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Abstract

Introduction: Scarring has a significant impact on the function and quality of life in burn patients.
This thesis describes selected stages of the development of an anti-scarring burn dressing and an

objective scar assessment panel.

Methods: This thesis is divided into two sections. Section 1 covers the development of an objective
scar measurement tool based panel and score via a systematic review and subsequent reliability
testing and validation of selected devices. Section 2 covers different aspects of dressing formulation.
The cytotoxicity effects of decorin were investigated in dermal fibroblast cultures to provide
guidance to safe and effective decorin dosing. Manufacturing, sterilisation and clinical use exposes
decorin to elevated temperatures and the effects of this on the structure of decorin and bio-activity
of decorin is investigated with circular dichroism and in-vitro cell cultures respectively. Lastly, a skin
contact study in healthy volunteers was performed to establish the safety of two gellan formulations

(sheet and fluid gel).

Results: Objective scar measurement tools were found to be more reliable than subjective scar
scores and an objective scar score was created consisting of high frequency ultrasound and pliability
measures. Decorin had no measurable cytotoxicity on dermal fibroblasts even at high
concentrations. Conformational change in decorin structure was seen at relatively low temperatures
however results suggest that heating may enhance its bio-activity. Both gellan formulations were

found to be safe for use on intact skin.

Conclusion: The new objective scar scale can be used to accurately measure the effects of anti-
scarring treatments. Decorin and gellan are safe to be used in patients but the dressings may need

to be protected against high temperatures.
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1. Introduction

1.1. The clinical problem: Hypertrophic scarring in burn patients
Burns are injuries to the skin that are primarily caused by heat (hot solids, liquids or flames), but can

also be due to electricity, chemicals, friction and radiation. These injuries constitute a global health
problem which can lead to significant mortality and morbidity. Although burn injuries still lead to a
high rate of mortality in low developed countries?!, burn mortality rates have been decreasing in

most high and very highly developed countries e.g. in Europe?® 3.

With the advancements seen in burn care over the last few decades, an increasing number of
patients are now surviving large percentage burns (defined by the American Burn Association burn
injury severity grading system as a Total Burn Surface Area, TBSA, of >25%). Klein et al (2014)
showed that the 50% mortality rate for burn area (LA50) has increased from 20% TBSA in the 1940’s
to 90% today?, likely due to the tremendous advancements seen in surgical interventions and critical
care support. However, this effectively means that an increasing number of patients are surviving
with extensive burn scars and hypertrophic scarring which is often a complication that is suffered by
these patients when a thermal injury penetrates and damages the dermis. During the healing
process, an excessive amount of collagen is deposited secondary to an abnormal proliferation of
fibroblasts and this results in a raised, bulky, firm scar that is pruritic and erythematous. Non-fatal
burn injuries therefore result in a high level of morbidity, stemming from increased hospital length
of stay, disability and disfigurement resulting in difficulty for the patient to reintegrate back into

society.

1.1.1 Wound healing
Wound repair is a complex process which requires the right balance and coordination of multiple cell

types. Normal wound healing consists of four different phases: haemostasis, inflammation,
proliferation and maturation® (Figure 1). These phases do not occur in isolation but overlap each

other®.
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(a) (b) (c) (d)

scab red blood cell 2 granulation tissue
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Figure 1: Phases of wound healing. (a) Haemostasis, (b) Inflammation, (c) Proliferation, (d)
Maturation. E: Epidermis, D: Dermis, H: Hypodermis. (Source: Kawasumi, Aiko & Sagawa, Natsume &
Hayashi, Shinichi & Yokoyama, Hitoshi & Tamura, Koji. (2012). Wound Healing in Mammals and
Amphibians: Toward Limb Regeneration in Mammals. Current topics in microbiology and
immunology. 367. 10.1007/82_2012_305.)

The haemostasis phase occurs after the injury is sustained and the damaged blood vessels constrict
and platelets congregate to seal off the damaged vessel walls. The inflammatory phase then occurs
and this causes the activation of the coagulation cascade which then causes further release of
chemotactic cytokines that attract neutrophils and macrophages to the site of injury. This phase lasts

for around 48 to 72 hours.

The proliferation (new tissue formation) stage of healing occurs after this, and can lasts for 3-6
weeks’. The proliferation of cells is necessary as migrated cells alone would not sufficiently replace
damaged tissue. This stage also involves the creation of new extracellular matrix (ECM) by
fibroblasts. The ECM consists of a collection of cell-secreted molecules including proteoglycans (such
as heparan sulfate, chondroitin sulfate), non-proteoglycan polysaccharides such as hyaluronic acid,
and proteins such as collagen and elastin. Structurally, hypertrophic scars contain a greater ratio of

collagen type Il over collagen type | compared to normal skin.
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In addition to this re-epithelialisation, angiogenesis and wound contraction also occur®. Re-
epithelialisation occurs within hours of injury when keratinocytes start migrating from the wound

edges and also residual structures such as hair follicles and sweat glands.

Multiple factors can affect the process of wound healing®. These can be divided into local factors
such as infection, presence of a foreign body, or circulation problems (both venous, arterial and
lymphatic) and systemic factors such as age, nutrition and diseases such as diabetes. Delayed

wound healing can then lead to a higher risk of hypertrophic scarring®.

1.1.2 Scarring
The restoration of damaged skin is an important survival mechanism as it protects against infection,

fluid loss and also restores function to the injured tissue. Scarring however is not inherently required
for wound healing as there is evidence that wound healing in early human foetuses!! (and other
early mammalian embryos)!? occur without scar tissue formation, and thus some have theorised

that scarring is a survival adaptation that allows wounds to heal quicker®,

The orientation and alignment of collagen during dermal wound healing is an important determinant
of scar tissue formation®®. The collagen laid down in hypertrophic scars differs from normal skin in
the configuration in which it is arranged. In normal skin, collagen is organized into fibres and fibre-
bundles which run parallel to the surface of the skin, which results in a phenomenon called Langer’s
lines. In hypertrophic scars however, collagen is bundles are disorganized and present as whorls and
nodules?®. These disorganized collagen depositions contract with time and this can result in severe
problems depending on their location, for example the reduction in range of motion at joints and
extremities and in some cases immobilize structures such as eyes and the constriction of orifices.
The poor cosmetic appearances of these scars also causes psychological problems which can impede

the reintegration of the patient back into society after the physical recovery of the injury.

Factors that influence scarring are myriad but the main factors shown in studies include race, depth

of injury®®, delay in healing!” and anatomical area (high tension areas e.g. sternum and deltoid).
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Hypertrophic scars and keloids are two forms of excessive scarring that can occur after injury. Both
hypertrophic and keloid scars are characterised by an increased thickness above the skin surface,
redness and itch however keloids differ from hypertrophic scarring in that keloids spread beyond
the boundaries of the initial injury (compared to hypertrophic scars which increase in size by pushing
out the margins of the scar,) and do not regress over time!®. Additionally, genetic predisposition also
plays a role in keloid scar formation and is typically seen in higher rates in the African, Asian and

Hispanic populations compared to Caucasians®.

Both hypertrophic and keloid scars have particular histological characteristics as well as constituent
differences in comparison to normal skin. In terms of collagen types, there is a higher ratio of
collagen type Ill to type | in hypertrophic and keloid scars?® 2, In terms of cell types, myofibroblasts,
which are differentiated fibroblasts which express a-Smooth Muscle Actin (a-SMA), are seen in both
types of scares and are responsible for the production of collagen and contraction in scar tissue?2.
Hypertrophic scars however commonly exhibit nodular structures (containing fibroblastic cells, small

vessels and fine randomly organised collagen fibres) which are rarely seen in keloids?2.

Pathological scarring can have a significant impact on burn survivors’ quality of life even years after
injury®. Scars are not only cosmetically disfiguring and cause emotional and psychological distress to
patients but other common complications of scarring such as pain, itch and restriction of mobility
can also greatly reduce the quality of life of patients?*. A study by Wiechman et al (2018) found that
pain and sleep disturbance had the biggest effect on the ability of survivors to return to work®.
Other studies have also found that pathological scarring was found to predict post-burn itch which

persists in a majority of burn survivors and affected their quality of life?.
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1.2. Anti-scarring therapies in burn patients
Despite the advances in survival of burn victims, prevention of pathological scarring is limited to

early burn wound excision which remains as one of the most effective strategies to reduce time to
healing and minimise severe scarring?” 2. A study by Chipp et al (2017) showed that the risk of
hypertrophic scarring increases with every additional day taken for the burn wound to heal°. Other
forms of treatment of pathological scarring is currently still limited to after the scar has formed and

little progress has been made in the field of scar prevention.

Treatments aimed at ameliorating hypertrophic scarring can be broadly classified into mechanical

based therapies, intralesional pharmaceutical agents, radiotherapy, and surgical.

1.2.1 Current therapies

1.2.1.1 Silicone gels and sheets
Silicone gels and sheets were introduced in the 1970’s for scar treatment?®. They consist of long

t%. The exact

chain silicone polymers (polysiloxanes), silicone dioxide and a volatile componen
mechanism of how silicone gels and sheets work is not known, but various mechanisms have been
suggested such as the hydration of the stratum corneum (facilitating fibroblast production and
reducing collagen production)., alteration of environmental stimuli such as temperature32, Studies
however have shown that the beneficial effects are not likely to be due to change in oxygenation,
blood flow or silicone absorption3*34, Studies have shown an improvement in colour, thickness,
elasticity, and itching after silicone gel/sheet use on hypertrophic and keloid scars®. A Cochrane
database systematic review (2013) involving 20 trials however reported that the evidence for the

benefit of silicone gel sheets is weak®. No significant side effects from its use have been reported

other than skin irritation®®.

1.2.1.2 Pressure garments
Pressure garments (PGT) are a mainstay of current post-burn scar treatment and are considered in

many centres as a standard of care despite there being no strong evidence of their effectiveness in

preventing or treating hypertrophic scars. The mechanism of action of PGT is not clear as well, but
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some studies have found alterations in the release of prostaglandins and collagenases with PGT
use®®. The popularity of PGT’s is understandable as it is non-invasive and it is presumed by many
clinicians to have beneficial effects and few adverse effects®’. Studies have reported improvements
in scar thickness, redness and reduced contraction®, with better results seen with higher pressures
(20-25mmHg)*’. A meta-analysis by Anzarut et al (2009) showed that unlike studies on silicone
sheets/gels, of which the majority were of low methodological quality, studies in PGT use were of
high quality but showed that PGT use only led to a small improvement in scar height®. The burden
of wearing PGTs (e.g. poor fit*°, negative public perception*!,) however can be an issue to some
especially in patients with large burns, and non-compliance is a frequently encountered problem in
PGT use®**2. The combination use of both silicone gel sheets and PGT have been shown to provide

better outcomes in terms of scar thickness®.

1.2.1.3 Vacuum therapy
Mechano-transduction is a physiological process whereby mechanical loads and stress are sensed by

cells and converted into a biochemical response**. Mechanical forces such as compression and
stretch (e.g. vacuum therapy) are detected by two different systems*: by mechano-sensitive
proteins and molecules (e.g. actin filaments, vinculin and talin®) in cells in the extra-cellular matrix
(ECM, i.e. endothelial cells, fibroblasts, myofibroblasts) that lead to local re-organisation of the ECM
and also nerve receptors (mechanosensitive nociceptors) that then release neuropeptides that lead
to systemic modulation of scarring through the skin and alterations in the immune cell functions. A
study by Yagmur et al (2011) showed that surgical denervation prevented excessive dermal scarring
in a rabbit model*’, and Brown et al (2014) showed that distraction techniques which reduced pain

and anxiety during dressing changes led to an improvement in burn wound re-epithelialisation®.

Vacuum therapy is a non-invasive technique that utilises the principle of mechano-transduction
through mechanical massage to treat burn scars*, with purported benefits of improvement in scar
hardness and elasticity®®. Vacuum massage works by lifting the skin through suction and then
mobilising the suctioned skin fold. Although this treatment modality has been present since the late
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1970’s*! for the treatment of traumatic or burn scars, very few studies have been done to determine
its effectiveness®®. Marques et al (2011) showed that mechanical massage may up-regulate anti-
inflammatory gene expression although this was in adipose tissue®2. A study by Meirte et al (2016)
showed, through ultrasound imaging, that the vacuum device (PRUS, F care systems NV, Antwerp,
Belgium) was able to disrupt the epidermis and cause changes in the dermal density*. Majani et al
(2013) showed that biweekly vacuum sessions (ranging from 8-20 sessions,) led to subjective
symptom improvement (e.g. pain, paraesthesia) and scar appearance®. Better designed clinical
studies are still needed in order to ascertain the effectiveness of vacuum therapy in burn scars and

its long term effects®.

1.2.1.4 Intra-lesional scar therapies

1.2.1.4.1 Corticosteroids
Corticosteroids are currently routinely used for the treatment of keloid and hypertrophic scars

through intra-lesional injections. A literature review by Taheri et al (2014), showed that the use of
corticosteroids to prevent recurrence after keloid or hypertrophic scar excision showed variable
results®, with some studies showing a 5 year response rate of only ~50%>°. Furthermore the authors
did not find any studies reporting on the use of corticosteroids after skin burns. Furthermore, intra-
lesional steroid injections can also lead to a variety of side effects including hypopigmentation,

telangiectasia and tissue atrophy®°.

1.2.1.4.2 Anti-neoplastic agents
5-Fluorouracil is an antineoplastic agent that works primarily as a thymidylate synthase inhibitor

which causes the blockage of the synthesis of pyrimidine thymidine, a nucleoside which is required

for DNA replication.

Current evidence shows that 5-Fluorouracil (5-FU) is a safe and effective treatment of pathological
scarring in terms of improvement of scar appearance and the prevention of recurrence, and is best
used in conjunction with corticosteroids®” *8, However, no randomised controlled trial with large

sample sizes has yet to be done.
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Another antineoplastic agent that has been used to treat keloids is Bleomycin. Bleomycin acts by
inducing DNA strand breaks and inhibits the synthesis of DNA®. It was first introduced by Bodokh
and Brun for the treatment of keloids and hypertrophic scarring in 1996 thorough intra-lesional
injections® and studies have shown significant improvement of pathological scarring in human
subjects®.

1.2.1.5 Radiotherapy

Radiotherapy is commonly reserved for keloid scars which have not responded to other forms of
therapy. Radiation functions by inhibiting the degranulation of mast cells leading to decreasing
fibroblast proliferation and collagen synthesis mediated by Transforming Growth Factor B1 (TGF-
B1)®L. Several studies have shown that the recurrence rate of keloids is lower with adjunctive
radiotherapy compared to just surgery and steroids alone®2%*, Additionally, contrary to commonly
held beliefs, radiotherapy is also well tolerated with few side effects when the appropriate doses are

used® 63,

Radiation carries the risk of induction of malignant tumours and thus is often used as a last resort,
however a review by Ogawa et al (2009) showed that the risk of carcinogenesis attributed to keloid
radiation therapy is very low however adequate protection of the surrounding tissue are required

especially in young children®®.

1.2.2 Emerging therapies

1.2.2.1 Ablative CO; Fractional laser
CO; lasers are used increasingly to treat pathological scarring in burns with several studies showing

improvement in scar quality®” and also itch and pain®. There are several hypotheses on how lasers
work, in contrast to non-ablative lasers which are thought to work through focal heating in deeper
microthermal zones leading to normalisation of the cycle of collagenesis and collagenolysis®,
ablative CO; lasers are theorised to work via the breaking down of disorganised collagen fibrils that
are responsible for scar contracture®®. Few studies however have actually demonstrated the

histological changes that occur after laser treatment, many of which only have small sample sizes.
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Several studies have shown that laser treatment leads to significant structural and composition
changes in the dermal layer. Naouri et al (2011) demonstrated an increase in dermal thickness of the
scar post laser treatment (via high frequency ultrasound’). Other studies showed the restoration of
the papillary dermis layer’* and a decrease in collagen bundle thickness and density in the upper
dermis 72. The orientation of collagen fibres is important for the strength of the tissue and its ability
to withstand repeated stresses” which underlies the concept of Langer’s lines (skin tension lines)
which guides surgical incision orientation”. With laser treatment, collagen fibres have also been
seen to reorganise to a more aligned horizontal and parallel arrangement”® although the scars do
not revert back to the native nest-like collagen orientation in normal skin. Connolly et al (2014) also
showed a decrease in vascular density in upper dermis (in particular small calibre vessels) 7> which
may explain the improvements in scar erythema although the relationship between clinically
perceived erythema and blood vessel density and distribution is complex and multifactorial’® . Other
studies have shown a reduction in chronic inflammatory cell infiltrate’”” and reduced fibroblast

proliferation’® with laser use.

Qu et al”® (2012) found a significant improvement in subjective scores for scars after laser treatment
(after 3 treatments). Molecular analyses of these scars (after 48 hours) indicated that CO; laser
treatment induced mature hypertrophic scar regression through the suppression of both types of |
and Il procollagen (mMRNA levels down regulated, but ratio did not change) via the suppression of
TGF-B2, 3 and bFGF (basic fibroblast growth factor) expression and upregulation of Matrix
metalloproteinase-1 (MMP-1) and certain microRNAS (miR-18a and miR-19a). Ozog et al (2013)
showed a significant decrease in type | collagen and increase in type Il collagen after laser
treatment®. Other laser studies (Pulsed dye laser treatment) also showed reduced levels of TGF-B1,

Proliferating cell nuclear antigen (PCNA) and collagen type Il (but not type 1)’® after treatment.

1.2.2.2 Micro-needling
Micro-needling or otherwise also known as Percutaneous collagen induction (PCl) or medical

needling is a minimally invasive technique where controlled puncturing of the skin is performed
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using miniature fine needles which range from 0.5 to 2.0mm?!. Originally used in the cosmetic
industry for skin rejuvenation, it has now been adapted for transdermal delivery of therapeutic
drugs® as well as burn scar treatment®. PCl is most commonly performed using a drum-shaped
roller (e.g. Dermaroller®) or a pen shaped device with a tip equipped with the microneedles (e.g.
Dermapen®!) . Aust et al (2010) showed that micro-needling of burn scars led to an 80% patient-
rated improvement in scar appearance with histology showing increase in collagen and elastin
deposition®,

1.2.2.3 Botulinum toxin

Botulinum toxin is a neurotoxin produced by Clostridium botulinum which reduced acetylcholine
release at the neuromuscular junction. Botulinum type A (BTX-A) and B (BTX-B) forms of the toxin
are primarily used medically to treat muscle spasticity and disorders of nerve hyperactivity including
hyperhidrosis and neuropathic pain. Botulinum toxin is hypothesised to primarily exert its effects on
scars through the relief of tensile force on the healing wound but there is evidence that it may also
affect scars on a cellular level®. Several studies have investigated its use for the treatment or

prevention of hypertrophic scars.

Studies by Xiao et al (2011) showed that BTX-A inhibited proliferation of hypertrophic scar derived
fibroblasts and inhibited the expression of Connective tissue growth factor (CTGF)®>. However in-
vitro studies by Haubner et al (2012 & 2014) showed that botulinum toxin A incubation of human
keloid tissue did not lead to any significant changes of Interleukin-6 (IL-6), Vascular Endothelial

Growth Factor (VEGF), or TGF-B® nor showed no effect on cell proliferation®’.

The results of clinical studies have been mixed with some showing improvement in subjective scar
scores in patients®® & while others such as a study by Gauglitz et al (2012) which investigated intra-
lesional BTX-A injections into keloids showed no regression of keloid tissue after 2 monthly injections
up to 6 months with no differences in ECM markers, collagen synthesis, or TGF-B*°.However a

systematic review by Prodromidou et al (2015) concluded that the current evidence did not support
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the use of botulinum toxin due to small patient numbers and reliance on subjective assessment of

cosmetic improvement®.,

1.2.2.4 Interferon
Interferons are a type of signalling proteins and cytokines which are released by cells in response to

pathogens including viruses, bacteria and cancer cells leading to heightened cellular defences.
Interferon a-2b (IFNa2b) is a type | interferon (that binds to IFN-a/B receptor) which is produced by
fibroblasts which is typically released in response to viral infection and been shown to decrease the
synthesis of collagen and increase collagenase production®. Studies have shown that IFNa2b may
reduce fibrosis by inhibiting fibroblast proliferation (but not inducing apoptosis)®? and antagonising
the effects of TGF-B and histamine®®. Subcutaneous recombinant IFNa2b therapy for 24 weeks was
found to significantly improve scar quality and volume with accompanying reduction in serum TGF-f
and plasma Ntau-methylhistamine levels®. Interferon o therapy however is expensive and may
cause adverse effects in almost every organ system including flu-like symptoms, haematological

toxicity and nausea®.

1.2.2.5 Verapamil
Verapamil is a calcium channel blocker that is normally utilised to control the heart rate. In-vitro

studies have shown that verapamil decreased IL-6 and VEGF production in keloid fibroblasts as well
as reducing cellular proliferation and increasing apoptosis rates. Used intra-lesionally as an
adjuvant treatment post-surgery, verapamil has been shown to reduce keloid scar recurrence®” and

improve scar vascularity and pliability®’.

1.2.2.6 Autologous fat grafting and stem cell therapy
Autologous fat grafting is a well-established technique, having been first described by Neuber in

1893 to fill a retracted infraorbital rim scar®, and subsequently refined by Coleman in the late
1980’s%. Primarily used for its volume increasing effect, it has also been shown to result in
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improvement of skin quality'®, pain®® 192 and itch. This is hypothesised to be a result of the adipose-

derived stem cells contained within the fat tissue which are multipotent and thus able to
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differentiate into various cells types!®. Additionally, these cells also have the capacity to secrete a
broad range of cytokines, chemokines and growth factors which may contribute to their anti-scarring

effects®,

1.2.3 Novel therapies

1.2.3.1 Topical Salbutamol
The beta-adrenergic family of receptors (BARs: B1AR; B2AR; B3AR)® are G-protein receptors for

catecholamines that are released primarily by the adrenal medulla, and the sympathetic nervous

system 1%, Keratinocytes however have also been shown to secrete catecholamines which are anti-
motogenic and anti-mitogenic'®® 17 and thus delay wound re-epithelialisation. BARs are expressed
in the majority of skin cells and the receptors that are expressed on keratinocytes'®®, fibroblasts'®®

and melanocytes!'? are of exclusively of the B2-AR subtype which together form a BARs skin network

with both autocrine (epidermis) and paracrine (dermis) systemst*:,

Pullar et al (2006) demonstrated that use of a B-AR antagonist (Timolol) blocked B2-AR receptors

112

and enhanced keratinocyte motility and subsequent wound healing*** and this finding has been

113 3nd beta-blocker use in adult burn

echoed by Sivamani et al (2009) in animal burn wound models
patients has been shown to be associated with reduced time to healing'!*. Conversely, the activation
of B-AR by B-AR agonists (e.g. Clenbuterol) has been shown to significantly delay skin re-
epithelialisation?'®. Further studies by Pullar et al however has shown that B2ARag (e.g. Salbutamol,
Formeterol) use reduced fibroblast differentiation, contraction and ability to sense tension (through
mature focal adhesions,) as well as reducing inflammation and angiogenesis all of which contributed

116 Although B2ARag use on porcine wounds led initially to re-epithelialisation

to reduced scarring
delay at 14 days, there was no difference seen in the wound after 28 days!!®. There is currently a

Medical Council Research (MRC) funded study that is investigating the use of topical Salbutamol to

prevent skin scarring and hyperpigmentation in humans?’.
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1.2.3.2 Decorin
In recent years, there has been much interest and increasing evidence that a naturally occurring

proteoglycan in our bodies, decorin, which exhibits potent anti-scarring properties and has been
shown to reduce fibrosis in fibrotic conditions that affect different organ systems such as the in the
central nervous system?®, liver'?® 120 kidneys'?, lungs'?? and skin'?. The role of decorin and its

potential application in burns is discussed later in this chapter.

1.3. Development of an anti-scarring burn dressing

1.3.1 The molecular pathway of scarring: The roles of decorin and Transforming Growth Factor-$2
in scarring

1.3.1.1 Transforming Growth Factor —8
Both Transforming Growth Factor — (TGF-B) and decorin play important roles in the formation of

scar tissue. TGF- B is a growth factor that has a variety of different essential functions. Three
isoforms exist which are 1, B2 and B3. All three forms share 60-80% homology even though they
are encoded by different genes and are secreted as inactive pre-cursors which require activation
(due to the presence of latency associated peptide [LAP] and latent TGFB binding protein [LTBP]
complexed to the TGFP molecule,) prior to receptor binding'?4. This is achieved in-vivo through
factors such as plasmin®, thrombin, thrombospondin-1!?® or matrix metalloproteinases (e.g. MMP2
and 9)127:128 byt in-vitro generally through the use of a mild acid?® such as citric acid which

denatures the LAP.

All three isoforms are present during wound healing but differ in terms of expression and duration in
the wound. The different isoforms are also though to play different roles in healing and scarring,
with TGF-B1 and 2 being implicated as important factors for hypertrophic scarring whilst TGF-3

being thought to have anti-scarring actions'3132,

Damaged platelets in blood clots present in wounds are thought to be one of the main sources of
TGF-B1, with two different pools: the first pool (TGF-B1 with LTBP, LAP and a smaller TGF-B1 dimer,)

which is released into the serum and tissues and a second pool (with TGF-B1 with LAP only) which is
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slowly released as the clot is dissolved by plasmin*. Other sources of TGF-B1 include macrophages

and fibroblasts.

Signalling by all three isoforms occur through the binding to two TGF-B receptors (TBRI and TBRII;
also known as Activin-receptor-like kinase [ALK]), though TGF-B2 has been shown to require TBRIII

for high affinity binding3*.

The main pathway for intra-cellular signalling of TGF-B1 is through the phosphorylation of
cytoplasmic Smad proteins via the TBRI and TBRII receptors. TGF-B binds to phosphorylated TBRII
and subsequently phosphorylates TBRI. This phosphorylated complex then activates the SMAD
intracellular pathway through the receptor Smads (Smad-2 and 3) and co-Smad 4. Smad 2,3, and 4

then traverse the nuclear membrane to influence the regulation of genes!®,

During the inflammatory phase, TGF-B encourages the migration of leukocytes'*® and also influences
the transformation of monocytes into macrophages!®. In the proliferative phase of wound healing,
TGF-B plays a role in re-epithelialisation by stimulating keratinocyte migration (both TGF-a and TGF-
B; TGF-B1 may induce integrin expression in epidermal keratinocytes that facilitate migration?*® ) and
proliferation and also angiogenesis!®. Fibroblasts are also stimulated by TGF-B to transform into
myofibroblasts which secrete the constituents of ECM such as collagen and form granulation tissue.
The myofibroblasts then contract to promote wound closure. Remodelling of the wound then occurs
with TGF-B again influencing the process for e.g. by the inhibition of MMPs to allow collagen
accumulation.

1.3.1.2 Decorin

Decorin is a proteoglycan (average 90-140 kilodaltons in molecular weight) that is one of the most
abundant proteoglycans present in the connective tissue!*’, produced predominantly by fibroblasts
located in the dermis of adult human skin®. It belongs to a family of called the small leucine-rich

141, 142'

proteoglycans (SLRPs), characterised by leucine-rich repeats (LRR) within a 40kD core protein

and which also consists of biglycan, lumican and fibromodulin. SLRPs have not just structural roles
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within the extracellular matrices but instructive roles as well, playing an important part in the
regulation of collagen fibril growth, organisation and assembly*®. SLRPs can be divided into 5 classes
(I-V), based on multiple parameters such as the conservation and homology at protein and genomic

144

levels, chromosomal organisation and the presence of N-terminal Cys-rich clusters*** of which

decorin belongs to Class | (along with biglycan, asporin and ECM2).

As with most SLRPs, decorin possesses both a core protein, of approximately 38 kDa with 10 leucine-
rich repeat sequences®®, and a single glycosaminoglycan side chain (GAG) linked to its N-terminal 4"
amino acid residue of the core protein'*®®, The GAGs play an important role in cytokine binding,
extracellular matrix assembly and hydration. Li et al showed that although the size of the decorin
core protein did not change with age, the size and amount of decorin GAG chains were found to be

reduced with age and is thought to contribute to the skin fragility commonly seen in the elderly*.

Studies have shown that the decorin core protein possesses a curved solenoid fold that is
characteristic of LRR proteins®, It has an banana-like arched shape with an inner concave surface

consisting of curved B-sheets and the outer convex surface being formed by a-helices (Figure 2)¥.
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Figure 2: Model structure of decorin, with its Carboxyl (C) and NH,-terminals (N). Adapted from
Weber et al, 1996, Journal of Biological Chemistry, Volume 271, page 31769. Copyright 1996 The
American Society for Biochemistry and Molecular Biology. Reprinted with permission.

Decorin is important for the regulation of the fibrillogenesis of type I, Il and VI collagen*, and binds
to collagen fibrils at the “d” or “e” bands*®. The binding of collagen molecules is thought to occur on
the inner concave surface of the decorin protein, and is able to accommodate a single collagen triple
helix!*. Further studies by Scott et al (2004) however has shown through decorin crystal analysis
that decorin exists in a dimeric form (Figure 3)'%, and that the two monomers interact through their
concave surfaces, extending from the N-terminus to more than three-quarters of the concave
surface length, resulting in a large area of the concave surface being buried. However other authors
have claimed that the crystallographic decorin dimer is an artifact'*®°. Studies by Islam et al (2013)
have helped to resolve this controversy by showing that the decorin dimer is in equilibrium with its
stable monomeric form, and that the decorin dimer must disassociate in order to bind collagen®.

This has further relevance when the heating of decorin is discussed.
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Figure 3: Dimeric structure of decorin. Adapted from Scott et al, 2004, Proceedings of the National
Academy of Sciences of the United States of America (PNAS), Volume 101, page 15635. Copyright
2004 National Academy of Sciences. Non-commercial, educational use.

Decorin has been shown to be able to either enhance®* (in low concentrations,) or inhibit the
activity of TGF-f through its binding and sequestration. The decorin core protein contains at least
two binding sites for TGF-B1 and 2 of differing affinities'>> 13, Schonherr et al (1998) showed the
high affinity binding site to be in the Leu155-Val260 peptide sequence, with several possible low
affinity binding sites (e.g. Asp45-Leul55 and Arg63-Gly190). This high affinity Leu155-Val260 peptide
sequence was also found to form complexes with TGF-B, and thus could play a role in modulating
TGF-B by storing it in the extracellular matrix*>3. Furthermore, it was shown that collagen-bound
decorin maintained the ability to interact with TGF- B, thus suggesting independent binding sites for

TGF- B and collagen.

Decorin has been shown in animal models to be linked to both the processes of cutaneous wound
healing and scarring. Jarvelainen et al (2006) showed that decorin-deficient mice had statistically

significant delay in both excisional and incisional full thickness dermal wound healing compared to
wild type controls. Furthermore, greater fibro-vascular invasion was also seen in decorin deficient

mice®®?.
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Contrary to this, an animal study by Beanes et al (2001) has showed that a decrease in decorin
expression is associated with scarless healing®®. Nakamura et al (2000) also demonstrated that
suppression of decorin (via decorin antisense gene therapy) improved the functional healing of early
rabbit ligament scar by suppressing decorin expression and therefore allowing the formation of
larger collagen fibrils in the scar which improved the mechanical properties of the scar'®®. Hosaka et
al (2005) further showed that decorin antisense oligodeocynucleotide treatment of tendinocytes not
only improved collagen fibril diameter but also suppressed TGF-B1 expression®>’. Al-Tarrah et al
(2017) has also demonstrated higher levels of serum decorin in patients with worse long term scar
severity although it should be noted that these higher levels may be proportionally related to the
increase in injury severity and hence higher rates of scar remodelling and release of decorin into the

systemic circulation®®,

These studies show that there is still much that needs to be understood about the role of decorin in
the wound healing and scar formation process and that different levels of decorin may be required
at different stages of healing and scarring depending on the desired action (e.g. improve mechanical

strength of a scar or tendon,) and to optimise long term outcomes.

1.3.1.3 Gellan: a polysaccharide based dressing material
In order for decorin to exert its effects, an effective system that delivers it to the fibroblasts at the

site of thermal injury needs to be devised. This is especially so as decorin is expensive to acquire as it
is difficult to manufacture. A variety of methods have therefore been devised for decorin delivery

and these are discussed below.

1.3.2 Decorin delivery methods in literature

1.3.2.1 Injection
A commonly used method, especially in animal studies, is to inject decorin into the area of its

intended action and has been used in multiple anatomical locations. Abdel et al (2014) performed
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intra-articular decorin injections into knee joints™” and this was found to be able to increase the

mRNA expression of genes though no functional improvement in flexion contracture could be
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elicited. Fukushima et al (2001) showed that injection of decorin into sites of muscle laceration was
effective in preventing fibrosis as well as enhancing muscle regeneration and strength®®. Hill et al
(2014) found that intra-cameral injection of decorin was effective in lowering intraocular pressure by
reversing established trabecular meshwork fibrosis %%, Botfield et al (2013) showed that an initial
bolus decorin injection followed by an infusion could prevent the development of juvenile

communicating hydrocephalus post-trauma 62,

1.3.2.2 Intravenous injection

Besides local injection, decorin has also been delivered systemically via intravenous injection®>°

and
has been shown to still be able to exert its effects at the intended sites. Several research groups
have sought to optimise the delivery of decorin to target sites. The native decorin protein has been
reported to possess homing properties that target angiogenic vasculature through a core protein
dependent interaction by binding to Vascular Endothelial Growth Factor Receptor (VEGFR-2)163,
which may be further enhanced by the its glycosaminoglycan (GAG) chain binding to integrins!®4.
Jarvinen et al (2010) further enhanced this homing mechanism by combining an additional wound-
homing 9-amino acid peptide (CARSKNKDC, or CAR) with decorin which allows it to more effectively
target and home towards regenerating skin, skeletal muscle and tendons by recognising angiogenic
blood vessels'®®. Both native decorin and the fusion CAR-decorin also have an advantage in that they

do not accumulate in normal tissues'® 166,

1.3.2.3 Decorin gene transfection
Another approach that has been investigated is the delivery of decorin gene via recombinant virus

containing decorin complementary DNA (cDNA) into cells which results in overexpression of the
exogenous decorin gene. This has been shown to successfully inhibit TGF-B mediated fibrosis in the

lung and cornea?®’,

1.3.2.4 Surface coating of implants
The encapsulation of medical devices can occur after implantation by fibrous tissue due to foreign

body response, infection or inflammation®, This can lead to device reduced function, malfunction,
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failure, pain and deformity. Furthermore, bacteria can also become embedded in the fibrous tissue
and are hard to treat with antibiotics due to the poor blood supply. This is a common complication

of devices such as breast implants®, hip replacements and artificial heart valves.

Sylvester et al*’® (2012) successfully bound decorin onto poly(2-hydroxyethyl methacrylate) (pHEMA)
based implants using a type 1 collagen affinity coating. However this coating with its decorin
overexpression failed to reduce fibrous capsule thickness and density. This failure was thought to
due to the difference in the wound environment where the presence of a foreign body led to a
chronic stimulation of the inflammatory response.

1.3.2.5 Topical application and dressings

Although the previously discussed systems have shown some promise, such systems are invasive and
likely to be quite costly or could cause considerable patient discomfort, for example the study by Hill
et al (2014) required bi-weekly injections for 1 month!!, A dressing based delivery system on the
other hand could potentially be cheaper, easier to administer and cause less distress to the
patient!’% 172 For example the cost of topical Ibuprofen gel (10%) is approximately £63'73 compared

to £12,400 for parenteral ibuprofen (based on a conversion rate of £1 to USD 1.22)¥4,

Topical application of decorin can be via direct administration however without a suitable reservoir,
the time available for decorin to exert its effects would be limited. Sustained topical decorin
delivery can be achieved via the use of naturally decorin rich tissue based dressings i.e. via the
application of human amniotic membrane. This has been used successfully to enhance wound
healing and reduce fibrosis in the eyes'’”®, wounds'’® (including burn'’” and surgical wounds*’®) and

skin graft donor sites?”.

Amniotic membrane however has several disadvantages. Being derived from human donors, there is
a risk of viral and bacterial infection especially with amniotic membranes recovered from vaginal
deliveries which have been shown to have a high level of bacterial contamination®. As a human

derived product, amniotic membrane is also limited in its supply and size which makes its use in
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large burn wounds difficult. The cost of amniotic membranes can also be prohibitive to its use
especially for cryo-preserved membranes, which also require special storage conditions which
further limit its availability. The use of freeze-dried amniotic membrane is cheaper but may not be

effective in preventing fibrosis compared to cryo-preserved membranes*®!,

In contrast to the large amount of literature on amniotic membrane, there is scant literature on the
use of artificial decorin impregnated dressings for topical delivery. A search of the literature only
revealed a study by Turkoglu et al (2014) who utilised a decorin solution soaked gelatin sponge to

deliver decorin topically to dura mater after laminectomy and showed reduced epidural fibrosis®2.

The ideal topical delivery method for decorin would be via a dressing that is non-toxic, optically
clear, easily modifiable and freeze-dryable. The gellan polysaccharide fulfils all these criteria

optimally and is further discussed in the next section.

1.3.3 Characteristics of gellan: Suitability as a dressing material
Gellan is one of the many natural gums that have seen an increase in uses in various different fields

due to their low cost and low potential for toxicity. Gellan is a bacteria synthesized polysaccharide
discovered in 1978 by Kaneko and Kang et al*® and is currently commercially produced by C.P. Kelco
in the USA and a handful of other smaller companies. It is most commonly used by food companies
as an FDA approved thickener and stabiliser. Gellan is significantly more expensive (cost
approximately £400 per kilogram®) compared to other polysaccharide based gelling agents such as

xanthan and gelatine (six and ten times the cost respectively)®®.

Derived from a newly discovered species of Sphingomonas elodea (formerly Pseudomonas elodea),
gellan is a water-soluble polysaccharide comprised of approximately 46% D-glucose and 30%
rhamnose (a naturally occurring deoxy sugar), 21% glucuronic acid (a sugar acid) and 3% O-acetyl*®

which forms a linear tetrasaccharide repeat unit: 1,3-f-D-glucose, 1,4-B-D-glucuronic acid, 1,4-B-D-

glucose, and 1,4-a-L-rhamnose®®® 187 (Figure 4).
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Figure 4: Gellan gum structure. Gellan consists of a linear tetrasaccharide repeat unit: 1,3-B-D-
glucose, 1,4-B-D-glucuronic acid, 1,4-B-D-glucose, and 1,4-a-L-rhamnose. Image by Sensonet,
distributed under a CC-BY-SA-3.0 license via Wikimedia Commons.

An advantage of gellan is its modifiable texture property. It can be formed as either an elastic soft
gel (acetylated or high acyl form, with O-5-acetyl and O-2-glyceryl groups that are present on the
1,3-B-D-glucose) or a firm, non-elastic brittle gel (deacetylated or low-acyl form,) which lacks these
additional acetyl and glyceryl groups. These two different forms can be combined in different ratios
to produce different texture properties with superior deformability whilst retaining compressive
strength similar to low acyl gellan gels'®. The gelation of gellan is a temperature-dependent process
and the polysaccharide transitions between random coiled and double helix conformations. The
double helices then assemble into oriented bundles known as junction zones. A three dimensional
gel network is formed when the untwined polysaccharide regions at the ends of these helices link

the junction zones together as shown in Figure 5,
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Figure 5: The mechanism of gellation of gellan gum. The gelation of gellan is temperature
dependent and transitions between random coiled and double helix formations. These double
helices then assemble into oriented bundles (junction zones). Reprinted from Optimizing gelling
parameters of gellan gum for fibrocartilage tissue engineering, by Haeyeon Lee et al, 2011, Journal
of Biomedical Materials Research Part B: Applied Biomaterials, Volume 98B, page 239. Copyright
2011 Wiley Subscription Services, Inc., A Wiley Company. Reprinted with permission.

The presence of cations is required for the formation of a stable hydrogel and the textural property
of gellan is also dependent on the type and concentration of salts added. Unlike other gels such as
carrageenan which is limited to potassium, ammonium, caesium and rubidium for gelation, most
monovalent, di- or trivalent salts can be used for gellan gelation such as magnesium or calcium. The
addition of cations increases the setting temperature by decreasing repulsion by binding to the
helices around the carboxylate groups of gellan®® and crosslinks them and therefore results in a
more stabilised gellan structure® . Conversely, delay in gelling can be achieved by the addition of

sodium citrate to complex free Ca%* ions prior to use!®,

In order for non-modified gellan to be fully dissolved into water, a temperature of at least 70°C is
required (though the manufacturer recommends 90°C,) and once cooled it sets almost
instantaneously when the setting temperature is reached, which causes some problems which will
be discussed later in this chapter. The gelling temperature of gellan can be modified as it is
dependent on the concentration of gellan gum as well as the concentration and type of cations
present!®3, A study by Lee et al (2011) showed that for low acyl gellan gum, gelling temperatures

from around 32°C to around 67°C could be achieved by varying the gellan gum concentration as well
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as cation concentration (CaCl, was utilised in this study)'®® with increasing cation concentration

leading to higher gelling temperatures.

Gellan can be manufactured into many different forms such as tablets, sheet dressings, gels and
drops. Additionally, multiple properties of gellan (gel strength, texture, clarity etc.) can be adjusted
by varying the type and concentration of salts (cations) or sugars used and also the pH**. Gellan is
also moisture-retentive and thus is able to provide a moist wound environment which is beneficial to
the healing process of the wound by promoting keratinocyte migration'*®. Another useful property
of gellan based fluid gels is that it can be formulated to have shear thinning characteristics'. Shear
thinning is the non-Newtonian behaviour of fluids that when under shear strain, its viscosity
decreases. This characteristic will enable gellan based fluid gels to be easily applied, but also avoid
dripping and running as it will regain its viscosity immediately after application. Other useful
properties of the gel include a good thermal stability capable of withstanding multiple autoclaving

cycles and resistance to enzymatic degradation®.

1.3.3.1 Gellan toxicity studies in literature
Gellan is a widely used as a food thickener and also in eye drops (e.g. Timoptic XE®) and no

significant toxic effects have been reported in the literature. The Food and Drug Administration
(FDA) has also classified gellan as a safe food additive®”. Toxicity studies for gellan have mostly been
ingestion studies due to gellan’s predominant use as a food thickener, no studies on topical (skin)
gellan application were found. A study by Anderson et al (1988) showed that ingestion of gellan gum
at a high level (175-200mg/kg) caused no adverse dietary or physiological effects in human healthy
volunteers and acted as a faecal bulking agent'®®. In an animal studies by Cao et al (2007 & 2009), no

cilio-toxicity or mucosal irritation was demonstrated after administration of intra-nasal gellan gel**®

200

1.3.3.2 Pharmaceutical use of gellan
The most widely used application of gellan is in ophthalmic formulations for the delivery of drugs

201

such as anti-glaucoma agents such as Timolol maleate?? and antibiotics?®2. Gellan based eyedrops
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have an advantage over traditional eyedrops due to its ability to enhance bio-availability through its

in-situ adhesion and gelling properties?®?,

Gellan can also been developed to aid oral drug delivery as an excipient?® or disintegrating agent2%,

The gel form of gellan has also been developed to produce nasal gels.

More recently, injectable gellan systems have also been developed for sustained antibiotic delivery
in bone infections®®.

1.4 Scar assessment

In order to accurately assess the efficacy of interventions that alter the formation and severity of
pathological scars, reliable and objective scar measurement tools are required. Traditionally,
subjective scales such as the Vancouver Scar Scale (VSS, also known as the Burn Scar Index,)**® and
the Patient and Observer Scar Assessment Scale (POSAS)?” have been used for this purpose as they
are free and simple to use. Furthermore, scales such as the POSAS also incorporate a patient rated
scale that allows the opinion of patients regarding their own scars to be evaluated and recorded.

However these scales are limited by their subjective nature and can be poorly reproducible?®,

The burns research community have in recent years recognised the importance of objective scar
measurement tools and an increasing number of studies now utilise both subjective and objective

tools in the evaluation of scars.

The majority if not all objective scar measurement devices have been adapted from existing devices
used in the aesthetic industry. As such, before these devices are re-purposed for the evaluation of

pathological scars, their reliability and validity need to be assessed.
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Objective scar measurement device parameters mirror those assessed in the subjective scar scales

and the most commonly measured ones are briefly described below:

e Colour
The main measured colour parameters are erythema and pigmentation and are chiefly
evaluated by instruments which utilise the reflectance principle and are broadly divided into
tristimulus colorimeters (e.g. Labscan XE2®) which describes colour using the CIE L*a*b*
system and devices which use the narrow band spectrometry system (e.g. Mexameter?9).

e Pliability
The most commonly used devices utilise the principles of torque (e.g. Dermal Torque
meter?!), resistance to suction (e.g. Cutometer?'?) or pressure (e.g. Durometer?3),

e Thickness
This traditionally could only be measured using biopsies, but advances in ultrasound

technology have produced high frequency ultrasound systems (e.g. Dermascan C?4) which
provide high resolution images at the expense of depth of penetration.

1.5. Aims of the study and processes involved in development of a new therapeutic

dressing membrane and clinical outcomes
The aims of the study are twofold: to develop an anti-scarring burn scarring burn dressing and to

develop a reliable and validated panel of objective scar measurement devices which can be used to

investigate the efficacy of the anti-scarring burn dressing.

New therapeutic product development (e.g. drug, biologic, wound dressing) is a long and arduous
process which can take up to 10 or more years from the initial identification of the target therapy to
commercialisation, although in some cases, accelerated pathways are available where speeding up
the availability of drugs or devices that are able to treat serious disease are in the public’s best

interest.

The common pathway that new drugs or devices go through are listed below?*>:

e Discovery/Concept: identification of the target therapy (drug/device) for the treatment of a
condition

e Development: can be divided into preclinical and clinical studies. Pre-clinical studies assess
the potential therapeutic effects and safety of the drug/device in non-human subjects (in-
vitro or animal studies,) prior to human studies and include pharmacodynamics,
pharmacokinetics, toxicity and efficacy studies. Clinical trials then evaluate the safety and
efficacy of the drug/device in humans and can be divided into four phases (I-1V). Phase |
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studies investigate the safety and tolerability of the product in humans (usually healthy
volunteers) whereas Phase Il and Il studies investigate the therapeutic efficacy of the
product in patients. Phase lll studies differ from phase Il studies in that they compare the
investigated product with the best existing treatment/standard of care and are done in
larger numbers of patients (and thus requiring multi-centre trials).

e Regulatory body review: Submission of product safety, efficacy and quality data for
regulatory review

e Commercialisation and safety monitoring: Phase IV of the clinical studies, which is the on-
going compliance regulation through safety reports

The anti-scarring burn dressing is currently in the pre-clinical development phase with an early

clinical (Phase I) study of the gellan dressing carrier (without decorin).

The outline of the development phase and its associated work packages (WP) provided by the study
funders and aims are outlined in Figure 6 along with the associated thesis chapters. The relevant

work packages are discussed below:

Hypothesis: Hypertrophic scarring as a result of excessive collagen deposition can be reduced by the
administration of decorin via a gellan carrier dressing and that this can be measured reliably utilising

a panel of objective scar measurement tools.

e Work package 2:

Aim 1 (Chapter 4):

To characterise decorin (in terms of cell toxicity) and to investigate its effects on fibroblast
collagen production. In the designing of a dressing membrane, several factors need to be
considered including the cytotoxicity of the agent (decorin) and its effective dose (to prevent
excessive collagen formation,) in order to determine the optimal delivery dose.

Aim 2 (Chapter 5):

To characterise the thermal stability of decorin. This is important as the both the therapeutic
agent and the carrier may be affected during the manufacturing process, storage and clinical
use, particularly as burn theatres are typically run at higher temperatures to prevent
hypothermia in patients.

e Work package 3:

Aim 3 (Chapter 6):

To investigate the dermatological safety of gellan based dressings (sheet and fluid gel).
Gellan is an FDA approved food additive but has also been promoted for use by the company
in skincare products such as lotions, creams and non-dissolving cosmetic films. Despite this,
there are no published studies that investigate the use of gellan in intact or injured skin. The
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aim of this work package is thus to investigate the epidermal response of healthy volunteers
to gellan.

e Work package 5:

Aim 4 (Chapters 2 & 3):

To create a panel of burn scar measurement devices/tools that have an acceptable level of
reliability for use in a clinical trial investigating the effectiveness of a decorin based dressing
in preventing or reducing pathological scarring. In order to determine the efficacy of the
anti-scarring properties of the dressing, reliable tools are required to assess scarring severity

in patients.
P B o 4 R 4 B 4 )
WP 1: WP 2: WP 3: WP 4: WP 5:
Hydrogel Efficacy of Human In vivo First in-human
formulation dressing epidermal characterisati study on
and scale-up materials at response to on of the patients with
preventing the dressings materials in intermediate
f'br?s's anc in healthy porcine depth burns
the influence 3
of sterilisation patients models
on physical
properties
- P Q \ y € y & J
Chapter 4: )
Decorin cytotoxicity Chapter 6: Chapter 2:
Gellan Assessment of burn scar quality:
Chapter 5: Csotr;t;d A systematic review of objective
Effects of heat treatment on v burn scar
the bio-activity of decorin
Chapter 3:
Clinical assessment of burn scar

quality: Birmingham Objective
Scar Scale study

Figure 6: Development phase of the anti-scarring burn dressing, its work packages and the
associated thesis chapters.
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SECTION 1- SCAR ASSESSMENT

30|Page



CHAPTER 2
ASSESSMENT OF BURN SCAR QUALITY:

A SYSTEMATIC REVIEW OF OBJECTIVE BURN
SCAR
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2. Assessment of burn scar quality: A systematic review of objective burn scar

measurements

2.1 Background
Burn injury is one of the most common type of traumatic injuries in the world with an estimated

216

incidence of 1.1 per 100,000 population**® and remains one of the leading causes of deaths,

accounting for 5.2 % of 5.1 million deaths due to injuries and violence in 2012%Y. In the last few

8 and an increased

decades, major advances in burn care have greatly improved survival rates?
number of patients are surviving large burns. Non-fatal burns however is a leading cause of
morbidity, as many of these patients develop hypertrophic scars that may lead to significant
disfigurement and disability (e.g. contractures).In order to assess and track the evolution of scars
over time; subjective rating scales have been introduced into clinical practice. These scales in general
are free or low cost and require minimal training to utilise. Several such scar scales have been

developed and are used widely, including the commonly used Vancouver Scar Scale (VSS) and the

Patient and Observer Scar Assessment Scale (POSAS)?”’.

