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ABSTRACT

The overall aim of the studies in this thesis isftdd. One is oriented towards
calibrating a classifier in differentiating betwemalignant melanoma and benign nevi
of the skin. The other concerns the developmeatrofthematical model to ascertain
the validity of the electrical properties founditerature and to aid in the design and
operation of electrodes as well as to broadennbgvledge of the signal distribution in
skin.

In the pursuit of calibrating a classifier in thistthction between benign and
malignant cutaneous lesions, an international, icariter, prospective, non-
controlled, clinical study is conducted, where taltof 1807 subjects are enrolled.
When the observed accuracy, although significarfound not to be sufficient for the
device to be used as a stand-alone decision suggobifbr the detection of malignant
melanoma, the study is put on hold. The studyeas tie-initiated after hardware
updates and redesign of both probe and electredenpiemented.

The resulting classifier demonstrates that EISpzztentially be used as an adjunct
diagnostic tool to help clinicians differentiatelween benign and malignant
cutaneous lesions, although further studies ardate® confirm the validity of the
classification algorithm.

In Paper lll the literature values of the electrmaperties of stratum corneum obtained
by Yamamoto et al. are adjusted, and the impaobthf the soaking time and sodium
chloride concentration of the applied solvent igvei to significantly alter the
measured electrical properties. Thereafter, in Pifyenore realistic median electrical
properties of both the stratum corneum and thenydg skin is inverse engineered
from experimental measurements on a large cohautlgécts, by using a mathematical
model considering the conservation of charge inl@oation with an optimization
algorithm.

Previously it was thought that the electrical imgreck of intact skin is dominated by
the stratum corneum at low frequencied Hz) and by the underlying layers at
higher frequencies (1 MHz). In Paper V, it is shown that the straturmeoim heavily
dominates the electrical impedance of intact skimoufrequencies of approximately
100kHz, and that the influence of the stratum cammés not negligible even at 1IMHz.

Key Words: Electrical impedance, diagnostics, setityiand specificity, skin cancer,
melanoma, epidermis, dermis, subcutaneous fat,emettical modeling, optimization,
finite element analysis



LIST OF PUBLICATIONS

This thesis is a based on the following publication

P. Aberg, U. Birgersson, P. Elsner, P. Mohr an@I8nar, Electrical
impedance spectroscopy and the diagnostic acctoacy
malignant melanomd&xp. Dermatology20 (8), 648-652, 2011

P. Mohr, U. Birgersson, C. Berking, C. HendersoraktElectrical Impedance
Spectroscopy as a potential adjunct diagnosticfawvautaneous melanoma.
Skin Res Technahccepted on 9/11/2012.

U. Birgersson, E. Birgersson, P. Aberg, |. Nicarafat S. Olimar, Non-
invasive bioimpedance of intact skin: mathematmatleling and
experimentsPhysiol. Meas32 (1), 1-18, 2011

U. Birgersson, E. Birgersson, I. Nicander and &n@l. A methodology for
extracting the electrical properties of human s&ubmitted td’hysiol. Meas

U. Birgersson, E. Birgersson and S. Ollmar. Estimgatlectrical properties
and the thickness of skin with electrical impedasyectroscopy:
Mathematical analysis and measuremehtsectr Bioimp 3, pp. 51-60, 2012



CONTENTS

ol

INEFOTUCTION ...t e emmmmne s 1
HUMAN SKIN ..ot e 2
2% R I 1= = oo [T 0 1SR 2
2.2 TR UEIMIS ..t 4.
2.3 THE SUDCULIS ....oeiiiiiiie it 4.
Electrical IMPEUANCE .........cooiiiiiiiii e 5
3.1 Electrical impedance of living tiSSU€ .......ccoccuviireeeiiiiiiiiieee e, 5
3.2 SKINIMPEAANCE......ceiiiiiiiiiiiiee e ettt e e e e e e e 7
NEeVi and SKIN CANCET .......ocuvieiiiiiees st steee e steee e e e e 8
AL NEBVIciiiie ittt reee et et a bt e e tae e s nan 8
4.2 Malignant melanoma...........coeeeeiiiviiiieecme e 8
4.2.1 Incidence and mortality of malignant melanoma............ 8
4.2.2 Melanoma Staging .......cccvvveeeeeeeeseeees e eeeeesnsseeeeeeeenns 10
4.2.3 SUNVIVAL....ociiiiiiiiiiie ettt 11
4.3 Basal cell carcinoma and squamous cell carcinoma............... 12
AMIS e e e e et e e e e e e b b e e e e e e e e s emmme e 13
Material and Methods ...........oooiviiii i e 14.
6.1 Data analySiS PrOCESS .......ccuuuveereee s eeeeae e e enneeeeeaesesnnneeeeeess 14
6.1.1 Data aCqUISITION .....cceeeieiiiiiiieeeeeeceeemeeeee e e e e e ssieree e e e e 14
6.1.2 Data preparation ..........ccccoocueeeeees s s essneseeeeessssssnneeeess 14
6.1.3 Modeling and learning Systems ..........ccccccceveeeevcivneennn. 14
6.1.4 VerifiCation ..........ccooiiiiiiiiiiiie e 14
6.1.5 Validation ..........ccoeiiiiiiiiiiiie e 14
6.2 Electrical impedance measurements .........cccceeooeevveeeeeeeennnee 15
6.2.1 Electrical impedance spectrometer ..........omeeeeeerneen. 15
6.2.2 Micro-invasive electrode...........ccccooivimcememeeeeeeiiiiiieeeeee 16
6.2.3 Non-invasive electrode...........ccccoevvvieeccmmnieee e 17
6.2.4 General examination procedure ............. e eeveeeeenenn 17
6.2.5 Cancer detection examination procedure .................... 17
6.2.6 Skin stripping examination procedure .......ccccceeueuueeee.... 18
6.3 Naked eye examination and dermatoSCOpPY ...ccccccceevvveeeeerrnnnn. 19
6.3.1 Clinical diagnOSIS .......ccieiiiiiiiiieee e et 21
6.4 Histopathology diagnOSIS .........cceeeiiiiimeeeemee e 21
6.5 Clinical StUdY deSIgN ......ccviiiiiiiiiiiii et 22
6.6  Data COIECHION ....ceeiiiiiieiiiiie ettt eiree e 23
6.7 Data analysis of electrical impedance measuremenits............. 24
6.7.1 Principle component analysis (PCA).......cccccceceuvvvveerenn. 24
6.8  ClaSSIfIErS....ccoiiiiiiiiiiie et e 26.
6.8.1 k-nearest neighbors (K-NN) .........ccoooiimmmmcm e 26
6.8.2 Support vector machine (SVM) .......ccccoiviimmeeeeieeeeennee 26
6.9 Clinical efficacy endpoints.........cccccooiceeeeiieeeee e 28
6.9.1 Sensitivity and SPECIfiCItY .........cccuvveeeiiiriiiiiiee e, 28
6.9.2 ROC — Receiver operating CUIVe ...........cccceeeeeveeeeeennnne 28
6.9.3 SAFELY ..oiiiiie e 30

Mathematical modeling of SKin.............coceeeere e 31



10

11
12

4% N [ 01 (o To 1§ (1 170 o TR 31

7.2 SKIN COMPOSITION ....uviiiiiiiiiiiiiiee e et e e e e 31
7.3 Electrical impedance electrode .........cccccveeeveeeiiiiiiieee e 32
7.4 Mathematical Model ..o 32

7.4.1 Governing equations in the transient domain............... 33
7.4.2 Governing equations in the frequency domain............ 34

7.4.3 Boundary conditions .........cccceeeveiiiiiieeee e 34

7.4.4 Constitute relations............ccveeeeeeiinieeene e 35
7.5 Analytical SOIULION.........ceiieiiiiiiiie e cmeeeeeee e e e e e 35
7.6 Model lIMmItatioNS...........coiiiiiiiiiiii e 35
Results and Short diSCUSSION ...........uvvecccmmiriiieee e ccieeee e e 36
8.1 SHUAY .o 36
8.2 SHUAY I oo 38
General discussion and CONCIUSIONS ........cccceeveiiiiiereee e a7
S I = o= Tox YT PRRT USSR ¥ 4
9.2 Requirements and consideration for adjunct diagnasage ....... 48
9.3 Mathematical modeling and electrical propertieslaf ............... 49
FULUIE STUIES. ... eieeeeee et e+ et e e e e e e nte e e e e e e e nnnne e s e 51
10.1  ClNICAl STUAIES......eeiieeiiiiiiiiee e et 51
ACKNOWIEAGEMENTS .......viiiiie et cemmmmmr e e e e e e e 52

REIEIENCES ..o e e 53



LIST OF ABBREVIATIONS

AE
aNN
AT
AUC
BCC
CRO
DN
EIS
FEM
FLD
FN
FP
ICH-GCP

IMATS
kNN
LMM
MM
PAD
PCA
PLS
ROC
SAE
sC
scc
SK
SSM
SVM
TN
TP
VS

Adverse Event

Artificial Neural Network

Fat

Area under curve (ROC)

Basal cell carcinoma

Contract Research Organisation
Dysplastic Nevus

Electrical Impedance Spectra
Finite Element Method

Fisher Linear Discriminant

False Negative

False Positive

Good Clinical Practice (International Caoefece on
Harmonization)

International Melanoma Algorithm Training ity
k Nearest Neighbors

Lentigo Malignant melanoma
Cutaneous Malignant Melanoma
Pathologic-Anatomic Diagnosis
Principal Component Analysis
Partial Least Squares

Receiver operating curve
Serious Adverse Event

Stratum corneum

Squamous Cell Carcinoma
Sebhorrheic keratosis

Superficial Spreading Melanoma
Support Vector Machine

True Negative

True Positive

Viable skin (Living Epidermis + Dermis)






1 INTRODUCTION

Electrical impedance is the measure of a matelglfgosition to the flow of alternating
electric currents of various frequencies. Electiitgpedance of biological materials
reflects the clinical status of the tissue undeadtIn general, impedance at low
frequencies is related mainly to the electricaperties of the extra-cellular
environments, whereas impedance at high frequerscietated both to the electrical
properties of the intra- and extracellular enviremts and the capacitive properties of
the cell membranes. Electrical impedance spectpysabbiomaterials is reviewed in
[1] and for skin specifically in [2].

It has been shown that there are statisticallyifsogmt electrical impedance differences
between reference skin and several lesion tymedasal cell carcinoma (BCC),
squamous cell carcinoma (SCC) [3-5]. In preliminstiydies [6-8], it was demonstrated
that it is possible to use the differences betvw®@@ and benign nevi to identify the
lesions with significant diagnostic power. In [7#8Jvas demonstrated that impedance
measured non-invasively can be used to separateeanoma skin cancers (BCCs
and SCCs) and actinic keratosis from harmless baregi with a high accuracy level,
and that it is possible to sort out malignant metaa from benign nevi albeit with a
lower, though clinically relevant, accuracy.

In [9] it was proposed that a new type of mico-siva electrode furnished with
extremely small pins that penetrate into the stnatorneum would reduce the
electrical impedance of the stratum corneum, aodsequently, be less influenced by
possibly irrelevant biological variations than étexal impedance measured with a
non-invasive flat electrode. It was subsequentinalestrated that the accuracy of
malignant melanoma detection was higher for theaniitvasive technique than the
regular non-invasive [10]. As the proof of pring@tudy for melanoma detection
with electrodes furnished with micro spikes onlgluded 16 melanoma, the need for
additional studies to both develop and validatet¢lcbnique was apparent.

