refer to a high amount of epidermal melanin and a low concentration of dermal
melanin. The metamer occurs at the intersection.
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would be possible to quantify other parameters regarding both the depth of penetration
within the dermis and the concentration of this dermal melanin.

To allow a first exploration of the applicability of such a system the following approach
was therefore adopted: first, the normal areas of skin are identified - that is areas with no
dermal penetration of melanin - and within these areas the amount of epidermal melanin
is ascertained; this is followed by an interpolation of the surrounding epidermal melanin
values into these areas. This approach assumes that the amount of epidermal melanin does
not change by a significant amount within these areas or if it does it varies in a predictable
manner thus allowing the variation to be modelled. Although this assumption may be
hard to justify it does allow an initial exploration of the applicability of the approach which
can then be further refined. Even if it proves impossible to derive an acceptable value
for the amount of epidermal melanin within such regions the information regarding areas
where melanin exists within the dermis, dermal blood and epidermal melanin within areas
where melanin is confined to the epidermis should still prove of great value to a clinician.

.3  ppl ing the model to colour lesion images

To assess the practicality of this approach a set of colour slide images were utilised of
various skin lesions including malignant, benign, invasive and non-invasive conditions.
These had been gathered from a variety of UK hospitals using standard cameras, such as
that shown in figure 5.6, standard film and carried full histological reports [Hall 1992].
The standardisation of acquisition was performed to allow as close a direct comparison
between images as possible and is further complemented by the inclusion within each
image of a series of grey scale patches allowing accurate assessment of brightness. The
aim of this was two fold: firstly to assess whether lesions where melanin descent had oc-
curred could be identified and; secondly, as the histological reports contained the Breslow
thickness, whether the depth of this penetration could be ascertained and if so to what
accuracy.

The slides were digitised using a Polaroid Sprint Scan slide scanner which, as with
the JVC digital camera used in section 4.4, uses the industry standard RGB colour-
space; further it is delivered with a suite of software which contains information on the
light response characteristics of major film types. When combined with the grey scale
information this then allows for accurate digitisation of the images [Morris Smith 1997].

3.1 es lts

The first step in processing was to identify areas where the colouration of the lesion
varied from the expected surface of normal colouration and thus may contain dermal
melanin. This was achieved by a piece of software, i enti y nvasion, written in C++
which compared the RGB primary values of each point in the lesion with the normal
range predicted by the program s inMo el.

Although this process operated well for a number of lesions, notably superficial spread-
ing melanomas (SSM’s) that were beginning to become invasive, the method failed on
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Figure 5.6: An example of the camera used for the acquisition of the colour slide images.
Note the “front prong” which assured a standard camera subject distance and allowed
mounting of standard grey scale patches.

many other lesions. For the SSM’s the invasive regions were identified but for other le-
sions the method lacked specificity. Notably amongst these were lesions such as warts
where there was absolutely no dermal invasion of melanin but the entire lesion was identi-
fied as such by this method. Indeed the algorithm identified over 90% of presented lesions
as suffering from dermal descent of melanin although only around 40% were histologically
identified as such.

Analysis of the colour-spaces of the wrongly classified lesions showed that the coloura-
tion had moved off the surface of normal skin colouration occupying the same area as one
would expect for lesions undergoing melanin descent. Indeed, identical colouration could
be identified in images of invasive and non-invasive lesions.

3.2 ploring wh the model failed when sing solel colo r
images

With a view to understanding why the colouration of these apparently unsuspicious lesions
mimicked those suffering melanin descent the extended model was utilised in an attempt
to generate these measured results. One issue of particular interest was the variation
of colouration with changes in model parameters. If the colouration present in melanin
invasion could be produced by another combination of parameters this may explain the
results.

