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ABSTRACT 
The overall aim of the studies in this thesis is twofold. One is oriented towards 
calibrating a classifier in differentiating between malignant melanoma and benign nevi 
of the skin. The other concerns the development of a mathematical model to ascertain 
the validity of the electrical properties found in literature and to aid in the design and 
operation of electrodes as well as to broaden the knowledge of the signal distribution in 
skin. 
 
In the pursuit of calibrating a classifier in the distinction between benign and 
malignant cutaneous lesions, an international, multicenter, prospective, non-
controlled, clinical study is conducted, where a total of 1807 subjects are enrolled. 
When the observed accuracy, although significant, is found not to be sufficient for the 
device to be used as a stand-alone decision support tool for the detection of malignant 
melanoma, the study is put on hold. The study is then re-initiated after hardware 
updates and redesign of both probe and electrode are implemented.  
 
The resulting classifier demonstrates that EIS can potentially be used as an adjunct 
diagnostic tool to help clinicians differentiate between benign and malignant 
cutaneous lesions, although further studies are needed to confirm the validity of the 
classification algorithm. 
 
In Paper III the literature values of the electrical properties of stratum corneum obtained 
by Yamamoto et al. are adjusted, and the impact of both the soaking time and sodium 
chloride concentration of the applied solvent is shown to significantly alter the 
measured electrical properties. Thereafter, in Paper IV, more realistic median electrical 
properties of both the stratum corneum and the underlying skin is inverse engineered 
from experimental measurements on a large cohort of subjects, by using a mathematical 
model considering the conservation of charge in combination with an optimization 
algorithm.  
 
Previously it was thought that the electrical impedance of intact skin is dominated by 
the stratum corneum at low frequencies (� 1 kHz) and by the underlying layers at 
higher frequencies (� 1 MHz). In Paper V, it is shown that the stratum corneum heavily 
dominates the electrical impedance of intact skin up to frequencies of approximately 
100kHz, and that the influence of the stratum corneum is not negligible even at 1MHz.  
 
Key Words: Electrical impedance, diagnostics, sensitivity and specificity, skin cancer, 
melanoma, epidermis, dermis, subcutaneous fat, mathematical modeling, optimization, 
finite element analysis 
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1 INTRODUCTION 
Electrical impedance is the measure of a material’s opposition to the flow of alternating 
electric currents of various frequencies. Electrical impedance of biological materials 
reflects the clinical status of the tissue under study. In general, impedance at low 
frequencies is related mainly to the electrical properties of the extra-cellular 
environments, whereas impedance at high frequencies is related both to the electrical 
properties of the intra- and extracellular environments and the capacitive properties of 
the cell membranes. Electrical impedance spectroscopy of biomaterials is reviewed in 
[1] and for skin specifically in [2]. 
 
It has been shown that there are statistically significant electrical impedance differences 
between reference skin and several lesion types, i.e. basal cell carcinoma (BCC), 
squamous cell carcinoma (SCC) [3-5]. In preliminary studies [6-8], it was demonstrated 
that it is possible to use the differences between BCC and benign nevi to identify the 
lesions with significant diagnostic power. In [7-8] it was demonstrated that impedance 
measured non-invasively can be used to separate non-melanoma skin cancers (BCCs 
and SCCs) and actinic keratosis from harmless benign nevi with a high accuracy level, 
and that it is possible to sort out malignant melanoma from benign nevi albeit with a 
lower, though clinically relevant, accuracy.  
 
In [9] it was proposed that a new type of mico-invasive electrode furnished with 
extremely small pins that penetrate into the stratum corneum would reduce the 
electrical impedance of the stratum corneum, and, consequently, be less influenced by 
possibly irrelevant biological variations than electrical impedance measured with a 
non-invasive flat electrode. It was subsequently demonstrated that the accuracy of 
malignant melanoma detection was higher for the micro-invasive technique than the 
regular non-invasive [10]. As the proof of principle study for melanoma detection 
with electrodes furnished with micro spikes only included 16 melanoma, the need for 
additional studies to both develop and validate the technique was apparent. 
 
In view thereof, the primary aim of this thesis was to carry out two large multicenter 
studies to develop a classifier to differentiate between benign skin lesions and 
malignant melanoma and to validate the techniques safety and effectiveness.  
 
During the course of the development it became apparent that the electrical properties 
of skin found in literature were unable to accurately predict the experimental findings 
and thus part of the thesis work became oriented towards mathematical modeling and 
experiments to enable the extraction of more realistic electrical properties for skin. 
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2 HUMAN SKIN 
The human skin is a complex organ that covers the exterior of the body. It is the single 
largest human organ both by sheer weight and surface area. It comprised three main 
layers: epidermis, dermis and subcutis as depicted in Figure 1. 
 

 
�Figure 1 – Cross section of the skin. 

 
The outhermost layer, the epidermis, acts as a barrier against radiation, chemicals and 
pathogens whilst limiting water loss through the skin. Between the epidermis and 
subcutis lies the dermis, whose main function is to supply the epidermis with nutrients 
and to provide both mechanical strength and elasticity. The innermost layer, the 
subcutis, consists mainly of fat and loose connective tissue and functions as an insulator 
and shock absorber. 
 
A literal interpretation of the word subcutis, meaning beneath the skin, will imply that 
the skin encompasses only two layers. However, given the interaction and functionality 
of the subcutis with the epidermis and dermis, a pragmatic approach is to see it as an 
integral part of the skin [11-12]. 
 
2.1 THE EPIDERMIS 

The epidermis is composed mainly of keratinocytes. The innermost layer (stratum 
germinativum) consists mainly of strictly ordered basal cells where approximately 
every tenth cell is interchanged with a melanocyte, pigment producing cell. It is 
anchored to the basement membrane at the epidermal-dermal junction. The basal cells 
actively differentiate, some of which migrate towards the surface of the skin slowly 
becoming more and more flattened anucleate plates of keratin (keras meaning horn), 
which can be found in the outermost layer (stratum corneum or horny layer). An 
especially important protective role can be constituted to the melanocyte. By producing 
melanin granules (small pigmented particles) UV radiation can efficiently be absorbed 
and transformed into heat [13], thereby protecting the DNA from the damaging effects 
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of the UV radiation which, to a large extent, is attributed to the formation of malignant 
melanoma and other skin cancers. 
 