In view thereof, the primary aim of this thesis wagarry out two large multicenter
studies to develop a classifier to differentiatesMsen benign skin lesions and
malignant melanoma and to validate the techniqafsysand effectiveness.

During the course of the development it became r@ppahat the electrical properties
of skin found in literature were unable to accugapeedict the experimental findings
and thus part of the thesis work became orientedrts mathematical modeling and
experiments to enable the extraction of more reakedectrical properties for skin.



2 HUMAN SKIN

The human skin is a complex organ that covers:xttegier of the body. It is the single
largest human organ both by sheer weight and sudeea. It comprised three main
layers: epidermis, dermis and subcutis as depintEdyure 1.
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Figure 1 — Cross section of the skin.

The outhermost layer, the epidermis, acts as &bagainst radiation, chemicals and
pathogens whilst limiting water loss through thmnsBetween the epidermis and
subcutis lies the dermis, whose main function sujply the epidermis with nutrients
and to provide both mechanical strength and elgstithe innermost layer, the
subcutis, consists mainly of fat and loose conuedissue and functions as an insulator
and shock absorber.

A literal interpretation of the word subcutis, megnbeneath the skin, will imply that
the skin encompasses only two layers. Howeverngive interaction and functionality
of the subcutis with the epidermis and dermis agipratic approach is to see it as an
integral part of the skin [11-12].

2.1 THE EPIDERMIS

The epidermis is composed mainly of keratinocyf&ée innermost layer (stratum
germinativum) consists mainly of strictly orderesbhl cells where approximately
every tenth cell is interchanged with a melanogyigment producing cell. It is
anchored to the basement membrane at the epiddemahl junction. The basal cells
actively differentiate, some of which migrate todathe surface of the skin slowly
becoming more and more flattened anucleate plétesratin (keras meaning horn),
which can be found in the outermost layer (stratonmeum or horny layer). An
especially important protective role can be coutsd to the melanocyte. By producing
melanin granules (small pigmented particles) UMatioh can efficiently be absorbed
and transformed into heat [13], thereby protedimgDNA from the damaging effects



of the UV radiation which, to a large extent, isibtited to the formation of malignant
melanoma and other skin cancers.

In between the basal and corneum strata (layeo)céed transitional stages can be
found, the spinous and granular cell layer. Inghi@osum strata, the cells start to
shrink, although they still remain tightly packéddugh the high number of cell-to-cell
cohesion proteins (desmosomes). It is within ttsgagous cells the keratin is formed.
In the subsequent layer, the stratum granulosusrgelts flatten substantially and lose
their cell organelles including their nuclei. Atolgy section of the epidermis stained
with hematoxylin and eosin, as seen under the sooqe, is illustrated in Figure 2

Depending on body site, the epidermal skin thicknesies considerably between 0.1
mm up to 2 mm [14]. The variation in epidermal skirtkness is almost completely
due to the variation in the stratum corneum thisknahere it is approximately 10-20
pum thick in general it can be as thick as 2 mmhenpalms of the hands and feet, as
illustrated in Figure 3.

P e i S
(SC) thickness (a) upaek and (b) palm of sole

0N
neum

Figure 3 — Stratum Cor

Within the epidermis, other cellular components loariound such as the Langerhans’
cells, which forms part of the body’s immune systamd Merkel cells being
specialized nerve endings.



2.2 THE DERMIS

Directly underneath the epidermis lies the skinskést layer, the dermis. It consists
mainly of collagen and elastin fibers intricatelgwen into a matrix providing the skin
with mechanical strength and elasticity. It is dadl into 2 sub-layers of varying
thickness: the papillary and reticular dermis. phgpillary dermis situated directly
underneath the basement membrane intertwines ld@trete-ridges of the epidermis in
a papillary (nipple-like) formation to increase tsechange of nutrients and metabolites
between the two layers. The thicker reticular deramderneath has a higher
concentration of coarser collagen and elastin fioedles.

Within the dermis a large number of other cell@@mponents can be found:
fibroblasts responsible for manufacturing collagen,
mast cells involved in moderating immune and infi@atory processes,
macrophages having a central role in the immunesys
sweat glands involved in the temperature regulation
hair follicles,
sebaceous glands,
sensory receptors and
blood vessels.

2.3 THE SUBCUTIS

The subcutis, found underneath the dermis (excephé scrotum were no subcultis is
present), mainly consists of lipocytes, which grecsalized fat storing cells and some
loose connective tissue. Due to the high percerdbfs in this layer, it is often
referred to as the subcutaneous fat and therelayidms as a good insulator and shock
absorber. Its thickness varies depending on anesbsite, nutritional and hormonal
status in conjunction with many other factors.

Other cellular components found in this layer aevas and blood vessels.



3 ELECTRICAL IMPEDANCE

Electrical impedance is a measure of a materigifgosition to the flow of alternating
electric currents of various frequencies. Electiitgpedance of biological materials
reflects the clinical status of the tissue undadwgt Normal and abnormal tissue differ
with regards to cell size, shape, orientation, cactess, and structure of cell
membranes, as illustrated in Figure 4. These @iffigoroperties influence the ability of
the tissue to conduct and store electricity. Thesmns that the properties also will be
reflected in an EIS measurement. A tissue alterdakiat would be discovered in a
microscope during a traditional, histological exaation can also be seen as an imprint
in the impedance spectrum.

In general, impedance at low frequencies is relatanhly to the resistive properties of
the extra-cellular environments, whereas impedahbéyh frequencies is related both
to the resistive properties of the intra- and egg#ular environments and the
capacitive properties (reactance) of the cell mamés. The outcome of an EIS
measurement is both magnitude and phase shifthtfesguency included in the
spectrum.

Normal tissue

@@@@qp
L)) ()
aDBEibDD

Abnormal tissue

— Low frequencies,
primarily reflect the
extracellular environment

--- High frequencies,
reflect both the intra- and
extracellular environment

Figure 4 —lllustration of current pathways of londehigh frequencies.

3.1 ELECTRICAL IMPEDANCE OF LIVING TISSUE

Electrical impedance of living tissue generally teams three major frequency regions
where the electrical impedance decreases withasrg frequency separated by
regions with almost constant electrical impedaase;an be seen in Figure 5.
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Figure 5 — Schematic of general dispersion redionkving tissue.

These three major regions, where the electricabdapce decreases, are coupled with
specific electrochemical mechanisms and are oéifsired to as dielectric dispersions.
The first to identify the three major dispersioreerred to as, and -dispersions,
was H.P Schwan [15], as early as 1957. Hagspersion found in the characteristic
frequency region between mHz up to a few kHz gdiyeneflects the polarization
phenomena of ionic clouds near the membrane sstfabe -dispersion, found in the
frequency region between a few kHz and hundredi4Hx , is related to the
polarization effects and structural changes ot#lemembranes as well as oedema.
The -dispersion, in the region between hundreds of MiHzeveral GHz, is affected
by dipolar mechanisms in the relaxation of smalhpmolecules, in particular water.

In conjunction with each dispersion there are sigpetsions (e.g.1, 2...), which can
easily be overlooked if the data is fitted to sariori idea on how the measurements
ought to look, such as the Cole-Cole model [16]s Thdue to the fact that electrical
impedance consists of both a real and imaginartygpaequivalently, the magnitude
and the phase shift and curve-fitting to partiahdaill always filter out a large amount
of data, which might just be essential to desdtileefull extent of the phenomena to be
observed. As the frequency intervals imply the elisjpns are not always clearly
separated and might sometimes overlap. For skppstt 90 times with cellulose tape,
the and dispersions clearly overlap, as can be seen ur&ig,.

Foster and Schwan published a thorough revieweoélbctrical properties of tissue
[17], Gabrielle et. al. [18] measured and estim#tedelectrical properties for a large
number of tissue types, which have to a large ¢xteen discussed in a pedagogical
way in Bioimpedance and Bioelectrical Basics [1¢@mjunction with a broad range of
electrical impedance applications.

Electrical impedance has been used in a wide rahgeical applications, ranging
from differentiation different cancer types [3-1®-24], tomography [25] and body
composition [26].



3.2 SKIN IMPEDANCE

The average electrical properties of stratum comand the viable skin underneath
were first estimated by Yamamoto & Yamamoto in 1@7f by adjusting a tissue
circuit equivalent to reflect the measured eleatnimpedance after applying an 18%
sodium chloride solution for 30 minutes before aftdr stratum corneum stripping,
thereby enabling the measurement of the stratunmeaan and viable skin respectively.
In 1984 Ackmann & Seitz [28] showed that the eleatimpedance of intact skin is
dominated by the stratum corneum at low frequer(cidskHz) and by the underlying
layers at higher frequencies1 MHz). This was clearly confirmed in a computadibn
study conducted in 1999 by Martinsen et al. [28]tel, Birgersson et al. adjusted the
electrical properties of stratum corneum obtaingd @mamoto et al. unmistakably
showing that the soaking time and sodium chlormecentration of the applied solvent
significantly changes the measured electrical ptase[30]. Thereafter, Birgersson et
al used a mathematical model considering the ceasen of charge in combination
with an optimization algorithm to inverse engins®re realistic median electrical
properties of both the stratum corneum and thenyidg skin from experimental
measurements on a large cohort of subjects .[8012 Birgersson et al showed that
the stratum heavily dominates the electrical impedabf intact skin up to frequencies
of approximately 100kHz and that the influencehaf $tratum corneum is not
negligible even at 1IMHz [32].

An example of the electrical impedance distributietween the stratum cornum and
the underlying skin layers can be shown by meaguhie electrical impedance during
a tape stripping experiment, as illustrated in Feghl
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3 100 s 3
~ 300 ~ ~ Ao
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Figure 6 — Nyquist plots of the electrical impedaspectra (frequency range 1.22 kHz to 1
MHz), before tape stripping, and after 30, 60 addicpe strips. Note axis scales.

The electrical impedance of skin has been utiltreguantify, assess and characterize
skin reactions and diseases [33-40].



4 NEVI AND SKIN CANCER
4.1 NEVI

When an abundance of melanin is present on a gpsgdt of the skin, these areas are
often referred to as moles, spots or pigmented nevi

During the course of time, these pigmented nevelmeen characterized into a large
amount of subtypes. For the sake of ease, the pigah@evi are often categorized in
regards to the degree of atypia (abnormality) prieieethem, which has been correlated
to an increased likelihood of progression into gradint melanoma [41-42]. This
generates the following classes:

benign (harmless) pigmented nevi, which are vergraon

dysplastic (difficult formation) nevi of mild/modate/severe atypia

malignant (harmful) melanoma

other (both benign and malignant)

Since the skin is composed of many different dgfies, other nevi or lesions can form
due to an increased growth of other skin cells.

4.2 MALIGNANT MELANOMA

Malignant melanoma arises when melanocytes stgrote uncontrollably, due to a
specific mutation in the DNA structure. Most casesell mutation leads to
programmed cell death (apoptosis) except whenyasreall set of genes, called
oncogenes are mutated, in which case the celltadrt proliferate uncontrollably
(cancer). In most cases, a mutated oncogene @ftgrires an additional transformation
prior to developing into the state of uncontrol&aptoliferation, such as a mutation in
another gene or a viral infection. If the canedeft untreated it can start to spread via
blood and lymph vessels to the lymph nodes, ottgars or other distant tissues
(metastasis).