In the course of this investigation it became apparent that one parameter assumed
constant during the development of the model for predicting the colouration of normal skin
had a marked effect on skin colouration. This parameter, the papillary dermis thickness,
is stated by Anderson et al. [1981] to have a constant value of 200 m. Although this may
indeed be true for normal skin it seems likely that during the major architectural upheaval
present within many skin lesions it may vary. Further to this, the change in colouration
due to a variation in this parameter is identical to that resulting from melanin descent.
This can be seen in figure 5.7 where the surface of normal skin colouration is shown for
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Figure 5.7: Variation of skin colouration with papillary dermal thickness within the RGB
colour-space. The labelling is as for figure 4.5 but is omitted here for clarity. This figure
is reproduced in colour within figure E.4 of appendix E.

various papillary dermal thickness’. As can be seen the colouration becomes darker and
bluer when the papillary dermis is thinner and brighter and redder as it thickens.

As described in section 5.2.1 the characteristic blue colouration of invasive melanoma
can be explained by the presence of melanin within the highly blue light scattering pap-
illary dermis. Intuitively, if blue light is scattered to a greater extent than red light and
thus penetrates to a lesser amount, the similarity of this colouration to that generated by
varying the papillary dermis thickness becomes clear. As the papillary dermis becomes
thinner more and more red light is transmitted into the body thus leading to the remitted
light becoming bluer. Conversely if the papillary dermis is thickened the resulting coloura-
tion moves out as shown in figure 5.7 leading to the remitted light becoming redder. This
effect can also be seen in figure 5.8 where the red primary can be seen to dominate with
an increasing thickness of the papillary dermis.

This result casts doubt on the effectiveness of using purely colour information in the
diagnosis of malignant melanoma and may offer itself as an explanation for the “moderate
success achieved” by Umbaugh et al. [1989] when they attempted to classify lesion types
by an investigation of colouration alone. However, this is not to dismiss the usefulness
of colour information when combined with other extracted lesion features such as that
demonstrated by hawan and Sicsu [1992] when they combined colour with a texture
analysis; and Umbaugh et al. [1991] when they applied artificial intelligence techniques
to variations in lesion colour.
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Figure 5.8: R, G and B primary values of light remitted from the dermis against increasing
papillary dermal thickness.

.3.3 Incorporating infrared information to assess the papillar
dermal thic ness

From the extended skin-model the variation of remitted light with papillary dermal thick-
ness can be calculated. Therefore if this thickness were known for a particular lesion, it
should be possible to calculate a transformation that adjusts the measured colouration
to that of any specified papillary dermal thickness. This transformation would then re-
move the metameric problems previously discussed as well as providing another useful
parameter defining the architecture of the skin.

The problem, therefore is, how can the papillary dermal thickness be measured non-
invasively In formulating a solution to this problem it is useful to observe the gross
variation of the red primary value with this thickness as shown within figure 5.8. When
this is combined with the observation that both melanin and blood absorption drop sig-
nificantly with increasing wavelength it appears it may be possible to find a wavelength
range where the amount of remitted light depends largely on the papillary dermal thick-
ness. Whilst this is never the case within the visible portion of the spectrum it becomes
plausible if the considered wavelength range is extended into the infrared. For instance,
in the wavelength range 600-800 nm the absorption of melanin drops to around one tenth
of its peak within the visible portion of the spectrum; the absorption of blood drops by
around a factor of a hundred whilst the sensitivity of remitted light to variations in the
papillary dermal thickness increases. This difference becomes even more marked as longer
wavelengths are considered; for example, the absorption of melanin drops by a further
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order of magnitude in the wavelength range 800-1000 nm. Indeed, within these wave-
length ranges the thickness of the papillary dermis is the major parameter affecting skin
colouration.