However, these scar scales are considered to be subjective and the resulting scores can vary
between different assessors (inter-assessor variation)?!, different scar severities??® and age of the
scar??!, and some studies have suggested that more than one rater (sometimes as many as five), and
utilising the average, is required in order to produce reliable ratings??% 222, The POSAS attempts to
improve the method of rating scars by including the patients’ perspective; however, patients’
perception and subjective evaluation of their scars have been shown to be influenced by depressive
symptoms?%, The physical characteristics of scars further add to the complexity of rating as changes
in both the vascularity and pigmentation can occur simultaneously, and scars are also rarely
homogenous in both colour and texture, which makes estimation of mean values difficult and

inaccurate for a human observer.
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Standardised, quantifiable, reliable (reproducible) and valid assessment tools that provide a more
objective evaluation of scars are essential for monitoring the changes in scar quality over time and

also to determine the effectiveness of scar treatments.

The various objective measures that relate to scar severity can be divided into the following

categories:

e Colour: erythema and pigmentation contribute significantly to the appearance of a scar.
e Dimensions: it includes planimetry (surface area), thickness and volume.

e Texture: surface texture or scar roughness has a significant effect on the patient’s and
observer’s opinion of the scar.

e Biomechanical properties: it includes pliability and elasticity. Stiffness and hardening of
scars are due to increased collagen synthesis and lack of elastin in the dermal layer and can

lead to impairment of skin function, especially when the scar is located around joints.

e Pathophysiological disturbances: it includes transcutaneous oxygen tension and
transepidermal water loss and moisture content.

e Tissue microstructure: new non-invasive in vivo imaging techniques analyse the
morphological tissue architecture of the scar, providing measurements previously only
possible by histopathological analysis of biopsy samples.

e Pain/sensation: pain is a commonly measured parameter in many subjective scales however

objective methods to measure it are yet to be available. However the measurement of
altered sensation may be useful.

2.2 Aims

In this review, we describe and compare the underlying principles and performance of various
currently available objective measurement devices in order to inform clinicians and researchers
about their clinical utility for scar assessment. In addition, we discuss innovative technologies that

may be applicable to burn scar assessment in the near future.

2.3 Methods

2.3.1 Criteria for considering articles for inclusion
Published articles that describe non-invasive burn scar measurements were included in this

systematic review. Studies that used scar scales which utilise subjective scoring systems were
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excluded, as studies that made histopathological evaluations of scars via biopsies had no potential to
be used in vivo (i.e. requiring the use of ex vivo processing and staining). We chose to include studies
comparing the outcomes of wound or scar treatments as well as animal studies and in some cases
non-burn scars if appropriate, as excluding these studies may prevent us from identifying new or

emerging technologies.

2.3.2 Search methods
A computerised literature search (until October 2015) was performed using the web-based Web of

Science (http://wok.mimas.ac.uk/; years 1900-2015) and PubMed services
(www.ncbi.nlm.nih.gov/pubmed/; years 1950-2015) and utilising the Web of Science Core collection
and Medline databases. No language limit was set.
The following search strategies were used:

e (Skin OR derma* OR dermis OR epidermis OR epiderma*) AND (scar OR cicatrix OR fibrosis)

AND (objective OR quantitative) AND (burn OR burn$ OR hypertrophic).

e (Skin OR derma* OR dermis OR epidermis OR epiderma*) AND (scar OR cicatrix OR fibrosis)
AND (evaluation OR assessment) AND scale

e ((burn$S or burn) and hypertrophy)
e ((burn$ or burn) and (scar or cicatrix))
e ((scar or cicatrix or fibrosis) and hypertrophy)

e ((Objective assess* or objective evaluat* or objective measure* or assessS instrument or
assessS tool or device or measurement system or objective) adj3 assessS)

e (objective evaluat* or objective measur* or assessS instrument or assess$ tool or (device or
scale or measurement system))

e NOT (uterus or cardio* or neoplasm or cancer or metastas$ or malignancy)
Web of Science core collection results were further refined by the following terms: surgery or
dermatology or critical care medicine or emergency medicine or medicine research experimental or
computer science interdisciplinary applications or computer science artificial intelligence or imaging
science photographic technology or rehabilitation or medical laboratory technology or engineering

biomedical or medicine legal or medical informatics or biophysics or anatomy morphology.
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This search produced 5062 articles after duplicates (n = 2334) were removed. After filtering by

review of titles and abstracts, 140 suitable articles were chosen.

A separate search was also conducted using the PubMed database (www.ncbi.nlm.nih.gov/pubmed)
using the following keywords/terms (including MeSH [Medical Subject Headings] terms): skin AND
(scar OR cicatrix OR fibrosis) AND (evaluation OR assessment OR assess OR measure OR
measurement) AND (objective OR quantitative) AND (burn OR burns OR hypertrophic). A further
broader search was conducted using the following keywords and MeSH terms: skin AND (scar OR
cicatrix OR fibrosis) AND (evaluation OR assessment) AND scale. No language limit was set. This
search retrieved 613 articles, and after filtering by review of titles and abstracts and removal of
duplicates, a further 27 articles were included. The reference lists of the selected articles were also

searched for suitable studies, and an additional 12 articles were included.

A search of the Cochrane database retrieved no suitable articles.

A grey literature search was performed using the Bielefeld Academic Search Engine (BASE) database
with the term “objective measurement of scarring”. This search included books, reports, papers,
lectures, theses, reviews, and primary data document types and excluded article, journals, audio,
videos, images, maps, software and sheet music document types. This search produced 180 hits
(after 50 duplicates removed), and after review, 6 articles were deemed suitable for inclusion into

the review.

Full text articles were obtained for the articles where possible, and a further 28 records were
removed after evaluating the full text. Articles which were only available in abstract form and had no

extractable data were also excluded.

Thus, the total number of articles selected for review was 157. This includes 9 review articles.

The selection process for the eligible articles is outlined in Figure 7 below.

35| Page



Records identified through database searching:
% Search 1 Search 2
= Web of Science (Care collections & hedli we) Pubmed Medline
E Fubimed Mediine
{n=BTE3) [m=613]
— L]
Recards after duplicates removed
{n=5062) Records excluded:
,!E S Mot about objective
E . measurement of scars
& [ir=4904)
Records soreened
L] {n=167)
Additional records
identified through other
= sources including grey
i literature Records exeluded:
a' {n=18) * Mot about objective
+ e measurament of scars
- Full text articles assessed for eligibility T Hl:un-quantlt.atwe methods
[na185] » * MNousefulinformation
Y . extractable
* Mon-objective histelogical
scales
E L ] (n=2B)
E Studies included
inthe raview
[{r=157)

Figure 7: Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart.
The search produced 5062 articles and after a process of filtering, a final list of 157 suitable articles

was chosen.

2.3.3 Quality assessment
The validity and reproducibility of the devices were evaluated when statistical data were available

especially in terms of reproducibility of the assessments. Where available, the additional value of the
device compared with subjective scar scales and/or other tools is discussed.
In terms of interpreting the intra-class correlation coefficients (ICC), some guidelines have been
provided by Landis and Koch %24 (1977) for Kappa coefficients (which are also reasonable for the ICC)
suggesting that:

e Kappa of <0.00 indicates “poor” agreement

e Kappas from 0.00 to 0.20 indicate “slight” agreement

e Kappas from 0.21 to 0.40 indicate “fair” agreement

e Kappas from 0.41 to 0.60 indicate “moderate” agreement

e Kappas from 0.61 to 0.80 indicate “substantial” agreement

e Kappas from 0.81 to 1.00 indicate “almost prefect” agreement
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However, it should be noted that these guidelines are subjective.
Feasibility of devices was assessed via the commercial availability, portability and cost of the devices.

An economical assessment of the devices based on the literature was not possible due to the lack of
such data in the articles; however, several of the companies with commercially available devices
were contacted to provide quotes, and although it was not possible to publish the exact prices due
to confidentiality issues, the devices are categorised into price ranges (<£5000, £5000-10,000,
>£10,000, >£30,000).

2.4 Results

Articles, reviews and editorials that described objective burn scar assessments were retained. These
were then classified into six categories based on the assessed variables: (1) colour, (2) scar
dimensions (e.g. thickness or height, surface area), (3) texture, (4) biomechanical properties (e.g.
elasticity, pliability), (5) physiological disturbances (e.g. hydration) and (6) non-invasive
morphological imaging techniques.

2.4.1 Colour

Colour is a major factor that affects the aesthetics of a scar and is mainly composed of two
components: melanin (the brown pigment made by activated cutaneous melanocytes) and erythema
(the redness that is caused by haemoglobin in the dilated/congested remodelled cutaneous
vasculature). Other pigments that localise in scars, such as bile and carotene, may also contribute to
the overall appearance of the scar. Colour measurements can be used to gauge the effectiveness of

225 Measurement

anti-scarring treatments since they reflect abnormal skin architecture/composition
of the scar colour can be complicated by several factors, such as skin layer thickness, reflection from
the skin surface and environmental factors including light and temperature. The measurement of

erythema is further influenced by patient-related factors such as activity and positioning of affected

areas as such movements may affect the blood circulation and hence the erythema of the skin.

Although visual assessment of colour has been incorporated into various scar scales, it is a subjective
evaluation method that provides relative rating systems. Even in normal circumstances, the human
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brain cannot accurately quantify colour or its intensity. A famous recent example of this is the “blue
and black dress” which shows that human colour discrimination may be affected by the illuminant
colours, level of ambient illumination and the background colours of a visual display terminal? 227,
Neuropsychiatric conditions have also been shown to affect colour discrimination??, In scars,
changes in vascularity and pigmentation occur simultaneously and overlap each other which make
colour observation and reporting even more difficult for a human observer, e.g. it is difficult to
assess the pigmentation of a scar in a highly vascularised scar as the erythema would obscure the
increase or lack of pigment. Additionally, as scars often have an uneven colour distribution, human

observers cannot easily or accurately provide a mean value for a certain area.

More recently, several objective and reproducible methods of colour evaluation have been

developed and they can be broadly classified as follows:

e Reflectance spectroscopy: tristimulus reflectance colorimetry and narrow-band
spectrophotometry

e laser imaging: it measures the microcirculation in the scar which influences the erythema of
the scar.

e Computerised analysis of digital photographs: it can include two-dimensional (2D) and three-

dimensional (3D) images which are then digitally analysed to quantify colour values.

2.4.1.2 Reflectance spectroscopy

Reflectance spectroscopy is a well-established technique of more than 50 years?*!

and currently one
of the most commonly used methods for measuring colour. Techniques that utilise reflectance
spectroscopy quantitatively measure the colour and intensity of reflected light. For example in
Figure 8, when light consisting of red, blue and green is shone upon a surface, if the material absorbs
red and green light, then only the blue light is reflected which will make us perceive the material as

blue. A biological example is the detection of the oxygenation of haemoglobin. When haemoglobin is

illuminated with white light, oxygenated haemoglobin will absorb a higher proportion of blue light
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and reflect back red light whereas de-oxygenated haemoglobin absorbs more red light and thus
appears bluer. In reality, the process is more complicated as the light that is shone (termed incident
light) onto biological tissues can be reflected in many different trajectories, and this scattering also

influences our perception of the colour of an object.

\/
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Figure 8: Graphical illustration of the concept of reflectance spectroscopy. If a material absorbs red

and green light, then only the blue light is reflected which will make us perceive the material as blue.
(Source: http://commons.wikimedia.org/wiki/File:Simple reflectance.svg)

Tristimulus reflectance colorimetry and narrow-band simple reflectance (or spectrophotometry) are

both based on the principle of reflectance spectroscopy.

Tristimulus reflectance colorimetry?'® describes colour by three values: L* (clarity, lightness or
brightness); a*, the amount of red or green (erythema); and b*, the amount of yellow or blue
(pigmentation) (see Figure 9). For example, a white coloured object would have a higher L* value
compared to a darker coloured object and a scar that it is redder than normal skin would give a
higher a* value than normal skin. Additionally, another approach to quantify colour is by using the
saturation or chroma of colour (C*) which is a vector magnitude in the chromatic plane calculated

from a* and b* values?®® 23,
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Figure 9: Graphical representation of the L*a*b* colour measurement system. Tristimulus
reflectance colorimetry181 describes colour by three values: L* (clarity, lightness or brightness); a*,
the amount of red or green (erythema); and b*, the amount of yellow or blue (pigmentation)
(Source: Kwang Chear Lee).

There are currently several spectrocolorimeter devices that utilise the principle of tristimulus
reflectance colorimetry, including the Minolta Chromameter?!% 231 232 (Minolta Camera Co., Osaka,
Japan), the Labscan XE2® (Hunter Associates Laboratory, Inc., Reston, VA), DSM Il Colormeter?®3, NF-
33324 (Nippon Denshoku Co. Ltd, Japan), Micro Color (Dr. Bruno Lange GmBH, Dusseldorf,
Germany)?*, X-Rite SP64 Spectrophotometer (X-rite Inc, Michigan, USA)?® and the Visi-Chroma VC-
100 (Biophotonics, Belgium)?* 237, Camera systems such as the Eykona 3D camera can also be
calibrated to report colour values using the L*a*b* system?3. However, a drawback of the Eykona
3D camera is that although its cost is low, it currently requires consumables in the form of one-use
targets (about £70 for 25 targets) that have to be placed next to the area of interest when taking an
image, although there are plans to introduce reusable targets in the coming months according to the

company.

A study by Li-Tsang et al?® (2003) showed that the intra- and inter-rater reliability for the Labscan XE
device for hypertrophic scars was satisfactory, with an intra-class correlation coefficient (ICC)
ranging from 0.95 to 0.99 for intra-rater reliability, and 0.50 to 0.99 for inter-rater reliability in all the
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three colour parameters (L*, a* and b*). A strong positive correlation was also found between VSS
scores and the readings obtained from the Labscan XE device. The device that was utilised in the
literature was not portable; however, newer portable versions are currently available. A study by
Draaijers et al. (2004) showed that the overall evaluations of scar colour with both the
Dermaspectrometer and the Minolta Chromameter are more reliable than the visual evaluation and
scoring of scar colour carried out by observers using a 10-step score, whereby a score of 1 reflects
normal skin and a score of 10 reflects the worst scar imaginable2!°, However, devices that rely solely
on tristimulus colorimetery have been shown to have poor correlation scores with patient scar
scales when measuring pigmented or hypo-pigmented scars due to the scar scales scoring hyper-

and hypo-pigmented scars higher as deviations from normal skin.

Narrow-band spectrophotometry?!® devices on the other hand measures the vascularisation and
pigmentation of the scar based on differences in red and green light absorption by haemoglobin and
melanin, respectively. The Dermatospectrometer (or the newer version, DSM Il Colormeter)?3% 239,240
(Cortex Technology, Hadsund, Denmark) and Mexameter?3* 24! (Courage + Khazaka, Germany) are
examples of a device that uses this principle. In comparison with the Minolta Chromameter and
Labscan XE, the Dermaspectrometer is a smaller and hence a more portable device and the use of
the erythema and melanin indexes is less complicated to understand and analyse compared to the
L*, a* and b* of the Minolta Chromameter. It has also been shown to have a slightly better
correlation with clinical scores when compared with the Chromameter?*2. Unfortunately, the
Dermatospectrometer has been withdrawn from the market but it has been replaced with a newer
model, the DSM Il Colormeter. The DSM |l Colormeter®3 (Cortex Technology, Denmark) is a small,
fully hand-held device that utilises both tristimulus colorimetry and narrow-band spectrophotometry
technology and produces reliable readings. It has an improved utility, in terms of cost and
assessment time as it utilises one instrument instead of two to obtain both tristimulus colorimetry
readings as well as narrow-band spectroscopy readings. The Mexameter also has good intra-
observer and inter-observer reliability in scar assessments?*3,
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Caution however must be used when using erythema to grade the severity of scars. This is because
scars can often be very vascular initially but this does not mean that they will become hypertrophic,
e.g. in the study by Nedelec et al (2008).2%3, the Mexameter was unable to differentiate hypertrophic
scars from normal scars as donor sites were very erythematous, but we know that donor sites rarely

progress to become hypertrophic scars.

A common disadvantage of all of the aforementioned devices is that they employ a small measuring

! and the other devices

area, e.g. the measuring area for the Minolta Chromameter is only 3 mm?
range from 5 to 8 mm?2L, Therefore, multiple measurements, especially in larger scars, need to be
performed to provide accurate scores, but these increase the risk of observational bias. Additionally,
these devices also require contact with the skin which can change the colour if too much pressure is
applied. Environmental lighting may also affect the readings obtained, although many of the
companies of these devices (e.g. DSM Il Colormeter) claim that the flash that is utilised by these
devices is strong enough to overcome and compensate for any differences in colour caused by
indoor lighting.

2.4.1.3 Large area spectrophotometry

Some investigators have attempted to overcome the problem of small measurement areas by
utilising camera systems to allow the imaging of larger areas. Cheon et al (2009 & 2010) utilised
digital photographs taken with a digital camera (Nikon D70s, Tokyo, Japan) under the same light
source and obtained L*a*b* values for the regions of interest (whole scar lesions when possible)
using Adobe Photoshop (Adobe systems Incorporated, San Jose, CA). The test—retest consistency (or

intra-rater reliability) of the L*a*b* as determined by the intra-class coefficient ranged from 0.95 to

0.99 and the inter-rater reliability was also good with values ranging from 0.94 to 0.98%4% 245,

Another method of spectral modelling developed by Kaartinen et al (2011) utilised standardised
digital imaging (SDI) with computer controlled lighting to quantify colour changes??? 222, This system

allows a larger area of the skin to be analysed with an only slightly weaker accuracy compared to the
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previously mentioned spectroscopy-based systems?*. This method, however, is yet to become
commercially available, but a similar system, Scanoskin (Leniomed Ltd, London, UK), is available. The
Scanoskin system utilises polarised light, which has the advantage of blocking the reflectance from
the skin which allows better analysis of the epidermal and superficial dermal layers®”. The system is
currently used only to assess burn depth via the imaging of haemoglobin (erythema/vascularisation)
and haemosiderin or melanin. Images which are taken (with a modified SLR camera with polarised
lenses) are processed by the provided software which splits them into separate erythema and
melanin components. Quantification of erythema and pigmentation (melanin) has to be performed

on the exported images using software such as ImageJ)&2%,

The evidence for using objective measures in measuring colour is encouraging and is based on a

relatively small number of studies, and more research is needed??.

2.4.1.4 Spectrophotometric intra-cutaneous analysis (SIA)
Analysis of colour information purely in the visible spectrum is insufficient to provide information

relating to a lesion’s deeper structures, and it was this realisation that prompted research at the
University of Birmingham to extend the spectrum of light used into the infrared region (700—1000
nm). Spectrophotometric intra-cutaneous analysis via the clinical device, SIAscope, utilises a probe
(12 x 12 mm or 24 x 24 mm) that utilises radiation ranging from 400—-1000 nm and produces 8
narrow-band spectrally filtered images of the skin which are then processed by software algorithms
and allows the visualisation and quantification of melanin, collagen and blood?*2. Although
developed for diagnosing skin cancers, it can and has been used to monitor the changes in scar

tissue in response to treatment?3,

2.4.1.5 Computerised analysis of digital photographs
Digital photographs can be taken with any standard digital camera, e.g. the Nikon 8400232, Photos

are then downloaded for analysis by proprietary software packages such as KS400 (Kontron
Electronic GMB, Carl Zeiss Micro-Imaging, Inc., Thornwood, New York, United States of America)®*

or the freely available Imagel). One study utilised an artificial neural network to perform chromatic
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analysis of the digital image of a burn scar®°. Colour measurements using Imagel) have been shown
to be equivalent to those obtained using a colorimeter (Chromameter, Konica-Minolta)?32. Several
studies have attempted to improve the objectivity of photograph analysis of scars by standardising

232 or using computerised image capturing systems?>6-28,

factors such as distance and lighting
However, even this method fails to allow scars to be compared objectively as humans vary in terms
of how we set the measurement criteria for and analyse colour®* 2> and the photographs have been
shown to have limited utility when assessed using computer-based subjective scales?®°. Improved
computer programmes may overcome the limitations of the human brain and provide objective

analysis of the digital photographs. However, computer programmes cannot properly “see” colour

and thus have to convert colour information into digital data, thereby losing valuable information.

Computer programmes utilise two methods to analyse colour. The Hue-Saturation-Value (HSV)
method analyses colour by separating it into three main components: hue (dominant wavelength),
saturation (amount of white) and value (amount of black). The other method utilises colour models
of which there are two main ones: the Red, Green and Blue (RGB) model and the Cyan, Magenta,
Yellow and Black (CMYK) model. Measurement techniques using other systems such as the L*¥*a*b*

system have also been described?®?,

To remove the influence of light and camera settings, generally a card carrying standard colours (e.g.
Pantone colour chart [Pantone Inc, USA]*?°, Macbeth Digital Colorchecker SG colour chart [Munsell
Colour services Laboratory, X-Rite Inc, Michigan, USA]?*® %°7) is recommended to be placed beside
the scar being photographed so that every photo taken would include areas of known colour
properties, allowing an objective colour evaluation??. Table 1 summarises the colour measurement

devices in terms of parameter measured, reliability, correlation with clinical score and cost.
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Table 1: Comparison of colour measurement devices in terms of parameter measured, reliability, correlation with clinical score and cost.

Device Company Parameter Intra-rater | Inter-rater Correlation with clinical score Cost Portability References
Reliability reliability
Computerised colour Sony Hi-8 Handycam CCD-TR Hue, saturation, | No data No data VSS Vascularity score significantly £5000- Yes Davey et al.
analysis 705E video camera recorder value correlated with hue (r=0.311) and 10,000 1999229
and Adobe Photoshop saturation (r=0.35) (p <0.051), index
with hue and saturation combined
correlated even better (r=0.42).
Computerised colour Nikon D70 camera and Adobe Tristimulus 0.95-0.99 0.94-0.95 L* and a* values are more important No data | Yes Cheon et al.
analysis Photoshop colorimetry than b* values in distinguishing colour 201024
(L*a*b*) features between normal skin and scars.
Labscan XE (non- Hunterlab Tristimulus Good (0.95— Acceptable L*, a*, b* and hue had moderate to >£10,00 | Poor Li-Tsang et al.
portable version) colorimetry 0.99) to good strong correlation with VSS pigmentation | 0 2003209
(L*a*b*), (0.50-0.99, | and vascularity scores. Chroma had low
chroma and outlier low correlation with pigmentation and
hue. value of vascularity (r=-0.40 and -0.17)
0.50 for a*
[ranged
from 0.01
t0 0.77])
Labscan XE (portable Hunterlab Tristimulus No data No data No data £5000- | Yes Li-Tsang et al.
version) colorimetry 10,000 2005262
(L*a*b*)
Chromameter Konica-Minolta Tristimulus Acceptable Good Unable to differentiate between hypo- £5000- Yes Draaijers et al.
colorimetry (0.73-0.89) (0.91-0.97) | and hyper-pigmented scars and normal 10,000 2004210, QOliveira
(L*a*b*) and 'red' skin (On Seattle, Hamilton and et al. 2005242
Vancouver scar scales)
Eykona 3D camera Fuel 3D Tristimulus No data No data Good correlation (Manchester scar scale) | <£5000 Yes Hallam et al
colorimetry 2013238
(L*a*b*)
Colorimeter Courage + Khazaka Tristimulus No data Good No data £5000- | Yes van der Wal et
colorimetry (0.91-98) 10,000 alz33
(L*a*b*) and (includin
ITA (Individual g cost of
Typology Angle) hub)

(Table 1 continues on next page)
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Mexameter Courage + Khazaka Narrow-band Good for Good for No data <£5000 | Yes Nedelec et al.
spectrophotom | melanin melanin 2008 (1)243,
etry (melanin (0.89-0.97) (0.95) and Nedelec et al.
and erythema) and erythema 2008 (11)263, van
acceptable for | (0.82-0.85) der Wal et al.
erythema 201323,
(0.74-0.90)
Dermaspectrometer/D | Cortex Both tristimulus | Erythema: Erythema: Erythema: Moderate but <£5000 | Yes Gankande et al.
SM 1l Colorimeter colorimetry and | 0.29-0.94 0.68-0.91 significant r =0.50 (<0.001) 2014220,
narrow-band Melanin: Gankande et al
spectrophotom | 0.72-0.87 Melanin: Melanin: weak but significant r = 0.32 2015264, van der
etry L*a*b*: no 0.91-0.94 (0.02)-0.63 (<0.001) Wal et al. 2013233,
data. Oliveira et al.
L*a*b*: no 2005242,
data.
Standardised digital Custom made Estimated Good for Good for Acceptable correlation with POSAS (0.63 <£5000 Yes Kaartinen et al.
imaging (SDI) + Spectral concentration haemoglobin haemoglobi | for haemoglobin, 0.60 for melanin) and 2011228222,
modelling (SpM) change of (0.875) and n (0.955) VSS (0.74 for haemoglobin, 0.53 for
haemoglobin melanin and melanin)
and melanin (0.886) melanin
(0.959)
Dermoscopy Hong Kong Productivity Council | RGB values: Redness: Redness: Strong correlation between the VSS No data | Yes Wei et al. 2015265
lightness and 0.980 0.93 scores of vascularity and the RGB values
redness of redness obtained from the
Lightness: Lightness: dermoscope (r=0.625, p <0.01).
0.965 0.871

Strong correlation also found between
transformed VSS scores of pigmentation
and the lightness of the dermoscope
pictures when vascularity was blanched
out (i.e. when measuring pure
pigmentation) (r=0.783, p < 0.01).
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2.4.2 Laser imaging
The amount of haemoglobin or erythema present in a scar can be measured indirectly via laser

imaging?®® %7 that measures the blood flow in a scar. Immature scars show a significantly increased
blood flow due to their higher vascularity compared to mature scars. Increased microcirculatory
blood flow (as measured by Laser Doppler Flowmetry (LDF)) has also been shown to be a potential
indicator for the occurrence of hypertrophic scarring?®. Hypertrophic scars will typically generate
readings that are two to three times greater than that made in normal skin3* 267269 and four times
greater than that in a non-hypertrophic scar?®’. Laser-based methods have the advantage of being
fast, reproducible and having a good correlation with the VSS; however, they are subject to

structural changes in the skin and environmental and body temperature fluctuations?”°-272,

Laser-based methods can be divided into three techniques: LDF, Laser Doppler Imaging (LDI) and
Laser Speckle Imaging (LSI)/Laser Speckle Perfusion Imaging (LSPI). With the older Laser Doppler
Flowmeter, the fibre optic probe is in contact with the tissue surface and is a single-point measure?®®
273 Laser Doppler Flowmeter3% 242 274,275 systems, such as the DRT4%%° (Moor instruments, Devon, UK)
or the LaserfloBPM?’® (Vasamedics Corp, St Paul, Minnesota, USA), the fibre optic probe is in contact
with the tissue surface and provides a single-point measure of an indirect evaluation of scar colour
by measuring the cutaneous bloodflow present in a scar?® 273, LDF systems are more limited
compared to the other laser-based methods (see below) as they measure flow within a small area

and, thus, are unsuitable for use with larger, heterogeneous scars.

In contrast, Laser Doppler Imaging (LDI) devices, such as the Lisca PIM1.0 imager (Lisca Development
AB, Linképing, Sweden) and The Moor LDI (Moor Instruments, Devon, UK)?%, utilise a laser beam to
scan several points across a tissue surface and generates a 2D colour-coded image that is correlated
to the blood flow?®®. They are primarily used for burn depth assessment but have been utilised for
scar evaluation?®® 2”7, The method is, however, hampered by long measurement times and low
resolution?’®. LSl and LSPI are alternative perfusion monitoring techniques that generate rapid, high-
resolution images of tissue. As red blood cells move during circulation, dynamic interference
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patterns that change with time are created. Blood flow maps can then be created from the coherent
light that is reflected from stationary tissue, generating a high contrasted speckle pattern that
remains static in time. As indicated previously, high measurements reflect high blood flow and
immature/hypertrophic scars. LS| devices compare favourably with the more established LDI
instruments, but offer advantages in terms of a faster scan time, higher resolutions and the ability to

zoom in with increased resolution of a smaller field of view, a feature that is not possible with LDI?’*

278

A major disadvantage common to all laser imaging systems are that they are not very portable (with
the exception of a new commercially available laser speckle imaging device developed by Moor

instruments2’®) due to their size and are often very expensive, with costs of >£30,000.

Table 2 summarises the comparison of laser devices in terms of parameter measured, reliability,

correlation with clinical score and cost.
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Table 2: Comparison of laser devices in terms of parameter measured, reliability, correlation with clinical score and cost.

Device Company Parameter Intra-rater Inter-rater Correlation with Cost Portability References
reliability reliability clinical score
Laser Doppler Moor Blood flow No data No data LDF showed significant | >£30,000 Poor Clark et al.
Flowmeter difference in blood 1996275, Timar-
flow within Banu et al.
hypertrophic and 2001269,
keloid scars and
normal skin (2.6-2.8-
fold higher).
Laser Doppler Lisca, Moor Blood flow (red and No data No data Correlations with >£30,000 Poor Stewart et al.
Imaging near infrared clinically assessed 2005278, Bray et al.
wavelengths) grades (VSS) of 2003266,
pigment, vascularity,
pliability, and height
ranged from r2=0.63
to 0.95.
Laser Speckle Moor Blood flow No data No data Correlations with >£30,000 Poor Stewart et al.

Perfusion
Imaging

clinically assessed
grades (VSS) of
pigment, vascularity,
pliability, and height
ranged from r2=0.73
to 0.94.

2005278
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2.4.3 Thermographic analysis of burn scars
Thermographic cameras detect radiation in the long-infrared range of the electromagnetic spectrum

(9—14 um) and can be used to produce images or videos of that radiation. Thermography can be
divided into passive (where the object can be imaged directly as it has a higher or lower temperature
than the background) and active thermography (where an energy source is required to produce a
thermal contrast between the imaged object and the background). Several studies have looked at

using thermography to assess the depth of burn wounds?>% 280-282,

Our literature search however has only been able to identify one small study done in 1985 (n =12)
which utilised thermographic analysis of the scar temperature in an attempt to differentiate
hypertrophic and non-hypertrophic scars?®. No relationship between scar temperature and

hypertrophic scar formation was found.

A more recent case report by Horta et al.?84 (2015) which utilised a thermography camera (FLIR
SC7000 thermography camera; FLIR Systems, Wilsonville, OR, USA) showed that factors such as
muscle activity or the lack of mucosa, cartilage and bone can influence the thermographic reading of
scars rather than the degree of hypertrophy itself. This further complicates the use of thermography

to objectively quantify scars.

2.4.4 Scar dimensions

2.4.4.1 Surface area and volume
Planimetry is the measure of the surface area of a scar and, when done over time, can be used to

assess the contraction or expansion of a scar.

The most basic method of planimetry, that does not require specialist equipment or trained
personnel, is the linear method where the maximum length and width of the wound is measured
directly on the patient and the surface area is then calculated by multiplying the maximum length

and width. As can be expected, this technique is inaccurate as scars are rarely rectangular or square
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in shape and will produce results that are significantly different from those obtained with tracing

285

and photography methods*®.

The second method involves the tracing of scar margins either on sheets of paper, clear plastic film
or any transparent non-stretchable material?*® 2%, The surface area traced on these sheets can then
be calculated by outlining wound margin with the tip of a planimeter (Koizuni Sokk Manufacturing
Ltd., Nagoaka-shi, Japan)?® or by digitising the tracings on these sheets and using software such as
NIS-Elements (Nikon, Amstelveen, The Netherlands)*°, Image)?®” or Digimizer software?® to
calculate the surface area. Dedicated systems have also been developed such as the Visitrak (Smith
& Nephew) which have been shown to have high intra- and inter-rater reliability and high validity in

289

the measurement of the surface area of ulcers*®” although the maximum size of the area that can be

measured at a time is limited by the disposable tracing grid used (14 cm x 14 cm).

The third method uses digital photography combined with image analysing programmes such as
Image), Image Tool (C.D. Wilcox and colleagues, San Antonio, TX, USA)?*? or Adobe Photoshop
(Adobe Systems Inc., San Jose, California, USA)?*° to measure the surface area. A significant problem
with 2D photography is that it is subject to parallax errors and projecting a three-dimensional object
onto a two-dimensional image. Due to this, the 2D surface area (or planimetric area) calculated does
not take into account the wound surface topography and will nearly always underestimate the true

three-dimensional surface area (see Figure 10).
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Figure 10: Comparison of 2D and 3D areas. The 2D or planimetric area (in pink) is always smaller
than the 3D area (in blue). (Source: Kwang Chear Lee)

With smaller scars, this error would be small but will increase as the size increases. A study by van
Zuijlen et al. (2004) compared the direct and indirect (through 2D photography) tracing methods?®.
It found that both techniques were reliable (r > 0.82, p <.001) for surface lesions with a scar surface
area of 25 cm?, but planimetry by photography was superior to planimetry by direct tracing in
respect to inter-observer reliability for surface lesions of 50 and 75 cm?, with increasing scar size
resulting in decreasing inter-observer reliability. However, planimetry by direct tracing was more
accurate on curved surfaces (e.g. forearm), with a statistically significant reduction of the surface
area obtained when compared to results with planimetry after photography. The use of
photography?*%2°¢ to measure surface area, although useful, is subject to variance caused by lighting

conditions, distance and camera settings and does not provide any information on volume.

Three-dimensional (3D) measurement systems can overcome the limitation of 2D photograph, and
in addition to surface area measurements, the 3D camera systems are also able to measure the
volume of scars much more quickly and easily compared to traditional moulage and moulding

methods?®!.
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A 3D image can be achieved via various methods. A method that is commonly used in the medical is
stereo-photogrammetry. These systems are non-contact and involve taking two or more pictures
using either one or multiple cameras which can be on the same device (e.g. Eykona wound
measurement system, Fuel 3D, UK?*®) or separate devices (e.g. 3D MD static systems, 3dMD, USA%?).
Some authors have even developed their own systems with standard cameras (e.g. Stereoimage
optical topometer (Korea University, Seoul, South Korea) with PC vision plus (AES, Sydney,
Australia))?®3. Other devices utilise mirrors to achieve a similar effect for, e.g. LifeViz I, Il, Mini or
Micro (Quantificare S.A., Sophia Antipolis, France)?** 2% and Vectra H1 3D imaging system (Canfield
Scientific Inc, Fairfield, NJ, USA)?%2%°, Other systems utilise the projection of a complex speckled

pattern in combination with a colour camera to produce the 3D images3®.

These software are able to provide information about the surface area®®* and tissue volume above
the skin3? (including correction for curved surfaces) as well as geometry, texture and, as mentioned
above, the colour of scars for which the performance of the Eykona device has been shown to
compare favourably with the subjective Manchester Scar Scale (MSS)?3%. These devices share a few
common drawbacks. Firstly, none of them have been validated in scar studies, but their ability to

302:304 and volume of wounds and tissue (e.g. breasts3??) has been shown in other

measure the area
non-scar related studies. Additionally, the maximum area that can be imaged is limited to the size of
about an A4 size sheet of paper which is not ideal for large burns scars. Furthermore, although
stitching of images is possible, this really only applies to the face as it is easy to identify anchor
points such as the eyes and nose, but to do so for other highly curved surfaces such as the forearm
or the whole body would be technically challenging and time consuming and requires high-end
hardware and thus a true 360° view would not be easily possible?®®. Hairy areas of the body can also

pose a problem?®,

The Lifeviz and Vectra H1 systems have an advantage over the Eykona in that they have adjustable

light-beam pointers to aid positioning and do not require one-use disposable targets which the
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Eykona system does but they are also significantly more expensive. Furthermore, the Eykona is no
longer being developed by the company and has not been updated recently, thus its resolution is
significantly lower (250 micron sampling via two 5 MP sensors)*® compared to the Lifeviz Mini
(13.5-24 MP, 0.5-2 mm geometry resolution)3® or Vectra H1 cameras (18 MP, 0.8 mm geometry

resolution)®®,

More recently, light field or plenoptic technology has been introduced. Cameras utilising this
technology (Raytrix 3D camera systems, Raytrix, Germany3®) capture information about the
intensity and also direction of the light rays utilising an array of micro-lenses3®. The images or data
are then processed and merged using dedicated image analysis software into a single 3D image.
Additionally, other commonly used 3D imaging techniques include structured light scanner systems
(or coherence scanning interferometery) such as the Artec3® (Artec Group, United States of

310 and laser scanning devices such as the

America/Luxemborg/Russia) and ATOS series of scanners
Minolta Vivid 900 or 910 3D linear laser scanner (Konica-Minolta, Osaka, Japan)3!¥ 312, Whole body
scanners such as the Cyberware Whole Body Color 3D Scanner (Model WBX, Cyberware Inc,
Monterey, California)!? are also available. These other systems have the ability to scan much larger
areas (up to the size of a car with some systems) compared to the Eykona, Lifeviz and Vectra;
however, they have not been specifically manufactured or optimised for medical use. For example
with the Artec Eva system, the software supplied is able to calculate the surface area and volume of
an object on a flat surface but not on curved surfaces. Specialised 3D analysis software such as
Rapidform (Inus technology, Seoul, South Korea)3'? is required to measure and quantify surface area
and volume information obtained from these scans. The authors are not aware of any published

studies that have validated the surface area and volume measurements produced by these devices

or software.

A different approach to calculating the surface area of scars is through the use of a combination of

2D photography and 3D models. The Burncase 3D (RISC Software GmbH, Austria) software has been
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developed for the estimation of burn surface areas primarily, but it theoretically can be adapted to
measure the surface area of scars. With the Burncase 3D programme, 2D photographs of the lesions
are superimposed onto a 3D model that can be adjusted according to the height, weight, age and
gender of the patient. The outline of the lesion is then traced onto the 3D model from the
photographs (which can be multiple and is aided by an automated alignment algorithm that uses
corresponding landmarks to allow quick matching®'4) and the software then estimates the surface
area. The areas can also be classified into different categories if needed (e.g. normal and
hypertrophic scar areas) and thus useful to track the progression of the wounds from time of burn
through to scar formation. As it uses standardised 3D models to estimate surface area, much work is
still required to validate the accuracy and precision especially in small children (currently in
progress®' 31%) and obese patients®'. In a study which utilised mannequins, the inter-class
correlation between the single raters of the mean percentage of artificially created burn areas was
0.988 with relative underestimations of burn wound areas of 0.4 % in the child mannequin, and
overestimations of 2.8 and 1.5 % for the female and male mannequins when compared to areas as

measured with 2D planimetry imaging3'®.

Table 3 below summarises the comparison of 3D measurement devices in terms of parameter

measured, reliability, correlation with clinical score and cost.
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Table 3: Comparison of 3D measurement devices in terms of parameter measured, reliability, correlation with clinical score and cost.

Device Company Parameter Intra-rater Inter-rater Correlation with clinical Cost Portability References
Reliability reliability score
Eykona 3D Fuel 3D Surface area Intra-operator Intra-operator No data <£5000 for the Yes Paterson et al.
camera and volume variability: area: variability: area: camera unit. (Eykona Medical
0.9 %; volume: 1.7 %; volume: ~£3 for each Imaging FAQ)305
4.0% 4.0% .
disposable target
but device can
now be
configured to use
reusable targets.
Lifeviz I, I, Quantificare Surface area No data Surface area: Surface area: Excellent level £10,000—£15,000 Yes Lumenta et al.
Micro and volume ICC=0.99 of agreement with Visitrak 201129,
(Coefficient of (1ICC0.96, 95 % Cl1 0.93, Stekelenburg et
variation 5.9— 0.97); however greater level al. 2013294,
6.8 %) of variability in larger
wounds especially
circumferential wounds.
Volume: no data
Volume: r2=0.9678 when
correlated with actual
volumes of model scars
Vectra H1 Canfield Imaging | Surface area No data No data No data £10,000—£15,000 Yes Tzou et al.
Systems Inc. and volume 2014317,
Urbanova et al.
20152%,
Artec Eva Artec Surface area No data No data No data <£10,000 Yes N/A
and volume (depends on
package)
Minolta Vivid Konica-Minolta Surface area No data No data No data >£15,000 Yes Taylor et al.
910 3D linear and volume 2007312
laser scanner
Moulding N/a Volume ICC=0.921-0.995 | ICC=0.759-0.977 | No data Dependent on Yes Berman et al.
(positive— moulding material 2015291
negative and measurement
moulage) techniques used
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2.4.5 Thickness
The accuracy of subjective estimation of scar thickness has been shown to be quite low, 67 % (when

measured against ultrasound measured thickness)*® and thus unreliable.

Objective thickness or height of a scar can be evaluated by measurement by 3D photography (see
above) or the use of negative—positive moulage3'®. A negative—positive moulage is performed by
firstly making a negative impression cast (negative moulage) of the scar using materials such as
alginate, silicon, siloxane?’®2°1, dental impression material®®° or plaster of Paris. A positive
impression cast (positive moulage) is then made by pouring a material that will harden (e.g. plaster
of Paris, wax) into the negative moulage. Once hardened, this positive moulage can then be
measured. These techniques have some limitations and are inaccurate as the portion of the scar

below the surface of the skin is not included in the measurement3?.

This limitation can be overcome by using high-frequency (5—-20 MHz) ultrasound systems such as the
Tissue Ultrasound Palpation System (TUPS; Biomedical Ultrasonic Solutions, Hong Kong)?6% 322324 the
Dermascan C24 263,269,325 (Cortex, Hadsund, Denmark) devices, Acuson Sequoia 5123%° (Siemens,
Germany; highest frequency probe available is 10 MHz), HDI 5000 (Philips, Amsterdam,
Netherlands)®*?¥’, and the Dermcup 2020 (Atys Medica, Soucieu-en-Jarret, France)*. High-frequency

ultrasound systems have previously been used in many dermatological applications3%.

Ultrasound skin imaging is performed by firing an acoustic pulse into the skin and measuring the
acoustic response from the skin which is picked up by an ultrasound transducer. The signals are then
processed, and a cross-sectional image is produced which represents an intensity/amplitude analysis
of these returned signals. Areas with small changes in density between structures such as scar tissue
and fat will produce a low reflection and be visualised as dark colours, whereas areas with significant
changes in density between structures (e.g. healthy dermis) will be visualised as bright areas (Figure

11).
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Figure 11: High-frequency ultrasound image of normal and scarred skin. High frequency ultrasound
image of Normal skin (top left, site: forearm). High-frequency ultrasound image of hypertrophic scar
(top right, site: shoulder). High-frequency ultrasound image of normal skin (top) and adjacent scar
tissue (bottom) which shows that normal skin has a higher ultrasound intensity compared to scar
tissue. (Source: Kwang Chear Lee)

An advantage of ultrasound systems are that they allow real-time measurement on changes of scar
thickness upon pressure loading®°. Additionally, high-frequency ultrasound systems will also allow

the identification of aberrant structures within the scars which may affect treatment33.

The frequency of the ultrasound determines the resolution and penetrance of the measurement. A
low frequency will allow deeper penetration but lower resolution images; whereas a higher
frequency will have a shallower penetrance but produce higher resolution images (Figure 12). High-
frequency ultrasound systems utilise a frequency above 18 MHz to obtain images of the skin
structure with acceptable resolution. In earlier studies, 7.5-MHz probes have been used to measure
and track the change in thickness of healing burn scars3?% 332, These lower frequency systems allow
evaluation of deeper tissues (penetration of >15 mm) but have a low resolution of 2-3 mm which

333

may not be sufficient for the evaluation of superficial skin structures®*>. More recently, higher

frequency ultrasound probes (20 MHz) have been used to allow more detailed images of the
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structures of the skin to be visualised, producing higher resolutions of at least 50 pum?4 333,334,

Probes with frequencies below 50 MHz are advised as systems with higher frequencies and will not

be able to penetrate to the average depth of hypertrophic scars which is around 4-5 mm.

7.5MHz 10MHz - Pﬂ“-lﬂ[‘lz thfltiz
Panatrabon Ponatration 35mm “::r::;'m :::mnn
50-T0vim
| I — Epidermis
L Darmis
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Figure 12: Different frequencies of ultrasounds and their penetrance into the skin. A low frequency
will allow deeper penetration but lower resolution images; whereas a higher frequency will have a
shallower penetrance but produce higher resolution images.

(Source: Kwang Chear Lee, adapted from image from
http://www.eotech.fr/Fiches/produits/107_DUB_Brochure_English_DB10_2012_O.pdf)

It is advisable to always check with the manufacturer the actual penetrance of the systems as
cheaper portable ultrasound systems (e.g. Dermalab USB Ultrasound, Cortex, Hadsund, Denmark)

only penetrate a maximum of 3.4 mm despite being a 20-MHz system??°,

These high-frequency ultrasound devices both show good inter-observer reliability and moderately
correlate with the modified VSS3*> (modified version of the Vancouver Scar Scale by Nedelec et al.

[2008]), with the Dermascan C system having the better correlation of the two (0.41-0.50 versus
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0.34). It has to be noted that the VSS measures clinical scar thickness (i.e. the thickness of the scar
that is above the surface of the skin), whereas the two ultrasound systems measure histological
thickness (i.e. the whole thickness of the scar above and below the surface of the skin). The
Dermascan system would thus be preferred, although it is more expensive than the TUPS (however
at the time of writing, there was no method to purchase the TUPS from their website). Other
ultrasound systems that are commercially available include the Acuson Sequoia 512 (Siemens,
Germany)3%, Episcan (Longport, USA)33¢ 337 and the DUB®SkinScanner (EOTech, France)%, although

at present there are no published studies that have utilised these for scar measurement.

Ultrasound systems that can capture a 3D image of a scar have now become commercially available,
albeit only from one company (Cortex, Hadsund, Denmark). However, this system has not been
trialled on scars, is limited to a small measurement area (22 x 22 mm) and costs significantly more

compared to the 2D system (Table 4).

A summary of the different ultrasound systems is given in Table 4.
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Table 4: Comparison of ultrasound devices in terms of parameter measured, reliability, correlation with clinical score and cost.

Device Company Parameter Intra-rater Inter-rater Correlation with clinical Cost Portability References
reliability reliability score
Dermascan C Cortex Thickness (2D) ICC=0.91-0.93 ICC=0.90-0.91 Modified VSS and ultrasound | £15,000-20,000 Yes Nedelec et al.
(2D) thickness: 2008243, 263
Spearman's r =0.41-0.50

Dermalab USB Cortex Thickness (2D) ICC=0.92-0.97 ICC=0.86-0.98 No data <£10,000 Yes Gankande et al.
(2D) 2014220
Dermascan C Cortex Thickness (3D) No data No data No data £30,000-40,000 Yes N/a
(3D)
Tissue Biomedical Thickness (2D) ICC=0.98 ICC=0.84 Spearman Correlation of 0.42 | Not currently Yes Lau et al. 2005339
ultrasound Ultrasonic between VSS thickness score | commercially
palpation Solutions and TUPS measurement available.
system (p<0.01),and r=0.34

(p <0.01) between VSS total
score and TUPS.
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2.4.6 Texture

2.4.6.1 Skin topography
Scar roughness has a significant effect on the patient’s and observer’s opinion of the scar?”’. Indirect

methods of measuring skin topography that involve creating a negative replica of the skin using
materials such as polymers (e.g. Silflo silicon polymer; Flexico Developments Ltd., Hertfordshire,
UK3%) and then further analysing this with devices (e.g. mechanical, optical, laser or interference
fringe projection profilometry349342), although accurate can be very time consuming and not
appropriate for clinical use®®. Transparency profilometry (using the Visiometer; Courage + Khazaka,
Germany) uses the Silflo silicon polymer but analysis is much easier and quicker** 3%, However,

these indirect measurement techniques have been clinimetrically evaluated3¥,

The Phaseshift Rapid In Vivo Measurement Of the Skin3*® (PRIMOS; Omniscan, GFMesstechnik
GmbH; Germany) and the Visioscan VC 98 (Courage + Khazaka, Germany) are the only devices
currently on the market that can be used to measure skin topography directly, but only the PRIMOS

system has published studies in scars.

Three parameters were used for the evaluation of the PRIMOS system by Bloemen et al**¢ (2011).
These were the peak count (PC, number of peaks per unit length), arithmetic mean of surface area
roughness (Sa, in micrometres) and the mean of five highest peaks and five deepest valleys form

entire measurement (Sz, in millimetres).

The PRIMOS has been shown to have excellent intra-observer and inter-observer reliability on both
normal skin and scars and a high correlation with the relief score of the Patient and Observer Scar
Assessment Scale (POSAS) on scar (The relief score in the POSAS questionnaire is the rating given by

patients and clinicians on the surface irregularity of their scar compared to normal skin).

An added advantage of the PRIMOS system is that it can also be used to measure scar height3¥’.

The Visioscan VC 98 is a UVA-light video camera with high resolution that utilises the Surface
Evaluation for Living Skin (SELS) method to evaluate the roughness of skin3#. This method analyses
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the grey level distribution of the image captures and allows the calculation of four clinical
parameters to quantitatively and qualitatively describe the skin surface as an index: skin smoothness
(Sesm), skin roughness (Ser), scaliness (Sesc), wrinkles (Sew). As mentioned previously, this system
has not been used to evaluate scars but has shown a high reliability for the measure of in vivo skin
roughness in normal skin3*®, However, the Visioscan only measures an area of 6 x 8 mm at a time

which is probably too small for the analysis of the irregularity of a burn scar.