The transformation from a benign into a malignaetanocyte is not yet fully
understood, but sun exposure especially in eailghabod and sunburns in people with
fair/white skin seem to be important risk factavhjch clearly is reflected in the
melanoma incidence and mortality in the followirgtsn. Since melanoma also do
arise in sun-protected areas (such as in the mgaeitiitalia and under eyelids), sun
exposure is not the only risk factor for developmeglanoma. Some other risk factors
that need to be taken into account are family hjsdbmelanoma, previous melanoma,
large number of melanocytic (pigmented) nevi, slalor/type, genetic disposition as
well as other environmental factors [41-52].

4.2.1 Incidence and mortality of malignant melanoma

Melanoma incidence has increased more than 3-fedé 4980, and if current trends
continue, it has been estimated that 1 of evenyedple born in US during 2000 will



develop melanoma [53]. Melanoma incidence ratebwfar highest in countries
having a sun exposed and fair-skinned populat®eaa be seen in Figure 7.

Estimated age-standardised incidence rate per 100,000
Melanoma of skin: both sexes, all ages

=73 <147 <220 W<293 MW<367
GLOBOCAN 2008 (JARC) - 7.12.2012

Figure 7 — The incidence of melanoma in the wds#] [

Countries in the developed world account for thgomaart of all malignant melanoma
cases with approximately 200000 new diagnosed ca2€40, where Europe
accounted for 52%, US 39% and Australia/New Zeafanthe remaining 9% [54].

As with incidence rates, the mortality rates aghbst in countries having a fair-
skinned population, as can inferred from Figur@&@roximately 46000 died in
developed countries during 2010 due to late stagjamoma [54].

Estimated age-standardised mortality rate per 100,000
Melanoma of skin: both sexes, all ages

<08 <17 <25 W<33 MW<42
GLOBOCAM 2008 ()ARC) - 7122012

Figure 8 — The mortality of melanoma in the woBd]|



4.2.2 Melanoma staging

All cancers are staged according to TeecknesdNodularM etastasis (TNM)
classification [55]. The primary tumor thickne39 {s measured, the regional lymph
nodes checked for presence of tumor cells (Regioyraph Nodes) and whether the
tumor has spread to other organs or distant tigflist&antM etastasis).

For melanoma the tumor is then graded into diffecategories in accordance to the
TNM classification [55] as depicted in Table 1.

Table 1. Melanoma TNM Classification [55]

Primary Tumor Thickness (T)

T Classification

Thickness

Ulceration Status

TX Cannot be assessed (curettage (scraping\/A
or scooping) or fully regressed
melanoma)
T0 No Evidence of primary tumor
Tis N/A N/A
Melanoma in situ
(in place)
T 1.0mm a: w/o ulceration and mitosis < 1/ mm2
b: with ulceration and mitosis 1 / mm2
T2 1.01-2.0mm a: w/o ulceration
b: with ulceration
T3 2.01-4.0mm a: w/o ulceration
b: with ulceration
T4 > 4.0mm a: w/o ulceration
b: with ulceration
Regional Lymph Nodes (N)

N Classification

# of Metastatic Nodes

Nodal Metastic Mass

NO No evidence of lymph node metastasis
N1 1 node a: micrometastasis
b: macrometastasis
N2 2-3 nodes a: micrometastasis
b: macrometastasis
c: In transit mestases/satellites without
metastatic nodes
N3 4 or more metastatic nodes, or matted nodés;toansit metastases/satellites and

metastatic nodes

Distant Metastasis (M)

M Classification | Site Serum LDH
MO No evidence of metastasis to distant
tissues or organs
Mla Distant skin, subcutaneous or nodal Normal
metastases
M1b Lung metastases Normal
Mlc All other visceral metastases Normal
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Or any distant metastases | Elevated

" The use of mitotic rate to differentiate betweda &nd T1b is not yet part of standard care in
all countries, e.g. Sweden has not establishedthiart of the diagnosis yet

By combining the TNM classes a clinical stagingraflanoma can be conducted as
given in Table 2. This helps in determining therappiate treatment and survival of
the patient.

Table 2. Clinical staging of malignant melanoma] [55

Clinical Staging
Stage 0 Tis NO MO
Stage IA | Tla NO MO
Stage IB | T1b NO MO
T2a NO MO
Stage llIA | T2b NO MO
T3a NO MO
Stage IIB | T3b NO MO
T4a NO MO
Stage lIC | T4b NO MO
Stage lll | Any T N1 NO
StagelV | Any T Any N M1

4.2.3 Survival

As with all cancers, survival generally decreasastetally with increasing tumor
thickness and whether the tumor has metastasipedn&anoma, the 10-year
survivability can be categorized in accordance withmeasured Breslow thickness (T-
class) as depicted in

Table3 as well as according to the clinical staging,rigkhe thickness and metastatic
potential in consideration as shown in Figure 9.

Table 3. Melanoma Classification according to RryriTumor Thickness [55]

Thickness 10-year survival
Tis ~100%

T1 92%

T2 80%

T3 63%

T4 50%

Where thin melanomas can be considered cured withsargical excision, a thick
melanoma has a very low 5-year survival and metasteelanoma (Stage IV
melanoma) of any thickness has an extremely pgaab-survival [56], due to the
solemn fact that there is still no efficient treatthfor metastatic melanoma. Therefore,
early detection of malignant melanoma is vitaltfteatment outcome and survival rate.
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Figure 9 — Kaplan-Meier survival curves for thaeteinship between stage of melanoma and
survival [56] with addition of Stage 0.

4.3 BASAL CELL CARCINOMA AND SQUAMOUS CELL CARCINOM A

If the basal cells or the spindle cells undergoudation of the oncogenes, then either a
basal cell carcinoma or a squamous cell carcinoayadavelop. These skin cancers
are generally referred to as non-melanoma skinezanEven though the incidence of
basal cell carcinoma is over 10 times as frequent@anoma, the mortality is
extremely low as they very rarely metastasize. Bques cell carcinoma is 1.5 times as
frequent as melanoma, they sometimes do metastbsizihey are not as malignant as
melanoma. The choice of treatment depends on aewofifactors such as tumor size,
type, thickness, localization and patient age amdilcvolve surgical excision,
curettage, topical creams as well as other forntieeatment [57-58].
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5 AIMS

The overall aim of the studies in this thesis isftid. The first, to calibrate a classifier
able to differentiate between malignant melanonthlemign nevi of the skin. The
other, concerns the development of a mathematiodkehio ascertain the validity of
the electrical properties found in literature améid in the design and operation of
electrodes as well as to broaden the knowleddgeeodignal distribution in skin.

This thesis is based on five papers with the falhgyspecific aims:

To investigate the accuracy of electrical impedapEztroscopy in
distinguishing between malignant melanomas andgbeskin lesions using an
automated classifier.

To develop a classification algorithm to distindguisetween melanoma and
benign lesions of the skin with sensitivity abo@8®and specificity
approximately 20 percentage points higher thampé#ngcipating study
dermatologists.

To derive a mathematical model considering conservaf charge in the
various layers of the skin and adjacent electradesell as validating the
model with experimental findings.

To introduce and validate a new methodology allgwWor efficient
determination of the electrical properties of dkinarbitrary conditions (within
limits) and to extract more realistic electricabperties for the stratum corneum
and viable skin than are currently found in litarat

To (i) explore electrical impedance spectroscod$)as an alternative
technique for estimating the stratum corneum theskn(ii) secure closed-form
analytical solutions for our earlier mathematicald®l of EIS from Paper IV
(iii) verify the analytical solutions with the futhodel and validate both with
further experimental measurements, and (iv) esértieg stratum corneum
thickness and its associated electrical propettigsare key for EIS.
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6 MATERIAL AND METHODS
6.1 DATA ANALYSIS PROCESS

The data analysis process entails problem undelistgrdata acquisition, data
preparation, modeling, evaluation, verification aatidation.

In the following, a brief introduction to each sismiven and the numerical tools
employed.

6.1.1 Data acquisition

This step is generally the most tedious and tirmseming part, but should not be
overlooked as it is vital to gather data that mdy as relevant, but spans the whole
problem domain. As brief insight, it took 5 yeasgather sufficient amount of nevi in
the international melanoma trials to enable thibaion of a classifier. A large part of
that time was spent on adjusting the inclusioreddatand upgrading the system to
reduce operator dependency, increase the signalde ratio and migrating from a
silicon spiked electrode to an electrode furnisivéd micro-invasive spikes based on
plastic.

6.1.2 Data preparation

Once the data is collected, the first step iséarcithe data from inaccuracies that have
occurred during the acquisition phase, such asrgeti@ta errors, noise and outliers.
First thereafter the data may be grouped, trangfdyiscaled, re-sampled and reduced
in dimensionality. Once all data has been prepsmmkst can finally be merged into
one single dataset for modeling purposes.

6.1.3 Modeling and learning systems

There are numerous models and learning systemsahdie employed to solve a
specific problem, but quite often the exact typeascritical, provided the data
acquisition and preparation phase has turned tiagrita something sensible. A couple
of different classifiers are exemplified in sect@8.

6.1.4 Verification

Verification is intended to determine whether ot amnodel meets the given
requirements and specifications prior to havingtally independent dataset that
encompasses the problem domain. Most often dusrgldpment of a model, one is
faced with not having sufficient data to ensurdutsvalidity and therefore different
methods such as cross-validation to test the acgaired robustness of the solution are
employed.

6.1.5 Validation

Validation occurs when model performance is tested dataset that is independent
from the dataset used for calibration purposess frtay of course be part of the data
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acquisition phase, but to acquire data for botioiion and validation purposes might
not only be cumbersome but very time-consumingcarsdy.

6.2 ELECTRICAL IMPEDANCE MEASUREMENTS
6.2.1 Electrical impedance spectrometer

Throughout the data acquisition phase, three @iffeelectrical impedance
spectrometers have been used with almost equivaledées of operation, therefore
only the latest electrical impedance spectrometitibe described. The interested
reader is referred to earlier publications [40, &9{o SciBase [60] for further
information.

The electrical impedance spectrometer, SciBasedhsists of a control unit, a
measurement probe and a disposable micro invakeg@le as shown in Figure 10.
The control unit, connected with the mains throagiower cord with 110/240 V,
processes examination data and presents the retthis EIS measurement on the
display. The display is equipped with a touch scree user interaction. The probe
unit, connected to the control unit through a caislesed to initiate the electrical
impedance measurements by pressing down its mosphley loaded probe housing.

l Control unit

l Probe cable

!

' Probe unit with electrode

Figure 10 — SciBase Il system

The system measures electrical impedance at 3fegatencies, logarithmically
distributed from 1.0 kHz to 2.5 MHz. A completeatecal impedance measurement
takes less than 10 s. The applied voltage andtireggelurrent is limited to 150mV and
75A respectively. This results in a maximum of poand energy that can be
delivered to the skin tissue of 11.25uW and 11&gpectively. Since it takes 4.186
Joule to heat 1 kilogram or 1 litre of water byefcke Celsius, 113uJ would therefore
be the energy equivalent to heating 1 litre byx?1D® degrees Celsius.
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6.2.2 Micro-invasive electrode

During an examination the disposable electrodét@shed to the probe. It consists of
five electrode bars as shown in Figure 11. Theaserbf each electrode bar is
covered with small micro invasive pins covered vgtitd. The pins are of triangular
shape approximately 150n high with a 170vm triangular base. The total area of the
electrode is approximately 5 x 5 mnfthe pins are designed to penetrate into stratum
corneum (approximately 10-20n thick).