As these wavelength ranges are easily accessible with existing infrared film and in-
frared digital cameras it may be possible to use this information to provide the desired
calibration. As an example of how this may be performed consider figure 5.9 where the
intensity of remitted light for in wvivo skin between 600-800 nm is plotted against that
measured between 800-1000 nm. These primary values were calculated by the skin-model
using data files recording the spectral response of the infrared primaries in the manner
discussed in section 4.3.4.1. As can be seen from this graph the amount of remitted light
falls with increasing amounts of epidermal melanin faster for the 600-800 nm primary
than for the 800-1000 nm primary. More interesting, however, is the significant variation
in both primaries with papillary dermal thickness which allows construction of lines of
constant papillary dermal thickness as shown in figure 5.10 A measurement of this thick-
ness may thus be recovered by obtaining images acquired within the given wavelength
ranges and “looking-up” the corresponding papillary dermal thickness from the graph.

In reality the situation is not quite this simple as the variation of remitted light with
both blood and dermal invading melanin needs to be considered. In practice, the ab-
sorption of blood within this wavelength range is very small in comparison with melanin
and can, to a first approximation, be ignored. The effect of dermal melanin, however,
needs further consideration and can be seen in figure 5.11 causing the characteristic de-
viation from the primary values expected for normal skin as was observed within the
visible portion of the spectrum. Although the magnitude of this deviation is far smaller
than within the visible portion of the spectrum it still introduces an uncertainty into the
measured papillary dermis thickness. This effect tends to underestimate the measured
papillary dermal thickness as a decrease in the value of an infrared primary could be the
result of a decreasing papillary dermal thickness or the presence of dermal melanin. The
consequences of this deviation will be examined further in section 6.3.4. This region of
potential uncertainty lies in the range of low values for both infrared primaries and as
technology improves, particularly in digital imaging, and it becomes routinely possible to
obtain images further into the infrared the size of this uncertain region will fall. Indeed, if
a primary extending from 1000-1200 nm is used the size of this region becomes negligible.
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Figure 5.9: Variation of infrared primary values with the amount of epidermal melanin
and papillary dermal thickness.

Primary 2 (800-1000 nm)
Increasing epidermal melanin

Increasing papillary
dermis thickness

d2

\ Line of constant papillary

a1 dermis thickness

Primary 1 (600-800 nm)

Figure 5.10: Schematic diagram showing lines of constant papillary dermal thickness with
increasing amounts of epidermal melanin for a set of infrared primaries.
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Figure 5.11: Effect of dermal descent of melanin on intensity of infrared primaries.
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.1 Introduction

This chapter outlines a non-invasive system capable of extracting a number of parameters
regarding the internal structure and composition of human skin through analysis of one
colour and two infrared images. Its sensitivity is then assessed with particular regard
to the identification of melanin with the dermis. This analysis indicates that the sensi-
tivity should be very high with melanin being reliably detected when penetration from
the dermo-epidermal junction is greater or equal to 0.02mm dropping to 0.0lmm under
favourable conditions.

2 complete s stem for the non-invasive investi-
gation of internal skin architecture and composition

The ideas outlined in the previous chapter provide a foundation for the development of a
non-invasive system capable of extracting information regarding the internal architecture
and composition of human skin. The complete process can be summarised as follows.
Firstly skin images are obtained using two near infrared primaries and from these the
thickness of the papillary dermal layer is computed across the image. This measurement
is then used to “calibrate” the image so that the colouration for each image point is
adjusted to that of a standard papillary dermal thickness d , . Following this calibration
regions within the image where dermal melanin exists can be identified as they deviate,
in a three-dimensional colour-space, from the surface of expected colouration for skin
at this standard papillary dermal thickness. As discussed in the previous chapter the
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volume of dermal blood can then be measured for each point, including those containing
dermal melanin, within the image. In contrast, measurements concerning the quantity of
epidermal melanin can only be ascertained directly for those points where dermal melanin
was not found.

Knowledge of the amount of epidermal melanin within regions containing dermal
melanin is, however, required if the depth of penetration, and concentration, of this der-
mal melanin is to be measured. At present it is envisaged that this is achieved through
interpolation of the surrounding epidermal melanin quantities from those regions where
dermal melanin is not present. As discussed in section 5.2.3 it is acknowledged that this is
not an ideal method and may be improved through either the use of a model or, preferably,
by further research allowing direct quantification of this parameter within such regions.