Figure 2 – Epidermis and part of dermis 
 
In between the basal and corneum strata (layer), two cell transitional stages can be 
found, the spinous and granular cell layer. In the spinosum strata, the cells start to 
shrink, although they still remain tightly packed through the high number of cell-to-cell 
cohesion proteins (desmosomes). It is within these spinous cells the keratin is formed. 
In the subsequent layer, the stratum granulosum, the cells flatten substantially and lose 
their cell organelles including their nuclei. A histology section of the epidermis stained 
with hematoxylin and eosin, as seen under the microscope, is illustrated in Figure 2 
 
Depending on body site, the epidermal skin thickness varies considerably between 0.1 
mm up to 2 mm [14]. The variation in epidermal skin thickness is almost completely 
due to the variation in the stratum corneum thickness, where it is approximately 10-20 
µm thick in general it can be as thick as 2 mm on the palms of the hands and feet, as 
illustrated in Figure 3. 
 

Figure 3 – Stratum Corneum (SC) thickness (a) upper back and (b) palm of sole 
 

Within the epidermis, other cellular components can be found such as the Langerhans’ 
cells, which forms part of the body’s immune system, and Merkel cells being 
specialized nerve endings. 

SC 

SC 

Epidermis 

Dermis 
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2.2 THE DERMIS 

Directly underneath the epidermis lies the skins thickest layer, the dermis. It consists 
mainly of collagen and elastin fibers intricately woven into a matrix providing the skin 
with mechanical strength and elasticity. It is divided into 2 sub-layers of varying 
thickness: the papillary and reticular dermis. The papillary dermis situated directly 
underneath the basement membrane intertwines with the rete-ridges of the epidermis in 
a papillary (nipple-like) formation to increase the exchange of nutrients and metabolites 
between the two layers. The thicker reticular dermis underneath has a higher 
concentration of coarser collagen and elastin fiber bundles. 
 
Within the dermis a large number of other cellular components can be found: 

·  fibroblasts responsible for manufacturing collagen,  
·  mast cells involved in moderating immune and inflammatory processes, 
·  macrophages having a central role in the immune system,  
·  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 (except for the scrotum were no subcutis is 
present), mainly consists of lipocytes, which are specialized fat storing cells and some 
loose connective tissue. Due to the high percentage of fat in this layer, it is often 
referred to as the subcutaneous fat and thereby functions as a good insulator and shock 
absorber. Its thickness varies depending on anatomical site, nutritional and hormonal 
status in conjunction with many other factors. 
 
Other cellular components found in this layer are nerves and blood vessels. 
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3 ELECTRICAL IMPEDANCE 
Electrical impedance is a measure of a material’s opposition to the flow of alternating 
electric currents of various frequencies. Electrical impedance of biological materials 
reflects the clinical status of the tissue under study. Normal and abnormal tissue differ 
with regards to cell size, shape, orientation, compactness, and structure of cell 
membranes, as illustrated in Figure 4. These different properties influence the ability of 
the tissue to conduct and store electricity. This means that the properties also will be 
reflected in an EIS measurement. A tissue alteration that would be discovered in a 
microscope during a traditional, histological examination can also be seen as an imprint 
in the impedance spectrum. 

In general, impedance at low frequencies is related mainly to the resistive properties of 
the extra-cellular environments, whereas impedance at high frequencies is related both 
to the resistive properties of the intra- and extra-cellular environments and the 
capacitive properties (reactance) of the cell membranes. The outcome of an EIS 
measurement is both magnitude and phase shift at each frequency included in the 
spectrum. 

 

— Low frequencies, 
primarily reflect the 
extracellular environment 

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

Figure 4 –Illustration of current pathways of low and high frequencies. 

3.1 ELECTRICAL IMPEDANCE OF LIVING TISSUE 

Electrical impedance of living tissue generally contains three major frequency regions 
where the electrical impedance decreases with increasing frequency separated by 
regions with almost constant electrical impedance, as can be seen in Figure 5.  
 

 

Normal tissue  

Abnormal tissue  
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Figure 5 – Schematic of general dispersion regions for living tissue. 

 
These three major regions, where the electrical impedance decreases, are coupled with 
specific electrochemical mechanisms and are often referred to as dielectric dispersions. 
The first to identify the three major dispersions, referred to as � , �  and � -dispersions, 
was H.P Schwan [15], as early as 1957. The � -dispersion found in the characteristic 
frequency region between mHz up to a few kHz generally reflects the polarization 
phenomena of ionic clouds near the membrane surfaces. The � -dispersion, found in the 
frequency region between a few kHz and hundreds of MHz , is related to the 
polarization effects and structural changes of the cell membranes as well as oedema. 
The � -dispersion, in the region between hundreds of MHz to several GHz, is affected 
by dipolar mechanisms in the relaxation of small polar molecules, in particular water. 
In conjunction with each dispersion there are sub-dispersions (e.g. � 1, � 2...), which can 
easily be overlooked if the data is fitted to some a priori idea on how the measurements 
ought to look, such as the Cole-Cole model [16]. This is due to the fact that electrical 
impedance consists of both a real and imaginary part or, equivalently, the magnitude 
and the phase shift and curve-fitting to partial data will always filter out a large amount 
of data, which might just be essential to describe the full extent of the phenomena to be 
observed. As the frequency intervals imply the dispersions are not always clearly 
separated and might sometimes overlap. For skin stripped 90 times with cellulose tape, 
the �  and �  dispersions clearly overlap, as can be seen in Figure 6. 
Foster and Schwan published a thorough review of the electrical properties of tissue 
[17], Gabrielle et. al. [18] measured and estimated the electrical properties for a large 
number of tissue types, which have to a large extent been discussed in a pedagogical 
way in Bioimpedance and Bioelectrical Basics [1] in conjunction with a broad range of 
electrical impedance applications. 
 