Denth 1a. 1b. 1c. 1d .

Depth 2a, 2b, 2¢c -

Depth 3a,3b

Depth4a

Figure 11 — Depth settings

A scanning electron micrograph of the pins is shawfigure 12. Since the pins
neither reach the blood vessels nor the sensowesén the dermis, the probe is
classified as micro-invasive. Measurements withelleetrodes are painless. The
electrode is for single-patient use. After an exation, the operator removes the
electrode and disposes of it.

Figure 12 — Electron micrograph of the micro-pinglee surface of the electrode system. The
pins are 150 um long with a 170 um triangular base

When the disposable micro-invasive electrode &ch#d to the system it measures at
four different depths and 10 set permutationsljastriated in Fig x. The depth
selectivity is facilitated by the use of one seasé one injection electrode. It is the
spatial localisation of the sense and injectioctedele that determines the depth
penetration, as can be seen in Figure 11.
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6.2.3 Non-invasive electrode

The system can also be equipped with a non-disf#abconcentric electrode
system, as depicted in Figure 13. The non-invagsigbe was designed so that two-
point measurements can be carried out to 5 deftihgs; for this purpose, the probe
features two voltage injection electrodes, oneenirdetector and a guard electrode to
decrease the impact of surface leakage currentsTb8 electrical impedance is given
by a measured magnitude (kohms) and a phase djtges) at five different current
penetrations depths resulting from varying theagstat the second injection electrode
from 5 to 50 mV whilst keeping the voltage constri0 mV at the primary injection
electrode.

Figure 13 — Schematic overview of the concentiéctebdes are marked as () current
detection, (II) guard, (lll) secondary inject amd)(primary injection.

6.2.4 General examination procedure

Prior to measurements, the skin site is soaked ptiyfsiological saline solution (0.9 %
salt concentration) for a minimum of 30 secondscf{minvasive electrode) or 60
seconds (non-invasive electrode). Thereafter ticesxfluid is wiped off with a clean
and dry compress. The electrode is placed agdmestskin and a measurement is
initiated. The outcome of the measurement is cuofesiagnitude (in kOhms) and
phase shift (degrees) at varying depths and petiongadepending on the attached
electrode.

6.2.5 Cancer detection examination procedure

Electrical impedance measurements are performed @fitering patient data into the
control unit via the touch screen. The operatot pelform at least 2 measurements,
one on typical background skin (reference) locapsdlaterally or contra-laterally to
the lesion and one or more on the lesion. Multipleasurements are conducted if
needed to cover the whole lesion. Prior to measemésnthe skin site is soaked with
physiological saline solution (0.9 % salt concetidrg for a minimum of 30 seconds.
By measuring the typical background skin, referane@asurement, the patient becomes
its own reference. The outcome of the measurenagatsurves of magnitude (kOhms,
left y-axis) and phase shift (degrees, right y-Jasis four different depths (different
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colors) and 10 permutations at various frequen@iesxis). Examples of curves for
measurements of benign nevus with reference measute (Figure 14) and
measurements of malignant melanoma with refereneasarement (Figure 15) are
provided below.

Figure 14 — Benign Nevus - Reference registratipay) and lesion registration (colored).

Figure 15 — Malignant Melanoma - Reference regfisin (grey) and lesion registration
(colored).

6.2.6 Skin stripping examination procedure (not par  t of MM study)

Prior to initiating the skin stripping procedure,iaitial measurement on intact skin is
performed to establish the subject baseline impmelarhereafter, Scotch® Magic™
Cellulose Tape is applied on the volar forearmhefsubject and removed with a quick
snatch. After every fifth consecutive skin strigpeamn electrical impedance
measurement was carried out. This procedure wasteg until a total of 90 stratum-
corneum strippings had been performed.
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6.3 NAKED EYE EXAMINATION AND DERMATOSCOPY

"Malignant melanoma writes its message in the gkih its own ink and it is there for
all of us to see. Some see, but do not compreh@ud\eville Davis [61]

To help in the comprehension of differentiatiorbehign pigmented nevi from
melanoma, a number of features coupled with areased risk of melanoma have been
derived and are highlighted below.

Today the clinical diagnosis of melanoma is pritydyased on a naked eye
examination of patients’ lesions in combinationhAf@mily history. The physician
assesses each lesion using the well-establishedABieria with the new addition of
E. The ABCDE abbreviations stand fssymmetry Border IrregularityColor
Variation,Diameter greater than 6 mm agadolving lesion characterized by changes
over time. Examples of lesions showing either gosior signs of ABCD are depicted
in Table 4.

Table 4. Examples of pigmented nevi categorizedraliing to ABCD.

Criteria Benign Malignant
A. Asymmetric of the skin lesion Symmetrical Asymmetrical
B. Border of the skin lesion Even Borders Uneven Borders
C. Color of the skin lesion One shade Two or more shades
D. Diameter of the skin lesion 6 mm > 6 mm

All lesions shown in the table are taken from thiB8se International Melanoma Pivotal Trial.
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In addition to ABCDE criteria, there are a handfficriteria the physician will use to
make a decision whether to excise the lesion ofg&jt All lesions the physician finds
suspicious will be excised and sent on to histagagy to confirm a diagnosis.

Apply the ABCD rules to the lesions found in Figa&@and try to find the melanoma.
Note, there might just be more than one.

Figure 16 — Sixteen lesions overview pictures \pghmission by SciBase

Finding the melanoma without excising all of theidas in Figure x is not an easy task
and actually all lesions were considered by a d@logist suspicious enough to
warrant excision. The melanomas can be found inZ@alumns 2 and 3.

Depending on the physician’s expertise, a dermafaswill be utilized in the clinical
diagnosis of a lesion. Basically, a modern derntajes consists of a magnifier (x10)
and a polarized light source. The magnifier enhatice image of the lesion and the
polarized light source helps to reduce the skifaserreflection. The skin surface
reflection can be further reduced by applying aitignedium (alcohol or some form of
mineral oil) between the skin and the dermatoscepabling the higher detailed
viewing of tissue structures underneath the stratomeum

It has been shown that the use of a dermatoscapimiical practice significantly
iImproves diagnostic accuracy for melanoma, allsewith everything a learning curve
Is involved. It takes time to learn how to diffetiate the numerous structures that are
revealed with help of a dermatoscope, since lestars out looking more malignant
before the new structures are accurately clasqig[d

To help differentiate benign pigmented nevi andigmaint melanoma various

classification algorithms for dermatoscopy haventdeveloped of which the most well
known and applicable are ABCD-dermatoscopy [64]nkies [65] and the 7-point
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checklist [66]. These classifiers basically sunthgdifferent features or assign
weights to the them prior to summing them up amulyapg fixed cut-offs for either
excision recommendation, follow-up or leaving tesidn in the skin.

Interestingly, about 50% of the diagnosed melancamasictually discovered by the
patients themselves. A phrase one often comessastd# large proportion of old

men come to the clinic after having been naggetthéy spouses to check their
atypical lesions, especially on their back. Ofteaugh these turn out to be malignant.”

6.3.1 Clinical diagnosis

Even though physicians feel fairly confident witlaking the distinction between non-
suspicious and suspicious lesions using either thielynaked eye together with patient
history, or with the additional information obtathifom dermatoscopy, their
sensitivity in general has been shown to be fanfi®0% [67-70]. The accuracy of the
clinical diagnosis of cutaneous melanoma with thaded eye is only about 60%
(sensitivity) [63], which improves to about 90% kvthe help of dermoscopy, but only
when used by a trained/experienced user. Thes#iggnsalues are however far from
acceptable, why clinicians use a safety margihair tclinical diagnosis, and have an
overall excision rate ~1:40. [67-71].

The consequences of the physician’s low sensitfeitgletecting a melanoma are at
least twofold. Firstly, since early detection igVfor treatment outcome and survival a
large number of benign lesions will be excisedstboreating a safety margin by
reducing the number of missed melanoma. This ectlyr reflected in the biopsy ratios
found in literature, ranging from ~80 lesions egdisor every melanoma (1:80) to 1:
~20 for a general practitioner, 1:30 to 1:8 foreagyal dermatologist, down to a ratio of
1: ~3:4 for expert dermatologist specializing inlamema detection [67-71]. Secondly,
misdiagnosing melanoma is inevitable as early nostenoften show very few signs of
malignancy and as direct consequence are going toisgtaken for a benign lesion,
even by the most expert dermatologists. This isee¢tdd in the fact that one of the most
common causes for malpractice litigations agaihgsjgians is misdiagnosis of
melanoma [72], which of course also adds to monggindesions being excised. The
need for additional tools in melanoma detection ¢ha supply the physician with
additional information about possible atypical d&s appears to be apparent.

6.4 HISTOPATHOLOGY DIAGNOSIS

Once the physician has a suspicion for malignaneyesion is excised (biopsied) and
sent on to a histopathologist for evaluation andlfdiagnosis. The histopathological
evaluation is done under microscope, were thepastologist takes a large number of
possible malignant patterns and indicators intesictaration. In Figure 17, a Tis
melanoma situated on the shoulder of a 48 yeamald stained with hematoxylin and
eosin is shown under 16.2x magnification.
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Figure 17 — Malignant melanoma, as seen by thegashologist under the
microscope.

Since the analysis is both visual and done by admupeing it remains subjective and
as a consequence not perfect, i.e. not 100%. A auoflstudies have shown a
significant disconcordance between histopathologigte diagnosis of melanoma [73-
76]. Therefore a histopathology board, consisting lbistopathologist, reviewed each
lesion independently of each other in Study | dnid &€nsure adequate accuracy in the
reference/gold standard. The observed sensitiittysolocal pathologist for melanoma
in Study Il was 86.1% (192/223) (80.9, 90.4) (okedrsensitivity between 80.9 and
90.4 within a two-sided 95% Clopper-Pearson configenterval), non-melanoma
skin cancer 96.9% (95/98) (91.3, 99.4) and theksespecificity 92.6% (736/795)
(90.5, 94.3). Evidently, histopathologists may nagdose malignant melanoma and
other cancer, but it still is the best refereneadard available and thus referred to as
the gold/reference standard.

6.5 CLINICAL STUDY DESIGN

Clinical study design is essential to ensure thfiiceent data is gathered, either to
calibrate a classifier or to support the safety effidacy endpoints.

Ensuring that the study conforms to tiéernationalConference oHarmonization of
GoodClinical Practice (ICH-GCP) guidelines is essential, and g¢kiengh one might
think the adherence to this standard is given; gepee has shown that frequent
monitoring and education of how this guidelineadé adapted in the clinical setting is
essential to ensure compliance.

Furthermore there are a couple of things to conside

Ensuring the correct cohort/population is studeed, those lesions and patients
which will be within the scope of the intended o$¢éhe device are to be
studied. This is often referred to as intendedpagrilation.

Correct proportion of lesions, i.e. both benign Bsibns of varying degree of
malignancy need to be studied. Having only the rhestgn and the most
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malignant lesions present as input data will naloémestimation on the true
accuracy of the device.

Correct amount of lesions, based on reasonablenpsisuns on device
accuracy, i.e. sensitivity and specificity, to enresa sufficient statistical power
of the study.

Choosing the amount of sites, site location andicening both the referral
population and the plausible inclusion rates ihgtudy.

Ensuring reasonable accuracy in the referenceggaitiard.