Following this process a transformation can be applied to the image resulting in each
point acquiring the colouration it would possess if the amount of epidermal melanin was
zero thus allowing visualisation of a lesion as though the epidermis had been removed. The
parameters regarding dermal melanin can now be found by comparison of the transformed
colouration for each point in the image with those generated by the skin-model for differing
concentrations and positions of dermal melanin.

Even if the amount of epidermal melanin within regions containing dermal melanin
cannot be accurately ascertained it is still possible to report on other parameters. These
include the thickness of the papillary dermis, regions of any dermal melanin, volume of
dermal blood and the quantity of epidermal melanin within regions without any dermal
melanin.

This information can then be presented using a number of methods ranging from
outlining regions of invasion, reporting the maximum Breslow thickness or using the data
to generate a full three-dimensional representation of the skin.

3 imitations and accurac of the s stem

The analysis presented in previous chapters assumed perfect imaging conditions. When
applied practically, however, the presence of noise and other perturbations will limit
the accuracy of the system. The following sections investigate these in relation to the
measurement of dermal melanin.

3.1 Overview

To assess under which imaging conditions and on which skin samples the system is ap-
plicable it is useful to examine the manner in which the predicted accuracy varies with
differing histology. This analysis allows the reliable boundaries of the system to be de-
fined relative to the nature of a clinical task. As discussed in section 2.5.3.1 the definition
of such boundaries is essential if clinicians are to have confidence in a system. For the
system described within this thesis the principal uncertainties are noise within the input
image and errors introduced during transformations to account for variations in the papil-
lary dermal thickness and levels of epidermal melanin. Before this analysis is undertaken
the level of noise within the system is ascertained. This is performed by measuring the
fluctuation in brightness of the grey scale patches within each image.
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As discussed, in section 6.2, for the depth of penetration of dermal melanin to be
calculated it is necessary to ascertain the amount of epidermal melanin. However, within
regions containing dermal melanin this relies on interpolation of surrounding epidermal
melanin values and therefore the accuracy is both hard to estimate and likely to be rela-
tively low. In consideration of this the analysis will firstly assume that this value is known
and a perfect transformation of skin colouration to that of the skin with zero epidermal
melanin has been performed. This approach allows an investigation of the possible accu-
racy to which this penetration depth may be measured although, if such a transformation
becomes available, it will have to be extended to incorporate any uncertainty inherent in
the transformation.

The results of this analysis show that whilst the system is highly sensitive to the
presence of any dermal melanin the accuracy to which the depth of penetration can
be measured falls rapidly with increasing penetration depth. This does not imply that
melanin lying deeper within the papillary dermis will not be detected but rather the
depth measurement of this melanin may be inaccurate. Consequently the assessment of
the depth of penetration of melanin into the dermis is deemed impractical with currently
available equipment.

etection of regions containing any dermal melanin, however, does not rely on knowl-
edge of the amount of overlying epidermal melanin, depending purely on any deviation
from the surface of normal skin colouration. In consideration of this further analysis
investigates the remaining perturbations and inaccuracies on detection of this feature.

The first of these to be investigated is the effect of an underestimation in the papillary
dermal thickness that may occur in regions containing dermal melanin. This analysis,
however, shows that, in relation to the detection of any dermal melanin, it has negligible
influence on the accuracy of the system. Secondly, although knowledge of the amount of
epidermal melanin is not required to allow detection of any dermal melanin its presence
will darken the image. This darkening decreases the signal to noise ratio thus making
it harder to identify deviations from the surface of normal skin colouration above this
noise. Analysis of this results in a calculation of the lowest amount of light that has to
be remitted from a lesion to allow detection of any dermal melanin and shows that the
system remains robust even when applied to very dark lesions.