Electrical impedance has been used in a wide range of clinical applications, ranging 
from differentiation different cancer types [3-10, 19-24], tomography [25] and body 
composition [26]. 
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3.2 SKIN IMPEDANCE 

The average electrical properties of stratum corneum and the viable skin underneath 
were first estimated by Yamamoto & Yamamoto in 1976 [27] by adjusting a tissue 
circuit equivalent to reflect the measured electrical impedance after applying an 18% 
sodium chloride solution for 30 minutes before and after stratum corneum stripping, 
thereby enabling the measurement of the stratum corneum and viable skin respectively. 
In 1984 Ackmann & Seitz [28] showed that the electrical impedance of intact skin is 
dominated by the stratum corneum at low frequencies (� 1 kHz) and by the underlying 
layers at higher frequencies (� 1 MHz). This was clearly confirmed in a computational 
study conducted in 1999 by Martinsen et al. [29]. Later, Birgersson et al. adjusted the 
electrical properties of stratum corneum obtained by Yamamoto et al. unmistakably 
showing that the soaking time and sodium chloride concentration of the applied solvent 
significantly changes the measured electrical properties [30]. Thereafter, Birgersson et 
al used a mathematical model considering the conservation of charge in combination 
with an optimization algorithm to inverse engineer more realistic median electrical 
properties of both the stratum corneum and the underlying skin from experimental 
measurements on a large cohort of subjects .[31]. In 2012 Birgersson et al showed that 
the stratum heavily dominates the electrical impedance of intact skin up to frequencies 
of approximately 100kHz and that the influence of the stratum corneum is not 
negligible even at 1MHz [32]. 
 
An example of the electrical impedance distribution between the stratum cornum and 
the underlying skin layers can be shown by measuring the electrical impedance during 
a tape stripping experiment, as illustrated in Figure 6. 
 

 
Figure 6 – Nyquist plots of the electrical impedance spectra (frequency range 1.22 kHz to 1 

MHz), before tape stripping, and after 30, 60 and 90 tape strips. Note axis scales. 
 
The electrical impedance of skin has been utilized to quantify, assess and characterize 
skin reactions and diseases [33-40]. 
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4 NEVI AND SKIN CANCER 
4.1 NEVI 

When an abundance of melanin is present on a specific spot of the skin, these areas are 
often referred to as moles, spots or pigmented nevi.  
 
During the course of time, these pigmented nevi have been characterized into a large 
amount of subtypes. For the sake of ease, the pigmented nevi are often categorized in 
regards to the degree of atypia (abnormality) present in them, which has been correlated 
to an increased likelihood of progression into malignant melanoma [41-42]. This 
generates the following classes: 

·  benign  (harmless) pigmented nevi, which are very common 
·  dysplastic (difficult formation) nevi of mild/moderate/severe atypia 
·  malignant (harmful) melanoma 
·  other (both benign and malignant) 

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

Malignant melanoma arises when melanocytes start to grow uncontrollably, due to a 
specific mutation in the DNA structure. Most cases of cell mutation leads to 
programmed cell death (apoptosis) except when a very small set of genes, called 
oncogenes are mutated, in which case the cell can start to proliferate uncontrollably 
(cancer). In most cases, a mutated oncogene often requires an additional transformation 
prior to developing into the state of uncontrollable proliferation, such as a mutation in 
another gene or a viral infection.  If the cancer is left untreated it can start to spread via 
blood and lymph vessels to the lymph nodes, other organs or other distant tissues 
(metastasis). 
 
The transformation from a benign into a malignant melanocyte is not yet fully 
understood, but sun exposure especially in early childhood and sunburns in people with 
fair/white skin seem to be important risk factors, which clearly is reflected in the 
melanoma incidence and mortality in the following section. Since melanoma also do 
arise in sun-protected areas (such as in the mouth, genitalia and under eyelids), sun 
exposure is not the only risk factor for developing melanoma. Some other risk factors 
that need to be taken into account are family history of melanoma, previous melanoma, 
large number of melanocytic (pigmented) nevi, skin color/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-fold since 1980, and if current trends 
continue, it has been estimated that 1 of every 75 people born in US during 2000 will 
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develop melanoma [53]. Melanoma incidence rates are by far highest in countries 
having a sun exposed and fair-skinned population, as can be seen in Figure 7. 
 

 
Figure 7 – The incidence of melanoma in the world [54]. 

 
Countries in the developed world account for the major part of all malignant melanoma 
cases with approximately 200000 new diagnosed cases in 2010, where Europe 
accounted for 52%, US 39% and Australia/New Zealand for the remaining 9% [54].  
 
As with incidence rates, the mortality rates are highest in countries having a fair-
skinned population, as can inferred from Figure 8. Approximately 46000 died in 
developed countries during 2010 due to late stage melanoma [54]. 

 
Figure 8 – The mortality of melanoma in the world [54]. 
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4.2.2 Melanoma staging 

All cancers are staged according to the Thickness Nodular Metastasis (TNM) 
classification [55]. The primary tumor thickness (T) is measured, the regional lymph 
nodes checked for presence of tumor cells (Regional Lymph Nodes) and whether the 
tumor has spread to other organs or distant tissues (Distant Metastasis).  
 
For melanoma the tumor is then graded into different categories 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 

or scooping) or fully regressed 

melanoma) 

N/A 

T0 No Evidence of primary tumor  

Tis 

Melanoma in situ 

(in place) 

N/A N/A 

T1* �  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 Metastatic Mass 
N0 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 nodes, or in-transit metastases/satellites and 

metastatic nodes 

Distant Metastasis (M) 
M Classification Site Serum LDH 
M0 No evidence of metastasis to distant 

tissues or organs 

 

M1a Distant skin, subcutaneous or nodal 

metastases 

Normal 

M1b Lung metastases Normal 

M1c All other visceral metastases Normal 
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Or any distant metastases Elevated 
* The use of mitotic rate to differentiate between T1a and T1b is not yet part of standard care in 
all countries, e.g. Sweden has not established this as part of the diagnosis yet. 
 
By combining the TNM classes a clinical staging of melanoma can be conducted as 
given in Table 2. This helps in determining the appropriate treatment and survival of 
the patient. 
 
Table 2. Clinical staging of malignant melanoma [55] 

Clinical Staging 
Stage 0 Tis N0 M0 
Stage IA T1a N0 M0 
Stage IB T1b N0 M0 
 T2a N0 M0 
Stage IIA T2b N0 M0 
 T3a N0 M0 
Stage IIB T3b N0 M0 
 T4a N0 M0 
Stage IIC T4b N0 M0 
Stage III Any T � N1 N0 
Stage IV Any T Any N M1 
 
4.2.3 Survival 

As with all cancers, survival generally decreases drastically with increasing tumor 
thickness and whether the tumor has metastasized. For melanoma, the 10-year 
survivability can be categorized in accordance with the measured Breslow thickness (T-
class) as depicted in  
Table 3 as well as according to the clinical staging, taking the thickness and metastatic 
potential in consideration as shown in Figure 9.  
 