The aforementioned 3D camera systems can potentially also be used for skin topography analysis.
However, these systems are already becoming the preferred devices in the clinic for scar surface
area measurement as they are significantly more portable than the PRIMOS system although
portable versions of the PRIMOS system are now commercially available (PRIMOS lite,
GFMesstechnik GmbH; Germany). Lumenta et al. (2011) showed that the Lifeviz Micro 3D camera
system (Quantificare S.A., Sophia Antipolis, France) was able to detect surface irregularities (SI)
much better than subjective visual assessment which failed to detect at least half of the broader
changes in Sl of 234 %?%. Moon et al. (2002) utilised a self-developed 3D camera system
(Stereoimage Optical Topometer, Korea University, Seoul, Korea) to calculate the mean surface area
roughness (Sa) and root mean square roughness (Sq) for acne scars which were found to have a
positive correlation with visual gradings (Spearman correlation coefficient p =0.463 and 0.438

respectively, p < 0.001)**. Table 5 below summarises the surface topography devices.
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Table 5: Comparison of surface topography measuring devices in terms of parameter measured,
reliability, correlation with clinical score and cost.

Device Company Parameter Intra- Inter- Correlation Cost Portability | References
rater rater with clinical
reliability | reliability score
PRIMOS GFMesstechnik | Surface ICC of ICC of Correlation with | £17,000— | Yes Bloemen et
roughness PC=0.97, PC=0.9, POSAS: r=0.617 | £14,000 al. 201134

(PC, Sa, Sz) Sa=0.99, Sa=0.96, (p<0.001)
Sz=0.98 Sz=0.94

Visioscan | Courage + Skin Not been Not been Not been used £5000- Yes N/a
VC 98 Khazaka parameters | used in used in in scars £10,000
(Sesm, Ser, scars scars
Sesc, Sew)
Eykona Fuel 3D Not been Not been Not been Not been used <£5000 Yes N/a
3D used in used in used in in scars
camera scars scars scars
Lifeviz Quantificare Surface No data No data Performed £10,000- | Yes Lumenta et
Micro Irregularity better than £15,000 al. 2011 2%
subjective visual
assessment

PRIMOS = Phaseshift Rapid In Vivo Measurement Of the Skin; ICC = intra-class correlation coefficient; PC = peak count; Sa = mean surface
area roughness; Sz = mean of five highest peaks and five deepest valleys; POSAS = Patient and Observer Scar Assessment Scale.

2.4.7 Biomechanical properties

2.4.7.1 Pliability, elasticity or stiffness
The biomechanical properties of skin can be measured with a variety of methods including suction,

tonometry, torsion, adherence and reviscometry. Other methods include elastometry, ballistometry,
quantitative electrical methods (dielectric measurements and bio-impedance)?*° as well as

ultrasound and Magnetic Resonance Imaging (MRI) techniques®.

2.4.7.2 Non-suction extension methods
Older methods of measuring skin elasticity relied on extension methods (i.e. physical stretching) to

measure the viscoelastic properties of skin tissue using ex vivo®>? or in vivo extensometers3>3-358

or
elastometers?’®, which utilises a constant-tension spring and a strain gauge to distract two points on
the skin?’®3%°, The majority of these devices suffer from an unwanted peripheral force contribution
due to the deformation of surrounding tissues during measurement which can lead to reduced
accuracy and reproducibility of results, although newer designs have sought to improve their

accuracy>>®,
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2.4.7.3 Suction extension methods
Extension of the skin by suction is the method used by devices such as the Cutometer?!? 231,241, 263, 360-

370 (Courage + Khazaka, Germany) and the Dermalab elasticity probe3¢% 37! (Cortex Technology,
Hadsund, Denmark). With the Cutometer, negative pressure is created in the device by vacuum and
the skin is drawn into the aperture of the probe and after a defined time is released again. Inside the
probe, height of skin that is drawn up is determined by a non-contact optical measuring system
which consists of a light source and a light receptor, as well as two prisms facing each other, which
project the light from transmitter to receptor (Figure 13). The resistance of the skin to the negative
pressure (firmness) and its ability to return into its original position (elasticity) are displayed as
curves (penetration depth in mm/time) in real time during the measurement (Figure 14). This

measurement principle allows getting information about the elastic and mechanical properties of

the skin surface.

Figure 13: Cutometer and Dermalab probes. The Cutometer (top left) and Dermalab elasticity probe
(top right) are shown with a one penny coin Is placed next to probes to provide an idea of the size of
the probes. lllustration of the mechanism of the Cutometer and Dermalab elasticity probe (bottom
left and right, respectively). (Source: photographs and diagram of elasticity probe by Kwang Chear
Lee; Cutometer image source: Courage + Khazaka Electronic GmbH, http://www.courage-
khazaka.de/index.php/en/products/scientific/140-cutometer, reprinted with permission).
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Figure 14: Example of skin deformation curve obtained with the Cutometer. (Source: Courage +
Khazaka Electronic GmbH, reprinted with permission).

The Cutometer is reliable for measurement of the elastic and mechanical properties in scars and
normal skin; however, its measurements only have a weak to moderate correlation with the
pliability score of the POSAS and the subjective pliability assessment of the VSS*¢°. Rennekampff et
al. (2002) also suggested that the Cutometer may not be sensitive enough to pick up small changes
in pliability as he found no correlation was found between subscale VSS pliability rating and

Cutometer readings®’2.

It was also found to be unreliable for severe scars due to a ceiling effect when rigid tissue is
encountered?®, However, the low ICC values have more to do with difficulty in relocating device to

same measurement spot and the high sensitivity of the device?* 263,

The mechanical parameters of the skin can be divided into absolute and relative parameters:

e Absolute (in milimetres): Ue (immediate deformation), Uv (delayed deformation), Uf
(maximal deformation), Ur (immediate retraction), Ua (final detraction), R (residual
deformation), R8 (visco part).

e Relative (in percentage): Ua/Uf (gross elasticity), Ur/Uf (biological elasticity), Ur/Ue (net
elasticity), Uv/Ue (viscoelastic to elastic ratio), H (hysteresis).
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Absolute parameters are likely to be influenced by skin thickness which in turn is dependent on
various factors such as age, gender, anatomical region thus to compare values you will need to
standardise them for skin thickness using an ultrasound and this is not always possible thus the
relative parameters are more useful as it can be assumed to be independent of skin thickness which

allows the values in different subjects, anatomical regions and times to be compared.

Various different opinions regarding the value that should be used (Table 6); however, Draaijers et
al. (2004) concluded that either Ue or Uf is sufficient for the evaluation of scar as they found a high
correlation between the parameters Ua, Ue, Uf, Ur and Uv, and that Ue and Uf were found to have
the highest reliability®**. Nedelec et al. (2008) agreed with this and also found Uf to have a higher
reliability (but not for severe scars) but concluded that as Uf is more convenient to record
(automatically calculated by computer software, whereas Ue requires manual calculations), it should

be used instead?*® 263,

Table 6: Comparison of used and recommended parameters for the Cutometer in the literature.The
most commonly recommended parameters are Ue and Uf (RO).

Authors and papers Parameter used/recommended
Fong et al. 1997712, Uf, Ur/Uf, Ur/Ue, R8
Draaijers et al. 20043%* Recommends Ue or Uf
Dobrev et al. 2005373 Recommends Ue and Uf (distensibility), Ua/Uf and Ur/Uf
(elasticity) and Uv and Uv/Ue (viscoelasticity)
Nedelec et al. 2008243 263 Recommends using only Uf
Rennekampff et al. 2002372 and 20063%° | Uf, Ua, Ur, Ue, Ur/Ue and Ur/Uf

Other studies have also utilised the R (dimensionless parameters derived from the U values) and Q

(maximum recovery, elastic recovery and viscous recovery areas) values3®.,

The Dermalab elasticity probe??® 374 consists of a light plastic probe that is much smaller than that of

the Cutometer (Figure 12). This probe is attached to the skin using double-sided adhesive rings to
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form a closed chamber. Within this chamber, two narrow beams of light run at different heights
parallel to the skin surface and serve as elevation detectors®’* . A computer controlled vacuum pump
connected to the probe is then used to increase the suction within this closed chamber over 30-60
seconds. In contrast to the Cutometer where a set pressure is applied and the skin deformation is
measured, the Dermalab elasticity probe measures the amount of suction (in kilopascals, kPa) that is
required to lift the skin to pass the height of the two light beams. This may cause problems when the
measured skin is too stiff to be stretched enough to reach the level of the detectors®”*. The stiffness
of the skin (or Young’s modulus, E) is then calculated and expressed in millimetre per kilopascal. Skin

that is firm, e.g. scar tissue will have a higher stiffness index compared to normal skin.

A study by Gankande et al. (2014) with the Dermalab elasticity probe showed that the test—retest
reliability for pliability was “excellent” (ICC 0.76—-0.91) in scar areas but only “good” (ICC 0.45, 95 %
C1 0.30-0.76) in contralateral normal skin areas??. It should be noted that significant difficulties
were encountered by the researchers in the study in obtaining elasticity measurements and they

failed to obtain matched measurements for test—retest analysis in 31-52 % of the subjects®%°.

Both devices have the advantage of being a “hub” to which other measuring devices can be
attached. For example, the Dermalab combo device provides additional probes that can be fitted to
provide spectrophotometry data (melanin and erythema) and ultrasound measurement of dermal

thickness?%°.

2.4.7.4 Tonometry
Tonometry measures the firmness and flexibility of skin and scars by exerting pressure either via an

airflow system that is blocked at a certain pressure (e.g. Pneumatometer3”> (Medtronic Solan Model
30 Classic, Jacksonville, Florida, USA), Cicatrometer3*?, Tissue Tonometer3’® (Flinders Medical Centre
Biomedical Engineering, Australia) or an indentional load in a vertical direction, e.g. durometer332 213

376,377 (Rex model H 1000, Rex Gauge company, lllinois, USA), Schiotz tonometer®’8, and Tissue

Compliance Meter®”® (Model and company not stated by author). In the study by Lye et al. (2006),
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the Tissue Tonometer showed good intra-observer reliability and a moderate correlation with the
pliability score of the VSS scale, but the measure is a relative one as it requires a contralateral
reference point®®, A study by Corica et al.3® (2006), utilising a modified Tissue Tonometer, showed
that the intra-class correlation coefficient for averaged measures between measurers (inter-rater
reliability) was 0.957, and the standard error of measurement was 0.025 mm. A significant
difference (p =.0000) between scar (2.64 + 0.5 mm) and normal tissue (3.23 £ 0.46 mm)
measurements was also demonstrated in the study. Tonometry devices are, however, less suitable
for skin locations with hard bony structures underneath—as the hard underlying structures limit the
degree in which the skin can be compressed. At the time of writing, the mechanical tonometer is no
longer commercially available, but a digital version is in the experimental phase. Other shortcomings
with the mechanical design include the need to place the device accurately (must be within 5° of

upright to measure correctly).

The durometer also showed good reliability and validity in one study but this was performed on
sclerodermal skin3”” which demonstrates symmetrical skin thickening compared to scars where

thickening can vary from area to area depending on the initial injury.

2.4.7.5 Torsional force and adherence measurement methods
Torsional force can be used to measure the elasticity of skin (Dermal Torque Meter; Dia-Stron, UK)

211 3nd the device is able to differentiate between native skin, autographs and cultured skin

substitutes; however, rigorous clinical appraisals of the device have not yet been performed.

2.4.7.6 Acoustic methods
The Shear Velocity Device (SVD) is a portable tool that can be used to analyse soft biologic tissue by

measuring the propagation of an auditory shear wave through the skin surface®% 382  The device
works on the principal that an acoustic shear wave will have a higher velocity in a hard material (e.g.
scar tissue) compared to softer material (e.g. normal skin). Experimental validation of the SVD by
McHugh et al. (1997) claims that it provides similar results to the Shore Type A durometer; however,

this data has yet to be published?®!, The coefficient of variation (CV) for the device in measurements
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of 254 hypertrophic scar locations was +4.8 % whilst on 210 normal skin sites this was 4.4 %.
Unfortunately, the authors have not been able to locate any subsequent publications on this device

and it is not currently commercially available.

Reviscometry3®83 (Reviscometer; Dermaviduals and Courage + Khazaka, Germany) is another portable
tool that measures the elastic and viscoelastic features of skin and scars by utilising an acoustic
shock wave and reports this as resonance running time (RRT). Scars have a significantly lower mean
RRT compared with normal skin (52.3 versus 91.6). It has been shown to be reliable with inter-rater
observer reliability of more than 0.86 on scars but more studies are required to establish its validity

and comparative performance.

2.4.7.7 Electrical of bio-impedance methods
Utilising an impedance device, the capacitance of scar tissue has been shown to be stronger than

that of normal skin and the resistance of scar tissue is lower than that of normal skin. The impedance
of scar tissue however varies according to the depth and density of scar tissue3*° . This electrical
property of scar tissue could be utilised to quantify scars; however, no method has been developed

as of yet.

2.4.7.8 Modelling and other techniques
All of the methods that have been discussed thus far rely on measurements in a small area of the

scar which may not be representative of the scar as a whole.

The Adheremeter®* (Fondazione Salvatore Maugeri, Italy) uses an entirely different approach and
measures the restriction of scar mobility with respect to the underlying tissue at the worst adherent
point when stretched in 4 orthogonal directions using a transparent film print-out of 9 concentric
rings with varying radii. It is a relatively new device and has only been tested in one study®®* but it
showed an adequate level of reliability and validity when compared to the VSS. However, it has a

degree of subjectivity in operation as the measurement is based on the rater’s evaluation of the
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force required to stretch the skin and on the patient’s judgement of comfort. It is also not suitable

for use on highly concave surfaces.

A different approach to measuring the elasticity of skin is to use computerised models of skin motion
analysis®®> 38 These experimental methods are able to detect and measure the differences in
elasticity between normal and scar tissue by comparing images taken at two time instances before
and after deformation. Regular 2D images, combined with 3D data, can offer a method of estimating
scar pliability in a more global manner3. In simple terms, these methods utilise a grid painted onto
the skin which will then deform according to the elasticity of the skin. Grid portions that are less
pliable (scar tissue) will deform less than areas which are more pliable (normal skin). A technique
called Finite element modelling (FEM) can then be used to analyse this information38-38, This
technique is still experimental and yet to be commercially available. Some devices that may be
commercially available soon that utilise this technique include CutiScan CS 100 (Courage + Khazaka,
Germany) which is still under development. Other methods include the measurement of ranges of
movement to determine the severity of burn contractures and thus indirectly the viscoelasticity of
the scars. The current standard involves the measurement of the passive and active range of motion
of an extremity in a single plane or functional movements (which are better related to activities of

)38 using conventional measurements3® (e.g. goniometry, tape measures, inclinometer)

daily living
or 3D motion analysis® 391392 The Faciometer (University of Vienna) measures the ranges of mimic
movements, e.g. the distance between the tragus and the mouth using calipers and an electronic
display®%3. A survey by Parry et al. (2010) however showed that there is a lack of consensus in the
methods and tools used clinically for the measurement of burn contracture and these methods are
also rarely checked for reliability or performance competency3®. Table 7 gives a summary of the
comparison of viscoelasticity devices in terms of parameter measured, reliability, correlation with
clinical score and cost. Comparing the devices that measure biomechanical properties of scars, the
Cutometer seems to be the best choice at present as it is reliable (in normal, non-hypertrophic

scars), shows a reasonable validity and can be used over bony areas. Additionally, the Cutometer is
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the most often used device for skin viscoelasticity measurements with more publications than most

of the other devices reviewed in this paper.
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Table 7: Comparison of viscoelasticity devices in terms of parameter measured, reliability, correlation with clinical score and cost.

Device Company Parameter Intra-rater Inter-rater Correlation with clinical score Cost Portability References
Reliability reliability
Cutometer Courage + Viscoelastic Ranges from Ranges from Low to moderate, but significant £5000-£10,000 | Yes Nedelec et al.
Khazaka parameters unacceptable to unacceptable to (Spearman’s r=-0.29 to -0.53). (with hub) 2008243, 263,
good (0.12— good (0.11- Rennekampf et al. could not find any Draaijers et al.
0.76)*; poorin 0.93)*, poorin significant correlation between objective 2004394,
severe firm scars | severe firm scars | viscoelastic measurements and the Rennekampf et al.
subjective pliability assessment of the 2006360,
VSS.
Dermalab Cortex Viscoelastic ICC =0.90-0.93; ICC=0.86-0.93; No data £5000-£10,000 | Yes Gankande et al.
Elasticity probe parameters limited ability to limited ability to (with hub) 2014220
measure rigid measure rigid
scars scars
Tonometer Flinders Medical | Viscoelastic ICC=0.90-0.94 ICC=0.948 Negative correlation between VSS No longer Yes Corica et al.
Centre parameters pliability scores and tonometer readings: commercially 2006380, Lye et al.
Biomedical -0.457 and -0.442 respectively for 3 and 6 | available 2006378,
Engineering second readings.
Durometer Rex Gauge Viscoelastic No data No data for scars | Good correlation with modified Rodnan <£1000 Yes Merkel et al.
company parameters but ICC=0.82— skin score (0.70) for sclerodermal skin 2008377,
0.92 for
sclerodermal skin
Dermal Torque Dias-tron Viscoelastic No data No data No data N/a Yes Boyce et al.
meter parameters 2000211,
Adheremeter Fondazione Viscoelastic Good (0.96) Good (0.87-0.99) | Moderate correlation with VSS and Free Yes Ferriero et al.
Salvatore parameters Pliability subscale of VSS (rs =-0.58 to 2010384,
Maugeri -0.66)
Reviscometer Courage + Resonance Good (>0.86) No data No data £10,000-15,000 | Yes Verhaegen et al.
Khazaka running time (with hub) 2010383,
Vesmeter Wave Cyber Co. | No data No data No data No data N/a Yes Niyaz et al.
Ltd. 201239,
Shear Velocity N/a Shear wave No data for ICC. No data No data Not Yes McHugh et al.
Device propagation (CV for scars is commercially 1997381,
velocity +4.8 %) available
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2.4.8 Pathophysiological disturbances
Pathophysiological disturbances are defined as functional changes in the skin associated with, or

resulting from, disease or injury, with measurable parameters including gas perfusion and moisture

content.

2.4.9 Transcutaneous oxygen tension
Transcutaneous oxygen tension (tcpO;) is perturbed in injured tissues and can be used as an index of

maturity in hypertrophic scars. The tcpO; in scar tissue is lower compared to healthy skin, and an
increase in tcpO; is correlated with a reduction in scar thickness assessed both clinically and by
ultrasound®®®, This is thought to be due to low oxygen diffusibility through scar tissue. A study by
Ichioka et al.3®” (2008) has also shown in animal and human tissues that immature repairing tissues
consumed more oxygen than mature tissues and that the oxygen consumption rate in keloid and
hypertrophic scars were significantly higher when compared to mature scars which may also explain
the lower tcpO2 in scar tissues. The method for measuring transcutaneous oxygen tension exploits
the redox reactions that occur in a modified Clark electrode that measures the oxygen (tcpO3) and
carbon dioxide (tcpCO;) tension on the surface of the skin. The tcpCO; is considered non-specific and
highly dependent of external factors, whilst the tcpO2 is a much more precise indicator of local

perfusion®%. This technique seems to have been recently abandoned from clinical practice.

2.4.10 Transepidermal water loss and moisture content
The water content of the skin is an important factor that influences the softness and smoothness of

the skin, and transepidermal water loss and skin hydration are key indicators of skin function.
Transepidermal water loss (TEWL) and moisture content can be measured by open and closed

3% and Tewameter*® (Courage

chamber systems. Open systems such as the Dermalab TEWL module
+ Khazaka, Germany) are the most frequently used (Figure 15). Closed systems such as the
Vapometer (Delphin Technologies, Finland) are also available, but one study has shown that the
Tewameter is able to detect significantly smaller differences in TEWL when compared to the

Vapometer®®, Anthonissen et al. (2013) showed a significant difference in mean TEWL values

between normal skin and spontaneously healed scars (p = 0.036) and a significant negative relation
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between mean TEWL values and time after burn (p = 0.008); however, high SEM values were

reported®4,

EVAPORATION Cylindical

ARG Capsule

=

Thermistars

Figure 15: Open chamber transepidermal water loss system. The sensors in the probe (temperature
and relative humidity) indirectly measure the density gradient of the water evaporation from the
skin indirectly inside the hollow cylinder. (Source: Courage + Khazaka Electronic GmbH and Cortex
Technology, reprinted with permission).

The hydration of the skin layers, specifically the stratum corneum, can also be measured using
electrical methods, such as the conductance method (for example, the Skicon-200 conductance
meter®%2 403 |BS Co, Hamamatsu, Japan, Location, and the NOVA Dermal phase Meter*®*, Nova,
Technology Corp., Gloucester, Mass.) and impedance method (for example, the Corneometer®,
Courage + Khazaka, Germany). One study has shown that the Corneometer is suitable for use in
clinical trials, with useful intra-class correlation coefficient (ICC) values (ICCintra = 0.985;

ICCinter = 0.984), but only under very strict conditions with a standardised test protocol*®. Another
method for measuring hydration (and protein content) is to measure the dielectric properties of the
skin. This is based on the interaction of high-frequency electromagnetic (EM) waves and biological

material*®® %%’ The EM waves are generated using a network analyser (HP8753B, Agilent, USA).

A study by Suetake et al. (1996) found that TEWL was a better parameter for the functional
evaluation of scars than was the hydration state of the skin surface measured by high-frequency

conductometry®%,
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2.4.8 Multispectral imaging systems
A novel polarised multispectral imaging system that combines out-of-plane Stokes polarimetry and

Spatial Frequency Domain Imaging has been developed by Ghassemi et al. (2014) and allows the
colour (haemoglobin, melanin), pathophysiology (blood oxygenation, hydration) as well as structural
features (cellularity and roughness) of hypertrophic scars to be analysed in vivo*® %1%, The results
obtained with this multi-modal system showed a good agreement with the VSS and with histological

409

examinations®”. Although still in experimental stages, it could potentially simplify the scar

measuring process due to its multi-modal measurements.

2.4.9 Non-invasive morphological imaging techniques

Previously, histopathological analysis of biopsy samples was the only method of morphological
investigation of damaged biological tissues. Now, recent advances in imaging techniques have made

non-invasive in vivo morphological investigation of tissue microstructure possible.

2.4.9.1 Optical coherence tomography
With the advances in fibre optics and other technologies such as ultra-broadband light sources and

frequency domain techniques, optical coherence tomography (OCT) imaging that is capable of
generating 3D images of tissue microstructure is now possible. OCT is most frequently used in
ophthalmology*!! but can be adapted to be used to analyse the skin®'2%1°, OCT can be utilised in
various different modes for the assessment of scars*'®%1°. The layered arrangement of normal skin is
perturbed in scarred skin so that OCT can be used to provide information about microstructure as
well as depth and volume*!2, Scar tissue imaged by OCT appears dense and bright due to the
increased collagen content, and this parameter can be used to measure the collagen status of
scars*?, Scar microvasculature density has been quantified using an automated OCT system and
found to be increased in hypertrophic scar tissues (38 %) when compared against normal, unscarred
skin (22 %)*'". Vessels in scars have also been shown to be much larger compared to normal skin on
OCT*%, However, due to the strong scattering and absorption of light by skin, current OCT methods
are only capable of imaging to a depth of 1 to 2 mm, whereas scar thickness is usually greater than 2

mm (as determined by ultrasound)??% 322422 Nevertheless, in areas where scar tissue is thinner (e.g.
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in fingers), OCT (utilising the 1300-nm wavelength region) may still be useful**2. Another way of
differentiating scar tissue from normal tissue using OCT is the use of the attenuation rate, which is
defined as the rate at which the OCT signal decreases with depth in the tissue*'®. Lower attenuation
coefficients are seen in scarred tissue compared with normal skin tissue®'®. This method bypasses
the problem of penetration depth but yields less detailed morphological data when compared to
standard OCT methods. A form of OCT (termed “Polarization-sensitive Optical Frequency Domain

Imaging”) can also be used to image collagen remodelling*:.

OCT imaging has been demonstrated to be feasible for use in the clinical monitoring of scar

411

progression automated quantification of vascularity in cutaneous burn scars***. OCT imaging for
scarring and fibrosis is currently still in its infancy and further development in the technology is
required. In a study by Eraud et al.*?* (2014), although OCT was able to detect dermal nodules (which
are present in hypertrophic but not keloid scars*?®) in 100 % of the specimens, it was not helpful in

identifying hyalinised collagen (which is present in keloids) and cells. The technology however has

the potential for tremendous growth?*?°,

2.4.9.2 Other in vivo tomography/microscopy techniques
Imaging techniques utilising specialised optical microscopes have been used to image scar tissue.

Nonlinear spectral imaging, such as multi-photon tomography based on both two-photon excited
fluorescence (TPEF) and second harmonic generation (SHG), can be utilised to demonstrate the
morphological structure and spectral characteristics of collagen (with SHG) and elastin fibres (with
TPEF) and thus can be used to potentially distinguish hypertrophic scar tissues from normal skin and
to evaluate the effects of treatments*?®*32, Information on the orientation of collagen fibres can also
be investigated and analysed from these images using fast Fourier transform methods*3* 434,
Advantages these techniques have are that several extracellular matrix components and
endogenous biomolecules such as collagen, keratin, melanin and elastin can be visualised in living
tissue without the need for specialised processing or staining®*> %3¢ and high-resolution, high-

d436, 437.

contrast three-dimensional images can be obtaine
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These techniques however have similar drawbacks to OCT. The maximum depth of two-photon
imaging has been reported to reach up to 1 mm in living brains**® and thus is comparable to OCT
imaging but clinical use in the skin is typically only up to 200 um, thereby limiting its potential utility
for deep scar assessment. In addition, advances in the miniaturisation of spectral imaging apparatus
need to be made before it can become of practical use in a clinical setting. The multi-photon
technique also has high overall system costs, a long measurement times and the inability to quantify
skin redness*®. Other non-invasive in vivo imaging techniques which currently being developed,
such as confocal laser microscopy (CLM)* 4% 3lso have a limited imaging depth (~300 pm) due to

tissue-related aberrations and light scattering®*2.

Other similar microscopy techniques include phase-contrast microtomography with synchrotron

radiation technology to detect the 3D structure of dermal tissues*’.

2.4.9.3 Spectroscopy techniques
Another imaging method that holds future promise is the use of optical spectroscopy methods in the

UV-visible-near-infrared wavelength range, including diffuse reflectance (DR) and auto-fluorescence
(AF) spectroscopies. DR spectroscopy is based on the scattering of photons (350—-800 nm) inside
biological tissues due to the differences in the refractive indices and morphology of the constituents
of skin such as collagen fibres. AF spectroscopy, on the other hand, is based on the fluorescence
emissions from endogenous fluorophores such as collagen and elastin when excited by light in the
350-459 nm wavelength range. A combination of both spectroscopy methods increases its
accuracy*® and has been used successfully in a rabbit hypertrophic scar model with high sensitivity
and specificity*** *4°, DR spectroscopy on its own has also been shown to be able to differentiate
keloids from normal skin in terms of collagen concentration, haemoglobin oxygen saturation and

433

scattering coefficient in an in vivo human study®? and can potentially be used to evaluate keloid scar

severity*,
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2.4.9.4 High-frequency ultrasound systems
High-frequency ultrasound systems (such as the Dermascan and Dermalab systems?%, Cortex,

Denmark) are able to provide a much greater depth of imaging (~¥8 mm at 20 MHz) but the
resolution is inferior to OCT, CLM and multi-photon technology (MPT)*'2, Pathological scars appear
as easily identified echo-poor areas that are clearly distinguishable from normal skin and with
densitometry analysis with dedicated software, scars are also shown to have significantly reduced
densitometric values compared with normal skin (7.6 + 4.7 versus 31.79 + 10.8)*’. More detailed
architectural information such as collagen arrangement and cell structure cannot currently be

visualised with 2D nor 3D ultrasound techniques.

2.4.9.5 Intravital video-capillaroscopy

448 is a technique that utilises an optic contact probe microscope that

Intravital video-capillaroscopy
is attached to a computerised video microscope (e.g. Microwatcher Model VS-901, Mitsubishi Kasei
Corporation, Tokyo, Japan*®) which allows photographic images of skin capillaries to be taken.

Scarred skin has a deranged capillary organisation. The pictures are then scored either subjectively

448, 449

and/or objectively. Subjective methods score images according to angiogenic markers such as

enlarged or tortuous loops, architectural derangement, neoangiogenesis and quantitative changes of
capillary lesions. These scoring systems can be modified to allow objective quantification® %>%; for
example, the methods used in a study by Hern et al. (2007) allowed for both non-stereological
measurements (microvessel density and vessel image width) and stereological measurements
(image area fraction and microvessel length density)*?. Intravital capillaroscopic measurement of
capillary density (CD) has been shown to be reliable and reproducible with a mean coefficient of

intra-observer variation of CD estimate of 5.6 % and the inter-observer correlation coefficient of

0.94%2,

A similar technique, dermoscopy, and its use in the examination of vascular structures can be a

clinically useful diagnostic tool for differentiating between keloids and hypertrophic scars®>3.
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The dermoscopy can be used to visualise capillaries and pigmentation in the epidermal and dermal
layers of the skin. An added advantage is that since dermascopes have their own light source, it is
not likely to be affected by differences in environmental lighting which has been shown by Wei et

al®®s (2015).

Wei et al.?%> (2015) showed that the L* (or lightness reading) from the Dermoscope (Hong Kong
Productivity Council, Hong Kong) had a significant correlation (0.448—-0.536, p < 0.01) with the
readings from the MiniScan XE Plus spectrocolorimeter (HunterLab, Reston, Virginia, USA) and VSS
scores of pigmentation (when the skin was blanched with pressure; r=0.783, p <0.01). The RGB
values of redness also showed a strong correlation with the VSS scores of vascularity (r = 0.625,

p <0.01). Both the intra-rater and inter-rater reliability of the dermoscope were found to be

excellent (0.965—0.98 and 0.871 to 0.930, respectively).

2.4.10 Measurement of sensory change
A majority of patients with burn scars experience a change in sensation of the scarred skin such as

pruritus, pain and hyper- or hypo-sensitivity is common in scars and this can often last for years after
the initial injury**. However, the objective measurement of such sensory deficits is challenging task

and the only gold standard for pain assessment available currently is self-report.

Functional MRI (fMRI) scans have shown promise in assessing pain in the absence of self-report
however it is far from ready for regular clinical use*®. However, skin sensitivity/touch and
(indirectly) pain can be examined in an objective manner with the touch pressure threshold method
(TPT) using for example Semmes Weinstein monofilaments, which have been shown to have good

intra- and inter-rater reliability (ICC = 0.822 and 0.908, respectively) in patients with scars*®.

More recently, an electronic version of the von Frey filaments is also available and showed better
reproducibility compared to the traditional von Frey with good to almost perfect intra-observer

reliability (ICC ranges from 0.61 to >0.8) (study done on normal skin, not scars)*7 48,
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2.5 Discussion

There have been significant advances in many aspects of burn treatment, but hypertrophic scarring
remains as one of the major chronic problems after severe burns with few therapeutic options
currently available. The accurate assessment of scarring is an important aspect of research into
better treatments for this condition. Despite this, scar assessment is still mostly subjective and there

is still little consensus regarding the ideal scar measurement tool*®,

Most if not all currently used subjective scales used in evaluating skin scars assume that scar
dimensions conform to linear models and thus employ equal appearing interval (EAI) scales.
However, a study by Brandt et al. (2009) showed that whilst pliability, thickness and surface area
were defined well using linear models, the dimensions of vascularity and pigmentation were more

accurately described using curvilinear functions*.

Tools for scar measurement are often modified from tools developed for other industries, e.g.
dermatological use in the cosmetic industry, such as the Cutometer; colour probes for measuring the
colours of materials in the food and building industries and durometers such as the Vesmeter for

395 As such, their utility for burns

testing the hardness of materials in the manufacturing industry
patients is mostly unproven. Accordingly, trials on these tools to evaluate their accuracy and

reliability are scarce and few trials have compared the different devices.

The ideal assessment of scars should include the objective and subjective aspects of scars as well as
an assessment of the functional limitations that are caused by the scar tissues®!3, The different
physical aspects of scars can all change independently of each other during the course of scar
evolution and as such a hybrid method of scar assessment which incorporates the most reliable and
feasible methods should be used*®?. Combination systems such as the Dermalab combo which
incorporate multiple scar measurement tools (e.g. colour, thickness and pliability??® %64) are now
available? to facilitate this although improvement in the clinical interpretation of the

measurements is required®?,
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A problem with validating objective scar measurement tools is the lack of an ideal gold standard.

Biopsies and standard histological analysis whilst proven to be accurate mostly rely on subjective
scoring systems®®? unless quantitative measurement techniques are used*3. Furthermore, Singer et
al. (2000) showed that histomorphologic scales have been shown to only correlate fairly with gross
macroscopic scores*%?, Beausang et al. (1998) also found that the clinical scar appearance correlated
better with the upper portion of the skin (epidermis and papillary dermis) compared to the deeper
parts of the scar?®. Therefore, the lack of correlation of objective measurement techniques with
clinical subjective scores should be considered carefully and not used to dismiss the objective

methods.

Future validation studies of pigmentation and vascularity may be possible with standard colour

reference cards developed for the cosmetic industry®®,

Objective scar measurement tools are important, especially for interventional clinical studies, as
scars and the effect of therapies can be described, analysed and compared more accurately than is
possible with subjective scar scales. Subjective scar scales however should still be incorporated into
studies as they can provide a more global assessment of the scar and allow the measurement of
variables that are currently not possible with objective measurement devices, such as pain and itch.
Indeed, several published studies have incorporated both subjective and objective scar measuring

tools465, 466

The implementation of objective measurement devices into standard clinical practice still faces
many obstacles and there are multiple reasons why potentially great technologies are struggling to

get incorporated into the health care system.

As mentioned previously, many new technologies (including all if not most of the devices mentioned
in this review) have been developed for non-medical uses and very little if any input has been sought

from clinicians or patients during the design process, and thus these devices may have limited
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practical clinical use. The lack of data security features is also a factor although this issue probably

applies more to mobile apps rather than physical devices.

Some clinicians also view the use of new technologies in clinical practice as a crutch to the
development of clinical acumen even though many studies have shown that clinical judgement to

perform poorer, e.g. in determining surface area*®” or burn depth*®8,

Another main issue is the high cost of these devices. Even the simplest of devices, e.g. colour probe,
costs at least >£3000 not including annual servicing costs. Without solid research evidence of clinical

and patient benefit, it is difficult to justify the costs and use of these devices outside of research.

Despite many of these devices being fairly simple to use, a certain level of technical expertise and
additional clinical time to collect and analyse the data generated is still required. To take an
example, electronic health records have been used more frequently in hospitals nowadays but it
takes longer for an average clinician to input data into the electronic system than onto a paper
record for months, even years, after they have started using them*®°. This has been anecdotally
guoted as one of the main reasons why some burn clinicians have been slow to adopt new
technologies such as LDl in determining burn depth even though there is strong evidence for its
accuracy compared to clinical judgement. Staff specially trained in the use of these devices and who
are responsible for training of other staff and championing their use in regular clinical practice may

be the way forward*®,

Lastly, the scope of this review largely did not include journals or articles in physical sciences or
engineering which may have unearthed more potentially useful objective scar measurement devices.
2.6 Conclusions

In this review, we aimed to recommend a panel of objective scar measurement tools for burn scars
to be used in conjunction with subjective scar scales, that were reliable, patient friendly, and easy to

use (feasibility in terms of cost and portability have now been commented on in the tables in the
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various sections); generated simple data; and were appropriate for use in a clinical (bedside)
environment (i.e. portable). We included in the panel the least number of devices that could
measure surface area, colour, thickness, pliability, texture or topography and pathophysiological skin
disturbances in order to reduce measurement time and cost. All of the devices considered for
inclusion have to be commercially available. As such, the recommended device panel for burn scar

assessment is as follows:

¢ 3D wound measurement camera systems (Eykona/Lifeviz/Vectra H1): for surface area,
texture, volume (including clinical thickness) and colour.

e Dermascan: for histological thickness measurements (the TUPS is an alternative but not
commercially available).

e DSM Il Colormeter: for colour measurements (both Tristimulus reflectance colorimetry and
narrow-band simple spectrophotometry).

e Cutometer system: for viscoelastic measurements of the skin.

e Tewameter (optional probe for the Cutometer system): for the measurement of
transepidermal water loss.

Further studies are needed to validate the performance and utility of this scar panel and to compare

them with the commonly used subjective scar scales, such as the POSAS.

It is recommended that new technologies to be utilised in objective measurement should ideally be
evaluated in terms of intra- and inter-rater reliability (with at least two observers) before being used
in trials; however, this could be time and resource consuming. Collaborations should be established
between the industry, clinical research, and patient groups to streamline and refine this process and

encourage the testing and introduction of improved devices.

Although there is a greater emphasis now compared to previous decades on developing and
evaluating devices that measure physical scar parameters, scarce attention has been given to
measure the physiological characteristics of scars. It is essential to develop tools that can be used to
measure and quantify metabolic and cellular activity in scars so that treatments can be tailored to

the individual.
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CHAPTER 3
CLINICAL ASSESSMENT OF BURN SCAR

QUALITY:
BIRMINGHAM OBJECTIVE SCAR SCALE STUDY
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3. Clinical assessment of burn scar quality: Birmingham Objective Scar Scale
study

3.1 Background
Hypertrophic scarring is not merely an aesthetic problem but can result in physical and psychological

problems in burn patients. Traditionally, scars have been assessed only visually and tactilely with
subjective methods such as scales. Such assessments, although done routinely in some centres,
rarely contribute to the patients’ care unless treatment is actively being administered and monitored
for effectiveness. The most commonly used scales include the Vancouver Scar Scale (VSS) and
Patient and Observer Scar Assessment Scale (POSAS). These methods are widely used in clinical
practice due to their ease of use and speed*’®. However they are subjective and may have low
reproducibility among different assessors (or low inter-rater reliability) and are best used to monitor
change within the same individual rather than between different individuals*’*. Subjective scar scales
are subject to the experience of the assessor e.g. An assessor who has seen highly severe scars
would tend to rate normal severity scars lower compared to a more inexperienced assessor who has

only seen minor scars.

At present, there are few available treatments that target scars and none that can prevent or
improve the scarring process however new pharmacological anti-scarring treatments are currently in
development, and the comparative efficacy of these treatments has to be evaluated in a systematic
and objective manner to ensure that the adoption of potential promising treatments is evidence-
based. The clinical measurement of scars is an important obstacle to the development of scar
treatments as most assessments are not performed systematically and are based on subjective
measurements of scars either by the patient or clinician. Due to the large variability in scars and
their parameters, research into the efficacy of treatments on scars can only be valid if no substantial

variability is introduced by the measurement tool used. Objective measurements are parameters
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that can be quantified and are not observer dependent i.e. influenced by the clinician’s or patient’s

personal opinions or feelings.

Scars are difficult to measure due to a variety of reasons including:

1) Anatomical region: the normal parameters of skin vary from region to region. For example,
skin on the back and on our palms and soles is thicker compared to other areas. Additionally,
scars that occur in areas which are curved are inherently more difficult to measure
accurately.

2) Size: Most devices only have a small measuring area and thus it is difficult to get an accurate
overall measurement of scars especially large scars.

3) Irregularity: The irregular nature of burn scars which can be due to pathological
developments (e.g. infection) or surgery (e.g. meshed grafts), compounded by the small area
of measurements of most devices makes accurate measurement difficult as even a small
change in the area measured may produce highly different readings.

4) Lack of instruments specific to scars: Most scar measurement tools have been adopted
from other fields such as cosmetics and even the manufacturing industry (e.g. colour probes)
but not been validated in burn scars.

There is currently a lack of sensitive and specific tools that can aid clinicians in making an objective
evaluation of a scar.

Histological methods of evaluating scars via punch biopsies have been touted as the gold standard

however it has limitations:

. Invasive, painful, and impractical
J Trained pathologist required to interpret the results
J Unable to monitor the same site over a period of time

Scar assessment consists of the measurement of multiple components including colour (erythema
and pigmentation), pliability, thickness, and irregularity. Pain and itch are also important aspects of
burn scars that can have significant implications on the quality of life of patients*’?>#’3 and are

included in many subjective scar assessments that are completed by patients such as the POSAS
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patient scale?”” however there are currently no commercially available objective pain and itch

measurement tools?!% 474,

A small number of devices have been adapted from the cosmetics industry for burn scar
measurements as there is an increasing awareness of the importance of reproducible and objective
scar measurements for both clinical practice and research. However, these tools are often still in the
experimental stage and few have been validated in the study of scars. Thus, there is currently no
consensus on the most suitable tools for measurement of the different aspects of scars due to the
scarcity of scientific studies in these instruments. One of the aims of our study is to provide this
consensus and create a panel of objective scar scale tools that can be used to create a global

objective scar scale i.e. the Birmingham Objective Scar Scale.

After performing a review of the current literature on methods of objective scar measurements
(Chapter 2), we have identified three parameters of scar assessment that are the most commonly

measured as well as the tools required to measure them:

1) Pliability: Cutometer?!?

2) Colour: DSM Il Colormeter?33, Scanoskin*’®

3) Thickness: Dermascan C high frequency ultrasound (20MHz)?*3 263

These tools have been chosen on the basis of their reliability and feasibility (in terms of cost and
portability). They have the advantage of being non-invasive and have no or very low risks to the
patients. Additionally, histological measurement of skin thickness via skin biopsy will be included as

the gold standard as comparison.
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3.2 Aims and Objectives
This study aimed to measure the reliability of both subjective measurement tools, a panel of

objective measurement devices and histological measurements.

3.2.1 Primary Objectives
To measure the intra and inter-rater reliability of the objective scar measurement tool panel: The

objective of this study is to measure the intra and inter-rater reliability of a panel of selected
objective scar measurement tools in burn scars in terms of reproducibility (single and multiple
assessors).
3.2.2 Secondary Objectives
e Comparison of objective to subjective scores: To compare the scores of the devices to
subjective and validated scar measurement scales i.e. Patient and Observer Scar Assessment
Scale (POSAS) and modified Vancouver Scar Scale (mVSS).
e Patient Satisfaction: To determine patient satisfaction with the various devices.
e Creation of a global objective scar scale.
e Testing for associations that have not been pre-specified. Major scientific discoveries have
been made by “trawling/ sifting”. If any specific association is observed at the data analysis
stage of this study, this could be the basis of further research to replicate or refute these

findings.

3.3 Methods

3.3.1 Location
The study was conducted in the Wellcome Trust Clinical Research Facility at the Queen Elizabeth

Hospital (QEHB), Birmingham, United Kingdom. This study was approved by the South Birmingham
National Research Ethics Service (NRES) Committee West Midlands (REC reference 15/WM/0378) as

well as the Research and Development Governance of the University Hospitals of Birmingham.
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3.3.2 Subjects
Fifty-five adult patients who have been treated at QEHB were invited to participate in this study, and

participation was voluntary. Subjects were included in the study if they met the following inclusion
criteria: age >16 years, hypertrophic but non-keloid burn scar, scar aged more than 3 months
(calculated from time of 95% healing,) or have had a skin-grafted area, or a burn that has had
delayed healing (>2 weeks), scar size of at least 10cm?. We excluded patients if they had other
pathological skin conditions, chronic steroid use as we required normal skin to compare the results
of the scar areas for further analysis. Scar areas on the genitalia or face were also excluded. Scars on
the genitalia areas were excluded as we wanted to protect patients’ dignity and avoid unnecessary
exposure. Scars on the face were excluded as scars on the face are known to be more challenging to
measure due to technical reasons such as increased surface curvatures which increases
measurement angle variability*’® as well as greater variability in subjective measurements due to the

greater psychological impact of facial scars?%.

Hypertrophic scars were differentiated from keloid scars by the raters involved in this study based
on clinical features and history including whether the scar exceeds the boundaries of the initial injury
and regression of the scar over time*”’. Hypertrophic and keloid scars can sometimes be difficult to
differentiate clinically!® however in our study, the reason for exclusion of keloid scars was purely for

practical reasons due to the depth measurement limitation of the high frequency ultrasound.

Potential subjects were identified from outpatient scar management therapy lists by clinicians and
therapists or from multi-disciplinary team meetings and ward rounds. They were then contacted by
a member of the research team; either by telephone or during routine clinical appointments and a
brief explanation of the trial was given. If they agreed to participate in the study, a Patient

Information Leaflet (PIL) was then sent to the participant.
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3.3.3 Study design
The study was a prospective, non-blinded single-arm observational study using three independent

assessors. A graphical overview of the study design and pathway for the scar assessment study day is

shown in Figure 16.
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Figure 16: Diagrammatic overview of study design and patient pathway for the scar assessment day.
55 patients had 1 selected scar site (and corresponding normal skin site) evaluated by three
assessors with each different device after which a biopsy of the evaluated scar site is taken.

3.3.4 Scar assessment

3.3.4.1 Scar Selection and Measurement procedures
All study participants had a single scar site which was deemed the worse by both patient and

clinician chosen. Within this scar site, a 3 x 3 cm area is then selected and marked. One 1cm circle
site is then selected and marked (with a stencil and marker pen) for evaluation within this area on
each participant. One site of Normal skin (1cm circle area) that is corresponding to the same
anatomical site (contralateral site, or adjacent anatomic site) is also chosen for measurements.
Similarly, the site is selected and marked for evaluation within this area on each subject.

This scar site (as well as a normal skin site which was contralateral or adjacent to the measured scar
site) was measured by 3 different assessors 3 times over a period of one day with the panel of
objective scar measurement tools. As the scars were measured in the same day, subjective scar
scales (mVSS and POSAS) were only completed once by each of the three assessors and patient. For

the objective measurement devices, the normal skin sites (contralateral or adjacent) of the patients
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served as the control groups. No control groups were used for the biopsy samples i.e. no biopsies of

normal skin sites were taken from the subjects.

If the patients were wearing pressure garments or gels/moisturisers, they were asked to remove
them at least 20 min before their appointment- this was confirmed with patients before the start of
each session and any residual pressure marks from the pressure garments were noted, the areas
were either avoided or were only measured when the skin had recovered. Measurements were
conducted in the same temperature-controlled room (22+/-1°C) with the patient lying in the same
position for each consecutive measurement. The temperature and humidity of the room was

measured and monitored. Figure 16 gives a diagrammatic overview of study design.

3.3.4.2 Raters
All three raters had comprehensive training in the use of the objective scar measurement devices

under the supervision of the company representative of the respective devices. Prior to the study
commencing, training sessions which involved the raters using the devices on actual patients with
burn scars were run to allow the raters to familiarise themselves further with the devices and also

the running of the study.

3.3.5 Measurement tools
3.3.5.1 Subjective measurement tools

3.3.4.1.1 Modified Vancouver Scar Scale (mVSS)
A modified version of the VSS that was adapted from the modified version used by Nedelec et al***

263 (2008) is used in this study (Table 7). This scale uses a numerical assessment of four skin
characteristics including: Height (range, 0-4), Pliability (range, 0-4), Vascularity (range, 0-3), and

Pigmentation (range, 0-3). The assessors choose a numerical value for each of these characteristics

based on a comparison with normal skin.
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Table 7: Modified Vancouver Scar Subscales and parameters. Skin characteristics are divided into
pliability, height, vascularity (erythema) and pigmentation subscales.

Skin characteristics Parameters
Pliability

0 Normal

1 Supple

2 Yielding

3 Firm

4 Ropes

5 Contracture
Height

0 Flat

1 <2mm

2 2-5mm

3 >5mm

Vascularity/Erythema

0 Normal

1 Pink

2 Red

3 Purple
Pigmentation

0 Normal

1 Hypo-pigmented
2 Mixed

3 Hyper-pigmented

3.3.4.1.2 Patient and Observer Scar Assessment Scale (POSAS)
The Patient and Observer Scar Assessment Scale (POSAS, version 2.0) is a subjective scar scale that

consists of two parts: a Patient Scale and an Observer Scale*’® (Figure 17). Both scales contain six
items that are scored numerically on a ten-step scale and together they make up the ‘Total Score’ of
the Patient and Observer Scale. Furthermore, category boxes are available to score nominal

parameters (e.g. type of colour).

The POSAS Patient scale assesses the scar in terms of pain, itching, scar colour, stiffness, thickness

and irregularity, and overall opinion.
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The POSAS Observer scale assesses the scar in terms of vascularity, pigmentation, thickness, relief,

pliability, surface area and overall opinion.
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Figure 17: Patient and Observer Scar Assessment Scale. Anatomical figures are included to indicate
the site(s) being evaluated. The POSAS Patient scale assesses the scar in terms of pain, itching, scar
colour, stiffness, thickness and irregularity, and overall opinion whereas the POSAS Observer scale
assesses the scar in terms of vascularity, pigmentation, thickness, relief, pliability, surface area and
overall opinion.

3.3.4.1.3 Fitzpatrick skin type
The Fitzpatrick scale is a recognised numerical classification schema for human skin colour

developed as a way to classify the typical response of different skin types to ultraviolet light*’®,
Participants answer a series of questions pertaining to the colour of their eyes, hair, and skin and

also the reaction of their skin when exposed to the sun.

3.3.4.2 Objective measurement tools

3.3.4.2.1 DSM Il Colormeter
The DSM |l Colormeter (Cortex Technology ApS, Denmark) is a small handheld device which

combines two methods of quantifying colour: narrow-band spectrophotometry (melanin, erythema)

and tristimulus reflectance colorimetry in a single measurement. These 2 colour systems were
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previously explained in Chapter 2. The Colormeter consists of a probe which is made of a
transparent dome which houses 2 white LED lights and a colour sensor has a skin measuring area of
4mm in diameter. Measurements were done by placing the probe over the selected areas on the
scar. The probe is to be held perpendicular to the scar using minimal pressure to avoid blanching of

the scar.