Adding a possibility to reference the outcome taisahe clinical decision.
Monitoring of the data and the sites. This poimtra be stressed enough. Poor
data will remain poor data and interfere with thalgsis of the data.

Clear data management standard operating procedures

The ability to communicate clearly is essentiakubstantial help can be to
ensure that communication can be established indtige tongue.

6.6 DATA COLLECTION

To give a brief overview of how intricate a clinictudy design can look like, the
pivotal trial for the SciBase Il system is preszhin Figure 18.

1.

After obtaining the informed consent for each pfieligible lesions fulfilling
the inclusion/exclusion criteria and destined fazigion/biopsy were
categorized as having either low/mid/high risk eirlgy malignant.

Thereatfter, a photo and a dermatoscopy image \akea of the lesion and the
lesion was subsequently measured with the SciBasers.

A second photo of the lesion post measurementakas and the lesion was
surgically excised/biopsied and subjected to hatopogical evaluation

The first analysis was performed by the local plaitist and a second analysis,
the gold standard, was performed independentlygmnel of three expert
pathologists

In case of disagreement in the panel, the lesi@me veviewed by a Consensus
Board, consisting of an additional 2 histopathatgi

The photo and dermatoscopy images taken prioriBaSe measurement were
evaluated by a Visual Classification Board for &arm visual classification of
all lesions according to e.g. ABCD criteria andaiap checklist for
dermatoscopy

All data was kept at an independent Contract Rebdarganisation (CRO) to ensure
that the data remained blinded throughout the study
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Figure 18 — Schematic overview of the study de&gnhe pivotal trial of the
SciBase Il system.

6.7 DATA ANALYSIS OF ELECTRICAL IMPEDANCE MEASUREME NTS

The complexity in the analysis of bio-impedancectaearise just due to the fact that it
is complex valued and highly multivariate as it@npasses measurements conducted
at multiple frequencies. For example the SciBasenibedance spectrometer measures
35 frequencies distributed between 1 kHz and 2.5 Mtrither 5 depth settings or 10
permutations settings, giving rise to 175 or 35Mglex impedance values.

One important observation is that all the frequesaire highly cross-correlated to each
other and can be given as both real (resistance)@aginary (reactance) values or as
magnitude and phase shift.

6.7.1 Principle component analysis (PCA)

Principle component analysis aims to reduce thedsionality of the data whilst
maintaining as much information or variance as iptssThis is achieved by first

finding the direction having the largest variarfast principal component, and
thereafter finding subsequent directions, princqgmthponents, under the constraint that
they are orthogonal to the previous principal congmts.

The application of PCA on a dataset in 3D is iHatgd inFigure 19 Note that the

observations are positioned on a plane in 3Dthey, can be described by a 2 principal
components without any direct information loss.
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Figure 19 — (a) Observations in 3D. (b) ApplicataPCA to find the principal components.
(c) Observations given in new Cartesian coordinates

As this method aims to capture as much variang®ssble in any given dataset it is
of great importance to correctly scale the datasget to applying PCA, since
otherwise essential information might be lost. Femnore, outliers in the data need to
either be excluded or treated with caution as thesgt likely will impact how the
principal component space is formed.

For electrical impedance, where the frequenciesigidy cross-correlated to each
other this method is very effective to reduce ditt@ensionality without losing much
information. Often a data matrix with electricalgedance data can be reduced to 3-5
dimensions encompassing approximately 95-97% ofdhience found in the initial
data. This is not a method optimized for categtionga, but can be extremely useful in
the initial exploratory analysis.

The equation for the decomposition can be writen a

whereX is the initial data matrix; is the i:th principal component score vectors p
the i:th principal component vectdt,is the residual matrix (containing noisé€)is the
score matrix, e.gt{t, .. ta], andP the loading matrix , e.gp{ p2 ... pal.

From the decomposition formula above, one can dethat the number of principal
components is equal to the smallest dimensiox. &f case all principal components
are used, the initial data matrix will only haveebenapped into a new Cartesian
coordinate system, albeit without any data or nagection. The variance captured by
the principal components will be largest in thetfaind thereafter in descending order,
i.e. less and less information will be pertainethim principal components. Therefore,
there will be an optimal number of principal compnts that ought to be included in
the reduced data matrix [77-79].
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6.8 CLASSIFIERS

As with all classification tasks, the pre-proceggsk is vital and if it has not turned
the data into something sensible, any classifidoregion will be “exciting”.
Furthermore, it is important that the referencaedaad for each observation is as
accurate as it can possibly be, even though somse has been shown to improve
classification, a poor reference standard mighochice too much noise, making the
calibration of any classifier impossible. Dependimgthe feature space, different
classifiers might be more suitable than others.

6.8.1 k-nearest neighbors (k-NN)

The k-nearest neighbors is a very simple classificalgorithm, which is based on the
majority of the k nearest neighbors to the obsematto be classified. In the case
given inFigure 20,f k equals 1 the three unknown casaesill be classified as,

and from left to right, respectively.

Figure 20 — Group A (), Group B ( ) Group unclassified ().

Note that if k equals 6, the middle unknown cadehaive equally many, and no
decision can be made based on the nearest neighidgr©One way to resolve the
deadlock could be to either sum the distancesdio geoup respectively and assign it to
the one “closest” to the given observation, or $ynagarger or smaller k for these
cases. By choosing an odd k, this situation caioofse altogether be avoided.

The calculation of the distance to the nearestigs can be made in many different
ways, for example using the Euclidean distancb®@Manhattan distance.

6.8.2 Support vector machine (SVM)

For the case of a binary classification problemsyaport vector machine constructs a
hyperplane (generalization of a plane in a multefisional space) with the best
possible separation (margin) between the two grtupe classified in an often high-
dimensional space. In Figure 21 a hyperplane ig/slsgparating two groups with an
optimal separation (margin) between the two groups.
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Figure 21 — The optimal hyperplane marked withlal dime between group A () and group B
() after support vector machine calibration. Theeobmtions on ldand H are called the
support vectors as they support the two sub-hyaeesl.

Any given plane (hyperplane) can be written as

wherew is the normal vector to the plane and any poitfiiat satisfies the equation will
be situated thereon.

In the basic case where the groups are linearlyrable, i.e. a line can be drawn
between the groups without the groups overlappimgwant to try to maximize the
margin between the two groups. The two hyperplaéhesd H as depicted in Figure
21 can be described by the following two equations

Simple geometry gives us the distance betwegand H to be—, which is the

margin that should be maximized. This is accomplishy minimizing the
denominator, i.e.V}j|. Since we do not want any data points to fatwithe margin
during training, this leaves us with the followieguations for the two different groups

wherex; andx; are the data points for the first and second gregpectively. This can
more conveniently be written as
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wherey; is either -1 for the first group and +1 for the@sd group or vice-versa ard
are the specific observations coordinates.

The power of SVM is that even non-linearly sepataups (no plane can be drawn
in the input space) can easily be solved by apglgikernel, which maps the input
space into a higher dimensional feature space vithergroups “suddenly” are
separable by a hyperplane once more. In the case mdhyperplane can be found that
separates the groups entirely, slack variablebeantroduced to allow for softer
hyperplane margins [80].

6.9 CLINICAL EFFICACY ENDPOINTS
6.9.1 Sensitivity and specificity

Before moving into the definition of sensitivity@specificity a word of caution is
necessary to emphasize that even though these meeasaccuracy can easily be
calculated, they are not always easily interprefbgy must always be viewed in
regards to the studied population and the accuwhthe used gold standard.
Furthermore, they may under no circumstances lveedeeparately, since there will
almost always be a trade-off between the measures.

Sensitivity is a measure of the proportion of ccityeclassified positives (people with
the disease under investigation). This, simplyesitais the percentage of people who
are correctly identified as having the disease.

Specificity on the other hand is a measure of theqgrtion of correctly classified
negatives (people that do not have the disease undstigation). This, simply stated,
Is the percentage of people who are correctly ifiletitas not having the disease.

Sensitivity and specificity are observed valuea study and should be referred to as
the observed sensitivity and specificity, excephm case where the confidence bound
of the observations is very small.

In melanoma diagnosis, missing a melanoma candiezeonsequences and therefore
it is essential to have as high sensitivity as iptesssvithout sacrificing too much
specificity.

6.9.2 ROC - Receiver operating curve

It is often of interest to evaluate the overalcdiminate power of a binary classifier,
e.g. not only at a fixed cut-off between what i®éoconsidered benign (0) and
malignant (1). This can be accomplished by varyiggdiscrimination threshold from

28



the minimum to maximum value of the classifier ame and for each step calculating
the sensitivity and specificity as illustrated iglire 22.

Figure 22 — (Upper row) Moving threshold (Lower Rawalculated sensitivity and
specificity at the given discriminative threshold.

The calculated values for sensitivity and spedifias shown in Figure 22, are used to
obtain a receiver operating curve (ROC). Note #lhélhe starting point the sensitivity is
0% and increases to 100% whilst the specificityeleses from 100% to 0%.

The overall discriminate power of a binary classigquals the area under the receiver
operating curve (AUC). This value will span fronio01l or 0% to 100%, where an area
of 50% is equivalent to a random classificatiofflipping a coin, and 100% to an ideal
classifier, where all cases are correctly clagskifie melanoma applications a practical
interpretation of the AUC is that90% is considered excellent30% good, 70%

OK, 60% poor and 50% worthless [81].

Since the area under the curve (AUC) is an estiofatee overall performance of a
binary classifier the standard error of the estiomatan be calculated. As ROC analysis
IS non-parametric, i.e. the data does not adhesentwrmal distribution, the confidence
intervals can be conservatively calculated as\iI{82]:

where i and nare number of positive and negative events reiseégtand g and g
are given as
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Keep in mind that this is one measure of overaltriininate performance, which has
shown itself to be highly applicable in many metlagplications [63, 83-84], although
there might be other constraints that need to hsidered, prior to choosing a binary
classifier for a given classification task, suchtespoint of performance, e.g.
sensitivity above 95% being a necessity.

6.9.3 Safety

A safety assessment aims to quantify how safedkiee or treatment is. To gather the
information necessary to evaluate the safety @vace or treatment all unfavorable
and unintended reactions to a device or medicairtrent (Adverse Events) that occur
during a pivotal study need to be documented (tme@roduct is released onto the
market, the adverse events still need to be maulttor ensure the safety of the
treatment or device). Depending on the severithefadverse event, they are classified
as either serious adverse events (SAE) or justraeeents (AE). Serious adverse
events, may they be device or treatment relatesipmust be reported to the
regulatory authorities within 48 hours. To giveexample, diarrhea for 2 days
following the surgical excision of a mole can baesidered an adverse event and is
generally resolved without the need for hospitélira On the other hand, if the patient
falls and breaks a leg during the course of a stumllyis hospitalized this is to be
considered a serious adverse event. To help uaddrsthy this is so, it might be that
the treatment or the application of a medical detas given the patient impaired
balance or nausea which then resulted in the fall.

At the end of a study the occurred adverse eveatstammed up and a safety

assessment of the treatment or device can be akderand fed into a risk/benefit
analysis.
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/7 MATHEMATICAL MODELING OF SKIN
7.1 INTRODUCTION

Implementing a generic mathematical model of the s&n (i) aid in the design and
operation of the electrodes, (ii) increase the aipdhy of extracting the most relevant
signals and (iii) also be implemented to evaluageféasibility of an impedance study.
A generic model, however, that aims to capturéhallphysiochemical phenomena,
tissue types and structures inside the variousdayethe skin—hair follicles, pores
[85], sweat ducts [85], pH gradients [86], diurmatfiations [87] as well as a multitude
of other factors—can easily lose tractability; #fere, simplifications in the
mathematical formulation are usually invoked [19-22-24, 29, 88].