Table 3.  Melanoma Classification according to Primary Tumor Thickness [55] 

Thickness 10-year survival 
Tis ~100% 
T1 92% 
T2 80% 
T3 63% 
T4 50% 
 
Where thin melanomas can be considered cured with only surgical excision, a thick 
melanoma has a very low 5-year survival and metastatic melanoma (Stage IV 
melanoma) of any thickness has an extremely poor 5-year survival [56], due to the 
solemn fact that there is still no efficient treatment for metastatic melanoma. Therefore, 
early detection of malignant melanoma is vital for treatment outcome and survival rate. 
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Figure 9 – Kaplan-Meier survival curves for the relationship 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 undergo a mutation of the oncogenes, then either a 
basal cell carcinoma or a squamous cell carcinoma may develop. These skin cancers 
are generally referred to as non-melanoma skin cancers. Even though the incidence of 
basal cell carcinoma is over 10 times as frequent as melanoma, the mortality is 
extremely low as they very rarely metastasize. Squamous cell carcinoma is 1.5 times as 
frequent as melanoma, they sometimes do metastasize, but they are not as malignant as 
melanoma. The choice of treatment depends on a number of factors such as tumor size, 
type, thickness, localization and patient age and can involve surgical excision, 
curettage, topical creams as well as other forms of treatment [57-58]. 

     Melanoma in situ                       Stage 0  
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5 AIMS 
The overall aim of the studies in this thesis is twofold. The first, to calibrate a classifier 
able to differentiate between malignant melanoma and benign nevi of the skin. The 
other, concerns the development of a mathematical model to ascertain the validity of 
the electrical properties found in literature and to aid in the design and operation of 
electrodes as well as to broaden the knowledge of the signal distribution in skin. 
 
This thesis is based on five papers with the following specific aims: 
 

I. To investigate the accuracy of electrical impedance spectroscopy in 
distinguishing between malignant melanomas and benign skin lesions using an 
automated classifier.  
 

II.  To develop a classification algorithm to distinguish between melanoma and 
benign lesions of the skin with sensitivity above 98% and specificity 
approximately 20 percentage points higher than the participating study 
dermatologists. 
 

III.  To derive a mathematical model considering conservation of charge in the 
various layers of the skin and adjacent electrodes as well as validating the 
model with experimental findings. 
 

IV. To introduce and validate a new methodology allowing for efficient 
determination of the electrical properties of skin for arbitrary conditions (within 
limits) and to extract more realistic electrical properties for the stratum corneum 
and viable skin than are currently found in literature. 

 
V. To (i) explore electrical impedance spectroscopy (EIS) as an alternative 

technique for estimating the stratum corneum thickness, (ii) secure closed-form 
analytical solutions for our earlier mathematical model of EIS from Paper IV 
(iii) verify the analytical solutions with the full model and validate both with 
further experimental measurements, and (iv) estimate the stratum corneum 
thickness and its associated electrical properties that are key for EIS. 
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6 MATERIAL AND METHODS 
6.1 DATA ANALYSIS PROCESS 

The data analysis process entails problem understanding, data acquisition, data 
preparation, modeling, evaluation, verification and validation.  
In the following, a brief introduction to each step is given and the numerical tools 
employed. 
 
6.1.1 Data acquisition 

This step is generally the most tedious and time consuming part, but should not be 
overlooked as it is vital to gather data that not only is relevant, but spans the whole 
problem domain. As brief insight, it took 5 years to gather sufficient amount of nevi in 
the international melanoma trials to enable the calibration of a classifier. A large part of 
that time was spent on adjusting the inclusion criteria and upgrading the system to 
reduce operator dependency, increase the signal to noise ratio and migrating from a 
silicon spiked electrode to an electrode furnished with micro-invasive spikes based on 
plastic. 
 
6.1.2 Data preparation 

Once the data is collected, the first step is to clean the data from inaccuracies that have 
occurred during the acquisition phase, such as general data errors, noise and outliers. 
First thereafter the data may be grouped, transformed, scaled, re-sampled and reduced 
in dimensionality. Once all data has been preprocessed, it can finally be merged into 
one single dataset for modeling purposes. 
 
6.1.3 Modeling and learning systems 

There are numerous models and learning systems that can be employed to solve a 
specific problem, but quite often the exact type is not critical, provided the data 
acquisition and preparation phase has turned the data into something sensible. A couple 
of different classifiers are exemplified in section 6.8. 
 
6.1.4 Verification 

Verification is intended to determine whether or not a model meets the given 
requirements and specifications prior to having a totally independent dataset that 
encompasses the problem domain. Most often during development of a model, one is 
faced with not having sufficient data to ensure its full validity and therefore different 
methods such as cross-validation to test the accuracy and robustness of the solution are 
employed. 
 
6.1.5 Validation 

Validation occurs when model performance is tested on a dataset that is independent 
from the dataset used for calibration purposes. This may of course be part of the data 
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acquisition phase, but to acquire data for both calibration and validation purposes might 
not only be cumbersome but very time-consuming and costly. 
 
6.2 ELECTRICAL IMPEDANCE MEASUREMENTS 

6.2.1 Electrical impedance spectrometer 

Throughout the data acquisition phase, three different electrical impedance 
spectrometers have been used with almost equivalent modes of operation, therefore 
only the latest electrical impedance spectrometer will be described. The interested 
reader is referred to earlier publications [40, 59] or to SciBase [60] for further 
information. 
 
The electrical impedance spectrometer, SciBase III, consists of a control unit, a 
measurement probe and a disposable micro invasive electrode as shown in Figure 10. 
The control unit, connected with the mains through a power cord with 110/240 V, 
processes examination data and presents the results of the EIS measurement on the 
display. The display is equipped with a touch screen for user interaction. The probe 
unit, connected to the control unit through a cable, is used to initiate the electrical 
impedance measurements by pressing down its movable spring loaded probe housing. 
 