3.3.4.2.2 Scanoskin camera
The Scanoskin camera system (Leniomed Ltd, United Kingdom) is a new device which is a type of

spectrophotometer which is a device that can measure a light beam's intensity as a function of its

colour (wavelength).

The system consists of a standard DSLR camera, a polarising light filter, ring flash and Scanoskin
software. The polarising light filter and ring flash produces a standard controlled lighting which
illuminates the skin. Some of this light is reflected and scattered from the surface of the skin. This
reflected light is captured with the Digital Single-Lens Reflex (DSLR) camera and the raw image is
then processed by the Scanoskin software which then splits it into 2 images, one for melanin

(pigment found in skin) and the other for haemoglobin (pigment found in red blood cells).

The following settings were used:

. Distance: 50cm

. Focus: Manual mode

. Aperture size: f/5.6 to f/6.0
. ISO= 100

The images were then analysed with the ImagelJ software to quantify the amount of melanin and

haemoglobin in the image.

The original image (Figure 18a) is first processed with the Scanoskin software which processes the
image into a “Perfusion” (Figure 18b) and a “Pigment” (Figure 18c) image. The “Perfusion” image is
used to quantify the erythema of the scar whereas the “Pigment” image is used to quantify the

melanin in the scar.
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The image is first inverted (thus darker pixel intensity will have higher values,). The Region Of
Interest (ROI) is then traced using the Image-J software and then the Histogram function is used to

give the mean pixel intensity. The ROl used for the Scanoskin is the larger 3cm square instead of the

1cm circle.

& Ao

Figure 18: Scanoskin image processing: (a) Original photograph, (b) Perfusion image, (c) Pigment
image.

3.3.4.2.3 Dermascan 20MHz high frequency ultrasound
The Dermascan C USB (Cortex Technology ApS, Denmark) is a high-frequency (20MHz) ultrasound

scanner that enables the imaging of soft tissue at high resolution with a computer and comes with

software that allows automated skin thickness measurement.

In the study, a medium focus transducer was used with a 12mm wide viewing field and penetration
depth of 15mm. Before measurement, a thin layer of conducting ultrasound gel is applied to the
transducer and the transducer is to be held perpendicular to the scar sites to record a single

echographic image for each site. Mode 4 and a gain profile of 13 were set for all scans.

All measurements were performed with an ultrasound frequency set at 1580m/s. Thickness
measurements are then generated by a single researcher with the provided dedicated software
(Advance Control 6 Analysis SW package, Cortex). The B-mode is utilised to analyse the images3?’.
This mode provides a two-dimensional ultrasound image display consisting of pixels with varying

intensities to represent the amplitude of the returned echo signal. The thickness measured is
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defined as the distance between the echogenic stratum corneum and the inner surface of the dermis
(in millimetres). Normal dermis is highly echogenic due to the high amount of connective tissue and
collagen*¥. Scar tissue appears hypoechoic compared to normal skin (Figure 19), and this may be

due to the increased water content of scar tissue due to aberrant proteoglycan metabolism**.

Figure 19: Dermascan ultrasound image of scar and normal skin. Normal skin has a higher
ultrasound intensity compared to scar tissue (outlined in red).

3.3.4.2.4 Cutometer Elasticity probe
The Cutometer (MPA 580, Courage and Khazaka GmbH, Germany) is an electronic instrument that

assesses skin elasticity. The probe of the device is placed over the area of measurement, which then
generates a negative pressure that draws the skin into a hollow aperture in the centre of the probe

and then uses a laser to estimate the amount of skin displacement.

The probe with a 6-mm diameter hollow aperture was chosen for this study as previous studies have
determined it to be the most efficient size to measure the visco-elasticity properties of the dermis®**
480,481 Eor this study, mode 1 was chosen. This delivers three cycles of negative air pressure (500
mbar) for 2 seconds, followed by 2 seconds of no pressure. Results are expressed as the means of

the three measurement cycles.
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The most commonly reported R-parameters, RO and R2 were used in this study. RO describes the
maximum deformation (extension) of the skin. R2 is the ratio of the final retraction and the

maximum deformation.

3.3.4.3 Histology
At the end of the three assessment cycles, a 3mm full thickness punch biopsy is obtained from the

site of the assessed scar. The biopsy was optional for the patients thus not all patients had biopsy
samples done after measurements. Skin biopsy samples were preserved in 10% formalin saline and
paraffin embedded. The sections were prepared and stained by the technical staff at the Human
Biomaterials Resource Centre (HBRC, University of Birmingham, UK). Assessment of the following

parameters was performed:

1) Dermal thickness: Assessment of the dermal thickness was performed using biopsy sections
stained with the Orcein stain. This allowed the differentiation between new scar dermis from the old
uninjured dermis*®. The 9 measurements per slide throughout the breadth of the biopsy sample

were performed to enable the calculation of the average dermal thickness.

2) Vascularisation: Immunohistochemistry analysis to determine vascularisation was performed
using antibodies to the vascular endothelial cell marker CD31. Images of the stained slides were
analysed using the Definiens Tissue Studio version 2.0 (Munchen, Germany). The regions of interest
(dermis only) were selected manually after segmentation of the image (up to 12 subsets). The
following settings were then used: IHC threshold 0.35, gap to close set to 5um to close small holes in

the vessel wall. The vessel density is reported per mm?2. Only vessels with lumens were quantified.

3) Pigmentation: Assessment of melanin pigmentation was performed using Fontana-Masson
staining. The technique described by Billings et al*®3 (2015) was used to analyse melanin
pigmentation. Images of the stained slides were taken at x20 magnification and three sections of the
epidermis where imaged per biopsy sample (total length analysed ~2500um per sample). The GIMP

(GNU Image Manipulation Program, GIMP Development team) open source graphics editor was used
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to specifically extract the pixels associated with pigment staining from the photomicrographs (Figure
20). The Image J image processing program, version 50 (National Institutes of Health, Maryland,

USA) was then used to quantify the pixels.

a b 100 um
Figure 20: Fontana-Masson staining for melanin pigmentation. (a) Melanin pigmentation rich
keratinocytes can be seen at the basal layer of the epidermis (arrow). (b) Melanin pixel extraction

using the GIMP graphics editor for further analysis with the Imagel program. (Note that the stratum
corneum and dermis have been removed during image extraction process to ease analysis.)

3.3.4.4 Patient satisfaction with devices questionnaire
At the end of the session, patients were asked to score each of the devices that have been used in

the trial in terms of overall satisfaction, comfort, and time taken to measure scar; using a 5 point

scale, rating levels from very poor to very good is given (Table 8).

Table 8: Patient satisfaction with devices questionnaire.

Very poor Poor OK Good Very Good
Overall satisfaction O O O O m]
Comfort m] O m] O O
Time taken to measure scar O O O O m]
Would you be happy for your clinician to use this device on you in the future? (Yes / No)

Additional comments
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Additionally, patients were also be asked to rank the different scar parameters (Surface area,
thickness, colour (erythema and pigmentation), pliability, and pain/itch in terms of importance to

them, with 1 being the most important, to 6 being the least important to them.

3.4 Statistical analysis

All statistical analyses of the data were performed using IBM SPSS Statistics, version 23 (IBM

Corporation, New York, USA). P values of <0.05 are considered to signify statistical significance.

3.4.1 Sample size
The primary outcome is the intra and inter-reliability of a panel of objective scar measurement

devices. After a search of the available literature, the lowest ICC value among our panel of devices
(that was published,) was for the Cutometer. The results from a trial by Draaijers et al*** (2004)
showed that the single ICC for the Extension parameter (RO) was 0.74 (95% Cl 0.63-0.87). To
estimate 95% Cl for the ICC with an interval no greater than 0.2, according to the methods in Shoukri

|484 (

eta 2004), the required sample size is a minimum of 54 subjects.

3.4.2 Reliability
Reliability of a measurement refers to the consistency of the data when the same trait is measured

by the same assessor (intra-rater reliability) or by different assessors (inter-rater reliability) with the

same measurement device.

The intra- and inter-rater reliability of the objective (DSM Il Colormeter, Cutometer, Dermascan,
Scanoskin) and subjective measurement tools (total mVSS and POSAS Scores; sum of pliability,
height, and vascularity subscales) were examined via the Intraclass Correlation Coefficient (ICC) with
its 95% Confidence Interval (Cl). P-values are not typically reported for the ICC. The ICC (2,3) was
computed as per Shrout and Fleiss*® based on the two-way random effect analysis of variance
model and the absolute agreement type were selected for ICC calculations. The two-way random
effect method was selected as the raters in this study are consistent (i.e. the same three raters

throughout the study) and are a sample of raters (rather than a fixed population).
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The ICC can be reported as a “single measure ICC” or an “average measure ICC”. The single measure
ICC is based on a randomly taken single measurement and is equivalent to the reliability of a
measurement carried out by a single observer. The average measure ICC is based on the average
measurements of three observers and thus is equivalent to the reliability of a measurement carried
out by three observers. An ICC value of 0.70 was selected as the minimal threshold requirement for

measurements to be deemed reliable (based on previous similar studies%*).

In addition to the ICC, the Standard Error of Mean (SEM) and the Coefficient of variation
([Cv=Standard error/mean] x 100) are also reported. The CV is used to allow comparison of the

standard error of measurements between the different devices.

As the POSAS subscales are rated from 1 to 10 (and ordered,), they can be treated as a continuous
variable and hence the ICC is used to calculate the reliability. For the mVSS subscales, as the scoring

® was used (instead of the Cohen’s kappa which is only suitable for 2

is categorical, the Fleiss kappa®®
raters). The reliability of the total score of the mVSS however was calculated using the ICC as it is the

sum of the scores and can be viewed as a continuous variable.

3.4.3 Concurrent validity
Concurrent validity is a term that describes the extent to which the results of a particular

measurement corresponds (or correlates) to an accepted and established measure that is measuring

the same trait*®’.

The Spearman’s p correlation coefficient was used to calculate the concurrent validity between the
subjective assessments of erythema, pigmentation, pliability and thickness with the relevant
objective assessments. Average values of the measurements of the three assessors were used for
the correlation calculations of the DSM |l Colormeter, Dermascan, Cutometer and Scanoskin camera.

The two-tailed significance criterion for the correlation measurements was set at 0.05.
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The range of the spearman rho ranges from -1 to +1, a positive correlation indicates a positive
relationship between two variables while a negative one expresses a negative relationship. The
closer the rho value to -1/+1, the stronger the relationship, and we have defined the ranges as
follows: 0.00-0.19 denotes a “very weak” relationship, 0.20-0.39 “weak”, 0.40-0.59 “moderate”,
0.60-0.79 “strong”, and 0.80-1.0 “very strong”. Receiving Operating Characteristic Area Under the
Curve (ROC AUC) curves were generated using the mVSS individual subscales as a “gold standard”
comparator to determine the sensitivity and specificity of the corresponding objective parameters.
The Youdens index was then utilised to ascertain the cut-off values for each objective parameter to
distinguish between hypertrophic scars from normal skin and non-hypertrophic scars. These cut-off
values were then used to dichotomise the objective parameters and the Chi-square (X?) test was
performed for the dichotomised parameters against the total mVSS score to select the best
performing objective parameters to form a combination objective score. The discriminatory power
of these various combinations to differentiate between hypertrophic scars (with a total mVSS score

of 6 or more) and normal skin and non-hypertrophic scars were then assessed using the ROC AUC.

3.5 Results

3.5.1 Demographics
In total, 55 participants were successfully recruited for this study. There were 37 males and 18

females, with an average age of 46 years (range: 17-77 years). The majority of participants were
Caucasian (82%). The demographics of the participants and the clinical characteristics of the scar

sites chosen for evaluation are reported in Table 9.

Most of the participants were male (67.2%) with a mean age of 46 years and a mean total body
surface area (TBSA) burned of 16.5%. The scars were measured an average of 14.6 months after time
of 95% healing (which was calculated as 7 days after the last grafting procedure unless there is

evidence in the patient records of delayed healing,). The most commonly measured scar area was on
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the upper limb (41.8%) and the most common cause of scars in our cohort were flame burns

(58.2%).

Table 9: Demographics of participants and clinical characteristics of the scar sites chosen for
evaluation.

Clinical characteristics n=55
Gender Female 18
Male 37
Age (Mean 1SD) 46 £17.8 years
Range 17-77
TBSA of burn injury
Mean 1SD 16.5+£18.2%
Range 0.50-60.0%
Age of Scar (Months after burn)
Mean +SD 14.6 £10.9
Range 2-43
Aetiology
Flame 32
Scald 16
Contact
Electrical
Location
Upper limb 23
Lower limb 12
Chest 2
Abdomen 13
Back 5
Fitzpatrick skin type
| 1
1l 11
m 14
v 18
' 11
Vi 0

3.5.2 Subjective Scar Scales
The ICC and kappa values for the mVSS and POSAS scores are presented in Tables 10 and 11. The

total score of the mVSS (Pliability + Height + Vascularity + Pigmentation) and the POSAS (Vascularity
+ Pigmentation + Thickness + Relief + Pliability + Surface area) are the sums of the individual

subscales. As both the mVSS and POSAS requires the comparison of the evaluated site (scar site)
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with the normal skin, the ICC of these two scores for normal skin cannot be evaluated as there
should be total agreement. Additionally, the intra-rater kappa and ICC values also could not be
performed as each assessor only completed the subjective scores once. This was because all
assessments for the patients had to be completed in the same day and the subjective scores would
be heavily influenced by recall bias. Analyses of both the total scores as well as the individual

subscales were performed.

For the mVSS, the kappa values for all the subscales of pliability, height, vascularity and
pigmentation all fell well below the study set threshold of 0.70, with the lowest being for
pigmentation (-0.02) (Table 11). A low or negative kappa score (0—0.10) indicates “no
agreement”*®, Further analyses were performed to investigate the source of the disagreement by
calculating the kappa values between assessor pairs. The single and average ICC scores for the mVSS
Total score performed better than the subscales, with a value of 0.415 and 0.68 but still remained
below the acceptable threshold (Table 10). There was a general disagreement between the
assessors with all paired kappa values remaining below the threshold, however the highest
disagreement occurred between Assessor 3 with Assessors 1 and 2 (Table 12). For the POSAS score,
the ICC (Single) values for the Total score and the individual subscales all fall below the 0.70
threshold with the lowest score being for Surface area (0.003). The POSAS however performs better
with higher reliability scores compared with the mVSS in the corresponding subscales: mVSS
Pliability versus POSAS Pliability (0.149; 0.384), mVSS Height versus POSAS Thickness (0.031; 0.492);
mVSS Vascularity versus POSAS Vascularity (0.241; 0.646) and mVSS Pigmentation versus POSAS
Pigmentation (-0.02; 0.304). The ICC scores of the Total scores for both mVSS and POSAS were
similar (0.415 versus 0.438). The removal of the subscale with the lowest reliability (Surface area)
improved the ICC (Single) value of the POSAS Total score but not enough to reach the acceptable
threshold (ICC Single=0.528). The ICC (Average, three assessors) for the POSAS individual subscales
and Total score showed improved reliability compared to the ICC (Single) with the Vascularity,
Thickness subscales and Total scores showing ICC values above the set threshold for acceptability or
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close to the threshold (Relief, Pliability, Overall subscales). However, other subscales (Pigmentation
and Surface area) were still below the acceptable limit. Further analyses were then performed to
investigate if the ICC (Average) of two assessors were equivalent or similar to three assessors,

however as Table 13 shows, the ICC (Average) of three assessors for the subscales and Total score

were better compared to two assessors.

Table 10: Inter-rater reliability values for the mVSS individual subscales.

Subscale ICC(Single) (95% ClI) ICC(Average) (95% ClI) CV%
mVss Total 0.415 (0.249-0.578) 0.680 (0.499-0.804) 47.3 (0.82)
POSAS | Vascularity 0.646 (0.511-0.761) 0.846 (0.758-0.905) 41.0 (0.60)
Pigmentation 0.304 (0.139-0.478) 0.568 (0.327-0.733) 45.2 (0.78)
Thickness 0.492 (0.298-0.656) 0.744 (0.561-0.851) 44.1 (0.84)
Relief 0.359 (0.144-0.553) 0.627 (0.335-0.788) 45.2 (0.89)
Pliability 0.384 (0.207-0.556) 0.652 (0.439-0.790) 44.1 (0.86)
Surface area 0.003 (-0.033-0.059) 0.008 (-0.106-0.158) 47.3 (1.04)
Overall 0.394 (0.148-0.600) 0.661 (0.342-0.818) 46.2 (0.69)
Total 0.438 (0.174-0.642) 0.700 (0.387-0.843) 46.2 (2.92)

Table 11: Inter-rater reliability values for the mVSS total score, POSAS subscale and total scores.

Subscale Kappa (95% ClI) CV%
mVss Pliability 0.149 (0.063-0.234) 49.4 (0.41)
Height 0.031 (-0.74-0.135) 42.1(0.36)
Vascularity 0.241 (0.135-0.347) 31.5(0.25)
Pigmentation -0.02 (-0.119-0.079) 46.2 (0.47)
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Table 12: Comparison of paired Fleiss kappa values with multiple combinations of assessors.
Al=Assessor 1, A2=Assessor 2, A3=Assessor 3.

Fleiss kappa values
mVSS subscale Al and A2 Al and A3 A2 and A3
Pliability 0.132 0.155 0.128
Height 0.286 -0.091 -0.128
Vascularity 0.190 0.291 0.210
Pigmentation 0.093 -0.003 -0.254
Average kappa 0.175 0.088 -0.011

The single measure inter-rater reliability scores for both the mVSS and POSAS total and subscale
scores all fell below the 0.70 threshold which means that they are poorly reproducible if done by
only 1 assessor. However with three assessors (average measure), an improvement in the
reproducibility of most of the scores is seen although some scores remain below the accepted
threshold. This finding agrees with previous studies which also showed poor reliability for the
subjective scores?®® 263, Nedelec et al (2008) noted that the low reliability for the mVSS could be due
to the small scale range where a small amount of disagreement could have a substantial impact?®3,
The finding of increased reliability scores for the POSAS (which has a rating scale of 1 to 10)

compared to the mVSS supports this hypothesis.

Table 13: The ICC (Average) of two assessors versus three assessors. The ICC (Average) of three
assessors for the subscales and Total score were better compared to two assessors.

ICC (Average)
POSAS subscales Two assessors Three assessors
Vascularity 0.78 0.85
Pigmentation 0.41 0.57
Thickness 0.65 0.74
Relief 0.54 0.63
Pliability 0.55 0.65
Surface area -0.03 0.01
Overall 0.57 0.66
Total 0.61 0.70
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3.5.3 DSM Il Colormeter: Erythema and Pigmentation

3.5.3.1 Erythema measurements
Erythema can be measured with the DSM Il a* and the narrow band Erythema parameters. The

inter- and intra-rater ICC values for the a* and narrow band Erythema parameters can be seen in

Tables 14-16.

The a* value was found to have acceptable and good inter- (ICC [Single, Average] =0.718, 0.884) and
intra-rater (Average ICC [Single, Average] =0.73, 0.87) ICC values for scar tissue. The ICC single value
for the a* measurement of normal skin however was considerably lower compared to scar tissue
(1CC=0.595 versus 0.718) although the average ICC values were comparable (ICC=0.815 versus
0.884). When this is analysed in more detail by looking at the intra-rater ICC values for the individual
assessors, it can be seen that this reduction in ICC is likely to be due to the reduced reliability of the
measurements by Assessor 2 (a* ICC value [Single]=0.398 versus 0.875 for Assessor 1 and 0.920 for
Assessor 3). When the ICC measurements were analysed in pairs rather than all three assessors, the
lowest ICC values were found with the pairings involving Assessor 2 (Al and A2 ICC [Single]=0.570;

A2 and A3 ICC [Single]= 0.676) versus the Al and A3 pair (ICC [Single]=0.901).

The narrow band Erythema value was also found to have acceptable and good inter- (ICC [Single,
Average] =0.777, 0.912) and intra-rater ICC values (Average ICC [Single, Average] =0.73, 0.87) for scar
tissue. Similar to the a* value for normal skin, the ICC of the Erythema measurement for normal skin
(ICC [Single] =0.647) was lower than that of scar tissue (ICC [Single] =0.777). As with the a* value,
when analysed in pairs, the lowest ICC value was found between with the pairings involving Assessor
2 (ICC [Single] =0.673-0.733). Of the two erythema measures, both the a* and narrow band
Erythema measure have similar inter- and intra-rater reliability values as well as %CV, thus both are
recommended. However, for erythema measurements on normal skin, more than 1 measurement

should be taken to improve reliability.
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Table 14: Inter-rater reliability values for the erythema measures of the DSM Il Colormeter for scar
tissue and normal skin.

Scar tissue Normal skin
Measure a* Erythema a* Erythema
Single ICC 0.718 0.777 0.595 0.647
(95% ClI) (0.601-0.813) (0.678-0.854) (0.424-0.732) (0.488-0.769)
Average ICC 0.884 0.912 0.815 0.846
(95% ClI) (0.819-0.929) (0.863-0.946) (0.689-0.891) (0.741-0.909)
%CV (SEM) 9.65 (0.83) 9.45 (0.73) 13.77 (1.09) 14.5 (0.90)

Table 15: Intra-rater reliability values for the DSM Il Colormeter a* and Erythema parameters for

scar tissue. Al=Assessor 1, A2=Assessor 2, A3=Assessor 3.

Single measure-Scar tissue

Parameter Al 95% Cl A2 95% ClI A3 95% ClI Average
a* 0.875  (0.813-0.920) | 0.398  (0.233-0.561) | 0.920 (0.878-0.949) 0.73
Erythema 0.888  (0.832-0.929) | 0.423 (0.260-0.582) | 0.902 (0.852-0.938) 0.74
Average Measure- Scar tissue

Parameter Al 95% ClI A2 95% ClI A3 95% ClI Average
a* 0.954  (0.929-0.972) 0.670  (0.477-0.793) | 0.972 (0.956-0.983) 0.87
%CV (SEM) | 8.36 (0.72) 15.42 (1.39) 5.71 (0.51) 9.83
Erythema 0.960 (0.937-0.975) 0.688  (0.513-0.807) | 0.965 (0.945-0.978) 0.87
%CV (SEM) | 8.39 (0.67) 14.82 (1.27) 6.89 (0.57) 10.03

Table 16: Intra-rater reliability values for the DSM Il Colormeter a* and Erythema parameters for

normal skin. Al=Assessor 1, A2=Assessor 2, A3=Assessor 3.

Single measure-Normal Skin

Parameter Al 95% Cl A2 95% ClI A3 95% ClI Average
a* 0.915 (0.871-0.946) | 0.508 (0.352-0.653) 0.952 (0.926-0.970) 0.79
Erythema 0.956 (0.933-0.973) | 0.444 (0.283-0.600) 0.977  (0.964-0.985) 0.79
Average measure- Normal Skin

Parameter Al 95% ClI A2 95% Cl A3 95% Cl Average
a* 0.970 (0.953-0.981) | 0.756 (0.620-0.849) 0.983 (0.974-0.990) 0.90
%CV (SEM) | 8.22 (0.61) 14.53 (1.32) 5.53 (0.36) 9.43
Erythema 0.985 (0.976-0.991) | 0.706 (0.542-0.818) 0.992 (0.988-0.995) 0.89
%CV (SEM) | 7.86 (0.42) 13.76 (1.06) 5.16 (0.26) 8.93
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3.5.3.2 Pigmentation measurements
Pigmentation can be measured with the DSM Il L*, b* and the narrow band Melanin parameters.

The inter- and intra-rater ICC values for the L*, b* and narrow band Melanin parameters can be seen

in Tables 17-19.

Table 17: Inter-rater reliability ICC values of the pigmentation measures for the DSM |l Colormeter
for scar tissue and normal skin.

Scar tissue Normal skin
Measure L* b* Melanin L* b* Melanin
Single ICC 0.942 0.525 0.930 0.806 0.351 0.836
(95% C1) (0.908-0.964) (0.370-0.666) (0.893-0.956) | (0.576-0.903) (0.178-0.523) (0.677-0.909)
Average ICC 0.980 0.768 0.975 0.926 0.618 0.939
(95% c|) (0.967-0.988) (0.638-0.857) (0.962-0.985) | (0.803-0.965) (0.393-0.767) (0.873-0.968)
%CV (SEM) 6.14(0.88) 32.58 (1.09) 4.06 (1.13) 8.10(1.63) 32.19(1.60) 6.69 (1.43)

The L* value was found to have very good inter- (ICC [Single, Average] =0.942, 0.980) and intra-rater

(Average ICC [Single, Average] =0.90, 0.97) ICC values for scar tissue. The inter-and intra-rater for the

L* value for normal skin, although lower, were also all above the set threshold of 0.70 (ICC [Single,

Average] =0.806, 0.926). The narrow band Melanin value for scars was also found to have good

inter- (ICC [Single, Average] =0.930, 0.975) and intra-rater (Average ICC [Single, Average] =0.93, 0.97)

ICC values for scar tissue. The inter-and intra-rater for the Melanin value for normal skin were also

similarly high with inter-rater values of 0.836 (ICC Single) and 0.939 (ICC Average); and intra-rater

values of 0.90 (ICC Single) and 0.96 (ICC Average). The b* value however performed the worst out of

the three objective pigmentation measures. The b* value for scar tissue had a moderate but below

threshold inter-rater ICC (Single) value of 0.525, but acceptable ICC (Average) value of 0.768 for scar

tissue, although this is with a high %CV of 32.58%. The b* parameter was also found to be prone to

significantly aberrant readings as can be seen from the %CV of Assessor 1 in Table 19. The b* intra-

rater ICC (Single) value for scar tissue was just below the threshold (ICC Single=0.64) but the ICC

(Average) was considered very good (ICC Average=0.82). Both the inter- and intra-rater values of the

b* measure were all below the acceptable threshold for normal skin except for the average ICC
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which was very good (0.80). Therefore, the L* and narrow band Melanin are both recommended but

not the b* measure.

Table 18: Intra-rater reliability values for the DSM Il Colormeter pigmentation measures for scar

tissue. Al=Assessor 1, A2=Assessor 2, A3=Assessor 3.

Single measure-Scar

Parameter Al A2 95% ClI A3 95% ClI Average
L* 0.924  (0.884-0.952) | 0.847 (0.774-0.902) | 0.941 (0.910-0.963) 0.90
b* 0.729 (0.615-0.820) | 0.368  (0.202-0.536) | 0.814  (0.728-0.879) 0.64
Melanin 0.902 (0.851-0.938) | 0.914  (0.869-0.946) | 0.962 (0.98--0.992) 0.93
Average measure- Scar

Parameter Al 95% ClI A2 95% CI A3 95% CI Average
L* 0.973  (0.958-0.984) | 0.943  (0.911-0.965) 0.98 (0.968-0.987) 0.97
%CV (SEM) 6.76 (1.00) 8.62 (1.23) 5.22 (0.80) 6.87
b* 0.890 (0.827-0.932) | 0.636  (0.431-0.776) | 0.929 (0.889-0.956) 0.82
%CV (SEM) | 115.43 (0.92) 44.06 (1.57) 20.47 (0.66) 59.84
Melanin 0.965 (0.945-0.979) | 0.970  (0.952-0.981) | 0.987 (0.980-0.992) 0.97
%CV (SEM) 4.98 (1.35) 4.81 (1.30) 3.47 (0.91) 4.42

Table 19: Intra-rater reliability values for the DSM |l Colormeter pigmentation measures for normal

skin. Al=Assessor 1, A2=Assessor 2, A3=Assessor 3.

Single measure-Normal Skin

Parameter Al 95% ClI A2 95% ClI A3 95% ClI Average
L* 0.914 (0.871-0.946) | 0.815 (0.729-0.880) 0.976  (0.963-0.985) 0.90
b* 0.656 (0.524-0.767) | 0.319  (0.152-0.491) 0.890  (0.835-0.930) 0.62
Melanin 0.888 (0.831-0.930) | 0.845  (0.771-0.900) 0.975  (0.961-0.984) 0.90
Average measure- Normal Skin

Parameter Al 95% CI A2 95% CI A3 95% CI Average
L* 0.970 (0.953-0.981) | 0.930  (0.890-0.957) 0.992  (0.987-0.995) 0.96
%CV (SEM) 5.17 (1.05) 7.96 (1.52) 2.46 (0.53) 5.20
b* 0.851 (0.767-0.908) | 0.584  (0.350-0.743) 0.960  (0.938-0.976) 0.80
%CV (SEM) | -234.10 (1.24) 34.21 (1.82) 8.24 (0.47) -63.88
Melanin 0.960 (0.937-0.975) | 0.942  (0.910-0.964) 0.992  (0.987-0.995) 0.96
%CV (SEM) 5.11 (1.07) 7.34 (1.54) 2.56 (0.51) 5.00
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3.5.4 Scanoskin camera: Erythema and Pigmentation
Due to technical difficulties and errors in the flash power (resulting in photo underexposure), only 31

of the patients had Scanoskin camera photos which were analysable (B25 to B55). The inter- and

intra-rater ICC values for the Scanoskin erythema and melanin parameters can be seen in Tables 20-

22. The Scanoskin erythema measure had very good reliability values for both inter- (ICC [Single,

Average] =0.969, 0.972) and intra-rater (ICC [Single, Average] =0.995, 0.998) ICC values for scar

tissue. The Scanoskin erythema measure for normal skin also had slightly lower but similarly very

good inter- (ICC [Single, Average] =0.926, 0.974) and intra-rater (ICC [Single, Average] =0.985, 0.995)

ICC values. The same trend was seen with the Scanoskin pigmentation measure, with analyses

showing very good inter- (ICC [Single, Average] =0.972, 0.991) and intra-rater (ICC [Single, Average]

=0.989, 0.996) ICC values for scar tissue as well as normal skin, inter-rater (ICC [Single, Average]

=0.957, 0.985); intra-rater (ICC [Single, Average] =0.994, 0.997). Both Scanoskin measures are thus

recommended.

Table 20: Inter-rater reliability values of the erythema and pigmentation measures for the Scanoskin
system for scar tissue and normal skin.

Scar tissue Normal skin
Measure Erythema Pigmentation Erythema Pigmentation
Single ICC 0.969 0.972 0.926 0.957
(95% ClI) (0.944-0.984) (0.951-0.986) (0.871-0.961) (0.925-0.978)
Average ICC 0.989 0.991 0.974 0.985
(95% ClI) (0.981-0.994) (0.983-0.995) (0.953-0.987) (0.974-0.992)
%CV (SEM) 8.55(3.32) 6.34 (2.59) 18.05 (2.78) 4.42 (2.43)

Table 21: Intra-rater reliability values for the Scanoskin camera for scar tissue. A1=Assessor 1,
A2=Assessor 2, A3=Assessor 3.

Single measure-Scar

Parameter Al 95% ClI A2 95% Cl A3 95% Cl Average
Erythema 0.994 (0.986-0.998) | 0.995 (0.987-0.998) | 0.996 (0.985-0.998) | 0.995
Pigmentation 0.979 (0.955-0.990) | 0.994 (0.963-0.998) | 0.994 (0.974-0.998) | 0.989
Average measure-Scar

Parameter Al 95% ClI A2 95% Cl A3 95% Cl Average
Erythema 0.998 (0.995-0.999) | 0.998 (0.996-0.999) | 0.999 (0.995-0.999) | 0.998
%CV (SEM) 2.87 (1.03) 3.84 (1.26) 3.60 (1.27) 3.44
Pigmentation 0.993 (0.955-0.990) | 0.998 (0.987-0.999) | 0.998 (0.991-0.999) | 0.996
%CV (SEM) 3.15 1.23 3.75 1.45 2.86 (1.17) 3.25
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Table 22: Intra-rater reliability values for the Scanoskin camera for normal skin. A1=Assessor 1,
A2=Assessor 2, A3=Assessor 3.

Single measure-Normal skin

Parameter Al 95% Cl A2 95% Cl A3 95% Cl Average
Erythema 0.982 (0.962-0.991) | 0.987 (0.971-0.994) | 0.985 (0.966-0.993) | 0.985
Pigmentation 0.981 (0.940-0.992) | 0.992 (0.962-0.997) | 0.988 (0.945-0.996) | 0.994
Average measure-Normal skin

Parameter Al 95% Cl A2 95% Cl A3 95% Cl Average
Erythema 0.994 (0.987-0.997) | 0.996 (0.990-0.998) | 0.995 (0.988-0.998) | 0.995
%CV (SEM) 11.46 (2.25) 9.72 (1.08) 9.94 (1.19) 10.37
Pigmentation 0.994 (0.979-0.997) | 0.997 (0.987-0.999) | 0.996 (0.981-0.999) | 0.997
%CV (SEM) 2.64 (1.412) 2.08 (1.112) 2.29 (2.23) 2.34

3.5.5 Dermascan ultrasound: Dermal thickness and intensity

The inter- and intra-rater ICC values for the Dermascan ultrasound dermal thickness and intensity

measures are shown in Tables 23-25. Dermascan measured dermal thickness had very good inter-

(ICC [Single, Average] =0.957, 0.985) and intra-rater (ICC [Single, Average]=0.951, 0.983) for scar

tissue. The dermal thickness measure for normal skin also had similarly very good inter- (ICC [Single,

Average] =0.967, 0.989) and intra-rater (ICC [Single, Average] =0.948, 0.982).The Dermascan

measured dermal intensity likewise had very good inter- (ICC [Single, Average] =0.918, 0.971) and

intra-rater (ICC [Single, Average]=0.928, 0.937) for scar tissue. The dermal intensity measure for

normal skin also had similarly very high inter- (ICC [Single, Average] =0.863, 0.950) and intra-rater

(ICC [Single, Average] =0.931, 0.976). Although both Dermascan measured dermal thickness and

intensity had similarly high ICC values and are thus both recommended, the %CV values for Dermal

intensity are higher compared to that for Dermal thickness for both scar (16.4% versus 6.79%) and

normal skin (15.9% versus 5.13%).

Table 23: Inter-rater reliability values for the Dermascan ultrasound Thickness and Intensity
measurements for scar tissue and normal skin.

Scar tissue Normal skin
Measure Dermal thickness Dermal Intensity Dermal thickness Dermal Intensity
Single ICC 0.957 0.918 0.967 0.863
(95% ClI) (0.934-0.973) (0.874-0.948) (0.949-0.980) (0.796-0.912)
Average ICC 0.985 0.971 0.989 0.950
(95% ClI) (0.977-0.991) (0.954-0.982) (0.982-0.993) (0.921-0.969)
%CV (SEM) 6.79 (0.10) 16.4 (0.90) 5.13 (0.04) 15.9(2.42)
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Table 24: Intra-rater reliability values for the Dermascan for scar tissue. Al=Assessor 1, A2=Assessor
2, A3=Assessor 3.

Single measure-Scar

Parameter Al 95% CI A2 95% CI A3 95% Cl Average

Dermal thickness | 0.959 (0.937-0.975) | 0.915 (0.871-0.946) | 0.979  (0.968-0.987) 0.951
Dermal intensity | 0.922 (0.881-0.951) | 0.904  (0.947-0.979) | 0.959  (0.937-0.974) 0.928

Average measure-Scar

Parameter Al 95% Cl A2 95% Cl A3 95% ClI Average
Dermal thickness | 0.986 (0.978-0.991) | 0.970  (0.953-0.981) | 0.993  (0.989-0.996) 0.983
%CV (SEM) 6.90 (0.10) 10.04 (0.15) 5.07 (0.07) 7.34
Dermal intensity | 0.972 (0.957-0.983) | 0.966  (0.947-0.979) | 0.986 (0.978-0.991) 0.937
%CV (SEM) 14.90 (0.82) 15.95 (1.00) 10.20 (0.61) 13.68

Table 25: Intra-rater reliability values for the Dermascan for normal skin. Al=Assessor 1,
A2=Assessor 2, A3=Assessor 3.

Single measure-Normal skin

Parameter Al 95% Cl A2 95% ClI A3 95% ClI Average

Dermal thickness | 0.962  (0.941-0.976) | 0.916  (0.873-0.947) | 0.966  (0.948-0.979) | 0.948
Dermal intensity | 0.943  (0.913-0.964) | 0.904  (0.855-0.939) | 0.946  (0.918-0.966) | 0.931

Average measure- Normal skin

Parameter Al 95% Cl A2 95% Cl A3 95% Cl Average
Dermal thickness | 0.987 (0.980-0.992) | 0.97  (0.954-0.982) | 0.989  (0.982-0.993) | 0.982
%CV (SEM) 5.21 (0.04) 5.95 (0.05) 4.88 (0.04) 5.35
Dermal intensity | 0.98  (0.969-0.988) | 0.966  (0.947-0.979) | 0.981  (0.971-0.989) | 0.976
%CV (SEM) 12.31 (1.71) 15.03 (2.00) 10.53 (1.59) 12.62

3.5.6 Cutometer: RO and R2 measurements
Cutometer measurements were only available for 54 patients as 1 patient did not have enough time

during the session for the Cutometer measurement. The inter- and intra-rater ICC values for the
Cutometer RO and R2 measures are shown in Tables 26-28. The RO measure had good and
acceptable inter- (ICC [Single, Average] =0.715, 0.883) and intra-rater ICC values (ICC [Single,
Average] =0.80, 0.92) for scar tissue. The RO intra-rater ICC values for normal skin was also
acceptable (ICC [Single, Average] =0.85, 0.94) but only the ICC (Average) of the RO inter-rater ICC was
above the set threshold (ICC Average =0.827) but not the ICC Single (ICC Single =0.615). In contrast
to the RO value, the R2 measure for scar tissue only had acceptable Average Inter-rater ICC (ICC

Average=0.780) and intra-rater (ICC Average =0.79) values but its Single Inter-rater ICC (ICC Single
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=0.542) and Intra-rater (ICC Single =0.58) values were all below the acceptable threshold. Both the

single inter- (ICC Single =0.510) and intra-rater (ICC Single =0.52) ICC values for the RO measure for

normal skin were below the threshold but the average inter- (ICC Average =0.758) and intra-rater

(ICC Average =0.76) ICC values reached acceptable levels. The RO measure is thus recommended

over the R2 measure.

Table 26: Inter-rater reliability values for the Cutometer RO and R2 measures for scar tissue and

normal skin.
Scar tissue Normal skin

Measure RO R2 RO R2
Single ICC 0.715 0.542 0.615 0.510
(95% Cl) (0.522-0.834) (0.385-0.683) (0.373-0.772) (0.348-0.660)
Average ICC 0.883 0.780 0.827 0.758
(95% Cl) (0.766-0.938) (0.653-0.866) (0.641-0.910) (0.616-0.853)
%CV (SEM) 17.15 (0.06) 7.84 (0.03) 14.74 (0.09) 5.90 (0.03)

Table 27: Intra-rater reliability values for the Cutometer for scar tissue. A1=Assessor 1, A2=Assessor

2, A3=Assessor 3.

Single measure-Scar

Parameter Al 95% ClI A2 95% ClI A3 95% Cl Average
RO 0.661 (0.529-0.772) | 0.854 (0.782-0.907) | 0.888 (0.829-0.930) 0.80
R2 0.392 (0.225-0.557) | 0.648 (0.509-0.764) | 0.708 (0.586-0.807) 0.58
Average measure-Scar
Parameter Al 95% ClI A2 95% Cl A3 95% Cl Average
RO 0.854 (0.771-0.910) | 0.946 (0.915-0.967) | 0.960 (0.936-0.976) 0.92
%CV (SEM) 15.90 (0.06) 11.98 (0.04) 11.98 (0.03) 13.29
R2 0.659 (0.465-0.791) | 0.846 (0.757-0.907) | 0.879 (0.809-0.926) 0.79
%CV (SEM) 10.11 (0.04) 7.62 (0.03) 5.95 (0.03) 7.89
Table 28: Intra-rater reliability values for the Cutometer for normal skin. Al=Assessor 1,
A2=Assessor 2, A3=Assessor 3.
Single measure-Normal skin
Parameter Al 95% ClI A2 95% ClI A3 95% ClI Average
RO 0.886  (0.828-0.928) | 0.785 (0.687-0.862) | 0.881  (0.820-0.925) 0.85
R2 0.524 (0.368-0.667) 0.378 (0.206-0.551) | 0.672 (0.534-0.783) 0.52
Average measure- Normal skin
Parameter Al 95% ClI A2 95% ClI A3 95% ClI Average
RO 0.959  (0.935-0.975) | 0.916 (0.868-0.949) | 0.957 (0.932-0.974) 0.94
%CV (SEM) 7.44 (0.05) 9.28 (0.06) 7.20 (0.04) 7.97
R2 0.768  (0.636-0.857) | 0.646 (0.438-0.786) | 0.860  (0.775-0.916) 0.76
%CV (SEM) 7.16 (0.03) 9.77 (0.04) 5.12 (0.02) 7.35
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Previous studies have shown both low and high reliability*** values for the Cutometer. In
studies that have shown low inter-rater reliability values, this was thought to be due to scars with
high rigidity?®® however in the study by Nedelec et al (2008) this was found to be only true for the RO
value where the normal skin RO ICC value was higher than the scar tissue RO ICC value. The R2 value
for normal skin (ICC=0.55) was however lower than the R2 value for severe scar tissue (ICC=0.71) in
that study.

We further analysed our data by dividing the group into scars with mVSS Pliability scores of <2 and
above 2 (Table 29). The inter-rater RO ICC values for normal scars (ICC [Single, Average] =0.718,
0.884) were better compared to the firmer hypertrophic scars (ICC [Single, Average] =0.568, 0.798).
A similar trend was seen for the R2 parameter, with lower inter-rater R2 ICC values for hypertrophic
scars compared to non-hypertrophic scars (Single [0.294 versus 0.567]; Average [0.555 versus 0.797).
Thus, in firmer hypertrophic scars, more than one measurement is recommended to improve the
reliability.

Table 29: Differences in RO and R2 inter-rater ICC values between non-hypertrophic scars (mVSS

Pliability scores of 2 or less) and hypertrophic scars (mVSS Pliability values of >2). Hypertrophic scars
were found to have lower reliability values for the RO and R2 compared to non-hypertrophic scars.

Non-hypertrophic scars Hypertrophic scars

(mVSS Pliability score<2) (mVSS Pliability>2)
Measure RO (n=21) R2 (n=21) RO (n=33) R2 (n=33)
Single 0.718 0.294 0.568 0.567
ICC (95% Cl) (0.431-0.876) (0.024-0.582) (0.341-0.747) (0.370-0.737)
Average 0.884 0.555 0.798 0.797
ICC (95% Cl) (0.695-0.955) (0.070-0.807) (0.608-0.899) (0.638-0.894)
%CV (SEM) 14.47 (0.06) 6.52 (0.03) 18.87 (0.05) 8.68 (0.04)

3.5.7 Concurrent validity
Concurrent validity was calculated between the mVSS and POSAS subscales with the relevant

objective measures (average of readings from the three assessors,) (Table 30): mVSS and POSAS
Pliability (Observer rated pliability and patient rated thickness) with the Cutometer RO and R2
measures, mVSS Height and POSAS Thickness (Observer and patient rated Thickness) with the

Dermascan measured dermal thickness, mVSS and POSAS Vascularity (Observer rated vascularity
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and patient rated difference in colour,) with the DSM Il Colormeter erythema parameters (a*,
Narrow band Erythema) and Scanoskin camera measured erythema, mVSS and POSAS pigmentation
(Observer rated pigmentation and patient rated difference in colour) with the DSM Il Colormeter
pigmentation parameters (L*, b*, Narrow band Melanin). The POSAS patient rated difference in

colour does not differentiate between erythema and pigmentation.

Adjustments had to be performed for some of the mVSS and POSAS categories to allow accurate
comparisons. To allow for comparisons of the POSAS Pliability subscale, scars which were
categorised as “Supple” had 10 points deducted from the scar pliability rating; no adjustments were
done to the scars in the “Mixed” and “Stiff” categories. To allow for comparisons of the
pigmentation subscale, several adjustments to the parameters had to be made. To allow for
comparisons of the pigmentation subscale, adjustments to the mVSS had to be made as the
pigmentation subscale was not linear; the original mVSS, hypo-pigmented scars were given a score
of 1 which was higher than normal skin. This would cause an error when comparing with the
objective scar measurements as hypo-pigmented scars will have measured pigmentation values
below that of normally pigmented skin. To prevent this discrepancy, the pigmentation subscale score
was adjusted by converting hypopigmentation into a negative value, -1, normal skin was kept at
score 0 (and adjusting down the other scores: Mixed from score 2 to score 1; Hyper-pigmented from
score 3 to score 2,). For the objective measures, the ratio of the pigmentation parameters at the scar
site over the pigmentation at the normal skin site was calculated. These adjustments were only
done in calculations to correlate the mVSS and POSAS subscales with the corresponding objective

measures and not to calculate the total score of the mVSS or POSAS.

For pliability, the Cutometer RO (and its scar to normal skin ratio) had significant correlations with
both the mVSS and POSAS-Observer Pliability subscales (RO Spearman’s rho=-0.632, p<0.01; -0.585,
p<0.01; Scar to normal skin ratio Spearman’s rho=-0.556, p<0.01; -0.472, p<0.01) but not the POSAS-

Patient Stiffness subscale (Spearman’s rho=-0.113, p=0.419; -0.19, p=0.173). The Cutometer R2
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subscale (nor its scar to normal skin ratio) however had no significant correlations with all three
subjective pliability scores. Interestingly, although the Dermascan dermal thickness and intensity
scores are not direct measurements of pliability, analyses show that both correlate significantly with
the mVSS, POSAS-Observer and POSAS-Patient pliability/stiffness subscales (Spearman’s rho =0.316
to 0.591 and -0.290 to -0.652 respectively, p<0.05 to <0.01). This may mean that the Dermascan
ultrasound measured thickness and intensities can be used to indirectly assess the pliability of scar
tissue. Further analyses were also performed to investigate if the scar/normal skin ratios of the
Dermascan dermal thickness and intensity parameters would correlate better than the non-ratio
parameters as this would hypothetically adjust for differences in the skin at different anatomical
sites. The results however show that the ratios, although still significantly correlating with the mVSS
and POSAS-Observer, have lower Spearman’s rho values compared to the direct measures of dermal

thickness and intensity.

For vascularity/erythema, the most valid measures was the Scanoskin Erythema measure (though
not its scar to normal skin ratio,) which correlated significantly and moderate to strongly with the
mVSS (Spearman’s rho=0.718, p<0.01), POSAS-Observer (Spearman’s rho=0.675, p<0.01) and POSAS-
Patient erythema scores (Spearman’s rho=0.462, p=0.01). The DSM Il narrow-band Erythema
measure also performed well and was found to correlate significantly with the mVSS (Spearman
rho=0.387, p=0.004), POSAS-Observer (Spearman rho=0.273, p=0.044) and POSAS-Patient Colour
(Spearman’s rho=0.516, p<0.01) scores. The DSM Il a* value however correlated significantly but
weakly with the mVSS subscale (Spearman’s rho =00.278, p=0.04) and did not have any significant

correlations with the POSAS-Observer nor POSAS-patient.

For pigmentation, the DSM Il L* parameter had significant correlations with the mVSS (Spearman’s
rho=-0.321, p=0.017), POSAS-Observer (Spearman’s rho=-0.583, p<0.01) and POSAS-Patient
(Spearman’s rho=-0.649, <0.01). The correlations are negative as for the L* parameter, 0 is for total

blackness and 100 for total whiteness.
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Table 30: Concurrent validity of subjective to objective scores: Spearman’s rho estimates and their
p-values for the comparisons between the mVSS and POSAS subscales and the corresponding
objective measurement for the scar sites. Parameters with statistically significant correlations are

shaded in grey.

Spearman estimates

thickness Scar/Normal ratio

POSAS- POSAS-
Parameters compared mVSS p-value Observer p-value patient p-value
Pliability subscale versus (modified for POSAS-Observer):
Cutometer RO (n=54) -0.632 <0.01 -0.585 <0.01 -0.113 0.419
Cutometer R2 (n=54) 0.141 0.310 -0.062 0.655 -0.12 0.391
Cutometer RO Scar/Normal -0.556 <0.01 -0.472 <0.01 -0.19 0.173
ratio (n=54)
Cutometer R2 Scar/Normal -0.134 0.334 -0.062 0.656 -0.199 0.154
ratio (n=54)
Dermascan Dermal 0.546 <0.01 0.591 <0.01 0.316 0.020
Thickness
Dermascan Dermal Intensity | -0.624 <0.01 -0.652 <0.01 -0.290 0.033
Dermascan Dermal 0.410 0.002 0.444 <0.01 0.238 0.083
thickness Scar/Normal ratio
Dermascan Dermal intensity | -0.377 0.005 -0.534 <0.01 -0.170 0.219
Scar/Normal ratio
Vascularity subscale versus:
DSM Il a* 0.278 0.04 0.235 0.084 0.007 0.962
DSM Il Erythema 0.387 0.004 0.273 0.044 0.516 <0.01
DSM Il a* Scar/Norm ratio 0.346 0.01 0.163 0.234 -0.058 0.677
DSM Il Erythema Scar/Norm | 0.469 <0.01 0.317 0.018 0.125 0.369
ratio
Scanoskin Erythema (n=31) | 0.718 <0.01 0.675 <0.01 0.462 0.01
Scanoskin Erythema 0.284 0.121 0.352 0.052 -0.052 0.787
Scar/Normal ratio (n=31)
Pigmentation subscale versus (modified for mVSS):
DSM Il L* -0.321 0.017 -0.583 <0.01 -0.649 <0.01
DSM Il b* 0.069 0.617 -0.216 0.114 -0.13 0.350
DSM Il Melanin 0.320 0.017 0.586 <0.01 0.604 <0.01
DSM Il L* Scar/Norm ratio -0.334 0.013 -0.495 <0.01 -0.501 <0.01
DSM Il b* Scar/Norm ratio 0.014 0.921 -0.201 0.141 -0.276 0.043
DSM Il Melanin Scar/Norm | 0.336 0.012 0.505 <0.01 0.445 0.001
ratio
Scanoskin Pigmentation 0.069 0.711 0.184 0.321 0.237 0.207
Scar (n=31)
Scanoskin Pigmentation 0.086 0.646 -0.061 0.744 0.218 0.246
Scar/Normal ratio (n=31)
Height/Thickness subscale versus:
Dermascan Dermal 0.509 <0.01 0.628 <0.01 0.271 0.047
thickness
Dermascan Dermal 0.313 0.02 0.486 <0.01 0.288 0.035
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The DSM Il narrow band Melanin parameter similarly had significant correlations with all three
subjective scores. The DSM Il b* and Scanoskin scar Pigmentation parameter (nor their scar to
normal skin ratios) however both had no significant correlations with any of the subjective scores. It
was however noted that the DSM Il b* parameter correlated strongly and significantly with the
Scanoskin Pigmentation parameter (Spearman rho=0.782, p<0.01), thus we investigated whether the
DSM Il b* and Scanoskin Pigmentation parameters were actually correlating with scar vascularity
instead of pigmentation (Table 31). Analyses show that this was true as both the DSM Il b*
(Spearman’s rho correlation with mVSS, POSAS-Observer and POSAS-Patient=-0.528, p<0.01; -0.586,
p<0.01) and Scanoskin pigment (Spearman’s rho correlation with mVSS and POSAS=-0.379, p=0.035;
-0.391, p=0.030) parameters correlated significantly with the mVSS and POSAS Erythema subscales.
The Scanoskin system is currently being marketed for use in to detect perfusion and pigmentation
(haemosiderin or melanin) in acute burns, and thus the software may not be able to accurately

detect melanin in mature scar tissue.