7.2 SKIN COMPOSITION

We assume that the skin can be modeled as a tyeedntity, comprising Stratum
Corneum (SC), Viable skin (VS), and Adipose tisQAIE), where the Epidermis and
Dermis are incorporated into the viable skin, amakcsitis into the adipose tissue (see
Figure 23c).

The skin thickness, which is an important parametére mathematical model for skin
impedance, naturally varies due to a large numbleiotogical and environmental
factors —age, time of the day, race, temperaturajdity, health condition, and so
forth. Furthermore, variations in measured skiokhess can arise due to the type of
measurement technique that is employed; otherriattolude measurements where
the sample size is too small to allow for statédtamalysis and/or where the exact
location of measurement is not specified. In lighthe large number of factors and
errors, a mean thickness and standard deviatioa gaculated by summing up the
skin thicknesses for a female cohort from seveualiss, which include a variety of
techniques and weighing them equally: confocal Respectrometer [89-91], optical
coherence tomography [91], reflectance confocatasopy [92], ultrasound imaging
[93-95], biopsy [96] and transepidermal water IGESWL) in combination with
Stratum corneum stripping [97-100]. The viable skas calculated by adding the
viable epidermis thickness to the dermal thickmessprising both papillary and
reticular dermis (see Figure 23c). The stratumeaamthicknessdiwas found to be

14 + 3 um and the viable skigdil.2 £ 0:2 mm at the volar forearm. The subcutaseou
fat thickness was setto 1.2 + 0:2 mm
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Figure 23 — Schematic overview of the circular morasive electrode applied on (a) skin, (b)
viable skin and adipose tissue, and (c) stratumezon, viable skin and adipose tissue.
Length scales are shown for the different skinigsygsd electrodes of the circular probe;
boundary conditions for the mathematical modelgiwen by roman numerals for easy
identification.

7.3 ELECTRICAL IMPEDANCE ELECTRODE

In studies I, Il and Ill the non-invasive, circufaobe comprises four electrodes as
illustrated in Figure 23: two voltage injection@l®des (Il and V), one current
detector (1) and one guard electrode (Il) to deswehe impact of surface leakage
currents. With this design, two-point measuremeatsbe carried out. The dimensions
of the electrode can be found in either Study &)d 5.

The electrode can be adapted to any shape andbsizbe electrode given here was
chosen since the experimental measurements weredcant utilizing that particular
electrode.

7.4 MATHEMATICAL MODEL

In this part the governing equations for a timeat@mic quasi-static electric current are
derived. Similar models have been introduced ascudsed by Bedard et al.[101] and
Miller et al.[102]
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7.4.1 Governing equations in the transient domain

For the most general case, the Maxwell equationseawritten in differential form
as

here,H is the magnetic field intensity,is the current density) is the electric
displacementt: is the electric field intensityB is the magnetic flux density, is the
electric charge density, amdlenotes time. In addition, one generally defimes t
equation of conservation of charge as

We proceed by treating the various layers of the ak linear isotropic conductors,
for which we can write the electric displaceméhtthe , magnetic flux densitf,
the electric field intensityi;, and current density, as

where and are the relative permittivity and relative permiégbof the material,
respectively, and are the permittivity and permeability of vacuumspectively,
Is the electric conductivity, is the electric potential arAlis the vector magnetic
potential.
To simplify the Maxwell equations further, we explbe fact that dimensions of the
human skin and probe are small compared to thelerayths, which in turn implies
that the impedance measurements can be considexsdggatic, i.e. D/ t=0.
Furthermore, the electromagnetic penetration digptiuch larger than the domain
under consideration, whence the electric and mageitds decouple, i.e.

such that there are no induced currents. This giogusimplifies the constitutive
relation for the electric field, equation (9), to
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We proceed by substituting the constitutive refeitor the electric field, equation
(11), electric displacement, equation (6), andenirdensity, equation. (8), into Eq. (5),
which yields

7.4.2 Governing equations in the frequency domain

Finally, we simplify Eq. (12) further by noting thidne impedance probe employs a
time-harmonic electric field, which in turn alloa a transformation to the
frequency domain by introducing a phasor, defired a

where is a phasor that is a function of space but nog¢ tims the angular
frequency, is the phase of the signal, gnd the imaginary unit. We further require
a time derivative in Eq. (12), which can be detewdifrom

Substituting the phasor and its time derivatiiee-time derivative/ t can now be
replaced with) into Eq. (12) yields an elliptic partial differesitequation .B.: we
drop the tilde for the phasor):

7.4.3 Boundary conditions

We solve this differential equation throughout teenputation domain subject to the
following boundary conditions (boundaries denotgddman numerals in Figure 23):

At the sense (I) electrode and guard electrodev#)specify a ground

potential:

At the injection electrodes (lll, 1V), we prescribevariable potential:

(D

where varies from 0.1 to 1 depending on the depth ggtis described in
Section 6.2.3

At the insulated boundaries (VI), we set no-fluxdiions:
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wheren is a vector normal to the boundary. The insula@ahdaries (V1)
either represent (i) the interface between skinaandr (ii) the interface
between the computational domain and adjacent wkirch is sufficiently far
away from the probe that the currents there arbgilelg.

In case the electrode design changes to only eressgne injection electrode and one
sense electrode the boundary equations x and lyecdropped.

7.4.4 Constitute relations

The electric resistivity and relative permittivity stratum corneum and viable skin in
the frequency range 1-1RHz are taken from Birgersson et al [31] and the
subcutaneous fat from Gabrielle et al. [103].

7.5 ANALYTICAL SOLUTION

It is well known that the stratum corneum heavityrdnates the electrical impedance at
low frequencies around 1 kHz [28-29], which suggésat the potential drop over the
viable skin is negligible and the complete potérmirap, occurs over the stratum
corneum. This can be shown to be the case by conducscaling analysis as was
done by Birgersson et al. [32]. Furthermore, byiassg that the currents pass
orthogonal to the electrodes when entering thrabgtstratum corneum the full set of
equations given in section 7.4 could be reduceddet of algebraic equations. Solving
these equations resulted in closed-form analyéigptessions for electrical impedance,
magnitude, phase, electrical properties as wehashickness of stratum corneum,
which can be found in Paper V.

7.6 MODEL LIMITATIONS

As with all models there are limitations to thesiage and it is vital that they are only
applied within their region of validity.
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8 RESULTS AND SHORT DISCUSSION
8.1 STUDY |

In Study |, electrical impedance spectra were nreasn a multi-centre study at 12
clinics around Europe. Data from 285 histologicalhalyzed lesions were used to
calibrate an algorithm to sort out lesions for auatic detection of melanoma. A
separate cohort, collected consequently after#ngng set, consisted of 210 blinded
lesions (148 various benign lesions and 62 maligmeatanomas with a median
Breslow thickness of 0.7mm) from 183 patients whias used to estimate the
accuracy of the technique.

A total of five different classifier candidates werained, four of these candidates were
trained using only the EIS data for each of the eniral techniques partial least
squares discriminant analysis (PLS-DA), supportaramachine (SVM), artificial
neural network (ANN) and k-nearest neighbours (kihniques and a fifth classifier
using PLS with only the clinical report form desagathered by the clinicians in the
study, i.e. subject age, lesion size and area, AB@dDulceration criteria representing
clinically visible ulceration, true or false. Thejority decision of the classifiers was
used as outcome, since it showed a better ovendtipnance in the training cohort
than each individual classifier separately. Theamityj decision approach is rather
simplistic, there are other alternatives to comiimdtiple classifiers including
weighting of individual classifiers; however, tl®uld require more data available in
the training set. Furthermore, the influence ofanema thickness and histopathology
inter-observer reproducibility on the classifietaame was analyzed using non-
parametric Mann—Whitney U test.

The observed EIS sensitivity to malignant melanaraa 95% (59  with an
observed specificity 49% (72 Classifier outcomes categorized according to
histopathology diagnosis, Breslow thickness ancdadye ABCD criteria are listed in
Table 5 Area under the ROC curve of the blind test set 826 and the observed
sensitivity for each specific classifier aNN, kNRL.S-DA, SVM and PLS-DA trained
with demographic data only were 97%, 90%, 95%, @rth90% respectively, and the
observed specificity 39%, 59%, 46%, 51% and 51%eaets/ely. Additionally, the
results indicated that the observed sensitivitpoiselated with the thickness of the
melanomas, with a significant statistical differefietween thin (Tis-T1) and thick
malignant (T2-T4) melanomas. An initial comparisérthe results with the thorough
meta-analysis conducted by Kittler et al. [63] cades that the present EIS technique is
superior to the naked eye and to dermatoscopy erperts, but inferior to
dermatoscopy by experts, even though a word ofaraghould be raised due to
possible bias.
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Table 5 Differentiated outcome and accuracy ofdfireled test set. The melanomas are
differentiated according to Breslow thickness, dlgeplastic nevi according to

histopathologic degree of atypia, and the benign aecording to the number of ABCD
criteria fulfilled by the lesions. The “other benitgsions” class includes five false positive
seborrheic keratoses, one false positive fibrosisamytoma, and one true negative undefined

benign lesion. Not applicable entities are markéd N

EIS EIS
™ FN ™ FP Sensitivity Specificity
Malignant melanoma (total) 59 3 NA NA 95% NA
In situ melanoma 10 0 - - 100% -
1.0 mm Breslow thickness 25 - 89% -
1.01 to 2.0 mm Breslow thicknes| 1 100% -
2.01 to 4.0 mm Breslow thicknes 1 100% -
> 4.0 mm Breslow thickness 1 - - 100% -
Dysplastic nevi (total) NA NA 48 48 NA 50%
Structural disorder only - - 5 1 - 83%
Mild to moderate dysplasia - - 22 22 - 50%
Severe dysplasia - - 4 9 - 31%
Undefined degree of dysplasia - 1 1 - 52%
Benign nevi (total) NA NA 23 22 NA 51%
1 of 4 possible ABCD - - 4 1 - 80%
2 of 4 possible ABCD - - 10 3 - 7%
3 of 4 possible ABCD - - 6 7 - 46%
4 of 4 possible ABCD - - 3 11 - 21%
Other benign lesions (total) NA NA 1 6 NA 14%
TOTAL 59 3 72 76 95% 49%

During the course of the study a number of deseradghnical and study design
improvements were identified. Such improvementsiver re-designing the electrode
array from a three bar electrode with dynamic depthction to a five bar electrode
with 10 specific selectable volume settings to eeskahe accuracy for thin and
heterogeneous malignant melanomas by increasinguthent density and electric

sensitivity field underneath the electrode. Thebproequired redesign to ensure that a

fixed pressure is applied to the skin during thesoeements to reduce operator
dependency and thus improve the reproducibilittheftechnique. Additional
improvements involve increasing the applied voltiige 50 to 250 mV to minimize
the impact of external noise on the measuremeuatthérmore, the clinical protocol
should be adjusted to include the full range ablesthat are presented both in a
specialist setting as well as in a GP setting anllide the clinical diagnosis and
categorization of dermatoscopic features of allided lesions.
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8.2 STUDY Il

In Study I, a total of 1300 lesions from 1134 sdt$ were collected in a multicentre,
prospective, nonrandomized clinical trial at 19ick around Europe with the objective
to calibrate a classifier with a sensitivity ofledst 98% and a specificity approximately
20 percentage points higher than the diagnostigracg of dermatologist on suspicious
lesions. All lesions were to be excised and sulmstevaluated independently by a
panel of three pathologists. From the data twastiaation algorithms were trained

and verified.