 

 
Figure 10 – SciBase III system 

 

The system measures electrical impedance at 35 set frequencies, logarithmically 
distributed from 1.0 kHz to 2.5 MHz. A complete electrical impedance measurement 
takes less than 10 s. The applied voltage and resulting current is limited to 150mV and 
75µA respectively. This results in a maximum of power and energy that can be 
delivered to the skin tissue of 11.25µW and 113µJ respectively. Since it takes 4.186 
Joule to heat 1 kilogram or 1 litre of water by 1 degree Celsius, 113µJ would therefore 
be the energy equivalent to heating 1 litre by 2.7 x 10-8 degrees Celsius.  

·  Probe unit with electrode  

·  Control unit  

·  Probe cable  
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6.2.2 Micro-invasive electrode 

During an examination the disposable electrode is attached to the probe. It consists of 
five electrode bars as shown in Figure 11. The surface of each electrode bar is 
covered with small micro invasive pins covered with gold. The pins are of triangular 
shape approximately 150 � m high with a 170 mm triangular base. The total area of the 
electrode is approximately 5 x 5 mm2. The pins are designed to penetrate into stratum 
corneum (approximately 10-20 � m thick).  

 

Figure 11 – Depth settings 

A scanning electron micrograph of the pins is shown in Figure 12. Since the pins 
neither reach the blood vessels nor the sensory nerves in the dermis, the probe is 
classified as micro-invasive. Measurements with the electrodes are painless. The 
electrode is for single-patient use. After an examination, the operator removes the 
electrode and disposes of it. 
 

 

Figure 12 – Electron micrograph of the micro-pins on the surface of the electrode system. The 
pins are 150 µm long with a 170 µm triangular base 

When the disposable micro-invasive electrode is attached to the system it measures at 
four different depths and 10 set permutations, as illustrated in Fig x. The depth 
selectivity is facilitated by the use of one sense and one injection electrode. It is the 
spatial localisation of the sense and injection electrode that determines the depth 
penetration, as can be seen in Figure 11. 

 

Depth 1a, 1b, 1c, 1d 

Depth 2a, 2b, 2c 

Depth 3a, 3b 

Depth 4a 
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6.2.3 Non-invasive electrode 

The system can also be equipped with a non-disposable flat concentric electrode 
system, as depicted in Figure 13. The non-invasive probe was designed so that two-
point  measurements can be carried out to 5 depth settings; for this purpose, the probe 
features two voltage injection electrodes, one current detector and a guard electrode to 
decrease the impact of surface leakage currents [59]. The electrical impedance is given 
by a measured magnitude (kohms) and a phase shift (degrees) at five different current 
penetrations depths resulting from varying the voltage at the second injection electrode 
from 5 to 50 mV whilst keeping the voltage constant at 50 mV at the primary injection 
electrode. 
 

 
  

Figure 13 – Schematic overview of the concentric electrodes are marked as (I) current 
detection, (II) guard, (III) secondary inject and (IV) primary injection. 

 
6.2.4 General examination procedure 

Prior to measurements, the skin site is soaked with physiological saline solution (0.9 % 
salt concentration) for a minimum of 30 seconds (micro-invasive electrode) or 60 
seconds (non-invasive electrode). Thereafter the excess fluid is wiped off with a clean 
and dry compress. The electrode is placed against the skin and a measurement is 
initiated. The outcome of the measurement is curves of magnitude (in kOhms) and 
phase shift (degrees) at varying depths and permutations depending on the attached 
electrode. 
 
6.2.5 Cancer detection examination procedure 

Electrical impedance measurements are performed after entering patient data into the 
control unit via the touch screen. The operator will perform at least 2 measurements, 
one on typical background skin (reference) located ipsi-laterally or contra-laterally to 
the lesion and one or more on the lesion. Multiple measurements are conducted if 
needed to cover the whole lesion. Prior to measurements, the skin site is soaked with 
physiological saline solution (0.9 % salt concentration) for a minimum of 30 seconds. 
By measuring the typical background skin, reference measurement, the patient becomes 
its own reference. The outcome of the measurements are curves of magnitude (kOhms, 
left y-axis) and phase shift (degrees, right y-axis) at four different depths (different 
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colors) and 10 permutations at various frequencies (x-axis). Examples of curves for 
measurements of benign nevus with reference measurement (Figure 14) and 
measurements of malignant melanoma with reference measurement (Figure 15) are 
provided below.  

 
Figure 14 –- Benign Nevus - Reference registration (grey) and lesion registration (colored). 

 

 
Figure 15 –- Malignant Melanoma - Reference registration (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, an initial measurement on intact skin is 
performed to establish the subject baseline impedance. Thereafter, Scotch® Magic™ 
Cellulose Tape is applied on the volar forearm of the subject and removed with a quick 
snatch. After every fifth consecutive skin stripping an electrical impedance 
measurement was carried out. This procedure was repeated 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 skin with its own ink and it is there for 
all of us to see. Some see, but do not comprehend." Dr Neville Davis [61] 
 
To help in the comprehension of differentiation of benign pigmented nevi from 
melanoma, a number of features coupled with an increased risk of melanoma have been 
derived and are highlighted below. 
 
Today the clinical diagnosis of melanoma is primarily based on a naked eye 
examination of patients’ lesions in combination with family history. The physician 
assesses each lesion using the well-established ABCD- criteria with the new addition of 
E. The ABCDE abbreviations stand for Asymmetry, Border Irregularity, Color 
Variation, Diameter greater than 6 mm and Evolving lesion characterized by changes 
over time. Examples of lesions showing either no signs or signs of ABCD are depicted 
in Table 4. 
 
Table 4. Examples of pigmented nevi categorized according 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 the SciBase International Melanoma Pivotal Trial.  
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In addition to ABCDE criteria, there are a handful of criteria the physician will use to 
make a decision whether to excise the lesion or not [62]. All lesions the physician finds 
suspicious will be excised and sent on to histopathology to confirm a diagnosis. 
 
Apply the ABCD rules to the lesions found in Figure 16 and try to find the melanoma. 
Note, there might just be more than one. 
 

 
Figure 16 – Sixteen lesions overview pictures with permission by SciBase 

Finding the melanoma without excising all of the lesions in Figure x is not an easy task 
and actually all lesions were considered by a dermatologist suspicious enough to 
warrant excision. The melanomas can be found in row 2 columns 2 and 3. 
 