Table 31: Concurrent validity of objective vascularity parameters: Spearman’s rho estimates and
their p-values for the comparisons between the mVSS, POSAS Vascularity and Patient POSAS Colour
subscales and the DSM Il b* and Scanoskin Pigmentation parameters. Parameters with statistically
significant correlations are shaded in grey.

Spearman estimates

Parameters compared mVSS p-value POSAS- p-value POSAS- p-value
Observer Patient

Vascularity subscale versus:

DSM Il b* -0.528 <0.01 -0.586 <0.01 -1.30 0.350

Scanoskin Pigmentation Scar | -0.379 0.035 -0.391 0.03 0.237 0.207

(n=31)

Scanoskin Pigmentation -0.408 0.023 -0.426 0.017 0.218 0.246

Scar/Normal ratio (n=31)

For Height/Thickness, the Dermascan measured dermal thickness correlated significantly with the
mVSS Height (Spearman’s rho=0.509, p<0.01), POSAS-Observer thickness (Spearman’s rho=0.628,

<0.01) and POSAS-Patient Thickness (Spearman’s rho=0.271, p=0.047) subscales. The Dermascan
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scar to normal skin thickness ratio also had significant correlations with all three subjective subscales

but with lower correlation values.

3.5.8 Histological measurements
Biopsies were done in 38 patients and dermal thickness; blood vessel density and melanin

concentration were measured as described above and the results are shown in Table 32.

Both subjective and objective measures of scar thickness (other than the POSAS patient rated
thickness parameter) were found to have significant correlations with histologically measured
dermal thickness with the Dermascan ultrasound dermal thickness having the strongest correlation
(Spearman’s rho=0.732, p<0.01). For blood vessel density as measured by CD31 staining (Figure 21),
both the mVSS (Spearman’s rho=0.354, p=0.029) and POSAS observer rated vascularity (Spearman’s
rho=0.486, p=0.002) had significant correlations but the POSAS patient rated colour parameter did
not (Spearman’s rho=0.008, p=0.962). For the DSM Il Colormeter parameters, the a* parameter
correlated significantly with blood vessel density (Spearman’s rho=0.339, p=0.037) but not the
narrow band erythema measure (Spearman rho=0.114, p=0.495). Interestingly, the b* parameter,
even though it is a parameter meant for pigmentation, also had a significant negative correlation
with blood vessel density (Spearman’s rho=-0.487, p=0.002). The negative correlation indicates that
the higher the blood vessel density the “bluer” the scar tissue, and thus the b* parameter may

possibly be measuring the venous circulation in the scar tissue.
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Figure 21: CD31 staining of the blood vessel endothelial cells. E=Epidermis, D=Dermis (Source:
Kwang Chear Lee).

For the Scanoskin camera system, the Scanoskin erythema measure did not correlate significantly
however, like the DSM Il b* parameter, the pigmentation parameter had a significant negative
correlation with histologically measured blood vessel density (Spearman’s rho=-0.726, p<0.01). For
Melanin density as measured by the Fontana-Masson stain, none of the subjective parameters had
significant correlations. This is in contrast with the objective parameters, all of which had significant
moderate to strong correlations with the histologically measured melanin density including the L*
parameter (Spearman’s rho=-0.491, p=0.002), narrow band melanin (Spearman’s rho=0.492,

p=0.02).
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Table 32: Spearman’s rho correlations of histological thickness, blood vessel density (CD31 staining),
and melanin (Fontana-Masson staining) with the corresponding subjective and objective parameters.
Parameters with statistically significant correlations are shaded in grey.

Parameters Spearman p-value
estimates
Histological thickness versus:
mVSS Height 0.436 0.006
POSAS Observer Thickness 0.604 <0.01
POSAS Patient Thickness 0.053 0.752
Dermascan dermal thickness 0.732 <0.01
Blood vessel density (CD31) versus:
mVSS Vascularity 0.354 0.029
POSAS Observer Vascularity 0.486 0.002
POSAS Patient Colour 0.008 0.962
DSM a* 0.339 0.037
DSM b* -0.487 0.002
DSM Erythema 0.114 0.495
Scanoskin Erythema (n=19) 0.13 0.596
Scanoskin pigmentation (n=19) -0.726 <0.01
Melanin (Fontana-Masson) versus:
mVSS Pigmentation 0.241 0.145
POSAS Observer Pigmentation 0.150 0.368
POSAS Patient Colour 0.288 0.079
DSM L* -0.491 0.002
DSM b* 0.555 <0.01
DSM Melanin 0.490 0.02
Scanoskin pigmentation (n=19) 0.774 <0.01

The b* and Scanoskin pigmentation parameters also had significant correlations with the melanin
density despite previously shown to also correlate significantly with the blood vessel density. This
may indicate that these 2 parameters are measuring both blood vessel density (erythema) as well as
melanin (pigmentation). For the b* parameter, as the colour spectrum it measures is between blue
and yellow, the blue spectrum is hypothesised to be a measure of blood vessel density (specifically
venous density, and hence the negative correlation) while the yellow spectrum is most likely a
measure of the melanin density (as melanin is a brown pigment and close to the colour yellow, thus
the positive correlation). This may explain the poor reliability values for the b* value as it is

influenced by 2 different “colours” on opposite sides of its measured spectrum. However, this does
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not appear to influence the Scanoksin pigmentation parameter which has been shown to have high

reliability values.

3.5.9 Patient Reported Outcome Measures

3.5.9.1 Patient Satisfaction with devices questionnaire

Table 33 shows the patient satisfaction ratings for the objective measurement tools used in the

study as well as for the skin biopsy procedure. All of the objective measurement devices had over

90% of “Very good” and “Good” ratings in all three of the patient satisfaction parameters of overall

satisfaction, comfort and time to measure.

Table 33: Ratings for the objective measurement tools used in the study and skin biopsy. All of the
objective measurement devices had over 90% of “Very good” and “Good” ratings.

Number of Rating Overall Comfort Time to
responses (n=) Satisfaction measure

Scanoskin 51 Very Good 68.6% 68.6% 66.7%
Good 25.5% 27.5% 27.5%

OK 5.9% 3.9% 5.9%

Poor 0.0% 0.0% 0.0%

Very Poor 0.0% 0.0% 0.0%

DSM I 52 Very Good 67.3% 67.3% 63.5%
Good 32.7% 32.7% 34.6%

OK 0.0% 0.0% 1.9%

Poor 0.0% 0.0% 0.0%

Very Poor 0.0% 0.0% 0.0%

Dermascan 51 Very Good 66.7% 70.6% 62.7%
Good 27.5% 23.5% 29.4%

OK 3.9% 5.9% 5.9%

Poor 2.0% 0.0% 2.0%

Very Poor 0.0% 0.0% 0.0%
Cutometer 49-50 Very Good 65.3% 62.0% 56.0%
Good 30.6% 30.0% 40.0%

OK 2.0% 4.0% 4.0%

Poor 2.0% 4.0% 0.0%

Very Poor 0.0% 0.0% 0.0%
Skin biopsy 32-33 Very Good 63.6% 54.5% 68.8%
Good 24.2% 24.2% 21.9%

OK 12.1% 21.2% 9.4%

Poor 0.0% 0.0% 0.0%

Very Poor 0.0% 0.0% 0.0%
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Interestingly, high patient satisfaction was also found for the more invasive skin biopsy procedure
though slightly lower compared to the non-invasive tools (average %) in terms of overall satisfaction

(87.9% versus 96%), comfort (78.8% versus 95.5%), and time to measure (90.6% versus 95.1%).

3.5.9.2 Patient rated scar parameter importance
Responses were available from 54 of the 55 patients for patient rated scar parameter importance.

Table 34 shows the rank of the different parameters arranged according to their mean rank. Due to
the method of ranking (1 being the most important, to 6 being the least important to them), lower
mean rank denotes higher patient perceived importance. There was a statistically significant
difference in patient perceived scar parameter importance, x3(5) =11.26, p=0.046).

Table 34: Mean rank of parameters arranged according to rank. Pain and itch were shown to be the

most important scar parameter to patients (mean rank=3.01) compared to pigmentation (mean
rank=4.03).

Mean Rank
Pain/Itch 3.01
Thickness 3.17
Pliability 3.41
Surface area 3.68
Redness 3.71
Pigmentation 4.03

Pain and itch were shown to be the most important scar parameter to patients and pigmentation
the least. The Wilcoxon signed-rank test was performed to examine where the differences in ranking
actually occur with different combinations of the parameters (Table 35). The test showed that
patients perceived scar thickness to be significantly more important than pigmentation (0.018) and
surface area (0.049), whereas pain and itch was perceived to be more important than pigmentation

(p=0.033).
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Table 35: Wilcoxon signed-rank test comparison of the scar parameters. Parameters with
statistically significant correlations are shaded in grey.

Parameters Redness Pigmentation Surface Thickness Pliability Pain/Itch
(p-values) area

Redness n/a - - - - -
Pigmentation 0.16 n/a - - - -
Surface area 0.956 0.217 n/a - - -
Thickness 0.195 0.018 0.049 n/a - -
Pliability 0.574 0.218 0.429 0.258 n/a

Pain/Itch 0.115 0.033 0.134 0.55 0.28 n/a

Due to the multiple comparisons done, a Bonferroni adjustment was performed, with the adjusted
significant p-value calculated to be 0.003 (i.e. 0.05/15 comparisons). After adjustment, there were
no statistically significant differences between the parameters in terms of perceived importance.
The results may imply that physical comfort (absence of pain and itch) and functionality
were more important factors to patients compared to appearance (surface area and colour).
However, this may be due to the majority of the scar being assessed being >12 months old

which means that the scars are more likely to be mature scars with reduced erythema.
3.5.10 Sensitivity and Specificity

To establish the most accurate cut off point for the objective measurement tools to distinguish
between a hypertrophic scar and normal scar, Receiving Operating Characteristic (ROC) curves were
generated using the mVSS as a “gold standard” comparator. In order to produce the ROC analysis,
two sites from each patient were utilised: the scar site and the matching normal skin site (adjacent
or contralateral). Positive cases were scars that received an average score (average of the three
assessors) of 2 or more on the mVSS subscale that corresponds to the objective measurement tool:
Height for the Dermascan ultrasound measured scar thickness and scar thickness ratio (scar to
normal skin), and Pliability for the Cutometer RO and R2 parameters and their respective ratios (scar

to normal skin).
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For the mVSS Vascularity subscale for the DSM Il a* and narrow band Erythema parameters and
their respective ratios (scar to normal skin), the score of 1 or more was used as there were too few
cases with scores of 2 or more (n=9). Similarly, for mVSS Pigmentation subscale for the DSM Il L* and
Melanin parameters, the adjusted mVSS subscale was used and a score of 1 and above was used as
there were too few cases with scores of 2 or more for the scars (n=1). Additionally, hypo-pigmented

scars were also removed (mVSS score of <0).

The negative cases were the scars that received an average score below 2 on the mVSS subscale (or
below 1 for the vascularity and pigmentation subscales as previously explained,) as well as the
normal skin cases (regarded as having an mVSS score of 0 for all subscales). For ratios, normal skin

was considered as having a ratio of 1 for all cases.

The optimal cut-off point on the ROC curve was determined as the point having the highest Youden’s
index, defined as (Sensitivity + Specificity)-1. The Area under the curve (AUC) for all the parameters

is shown in Table 36 and the ROC curves in Figure 22.

The ROC for the Dermascan scar thickness and thickness ratio both had very strong AUC values of
0.897 (95% Cl: 0.818-0.975, p<0.01) and 0.870 (95% ClI: 0.795-0.944, p<0.01) which indicates that the
Dermascan scar thickness is able to differentiate between hypertrophic scars and non-hypertrophic
scars or normal skin. The cut-off point with the highest Youden’s index (optimal sensitivity and
specificity) for scar thickness is 2.64mm, and for the scar to normal skin ratio, it is the ratio of 1.38.

Thus, dermis that is thicker or has a higher ratio can be classified as hypertrophic dermis.

The ROC for the Cutometer RO (AUC: 0.942, 95% Cl: 0.900-0.983, p<0.01) and RO ratio (AUC 0.944,
95% Cl: 0.905-0.983, p<0.01) values perform better than the R2 (AUC: 0.625, 95% Cl 0.509-0.741)
and R2 ratio (AUC: 0.627, 95% Cl: 0.481-0.774) though all were statistically significant. As previously
mentioned, the Dermascan measured dermal intensity was found to have significant correlations

with the pliability scores and further analysis has also shown that the Dermascan dermal intensity
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(AUC: 0.914, 95% Cl: 0.861-0.967, p<0.01) and dermal intensity ratio (scar to normal skin) (AUC:
0.919, 95% Cl: 0.856-0.983, p<0.01) both have very strong ROC AUC values for pliability though

slightly lower than that for the Cutometer RO value.

For colour measurements, ratios of scar to normal skin were found to perform better than the single
measures for both erythema and pigmentation measurements. For the erythema subscale, all
parameters had strong to very strong and statistically significant ROC AUC values but the highest
values were for the DSM Il narrow band Erythema ratio (scar to normal skin) parameter (AUC: 0.885,
95% Cl: 0.794-0.975, p<0.01) and the DSM Il a* ratio (scar to normal skin) (AUC: 0.848, 95% ClI:
0.740-0.956, p<0.01). For the pigmentation subscale, the Melanin (AUC 0.761, 95% Cl: 0.626-0.897,
p=0.03) and DSM Il L* (AUC 0.767, 95% Cl: 0.628-0.905, p=0.002) ratios (scar to normal skin) had
strong and statistically significant ROC AUC values. The non-ratio DSM Il L* (AUC 0.767, 95% Cl:
0.628-0.905, p=0.002) and narrow band Melanin (AUC 0.761, 95% Cl: 0.626-0.897, p=0.003)

parameters had strong and statistically significant ROC AUC values.

3.11 Global Scar Scale
In order to develop a global scar scale, the cut-off points for each of the parameters from the ROC

AUC analyses (as shown in Table 36) were used to dichotomise the parameters. A univariate
exploratory analysis was then performed on the data set. The X?test was performed for the
dichotomised parameters against the total mVSS score (with a score of 6 or more being deemed as a
positive outcome) (Table 37). Candidate parameters with p<0.10 were tried in different
combinations and the ROC AUC for the prediction of a mVSS score of 6 (to indicate hypertrophic
scarring: 2 (Pliability) + 2 (Height) + 1 (Erythema) +1 (Pigmentation) and above was calculated (Table
38). The Cutometer RO, Dermascan scar thickness, intensity and their respective scar to normal skin
ratios were the only parameters that had p-values of less than 0.10. None of the colour related

parameters nor the Cutometer R2 parameters had significant p-values.
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As can be seen in Table 38, the highest AUC was for the combination of the all six parameters (AUC:

0.786, p=0.003). A total score of 5 and above (out of the maximum 6) had the highest combined

sensitivity and specificity (sensitivity of 69.0% and a specificity of 83.3%) (Table 39).

Table 36: Receiver Operating Characteristic values for the Dermascan, Cutometer and DSM ||

parameters.

Parameter | MG vame %G Direction  CREM SR S Vindex
Dermascan scar | Height 0.897 <0.01 0.818- Higher 2.64mm 85.0 86.0 0.700
thickness 0.975 than
Dermascan scar | Height 0.870 <0.01 0.795- Higher 1.38 100.00 71.10 0.710
Thickness ratio 0.944 than
Cutometer RO Pliability 0.944 <0.01 0.905- Lower 0.88 80.60 100.00 0.806
ratio 0.983 than
Cutometer RO Pliability 0.942 <0.01 0.900- Lower 0.67mm 88.90 91.70 0.806

0.983 than
Dermascan Pliability 0.919 <0.01 0.856- Lower 0.70 81.94 97.22 0.792
dermal intensity 0.983 than
ratio
Dermascan Pliability 0.914 <0.01 0.861- Lower 11.88 83.33 86.11 0.694
dermal intensity 0.967 than
Cutometer R2 Pliability 0.627 0.012 0.481- Lower 0.985 81.94 66.67 0.486
ratio 0.774 than
Cutometer R2 Pliability 0.625 0.023 0.509- Lower 0.765 70.83 50.00 0.208
0.741 than
DSM Erythema Erythema 0.885 <0.01 0.794- Higher 1.17 93.10 81.50 0.746
ratio 0.975 than
DSM a* ratio Erythema 0.848 <0.01 0.740- Higher 1.10 86.20 85.20 0.714
0.956 than
DSM Erythema Erythema 0.818 <0.01 0.730- Higher 13.58 82.80 69.10 0.519
0.906 than
DSM a* Erythema 0.741 <0.01 0.643- Higher 16.81 58.60 85.20 0.438
0.860 than
DSM L* ratio Pigmentati  0.862 <0.01 0.779- Lower 0.70 86.40 69.20 0.556
Chl 0.945 than
DSM Melanin Pigmentati  0.854 <0.01 0.778- Higher 1.08 68.20 100.00 0.682
ratio Chl 0.931 than
DSM L* Pigmentati  0.767 0.002 0.628- Lower 30.67 67.00 84.60 0.517
on 0.905 than
DSM Melanin Pigmentati  0.761 0.003 0.626- Higher 40.1 64.80 84.60 0.494
on 0.897 than
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Figure 22: Receiver Operating Characteristic curves for the panel of scar measurement tools.
Receiver Operating Characteristic curves for the (a) Dermascan scar thickness and scar thickness
ratio to mVSS thickness subscale; (b) Cutometer RO, R2, RO ratio (scar to normal skin), R2 ratio (scar
to normal skin), Dermascan dermal intensity and intensity ratio (scar to normal skin)to mVSS
pliability subscale; (c) DSM Il a*, narrow band Erythema, a* ratio (scar to normal skin), narrow band
Erythema ratio (scar to normal skin) to mVSS erythema subscale; (e) DSM Il L*, DSM L* ratio (scar to
normal skin), DSM Il Melanin and DSM Melanin ratio (scar to normal skin) to mVSS pigmentation

subscale.
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Table 37: Chi-square test (X?) values for the objective parameters. The Cutometer RO, Dermascan
scar thickness, intensity and their respective scar to normal skin ratios were the only parameters
that had p-values of less than 0.10. Parameters with statistically significant X? values are shaded in

grey.

Parameters X2, P-value
Cutometer RO Ratio 0.008
Dermascan scar intensity 0.012
Cutometer RO 0.014
Dermascan scar thickness ratio 0.027
Dermascan scar thickness 0.046
Dermascan scar intensity ratio 0.077
DSM Melanin ratio 0.490
Cutometer R2 0.513
DSM a* ratio 0.519
DSM a* 0.696
DSM Erythema 0.714
DSM Melanin 0.714
Cutometer R2 Ratio 0.876
DSM L ratio 0.876
DSM Erythema ratio 0.900
DSM L* 0.960

Table 38: Parameter combinations and the ROC Area under the curve values for predicting mVSS
scores of 6 or more.

Parameter combinations AUC p-value 95% ClI

All 6 parameters: RO Ratio+ Scar 0.786 0.003 0.641-0.931
intensity+ RO+ Scar thickness ratio+ Scar
thickness +Scar intensity ratio

5 parameters: RO Ratio+ Scar intensity+ 0.776 0.004 0.626-0.925
RO+ Scar thickness ratio+ Scar thickness

4 parameters: RO Ratio+ Scar intensity+ 0.748 0.009 0.578-0.918
RO+ Scar thickness ratio

3 parameters: RO Ratio+ Scar intensity+ 0.758 0.007 0.589-0.927
RO
2 parameters: RO Ratio+ Scar intensity 0.736 0.013 0.562-0.910

1 parameter: RO Ratio/ Scar intensity/ RO/ | 0.589-0.685 | 0.053-0.349 0.415-0.866
Scar thickness ratio/ Scar thickness/ Scar
intensity ratio
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Table 39: Objective Scar Scale total scores and their corresponding sensitivities and specificities in
predicting an mVSS score of 6 and above. A total score of 5 (highlighted in grey) and above (out of

the maximum 6) had the highest combined sensitivity and specificity.

Objective Scar Scale Total score Sensitivity (%) Specificity (%) Youden’s index
1 100.0 8.3 0.08
2 97.6 16.7 0.14
3 90.5 41.7 0.32
4 76.2 58.3 0.35
5 69.0 83.3 0.52
6 42.9 91.7 0.35

3.6 Discussion

Accurate and reliable measurements of hypertrophic scarring in burns are increasingly being
recognised as important in both clinical practice and research. This is especially true in the field of
wound healing where long term scarring is an important outcome measure to determine the

effectiveness of a surgical procedure or treatment*% 40,

In this study, both the intra- and inter-rater reliability of the objective tools, i.e. the Cutometer, the
Dermascan ultrasound, the DSM Il Colormeter, the Scanoskin system were tested on both scar tissue
as well as the matching normal skin sites. Additionally, the inter-rater reliability of commonly used
subjective scales, the modified VSS and POSAS were also tested. Comparisons of the objective scar
measurement tools with the mVSS, POSAS and also histological parameters were made to test for

concurrent validity of these tools.

This study differs from previous similar studies in a number of different ways. Firstly, a power
calculation was performed to calculate the minimum number of participants required, and as a
result of this, a much larger number of patients have been recruited (n=55). Additionally, other
reliability studies have performed their measurements over an average 2-week period and notin a
single session as in this study. This predisposes these studies to errors due to relocating the exact
site of measurement despite rigorous protocols being utilised and this is a common source of error
that is acknowledged by several studies?* 283, Thus, the ICC values of the tools in these studies are

influenced substantially by the reliability of their relocation protocol. Furthermore, although
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biopsies were not obtained for all patients, concurrent validity with a superior “gold standard” i.e.
histological parameters was performed in this study compared to other studies that relied on

subjective scores which have been shown to be poorly reproducible.

3.6.1 Subjective scores
Our study has shown that the traditionally and widely used subjective scar scales, the modified VSS

and POSAS have poor reliability when performed by less than three assessors for the majority of the
subscales with the exception of the POSAS vascularity subscale which has an acceptable inter-rater
average ICC of 0.78 when performed by 2 assessors. Even with three assessors, the mVSS total score
as well as the POSAS pigmentation, relief, pliability, change in surface area and overall score still
have lower than acceptable ICC values. The reliability of the POSAS subscales is likely to be even
lower as these ICC values were calculated without taking into account the additional categorical
classifications each subscale possesses, for example the pigmentation subscale can be rated into the
categories of “Hypo”, “Hyper” and “Mix” in addition to the 1-10 scale. The requirement of having
three assessors for acceptable reliability makes these subjective scores impractical for most clinical
and research settings. One explanation for the poor reliability of these subjective scores is the lack
of a standardised reference on which to score against. The assessors are thus affected by both recall
bias and are also biased by their own personal experience of previously seen scars when judging the
assessed scar. The POSAS-Patient rated subscales are important to inform clinicians of the patients’
perception of their own scars, but as our analyses have shown, the patient rated subscales do not
have any significant correlations with the matching histologically measured parameters. In general,
the objective direct measures of the scar appear to perform slightly better than the scar/normal skin
ratios with correlated with the subjective scar parameters. This may indicate that although the scar
tissue is meant to be compared to normal skin when providing subjective scores, the assessors’

ratings do not reflect the ability to do this.
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3.6.2 Colour

Anecdotally, scar colour, especially the redness of the scar, has been thought to be a highly
important to patients and can be a useful feature to gauge the maturity of the scar®? 42,

Additionally there is also a large academic interest in restoring normal pigmentation in burn scars**3,

The DSM Il a* and narrow band Erythema had acceptable inter- and intra-rater ICC values of above
0.7 for both single and average measures for scar tissue. The single assessor ICC values for the a*
and Erythema parameters for normal skin however were lower and below the acceptable threshold
with larger % CV (14.0% and 15.3%), but the average ICC values were good (ICC average: 0.813 and
0.841). As the intra-rater ICC values for these parameters are higher and above the acceptable
threshold (ICC [Single, Average]: 0.79 and 0.90; 0.80 and 0.90), this points towards a difference in
the readings between raters, most likely due to different pressures being applied to the measured
site resulting in varying levels of blanching, though a greater difference would be expected to be
seen in scars compared to normal skin. Another explanation could be that the measured normal skin
site had been irritated by multiple measurements (and thus appearing more erythematous,) by the
other tools and insufficient time was allowed for the skin to recover fully despite time being
allocated in the protocol for this. Our results are in contrast with other studies which show that the

erythema ICC values for normal skin are usually similar or higher than that for scar sites?3* 263,

In terms of pigmentation measurement, the DSM Il L*, and narrow band Melanin parameters both
show high inter- and intra-rater ICC values of above 0.90 for both single and average measures
although the b* measure had poor reliability values which is in contrast with the reliability of the b*
value of similar colour measurement systems such as the Labscan XE?®. Our analyses have shown
that this is likely to be due to the fact that the b* parameter is affected by both pigmentation
(“yellowness”) as well as skin circulation (likely venous circulation, “blueness”) as evidenced by the
significant correlations to both histologically measured melanin concentrations and CD31 measured

vessel concentration thus leading to greater variability.
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Compared to the pigmentation measures (other than the b* measure), the objective measurements
for erythema of the DSM |l Colormeter have lower ICC values. This again is likely due to the
erythema parameters being susceptible to the varying amounts of pressure applied onto the area of
measurement which may cause different degrees of blanching in contrast to pigmentation

parameters which are not influenced by pressure.

The Scanoskin camera system parameters for both erythema and pigmentation have been shown to
have greater reliability compared to the DSM Il parameters, although more observations are
required to confirm this. An additional advantage of the Scanoskin system is that it allows the
measurement of the parameters over a much greater area (up to approximately 3500cm?, although
light exposure at peripheries will be lower than centre, ) will be compared to the DSM Il which only
has a measurement area of 4mm. Similar to the DSM |l b* parameter, the pigmentation parameter
of the Scanoskin system may also be influenced by the erythema of the measured area as evidenced
by the significant correlations with the erythema subscales of both the mVSS and POSAS (p=0.023,

0.017).

Although our study showed that there were statistically significant correlations between the
subjective perceptions of skin colour and the objective measurements, only weak correlations were
found. This is not surprising as several factors influence the both the redness and pigmentation of
skin such as skin thickness, blood vessel density and blood flow. A study by Jaspers et al (2017)
showed a similarly moderate but significant correlation between colorimetry measured erythema
values and subjective redness assessment (r=0.401, p=0.03)**. Additionally, in the same study, no
correlation was found between laser Doppler measured blood flow, immunochemistry measured
microvasculature and objective colorimetry measurements. Interestingly, in the ROC AUC analyses,
we found that the DSM Il erythema and pigmentation ratios (scar to normal skin) performed better

than the single measures. This shows that the subjective scores are highly likely to be influenced by
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the colour of the surrounding normal skin as greater differences between the scar colour and normal

skin (and hence higher ratios,) led to higher scar scores.

3.6.3 Thickness
The Dermascan ultrasound system has been shown to have high (ICC>0.90) inter- and intra-rater ICC

(Single an Average) values for both dermal thickness and intensity in scar tissue and normal skin. This

agrees with the findings of previous similar studies*3 263322,

In addition to this, the dermal thickness parameter also had significant correlations with the
subjective height subscale of both the mVSS and POSAS-Observer as well as histologically measure
dermal thickness (p<0.01). This is in agreement with most studies on the Dermascan system?# 243
263 A study by Agabalyan et al*** (2017) however reported a weak correlation between the
Dermascan measured ultrasound and histological measured dermal thickness (Spearman rank
correlation of -0.6242). There are some important methodological differences between this study
and ours. This includes the small number of samples (n=10) compared to our study (n=38), and the

use of the H&E stain which will not allow the authors to differentiate between scar tissue and

uninjured dermis.

As skin thickness is known to vary relative to anatomical site*®, the thickness ratio was initially
predicted to perform better compared to direct measurement of the scar thickness, however our
analyses have shown that the direct scar measurement has a slightly stronger correlation. This may
be due to the fact that when part of the dermis is lost in the case of deep dermal and full thickness
burns, the thickness of the scar tissue that replaces it does not necessarily match nor exceed the
original dermis in thickness (and hence not dependent on anatomical site,) as is the case in atrophic

scars.

A flaw of the Dermascan system however is the inability to adjust the image enhancement (mode)

after the image is taken compared to newer systems such as the DUB Skinscanner system (Taberna
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Pro Medicum, Germany)*®®, which makes the detection of the lower dermal border difficult

particularly in thicker scars when using the same enhancement mode as the thinner scars.

3.6.4 Pliability

For pliability measures, the Cutometer RO parameter had acceptable inter and intra-rater ICC values
for scar tissue but the R2 parameter did not reach the required threshold. Previous studies have

263 3nd also

attributed these errors to the sensitivity of the Cutometer to slight differences in location
lower reliability in firmer hypertrophic scars. This difference in reliability between softer and firmer
scars had been shown to be true for the RO parameter but not the R2 parameter (Table 29). The RO
parameter also correlated significantly with the subjective pliability measures (mVSS pliability,
p<0.01; POSAS-Observer pliability, p<0.01) but the R2 did not. This could be due to the fact that in
the subjective scar assessments, observers typically pinch the scar to test its pliability but do not
take into account the time it takes for the scar to return to its baseline after pinching it. Interestingly,
the Dermascan ultrasound measured dermal thickness and intensity both also correlated
significantly with the subjective scar pliability measures, which could indicate that these ultrasound

parameters can be used to indirectly predict the pliability of the scar with the advantage of higher

reliability compared to the Cutometer.

3.6.5 Global Scar Scale
One of the secondary objectives of this study was to create a preliminary global objective scar scale

that would allow the combination of several different objective scar parameters into a single score.
This has an advantage of providing a more accurate picture of the scar compared to just a single
parameter, and mirrors what the total scores of the mVSS and POSAS, which are combinations of

different parameters, provide.

The use of ROC curves and their associated AUC values allow for the generation of cut-off point
values for the various objective tools that can aid in differentiating hypertrophic scars from normal
scars and skin. Utilising these cut-off values described earlier as well as ROC AUC analyses, it was

found that the combination of six parameters (RO Ratio+ Scar intensity+ RO+ Scar thickness ratio+
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Scar thickness +Scar intensity ratio) gave the highest AUC value (0.786). Interestingly, none of the
colour parameters (erythema and pigmentation) were found to be significant enough to be included

in the global score.

There has been a previous attempt of creating an objective tool based scar assessment system by
Oliveira et al**> (2014). Similar to this study, scars were evaluated using the same subjective scar
scale (modified Vancouver Scar Scale), however there was no mention of how many observers
performed the measurements and whether the same observer(s) was used for all the enrolled
participants. Part of the study involved subjective scar measurements by three observers, however
photos of the scars and photographic scar assessment scales (Seattle and Hamilton Scar Scales) were
used compared to the real-time clinical measurements performed in this study. The objective
measurement devices used in the Oliveira study were also different to the panel selected in our
study: for pliability measurements, they utilised the durometer and pneumatonometer; for colour
measurements, they utilised a dermaspectrometer and a chromameter. Additionally, a laser Doppler
ultrasound flowmeter was utilised to measure the blood flow in the scar. No objective scar thickness
measurement device (such as the high frequency ultrasound system used in this study) was included
in the study but rather skin biopsies were utilised to provide objective scar thickness measurements.
Despite the detailed findings of the Oliveira et al study, objective measurement tools have still not
been widely taken up. Many factors contribute to this, chiefly the cost required to purchase these
objective measurement devices, the time required to utilise them and the lack of expertise in

interpreting the findings.

A weakness of utilising the mVSS as the gold standard is that the mVSS scores have been shown to
have poor reliability, although other studies have also utilised the mVSS for this purpose?®. Other
“gold standards” have been considered apart from the mVSS but these alternatives have their own
issues. The POSAS score is unsuitable as there are no studies which have defined the cut-off score
for the various subscales which indicate a hypertrophic scar. This applies to the histological
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parameters as well in which there is no consensus of the value of dermal thickness or vessel and

melanin concentration that define a hypertrophic scar.

Previous studies have shown time to healing as a strong predictor of hypertrophic scarring®.
However in our study, the only parameters found to have significant correlations with a time of
healing of more than 3 weeks were the Dermascan thickness (AUC 0.708, p=0.034), thickness ratio
(AUC 0.725, p=0.022) and Cutometer RO (AUC 0.282, p=0.027). The time to healing was unsuitable
for several reasons. Wound healing times were retrospectively corrected and were for the whole
burn wound and not specific to the sites measured in the study. Additionally, the ages of the scars
measured in this study were different (and thus were in different stages of remodelling) which has a
significant impact on many of the measured parameters such as colour and scar thickness but the

time to healing does not account for this.

The use of the ROC to dichotomise values and using the Youden’s index to create a strict cut-off
point can cause problems with diagnosis. Whilst it is useful for research analysis to having definitive
values, clinically scars vary tremendously in characteristic. Additionally, a cut-off value that provides
a dichotomous result i.e. normal scar vs hypertrophic scar does not provide an indication of the
severity of the measured characteristic of the hypertrophic scar itself. We have tried to create
differing scores to correspond to the increasing severity of scars but this was not possible due to the
sample size as the study was not designed to recruit adequate number of patients with different scar
severities.

3.7 Conclusion

In summary, we found that the reliability of the subjective scores mVSS and POSAS both fell below
the acceptable threshold. For the objective tools, the following had good to excellent intra and inter-
rater reliability scores: (1)The DSM Il L* and narrow band Melanin measures for pigmentation and

the a* and narrow band Erythema values for erythema, (2) The Dermascan thickness and intensity
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measurements and the (3) Cutometer RO. Therefore, these devices are suitable to be used in both
clinical practice and research. The findings of this study provide a basis for the creation of an
objective scar assessment panel however a further multi-centre validation of this global scar score is

required in a separate cohort of patients.
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SECTION 2- DRESSING FORMULATION
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CHAPTER 4

DECORIN FORMULATION
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4. Decorin Cytotoxicity

4.1 Cytotoxicity of decorin

4.1.1 Background

Previous studies have shown that decorin has anti-proliferative effects against tumour cells*’

andis
able to reduce fibroblast cell proliferation*®®. Furthermore, at high enough doses, decorin has also
been shown to increase apoptosis via the activation of caspase-1, 3 and 8 in various cells including
dermal fibroblasts and tumour cells**°%2, The therapeutic dose of decorin to prevent hypertrophic
scarring has yet to be determined, however a study by Zhang et al (2007) showed that normal and
hypertrophic scar fibroblast proliferation could be inhibited with decorin concentrations of 100 and
200nm (i.e. 3.8 and 7.2ug/mL; the decorin used in the study had a predicted molecular mass of 38
kDa) and TGF-B1 concentration per cell was found to be significantly lower in hypertrophic scar
fibroblasts treated with 10nM of decorin (i.e. 0.38ug/mL, p<0.05) compared with fibroblasts without
decorin addition*®®. Deep dermal fibroblasts however may be resistant to the anti-proliferative and
anti-apoptotic effects of decorin and may thus contribute more significantly, compared to normal

fibroblasts, to hypertrophic scarring®®.

In order to safely utilise decorin in human studies, we require information about its toxicity. This is
especially so in patients with severe burns as potentially a large surface area of de-epithelialized skin
will be exposed to the decorin-loaded dressing leading to increased absorption and raised serum
levels. Toxic levels of decorin on wound surfaces could also be detrimental to the wound healing
process if it reduces keratinocyte and normal fibroblast proliferation or induces apoptosis in these
cells.

4.1.2 Hypotheses
As a naturally occurring proteoglycan, we hypothesised that decorin has no or minimal toxicity.

4.1.3 Aims
The aim of this study was to investigate the concentration of decorin that is cytotoxic to dermal

fibroblasts in in-vitro cell cultures.
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4.2 Materials and Methods

4.2.1 Materials

Material Supplier (including address) Cat/Lot/Batch number
Dulbecco-modified Eagle Sigma-Aldrich RNBD4073
medium (exp 08/2015)
Phosphate buffered saline Oxoid 1293357
(Dulbecco A, Mg2+ and Ca2+ free)
Foetal Bovine Serum Sigma-Aldrich 034M3398
(FBS, heat inactivated) (expiry 03/2019)
Penicillin and Streptomycin Sigma-Aldrich SLBB9308
Decorin (Galacorin) Catalent 200LBRX09018
Human Dermatofibroblasts European Collection of Cell Human dermal fibroblasts
Cultures (106-05a) cell line
Cat no: 06090715
Millex GP filter unit (0.2um), Sigma-Aldrich 2359904
Milipore Express PES
membrane
MTT (3-4,5-Dimethythiazol- Life technologies M-6494
2-yl)-2,5-
diphenyltetrazolium
bromide) assay
Hydrochloride- Lab supply n/a
Isopropranolol
5-fluoro-2-deoxyuridine Sigma-Aldrich FO503
12-well plates (Biolite) Thermo scientific 130185
24-well plates (Biolite) Thermo scientific 930186

4.2.2 Cell culture

Human dermal fibroblasts were sourced from an established cell line and cultured in Dulbecco-

modified Eagle medium (DMEM) with 1% penicillin and streptomycin. The specimens were

maintained in a humidified incubator at 37 C° with a 5% carbon dioxide atmosphere. Medium was

changed every second to third day. Cells at the same early passages (10 to 15) were used for all the

experiments which examined the effect of decorin on proliferation and cyto-toxicity.

4.2.3 Cell proliferation and cytotoxicity assays
Yellow MTT (3-4,5-Dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) is reduced to

purple formazan by metabolically active cells, in the mitochondria of living cells, in part by the action

of dehydrogenase enzymes, to generate reducing equivalents such as NADH and NADPH.

Mitochondrial dehydrogenases of viable cells cleave the tetrazolium ring, yielding purple MTT

formazan crystals which are insoluble in aqueous solutions. The resulting purple formazan can be
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solubilised in acidified isopropanolol (HCl-isopropanolol), and the absorbance of this coloured

solution can be quantified by measuring with a spectrometer at 620nm.

This reduction only takes place when mitochondrial reductase enzymes are active, and thus the
readings can be directly related to the number of viable (living) cells, i.e. an increase in cell numbers
results in an increase in the amount of MTT formazan formed and subsequently an increase in
absorbance. Thus when the amount of purple formazan treated with an agent (e.g. decorin,) is
compared with the amount of formazan produced by untreated control cells, the effectiveness of
the agent in causing cell death can be deduced through the production of a dose response curve.
This method however cannot distinguish between reduced proliferation and cell death as the cause
of reduced cell numbers. Thus, an additional agent that halts cell growth (but does not result in cell
death) is needed. This can be achieved by adding 5-Fluoro-2-deoxyuridine (FDU-to limit fibroblast
proliferation) (Merck Biosciences, Feltham, UK) at a final concentration of 30 pM>% to the Dulbecco-

modified Eagle medium (DMEM) (Invitrogen) that is used to suspend the cells.

4.2.4 Haemocytometer calibration, and determining optimal cell counts and Calibration of the
MTT with haemocytometer readings
The MTT assay provides optical density readings which gives an indication of cell numbers but not

actual cell counts. The assay can however be calibrated with haemocytometer readings to give an

estimate of cell numbers.

A 175ml flask of fibroblasts was trypsinised using 4mls of TrypLE (Life Technologies) to detach the
cells. After 5 minutes, 16 mls of DMEM was added to neutralise the trypsin and to make up the cell
solution to 20 mls. 1ml of this cell solution was taken and put into a bijoux bottle from which a small
sample (approximately 10 pL,) was loaded onto each of the counting chambers of an Improved

Neubauer haemocytometer.
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4.2.5 Haemocytometer calibration
A calibration was firstly done with the haemocytometer to determine the minimum number of grids

that needed to be counted to give an accurate estimate of cell numbers. 1 reading is the count

obtained from one grid on the haemocytometer (Figure 21).

Figure 23: Haemocytometer grid used in the experiment. One reading is the count obtained from
one grid on the haemocytometer.

A series of one to five readings with the haemocytometer (each performed in triplicate) was then
done. The standard deviation of the readings was then plotted against the number of readings.
Where the graph plateaus is the minimum number of grids that was needed to be counted for an

accurate estimate of cell numbers.

4.2.6 MTT assay calibration
The rest of the solution was then centrifuged at 1000 rpm for 3 minutes to obtain a cell pellet and

the excess DMEM was then aspirated. 19mls of DMEM was added to obtain a 1x10° cells/ml solution
(calculated from the previous reading from the haemocytometer using the C;V1=C,V; formula). Serial
dilutions of cells in culture medium of 1x10° to 1x103 cells were then prepared from this solution in a
96-well plate. A control row of DMEM without cells was also included. The cells were then left to

attach overnight in a humidified incubator at 37 °C with a 5% carbon dioxide atmosphere.

The next day, 10uL of MTT reagent (i.e. 10%) was added to all wells including controls and the plate

was returned to incubator for another 4 hours. Once the purple precipitates (Formazan crystals) had
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formed, 100pL of isopropanol acidified with 0.1N hydrochloric acid was added to each well. The
wells were left for another hour and checked under a microscope to ensure all crystals have
dissolved before the absorbance in each well was read at 620nm in a microtiter plate reader

(Glomax Multi Detection system, Promega, Wisconsin, United States of America).

The average values were calculated, and the absorbance reading was plotted against the number of
cells/mL. The number of cells to use in the assay should lie within the linear portion of the plot and
yield an absorbance of 0.75 - 1.25.

4.2.7 Cell proliferation and cytotoxicity assay

5 x 103 fibroblasts were seeded into each well in two sets of 96 well plates and left to attached
overnight. The next day, the spent media was aspirated and replaced with 100 pL of normal DMEM
that was supplemented with concentrations of decorin of 0, 5, 10, 15, 25, 50, 100 pg/mL per well in
one plate. The decorin that was used was sterilised by filtering it with a 0.22 um filter unit (Millex GP
filter unit, Milipore Express PES membrane). This was repeated with the second plate except that the
decorin-containing DMEM was additionally supplemented with 30 uM 5-FDU. MTT assays were then
performed at 12, 24, 48 and 72 hours as described above. Eight replicate wells were used to obtain
all data points. This experiment was then repeated with higher doses of decorin of 100, 200, 300,
400 and 500ug/mL, but the 5-FDU was increased to 50 pM as results from the earlier experiment

showed that the fibroblast still showed some growth in the early phases.
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4.3 Results

4.3.1 Haemocytometer calibration
When the standard deviation of the triplicate readings obtained from the haemocytometer was

plotted against the number of readings, the graph obtained plateaued at 5 readings (Figure 24). It
can be concluded that a minimum of 5 grids will need to be counted to give a reliable average of the

number of cells.
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Figure 24: The standard deviation of readings 1-6 plotted against the number of readings. The lowest
standard deviations were found with 5 and above readings.

4.3.2 MTT assay calibration results
As can be seen from Figure 25a, the graph of the optical density readings plotted against cell number

seeded per well shows a good linearity (R?=0.876) up to 10,000 cells. However, when the graph is
limited to 5,000 cells, the linearity is further improved (R?>=0.917) (Figure 25b). The best linearity was
actually obtained when the graph was limited up to 2500 cells (R2=0.984), but it was felt that this
was too low a density and may affect the results of later experiments thus 5,000 cells per well was

chosen as the preferred seeding density.

The manufacturers of the assay recommend that the linear portion of the graph should yield

absorbance units between 0.75 to 1.25; however, our results are significantly less than this.
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Fibroblasts are much larger and elongated compared to other cells, and thus they reach confluency
at 5000-10,000 cells when viewed under light microscopy and it would be ideal not too have them
growing in multiple layers. Thus, from the graph, 5000 cells per well appeared to be the optimal

seeding density.
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Figure 25 (a & b): MTT assay spectrometer optical density readings (Absorbance units, 620nm)
plotted against the number of cells seeded per well in a 96 well plate. 23(a) MTT assay spectrometer
optical density readings for 10,000 cells. 23(b): MTT assay spectrometer optical density readings for
5000 cells. Data were represented mean +/- standard deviation of mean (SEM; n=8). From these
two graphs, it can be inferred that 5000 cells per well appeared to be the optimal seeding density.

4.3.3 Cell proliferation and cytotoxicity assay
Fibroblasts were cultured in the absence (Oug/mL) of decorin or presence of various concentrations

of decorin (0, 5, 10, 15, 25, 50, 100, 200, 300, 400, and 500 ug/mL) for 12, 24, 48 and 72 hours in
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normal DMEM (Figures 26a and 26b) and DMEM supplemented with 30uM of 5-FDU (Figure 26c) or

50uM of 5-FDU (Figure 26d).

Cell numbers at 0 hours appeared to be below the 5000 cells seeded but rose rapidly to 5000 cells
and above at 12 hours for all groups. This is likely due a combination of an increase in fibroblast cell
numbers (human dermal fibroblast doubling time is 18-24 hours) and also the restoration of cell

metabolism after the cells have had time to recover after the initial seeding process.

No significant difference in the absorbance units could be seen in the decorin only plate amongst the
various concentrations (p=0.275). In the 5-FDU supplemented plates, a difference can be seen
between the wells with no decorin (Opg/mL) and decorin containing wells at 48 and 72 hours
(p<0.05) although there was no significant differences between the different concentrations (100 to

5 to 500ug/mL).

Interestingly, the significant difference in fibroblast cell numbers between untreated (decorin
Oug/mL) and decorin treated groups at 72 hours is only seen in cells which were cultured with 5-

FDU.
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Figure 26 (a-d): MTT assay of human dermatofibroblasts cultured with different concentrations of decorin. Dermatofibroblasts cultured in the absence
(Opg/mL) of decorin or presence of various concentrations of decorin (0, 5, 10, 15, 25, 50, 100, 200, 300, 400, and 500 pg/mL) for 12, 24, 48 and 72 hours in
normal DMEM (4(a) and 4(c)) and DMEM supplemented with 30uM of 5-FDU (4(b)) & and 50 uM of 5-FDU (4(d)). Data were represented as their mean +/-
standard deviation (n=8). No significant difference in the absorbance units could be seen among the different decorin concentrations in the 5-FDU
supplemented and non-supplemented fibroblasts.
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4.4 Discussion

Our present study confirms the results of previous work by Zhang et al*® (2007) that decorin does
not appear to have any significant cytotoxic effects on fibroblasts. Furthermore, we have shown that
this non-toxicity extends up to 500ug/mL, whereas Zhang’s study only tested decorin concentrations
up to 100nM which is equivalent to about 3.8ug/mL. This is important as although fibroblasts
through their excess secretion of collagen can cause problematic scars, they are still a vital
component of the wound healing process and any toxicity to these cells may prolong the wound

healing process and conversely results in poorer scars.

4.5 Conclusions

Our experiments have shown that decorin has a low potential for toxicity. This is important in the
treatment of burns as patients with a high surface area of burns could potentially receive large doses
of decorin through topical absorption of decorin. However, studies that investigate the systemic

toxicity of decorin are required.
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CHAPTER 5

EFFECTS OF HEAT TREATMENT ON THE BIO-
ACTIVITY OF DECORIN
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5. Effects of heat treatment on the bio-activity of decorin

5.1 Background
Information on the thermal stability of decorin is important when manufacturing the carrier dressing

as it may need to be added in to the dressing at higher than room or body temperatures, e.g. gellan
is required to be heated to 90°C to allow it to dissolve in water. Additionally, patients with large area
burns often need to be kept warm in rooms with temperatures up to 40°C, and they can also spike
fevers of 40°C or higher. Thus, it is essential to know that the integrity of decorin is maintained in
these conditions. Although many studies have looked into its effects on cells, to date, few studies

have looked at the thermal stability of the decorin proteoglycan.

There is currently no available commercial kit that will determine the bioactivity of decorin.
Although enzyme-linked immunosorbent assay (ELISA) kits and various spectrophotometry
techniques can allow us to measure the quantity of decorin, these techniques do not provide any

information on the biological activity of decorin that is present.

Decorin however has known effects on different cell types such as proliferation®® 3%

505 506

differentiation>", production of extracellular matrix components such as collagen>"° and expression

of cell markers such as smooth muscle actin®®’. Thus, we can utilise these effects of decorin on cells
as a marker of bio-activity and we thus designed experiments to test the bio-activity of decorin

based its different effects on cells.

Additionally, decorin is known to affect collagen deposition in the extra-cellular matrix. It is thought

B508—511

to exert its effects by binding and neutralizing the effects of transforming growth factor and

interacting with the various components of the extracellular matrix including collagen®*?,

513

fibronectin®®® and thrombospondin®'4. Decorin is known to play a crucial role in the production®®® %,

515 516

fibrillogenesis >*> and phagocytosis>*° of collagen. Experiments were thus designed to demonstrate
the effects of decorin on collagen production by skin fibroblasts (Human dermatofibroblasts).