In Study |, five different classifier candidatesre/ealibrated and the classifier outcome
was based on the majority decision of those. Howewuace the best performance was
established with a support vector machine, in\Wwita general consensus in the field of
machine learning of dichotomous classification $g80], two support vector machine
classifiers were trained with different trainincghoots using only EIS data obtained in
Study II.

For the first classification algorithm, approxingté0% of the data was used for
training and 60% for testing. The observed seritter melanoma was 98.1%
(101/103) (93.2, 99.8) (observed sensitivity betn@8.2 and 99.8 within a two-sided
95% Clopper-Pearson confidence interval), non-noetenskin cancer 100% (25/25)
(86.3, 100) and dysplastic nevi with severe at@6i2% (32/38) (68.7, 94.0). The
observed specificity for dysplastic nevi with mitdmoderate atypia was 20.5%
(38/185) (15.0, 27.1), benign melanocytic nevi gadants 42.2% (27/64) (29.9, 55.2),
seborrhoic keratoses 0% (0/22) (0, 15.4) and déisewns 11.1% (1/9) (0.28, 48.2). The
overall specificity was 23.6% (66/280) (18.7, 29.0)

For the second classification algorithm, approxetyg5% of the data was used for
training and evaluated on the whole dataset, 1% df the data was not used in the
training of the classifier. All lesions includedtime training and verification had a valid
histopathology, electrical impedance reading, lfif the inclusion and none of the
exclusion criteria. The observed sensitivity folanema was 99.4% (161/162) (96.9,
99.98), non-melanoma skin cancer 98.0% (49/50%(&®.95) and dysplastic nevi
with severe atypia 93.8% (60/64) (84.8, 98.3). @werocystic adnexal carcinoma was
included in the study and was correctly classifisgositive. The observed specificity
for dysplastic nevi with mild to moderate atypiasiz8.9% (77/322) (19.4, 29.0),
benign melanocytic nevi and variants 35.5% (38/128)5, 45.4), seborrhoic keratoses
0% (0/28) (0, 12.3) and other lesions 5.9% (1/073,(28.7). The overall specificity
was 24.5% (116/474) (20.7, 28.6).

The observed sensitivity of the local pathologistrhelanoma was 86.1% (192/223)
(80.9, 90.4), non-melanoma skin cancer 96.9% (93883, 99.4) and the observed
specificity 92.6% (736/795) (90.5, 94.3). The olkedrsensitivity of the dermatologist,
for the eligible lesions, was 100% (162/162) (91@)) and the specificity was 8.4%
(40/474) (6.1, 11.3). However, it is important twenthat the majority of the lesions
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included in the study were preselected for excigith a suspicion for melanoma, i.e.
per trial design a clinical sensitivity of 100% aspkcificity of 0%

The observed sensitivity of the device clearly thettarget of at least 98% sensitivity.
However, it fell somewhat short on the 20 percemfagints higher specificity than
clinical diagnosis of dermatologists, i.e. giveA%.clinical specificity should have
resulted in device specificity of approximatelyZ%. The reason is primarily twofold:
First, the participating dermatologists were higetkperienced in diagnosing cutaneous
tumors with the naked-eye and by dermatoscopyaarsiich their diagnostic accuracy
might have been higher than that of the averagaatetogist [63, 104-107]. Secondly,
the majority of the lesions included in this sty been suspicious for melanoma and
were destined for excision, which is why the claisensitivity and specificity, by

study design, was 100% and 0% respectively. Howéveltrue clinical specificity in
this trial could be considered to fall somewhereveen 0% and 8.4%, as a few lesions
with a low probability for melanoma had been inedd
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8.3 STUDY Il

In this study, a mathematical model of the skie, Section 7, is implemented with the
electrical properties for the stratum corneum aable skin from Yamamoto et al. [27]
and for subcutaneous fat from Gabriel et al. [b&gsess the model’s ability to capture
the overall impedic nature of the skin. Within freemework of this model, the impact
of the thickness of the stratum corneum, viabla skid subcutaneous fat on electrical
impedance measurements is analyzed.

After solving the mathematical model and compaiting the experimental findings
(soaking time 1 min; sodium chloride concentrat00.9%), the predicted response
deviated from the measured counterpart on the ofdame magnitude. Part of the
reason for the deviation was deduced to be dugetagsumption made by Yamamoto
et al. of a stratum corneum thickness of 40 pmhervolar forearm, whilst a literature
review found the stratum corneum thickness to barat 14pum. Since there is a linear
dependency (resistivity) and inverse linear depeagéermittivity) on the mean
electrical properties, the electrical resistividaelative permittivity throughout the
whole frequency domain were corrected with theoré@/14 and 14/40, respectively, as
given in Figure 24.

Figure 24 — (a) Average resistivities of { stratum corneum, () adjusted stratum corneum,
() viable skin, () adipose tissue; (b) average relative permittiofty ) stratum corneum,
() adjusted stratum corneum, J viable skin, and () adipose tissue.

The results showed that the adjustments of theérielglgproperties of the stratum
corneum decreased the difference between the mdgsitn the low and mid
frequencies as well as the differences in phaseathall frequencies. There was also
an apparent shift in the slope change that nowreadwaround 50 kHz. Calculating the
Cole—Cole alpha value for the adjusted model n@lgd 8.2 £ 0.5°, which is closer
to the experimental alpha value. However, theliersthained a difference between the
mathematical model and the experimental counterpart

Since Yamamoto et al. employed a Beckman elecipadte with an 18% sodium
chloride concentration and let the skin soak fon80 prior to measurements to
estimate the average resistivity, , and average relative permittivity, , the deviation
between model predictions and the impedance meaasuts found can most likely be
explained by the moisturization period and the wwdchloride concentration. In view
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of these two factors, the change in electrical idaypee due to moisturization and
sodium chloride concentration on a cohort of tandkes were investigated. The results
clearly showed that the solution with an 18% sodalmoride concentration

significantly alters the electrical properties lné tskin over time, whilst the skin
moistened with a physiological saline solution remeatable between roughly 1 and 10
minutes and undergoes a minor change thereafter.

Returning to the mathematical model and compatit@the experimental impedance
measurements after applying a moisturizer with 8%um chloride for 30 min, a
better agreement between the experimental datenaddl predictions was found (see
Figure 25); the magnitude and phase of the modahaw within the £1.96 standard
deviation of the experimental data. In the higlg@iency range, the magnitude for the
adjusted model overshoots the experimental data.

Figure 25 — (a) Magnitude of ) the experimental data (18% sodium concentratigit)
errorbars representing +1.96 standard deviationispaodel predictions based on the adjusted
dielectrical properties of the SC derived from Yamoto et al (1976) with.(.) 8 m, (_) 14

mSC and{ ) 20 m SC with a 1.2 mm thick VS. (b) Corresponding rieed and predicted
phase.

A mathematical model of the skin considering covesteon of charge has been derived
and experimentally validated. The findings ledncadjustment of the average
resistivity and relative permittivity of the stratucorneum derived earlier by
Yamamoto and Yamamoto (1976). By adjusting theedteical properties, we have
arrived at a good agreement between the modelgbiets and experimental findings
after application of an 18% sodium chloride solutior 30 min; however, when
physiological saline solution is employed as a too®er, the model predictions are
less accurate. Hence further improvements shouldduke to determine more accurate
dielectrical properties of the stratum corneum tredunderlying viable skin.

41



8.4 STUDY IV

In Study IV, a methodology to determine dielecirm@perties of human skin was
presented and analyzed. The therein proposed natigydrests on four pillars as
illustrated in the flowchart in Figure 26: experime measurements, optimization,
automated code generation, and a mathematical model

Figure 26 — Flowchart of the methodology — experitabmeasurements, optimization,
automated code generation, and mathematical mgdelifor extracting the electrical
properties of human skin.

In essence, an optimization algorithm receivestéetrical impedance from the
experimental measurements,Zof an individual and provides estimates for the
electrical parameters that are to be determindtetautomated code generator; the
latter, in turn, returns £%qto the optimization algorithm, which iterates utite fitness
functionf, given in Equation (20), has reached a certaaraolce.

" " I #$ #$
o #&

An outer for-loop then works through the measureduiency domain from 1 to 10
kHz for each individual.

First, this methodology was applied with the eleatrimpedance measurements
obtained after stratum corneum strippings in otdetecouple the electrical properties
of the viable skin and the stratum corneum. Theageselectrical properties of the
viable skin were calculated with the geometry tiated in Figure 23b by setting the
thickness of the viable skinyd) and subcutaneous fajthto the mean population
thickness of 1.2 mm respectively. Once the funetidorms for the average

42



permittivity and resistivity of the viable skin weesecured, we proceeded with the
measurements of intact skin. The average elecpioglerties of the stratum corneum
were calculated with the geometry illustrated igure 23c by setting the thickness of
the viable skin, {x, subcutaneous fatafy and stratum corneumsd) to the mean
population thicknesses of 1.2 mm, 1.2 mm and 14rpspectively.

For the estimation of the electrical propertiegiable skin, the electrical impedance
measurement from 26 healthy volunteers, havingtma80 stratum corneum
strippings performed on the volar forearm with $b@ Magic™ Cellulose Tape, was
used. In the estimation of the electrical propsrtiethe stratum corneum
measurements from the baseline study on intact sktompassing a total of 120
volunteers, was utilized in conjunction with theatfical properties obtained for the
viable skin.

The median electrical properties of the viable siad stratum corneum in the
frequency range 1-#&Hz, obtained from the first and second studyeespely, can
conveniently be written as exponential functionkgspace:

(

These functions are illustrated in Figure 27 wihik population variability as 25/50/75
percentiles and upper and lower ranges based dn3heterquartile range rule
(equivalent to the boxplot for discrete data; tAgBrcentile corresponds to the
median).
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Figure 27 — (a) Estimated resistivity and (b) ie&apermittivity from the proposed
methodology of viable skin and stratum corneum \ather/upper whiskers based on the 1.5
interquartile range (), 25/75th percentiles (---) and median (—) andaf@rage resistivities

and (b) permittivity of the () stratum corneum by Yamamoto et al), 4djusted stratum
corneum by Birgersson et al, ang {iable skin by Yamamoto et al..
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8.5 STUDY YV

In Study V closed form analytical solutions for thathematical model of EIS from
Study IV is secured. As can be inferred from FigRBethe analytical solutions are able
to capture the magnitude and phase of the ElSeitoth to mid frequency range up to
around 16 kHz with an error less than 10%; aftef kBiz, the error increases rapidly
up to around 25% and 40% for the magnitude andepfespectively.

Figure 28 — (a) The magnitude)(@nd phase () from the numerical solution of the full set of
eqguations and the analytical counterparts (lirf@3)xhe relative error for the analytical solution
relative to the full set of equations for the magge (—) and phase-( -).