Depending on the physician’s expertise, a dermatoscope will be utilized in the clinical 
diagnosis of a lesion. Basically, a modern dermatoscope consists of a magnifier (x10) 
and a polarized light source. The magnifier enhances the image of the lesion and the 
polarized light source helps to reduce the skin surface reflection. The skin surface 
reflection can be further reduced by applying a liquid medium (alcohol or some form of 
mineral oil) between the skin and the dermatoscope, enabling the higher detailed 
viewing of tissue structures underneath the stratum corneum 
It has been shown that the use of a dermatoscope in clinical practice significantly 
improves diagnostic accuracy for melanoma, albeit as with everything a learning curve 
is involved. It takes time to learn how to differentiate the numerous structures that are 
revealed with help of a dermatoscope, since lesions start out looking more malignant 
before the new structures are accurately classified [63].  
 
To help differentiate benign pigmented nevi and malignant melanoma various 
classification algorithms for dermatoscopy have been developed of which the most well 
known and applicable are ABCD-dermatoscopy [64], Menzies [65] and the 7-point 
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checklist [66]. These classifiers basically sum up the different features or assign 
weights to the them prior to summing them up and applying fixed cut-offs for either 
excision recommendation, follow-up or leaving the lesion in the skin. 
 
Interestingly, about 50% of the diagnosed melanomas are actually discovered by the 
patients themselves. A phrase one often comes across is: “A large proportion of old 
men come to the clinic after having been nagged by their spouses to check their 
atypical lesions, especially on their back. Often enough these turn out to be malignant.” 
 
6.3.1 Clinical diagnosis 
Even though physicians feel fairly confident with making the distinction between non-
suspicious and suspicious lesions using either only the naked eye together with patient 
history, or with the additional information obtained from dermatoscopy, their 
sensitivity in general has been shown to be far from 100% [67-70]. The accuracy of the 
clinical diagnosis of cutaneous melanoma with the unaided eye is only about 60% 
(sensitivity) [63], which improves to about 90% with the help of dermoscopy, but only  
when used by a trained/experienced user. These sensitivity values are however far from 
acceptable, why clinicians use a safety margin in their clinical diagnosis, and have an 
overall excision rate ~1:40. [67-71]. 
 
The consequences of the physician’s low sensitivity for detecting a melanoma are at 
least twofold. Firstly, since early detection is vital for treatment outcome and survival a 
large number of benign lesions will be excised, thus creating a safety margin by 
reducing the number of missed melanoma. This is directly reflected in the biopsy ratios 
found in literature, ranging from ~80 lesions excised for every melanoma (1:80) to 1: 
~20 for a general practitioner, 1:30 to 1:8 for a general dermatologist, down to a ratio of 
1: ~3:4 for expert dermatologist specializing in melanoma detection [67-71]. Secondly, 
misdiagnosing melanoma is inevitable as early melanoma often show very few signs of 
malignancy and as direct consequence are going to be mistaken for a benign lesion, 
even by the most expert dermatologists. This is reflected in the fact that one of the most 
common causes for malpractice litigations against physicians is misdiagnosis of 
melanoma [72], which of course also adds to more benign lesions being excised. The 
need for additional tools in melanoma detection that can supply the physician with 
additional information about possible atypical lesions appears to be apparent.  
 
6.4 HISTOPATHOLOGY DIAGNOSIS  

Once the physician has a suspicion for malignancy the lesion is excised (biopsied) and 
sent on to a histopathologist for evaluation and final diagnosis. The histopathological 
evaluation is done under microscope, were the histopathologist takes a large number of 
possible malignant patterns and indicators into consideration. In Figure 17, a Tis 
melanoma situated on the shoulder of a 48 year old male stained with hematoxylin and 
eosin is shown under 16.2x magnification. 
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Figure 17 – Malignant melanoma, as seen by the histopathologist under the 

microscope. 

Since the analysis is both visual and done by a human being it remains subjective and 
as a consequence not perfect, i.e. not 100%. A number of studies have shown a 
significant disconcordance between histopathologist in the diagnosis of melanoma [73-
76]. Therefore a histopathology board, consisting of 3 histopathologist, reviewed each 
lesion independently of each other in Study I and II to ensure adequate accuracy in the 
reference/gold standard. The observed sensitivity of the local pathologist for melanoma 
in Study II was 86.1% (192/223) (80.9, 90.4) (observed sensitivity between 80.9 and 
90.4 within a two-sided 95% Clopper-Pearson confidence interval), non-melanoma 
skin cancer 96.9% (95/98) (91.3, 99.4) and the observed specificity 92.6% (736/795) 
(90.5, 94.3). Evidently, histopathologists may misdiagnose malignant melanoma and 
other cancer, but it still is the best reference standard available and thus referred to as 
the gold/reference standard. 
 
6.5 CLINICAL STUDY DESIGN 

Clinical study design is essential to ensure that sufficient data is gathered, either to 
calibrate a classifier or to support the safety and efficacy endpoints.  
 
Ensuring that the study conforms to the International Conference of Harmonization of 
Good Clinical Practice (ICH-GCP) guidelines is essential, and even though one might 
think the adherence to this standard is given; experience has shown that frequent 
monitoring and education of how this guideline is to be adapted in the clinical setting is 
essential to ensure compliance.  
 
Furthermore there are a couple of things to consider: 
 

·  Ensuring the correct cohort/population is studied, e.g. those lesions and patients 
which will be within the scope of the intended use of the device are to be 
studied. This is often referred to as intended use population. 

·  Correct proportion of lesions, i.e. both benign and lesions of varying degree of 
malignancy need to be studied. Having only the most benign and the most 
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malignant lesions present as input data will not enable estimation on the true 
accuracy of the device. 

·  Correct amount of lesions, based on reasonable assumptions on device 
accuracy, i.e. sensitivity and specificity, to ensure a sufficient statistical power 
of the study. 

·  Choosing the amount of sites, site location and considering both the referral 
population and the plausible inclusion rates into the study. 

·  Ensuring reasonable accuracy in the reference/gold standard. 
·  Adding a possibility to reference the outcome towards the clinical decision. 
·  Monitoring of the data and the sites. This point cannot be stressed enough. Poor 

data will remain poor data and interfere with the analysis of the data. 
·  Clear data management standard operating procedures. 
·  The ability to communicate clearly is essential. A substantial help can be to 

ensure that communication can be established in the native tongue. 
 