Collagen in these experiments was quantified using the Pico-sirius red method®'”>*%, This method
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uses the Sirius red dye which binds to the [Gly-x-y] triple-helix structure that is found in collagen

fibres. The advantage of this method is that the stain can be dissolved (with an alkaline solution such

as sodium hydroxide) and the optical density of the resulting solution determined

spectrophotometrically using a microtiter plate assay system®%, This binding of Sirius red dye has

been shown to be proportional to the amount of collagen present and sensitive down to 0.5ug of

collagen®®,

5.2 Hypothesis

As decorin is a protein, it is expected to be sensitive to changes in temperature.

5.3 Aims

To investigate the effects of heat treatment on the structural stability and bio-activity of decorin.

5.4 Materials and Methods
5.4.1 Materials

5.4.1.1 Thermal stability studies

Material

Supplier (including address)

Cat/Lot/Batch number

system
(spectrophotometer)

Phosphate buffered saline Oxoid 1293357
(Dulbecco A, Mg2+ and Ca2+ free)
Decorin (Galacorin) Catalent 200LBRX09018
Glass cuvette (0.5mm, 1cm) Lab supply N/A
Circular Dichroism Jasco UK J-800
Spectrometer
Decorin ELISA kit R&D systems Catalogue: DY143
Lot number: P152005
Wash buffer (0.05% Tween Lab supply N/A
20 in PBS)
Eppendorf Block heater Techne DB-3
(Techne Dri-Block)
Glomax multi-detection Promega N/A

5.4.1.2 Cell proliferation bio-activity studies

Material Supplier (including address) Cat/Lot/Batch number
Dulbecco-modified Eagle Sigma-Aldrich RNBD4073
medium (exp 08/2015)
Phosphate buffered saline Oxoid 1293357
(Dulbecco A, Mg2+ and Ca2+ free)
Foetal Bovine Serum Sigma-Aldrich 034M3398
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(FBS, heat inactivated)

(expiry 03/2019)

Penicillin and Streptomycin Sigma-Aldrich SLBB9308
Human TGF-2 Peprotech Inc #08055345
(Cat. #100-35B)
Decorin (Galacorin) Catalent 200LBRX09018
Human Dermatofibroblasts | European Collection of Cell Human dermal fibroblasts
Cultures (106-05a) cell line
Catalogue no: 06090715
Alamar blue assay Sigma-Aldrich R7017
(Resazurin)
12-well plates (Biolite) Thermo scientific 130185
24-well plates (Biolite) Thermo scientific 930186

5.4.1.3 Immunohistochemistry bio-activity studies

solution

Material Supplier (including address) Lot/Batch number
Dulbecco-modified Eagle Sigma-Aldrich RNBD4073
medium (exp 08/2015)
Phosphate buffered saline Oxoid 1293357
(Dulbecco A, Mg2+ and Ca2+ free)
Foetal Bovine Serum Sigma-Aldrich 034M3398
(FBS, heat inactivated) (expiry 03/2019)
Penicillin and Streptomycin Sigma-Aldrich SLBB9308
Human TGF-B2 Peprotech Inc #08055345
(Cat. #100-35B)
Decorin (Galacorin) Catalent 200LBRX09018
Human Dermatofibroblasts | European Collection of Cell Human dermal fibroblasts
Cultures (106-05a) cell line
Catalogue no: 06090715
8 Chamber Chamber BD Falcon 1001138000
Polystyrene vessel tissue
culture treated glass slides
Formaldehyde 36% w/v TAAB Lot: 90900

Normal Goat Serum (NGS)

Vector Laboratories

Lot: Z0325; Cat S-1000

Triton-X100 solution

Sigma-Aldrich

Lot: 121K0090

Bovine Serum Albumin (BSA)

Sigma-Aldrich

Lot: SLBH9984V; Cat A3294

antibody, Alexa Fluor 594

Vectashield with DAPI (4',6- Vector Laboratories ZA0210
diamidino-2-phenylindole)
Fibronectin Sigma-Aldrich F3648
(produced in Rabbit) Batch: 032M4752V
Concentration: 0.5mg/mL
Goat & Rabbit secondary Sigma-Aldrich SAB4600

Lot: 1420978
Concentration: 2 mg/mL

Axioplan2 Imaging Carl Zeiss Microlmaging N/A
Microscope GmbH

Imaging software: Carl Zeiss Microlmaging Version 4.8.2.0
Axiovision GmbH
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5.4.1.4 Collagen assay studies

Material Supplier (including address) Lot/Batch number
Dulbecco-modified Eagle Sigma-Aldrich RNBD4073
medium (exp 08/2015)
Phosphate buffered saline Oxoid 1293357
(Dulbecco A, Mg2+ and Ca2+ free)
Foetal Bovine Serum Sigma-Aldrich 034M3398
(FBS, heat inactivated) (expiry 03/2019)
Penicillin and Streptomycin Sigma-Aldrich SLBB9308
Human TGF-32 Peprotech Inc #08055345
(Cat. #100-35B)
L-Ascorbic acid 2-phosphate Sigma-Aldrich A8960
sesquimagnesium salt
hydrate
L-Glutamine (200mM) Sigma-Aldrich G7513
Decorin (Galacorin) Catalent 200LBRX09018
Human Dermatofibroblasts | European Collection of Cell Human dermal fibroblasts
Cultures (106-05a) cell line
Cat no: 06090715
Trypan blue solution (0.4%) Sigma-Aldrich RNBC5948
24-well tissue culture plates Falcon 3319737 (Ref 353047)
(flat bottom with low evaporation lid)
Sirius Red (Direct Red 80) Sigma-Aldrich Cat: 365548
Bouin’s solution Sigma-Aldrich HT10132
Picric Acid solution Sigma-Aldrich P6744
Hydrochloric acid solution Lab supply n/a
Sodium Hydroxide solution Lab supply n/a
Glomax multi-detection Promega n/a
system
(spectrophotometer)

5.4.2 Methods

5.4.2.1 Decorin heating protocol
A 0.05mg/mL solution of decorin was firstly prepared by adding 1mL of the 5mg/mL decorin stock

solution to 99mls of Phosphate buffered saline (PBS). 1ml of this solution was then transferred to an
eppendorf and placed in an eppendorf block heater at the 40 °C, 50 °C, 60 °C, and 90 °C for 30
minutes, 1 hour, 2 hours, 6 hours and 12 hours (Samples at 90°C were heated for 30 and 60 minutes
only). The samples were then stored in a fridge at 8 °C until all samples had been prepared and

ready for testing.
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5.4.2.2 ELISA analysis of decorin post-heat treatment
Samples were further diluted from the heated stock samples to a working concentration of 500

pg/mL and decorin concentrations were determined using a human decorin ELISA kit ((Enzyme-
Linked Immunosorbent Assay, R&D systems). All samples were performed in triplicate. The general
ELISA protocol is described below.

5.4.2.2.1 Plate preparation

The capture antibody was diluted to working concentration without carrier protein (2.0ug/mL in
PBS). A 96-well plate was then coated with 100puL of the capture antibody, sealed with paraffin film
and incubated overnight at room temperature. The following day, each well was aspirated and
washed with wash buffer (0.05% Tween 20 in PBS) three times. Plates were then blocked by adding
300uL of reagent diluent to each well and incubated at room temperature for 1 hour. After this,

each well was again aspirated and washed with wash buffer (0.05% Tween 20 in PBS) three times.

5.4.2.2.1 Assay procedure
All reagents and samples were brought to room temperatures before use.

100uL of each standard (Standards used were 2000pg, 1000pg, 500pg, 250pg, 125pg 62.5pg, 31.2pg
and Opg of decorin) and samples were added into the appropriate wells. Wells were then covered
and incubated for 2 hours at room temperature. After this, each well was again aspirated and
washed with wash buffer (0.05% Tween 20 in PBS) three times.

100 pL of the Detection Antibody, diluted in reagent diluent (250 ng/mL), was then added to each
well. The wells were then covered with a new adhesive strip and incubated for 2 hours at room
temperature. After this, each well was again aspirated and washed with wash buffer (0.05% Tween
20 in PBS) three times.

100pL of working dilution of Streptavidin-HRP (Undiluted concentration ranges between 3-5ug/mL;
diluted to 1:200) was then added to each well. The plate is then covered and incubated for 20
minutes at room temperature. After this, each well was again aspirated and washed with wash

buffer (0.05% Tween 20 in PBS) three times.
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100uL of substrate solution was then added to each well, followed by 20 minutes of incubation at
room temperature. 50 pL of stop solution was then added to each well and gently tapped to ensure

thorough mixing. Plates were then read with a spectrophotometer (Glomax multi-detection system).

5.4.2.3 Circular dichroism analysis of heat treatment of Decorin
We have shown through ELISA studies that decorin is rapidly denatured in temperatures above 40°C.

In the in-vitro arm of our studies, we thus sought to look at the effects of heat more closely by
investigating the effects of heat on the secondary and tertiary structure of decorin via circular
dichroism. We also sought to develop a bio-activity assay to determine the efficacy of decorin in
order to evaluate the effect of different conditions such as change in temperature on the biological

activity of the proteoglycan.

5.4.2.3.1 Non-continuous heat treatment
Decorin was prepared in a concentration of 0.6mg/mL in PBS and 500ulL of the decorin solution was

placed in each eppendorf. The eppendorfs were then subject to heat treatment in an eppendorf
block heater at temperatures of 40°C, 60°C, 70°C and 90°C for the time periods of 30 minutes, 1
hour, 2 hours, and 3 hours. The samples, including a PBS baseline sample, were then loaded into a
0.5mm glass cuvette and analysed with a circular dichroism spectropolar-meter (J-810, Jasco) with

the following parameters:

J Wavelengths analysed: 190nm to 300nm
J Data pitch: 0.2nm

o Scanning mode: Continuous

o Scanning speed: 200nm/minute

o Accumulations: 10

5.4.2.3.2 Continuous heating and cooling treatment
Decorin was prepared in a concentration of 0.6mg/mL in PBS and 1mL of the decorin solution was

placed in a 1cm glass cuvette which had a seal to minimise evaporation. The cuvette was then placed
in the circular dichroism spectropolarmeter (J-810, Jasco) with a Peltier controller (Jasco PTC-

4235/15) which is capable of heating and cooling the sample. The following parameters were used:
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J Wavelength monitored: 217nm
. Temperature rate: 0.7°C/minute

. Temperature ranges: 20°C to 30°C, 20°C to 45°C, 20°C to 90°C

5.4.4.4 Effects of heat treated decorin on ECM production

5.4.4.4.1 Cell proliferation bioactivity assays
Rat C6 glioma cells were sourced from an established cell line and cultured in Dulbecco-modified

Eagle medium (DMEM) with 1% penicillin and streptomycin. The specimens were maintained in a

humidified incubator at 37 C° with a 5% carbon dioxide atmosphere.

2 x10° cells were seeded per well in a 24 well plate, with each well topped up with media to a total of
2mls. The cells are then left to attach overnight. The next day, the media was removed and replaced
with 2mls of media supplemented with decorin in concentrations of 0 ug/mL (control), 5ug/mL, 20
pg/mL and 100 pg/mL. The media was exchanged with fresh treatment media every 24 hours for 5

days. Every 3 wells per treatment group was trypsinised and the cells counted.

5.4.4.4.2 Immunohistochemistry bioactivity assays
2.0 x 10* human dermal fibroblasts were seeded per well in 8-chamber wells, with x3 wells for each

treatment group. The wells were then topped up to 100uL per well. 400uL of prepared treatment
solutions were then added to make a total of 500uL of solution per well with the below treatment

groups:

Control (No TGF-B2 & no decorin)
Decorin 100ng/mL

Decorin 500ng/mL

Decorin 1000

TGF-B2 50ng/mL

TGF-B2 50ng/mL + decorin 100ng/mL
TGF-B2 50ng/mL + decorin 500ng/mL

O N o U oA~ W N R

TGF-B2 50ng/mL + decorin 1000ng/mL
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The cells were then left to attach and grow for 3 days before being prepared for immuno-

histochemical staining.

On day 3, the media was removed, and the cells washed with PBS (without calcium and magnesium
and using plastic Pasteur pipettes). The cells were then fixed with a solution of 4% Formaldehyde for
10 minutes. After which they were again washed with wash buffer three times (10 minutes each
time). 150uL of blocking solution was then added and left for 30 minutes at room temperature. The
cells were then washed again three times in wash buffer (5 minutes each time). The primary
antibody for fibronectin was then added (rabbit fibronectin, 1:200 dilution i.e. 2.5ug/mL) to each
well and left to incubate at 4°C overnight or 1 hour at room temperature. After incubation, the
antibody solution was removed, and the cells were again washed with wash buffer three times (5
minutes each time). After this, secondary antibodies (Goat and rabbit Alexa Fluor 594, 1:400
dilution i.e. 5.0 ug/mL) were then added and incubated at room temperature for 1 hour. The cells
were again washed with wash buffer three (5 minutes each time) before the chamber plastic was
removed from the slides before a drop of DAPI Vectashield was applied to each well and a coverslip
attached on the surface. The slides were then imaged with an Axioplan2 Imaging Microscope (Carl

Zeiss) at 180ms exposure.

The images obtained were then analysed with an image analysis software (Imagel). Quantification of
the area staining positively for fibronectin was performed after processing of the images was done

using thresholding techniques to remove background staining.

5.4.4.4.3 Collagen assays
The fibroblasts were sourced from an established cell line and cultured in Dulbecco-modified Eagle

medium (DMEM) with 1% penicillin and streptomycin. The specimens were maintained in a
humidified incubator at 37 C° with a 5% carbon dioxide atmosphere. Cells at the same early passages

(10 to 15) were used for all the experiments.
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1.0 x 10° of HDF cells were seeded per well in a 24-well plate, with x3 wells seeded for each
treatment group. The wells were then topped up with DMEM supplemented with FBS and Pen/Strep
and the cells were allowed attach overnight. The cells were left to grow for 3 days to ensure that

they were confluent before the treatments were started.

On day 3, the spent media was aspirated and 500uL of the following treatment solutions were added

to each well:

First set of experiments:

DMEM without ascorbic acid supplementation

DMEM supplemented with ascorbic acid (50ug/mL)

DMEM supplemented with ascorbic acid (50ug/mL) + TGF-B2 (50ug/mL)

DMEM supplemented with ascorbic acid (50ug/mL) + TGF- B2 (50ug/mL) + decorin 0.1ug/mL

DMEM supplemented with ascorbic acid (50ug/mL) + TGF- B2 (50ug/mL) + decorin 1.0ug/mL

1
2
3
4
5. DMEM supplemented with ascorbic acid (50ug/mL) + TGF- B2 (50ug/mL) + decorin 0.5ug/mL
6
7 DMEM supplemented with ascorbic acid (50ug/mL) + TGF- B2 (50ug/mL) + decorin 10pg/mL
8

. DMEM supplemented with ascorbic acid (50pg/mL) + TGF- B2 (50ug/mL) + 40°C heated
decorin 10pg/mL*
*For the 40°C heated decorin, decorin was prepared at 10pug/mL in DMEM sup, and 2mLs were
placed in an Eppendorf. This Eppendorf was then heated in an Eppendorf block heater to 40°C for 30
minutes and then removed and cooled in iced water. This solution was then used to make up the

treatment solution number 8.

All treatment solutions were prepared fresh on the day of media change except for treatment
solution number 8. Media was changed on days 3, 7, 10, and 14. The Sirius red assay for collagen

was done on days 4, 7, 10, and 14.

Second set of experiments:

1. Control: No TGF-2 and no decorin.
2. TGF- B2 only: TGF-B2 (50ng/mL) only given on days 3, 7 and 10.
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3. TGF- B2 + DCN 40°C: TGF- B2 (50ng/mL) + decorin (10ug/mL, heated to 40°C, stored together
from day 3 onwards)

4, TGF-B2 + DCN 90°C: TGF- B2 (50ng/mL) + decorin (10ug/mL, heated to 90°C, stored together
from day 3 onwards)

5. TGF-B2 + DCN 40°C (fresh): TGF-B2 (50ng/mL) + decorin (10ug/mL, heated to 40°C, made
fresh on day 3, 7, and 10)

6. TGF-B2 + DCN 90°C (fresh): TGF-B2 (50ng/mL) + decorin (10ug/mL, heated to 90°C, made
fresh on day 3, 7, and 10)

7. TGF-B2 till day 7 only then DCN 40°C: TGF-B2 (50ng/mL) on days 3, then stopped and then
decorin (10ug/mL, heated to 40°C) added fresh with each media change on days 7 and 10

8. TGF-B2 till day 7 only then DCN unheated: TGF-B2 (50ng/mL) on days 3, then stopped and

then decorin (10ug/mL, unheated) added fresh with each media change on days 7 and 10

Media was changed on days 3, 7, 10, and 14. The Sirius red assay for collagen was done on days 4, 7,
10, and 14.

Sirius red assay protocol

Sirius Red (Direct 80) — dissolved in saturated aqueous picric acid at a concentration of

100mg/100ml.

Staining of cell layers and quantification of the dye reaction (cultured in 24 well plates):

o DMEM discarded and cells washed with PBS

. 1ml of Bouin’s fixation fluid added and left for 1 hour (Fume Cupboard used)

. Fixation fluid aspirated.

o Cells immersed in distilled water for 15min

. Cultures air dried and Sirius red solution added to cover the well (250uL)

J Plate shook for 1 hour on a plate shaker, and excess dye aspirated and washed with 1mL of

0.01N hydrochloric acid to remove all the non-bound dye (repeat x3 times).

J 500uL of 0.1N sodium hydroxide was then added into each well and placed on a microplate
shaker for 30 minutes at room temperature.

. The dye solution was then transferred to a 96-well plate (100uL per well) and measured at

an optical density (OD) of 550nm against a 0.1N sodium hydroxide blank.
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5.5 Results

5.5.1 ELISA analysis of decorin post-heat treatment
Concentrations of decorin free in solution were determined using an ELISA kit on samples treated at

40, 50, 60, 70 and 90°C for 30 minutes, 1, 2, 6 and 12 hours. Figure 27 shows that decorin remains
stable at 40°C even up to 12 hours and that it was even possible to detect a rise in decorin
concentration when samples were held at this temperature. At temperatures above 50°C, decorin
started to degrade and no decorin survives at 90 °C even at 30 minutes. Decorin levels in samples
heated to 50 °C or higher for more than 30 minutes were all significantly lower than decorin kept at
40 °C (p<0.05). Interestingly, the decorin samples heated at 40°C showed a higher decorin
concentration compared to the decorin sample kept at room temperature. This may possibly be
because the heat treatment caused a change in the configuration of the proteoglycan and exposed
more functional groups which were detected by the antibodies in the ELISA kit. Decorin exists in
dimeric form at room temperature. It is possible that the elevation of temperature caused
dissociation of the monomers, allowing for the measurement of a higher concentration of the
molecule. This data indicated that the decorin has to be added to the gellan mixture only after it
has cooled to 40°C. We followed this experiment with a circular dichroism study to determine the

exact temperature decorin unfolds at and whether this process is reversible.
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Figure 27: Decorin concentration as measured using an ELISA assay during heat treatment. Decorin
was treated at 40 °C, 50 °C, 60 °C, and 90 °C for 30 minutes, 1 hour, 2 hours, 6 hours and 12 hours
and compared with decorin that was left at room temperature. Compared to decorin heated at
temperatures at higher temperatures and even room temperature, decorin heated at 40°C showed
higher concentrations. All samples were performed in triplicate (n=3).

5.5.2 Circular dichroism analysis of heat treatment of decorin
Thermal stability tests with the circular dichroism method have confirmed that decorin starts to lose

its tertiary structure at temperatures above 40 °C. This change in the structure of decorin after heat
treatment was also found to be non-reversible. Decorin heated at 40°C shows 2 nadirs, one at
approximately 210nm and the other at approximately 217nm (Figure 28a). The nadir at approx.
217nm is lost in decorin heated at 60°C at 1 hour, though it is present but reduced at 0.5 hours

(Figure 28b). At 70°C (Figure 28c) and 90°C (Figure 28d), the nadir at 215nm is lost even at 0.5 hours.
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Figure 28 (a-d): Circular dichroism analysis of decorin heated at 40°C (a), 50°C (b), 70°C (c) and 90°C (d)over 0.5, 1, 2 and 3 hours. The nadir at 217nm in

(figure a, black arrow) is present in decorin heated at 40°C but is absent at higher temperatures.
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The results of the continuous heating and cooling treatment of decorin are shown in Figures 29(a) to
29(d). The decorin sample that is heated to 45°C shows CD spectra and absorbance readings that
return to the same value after cooling indicating that no structural change in the decorin has
occurred (Figures 29(a) and (b)). For decorin heated to 70°C and 90°C, a significant increase in the CD
spectra is seen at about 42°C, and the absorbance graphs (29(c) & 29(d)) show that the absorbance
values of decorin after cooling is significantly different to the original values indicating that the

structural changes to the protein are not reversible even after cooling occurs.
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Figure 29 (a-d): Circular dichroism of decorin: (a) Circular dichroism of decorin with continuous monitoring of the 217nm wavelength as it is heated from
20 to 45°C, 70°C and 90°C and then cooled back down to 20°C. A significant increase in the CD spectra is seen at about 42°C (black arrow). Figures (b) to (d)
show the corresponding absorbance of decorin throughout the heating (to 45°C, 70°C and 90°C) and cooling cycles (back to 20°C). The original and final
absorbance values of decorin heated to 45°C remain the same whereas those of decorin heated to 70°C and 90°C differ.
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5.5.3 Proliferation based Bioactivity studies
As previous experiments showed that decorin did not significantly affect the proliferation of HDF

cells, we tested decorin on a different cell ling, i.e. rat glioma C6 cells, as previous experiments done
by other colleagues had shown an effect. However, in our experiments, at concentrations of decorin
from 0 to 200ug/mL, no significant differences in the cell count can be seen even at day 4 and 5

(Figures 30(a) and 30(b)).

In terms of bio-activity, proliferation of cells (both HDFs and C6 glioma) cells were found to be an
unreliable indicator of the bio-activity of decorin i.e. we could not demonstrate any differences in

the cell counts after decorin treatment.
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Figure 30 (a & b): Rat glioma C6 cell proliferation in the presence of decorin at concentrations of
Opg/mL, 5pg/mL, 20pug/mL, 100pg/mL and 200pg/mL. Figure 8(a) Rat glioma C6 cell counts with
decorin treatment groups of 0, 5, 20 and 100ug/mL. Fig 8 (b) Rat glioma C6 cell counts with decorin
treatment groups of 0, 100, 200ug/mL. Error bars shown represent standard deviation. No
significant differences in the cell count can be seen even at day 4 and 5 at all concentrations of
decorin. All samples were performed in triplicate (n=3).
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5.5.4 Immunohistochemistry based bio-activity studies
Fibronectin in fibroblasts was investigated as a possible marker of decorin bio- activity. Immuno-

histochemical staining for fibronectin was performed in human dermatofibroblasts after 3 days of
treatment with a fixed dose of TGF-B2 (50ng/mL) and various concentrations of decorin (1 to

1000ng/mL). Visual examples of fibronectin staining can be seen in Figure 31.

Figure 32 shows the quantification of the surface area staining positively for fibronectin after
immuno-histochemical staining. As can be seen from the graph, there is a significant decrease seen
in fibronectin staining in HDFs treated with 100 and 1000ng/mL of decorin (p<0.05) . HDFs treated
with 1000ng/mL of decorin show levels of fibronectin similar to control. The experiment was then
repeated with both heated and non-heated decorin. As can be seen from Figure 33, only HDF's that
were treated with decorin (1000ng/mL) at 40°C showed a significant decrease in area of fibronectin
staining to the control group (p=0.02). When compared to the TGF-B2 (50ng/mL, with no decorin),
the following groups showed a significant decrease in area staining for fibronectin: HDF’s and DCN
(500ng/mL) only, TGF-B2 + DCN (1000ng/mL) treated at 40°C, TGF-B2 + DCN (1000ng/mL) treated at
50°C and TGF-B2 + DCN (1000ng/mL) treated at 90°C. Although not significant, there is a trend of
increasing area staining for fibronectin when decorin is treated at increasing temperatures (except
for decorin treated at 90°C) which infers that heat treatment with increasingly higher temperatures

reduces the anti-fibronectin effects of decorin.

The results of this experiment (Figure 33) are significantly different from the previous experiment
(Figure 32), and this may be due to a difference in protocol: in the previous experiment (Figure 32),
the slides were incubated with the secondary antibody overnight which resulted in stronger staining
as evidence by the level of thresholding used to analyse the images (Thresholding value of 140
versus 75). Immunohistochemistry experiments which stained for fibronectin showed that it could

possibly be used as a bio-activity assay as decorin at 1000ug/mL reduced the area staining positively
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for fibronectin significantly. Further standardisation of the experiment procedure is required to
increase its reproducibility. However, the current results do support the hypothesis that decorin that

is treated at 40°C appears to have good bioactivity that is even greater than non-heat treated

decorin.
Fibronectin
Control TGF-B2 TGF-B2 TGE-B2 TGF-B2

+ DCN Ong/mL + DCN 10ng/mL +DCN 100ng/mL + DCN 1000ng/mL

Figure 31: Immuno-histochemical staining for fibronectin (red) in human dermatofibroblasts after 3
days of treatment with TGF-B2 (50ng/mL) and various concentrations of decorin: (a) Control,

(b) Ong/mL, (c) 10ng/mL, (d) 100ng/mL, and (e) 1000ng/mL. HDFs treated with TGF-2 and 0 or
10ng/mL of decorin show much brighter and greater surface area of staining for fibronectin whereas
there is a decrease in staining intensity in the HDFs treated with 100 and 1000ng/mL of decorin. The
intensity of fibronectin staining appears to return to the levels of the control group in HDFs treated
with 1000ng/mL of decorin. All samples were performed in triplicate (n=3).
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Figure 32: Quantification of surface area staining positively for fibronectin after immuno-
histochemical staining. Both of the groups treated with TGF and 1000ng/mL of Decorin and control
(asterixed) had fibronectin positive surface areas (%) lower than the group treated with TGF but no
decorin. All samples were performed in triplicate (n=3).
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Figure 33: Quantification of immune-histochemical staining of fibronectin in human dermato-
fibroblasts after treatment with TGF- 32, unheated decorin and heated decorin: the graph shows the
percentage of area of fibroblasts staining positively for fibronectin after 3 days of treatment with
TGF-B2 (50ng/mL) and various concentrations of decorin (100, 500 and 1000ng/mL) and decorin (at
a concentration of 1000ng/mL) and treated at temperatures of 40, 50, 60 and 90°C for 30 minutes.
The treatment groups that showed a statistically significant difference to the TGF only treatment
group are denoted with an asterisk. All samples were performed in triplicate (n=3).

5.5.5 Collagen based bio-activity studies

Figures 34 and 35 show the quantification of collagen via the Sirius red assay in HDF’s treated with
TGF-B2 and various concentrations of decorin (0.1, 0.5, 1, and 10ug/mL and also 10ug/mL heat
treated decorin [40°C]) over 14 days. This experiment showed that ascorbic acid supplementation is
important in increasing the amount to collagen formed by HDF’s as it significantly increases the

amount of collagen produced by HDF cells (p<0.05).
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TGF-B2 (50ng/mL) also significantly increases collagen production when compared to non-TGF-p2
treated control groups (both ascorbic and non-ascorbic acid supplemented). Only decorin at
10ug/mL reduced collagen levels to a significant level compared to the TGF-B2 only treated group.
Decorin at 10ug/mL (non-heat treated) significantly reduces the amount of collagen deposited at day
14(p=0.00) by 12%. Decorin at 10ug/mL which had been heated to 40°C (and co-incubated with TGF-
B2 up to 14 days) appears to significantly reduce the amount of collagen deposited at day 14
(p=0.00) by 44%. This may be due to decorin binding all the TGF in the treatment solution, and the
excess decorin seems to then (from day 7) have a fibrinolytic effect on the collagen as the amount of

collagen reduces from day 7 onwards and becomes significantly less than the control group on day

14 (p=0.02).
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Figure 34: Quantification of collagen via the Sirius red assay in HDF’s treated with TGF-$2 and
various concentrations of decorin (0.1, 0.5, 1, and 10ug/mL and also 10ug/mL heat treated decorin
[40°C]) over 14 days. The biggest difference in final collagen deposition is seen with the decorin at
10ug/mL which had been heated to 40°C (and co-incubated with TGF-B2 up to 14 days). Ascorbic
acid supplementation significantly increases the amount of collagen deposited compared to the
controls without supplementation. All samples were performed in triplicate (n=3).
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Figure 35: Bar chart showing the levels of collagen as ascertained by the Sirius red assay on day 14
of HDF’s treated with TGF-B2 and various concentrations of decorin (0.1, 0.5, 1, and 10ug/mL and
also 10ug/mL heat treated decorin [40°C]). The treatment groups that showed a statistically
significant difference to the TGF only treatment group are denoted with an asterisk. Error bars are
Standard error of mean (SEM). All samples were performed in triplicate (n=3).
The objective of the next experiment (Figures 36 and 37) was to determine firstly if increased
temperature would affect the effect of decorin on collagen deposition and secondly if the

dissolution of deposited collagen seen in the previous experiment was due to the sequestration of

TGF-B2 by decorin (thus in two of the groups, TGF-B supplementation was stopped after day 7).

According to the results of the previous ELISA and CD experiments on the heat stability of decorin,
an increase of temperature from 40 to 90°C should destroy the tertiary structure of decorin and
cause it to denature. Thus, decorin heated at 90°C treated should have theoretically shown less or
no bio-activity. However contrary to the hypothesis, decorin heated at 90°C not only retained but
actually showed a small but statistically significant increased activity in both the groups that decorin

was stored with TGF-B2 (p<0.001) and the freshly prepared groups (p<0.001).
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In the treatment groups where TGF-2 treatment was stopped after day 7 and then only treated the
cells with decorin, no significant differences in both the 40°C and non-heat treated decorin groups

were found when compared to the TGF-f2 only control.

In the collagen experiments, ascorbic acid was found to be important in the deposition of collagen as
it increased the amount of collagen detected with the Sirius red assay significantly (p<0.05). Decorin
at the concentration of 10ug/mL was found to be effective in decreasing the amount of collagen
deposited (p<0.05). Decorin heated at 40°C and 90°C unexpectedly showed increased bio-activity
compared to non-heated decorin. Prolonged storage of decorin together with TGF-f markedly

increased the effect of decorin on the dissolution of deposited collagen.
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Figure 36: Quantification of collagen via the Sirius red assay in HDF’s treated with TGF-$2 and
various preparations of decorin (Heat treated decorin [40°C & 90°C, prolonged storage with TGF-B
and fresh]) over 14 days. Fibroblasts treated with decorin heated at 40°C and 90°C showed
significantly less deposited collagen compared to non-heated decorin. Prolonged storage of decorin
together with TGF-B further enhanced the effect of the heat treated decorin on the dissolution of
deposited collagen. All samples were performed in triplicate (n=3).
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Figure 37: Bar chart showing the levels of collagen as ascertained by the Sirius red assay on day 14
of HDF’s treated with TGF-B2 and various preparations of decorin. The treatment groups that
showed a statistically significant difference to the TGF only treatment group are denoted with an
asterisk. The p-values of each treatment group (compared to TGF only) is shown above each bar. All
treatment groups except for the groups treated with TGF for 7 days and then decorin (heated at
40°C) and non-heated decorin showed significantly lower absorbance compared to the TGF only
group. All samples were performed in triplicate (n=3).

5.6 Discussion

We have shown through circular dichroism testing that decorin will start to unfold and degrade over
temperatures of approximately 42 °C and that this process is irreversible. This agrees with previous

studies that show that decorin undergoes a structural transition at a temperature of 45-46°C>%,

Regarding the reversibility of the heat induced unfolding of decorin, our data agrees with the study
by Krishnan et al®?? (1999) which showed that the process is irreversible. However a study by Scott et
al*?1 (2006) showed that the unfolding of decorin by heating (up to 60°C) was reversible after cooling
the decorin to 25°C in contrast to our data. They theorized that the lack of one or more disulfides in

the decorin used in the study by Krishnan was responsible for the difference in the ability to refold
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as they also showed that disulfide bonding was important for the refolding process. Additionally this
study by Scott et al (2006) also showed that the concentration of protein affects the refolding
process with refolding occurring at slower rates in lower concentrations®2!. Our study differs in
several aspects, including the source of decorin, the length of time decorin (>30 mins in our study
versus <10 minutes in the study by Scott et al) was exposed to the elevated temperatures as well as
the concentrations of decorin (0.6mg/mL in our study versus 1Img/mL in the study by Scott et al).
Additionally the experiments in which the structure of decorin was analysed with CD (Figures 28(a)
to 28(d)), the heated decorin was prepared at least 1 day in advance of the CD experiments which
would have provided more than enough time for the refolding process to occur but yet we did not

detect the reappearance of the peak at 217nm which shows that refolding did not occur.

The low temperature stability of decorin means a low temperature method of introducing decorin to
the gellan dressing will need to be developed. This will need to be considered when developing the
upscaling and production of the gellan dressing as gellan needs to be dissolved in water at 90°C.
However, in our latter bio-activity experiments, we have shown that actually rather than decreased
activity, the heat treated decorin showed increased bio-activity. We theorized that this effect may
be due to the heat treatment of decorin causing either the conversion of decorin from its dimer
state to a monomer state or that the denaturation by heat causes exposure of additional biologically

active sites in the protein.

Decorin has been shown to be a “banana” shaped protein with a curved solenoid form with a -
sheet forming the inner concave face!*. It is this inner B-sheet surface that has been suggested by
Weber et al**” (1996) to bind to a single collagen triple helix. Decorin has be shown to be a stable
dimer in solution in light and x-ray scattering experiments (at concentrations of 1 to 5mg/mL)>%
most likely from interactions between the inner B-sheet surfaces®?. Thus dimerization of decorin
buries a significant portion of the inner surface!®, and may render this binding site mostly

unavailable for binding to collagen but this is debatable*®. Goldoni et al **° (2004) demonstrated,
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through collagen fibrillogenesis assays and quantification by scanning densitometry of the degree of
tyrosyl phosphorylation of the Epidermal Growth Factor Receptor (EGFR) in serum-starved A431
cells (model human cell line (epidermoid carcinoma)), that the dimeric form of decorin showed
reduced biological activity compared to the monomeric form. However it should be noted that
Goldoni also claimed that decorin exists as a monomer in solution and that dimerization is an
artefact of the removal of water or salts, a fact that is contested by Scott et al'*® (1996). The
reported molecular weight of the decorin core protein in Goldoni’s study was 55 kDa whereas we
have been informed by our supplier that our decorin has a molecular weight of about 70kDa which
may mean that our form of decorin may indeed exist as a dimer. Thus we hypothesize that as the
denaturation of decorin via heat treatment disrupts the B-sheet inner surface of decorin, it causes it
to exist in a monomeric form which avails a larger area of the active site to interact with collagen

and TGF-B.

Alternatively, heat treatment may also sufficiently denature decorin as to break it into several
separate chains of amino acids of which several would be able to bind to TGF-B. Scott et al (1986)
showed that the isolated decorin protein core was as effective as the intact proteoglycan in
retarding the precipitation of fibrils from soluble collagen despite heat treatment which led to an
almost complete loss of the secondary structure of decorin®?*. Only reduction of the disulphide
bridges in the core protein reduced the bio-activity of the core protein. Schonherr et al (1998)
demonstrated that different sectional fragments of the decorin core protein were able to bind to
TGF-B albeit with different affinities!®3. This study also hypothesized and presented evidence that
independent binding sites of decorin for TGF-B and collagen existed. This is supported by findings by

Hausser et al (1994) which showed that collagen-bound decorin could still interact with TGF->2°.

We experimented with both freshly prepared solutions of decorin and TGF-f (mixed together on the
day of media change) and also with solutions of decorin that was stored together with TGF-f for a

prolonged period (prepared on day 3 of experiment and same stock used for subsequent media
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change days of experiment). Unexpectedly, the decorin that was stored with TGF- showed a far
greater bio-activity and was able to reduce deposited collagen levels to levels similar to that of non-
TGF-B treated controls. To our knowledge, there is no existing literature that has showed this
phenomenon. It is hypothesized that this could be due to the increased time for decorin to bind the
TGF-B in the treatment solution. To test this theory, two groups in the subsequent experiment were
included in which TGF-B treatment was stopped after day 7, and the cells were thereon only treated
with decorin to simulate the effect of TGF-B being completely bound and neutralized by decorin.
However, these two groups showed no decrease in the amount of collagen deposited. Thus, this
suggests that a decorin & TGF-f complex may be responsible for the collagen dissolution seen in the

experiment.

5.7 Conclusions

In conclusion, further experiments will be needed to refine the bio-activity assays for decorin, and it
has been shown that proliferation bio-activity assays are unlikely to be suitable. However, the
immunohistochemistry staining for fibronectin and the Sirius red assay for collagen have been
shown to be promising techniques. Additionally, studies to understand the effect of heat treatment
on the structure and binding sites of decorin and the interaction between decorin and TGF-B are also

required e.g. small angle x-ray scattering are required.
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CHAPTER 6

GELLAN CONTACT STUDY (GCS)
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6. Gellan Contact Study (GCS)

6.1. Background
Although both animal and human safety data for oral ingestion of gellan is available, to date there is

no published safety evidence for the topical application of gellan to the skin. Before we are able to
proceed with clinical testing of a gellan based dressing, we need to show that the gellan sheet and
fluid gel dressings can be applied to skin with no adverse dermatological reaction. This can be
achieved through a contact study where the dressing is applied onto the skin of healthy volunteers
and any reaction to the dressing will be recorded.

6.2. Aims

The primary objective of our study is therefore to establish the safety of the two different gellan
formulations (sheet and fluid gel) following its application to the epidermis of healthy volunteers
compared to a control dressing; Mepitel One (Polyurethane net with soft Silicone). We also aim to
evaluate the performance of the dressings in terms of user feedback in the areas of comfort, itch,

pain and ease of removal.

6.3. Materials and Methods

6.3.1 Materials
The two formulations tested in this study are 2.0% gellan sheet (2% gellan and water and 2.0% gellan

fluid gel (2% gellan, 0.58% sodium chloride and water).The gellan sheet was rehydrated either with
Hartmann’s solution (Macoflex N, Macopharma, UK) or 0.9% Sodium chloride (Versol, United
Kingdom) for at least 1 minute prior to application. Mepitel One (Mdlnlycke Health Care,
Gothenburg, Sweden) was used as the control dressing. It consists of polyurethane net with soft

silicone on one side only.

The gellan sheets and gellan fluid gel were manufactured by Ms. Maryam Esmaeili (PhD student) and

sterilised with UV light.
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6.3.2 Location
This prospective, assessor blinded, randomised control study was performed in a clinical room within

the Wellcome Trust/NIHR Clinical Research Facility of the Queen Elizabeth Hospital Birmingham, UK.
Approval was granted by the Black Country National Research and Ethics Committee (West

Midlands, UK; Project ID: 189413) prior to the running of the study.

The study was performed in room with standard temperature and humidity regulation. Average
temperature of 24.6 Celsius (range: 20.8 to 26.2 °C) and average humidity of 32.3% (range: 24 to
45%).

6.3.2 Subjects

We aimed to recruit 30 healthy participants of both genders (15 subjects per different formulation)

and aged > 18 years for this study. The inclusion and exclusion criteria are listed in Table 40.

Table 40: Study inclusion and exclusion criteria.

Inclusion Criteria

e Male or female subjects aged > 18 years old

e Subjects who can provide informed consent

Exclusion Criteria

e Subject with existing skin conditions/diseases which may interfere with the aim(s) of the study.
Examples include pathological fibrosis e.g. scleroderma; pathological thinning e.g. epidermolysis
bullosa and collagen disorders e.g. Marfan’s syndrome

e  Chronic steroid use, history of skin malignancy or chronic papulo-squamous disease (e.g. eczema,
pemphigus) and history of Steven Johnson or TENS disease

e Blemishes, marks (e.g. tattoos, scars or burns,) on the test site(s) which may interfere with
assessment on the test site

e Use of medication which may affect skin response

e Known allergy to the materials used in the study

e Known allergy to adhesive plasters or tapes

e  Fitzpatrick skin type VI (due to the difficulty of identifying erythema)

e Irritated skin on the test site

e Known pregnancy (confirmed by urine pregnancy test) or lactating

e Inability to commit to attending all sessions.

e Participation in another study which may affect the results of this contact study.

e Any other reason that clinician considers will interfere with the objectives of the study

181 |Page



6.3.3 Study design
These participants had to complete 2 phases of the study: an open epicutaneous phase (Phase 1)

where the test and control dressings were applied to a 10 x 10 cm area (marked with a surgical
marker pen) on contralateral upper arm sites for 1 hour (+15 minutes). If the participants did not
develop a reaction (erythema/dryness/oedema) above a set precaution threshold, they then
continued to the second closed epicutaneous phase (Phase 2) where the test and control dressings
were again applied to a 10 x10cm area on contralateral inner forearm sites and covered with a
waterproof transparent film dressing (Tegaderm film, 3M Wound Care, USA) and left for 72 hours
(+/- 3hours). The study design conforms to the standards set out by the International Organization

for Standardization (1SO) for biological evaluation of medical devices®%,

6.3.3.1 Measured outcomes
The primary outcome measured is the reaction (presence/absence of Erythema, Dryness or

Oedema) of the skin after application of gellan (sheet/fluid gel) after a minimum of 1 hour (+15
mins) and 72 hours (+/- 3 hours) compared to the baseline. The presence of erythema, dryness and

oedema suggest an inflammatory response to the dressing material.

The scoring scale that was used to quantify the skin reaction to the dressing is shown in Table 41.
This scale is supplemented with a photographic guide that has examples of the different grades of

erythema, dryness and oedema (Appendix B).

Table 41: Scoring scale used to quantify erythema, dryness and oedema of the subject’s skin.

Erythema Dryness (scaling) Oedema

0 = No evidence of erythema 0 = No evidence of scaling 0 = Absence of
oedema

0.5 = Minimal or doubtful | 0.5 = Dry without scaling, appears smooth | 0.5 = Presence of

erythema and taut mild/patchy
oedema

1 = Slight redness, spotty and | 1 = Fine or mild scaling 1 = Presence of

diffuse moderate or severe

2 = Moderate uniform redness | 2 = Moderate scaling oedema

3 = Strong uniform redness 3 = Severe scaling with large flakes

4 = Fiery redness
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The assessments were performed by 2 clinical assessors who were blinded to the allocation of
treatment and control sites. Assessors performed both a baseline score before the dressing is
applied and rescore the site after the dressing is applied for the specified time period. The assessor
performing both the baseline and post-dressing score is always the same. The final score is then
calculated by averaging the score of the 2 assessors.

The precautionary threshold that would disqualify the participant in phase 1 to proceed to phase 2
was set at >0.5 for redness, dryness and oedema. This was implemented to improve the safety of the
study and minimise the risk to participants. The set threshold of failure for the dressings was set at
as score of >1.0 for redness and dryness and a score of 1 for oedema.

Secondary outcomes measured include usability, comfort and feel (itch and pain) which were

collected via a clinician evaluation questionnaire and participant evaluation questionnaire.

6.3.3.2 Randomisation

For this study, participants were randomised to 4 different treatment groups (See Table 42).
Randomisation was performed straight after participant enrolment. An online block randomisation
tool was used to generate the randomisation list (Sealed Envelope Ltd. 2016. Simple randomisation
service. [Online] Available from: https://www.sealedenvelope.com/simple-randomiser/v1/
[Accessed 5 May 2016]). Before recruitment commenced, a randomisation list was created by a
member of the team not involved in the recruitment or treatment of participants. The independent
member then placed the results into chronologically labelled sealed envelopes. The research team
then opened the envelope in chronological order to determine the group the participant is

randomised to.
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Table 42: Treatment groups of the first (open cutaneous test) and second (closed cutaneous test)
phases of the study.

TrEETER: Open cutaneous test Closed cutaneous test
group Left upper arm Right upper arm Left upper forearm | Right upper forearm
A Gellan sheet Mepitel One Gellan sheet Mepitel One
B Mepitel One Gellan sheet Mepitel One Gellan sheet
C Gellan fluid gel Mepitel One Gellan fluid gel Mepitel One
D Mepitel One Gellan fluid gel Mepitel One Gellan fluid gel

6.3.3.3 Statistical analysis
Data was analysed on an intention to treat basis. Statistical tests were performed using Graphpad

statistical software (GraphPad Software, San Diego, United States of America). Differences in groups
were calculated using Fisher’s exact test. The significance level was predetermined to be less than

0.05.

6.4 Results

6.4.1 Demographics
33 participants were recruited (gellan sheet: 18; gellan fluid gel: 15) however 3 participants who

received the gellan sheet did not proceed to the 2nd phase due to scoring skin erythema above the
specified precaution threshold. The average age of participants was 28.7 years (Range: 19 to 57). The

gender distribution for the participants was 16 females and 17 males.

The average Fitzpatrick score of the participants was 3 (range 1 to 5) (Figure 38).
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Figure 38: Distribution of participants according to Fitzpatrick score classification.

6.4.2 Erythema
None of the participants in any of the test (gellan fluid or sheet) or control groups developed an

erythema grade above the milestone threshold, i.e. a grade of >1.0, after Phase 1 (1 hour) and Phase

2 (3 days).

For the gellan fluid formulation, there was no significant difference between the Mepitel One
control group for any erythema more than doubtful erythema (grades >0.5) during phase 1 (0% vs
3.03%, p=1.00) (Table 43). However for phase 2, there was a significant difference in the number of
participants developing mild erythema (Grades 0.51 to 1.0) to the gellan fluid gel compared to the
Mepitel One control group (53.3 vs 6.7%, p= 0.0009) (Table 44). This difference may be due to the

dry residue left by gellan fluid after it dries causing a mild irritative effect to the skin.

Conversely for the gellan sheet formulation, there was a significant difference between the number
of participants who developed a mild erythematic reaction (grades >0 to 1.0) to the gellan sheet
compared to the Mepitel One control group (83.33% vs 33.33%, p=0.001). However, after 3 days
participants who received the gellan sheet had less mild erythemic reactions compared to

participants in the Mepitel One (46.67% vs 53.33%, p=0.7575), and a higher proportion of
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participants in the gellan group had no reactions (i.e. Grade 0; 53.33% vs 46.67, p=0.7575), however

both differences did not reach statistical significance.

We observed that participants who received the gellan sheet rehydrated in Hartmanns solution
developed a stronger erythema reaction compared to when rehydrated with normal saline. Some
participants in the Mepitel One control group also developed a mild erythema after 1 hour as the
sites were cleaned with normal saline before the dressings were applied, but the reaction was milder
compared to the gellan sheet sites. This may be due to the gellan sheet releasing the absorbed
rehydration fluid during the 1-hour time period. This is not seen at 3 days as the dressings possibly

because the gellan sheets become drier after 72 hours.

Table 43: Distribution of erythema grades of participants after 1 hour of dressing application.

Phase 1 (1 hour)
Grades (%)
0 0.25-0.5 | 0.51-1.0 >1.0
Gellan fluid gel 53.33% 46.67% 0.00% 0.00%
Gellan Sheet 16.67% 50.00% 33.33% 0.00%
Mepitel One 66.67% 30.30% 3.03% 0.00%

Table 44: Distribution of erythema grades of participants after 3 days of dressing application.

Phase 2 (3 days)
Grades (%)
0 0.25-0.5 | 0.51-1.0 >1.0
Gellan fluid gel 20.00% 26.67% 53.33% 0.00%
Gellan Sheet 53.33% 40.00% 6.67% 0.00%
Mepitel One 46.67% 46.67% 6.67% 0.00%

6.4.3 Dryness

None of the participants in any of the test (gellan fluid or sheet) or control groups developed a
dryness grade above the milestone threshold, i.e. a grade of >1.0, after Phase 1 (1 hour) and Phase 2

(3 days).

For the gellan fluid gel formulation, there was no significant difference in skin dryness compared to

the control group after 1 hour (Grades >0: 0% vs 3.03%, p=1.00) (Table 45). However there was a
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significant difference in the number of participants who developed mild dryness of the skin after
receiving the fluid gel formulation and (Grades 0.25-1.00) after 3 days (Phase 2) compared to the
control group (66.67% vs 6.67%, p= 0.0001) (Table 46). On further investigation, we found that this
was due to the assessors being unable to differentiate between the white flaky residues left by the

fluid gel after it dries at 3 days from the appearance of dry skin scales.

For the gellan sheet formulation, we found that no differences in skin dryness between the gellan
sheet group and the Mepitel One control group at 1 hour (Grades >0: 0% vs 3.03%, p=1.00) and 3
days (Grades >0: 6.7% vs 6.7%, p=1.00). The difference between the results of the Gellan sheet and
fluid gel again can be explained by the presence of white flaky residues present after the Gellan fluid

dries which does not occur with the gellan sheet.

Table 45: Distribution of dryness grades of participants after 1 hour of dressing application.

Phase 1 (1 hour)
Grades (%)
0 0.25-0.5 | 0.51-1.0 >1.0
Gellan fluid gel 100.00% 0.00% 0.00% 0.00%
Gellan Sheet 100.00% 0.00% 0.00% 0.00%
Mepitel One 96.97% 3.03% 0.00% 0.00%

Table 46: Distribution of dryness grades of participants after 3 days of dressing application.

Phase 2 (3 days)
Grades (%)
0 0.25-0.5 | 0.51-1.0 >1.0
Gellan fluid gel 33.33% 60.00% 6.67% 0.00%
Gellan Sheet 93.33% 6.67% 0.00% 0.00%
Mepitel One 93.33% 6.67% 0.00% 0.00%
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6.4.4 Oedema
None of the participants in any of the test (gellan fluid or sheet) or control groups developed an

oedema grade above the milestone threshold, i.e. a grade of 1.0, after Phase 1 (1 hour) and Phase 2

(3 days).