The main causes for the increasing error with esireg frequency can be found in the
underlying assumptions of the Ansatz: first, theuasption that the electrical
impedance is dominated by the stratum corneum wthisviable skin and
subcutaneous fat are negligible becomes less deauith increasing frequency,
because it is well known that the impedance oEie is governed by the stratum
corneum only at lower frequencies whilst its influe decreases when the frequency
increases [28-31]; this was also demonstratederélier scaling analysis. Second, the
assumption that the currents pass straight thrthektratum corneum is reasonable in
the low- to mid-frequency range; at higher frequesicdhowever, the current density
distributions underneath the electrodes becomeasangly more non-uniform and
thereby alter the active area of the electrodesdTthe assumption that the voltage
drop will not occur solely over the stratum corndogecomes less accurate with
increasing frequency, as was shown earlier witrstiades for the potential drops in the
scaling analysis around *kHz.

By assuming the stratum corneum thickness to bevi,Ave are able to estimate the
resistivity and the relative permittivity for eartdividual subject separately. As can be
inferred from Figure 29, the closed form analytegbressions follow the numerical
counterparts up to around’kMz, after which the relative permittivity startsdeviate
whilst the resistivity agrees throughout the fraggyerange
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Figure 29 — The median predicted (a) resistivity @) relative permittivity for the full set of
equations () with 1 standard deviation (), £2 standard deviations () and the closed-form
expressions—-) with +1 standard deviation-{), +2 standard deviations )

Finally, we estimate the thickness of the stratonmeum with closed form analytical
solutions, by assuming that the material propeareknown. As illustrated in Figure
30, the stratum corneum thickness estimate bas#teaeal part of the impedance
overestimates the skin thickness slightly, whitgt imaginary part underestimates the
skin thickness somewhat; their combination, howeg®es rise to an accurate
distribution with 92% of the individuals betweelad 20 m, which corresponds well

with literature values.

Figure 30 — The estimated thickness distributionsfratum corneum based on the real and
imaginary part from EIS measurements and a conibmaf the two, respectively.
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9 GENERAL DISCUSSION AND CONCLUSIONS

The overall aim of the studies in this thesis wasfold. The first was oriented in
calibrating a classifier in differentiating betwemalignant melanoma and benign nevi
of the skin and evaluating its potential as beitigzad as an adjunct diagnostic tool in
the clinical decision making whether to excisestoe or not. The second aim of this
thesis was to develop a mathematical model to @seehe validity of the electrical
properties found in literature and to aid in theige and operation of electrodes as well
as to broaden the knowledge of the signal distobut skin.

9.1 EFFICACY

The first part of the international melanoma altjon training study (IMATS) was
initiated on the eight of February 2006 with thenary aim to gather at least 150
lesions with histopathologically confirmed diagrsosf malignant melanoma with
valid electrical impedance measurements with thipgme of training a classifier in
the distinction between benign and malignant cudasdesions. The observed
accuracy with the SciBase Il was significant, bott Imgh enough for a stand-alone
decision support tool for the detection of malignaelanomas. Therefore, the study
was halted on the first of November 2007 and thB&e Il was upgraded to the
SciBase lll electrical impedance spectrometer, iigyai multitude of improvements to
come to terms with the limited sensitivity obseruedhe first part of the study, see
section 8.1. The following upgrades were implememteimprove the sensitivity of
the device to melanoma:

5 bar electrode instead of a 3 bar, with the puegosncreasing the sensitivity

field underneath the electrode for small lesiors ry early melanoma.

10 selectable volume settings instead of the ptesvio

Change of manufacturing process from a silicon ¢filke-based electrode to

a plastic-based production. The upgrade was magéodivvo main reasons;

one being the regulatory issues coupled with spikakage, as Si is a brittle

material, and the second was related to generduptimn issues.

Spring loaded probe for a fixed applied pressureyinimize the operator

dependency

Noise reduction, by increasing the applied voltlrgen 50mV to 250 mV

On the 8 of January 2009, after approximately I,\tba study could be re-initiated
with both updated hardware and redesigned probelacttode. The last subject was
included on the 18 of May 2010 and the final hiatbplogy evaluation was conducted
the 18 November 2010.

One of the lessons learnt here was that it is artwiselect a sufficient amount of sites,
suitable site locations to ensure the inclusiolesibn and subjects that span the full
problem/solution domain by considering the sitésrral populations as well as taking
into account that the estimates on inclusion cap significantly, especially in view of
the inclusion and exclusion criteria set.
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The observed sensitivity in the second part of MW&TS met the aim of 98%, albeit
fell just short on the 20 percentage points higipecificity than the clinical diagnosis
of dermatologists. The reason is primarily twofdtitst, the participating
dermatologists were highly experienced in diagrgsitaneous tumors with the
naked-eye and by dermatoscopy, and as such tagnaktic accuracy might have been
higher than that of the average dermatologist$83,104-106]. Secondly, the majority
of the lesions included in this study had beenisi@ps for melanoma and were
destined for excision, which is why the clinicahsiivity and specificity, by study
design, is 100% and 0% respectively. However, il ¢linical specificity in this trial
could be considered to fall somewhere between (/8aiv6, because a few lesions
with a low probability for melanoma had been inedd

9.2 REQUIREMENTS AND CONSIDERATION FOR ADJUNCT
DIAGNOSTIC USAGE

So far, all results in this study have been preskwtth a dichotomous outcome. An
important consideration in this context is whettier method will be used as an adjunct
diagnostic tool or as the diagnostic tool. The Fand Drug Administration (FDA —
Regulatory authority in the US) has defined thaéméver a test result can over-rule a
pre-test clinical result, and the test outcomefaoantion as a stand-alone test, i.e. it
does not only provide additional information, itasbe considered as a diagnostic test
[107]. Is then a method with a dichotomous outctapndefinition a diagnostic test?
Given that an adjunct diagnostic test is meantdeide additional information that in
combination with the clinical judgment should gextera final clinical diagnosis, the
question can clearly be answered with yes. Wherepesitive (1) or negative (0) test
result over-rules the pre-test clinical diagnasis, by this definition diagnostic, even
though the information given just tends to tip ltizdéance of the clinical diagnosis.

One way to conform to the regulatory requirementsh adjunct diagnostic tool could
be to incorporate a score output, e.g. 0-10 whéseOnsidered as benign and 10 as
malignant. This would provide additional informatiather than a dichotomous
outcome, which always can be viewed as a standaémt. An alternative approach to
incorporate a score could be to give the clini¢ch@npossibility to adjust the cut-off for
the dichotomous outcome, thus potentially makirggrtethod adjunctive rather than
purely diagnostic, as it can no longer be consatlagea truly stand-alone test.

Once all the above considerations have been takemaccount, a final consideration
still needs to be addressed regarding the intengledf the method, i.e. in what
situations can clinical value be proven.

In conclusion, EIS has the potential to be useahaadjunct diagnostic tool to help
clinicians differentiate between benign and maligraitaneous lesions, although
further studies were needed to confirm the validityhe classification algorithm.
Therefore the SciBase International Melanoma Pivioial (SIMPS) was initiated in
2010 to evaluate the safety and efficacy of th&&se Il system, including derived
classifier on a fully blinded test set.
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9.3 MATHEMATICAL MODELING AND ELECTRICAL PROPERTIES OF
SKIN

In Study Ill, a mathematical model of the skin adegng conservation of charge was
derived and experimentally validated. The findilegkto an adjustment of the average
resistivity and relative permittivity of the stratucorneum derived earlier by
Yamamoto and Yamamoto [27]. By adjusting the dielesl properties, a good
agreement between the model predictions and exeetaifindings after application of
an 18% sodium chloride solution for 30 min was aeéd; however, when
physiological saline solution is employed as a too®er, the model predictions were
less accurate. Hence there was a need for furti@pivements to determine more
accurate dielectrical properties of the stratunmeom and the underlying viable skin,
and by accounting for a more accurate skin thicknssnlinearity of the stripping
technique, heterogeneity of the skin layers, coiad, ion concentration of the
moisturizer as well as the soaking time.

The findings show that the measured impedance dulated by the applied solvent
and soaking time; it is thus essential that thetetal properties of the skin are
presented in this context.

In Study IV, a methodology based on experimentgleidance measurements, a
mathematical model comprising conservation of ochanghe functional layers of
human skin coupled with automated code generatidraa optimization algorithm
was developed and verified experimentally. Moreugate resistivity and permittivity
values for viable skin and stratum corneum soakiédayphysiological saline solution
for 1 minute on the volar forearm were obtained exgtessed as easily accessible
functions.

The therein presented methodology can be exterdencbmpass other types of tissue,
soaking time, and different solvents, which in tallows for extraction of new

electrical material properties as well as analgbtbe current and voltage distributions.
In addition, the methodology can be extended tdysélectrode design, coupled
physical phenomena such as deformation of thediking impedance measurements,
and by increasing the spatial resolution of tha skihance the information of
distribution of the signal, and of course to ottlerical changes.

In Study V, closed-form analytical expressions waggved in the limit of low
frequencies around 1 kHz. Their accuracy and regialidity were found to be 1

kHz to around 10kHz from the verification of the full set of eqiats solved
numerically as well as validation with experimelytaheasured impedances at different
depth settings from a total of 120 subjects. By loming experimental impedance
measurements with the analytical expressions,|urieal properties of the stratum
corneum (provided the stratum corneum thickneksasvn) but also its thickness

could be estimated. This suggests that EIS couhfi@oyed as a method to estimate
the stratum corneum thickness at 1 kHz; its suitgloiught to be further validated by
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carrying out EIS measurements in tandem with ors2weeral techniques to measure
the stratum corneum thickness (see Section 7 &tablish that one is indeed
measuring a reasonably “true” thickness of thewstmacorneum for each subject and
not just the distribution.
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10 FUTURE STUDIES
10.1 CLINICAL STUDIES

First and foremost a study to confirm the validifythe classification algorithm
described in Study Il is necessary. This study iwigated in 2010 and as of today the
study is finalized and the database is locked [1D8¢ statistical analysis is currently
being performed and results are planned to beghédliin a peer-review journal during
2013.

Once the study efficacy and safety have been agdlgud found to be sufficient to
market the device, at least two studies will beegsary. Firstly, the clinical utility of

the device needs to be determined, i.e. how idelrece going to be used in clinical
praxis? Secondly, there a numerous health econsioiges that needs to be conducted
in conjunction with determining the clinical utjlito obtain reimbursement for a
medical device. Since the health economic systeemast often country specific, one
health economic study will not be sufficient toaasthe question if the device
provides any health economic values in other castr

In the pivotal trial, all lesions were photo docuntesl and all histopathology slides
were scanned and reviewed by both a local histopmdlst and a board consisting of 3-
5 histopathologists. This database enables a nuohlpeissible studies to be conducted,
such as the analysis of the general disconcordagteeeen histopathologist. Is the
disconcordance based only on difference in the moata pattern recognitions or are
there other influencing factors that should beiaké account, such as the quality of
the slide preparation? Are there any country spedifferences? Furthermore, the
material can also be used for teaching purposes thervisual interpretation of a

lesion is combined with histopathology.

The derived methodology in Study IV can be extendemnumerous studies to study
electrode design, coupled physical phenomena sudbfarmation of the skin in
combination with impedance measurement, incredabmgesolution of the skin (for
example extending the model to incorporate thetdiredings of lwai et al. [109]),
water gradient analysis as well as other clinibalnges.

In addition, carrying out EIS measurements in tamdgth one or several techniques to
measure the skin thickness would determine the*variability of the electrical
properties of the stratum corneum and viable skingening up the possibility to
incorporate the actual skin thickness in the catibn. Moreover, the estimates of the
stratum corneum thickness could also be validateddividual-level rather than on a
population-level.
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