6.6 DATA COLLECTION 

To give a brief overview of how intricate a clinical study design can look like, the 
pivotal trial for the SciBase III system is presented in Figure 18. 
 

1. After obtaining the informed consent for each patient, eligible lesions fulfilling 
the inclusion/exclusion criteria and destined for excision/biopsy were 
categorized as having either low/mid/high risk of being malignant.  

2. Thereafter, a photo and a dermatoscopy image were taken of the lesion and the 
lesion was subsequently measured with the SciBase system.  

3. A second photo of the lesion post measurement was taken, and the lesion was 
surgically excised/biopsied and subjected to histopathological evaluation 

4. The first analysis was performed by the local pathologist and a second analysis, 
the gold standard, was performed independently by a panel of three expert 
pathologists 

5. In case of disagreement in the panel, the lesions were reviewed by a Consensus 
Board, consisting of an additional 2 histopathologists. 

6. The photo and dermatoscopy images taken prior to SciBase measurement were 
evaluated by a Visual Classification Board for a uniform visual classification of 
all lesions according to e.g. ABCD criteria and 7-point checklist for 
dermatoscopy 

 
All data was kept at an independent Contract Research Organisation (CRO) to ensure 
that the data remained blinded throughout the study. 
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Figure 18 – Schematic overview of the study design for the pivotal trial of the 

SciBase III system. 

 
6.7 DATA ANALYSIS OF ELECTRICAL IMPEDANCE MEASUREME NTS 

The complexity in the analysis of bio-impedance spectra arise just due to the fact that it 
is complex valued and highly multivariate as it encompasses measurements conducted 
at multiple frequencies. For example the SciBase III impedance spectrometer measures 
35 frequencies distributed between 1 kHz and 2.5 MHz at either 5 depth settings or 10 
permutations settings, giving rise to 175 or 350 complex impedance values.  
 
One important observation is that all the frequencies are highly cross-correlated to each 
other and can be given as both real (resistance) and imaginary (reactance) values or as 
magnitude and phase shift. 
 
6.7.1 Principle component analysis (PCA) 

Principle component analysis aims to reduce the dimensionality of the data whilst 
maintaining as much information or variance as possible. This is achieved by first 
finding the direction having the largest variance, first principal component, and 
thereafter finding subsequent directions, principal components, under the constraint that 
they are orthogonal to the previous principal components.  
 
The application of PCA on a dataset in 3D is illustrated in Figure 19. Note that the 
observations are positioned on a plane in 3D, i.e. they can be described by a 2 principal 
components without any direct information loss. 
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Figure 19 – (a) Observations in 3D. (b) Application of PCA to find the principal components. 

(c) Observations given in new Cartesian coordinates. 
 
As this method aims to capture as much variance as possible in any given dataset it is 
of great importance to correctly scale the dataset prior to applying PCA, since 
otherwise essential information might be lost. Furthermore, outliers in the data need to 
either be excluded or treated with caution as they most likely will impact how the 
principal component space is formed. 
 
For electrical impedance, where the frequencies are highly cross-correlated to each 
other this method is very effective to reduce data dimensionality without losing much 
information. Often a data matrix with electrical impedance data can be reduced to 3-5 
dimensions encompassing approximately 95-97% of the variance found in the initial 
data. This is not a method optimized for categorizations, but can be extremely useful in 
the initial exploratory analysis. 
 
The equation for the decomposition can be written as 

 � � � � � �
� � � � � �
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� � �  �

 � � � � � � �
� � � � � � � � �

�

� � �

 �

where X is the initial data matrix, t1 is the i:th principal component score vector, pi is 
the i:th principal component vector, E is the residual matrix (containing noise), T is the 
score matrix, e.g. [t1 t2 … tA], and P the loading matrix , e.g. [p1 p2 … pA]. 
 
From the decomposition formula above, one can deduce that the number of principal 
components is equal to the smallest dimension of X. In case all principal components 
are used, the initial data matrix will only have been mapped into a new Cartesian 
coordinate system, albeit without any data or noise reduction. The variance captured by 
the principal components will be largest in the first and thereafter in descending order, 
i.e. less and less information will be pertained in the principal components. Therefore, 
there will be an optimal number of principal components 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-processing task is vital and if it has not turned 
the data into something sensible, any classifier calibration will be “exciting”. 
Furthermore, it is important that the reference standard for each observation is as 
accurate as it can possibly be, even though some noise has been shown to improve 
classification, a poor reference standard might introduce too much noise, making the 
calibration of any classifier impossible. Depending on the 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 classification algorithm, which is based on the 
majority of the k nearest neighbors to the observations to be classified. In the case 
given in Figure 20, if k equals 1 the three unknown cases �  will 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 case will have equally many � , �  and no 
decision can be made based on the nearest neighbors only. One way to resolve the 
deadlock could be to either sum the distances to each group respectively and assign it to 
the one “closest” to the given observation, or simply a larger or smaller k for these 
cases. By choosing an odd k, this situation can of course altogether be avoided. 
 
The calculation of the distance to the nearest neighbors can be made in many different 
ways, for example using the Euclidean distance or the Manhattan distance. 
 
6.8.2 Support vector machine (SVM) 

For the case of a binary classification problem, a support vector machine constructs a 
hyperplane (generalization of a plane in a multidimensional space) with the best 
possible separation (margin) between the two groups to be classified in an often high-
dimensional space. In Figure 21 a hyperplane is shown separating two groups with an 
optimal separation (margin) between the two groups.  
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Figure 21 – The optimal hyperplane marked with a solid line between group A (� ) and group B 

(� ) after support vector machine calibration. The observations on H1 and H2 are called the 
support vectors as they support the two sub-hyperplanes. 

 
Any given plane (hyperplane) can be written as 

 � � 	 � � � �  �

where w is the normal vector to the plane and any point x that satisfies the equation will 
be situated thereon. 
 
In the basic case where the groups are linearly separable, i.e. a line can be drawn 
between the groups without the groups overlapping, we want to try to maximize the 
margin between the two groups. The two hyperplanes H1 and H2 as depicted in Figure 
21 can be described by the following two equations 

 � � 	 � � � �  �

 � � 	 � � � � �  �

Simple geometry gives us the distance between H1 and H2 to be 
�

�� � ��
, which is the 

margin that should be maximized. This is accomplished by minimizing the 
denominator, i.e. ||w||. Since we do not want any data points to fall within the margin 
during training, this leaves us with the following equations for the two different groups 

 � � 	 � � � 	 �  �
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 � �  �

where xi and xj are the data points for the first and second group, respectively. This can 
more conveniently be written as 
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where yi is either -1 for the first group and +1 for the second group or vice-versa and xi 

are the specific observations coordinates. 
 