For the gellan fluid formulation, no participants developed any degree of oedema in phase 1 (1 hour)
(Table 47). However, some participants who received the fluid gel formulation (n=5) developed mild
skin puffiness (Oedema grade0.25-0.50) compared to the control group (33.3% vs 0%, p= 0.0025)
(Table 48) after 72 hours. This was expected as the fluid gel will rehydrate the skin over the 3 days
and give rise to a fuller appearance compared to the Mepitel One dressing. Of these 5 participants,

none of these participants had any signs of an urticarial reaction.

For the gellan sheet formulation, there was no significant difference between the numbers of
participants developing a mild degree of oedema (grades 0.25 to 0.5) compared to the control
group. None of the participants in the gellan sheet group developed oedema in the 1t phase. In the
2" phase, there was no significant difference in the participants who developed mild oedema

(Grades 0.25-0.50) between the gellan sheet and Mepitel One groups (6.67% vs 0.00%, p=0.3333).

Table 47: Distribution of oedema grades of participants after 1 hour of dressing application.

Phase 1 (1 hour)
Grades (%)
0 0.25-0.5 0.51-1.0 1
Gellan fluid gel 100.00% 0.00% 0.00% | 0.00%
Gellan Sheet 100.00% 0.00% 0.00% | 0.00%
Mepitel One 100.00% 0.00% 0.00% | 0.00%

Table 48: Distribution of oedema grades of participants after 3 days of dressing application.

Phase 2 (3 days)
Grades (%)
0 0.25-0.5 | 0.51-1.0 1
Gellan fluid gel | 66.67% 33.33% 0.00% | 0.00%
Gellan Sheet 93.33% 6.67% 0.00% | 0.00%
Mepitel One 100.00% 0.00% 0.00% | 0.00%

188 | Page



6.4.5. Participant feedback
In terms of comfort, the majority of participants found the gellan fluid (86.7% versus 86.7%, p=1.00)

and sheet formulations to be as comfortable as the Mepitel One dressing (100% versus 100%,

p=1.00).

Some participants who received both the test and control dressings developed a mild itch after 3
days but there was no significant difference between the groups. 33.3% of participants receiving the
Fluid gel formulation developed a mild itch after 3 days comparted to 20% of the participants in the
control group (p=0.6817). For the Sheet formulation, 53% developed mild itching compared to 40%
in the control group (p=0.7152). There was no significant difference in the number of participants
developing itch between the Fluid gel and Sheet formulations (p=0.4621). None of the participants
experienced any pain at the skin site as a result of the test or control dressings after 3 days.
Participants felt that dressing removal was as equally comfortable compared to the control dressing
for both the Fluid gel (Fluid vs Mepitel One; comfortable removal in 93.3% vs 93.3%, p=1.00) and

Sheet formulations (Sheet vs Mepitel One; comfortable removal in 93.3% vs 86.7%, p=1.00).

In terms of clinician feedback, both the gellan fluid and sheet formulations had the same levels of
ease of application, removal and handling durability compared to the Mepitel One control dressing.
The gellan sheet dressing however was vulnerable to tears and fragmentation in 53.3% and 25.7% of
cases respectively at 3 days. This is due to the dressing drying out and becoming more brittle at 3
days. This would unlikely be a problem in actual burns patients as burn wounds then to produce
significant amounts of exudate especially in the first 48-72 hours.

6.5 Skin patch test

Two participants (GCS03 and GCS08) who developed erythema reactions over the phase 1 threshold
that prevented them from proceeding to phase 2 of the study were referred to a consultant
dermatologist (Dr. Tang Shim Ngee, University Hospital Coventry) for skin patch tests. The two

participants were patch tested to British standard and acrylate series and also to the following:
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o 2.0% gellan fluid sheet, rehydrated in Hartmann solution
e 2.0% gellan fluid sheet, rehydrated in normal saline (0.9%)
o 2.0% gellan fluid sheet, rehydrated in sterile water

o 2.0% gellan fluid gel

e Mepitel One dressing, rehydrated in Hartmann solution

e Mepitel One dressing, rehydrated in normal saline (0.9%)
e Mepitel One dressing, rehydrated in sterile water

e Tegaderm film dressing

Participants were reviewed after 2 and 4 days after the patches were applied. Additionally, a quick

contact test was also done on day 2 for 15 and 30 minutes with only the dressing materials.

For participant GCS03, no contact allergen was identified on day 2 and 4. On day 2 of the
investigation, the dressing sheets and fluid gel were repeated and observed at 15 and 30 minutes.

No type 1 hypersensitivity reaction was seen.

For participant GCS08, no contact allergen was identified except for an irritant reaction to potassium
dichromate and cobalt on day 2 and 4. On day 2 of the investigation of the investigation, the
dressing sheets and fluid gel was repeated and observed at 15 and 30 minutes. No type 1
hypersensitivity reaction was seen. However, an irritant reaction was seen in 2% gellan dressing
rehydrated with water, Mepitel dressing rehydrated in Hartmann’s solution and Mepitel dressing

rehydrated with sterile water.

The results show that the participants had irritation reactions that were not specific to gellan, rather

than true allergic contact reactions.
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6.6 Discussion

The objective of this study was to address the safety and comfort of two novel gellan dressings,
namely a gellan fluid gel and a gellan sheet formulation and is the first clinical trial to evaluate the

suitability of gellan dressings for the treatment of cutaneous injuries such as burn wounds.

Topical dressings are widely used and although largely deemed safe, their allergic potential should
not be underestimated. Some dressing constituents have been known to cause allergic contact
dermatitis such as regenerated oxidized cellulose®?’, colophonium resins such as Vistanex or
Pentalyn (which are commonly used tackifying agents [adhesives] for hydrocolloid dressings)>26°31,
and other constituents of hydrogel or hydrocolloid based dressings®2°3*, Patients with chronic

534

wounds>** or auto-immune conditions such scleroderma appear to be particularly at risk of

developing dressing related allergic contact dermatitis®% 534,

Skin irritation due to dressings may also be due to mechanical irritation of the skin upon dressing

removal®*>->37 or low conformability of the dressing to skin®38,

Gellan is an extensively studied bacterial polysaccharide®* that is currently widely used in the food
industries since its approval in Japan in 1988°% as a stabilizer, thickening and gelling agent>*. Gellan
has also more recently seen an increasing trend in its use in pharmaceutical products as
disintegrating or binding agent, excipient and thickening and gelling agent!®* 5%, Additionally, it has

%1 and mucosa®®. Gellan has

also been investigated for the topical delivery of drugs on both skin
been shown to be non-toxic through the oral administration route!¥, but there have been few
studies that have investigated its toxicity when applied topically. A study by Lee et al (2010) applied
gellan gum based films (GG40, a film made with gellan cross linked with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) on the wounds of rats. The GG40 film was shown to cause
minor inflammation in the early post-operative period but no fibrosis or stromal reaction in both

long and short-term implantations>*. Additionally the film was found to be compatible to L929

fibroblast cells and platelets, had beneficial effects on wound healing and wound size reduction, and
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also showed low adhesion to the wound surface compared to the control hydrocolloid dressing
(Duoderm, Convatec, Deeside, United Kingdom) thus preventing further trauma to the wound on
dressing removal®®. In a separate study by the same author, a photo-crosslinked gellan gum-
cinnnamate film was applied to denuded peritoneal walls in rats>*. This study showed that the film
showed promising anti-adhesion potential and anti-inflammatory effects with reduced neutrophils in
the peritoneal fluid. This difference in inflammation seen could be due to the wound location (skin
versus peritoneum) or the cross-linking agents used (EDC versus cinnamate). Other bacterial
polysaccharides (e.g. from Bacteroides fragilis) have been shown to have both pro-inflammatory and

anti-inflammatory effects .

In our study, some participants developed a mild erythema skin reaction, which although was seen
in a higher percentage of the gellan treated group, was also seen in the participants who had the
control Mepitel dressings. This is most likely an irritative rather than allergic contact dermatitis
reaction as three of the participants who underwent further skin patch testing showed no
hypersensitivity to any of the agents used in the study. The Hartmanns solution was initially thought
to be more irritative compared to the normal saline solution used in this study although a
guantitative analysis was not performed between Hartmann and saline treated participants. A
search in the literature did not show any reports or studies regarding skin reactions to Hartmanns as
it is commonly used intravenously and not topically. Furthermore, the second participant in the
formal skin patch test developed irritant reactions to the control dressing rehydrated with both
Hartmanns and sterile water which points to the reaction being due to increased moisture rather

than specific to the rehydrating agent.

The assessment technique used to evaluate erythema, dryness and oedema in this study was
subjective in nature, but is in line with the scoring of skin patch tests according to International

Contact Dermatitis Research Group recommendations which also utilises clinical subjective grading
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of erythema (with scores of “?+”, “+”, “++” or “+++”) and the presence of skin infiltration and

vesicles to determine the aetiologic agent(s) of allergic contact dermatitis>*.

Objective assessment tools were not used in the skin contact study as there are no current
guidelines on the interpretation of the results e.g. cut-off values for determining the positivity of a
test. Several studies have attempted to introduce objective methods of skin patch interpretation but
with mixed results. A study by Held et al (1998) investigated the use of the erythema index as
measured with the Dermaspectrometer (Cortex Technology, Hadsund, Denmark) to interpret allergic
patch test reactions but concluded that readings from a Dermaspectrometer did not provide better
information than visual readings®¥’. In the study, erythema indices were significantly higher for
visually rated positive patch tests than for negative tests (p<0.05) however the Dermaspectrometer
could not differentiate between the grades of positive reactions i.e. between the categories of “?+”,

ll+”’ ll++ll or ll+++”.

Another study by Gawkrodger et al (1991) investigated the use of laser-Doppler flowmetry to

quantify allergic and irritant patch test reactions®®

. Although both irritant and allergic responses
produced statistically significant increases in laser-Doppler flow index, there was a low correlation

between the laser-Doppler flow index and conventional clinical subjective scoring and the index

could not differentiate between allergic and irritant patch test reactions.

Several modifications however have been used in this study to reduce the variability in assessments
including the use of two assessors, and a photographic guide. Objective quantitative methods may
be considered in future studies such as the use of colorimeters (such as the DSM |l Colormeter) or
camera systems (Scanoskin) previously described in Chapter 2 and 3 however the accuracy of these
systems and cut-off values to guide interpretation of results will have to be further investigated

before use.
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6.7 Conclusion

Both the gellan fluid and sheet formulations were found to be safe for use on intact skin as none of
the participants developed any severe dermatological reactions in terms of erythema, dryness of
oedema. This was confirmed with further testing via skin patch tests performed by a consultant

dermatologist which showed either no reaction or non-dressing specific skin irritation.

The rehydrated gellan sheet however may cause a mild irritative effect (most likely attributable to
the rehydration fluid used) in some participants acutely (1 hour) but this effect is not seen after 3
days. Similarly, the gellan fluid gel may also cause a mild erythematous reaction after it dries after 3

days.
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CHAPTER 7

OVERALL DISCUSSION AND CONCLUSIONS
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7. Overall Discussion and Conclusions

7.1 Main findings and future work

This thesis has described selected several investigations which help inform different stages of the
anti-scarring dressing development process. In addition to this, suitable and reliable scar
measurement tools are identified and validated to be used in the assessment of the anti-scarring

effects of the dressing when used in clinical trials.

In order to show that the anti-scarring dressing is effective in preventing or reducing pathological
scar formation, objective and reliable scar measurement tools are required. In Chapter 2, a
systematic review was performed and allowed the identification of a panel of suitable objective scar
that allow the measurement of the colour, pliability and thickness of a burn scar. As these tools were
originally developed for the cosmetic industry, they required testing in pathological burn scars as
well as validation with the traditionally used subjective scar scales as well as histology. Chapter 3
thus addresses this and it was found that the high frequency ultrasound system, DSM |l Colormeter
and Cutometer pliability probe all had acceptable reliability and good correlations with both
subjective and histological parameters of burn scars. Further analysis allowed the creation of a
“Global objective scar score” that incorporated the ultrasound measured dermal thickness and
intensity measures as well as the Cutometer maximum extension measurements (direct and ratio
with normal skin). Further work is required to validate this global scar score in a larger cohort of
patients. A significant factor of reduced reliability in scar measurements is the relocation of the site
of measurement, and future work needs to be done in this area with temporary tattoos being a

promising solution.

Chapter 4 investigated the cytotoxicity of decorin in in-vitro fibroblast cell cultures using cell

proliferation based cytotoxicity assays. As decorin is a ubiquitous vertebrate extra-cellular matrix
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>4 it was hypothesised to have no or very low cytotoxicity. The experiments confirmed the

protein
hypothesis with no cytotoxicity seen even at high concentrations of decorin. Further experiments on
keratinocytes, especially non-immortalised cells from patients need to be carried out in order to

ensure that the topically applied decorin will not impede the wound healing process as well as tests

on systemic toxicity in animal models.

Chapter 5 investigated the effects of heat treatment on the bio-activity of decorin. The process of
manufacturing the gellan based dressing requires a heating process which exposes the decorin to
high temperatures. Additionally, burn patients are routinely nursed at higher room temperatures as
they are prone and intolerant to hypothermia. Both of these factors may potentially change
denature and alter the bio-activity of decorin. Circular dichroism studies show that decorin
undergoes a non-reversible change in protein configuration at 42°C and exposure to temperatures
above 50°C will start reducing the concentration of bio-active decorin after 30 minutes. This will
have implications on the sterilisation methods that can be used for the dressing as techniques which
utilise or cause high temperatures (e.g. autoclaving, irradiation) will not be suitable. Heating decorin
to 40°C however appears to increase the availability of the binding sites on decorin as evidenced by
the increased concentration of decorin seen on ELISA, most likely by decoupling of decorin dimers.
Future work should also include the designing of decorin proteins that naturally exist in monomer

form without the need for heat treatment to enhance its bio-activity.

Successful pre-clinical safety testing of the decorin gellan dressing has been conducted in guinea pig
animal models by our group and large animal burn models (pig model) are currently being run in the
University of Manchester to provide data on the effects of the dressing on wound healing and

subsequent scarring.
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Chapter 6 describes the first clinical study on humans of the gellan only dressing. Clinical trials can be
divided into four different phases and the first phase investigates the safety of the dressing. The
gellan contact study aimed to investigate the epidermal response of intact skin on gellan in healthy
volunteers. It showed that the dressing did not cause any significant skin reaction in terms of
erythema, dryness or oedema although in some individuals, mild skin irritation can be expected
though this is not specific to gellan itself. The next phase would be the testing of the decorin gellan
dressing in actual burn patient wounds with the initial primary endpoint being safety tests and

eventually wound healing and scarring.

If the clinical trials in burn patients are successful, the dressing could then be modified for
application in other surgical fields such as intraabdominal, gynaecological and neurological surgery
where an anti-fibrosis layer could be instrumental in preventing adhesions and reduce

complications.
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Abstract

Background: Problematic scarring remains a challenging aspect to address in the treatment of bumns and can significantly
affect the quality of life of the burn survivor. At present, there are few treatments available in the clinic to control adverse
scarring, but experimental pharmacological anti-scarring strategies are now beginning to emerge. Their comparative success
must be based on cbjective measurements of scarring, yet currently the clinical assessment of scars is not carried out
systematically and is mostly based on subjective review of patients. However, several techniques and devices are being
introduced that allow objective analysis of the burn scar. The aim of this article is to evaluate various objective measurement
tools currently available and recommend a useful panel that is suitable for use in clinical trials of anti-scarring therapies.
Methods: A systematic literature search was done using the Web of Science, PubMed and Cochrane databases. The
identified devices were then classified and grouped according to the parameters they measured.

The tools were then compared and assessed in terms of inter- and intra-rater reproducibility, ease of use and cost.

Results: After duplicates were removed, 5062 articles were obtained in the search. After further screening, 157 articles which
utilised objective burn scar measurement systems or tools were obtained. The scar measurement devices can be broadly
classified into those measuring colour, metric variables, texture, biomechanical properties and pathophysiological disturbances.

Conclusions: Objective scar measurement tools allow the accurate and reproducible evaluation of scars, which is
important for both clinical and scientific use. However, studies to evaluate their relative performance and merits of
these tools are scarce, and there remain factors, such as itch and pain, which cannot be measured objectively. On
reviewing the available evidence, a panel of devices for objective scar measurement is recommended consisting of the
3D cameras (Eykona/Lifeviz/Vectra H1) for surface area and volume, DSM Il colorimeter for colour, Dermascan high-frequency
ultrasound for scar thickness and Cutometer for skin elasticity and pliability.

Keywords: Scar measurement, Burn, Objective measurement, 3D camera, Laser imaging, High-frequency ultrasound image,
Colorimeter, Cutormeter

Background ead

large burns, Non-fatal burns however is a leading cause of

Burn injury is one of the most common type of traumatic in-
juries in the world with an estimated incidence of 1.1 per
100,000 population [1] and remains one of the leading causes
of deaths, accounting for 5.2 % of 5.1 million deaths due to
injuries and violence in 2012 [2]. In the last few decades,
major advances in burn care have greatly improved survival
rates [3] and an increased number of patients are surviving
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morbidity, as many of these patients develop hypertrophic
scars that may lead to significant disfigurement and disability
(e.g. contractures).

In order to assess and track the evolution of scars over
time, subjective rating scales have been introduced into
clinical practice. These scales in general are free or low cost
and require minimal training to utilise. Several such scar
scales have been developed and are used widely, including
the commonly used Vancouver Scar Scale (VSS) and the
Patient and Observer Scar Assessment Scale (POSAS) [4].
However, these scar scales are considered to be subjective
and the resulting scores can vary between different asses-
sors (inter-assessor variation) [5], different scar severities
[6] and age of the scar [7], and some studies have suggested

@ 2016 Lee et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (httpy//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commeons Public Domain Dedication waiver
(httpy//creativecornmens.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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that more than one rater (sometimes as many as five), and
utilising the average, is required in order to produce reliable
ratings [7, 8]. The POSAS attempts to improve the method
of rating scars by including the patients’ perspective; how-
ever, patients’ perception and subjective evaluation of their
scars have been shown to be influenced by depressive
symptoms [9]. The physical characteristics of scars further
add to the complexity of rating as changes in both the vas-
cularity and pigmentation can occur simultanecusly, and
scars are also rarely homogenous in both colour and tex-
ture, which makes estimation of mean values difficult and
inaccurate for a human observer.

Standardised, quantifiable, reliable (reproducible)
and valid assessment tools that provide a more ob-
jective evaluation of scars are essential for monitoring
the changes in scar quality over time and also to de-
termine the effectiveness of scar treatments.

The various objective measures that relate to scar se-
verity can be divided into the following categories:

o Colour: erythema and pigmentation contribute
significantly to the appearance of a scar.

e Dimensions: it includes planimetry (surface area),
thickness and volume.

e Texture: surface texture or scar roughness has a
significant effect on the patient’s and observer’s
opinion of the scar.

o Biomechanical properties: it includes pliability and
elasticity. Stiffness and hardening of scars are due to
increased collagen synthesis and lack of elastin in
the dermal layer and can lead to impairment of skin
function, especially when the scar is located around
joints.

o Pathophysiological disturbances: it includes
transcutaneous oxygen tension and transepidermal
water loss and moisture content.

o Tissue microstructure: new non-invasive in vivo
imaging techniques analyse the morphological tissue
architecture of the scar, providing measurements
previously only possible by histopathological analysis
of biopsy samples.

o Pain/sensation: pain is a commonly measured
parameter in many subjective scales however
objective methods to measure it are yet to be
available. However the measurement of altered
sensation may be useful.

In this article, we describe and compare the underlying
principles and performance of various currently available
objective measurement devices in order to inform clini-
cians and researchers about their clinical utility for scar
assessment. In addition, we discuss innovative technolo-
gies that may be applicable to burn scar assessment in
the near future.
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Methods

Criteria for considering articles for inclusion

Published articles that describe non-invasive burn scar
measurements were included in this systematic review.
Studies that used scar scales which utilise subjective scoring
systems were excluded, as studies that made histopatho-
logical evaluations of scars via biopsies had no potential to
be used in vivo (i.e. requiring the use of ex vivo processing
and staining). We chose to include studies comparing the
outcomes of wound or scar treatments as well as animal
studies and in some cases non-burn scars if appropriate, as
excluding these studies may prevent us from identifying
new or emerging technologies.

Search methods

A computerised literature search (until October 2015)
was performed using the web-based Web of Science
(http://wok.mimas.ac.uk/; years 1900-2015) and PubMed
services (www.ncbi.nlm.nih.gov/pubmed/; years 1950-
2015) and utilising the Web of Science Core collection
and Medline databases. No language limit was set.

The following search strategies were used:

1) (Skin OR derma® OR dermis OR epidermis OR
epiderma®) AND (scar OR cicatrix OR fibrosis)
AND (objective OR quantitative) AND (burn OR
burn$ OR hypertrophic).

2) (Skin OR derma* OR dermis OR epidermis OR
epiderma®) AND (scar OR cicatrix OR fibrosis)
AND (evaluation OR assessment) AND scale

3) ((burn$ or burn) and hypertrophy)

4) ((burn$ or burn) and (scar or cicatrix))

5) ((scar or cicatrix or fibrosis) and hypertrophy)

6) ((Objective assess™ or objective evaluat® or
objective measure” or assess$ instrument or
assess$ tool or device or measurement system
or objective) adj3 assess$)

7) (objective evaluat® or objective measur® or assess$
instrument or assess$ tool or (device or scale or
measurement system))

8) NOT (uterus or cardio® or neoplasm or cancer or
metastas$ or malignancy)

Web of Science core collection results were further re-
fined by the following terms: surgery or dermatology or
critical care medicine or emergency medicine or medicine
research experimental or computer science interdisciplinary
applications or computer science artificial intelligence or
imaging science photographic technology or rehabilitation
or medical laboratory technology or engineering biomedical
or medicine legal or medical informatics or biophysics or
anatomy morphology.
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This search produced 5062 articles after duplicates
(n=2334) were removed. After filtering by review of
titles and abstracts, 151 suitable articles were chosen.

A separate search was also conducted using the PubMed
database (www.ncbi.nlm.nih.gov/pubmed) using the follow-
ing keywords/terms (including MeSH [Medical Subject
Headings] terms): skin AND (scar OR cicatrix OR fibrosis)
AND (evaluation OR assessment OR assess OR measure
OR measurement) AND (objective OR quantitative) AND
(burn OR burns OR hypertrophic). A further broader
search was conducted using the following keywords and
MeSH terms: skin AND (scar OR cicatrix OR fibrosis)
AND (evaluation OR assessment) AND scale. No language
limit was set. This search retrieved 613 articles, and after
filtering by review of titles and abstracts and removal of du-
plicates, a further 27 articles were included. The reference
lists of the selected articles were also searched for suitable
studies, and an additional 12 articles were included.

A search of the Cochrane database retrieved no suit-
able articles.

A grey literature search was performed using the Bielefeld
Academic Search Engine (BASE) database with the term
“objective measurement of scarring”. This search included
books, reports, papers, lectures, theses, reviews, and pri-
mary data document types and excluded article, journals,
audio, videos, images, maps, software and sheet music
document types. This search produced 180 hits (after 50
duplicates removed), and after review, 6 articles were
deemed suitable for inclusion into the review.

Full text articles were obtained for the articles where
possible, and a further 28 records were removed after
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evaluating the full text. Articles which were only avail-
able in abstract form and had no extractable data were
also excluded.

Thus, the total number of articles selected for review
was 157. This includes 9 review articles.

The selection process for the eligible articles is out-
lined in Fig. 1 below.

Quality assessment

The validity and reproducibility of the devices were evalu-
ated when statistical data were available especially in terms
of reproducibility of the assessments. Where available, the
additional value of the device compared with subjective scar
scales and/or other tools is discussed.

In terms of interpreting the intra-class correlation coef-
ficients (ICC), some guidelines have been provided by
Landis and Koch [10] for Kappa coefficients (which are
also reasonable for the ICC) suggesting that:

o Kappa of <0.00 indicates “poor” agreement

e Kappas from 0.00 to 0.20 indicate “slight” agreement

o Kappas from 0.21 to 0.40 indicate “fair” agreement

e Kappas from 0.41 to 0.60 indicate “moderate”
agreement

e Kappas from 0.61 to 0.80 indicate "substantial”
agreement

e Kappas from 0.81 to 1.00 indicate “almost prefect”
agreement

However, it should be noted that these guidelines are
subjective.

Records screened
(n=167)

Records identified through database searching:

E Search 1 Search 2
€ | | web of Science (Core collections & Medline)  Pubmed Medline
E Pubmed Mediine

(n=6783) (n=513)

Records after duplicates removed
(n=5062) 9 Records excluded:

4 o ot about objective
; ! measurement of scars

| ((n=4904)

)

Additional records
identified through other
sources including grey

Records excluded:
* Not about objective

measurement of scars

* Non-quantitative methods
*+ No useful information
extractable

-

* Non-objective histological
scales
(n=28)

g literature
3 (n=18)
x
L Full text articles assessed for eligibility
— (n=185)
3 J
3
2 Studies included
inthe review
(n=157)

Fig. 1 Preferred Reporting Iterns for Systematic Reviews and Meta-Analyses flowchart
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Feasibility of devices was assessed via the commercial
availability, portability and cost of the devices.

An economical assessment of the devices based on
the literature was not possible due to the lack of such
data in the articles; however, several of the companies
with commercially available devices were contacted to
provide quotes, and although it was not possible to
publish the exact prices due to confidentiality issues,
the devices are categorised into price ranges (<£5000,
£5000-10,000, >£10,000, >£30,000).

Results

Articles, reviews and editorials that described objective burn
scar assessments were retained. These were then classified
into six categories based on the assessed variables: (1)
colour, (2) scar dimensions (e.g. thickness or height, surface
area), (3) texture, (4) biomechanical properties (e.g. elasti-
city, pliability), (5) physiclogical disturbances (e.g. hydration)
and (6) non-invasive morphological imaging techniques.

Colour

Colour is a major factor that affects the aesthetics of a scar
and is mainly composed of two components: melanin (the
brown pigment made by activated cutaneous melanocytes)
and erythema (the redness that is caused by haemoglobin
in the dilated/congested remodelled cutaneous vasculature).
Other pigments that localise in scars, such as bile and caro-
tene, may also contribute to the overall appearance of the
scar. Colour measurements can be used to gauge the effect-
iveness of anti-scarring treatments since they reflect abnor-
mal skin architecture/composition [11]. Measurement of
the scar colour can be complicated by several factors, such
as skin layer thickness, reflection from the skin surface and
environmental factors including light and temperature. The
measurement of erythema is further influenced by patient-
related factors such as activity and positioning of affected
areas as such movements may affect the blood circulation
and hence the erythema of the skin.

Although visual assessment of colour has been incor-
porated into various scar scales, it is a subjective evalu-
ation method that provides relative rating systems. Even
in normal circumstances, the human brain cannot accur-
ately quantify colour or its intensity. A famous recent
example of this is the “blue and black dress” which
shows that human colour discrimination may be affected
by the illuminant colours, level of ambient illumination
and the background colours of a visual display terminal
[12, 13]. Neuropsychiatric conditions have also been
shown to affect colour discrimination [14]. In scars,
changes in vascularity and pigmentation occur simultan-
eously and overlap each other which make colour observa-
tion and reporting even more difficult for a human
observer, e.g. it is difficult to assess the pigmentation of a
scar in a highly vascularised scar as the erythema would
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obscure the increase or lack of pigment. Additionally, as
scars often have an uneven colour distribution, human ob-
servers cannot easily or accurately provide a mean value
for a certain area.

More recently, several objective and reproducible
methods of colour evaluation have been developed and
they can be broadly classified as follows:

o Reflectance spectroscopy: tristimulus reflectance
colorimetry and narrow-band spectrophotometry

o Laser imaging: it measures the microcirculation in
the scar which influences the erythema of the scar.

o Computerised analysis of digital photographs: it can
include two-dimensional (2D) and three-
dimensional (3D) images which are then digitally
analysed to quantify colour values.

Reflectance spectroscopy

Reflectance spectroscopy is a well-established technique of
more than 50 years [7] and currently one of the most com-
monly used methods for measuring colour. Techniques
that utilise reflectance spectroscopy quantitatively measure
the colour and intensity of reflected light. For example in
Fig. 2, when light consisting of red, blue and green is shone
upon a surface, if the material absorbs red and green light,
then only the blue light is reflected which will make us per-
ceive the material as blue. A biological example is the de-
tection of the oxygenation of haemoglobin. When
haemoglobin is illuminated with white light, oxygenated
haemoglobin will absorb a higher proportion of blue light
and reflect back red light whereas de-oxygenated haemo-
globin absorbs more red light and thus appears bluer. In
reality, the process is more complicated as the light that is
shone (termed incident light) onto biological tissues can be
reflected in many different trajectories, and this scattering
also influences our perception of the colour of an object.

\/

e N L

Fig. 2 Graphical illustration of the concept of reflectance
spectroscopy. (Seurce: http//commons.wikimedia.org/wiki/
File:Simple_reflectance.svg)
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Tristimulus reflectance colorimetry and narrow-band
simple reflectance (or spectrophotometry) are both based
on the principle of reflectance spectroscopy.

Tristimulus reflectance colorimetry [15] describes colour
by three values: L* (clarity, lightness or brightness); a*, the
amount of red or green (erythema); and b*, the amount of
yellow or blue (pigmentation) (see Fig. 3). For example, a
white coloured object would have a higher L* value com-
pared to a darker coloured object and a scar that it is red-
der than normal skin would give a higher a* value than
normal skin. Additionally, another approach to quantify
colour is by using the saturation or chroma of colour (Cx*)
which is a vector magnitude in the chromatic plane calcu-
lated from a* and b* values [16, 17].

There are currently several spectrocolorimeter devices
that utilise the principle of tristimulus reflectance colorim-
etry, including the Minolta Chromameter [15, 18, 19] (Min-
olta Camera Co. Osaka, Japan), the Labscan XE [17]
(Hunter Associates Laboratory, Inc., Reston, VA), DSM 1L
Colormeter [20], NF-333 [21] (Nippon Denshoku Co. Ltd,
Japan), Micro Color (Dr. Bruno Lange GmBH, Dusseldorf,
Germany) [22], X-Rite SP64 Spectrophotometer (X-rite Inc,
Michigan, USA) [23] and the Visi-Chroma VC-100 (Bio-
photonics, Belgium) [22, 24]. Camera systems such as the
Eykona 3D camera can also be calibrated to report colour
values using the L*a*b* system [25]. However, a drawback
of the Eykona 3D camera is that although its cost is low, it
currently requires consumables in the form of one-use tar-
gets (about £70 for 25 targets) that have to be placed next
to the area of interest when taking an image, although there
are plans to introduce reusable targets in the coming
months according to the company.

A study by Li-Tsang et al. [17] showed that the intra-
and inter-rater reliability for the Labscan XE device for

Black
L=0

Fig. 3 Graphical representation of the L*a*b* colour measurement
system. (Source: Kwang Chear Lee)
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hypertrophic scars was satisfactory, with an intra-class
correlation coefficient (ICC) ranging from 0.95 to 0.99
for intra-rater reliability, and 0.50 to 0.99 for inter-rater
reliability in all the three colour parameters (L*, a* and b*).
A strong positive correlation was also found between VSS
scores and the readings obtained from the Labscan XE de-
vice. The device that was utilised in the literature was not
portable; however, newer portable versions are currently
available. A study by Draaijers et al. showed that the overall
evaluations of scar colour with both the Dermaspectrom-
eter and the Minolta Chromameter are more reliable than
the visual evaluation and scoring of scar colour carried out
by observers using a 10-step score, whereby a score of 1 re-
flects normal skin and a score of 10 reflects the worst scar
imaginable [15]. However, devices that rely solely on tri-
stimulus colorimetery have been shown to have poor cor-
relation scores with patient scar scales when measuring
pigmented or hypo-pigmented scars due to the scar scales
scoring hyper- and hypo-pigmented scars higher as devia-
tions from normal skin.

Narrow-band spectrophotometry [15] devices on the
other hand measures the vascularisation and pigmenta-
tion of the scar based on differences in red and green
light absorption by haemoglobin and melanin, respect-
ively. The Dermatospectrometer (or the newer version,
DSM II Colormeter) [20, 26, 27] (Cortex Technology,
Hadsund, Denmark) and Mexameter [20, 28] (Courage +
Khazaka, Germany) are examples of a device that uses
this principle. In comparison with the Minolta Chroma-
meter and Labscan XE, the Dermaspectrometer is a
smaller and hence a more portable device and the use of
the erythema and melanin indexes is less complicated to
understand and analyse compared to the L*, a* and b* of
the Minolta Chromameter. It has also been shown to
have a slightly better correlation with clinical scores
when compared with the Chromameter [29]. Unfortu-
nately, the Dermatospectrometer has been withdrawn
from the market but it has been replaced with a newer
model, the DSM I Colormeter. The DSM 11 Colormeter
[20] (Cortex Technology, Denmark) is a small, fully
hand-held device that utilises both tristimulus colorim-
etry and narrow-band spectrophotometry technology
and produces reliable readings [20]. It has an improved
utility, in terms of cost and assessment time as it utilises
one instrument instead of two to obtain both tristimulus
colorimetry readings as well as narrow-band spectroscopy
readings. The Mexameter also has good intra-observer
and inter-observer reliability in scar assessments [20].

Caution however must be used when using erythema
to grade the severity of scars. This is because scars can
often be very vascular initially but this does not mean
that they will become hypertrophic, e.g. in the study by
Nedelec et al. [30], the Mexameter was unable to differ-
entiate hypertrophic scars from normal scars as donor
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sites were very erythematous, but we know that donor
sites rarely progress to become hypertrophic scars.

A common disadvantage of all of the aforementioned de-
vices is that they employ a small measuring area, e.g. the
measuring area for the Minolta Chromameter is only
3 mm [18] and the other devices range from 5 to 8 mm
[7]. Therefore, multiple measurements, especially in larger
scars, need to be performed to provide accurate scores, but
these increase the risk of observational bias. Additionally,
these devices also require contact with the skin which can
change the colour if too much pressure is applied. Environ-
mental lighting may also affect the readings obtained,
although many of the companies of these devices (e.g.
DSM 11 Colormeter) claim that the flash that is utilised by
these devices is strong enough to overcome and compen-
sate for any differences in colour caused by indoor lighting,

Large area spectrophotometry
Some investigators have attempted to overcome the prob-
lem of small measurement areas by utilising camera sys-
tems to allow the imaging of larger areas. Cheon et al.
utilised digital photographs taken with a digital camera
(Nikon D70s, Tokyo, Japan) under the same light source
and obtained L*a*b* values for the regions of interest
(whole scar lesions when possible) using Adobe Photo-
shop (Adobe systems Incorporated, San Jose, CA). The
test-retest consistency (or intra-rater reliability) of the
L*a*b* as determined by the intra-class coefficient ranged
from 0.95 to 0.99 and the inter-rater reliability was also
good with values ranging from 0.94 to 0.98 [31, 32].

Another method of spectral modelling developed by
Kaartinen et al. utilises standardised digital imaging (SDI)
with computer controlled lighting to quantify colour
changes [7, 8, 33]. This system allows a larger area of the
skin to be analysed with an only slightly weaker accuracy
compared to the previously mentioned spectroscopy-
based systems [33]. This method, however, is yet to
become commercially available, but a similar system,
Scanoskin (Leniomed Ltd, London, UK), is available. The
Scanoskin system utilises polarised light, which has the
advantage of blocking the reflectance from the skin which
allows better analysis of the epidermal and superficial der-
mal layers [34]. The system is currently used only to assess
burn depth via the imaging of haemoglobin (erythema/
vascularisation) and haemosiderin or melanin. Images
which are taken (with a modified SLR camera with
polarised lenses) are processed by the provided software
which splits them into separate erythema and melanin
components. Quantification of erythema and pigmentation
(melanin) has to be performed on the exported images
using software such as Image] [35-37].

The evidence for using objective measures in measuring
colour is encouraging and is based on a relatively small
number of studies, and more research is needed [38].
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Spectrophotometric intra-cutaneous analysis (SIA)

Analysis of colour information purely in the visible
spectrum is insufficient to provide information relating
to a lesion’s deeper structures, and it was this realisation
that prompted research at the University of Birmingham
to extend the spectrum of light used into the infrared re-
gion (700-1000 nm). Spectrophotometric intra-cutaneous
analysis via the clinical device, SIAscope, utilises a probe
(12 x 12 mm or 24 x 24 mm) that utilises radiation ran-
ging from 400-1000 nm and produces 8 narrow-band
spectrally filtered images of the skin which are then proc-
essed by software algorithms and allows the visualisation
and quantification of melanin, collagen and blood [39].
Although developed for diagnosing skin cancers, it can
and has been used to monitor the changes in scar tissue
in response to treatment [40].

Computerised analysis of digital photographs
Digital photographs can be taken with any standard
digital camera, e.g. the Nikon 8400 [19].

Photos are then downloaded for analysis by proprietary
software packages such as KS400 (Kontron Electronic
GMB, Carl Zeiss Micro-Imaging, Inc., Thornwood, NY,
USA) [41] or the freely available Image]. One study
utilised an artificial neural network to perform chromatic
analysis of the digital image of a burn scar [42].
Colour measurements using Image] have been shown
to be equivalent to those obtained using a colorimeter
(Chromameter, Konica-Minolta) [19]. Several studies
have attempted to improve the objectivity of photo-
graph analysis of scars by standardising factors such
as distance and lighting [19] or using computerised
image capturing systems [43-45]. However, even this
method fails to allow scars to be compared objectively
as humans vary in terms of how we set the measure-
ment criteria for and analyse colour [29, 46] and the
photographs have been shown to have limited utility
when assessed using computer-based subjective scales
[47]. Improved computer programmes may overcome
the limitations of the human brain and provide ob-
jective analysis of the digital photographs. However,
computer programmes cannot properly “see” colour
and thus have to convert colour information into
digital data, thereby losing valuable information.

Computer programmes utilise two methods to analyse
colour. The hue-saturation-value (HSV) method analyses
colour by separating it into three main components: hue
(dominant wavelength), saturation (amount of white)
and value (amount of black). The other method utilises
colour models of which there are two main ones: the Red,
Green and Blue (RGB) model and the Cyan, Magenta,
Yellow and Black (CMYK) model. Measurement tech-
niques using other systems such as the L*a*b* system have
also been described [48].
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To remove the influence of light and camera settings,
generally a card carrying standard colours (e.g. Pantone
colour chart [Pantone Inc, USA] [16], Macbeth Digital
Colorchecker SG colour chart [Munsell Colour services
Laboratory, X-Rite Inc, Michigan, USA] [25, 44]) is rec-
ommended to be placed beside the scar being photo-
graphed so that every photo taken would include areas
of known colour properties, allowing an objective colour
evaluation [16].

Table 1 summarises the colour measurement devices
in terms of parameter measured, reliability, correlation
with clinical score and cost.

Laser imaging

The amount of haemoglobin or erythema present in
a scar can be measured indirectly via laser imaging
[49, 50] that measures the blood flow in a scar. Im-
mature scars show a significantly increased blood
flow due to their higher vascularity compared to ma-
ture scars. Increased microcirculatory blood flow (as
measured by Laser Doppler Flowmetry (LDF)) has
also been shown to be a potential indicator for the
occurrence of hypertrophic scarring [51]. Hyper-
trophic scars will typically generate readings that are
two to three times greater than that made in normal
skin [50, 52, 53] and four times greater than that in
a non-hypertrophic scar [50]. Laser-based methods have
the advantage of being fast, reproducible and having a
good correlation with the VSS; however, they are subject
to structural changes in the skin and environmental and
body temperature fluctuations [54—-56].

Laser-based methods can be divided into three
techniques: LDF, Laser Doppler Imaging (LDI) and
Laser Speckle Imaging (LSI)/Laser Speckle Perfusion
Imaging (LSPI). With the older Laser Doppler Flowmeter,
the fibre optic probe is in contact with the tissue surface
and is a single-point measure [49, 57]. Laser Doppler
Flowmeter [29, 52, 55, 56] systems, such as the DRT4 [53]
(Moor instruments, Devon, UK) or the LaserfloBPM [58]
(Vasamedics Corp, St Paul, Minnesota, USA), the fibre
optic probe is in contact with the tissue surface and pro-
vides a single-point measure of an indirect evaluation of
scar colour by measuring the cutaneous bloodflow present
in a scar [49, 57]. LDF systems are more limited compared
to the other laser-based methods (see below) as they
measure flow within a small area and, thus, are unsuitable
for use with larger, heterogeneous scars.

In contrast, Laser Doppler Imaging (LDI) devices, such as
the Lisca PIM1.0 imager (Lisca Development AB, Linkopen,
Sweden) and The Moor LDI (Moor Instruments, Devon,
UK) [49], utilise a laser beam to scan several points
across a tissue surface and generates a 2D colour-
coded image that is correlated to the blood flow [49].
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They are primarily used for burn depth assessment but
have been utilised for scar evaluation [49, 59]. The method
is, however, hampered by long measurement times and
low resolution [57]. LSI and LSPI are alternative perfusion
monitoring techniques that generate rapid, high-resolution
images of tissue. As red blood cells move during circula-
tion, dynamic interference patterns that change with time
are created. Blood flow maps can then be created from the
coherent light that is reflected from stationary tissue, gen-
erating a high contrasted speckle pattern that remains
static in time. As indicated previously, high measurements
reflect high blood flow and immature/hypertrophic scars.
LSI devices compare favourably with the more established
LDI instruments, but offer advantages in terms of a faster
scan time, higher resolutions and the ability to zoom in
with increased resolution of a smaller field of view, a
feature that is not possible with LDI [57, 60].

A major disadvantage common to all laser imaging
systems are that they are not very portable (with the ex-
ception of a new commercially available laser speckle
imaging device developed by Moor instruments [61])
due to their size and are often very expensive, with costs
of >£30,000.

Table 2 summarises the comparison of laser devices in
terms of parameter measured, reliability, correlation with
clinical score and cost.

Thermographic analysis of burn scars

Thermographic cameras detect radiation in the long-
infrared range of the electromagnetic spectrum (9-
14 pm) and can be used to produce images or videos of
that radiation. Thermography can be divided into passive
(where the object can be imaged directly as it has a
higher or lower temperature than the background) and
active thermography (where an energy source is required
to produce a thermal contrast between the imaged ob-
ject and the background). Several studies have looked at
using thermography to assess the depth of burn wounds
[37, 62-64].

Our literature search however has only been able
to identify one small study done in 1985 (#=12)
which utilised thermographic analysis of the scar
temperature in an attempt to differentiate hyper-
trophic and non-hypertrophic scars [65]. No relation-
ship between scar temperature and hypertrophic scar
formation was found.

A more recent case report by Horta et al. [66] which
utilised a thermography camera (FLIR SC7000 thermog-
raphy camera; FLIR Systems, Wilsonville, OR, USA)
showed that factors such as muscle activity or the lack
of mucosa, cartilage and bone can influence the thermo-
graphic reading of scars rather than the degree of hyper-
trophy itself. This further complicates the use of
thermography to objectively quantify scars.
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Table 2 Comparison of laser devices in terms of parameter measured, reliability, correlation with clinical score and cost

Device Company Parameter Intra-rater Inter-rater  Correlation with clinical score Cost Portability References
reliability  reliability
Laser Doppler Maoor Blood flow  Nodata Nodata LDF showed significant difference in blood >£30,000 Poor Clark et al. 1996
Flowmeter flow within hypertrophic and keloid scars [56], Timar-Banu
and normal skin (2.6-2.8-fold higher). et al. 2001 [53]

Laser Doppler Lisca, Blood flow No data  Nodata  Correlations with clinically assessed grades  >£30,000 Poor Stewart et al. 2005

Imaging Moor (red and (VSS) of pigment, vascularity, pliability, [60] Bray et al.
near infrared and height ranged from =063 to 0.95 2003 [49).
wavelengths)

Laser Speckle  Moor Blood flow  Nodata Nodata Correlations with clinically assessed grades >£30,000 Poor Stewart et al.

Perfusion (vSS) of pigment, vascularity, pliability, 2005 [60]

Imaging and height ranged from =073 to 0.94

LDF = Laser Doppler Flowmetry; VSS = Vancouver Scar Scale

Scar dimensions

Surface area and volume

Planimetry is the measure of the surface area of a scar
and, when done over time, can be used to assess the
contraction or expansion of a scar.

The most basic method of planimetry, that does not
require specialist equipment or trained personnel, is the
linear method where the maximum length and width of
the wound is measured directly on the patient and the
surface area is then calculated by multiplying the max-
imum length and width. As can be expected, this tech-
nique is inaccurate as scars are rarely rectangular or
square in shape and will produce results that are signifi-
cantly different from those obtained with tracing and
photography methods [67].

The second method involves the tracing of scar mar-
gins either on sheets of paper, clear plastic film or any
transparent non-stretchable material [27, 46]. The sur-
face area traced on these sheets can then be calculated
by outlining wound margin with the tip of a planimeter
(Koizuni Sokk Manufacturing Ltd., Nagoaka-shi, Japan)
[67] or by digitising the tracings on these sheets and
using software such as NIS-Elements (Nikon, Amstelveen,
The Netherlands) [27] , Image] [68] or Digimizer soft-
ware [69] to calculate the surface area. Dedicated sys-
tems have also been developed such as the Visitrak
(Smith & Nephew) which have been shown to have
high intra- and inter-rater reliability and high validity
in the measurement of the surface area of ulcers [70]
although the maximum size of the area that can be
measured at a time is limited by the disposable tra-
cing grid used (14 em x 14 cm).

The third method uses digital photography combined
with image analysing programmes such as Image], Image
Tool (C.D. Wilcox and colleagues, San Antonio, TX,
USA) [29] or Adobe Photoshop (Adobe Systems Inc.,
San Jose, California, USA) [71] to measure the surface
area. A significant problem with 2D photography is that
it is subject to parallax errors and projecting a three-
dimensional object onto a two-dimensional image. Due
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to this, the 2D surface area (or planimetric area) calcu-
lated does not take into account the wound surface top-
ography and will nearly always underestimate the true
three-dimensional surface area (see Fig. 4).

With smaller scars, this error would be small but will
increase as the size increases. A study by van Zuijlen et al.
compared the direct and indirect (through 2D photog-
raphy) tracing methods [71]. It found that both techniques
were reliable (r>0.82, p <.001) for surface lesions with a
scar surface area of 25 cm? but planimetry by photog-
raphy was superior to planimetry by direct tracing in
respect to inter-observer reliability for surface lesions of
50 and 75 cm?, with increasing scar size resulting in
decreasing inter-observer reliability. However, planimetry
by direct tracing was more accurate on curved surfaces
(e.g. forearm), with a statistically significant reduction of
the surface area obtained when compared to results with
planimetry after photography. The use of photography [29,
43] to measure surface area, although useful, is subject to
variance caused by lighting conditions, distance and camera
settings and does not provide any information on volume.

Three-dimensional (3D) measurement systems can over-
come the limitation of 2D photograph, and in addition to

N 4 \\:.

Fig. 4 The 2D or planimetric area (in pink) is always smaller than the
3D area (in blue). (Source: Kwang Chear Lee)
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surface area measurements, the 3D camera systems are also
able to measure the volume of scars much more quickly
and easily compared to traditional moulage and moulding
[72] methods.

A 3D image can be achieved via various methods. A
method that is commonly used in the medical is stereo-
photogrammetry. These systems are non-contact and in-
volve taking two or more pictures using either one or
multiple cameras which can be on the same device (e.g.
Eykona wound measurement system, Fuel 3D, UK [25])
or separate devices (e.g. 3D MD static systems, 3dMD,
USA [73]). Some authors have even developed their
own systems with standard cameras (e.g. Stereoimage
optical topometer (Korea University, Seoul, South
Korea) with PC vision plus (AES, Sydney, Australia))
[74]. Other devices utilise mirrors to achieve a similar
effect for, e.g. LifeViz I, II, Mini or Micro (Quantifi-
care S.A., Sophia Antipolis, France) [75, 76] and
Vectra H1 3D imaging system (Canfield Scientific Inc,
Fairfield, NJ, USA) [77-80]. Other systems utilise the
projection of a complex speckled pattern in combination
with a colour camera to produce the 3D images [81].

These software are able to provide information
about the surface area [82] and tissue volume above
the skin [83] (including correction for curved sur-
faces) as well as geometry, texture and, as mentioned
above, the colour of scars for which the performance
of the Eykona device has been shown to compare
favourably with the subjective Manchester Scar Scale
(MSS) [25]. These devices share a few common draw-
backs. Firstly, none of them have been validated in
scar studies, but their ability to measure the area
[83-85] and volume of wounds and tissue (e.g.
breasts [82]) has been shown in other non-scar re-
lated studies. Additionally, the maximum area that
can be imaged is limited to the size of about an A4
size sheet of paper which is not ideal for large burns
scars. Furthermore, although stitching of images is pos-
sible, this really only applies to the face as it is easy to
identify anchor points such as the eyes and nose, but to
do so for other highly curved surfaces such as the forearm
or the whole body would be technically challenging and
time consuming and requires high-end hardware and thus
a true 360° view would not be easily possible [80]. Hairy
areas of the body can alse pose a problem [80].

The Lifeviz and Vectra H1 systems have an advantage
over the Eykona in that they have adjustable light-beam
pointers to aid positioning and do not require one-use
disposable targets which the Eykona system does but
they are also significantly more expensive. Furthermore,
the Eykona is no longer being developed by the company
and has not been updated recently, thus its resolution is
significantly lower (250 micron sampling via two 5 MP
sensors) [86] compared to the Lifeviz Mini (13.5-24 MP,
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0.5-2 mm geometry resolution) [87] or Vectra H1
cameras (18 MP, 0.8 mm geometry resolution) [88].