As discussed in section 4.3.3 d,,, and , the amount of epidermal melanin and dermal
blood, do not relate directly to actual measurable quantities but rather are relative terms.
Similarly the concentration of dermal melanin, , is also a relative unit. In view of this
the graphs within this section are labelled using the notation ,,, which refers to a high
concentration of dermal melanin, and d,, which refers to a high amount of epidermal
melanin. In practice these define the point when the resulting skin colouration approaches
0 for each of the R, G and B primaries. The correlation between these parameters and
actual measurable quantities is discussed within the further work section.

3.2 oise within the imaging s stem

The level of noise inherent within an imaging system varies from system to system and
with the conditions under which it is operating. This section measures the level of noise
within the system used to acquire images within this thesis and applies this to calculate
the accuracy of the system.
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As discussed, these images were first acquired by means of photographic film and
digitised by means of a CC digitiser. Both of these stages can introduce errors to the
final image and a breakdown of these is discussed by Morris Smith [1997], a previous Ph
student within the department of computer science, whilst utilising an identical system.
Paramount amongst these are a non linearity, with respect to brightness, introduced
during the photographic stage and noise during the digitisation stage. A method is
described by Morris Smith which, based on knowledge of the reflectance of grey scale
patches contained within each image, removes the non linearity thus leaving solely the
noise introduced during digitisation.

3.2.1 oise ithin a based ima e system

There are many factors which add to the level of noise within a CC system [Khosla
1992]. These range from photonic noise, which is a consequence of the quantum nature
of light, to temporal noise which is defined as the fluctuation in time of a given pixel
signal in darkness. The main contributions to temporal noise are the dark signal level,
which is the level of signal detected by the system, per pixel, over a unit time in complete
darkness, and amplifier noise. The sum of these noise sources is known as rea noise.

In practice the level of dark signal, which is often referred to as “dark current” or d ,
is the principal factor in determining the read noise level [Khosla 1992]. It can be further
shown that the level of noise is then approximately d . Principal amongst the factors
which give rise to dark current is temperature and in view of this thermal noise is the first
factor typically addressed by CC camera manufacturers when producing low noise cam-
eras. As an example of how temperature affects such measurements the figures shown in
table 6.1 are taken from technical information supplied by a CC manufacturer [Manch-
ester Scientific Instruments 1997] who supply a typical range of CC cameras ranging
from a room temperature camera, an air cooled camera, a water cooled camera to a liquid
nitrogen cooled camera.

ark current(e pixel second) | Read noise(e pixel second)
Room temperature camera 9000 95
Air cooled camera 250 16
Water cooled camera 50 7
Liquid nitrogen cooled camera | 1 1

Table 6.1: ark current and corresponding read noise for CC cameras with different
cooling systems.

The correlation between these figures and the level of physical brightness variation
measured by a camera depends on the exact imaging set-up. As such they should be
considered as relative terms and hence it can be seen that a move from a room temperature
camera to an air cooled camera results in a six fold decrease in noise level.

The CC digitisation stage within the imaging system used to gather images for this
thesis was a room temperature system. In view of this the accuracy limitations calculated
from an examination of this system give, that which can be considered, the lower range
of possible accuracy. Higher degrees of accuracy, and thus a wider range of applicability,
could be achieved if a cooled version were used. Whether such an improvement, is necessary
will be investigated in the following sections.
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Theoretical reflectance of grey scale patch

assuming 255 maximum 0 80 | 147 | 228 | 255
Variance (noise) for red primary - 1.6 |1.7]24 (29 |3.0
Variance (noise) for green primary - 161515 |16 | 1.5
Variance (noise) for blue primary - 1.5 117120 |19 |20

Table 6.2: Measured level of noise for the system.

.3.2.2 ssessin the noise level o the ima e a uisition system used ithin
the thesis

The noise level for the system, used to obtain images for this thesis, can be estimated
by analysing the variation of brightness of the five grey scale patches within each image.
This level of noise, or variance , was calculated using the method described by Lyons
[1991] resulting in the measures shown in table 6.2.