More recently, light field or plenoptic technology has
been introduced. Cameras utilising this technology (Ray-
trix 3D camera systems, Raytrix, Germany [89]) capture
information about the intensity and also direction of the
light rays utilising an array of micro-lenses [89]. The im-
ages or data are then processed and merged using dedi-
cated image analysis software into a single 3D image.
Additionally, other commonly used 3D imaging tech-
niques include structured light scanner systems (or co-
herence scanning interferometery) such as the Artec
[90] (Artec Group,USA/Luxemborg/Russia) and ATOS
series of scanners [91], and laser scanning devices such
as the Minolta Vivid 900 or 910 3D linear laser scanner
(Konica-Minolta, Osaka, Japan) [92, 93]. Whole body
scanners such as the Cyberware Whole Body Color 3D
Scanner (Model WBX, Cyberware Inc, Monterey, Cali-
fornia) [94] are also available. These other systems have
the ability to scan much larger areas (up to the size of a
car with some systems) compared to the Eykona, Lifeviz
and Vectra; however, they have not been specifically
manufactured or optimised for medical use. For example
with the Artec Eva system, the software supplied is able
to calculate the surface area and volume of an object on
a flat surface but not on curved surfaces. Specialised 3D
analysis software such as Rapidform (Inus technology,
Seoul, South Korea) [93] is required to measure and
quantify surface area and volume information ob-
tained from these scans. The authors are not aware
of any published studies that have validated the sur-
face area and volume measurements produced by
these devices or software.

A different approach to calculating the surface area of
scars is through the use of a combination of 2D photog-
raphy and 3D models. The Burncase 3D (RISC Software
GmbH, Austria) software has been developed for the es-
timation of burn surface areas primarily but it theoretic-
ally can be adapted to measure the surface area of scars.
With the Burncase 3D programme, 2D photographs of
the lesions are superimposed onto a 3D model that can
be adjusted according to the height, weight, age and gen-
der of the patient. The outline of the lesion is then
traced onto the 3D model from the photographs (which
can be multiple and is aided by an automated alignment
algorithm that uses corresponding landmarks to allow
quick matching [95]) and the software then estimates
the surface area. The areas can also be classified into dif-
ferent categories if needed (e.g. normal and hypertrophic
scar areas) and thus useful to track the progression of
the wounds from time of burn through to scar formation.
As it uses standardised 3D models to estimate surface
area, much work is still required to validate the accuracy
and precision especially in small children (currently in
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progress [96, 97]) and obese patients [95]. In a study which
utilised mannequins, the inter-class correlation between
the single raters of the mean percentage of artificially cre-
ated burn areas was 0.988 with relative underestimations
of burn wound areas of 0.4 % in the child mannequin, and
overestimations of 2.8 and 1.5 % for the female and male
mannequins when compared to areas as measured with
2D planimetry imaging [97].

Table 3 below summarises the comparison of 3D
measurement devices in terms of parameter measured,
reliability, correlation with clinical score and cost.

Thickness

The accuracy of subjective estimation of scar thickness
has been shown to be quite low, 67 % (when measured
against ultrasound measured thickness) [98] and thus
unreliable.

Objective thickness or height of a scar can be evaluated
by measurement by 3D photography (see above) or the
use of negative—positive moulage [99]. A negative—posi-
tive moulage is performed by firstly making a negative
impression cast (negative moulage) of the scar using mate-
rials such as alginate, silicon, siloxane [58, 72], dental im-
pression material [100] or plaster of paris. A positive
impression cast (positive moulage) is then made by pour-
ing a material that will harden (e.g. plaster of paris, wax)
into the negative moulage. Once hardened, this positive
moulage can then be measured. These techniques
have some limitations and are inaccurate as the por-
tion of the scar below the surface of the skin is not
included in the measurement [101].

This limitation can be overcomed by using high-
frequency (5-20 MHz) ultrasound systems such as the
Tissue Ultrasound Palpation System (TUPS; Biomedical
Ultrasonic Solutions, Hong Kong) [102-105] , the Der-
mascan C [30, 53, 106, 107] (Cortex, Hadsund, Denmark)
devices, Acuson Sequoia 512 [108] (Siemens, Germany;
highest frequency probe available is 10 MHz), HDI 5000
(Philips, Amsterdam, Netherlands) [109], and the Derm-
cup 2020 (Atys Medica, Soucieu-en-Jarret, France) [110].
High-frequency ultrasound systems have previously been
used in many dermatological applications [111].

Ultrasound skin imaging is performed by firing an
acoustic pulse into the skin and measuring the acoustic
response from the skin which is picked up by an ultra-
sound transducer. The signals are then processed, and a
cross-sectional image is produced which represents an
intensity/amplitude analysis of these returned signals.
Areas with small changes in density between structures
such as scar tissue and fat will produce a low reflection
and be visualised as dark colours, whereas areas with
significant changes in density between structures (e.g.
healthy dermis) will be visualised as bright areas (Fig. 5).
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An advantage of ultrasound systems are that they
allow real-time measurement on changes of scar
thickness upon pressure loading [112]. Additionally,
high-frequency ultrasound systems will also allow the
identification of aberrant structures within the scars
which may affect treatment [113].

The frequency of the ultrasound determines the
resolution and penetrance of the measurement. A low
frequency will allow deeper penetration but lower reso-
lution images, whereas a higher frequency will have a
shallower penetrance but produce higher resolution im-
ages (Fig. 6). High-frequency ultrasound systems utilise
a frequency above 18 MHz to obtain images of the skin
structure with acceptable resolution. In earlier studies,
7.5-MHz probes have been used to measure and track
the change in thickness of healing burn scars [101,
114]. These lower frequency systems allow evaluation of
deeper tissues (penetration of >15 mm) but have a low
resolution of 2-3 mm which may not be sufficient for the
evaluation of superficial skin structures [115]. More re-
cently, higher frequency ultrasound probes (20 MHz) have
been used to allow more detailed images of the structures
of the skin to be visualised, producing higher resolutions of
at least 50 pm [115-117]. Probes with frequencies below
50 MHz are advised as systems with higher frequencies
and will not be able to penetrate to the average depth of
hypertrophic scars which is around 4-5 mm.

It is advisable to always check with the manufacturer
the actual penetrance of the systems as cheaper portable
ultrasound systems (e.g. Dermalab USB Ultrasound,
Cortex, Hadsund, Denmark) only penetrate a maximum
of 3.4 mm despite being a 20-MHz system [6].

These high-frequency ultrasound devices both show
good inter-observer reliability and moderately correlate
with the modified VSS [118] (modified version of the
Vancouver Scar Scale by Nedelec et al.), with the
Dermascan C system having the better correlation of
the two (0.41-0.50 versus 0.34). It has to be noted
that the VSS measures clinical scar thickness (i.e. the
thickness of the scar that is above the surface of the
skin), whereas the two ultrasound systems measure
histological thickness (i.e. the whole thickness of the scar
above and below the surface of the skin). The Dermascan
system would thus be preferred, although it is more ex-
pensive than the TUPS (however at the time of writing,
there was no method to purchase the TUPS from their
website). Other ultrasound systems that are commercially
available include the Acuson Sequoia 512 (Siemens,
Germany) [119], Episcan(Longport, USA) [120, 121] and
the DUB"SkinScanner (EOTech, France) [122], although
at present there are no published studies that have utilised
these for scar measurement.

Ultrasound systems that can capture a 3D image of a
scar have now become commercially available, albeit



Table 3 Comparison of 30 measurernent devices in terms of parameter measured, reliability, correlation with clinical score and cast

Device

Parameter

InTra-fater
Reliability

Inter-rater
reliaoility

Corralation with: clinical score

Cost

Portatyiiy Referances

Eykona 30 camera

Lifesiz |, 11, Micro

Wectra H1

Artec Eva

Moulding (positive
negative moulkge)

Minalta Vivid $10 30
linear laser scanner

Surface area
and volume

Surface area
and volume

Surface area
and volume

Surface area
and volume

Surface area
and volume

Walume

Intra-operator

variab

Q8 % volume:

40%

No data

No data

No data

No data

ICC=0921-0.9

Intra-operator
varlbility: ares:
17 % volume:
40%

of wariation
5.9-6.8 50

Wolume: no data

No data

Mo data

No data

ICC=0759-0977

No data

Surface area; Fxcellent level of
agreemant with
% Cl Rl

Volume: ' =

No data

No data

No data

No data

trake 1CC 096,
Owiaver graater
evel of varisbility in larger wounds
especialy crcumfarertial wounds.
19678 when comrelated
with actuel volurmes of model scars

<£5000 for the camera unit

~£3 for each disposable
target but device can now
be configured 1o use
relsatle rangets.

£10,000-£15000

£10,000-£15000

<£10,009 (depends
on package)

>£15,000

Dependent on mouldng
materizl and measurement
technigues used

Yes

Yes

Paterson et al. (Eykona
dical Imagirg FAQ) 861

Lumenta et al. 2011 [76],
Stekelenburg et al- 2013 [75)

Tzou et al. 2014 [258],
Urbanova et al. 2015 [8

hfa

Teylor et al. 2007 (93]

Berman et al. 2015 [72).
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Fig. 5 High-frequency ultrasound image of narmal skin (top left

site: forearm). High-frequenicy ultrasound image of hypertrophic scar (top right, site:

shoulder). High-frequency ultrasound image of normal skin {top) and adjacent scar tissue (bottorn) (bottom, site: shoulder). Note that the scars appear
more hypo-echoic as it is more homogenic and thus appears darker, Colours represent the Intensity of the acoustic signal with bright colours (vellow)
representing high-intensity and darker colours (eg. green, black) representing low-intensity areas. (Source: Kwang Chear Lee, taken with Dermascan C)
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only from one company (Cortex, Hadsund, Denmark).
However, this system has not been trialled on scars, is lim-
ited to a small measurement area (22 x 22 mm) and costs
significantly more compared to the 2D system (Table 4).

A summary of the different ultrasound systems is
given in Table 4.

Texture

Skin topography

Scar roughness has a significant effect on the patient’s
and observer’s opinion of the scar [4]. Indirect methods
of measuring skin topography that involve creating a
negative replica of the skin using materials such as poly-
mers (e.g. Silflo silicon polymer; Flexico Developments
Ltd., Hertfordshire, UK [123]) and then further analysing
this with devices (e.g. mechanical, optical, laser or
interference fringe projection profilometry [123-125]),
although accurate can be very time consuming and not
appropriate for clinical use [126]. Transparency profilome-
try (using the Visiometer; Courage + Khazaka, Germany)
uses the Silflo silicon polymer but analysis is much easier
and quicker [127, 128]. However, these indirect meas-
urement techniques have been clinimetrically evalu-
ated [123].

The Phaseshift Rapid In Vivo Measurement Of the
Skin [129] (PRIMOS; Omniscan, GFMesstechnik GmbH;
Germany) and the Visioscan VC 98 (Courage + Khazaka,
Germany) are the only devices currently on the market
that can be used to measure skin topography directly, but
only the PRIMOS system has published studies in scars.

Three parameters were used for the evaluation of the
PRIMOS system by Bloemen et al [129]. These were the
peak count (PC, number of peaks per unit length), arith-
metic mean of surface area roughness (Sa, in micrometers)
and the mean of five highest peaks and five deepest
valleys form entire measurement (Sz, in milimeters).

The PRIMOS has been shown to have excellent intra-
observer and inter-observer reliability on both normal skin
and scars and a high correlation with the relief score of
the Patient and Observer Scar Assessment Scale (POSAS)
on scar (The relief score in the POSAS questionnaire is
the rating given by patients and clinicians on the surface
irregularity of their scar compared to normal skin).

An added advantage of the PRIMOS system is that it
can also be used to measure scar height [130].

The Visioscan VC 98 is a UVA-light video camera with
high resolution that utilises the Surface Evaluation for
Living Skin (SELS) method to evaluate the roughness of
skin [131]. This method analyses the grey level distri-
bution of the image captures and allows the calculation
of four clinical parameters to quantitatively and qua-
litatively describe the skin surface as an index: skin
smoothness (Sesm), skin roughness (Ser), scaliness
(Sesc), wrinkles (Sew). As mentioned previously, this

241 |Page

Page 15 of 33

system has not been used to evaluate scars but has
shown a high reliability for the measure of in vivo skin
roughness in normal skin [131]. However, the Visioscan
only measures an area of 6 x8 mm at a time which is
probably too small for the analysis of the irregularity of
a burn scar.

The aforementioned 3D camera systems can poten-
tially also be used for skin topography analysis. However,
these systems are already becoming the preferred devices
in the clinic for scar surface area measurement as they
are significantly more portable than the PRIMOS system
although portable versions of the PRIMOS system are
now commercially available (PRIMOS lite, GFMesstech-
nik GmbH; Germany). Lumenta et al. showed that the
Lifeviz Micro 3D camera system (Quantificare S.A.,
Sophia Antipolis, France) was able to detect surface ir-
regularities (SI) much better than subjective visual as-
sessment which failed to detect at least half of the
broader changes in SI of 234 % [76]. Kim et al. utilised a
self-developed 3D camera system (Stereoimage Optical
Topometer, Korea University, Seoul, Korea) to calculate
the mean surface area roughness (Sa) and root mean
square roughness (Sq) for acne scars which were found
to have a positive correlation with visual gradings
(Spearman correlation coefficient p = 0.463 and 0.438 re-
spectively, p < 0.001). Table 5 below summarises the sur-
face topography devices.

Biomechanical properties

Pliability, elasticity or stiffness

The biomechanical properties of skin can be measured
with a variety of methods including suction, tonometry,
torsion, adherence and reviscometry. Other methods in-
clude elastometry, ballistometry, quantitative electrical
methods (dielectric measurements and bio-impedance)
[132] as well as ultrasound and MRI techniques [133].

Non-suction extension methods Older methods of
measuring skin elasticity relied on extension methods
(Le. physical stretching) to measure the viscoelastic
properties of skin tissue using ex vivo [134] or in vivo
extensometers [135-140] or elastometers [58], which
utilises a constant-tension spring and a strain gauge to
distract two points on the skin [58, 141]. The majority of
these devices suffer from an unwanted peripheral force
contribution due to the deformation of surrounding tis-
sues during measurement which can lead to reduced ac-
curacy and reproducibility of results, although newer
designs have sought to improve their accuracy [137].

Suction extension methods Extension of the skin by
suction is the method used by devices such as the
Cutometer [18, 28, 106, 142-153] (Courage + Khazaka,
Germany) and the DermaLab elasticity probe [144, 154]



Table 4 Comparizon of ultrasound devices in terms of parameter measured,

liabllity, carrelation with clinical score and cast

Device Compary Parameter Intra-rater reliability  Inter-rater reliabilicy  Correlation with cinical score Cost Portablity  References
Demascan C (20) Cortex Thickness (20} ICC=091-093 ICC=090-091 Madified VS5 and ultrasound FI5000-20,000  Yes Medelec et al 2008 [30, 108
thickness: Spearman’s r=041-050

Dermalab USE (301 Cortex Thickness (2D} ICC=092 057 ICC=086 098 Mo data <£10,000 Yes Gankande et al, 2014 [5]
Dermascan C (30) Cortex Thickness (3D} Mo data Mo data No data £30000-40,000  Yes E)
Tissue ultrasound Biomedical  Thickress (2D} ICC=098 ICC=034 Spearman Correlation of 047 Not currently Yes Lau et al. 2005 [103].
palpation system Ultrasonic between VS5 thickness score commerdially

Selutions and TUPS measurement (p <001,

andl r =034 (< 0.01) belween
W55 rotal score and TUPS.

20 = two-dimensionak; 30 = three-dimensional; ICC = intra-class conrelation coefficient; VS5 = Vancouver Scar Scale; TUPS = Tissue Ultrasound Palpation System

Table 5 Comparison of suface topegraphy measuring devices in terms of parameter measured, refiability, correlation with clinical score and cast

Device
PRIMOS

Visiosean VC 98

Fykana 30 camerz

Lifewiz Micro

Tompany
GFMesstechnik

Parameter

Surface roughness

PC, 53, 52)

Cowrage + Khazaka  Skin parameters

Fuel 3D

Quantificare

(Sesm, Ser,

3¢, Sev)

Not been used
m scers

Surface Ireqularity

Intre-rater refiabi

ICC of PC=097,
54=099 52=058

lity  Interrater refiabiiny Corele

ICC of PC=08, Comelation with PGSAS:
=096,52=094 r=0817 (<0001

Not been used Mot been used Not been used in scars

in scars in scars

Not been used Not been usad Not been used in scars

in scars in scars

No data Na dala Performed better than
subjective wvisual
assessment

on with clinical scere Cost

E17,000-£14,000

£5000-£10000

<£5000

£10,000-£15,000

Portablity  References

Ve

Yes

Yes

Yes

Bloemen et al. 2017 [126]

Nfa

N/a

Lumenta et al. 2011 [76]

PRIMOS = Phaseshift Rapid In Vivo Measurement Of the Skin; ICC = intra-class correlation coefficient; PC = peak count; Sa = mean suface area roughness; Sz = mean of five highest peaks and five deepest valleys;
POSAS = Patient and Dbserver Scar Assessment Scale
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(Cortex Technology, Hadsund, Denmark). With the
Cutometer; negative pressure is created in the device by
vacuum and the skin is drawn into the aperture of the
probe and after a defined time is released again. Inside the
probe, height of skin that is drawn up is determined by a
non-contact optical measuring system which consists of a
light source and a light receptor, as well as two prisms fa-
cing each other, which project the light from transmitter
to receptor (Fig. 7). The resistance of the skin to the nega-
tive pressure (firmness) and its ability to return into its
original position (elasticity) are displayed as curves (pene-
tration depth in mm/time) in real time during the meas-
urement (Fig. 8). This measurement principle allows
getting information about the elastic and mechanical
properties of the skin surface.

The Cutometer is reliable for measurement of the elastic
and mechanical properties in scars and normal skin; how-
ever, its measurements only have a weak to moderate cor-
relation with the pliability score of the POSAS and the
subjective pliability assessment of the VSS [142]. Renne-
kampff et al. also suggested that the Cutometer may not
be sensitive enough to pick up small changes in pliability
as he found no correlation was found between subscale
VSS pliability rating and Cutometer readings [155].

It was also found to be unreliable for severe scars due
to a ceiling effect when rigid tissue is encountered [106].
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However, the low ICC values have more to do with diffi-
culty in relocating device to same measurement spot
and the high sensitivity of the device [30, 106].

The mechanical parameters of the skin can be divided
into absolute and relative parameters:

e Absolute (in milimeters): Ue (immediate
deformation), Uv (delayed deformation), Uf (maximal
deformation), Uf (immediate retraction), Ua (final
detraction), R (residual deformation), R8 (visco part).

o Relative (in percentage): Ua/Uf (gross elasticity),
Ur/Uf (biological elasticity), Ur/Ue (net elasticity),
Uv/Ue (viscoelastic to elastic ratio), H (hysteresis).

Absolute parameters are likely to be influenced by skin
thickness which in turn is dependent on various factors
such as age, gender, anatomical region thus to compare
values you will need to standardise them for skin thick-
ness using an ultrasound and this is not always possible
thus the relative parameters are more useful as it can be
assumed to be independent of skin thickness which
allows the values in different subjects, anatomical re-
gions and times to be compared.

Various different opinions regarding the value that
should be used (Table 6); however, Draaijers et al. con-
cluded that either Ue or Uf is sufficient for the evaluation

Fig. 7 The Cutometer (rop lefr) and Dermalab elasticity probe (fop right), ane penny coin to provide an idea of the size of the probes. lllustration
of the mechanism of the Cutometer and Dermalab elasticity probe (bottom left and right, respectively). (Source: photographs and diagram of
elasticity probe by Kwang Chear Lee; Cutometer image source: Courage + Khazaka Electronic GmbH, http://www.courage-khazaka de/index.php/

en/products/scientific/ 140-cutometer, reprinted with permission)
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Fig. 8 Example of skin deformation curve obtained with the Cutometer. (Source: Courage + Khazaka Electronic GmbH, reprinted with permission)

of scar as they found a high correlation between the pa-
rameters Ua, Ue, Uf, Ur and Uy, and that Ue and Uf were
found to have the highest reliability. Nedelec et al. agreed
with this and also found Uf to have a higher reliability
(but not for severe scars) but concluded that as Uf is more
convenient to record (automatically calculated by com-
puter software, whereas Ue requires manual calculations),
it should be used instead.

Other studies have also utilised the R (dimensionless
parameters derived from the U values) and Q (maximum
recovery, elastic recovery and viscous recovery areas)
values [143].

The Dermalab elasticity probe [6, 156] consists of a
light plastic probe that is much smaller than that of the
Cutometer (Fig. 5). This probe is attached to the skin
using double-sided adhesive rings to form a closed
chamber. Within this chamber, two narrow beams of
light run at different heights parallel to the skin surface
and serve as elevation detectors [154] (Fig. 5). A com-
puter controlled vacuum pump connected to the probe

Table 6 Comparison of used and recommended parameters for
the cutometer in different papers

Authors and papers

Parameter used/recommended

Fong et al. 1997 [146].
Draaijers et al, 2004 [147].
Dobrev et al. 2005. [257]

Nedelec et al. 2008 [30, 106]

Rennekampff et al. 2002 [155]
and 2006 [142].
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U, Ur/Uf, Ur/Ue, R8
Recommends Ue or Uf

Recommends Ue and Uf (distensibility),
Ua/Uf and Ur/Uf (elasticity) and Uv and
Uv/Ue (viscoelasticity)

Recommends using only Uf

Uf, Ua, Ur, Ue, Ur/Ue and Ur/Uf

is then used to increase the suction within this closed
chamber over 30-60 s. In contrast to the Cutometer
where a set pressure is applied and the skin deformation
is measured, the Dermalab elasticity probe measures
the amount of suction (in kilopascals, kPa) that is re-
quired to lift the skin to pass the height of the two
light beams. This may cause problems when the mea-
sured skin is too stiff to be stretched enough to reach
the level of the detectors [154]. The stiffness of the
skin (or Young’s modulus, E) is then calculated and
expressed in millimeter per kilopascal. Skin that is
firm, e.g. scar tissue will have a higher stiffness index
compared to normal skin.

A study by Gankande et al. with the Dermalab elasticity
probe showed that the test-retest reliability for pliability
was “excellent” (ICC 0.76-0.91) in scar areas but only
“good” (ICC 045, 95 % CI 0.30-0.76) in contralateral
normal skin areas [6]. It should be noted that significant
difficulties were encountered by the researchers in the
study in obtaining elasticity measurements and they failed
to obtain matched measurements for test—retest analysis
in 31-52 % of the subjects [6].

Both devices have the advantage of being a “hub” to
which other measuring devices can be attached. For ex-
ample, the Dermalab combo device provides additional
probes that can be fitted to provide spectrophotometry
data (melanin and erythema) and ultrasound measure-
ment of dermal thickness [6].

Tonometry
Tonometry measures the firmness and flexibility of skin
and scars by exerting pressure either via an airflow
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system that is blocked at a certain pressure (e.g.
Pneumatometer [157] (Medtronic Solan Model 30
Classic, Jacksonville, FL, USA), Cicatrometer [114], Tissue
Tonometer [158] (Flinders Medical Centre Biomedical
Engineering, Australia) or an indentional load in a vertical
direction, e.g. durometer [114, 158-161] (Rex model H
1000, Rex Gauge company, IL, USA), Schiotz tonometer
[162], and Tissue Compliance Meter [163] (Model and
company not stated by author). In the study by Lye et al,,
the Tissue Tonometer showed good intra-observer reli-
ability and a moderate correlation with the pliability score
of the VSS scale, but the measure is a relative one as it re-
quires a contralateral reference point [158]. A study by
Corica et al. [164], utilising a modified Tissue Tonometer,
showed that the intra-class correlation coefficient for aver-
aged measures between measurers (inter-rater reliability)
was 0.957, and the standard error of measurement was
0.025 mm. A significant difference (p=.0000) between
scar (2,64 £0.5 mm) and normal tissue (3.23 £ 0.46 mm)
measurements was also demonstrated in the study. To-
nometry devices are, however, less suitable for skin loca-
tions with hard bony structures underneath—as the hard
underlying structures limit the degree in which the
skin can be compressed. At the time of writing, the
mechanical tonometer is no longer commercially
available but a digital version is in the experimental
phase. Other shortcomings with the mechanical de-
sign include the need to place the device accurately
(must be within 5° of upright to measure correctly).

The durometer also showed good reliability and validity
in one study but this was performed on sclerodermal skin
[160] which demonstrates symmetrical skin thickening
compared to scars where thickening can vary from area to
area depending on the initial injury.

Torsional force and adherence measurement methods
Torsional force can be used to measure the elasticity of skin
(Dermal Torque Meter; Dia-Stron, UK) [165] and the de-
vice is able to differentiate between native skin, autographs
and cultured skin substitutes; however, rigorous clinical ap-
praisals of the device have not yet been performed.

Acoustic methods

The Shear Velocity Device (SVD) is a portable tool that
can be used to analyse soft biclogic tissue by measuring
the propagation of an auditory shear wave through
the skin surface [166, 167]. The device works on the
principal that an acoustic shear wave will have a higher
velocity in a hard material (e.g. scar tissue) compared to
softer material (e.g. normal skin). Experimental validation
of the SVD by McHugh et al. claims that it provides
similar results to the Shore Type A durometer; however,
this data has yet to be published [166]. The coefficient of
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variation (CV) for the device in measurements of 254
hypertrophic scar locations was +4.8 % whilst on 210
normal skin sites this was +4.4 %. Unfortunately, the
authors have not been able to locate any subsequent
publications on this device and it is not currently
commercially available.

Revisometry [168] (Reviscometer; Dermaviduals and
Courage + Khazaka, Germany) is another portable tool
that measures the elastic and viscoelastic features of skin
and scars by utilising an acoustic shock wave and reports
this as resonance running time (RRT). Scars have a sig-
nificantly lower mean RRT compared with normal skin
(52.3 versus 91.6). It has been shown to be reliable with
inter-rater observer reliability of more than 0.86 on scars
but more studies are required to establish its validity
and comparative performance.

Electrical of bio-impedance methods

Utilising an impedance device, the capacitance of scar
tissue has been shown to be stronger than that of nor-
mal skin and the resistance of scar tissue is lower than
that of normal skin. The impedance of scar tissue how-
ever varies according to the depth and density of scar
tissue [132]. This electrical property of scar tissue could
be utilised to quantify scars; however, no method has
been developed as of yet.

Modelling and other techniques

All of the methods that have been discussed thus far rely
on measurements in a small area of the scar which may
not be representative of the scar as a whole.

The Adheremeter [169] (Fondazione Salvatore Maugeri,
Italy) uses an entirely different approach and measures the
restriction of scar mobility with respect to the underlying
tissue at the worst adherent point when stretched in 4 or-
thogonal directions using a transparent film print-out of 9
concentric rings with varying radii. It is a relatively new
device and has only been tested in one study [169] but it
showed an adequate level of reliability and validity when
compared to the VSS. However, it has a degree of subject-
ivity in operation as the measurement is based on the
rater’s evaluation of the force required to stretch the skin
and on the patient’s judgement of comfort. It is also not
suitable for use on highly concave surfaces.

A different approach to measuring the elasticity of skin
is to use computerised models of skin motion analysis
[170, 171]. These experimental methods are able to detect
and measure the differences in elasticity between normal
and scar tissue by comparing images taken at two
time instances before and after deformation. Regular 2D
images, combined with 3D data, can offer a method of es-
timating scar pliability in a more global manner [94]. In
simple terms, these methods utilise a grid painted onto
the skin which will then deform according to the elasticity
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of the skin. Grid portions that are less pliable (scar tissue)
will deform less than areas which are more pliable (normal
skin). A technique called Finite element modelling
(FEM) can then be used to analyse this information
[170-173]. This technique is still experimental and yet
to be commercially available. Some devices that may be
commercially available soon that utilise this technique in-
clude CutiScan CS 100 (Courage + Khazaka, Germany)
which is still under development.

Other methods include the measurement of ranges of
movement to determine the severity of burn contractures
and thus indirectly the viscoelasticity of the scars. The
current standard involves the measurement of the passive
and active range of motion of an extremity in a single plane
or functional movements (which are better related to activ-
ities of daily living) [174] using conventional measurements
[175] (e.g. goniometry, tape measures, inclinometer) or 3D
motion analysis [174, 176, 177]. The Faciometer (University
of Vienna) measures the ranges of mimic movements, e.g.
the distance between the tragus and the mouth using cali-
pers and an electronic display [178]. A survey by Parry et al.
however showed that there is a lack of consensus in the
methods and tools used clinically for the measurement of
burn contracture and these methods are also rarely checked
for reliability or performance competency [175].

Table 7 gives a summary of the comparison of visco-
elasticity devices in terms of parameter measured, reli-
ability, correlation with clinical score and cost.

Comparing the devices that measure biomechanical
properties of scars, the Cutometer seems to be the best
choice at present as it is reliable (in normal, non-
hypertrophic scars), shows a reasonable validity and can be
used over bony areas. Additionally, the Cutometer is the
most often used device for skin viscoelasticity measure-
ments with more publications than most of the other de-
vices reviewed in this paper.

Pathophysiological disturbances

Pathophysiological disturbances are defined as functional
changes in the skin associated with, or resulting from,
disease or injury, with measurable parameters including
gas perfusion and moisture content.

Transcutaneous oxygen tension

Transcutaneous oxygen tension (tcpO,) is perturbed in
injured tissues and can be used as an index of maturity
in hypertrophic scars. The tcpO, in scar tissue is lower
compared to healthy skin, and an increase in tcpQ, is
correlated with a reduction in scar thickness assessed
both clinically and by ultrasound [179]. This is thought
to be due to low oxygen diffusibility through scar tissue.
A study by Ichioka et al. [180] has also shown in animal
and human tissues that immature repairing tissues
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consumed more oxygen than mature tissues and that the
oxygen consumption rate in keloid and hypertrophic
scars were significantly higher when compared to ma-
ture scars which may also explain the lower tcpO, in
scar tissues. The method for measuring transcutaneous
oxygen tension exploits the redox reactions that occur
in a modified Clark electrode that measures the oxygen
(tcpO,) and carbon dioxide (tcpCO,) tension on the sur-
face of the skin. The tepCO; is considered non-specific
and highly dependent of external factors, whilst the
tcpQ, is a much more precise indicator of local perfu-
sion [181]. This technique seems to have been recently
abandoned from clinical practice.

Transepidermal water loss and moisture content

The water content of the skin is an important factor that
influences the softness and smoothness of the skin, and
transepidermal water loss and skin hydration are key in-
dicators of skin function. Transepidermal water loss
(TEWL) and moisture content can be measured by open
and closed chamber systems. Open systems such as the
Dermalab TEWL module [182] and Tewameter [183]
(Courage + Khazaka, Germany) are the most frequently
used (Fig 9). Closed systems such as the Vapometer
(Delphin Technologies, Finland) are also available, but
one study has shown that the Tewameter is able to detect
significantly smaller differences in TEWL when compared
to the Vapometer [184]. Anthonissen et al. showed a sig-
nificant difference in mean TEWL values between normal
skin and spontaneously healed scars (p = 0.036) and a sig-
nificant negative relation between mean TEWL values and
time after burn (p = 0.008); however, high SEM values
were reported [156, 185].

The hydration of the skin layers, specifically the
stratum corneum, can also be measured using electrical
methods, such as the conductance method (for example,
the Skicon-200 conductance meter [186, 187], IBS Co,
Hamamatsu, Japan, Location, and the NOVA Dermal
phase Meter [188], Nova, Technology Corp., Gloucester,
Mass.) and impedance method (for example, the Corne-
ometer [186], Courage + Khazaka, Germany). One study
has shown that the Corneometer is suitable for use in
clinical trials, with useful intra-class correlation coeffi-
cient (ICC) values (ICCintra = 0.985; ICCinter = 0.984),
but only under very strict conditions with a standardised
test protocol [189]. Another method for measuring hy-
dration (and protein content) is to measure the dielectric
properties of the skin. This is based on the interaction of
high-frequency electromagnetic (EM) waves and bio-
logical material [190, 191]. The EM waves are generated
using a network analyser (HP8753B, Agilent, USA).

A study by Suetake et al. found that TEWL was a bet-
ter parameter for the functional evaluation of scars than
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Referances

Curameter
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Dias-tron

Fondazione
Salvatore Mauger:
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score (0.70) far
sclerodermal skin

Mo data

Iioderate correlation

with V55 and Pliability
subscale of W55
frs = —0.58 to

&)
Mo data

No data

No data

£5000-F 10,000
fwith hub)
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Not commercially
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*Low ICC values for Cutometer may also be attributed to the difficulty in relocating device to same measurement spot and the high sensitivity of the device (30]
ICC = intra-class correlation coefficients; €V = coefficient of variation; W55 = Vancouver Scar Scale
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Fig. 9 Open chamber transepidermal water loss system. (Source: Courage + Khazaka Electronic GmbH and Cortex Technology, reprinted

was the hydration state of the skin surface measured by
high-frequency conductometry [192].

Multispectral imaging systems

A novel polarised multispectral imaging system that
combines out-of-plane Stokes polarimetry and Spatial
Frequency Domain Imaging has been developed by
Ghassemi et al. and allows the colour (haemoglobin,
melanin), pathophysiology (blood oxygenation, hydration)
as well as structural features (cellularity and roughness) of
hypertrophic scars to be analysed in vivo [193, 194]. The
results obtained with this multi-modal system showed a
good agreement with the VSS and with histological exami-
nations [193]. Although still in experimental stages, it
could potentially simplify the scar measuring process due
to its multi-modal measurements.

Non-invasive morphological imaging techniques
Previously, histopathological analysis of biopsy samples
was the only method of morphological investigation of
damaged biological tissues. Now, recent advances in im-
aging techniques have made non-invasive in vivo morpho-
logical investigation of tissue microstructure possible.

Optical coherence tomography

With the advances in fibre optics and other technologies
such as ultra-broadband light sources and frequency do-
main techniques, optical coherence tomography (OCT)
imaging that is capable of generating 3D images of tissue
microstructure is now possible. OCT is most frequently
used in ophthalmology [195] but can be adapted to be
used to analyse the skin [196—203]. OCT can be utilised
in various different modes for the assessment of scars
[202, 203]. The layered arrangement of normal skin is
perturbed in scarred skin so that OCT can be used to
provide information about microstructure as well as
depth and volume [196]. Scar tissue imaged by OCT
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appears dense and bright due to the increased collagen
content, and this parameter can be used to measure the
collagen status of scars [204]. Scar microvasculature dens-
ity has been quantified using an automated OCT system
and found to be increased in hypertrophic scar tissues
(38 %) when compared against normal, unscarred skin
(22 %) [201]. Vessels in scars have also been shown to be
much larger compared to normal skin on OCT [205]. How-
ever, due to the strong scattering and absorption of light by
skin, current OCT methods are only capable of imaging to
a depth of 1 to 2 mm, whereas scar thickness is usually
greater than 2 mm (as determined by ultrasound) [6, 103,
206]. Nevertheless, in areas where scar tissue is thinner (e.g.
in fingers), OCT (utilising the 1300-nm wavelength region)
may still be useful [196]. Another way of differentiating scar
tissue from normal tissue using OCT is the use of the at-
tenuation rate, which is defined as the rate at which the
OCT signal decreases with depth in the tissue [203]. Lower
attenuation coefficients are seen in scarred tissue compared
with normal skin tissue [203]. This method bypasses the
problem of penetration depth but yields less detailed mor-
phological data when compared to standard OCT methods.
A form of OCT (termed “Polarization-sensitive Optical Fre-
quency Domain Imaging”) can also be used to image colla-
gen remodelling [207].

OCT imaging has been demonstrated to be feasible for
use in the clinical monitoring of scar progression auto-
mated quantification of vascularity in cutaneous burn
scars [195]. OCT imaging for scarring and fibrosis is
currently still in its infancy and further development in
the technology is required. In a study by Eraud et al.
[208], although OCT was able to detect dermal nodules
(which are present in hypertrophic but not keloid scars
[209]) in 100 % of the specimens, it was not helpful
in identifying hyalinised collagen (which is present in
keloids) and cells. The technology however has the poten-
tial for tremendous growth [204].
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Other in vivo tomography/microscopy techniques
Imaging techniques utilising specialised optical micro-
scopes have been used to image scar tissue.

Nonlinear spectral imaging, such as multi-photon
tomography based on both two-photon excited fluores-
cence (TPEF) and second harmonic generation (SHG),
can be utilised to demonstrate the morphological struc-
ture and spectral characteristics of collagen (with SHG)
and elastin fibres (with TPEF) and thus can be used to
potentially distinguish hypertrophic scar tissues from
normal skin and to evaluate the effects of treatments
[210-216]. Information on the orientation of collagen
fibres can also be investigated and analysed from these
images using fast Fourier transform methods [217, 218].
Advantages these techniques have are that several
extracellular matrix components and endogenous bio-
molecules such as collagen, keratin, melanin and elas-
tin can be visualised in living tissue without the need
for specialised processing or staining [219, 220] and
high-resolution, high-contrast three-dimensional im-
ages can be obtained [220, 221].

These techniques however have similar drawbacks to
OCT. The maximum depth of two-photon imaging has
been reported to reach up to 1 mm in living brains [222]
and thus is comparable to OCT imaging but clinical use
in the skin is typically only up to 200 um, thereby limiting
its potential utility for deep scar assessment. In addition,
advances in the miniaturisation of spectral imaging
apparatus need to be made before it can become of
practical use in a clinical setting. The multi-photon
technique also has high overall system costs, a long
measurement times and the inability to quantify skin
redness [223]. Other non-invasive in vivo imaging
techniques which currently being developed, such as
confocal laser microscopy (CLM) [224, 225], also have a
limited imaging depth (~300 pm) due to tissue-related
aberrations and light scattering [226].

Other similar microscopy techniques include phase-
contrast microtomography with synchrotron radiation
technology to detect the 3D structure of dermal tis-
sues [221].

Spectroscopy techniques

Another imaging method that holds future promise is
the use of optical spectroscopy methods in the UV-
visible-near-infrared wavelength range, including diffuse
reflectance (DR) and autofluorescence (AF) spectros-
copies. DR spectroscopy is based on the scattering of
photons (350-800 nm) inside biclogical tissues due to
the differences in the refractive indices and morph-
ology of the constituents of skin such as collagen
fibres. AF spectroscopy, on the other hand, is based
on the fluorescence emissions from endogenous fluor-
ophores such as collagen and elastin when excited by
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light in the 350-459 nm wavelength range. A com-
bination of both spectroscopy methods increases its
accuracy [227] and has been used successfully in a
rabbit hypertrophic scar model with high sensitivity
and specificity [228, 229]. DR spectroscopy on its
own has also been shown to be able to differentiate
keloids from normal skin in terms of collagen con-
centration, haemoglobin oxygen saturation and scat-
tering coefficient in an in vivo human study [217]
and can potentially be used to evaluate keloid scar se-
verity [230].

High-frequency ultrasound systems

High-frequency ultrasound systems (such as the
Dermascan and Dermalab systems [6], Cortex,
Denmark) are able to provide a much greater depth
of imaging (~8 mm at 20 MHz) but the resolution is
inferior to OCT, CLM and MPT [196]. Pathological
scars appear as easily identified echo-poor areas that
are clearly distinguishable from normal skin and with
densitometry analysis with dedicated software, scars
are also shown to have significantly reduced densito-
metric values compared with normal skin (7.6 +4.7
versus 31.79 +10.8) [231]. More detailed architectural
information such as collagen arrangement and cell
structure cannot currently be visualised with 2D nor
3D ultrasound techniques.

Intravital video-capillaroscopy
Intravital video-capillaroscopy [232] is a technique that
utilises an optic contact probe microscope that is at-
tached to a computerised video microscope (e.g. Micro-
watcher Model VS-901, Mitsubishi Kasei Corp, Tokyo,
Japan [232]) which allows photographic images of skin
capillaries to be taken. Scarred skin has a deranged ca-
pillary organisation. The pictures are then scored either
subjectively and/or objectively. Subjective methods score
images according to angiogenic markers [232, 233] such
as enlarged or tortuous loops, architectural derange-
ment, neoangiogenesis and quantitative changes of capil-
lary lesions. These scoring systems can be modified to
allow objective quantification [234, 235]; for example,
the methods used in a study by Hern et al. allowed for
both non-stereological measurements (microvessel dens-
ity and vessel image width) and stereological measure-
ments (image area fraction and microvessel length
density) [235]. Intravital capillaroscopic measurement of
capillary density (CD) has been shown to be reliable and
reproducible with a mean coefficient of intra-observer
variation of CD estimate of 5.6 % and the inter-observer
correlation coefficient of 0.94 [236].

A similar technique, dermoscopy, and its use in the
examination of vascular structures can be a clinically
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useful diagnostic tool for differentiating between keloids
and hypertrophic scars [237].

The dermoscopy can be used to visualise capillaries
and pigmentation in the epidermal and dermal layers of
the skin. An added advantage is that since dermascopes
have their own light source, it is not likely to be affected
by differences in environmental lighting which has been
shown by Wei et al [238].

Wei et al. [238] showed that the L* (or lightness reading)
from the Dermoscope (Hong Kong Productivity Council)
had a significant correlation (0.448-0.536, p <0.01) with
the readings from the MiniScan XE Plus spectrocolori-
meter (HunterLab, Reston, VA, USA) and VSS scores of
pigmentation (when the skin was blanched with pressure;
r=0.783, p < 0.01). The RGB values of redness also showed
a strong correlation with the VSS scores of vascularity
(r=0.625, p < 0.01). Both the intra-rater and inter-rater re-
liability of the dermoscope were found to be excellent
(0.965-0.98 and 0.871 to 0.930, respectively).

Measurement of sensory change
A majority of patients with burn scars experience a
change in sensation of the scarred skin such as pruritis,
pain and hyper- or hypo-sensitivity is common in scars
and this can often last for years after the initial injury
[239]. However, the objective measurement of such sen-
sory deficits is challenging task and the only gold stand-
ard for pain assessment available currently is self-report.
Functional MRI (fMRI) scans have shown promise in
assessing pain in the absence of self-report however it is
far from ready for regular clinical use [240]. However,
skin sensitivity/touch and (indirectly) pain can be exam-
ined in an objective manner with the touch pressure
threshold method (TPT) using for example Semmes
Weinstein monofilaments, which have been shown to
have good intra- and inter-rater reliability (ICC =0.822
and 0.908, respectively) in patients with scars [241].
More recently, an electronic version of the von Frey
filaments is also available and showed better reprodu-
cibility compared to the traditional von Frey with
good to almost perfect intra-observer reliability (ICC
ranges from 061 to >0.8) (study done on normal
skin, not scars) [242, 243].

Discussion

There have been significant advances in many aspects of
burn treatment, but hypertrophic scarring remains as
one of the major chronic problems after severe burns
with few therapeutic options currently available. The
accurate assessment of scarring is an important aspect
of research into better treatments for this condition.
Despite this, scar assessment is still mostly subjective
and there is still little consensus regarding the ideal
scar measurement tool [244].
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Most if not all currently used subjective scales used in
evaluating skin scars assume that scar dimensions con-
form to linear models and thus employ equal appearing
interval (EAI) scales. However, a study by Brandt et al.
showed that whilst pliability, thickness and surface area
were defined well using linear models, the dimensions of
vascularity and pigmentation were more accurately de-
scribed using curvilinear functions [245].

Tools for scar measurement are often modified from
tools developed for other industries, e.g. dermatological
use in the cosmetic industry, such as the Cutometer;
colour probes for measuring the colours of materials in
the food and building industries and durometers such
as the Vesmeter for testing the hardness of materials
in the manufacturing industry [246]. As such, their
utility for burns patients is mostly unproven. Accord-
ingly, trials on these tools to evaluate their accuracy
and reliability are scarce and few trials have compared
the different devices.

The ideal assessment of scars should include the ob-
jective and subjective aspects of scars as well as an assess-
ment of the functional limitations that are caused by the
scar tissues [94]. The different physical aspects of scars
can all change independently of each other during the
course of scar evolution and as such a hybrid method of
scar assessment which incorporates the most reliable and
feasible methods should be used [247]. Combination sys-
tems such as the Dermalab combo which incorporate
multiple scar measurement tools (e.g. colour, thickness
and pliability [6, 248]) are now available [248] to facilitate
this although improvement in the clinical interpretation of
the measurements is required [247].

A problem with validating objective scar measurement
tools is the lack of an ideal gold standard.

Biopsies and standard histological analysis whilst
proven to be accurate mostly rely on subjective scoring
systems [249] unless quantitative measurement tech-
niques are used [43]. Furthermore, Singer et al. showed
that histomorphologic scales have been shown to only
correlate fairly with gross macroscopic scores [249].
Beausang et al. also found that the clinical scar appear-
ance correlated better with the upper portion of the skin
(epidermis and papillary dermis) compared to the deeper
parts of the scar [43]. Therefore, the lack of correlation
of objective measurement techniques with clinical sub-
jective scores should be considered carefully and not
used to dismiss the objective methods.

Future validation studies of pigmentation and vascu-
larity may be possible with standard colour reference
cards developed for the cosmetic industry [250].

Objective scar measurement tools are important, es-
pecially for interventional clinical studies, as scars and
the effect of therapies can be described, analysed and
compared more accurately than is possible with



Lee et al. Burns & Trauma (2016) 4:14

subjective scar scales. Subjective scar scales however
should still be incorporated into studies as they can
provide a more global assessment of the scar and allow
the measurement of variables that are currently not
possible with objective measurement devices, such as
pain and itch. Indeed, several published studies have in-
corporated both subjective and objective scar measur-
ing tools [251, 252].

The implementation of objective measurement devices
into standard clinical practice still faces many obstacles
and there are multiple reasons why potentially great
technologies are struggling to get incorporated into the
health care system.

As mentioned previously, many new technologies
(including all if not most of the devices mentioned in
this review) have been developed for non-medical
uses and very little if any input has been sought from
clinicians or patients during the design process, and
thus these devices may have limited practical clinical
use. The lack of data security features is also a factor
although this issue probably applies more to mobile
apps rather than physical devices.

Some clinicians also view the use of new technologies
in clinical practice as a crutch to the development of
clinical acumen even though many studies have shown
that clinical judgement to perform poorer, e.g. in deter-
mining surface area [253] or burn depth [254].

Another main issue is the high cost of these devices.
Even the simplest of devices, e.g. colour probe, costs at
least >£3000 not including annual servicing costs. With-
out solid research evidence of clinical and patient bene-
fit, it is difficult to justify the costs and use of these
devices outside of research.

Despite many of these devices being fairly simple to
use, a certain level of technical expertise and additional
clinical time to collect and analyse the data generated is
still required. To take an example, electronic health re-
cords have been used more frequently in hospitals now-
adays but it takes longer for an average clinician to input
data into the electronic system than onto a paper record
for months, even years, after they have started using
them [255]. This has been anecdotally quoted as one of
the main reasons why some burn clinicians have been
slow to adopt new technologies such as LDI in deter-
mining burn depth even though there is strong evidence
for its accuracy compared to clinical judgement. Staff
specially trained in the use of these devices and who are
responsible for training of other staff and championing
their use in regular clinical practice may be the way for-
ward [255].

Lastly, the scope of this review largely did not include
journals or articles in physical sciences or engineering
which may have unearthed more potentially useful ob-
jective scar measurement devices.
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Conclusions

In this review, we aimed to recommend a panel of ob-
jective scar measurement tools for burn scars to be used
in conjunction with subjective scar scales, that were reli-
able, patient friendly, and easy to use (feasibility in terms
of cost and portability have now been commented on in
the tables in the various sections); generated simple data;
and were appropriate for use in a clinical (bedside) en-
vironment (i.e. portable). We included in the panel the
least number of devices that could measure surface area,
colour, thickness, pliability, texture or topography and
pathophysiological skin disturbances in order to reduce
measurement time and cost. All of the devices consid-
ered for inclusion have to be commercially available. As
such, the recommended device panel for burn scar as-
sessment is as follows:

o 3D wound measurement camera systems (Eykona/
Lifeviz/Vectra H1): for surface area, texture, volume
(including clinical thickness) and colour.

o Dermascan: for histological thickness measurements
(the TUPS is an alternative but not commercially
available).

o DSM I Colormeter: for colour measurements
(both Tristimulus reflectance colorimetry and
narrow-band simple spectrophotometry).

o Cutometer system: for viscoelastic measurements of
the skin.

o Tewameler (optional probe for the Cutometer
system): for the measurement of transepidermal
water loss.

Further studies are needed to validate the performance
and utility of this scar panel and to compare them with
the commonly used subjective scar scales, such as the
POSAS.

It is recommended that new technologies to be
utilised in objective measurement should ideally be
evaluated in terms of intra- and inter-rater reliability
(with at least two observers) before being used in
trials; however, this could be time and resource con-
suming. Collaborations should be established be-
tween the industry, clinical research and patient
groups to streamline and refine this process and en-
courage the testing and introduction of improved
devices.

Although there is a greater emphasis now compared
to previous decades on developing and evaluating de-
vices that measure physical scar parameters, scarce at-
tention has been given to measure the physiological
characteristics of scars. It is essential to develop tools
that can be used to measure and quantify metabolic
and cellular activity in scars so that treatments can
be tailored to the individual.
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Appendix B

Gellan Contact Study Scoring reference guide (Version 6.0):

Erythema

- 0 = No evidence of erythema

7

0.5 = Minimal or doubtful erythema

1 =Slight redness, spotty and diffuse

2 = Moderate uniform redness

- 3 = Strong uniform redness

4 = Fiery redness

259 |Page



Dryness (scaling)

0 = No evidence of scaling

0.5 = Dry without scaling, appears smooth and taut

1 =Fine or mild scaling

2 = Moderate scaling

3 = Severe scaling with large flakes
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Oedema/ swelling

0 = Absence of oedema/swelling

0.5= Mild, localised swelling/urticaria +/- mild
itching

1 = Presence of severe oedema (or generalised
discrete weals) with severe itching
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