As can be seen the level of noise is relatively stable for all primary values and in view
of this a constant level of noise will be assumed for further analysis equal to the highest
observed value i.e. 3. This will tend to slightly overestimate the effect of noise thus erring
on the side of caution. As discussed by Lyons [1991] 95% of measured results should lie
within 2 of the mean and therefore if a value of 2 is calculated, i.e. 6, this can be used
to indicate a practical maximum level of noise that can be expected from the imaging
system.

3.3 ffect of noise on the identi cation and meas rement of
melanin penetration into the dermis ass ming ero epi
dermal melanin

This section investigates the accuracy to which both the presence and depth of pene-
tration of dermal melanin can be measured. As discussed this analysis assumes that a

transformation removing the effect on colouration of epidermal melanin has been applied.
Within this, and following sections, two terms will be used: the wariation in a par-

ticular primary, R and 2 and the minimum eviation from the surface of normal
skin colouration, m . These terms are illustrated within figure 6.1 where variation is
measured relative to 0, which corresponds to zero epidermal melanin, and m is the

smallest distance relative to the entire surface. This figure can be extended to show the
effect of dermal blood but this would require an extension to three primaries. Nevertheless
the meaning of the terms would remain the same. As can be seen R and refer to the
total change in the red and blue primaries whilst m indicates the smallest deviation
from the surface of normal skin colouration.

To explore the implications of noise level on these measurements it is useful to refer
to figure 6.2 which shows the value of the blue and red primaries with increasing concen-
tration and depth of dermal melanin. The change in this colouration, measured from the
point corresponding to zero dermal melanin concentration and penetration, is of course

R and . As can be seen there is a relatively large initial movement, when the level

78



Blue Primary

255

PO Deviation Point

C1 and C2 show the path of colouration
associated with an increasing depth of dermal
melanin penetration where the concentration
c2>C1

—~—— Simplified surface of normal skin colouration

Increasing epidermal melanin

0 255
Red Primary
















Value of B primary

200 —

175 —
150 -,
125 —
100 —
75 —
Maximum
50 — depth of
accurate ‘
25 — measurement:
0 — | | |
0.00 0.05 0.10 0.15

Depth of penetration (mm)

0.20



_ _ _ _ _ _ _ _
® ™~ © ToRN ¢ m o —
o o o © o o o o

0.00

o o o o o o o o

(wuw) uswalinseaw aleindde wnwixew Jo yidag

500 600 700

300 400

200

100

Concentration of dermal melanin
















Blue Primary

255

PO Deviation Point assuming zero
epidermal melanin

C1 and C3 show the path of colouration
associated an with increasing depth of dermal
melanin penetration for two equal concentrations

—~—— Simplified surface of normal skin colouration

Increasing epidermal melanin

P1 Deviation Point assuming an amount of
epidermal melanin

255
Red Primary
























Colour Image

()
(e

Papillary dermal
thickness image

Calculate Calibrate to

I

I

I

' | papillary constant
X dermal >| papillary calibrateToPapThick
I

I

I

I

I

thickness dermal
thickness

IR Primary 2

calcPapThickness
IMAGE INPUTS : NS S 4\

Calculate dermal Dermal blood

blood

image

———————————————————————— ‘\ TT T T T TN
. . : Prescence of
. . . . Identify regions ) .
identifylnvasiveRegions . . dermal melanin
with dermal melanin l i ;
| image
_______________________________ I
""""""""""" 'V' TTT T T T T T
I
Calculate epidermal :
calcEpidermalMelanin melanin in regions

with no demal melanin !

ermal melanin
_________________________ R Image

Estimate epidermal
interpolateEpidermalMelanin melanin in regions
with dermal melanin

skinModel

KNOWLEDGE

: INPUT : Calculate depth

R R R PP PERPERERE ) of dermal melanin Depth of dermal
from dermo- melanin image
epidermal junction

; Concentration of
Calculate concentration

. dermal melanin
of dermal melanin l ;
image























































































































