The power of SVM is that even non-linearly separated groups (no plane can be drawn 
in the input space) can easily be solved by applying a kernel, which maps the input 
space into a higher dimensional feature space where the groups “suddenly” are 
separable by a hyperplane once more. In the case when no hyperplane can be found that 
separates the groups entirely, slack variables can be introduced 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 and specificity a word of caution is 
necessary to emphasize that even though these measures of accuracy can easily be 
calculated, they are not always easily interpreted. They must always be viewed in 
regards to the studied population and the accuracy of the used gold standard. 
Furthermore, they may under no circumstances be viewed separately, since there will 
almost always be a trade-off between the measures. 
 
Sensitivity is a measure of the proportion of correctly classified positives (people with 
the disease under investigation). This, simply stated, is the percentage of people who 
are correctly identified as having the disease. 
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Specificity on the other hand is a measure of the proportion of correctly classified 
negatives (people that do not have the disease under investigation). This, simply stated, 
is the percentage of people who are correctly identified as not having the disease. 
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Sensitivity and specificity are observed values in a study and should be referred to as 
the observed sensitivity and specificity, except in the case where the confidence bound 
of the observations is very small. 
 
In melanoma diagnosis, missing a melanoma can have dire consequences and therefore 
it is essential to have as high sensitivity as possible without sacrificing too much 
specificity. 
 
6.9.2  ROC – Receiver operating curve 

It is often of interest to evaluate the overall discriminate power of a binary classifier, 
e.g. not only at a fixed cut-off between what is to be considered benign (0) and 
malignant (1).  This can be accomplished by varying the discrimination threshold from 
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the minimum to maximum value of the classifier outcome and for each step calculating 
the sensitivity and specificity as illustrated in Figure 22.  

 
Figure 22 – (Upper row) Moving threshold (Lower Row) calculated sensitivity and 

specificity at the given discriminative threshold. 

The calculated values for sensitivity and specificity, as shown in Figure 22, are used to 
obtain a receiver operating curve (ROC). Note that at the starting point the sensitivity is 
0% and increases to 100% whilst the specificity decreases from 100% to 0%. 
 
The overall discriminate power of a binary classifier equals the area under the receiver 
operating curve (AUC). This value will span from 0 to 1 or 0% to 100%, where an area 
of 50% is equivalent to a random classification or flipping a coin, and 100% to an ideal 
classifier, where all cases are correctly classified. In melanoma applications a practical 
interpretation of the AUC is that �  90% is considered excellent, �  80% good, �  70% 
OK, �  60% poor and �  50% worthless [81].  
 
Since the area under the curve (AUC) is an estimate of the overall performance of a 
binary classifier the standard error of the estimation can be calculated. As ROC analysis 
is non-parametric, i.e. the data does not adhere to a normal distribution, the confidence 
intervals can be conservatively calculated as follows [82]: 
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where n+ and n- are number of positive and negative events respectively, and q1 and q2 
are given as 
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Keep in mind that this is one measure of overall discriminate performance, which has 
shown itself to be highly applicable in many medical applications [63, 83-84], although 
there might be other constraints that need to be considered, prior to choosing a binary 
classifier for a given classification task, such as the point of performance, e.g. 
sensitivity above 95% being a necessity. 
 
6.9.3  Safety 

A safety assessment aims to quantify how safe the device or treatment is. To gather the 
information necessary to evaluate the safety of a device or treatment all unfavorable 
and unintended reactions to a device or medical treatment (Adverse Events) that occur 
during a pivotal study need to be documented (once the product is released onto the 
market, the adverse events still need to be monitored to ensure the safety of the 
treatment or device). Depending on the severity of the adverse event, they are classified 
as either serious adverse events (SAE) or just adverse events (AE). Serious adverse 
events, may they be device or treatment related or not, must be reported to the 
regulatory authorities within 48 hours. To give an example, diarrhea for 2 days 
following the surgical excision of a mole can be considered an adverse event and is 
generally resolved without the need for hospitalization. On the other hand, if the patient 
falls and breaks a leg during the course of a study and is hospitalized this is to be 
considered a serious adverse event. To help understand why this is so, it might be that 
the treatment or the application of a medical device has given the patient impaired 
balance or nausea which then resulted in the fall. 
 
At the end of a study the occurred adverse events are summed up and a safety 
assessment of the treatment or device can be undertaken and 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 skin can (i) aid in the design and 
operation of the electrodes, (ii) increase the probability of extracting the most relevant 
signals and (iii) also be implemented to evaluate the feasibility of an impedance study. 
A generic model, however, that aims to capture all the physiochemical phenomena, 
tissue types and structures inside the various layers of the skin—hair follicles, pores 
[85], sweat ducts [85], pH gradients [86], diurnal variations [87] as well as a multitude 
of other factors—can easily lose tractability; therefore, simplifications in the 
mathematical formulation are usually invoked [19-20, 22-24, 29, 88]. 
 
7.2 SKIN COMPOSITION 

We assume that the skin can be modeled as a three-layer entity, comprising Stratum 
Corneum (SC), Viable skin (VS), and Adipose tissue (AT), where the Epidermis and 
Dermis are incorporated into the viable skin, and subcutis into the adipose tissue (see 
Figure 23c). 

The skin thickness, which is an important parameter in the mathematical model for skin 
impedance, naturally varies due to a large number of biological and environmental 
factors –age, time of the day, race, temperature, humidity, health condition, and so 
forth. Furthermore, variations in measured skin thickness can arise due to the type of 
measurement technique that is employed; other factors include measurements where 
the sample size is too small to allow for statistical analysis and/or where the exact 
location of measurement is not specified. In light of the large number of factors and 
errors, a mean thickness and standard deviation were calculated by summing up the 
skin thicknesses for a female cohort from several studies, which include a variety of 
techniques and weighing them equally: confocal Raman spectrometer [89-91], optical 
coherence tomography [91], reflectance confocal microscopy [92], ultrasound imaging 
[93-95], biopsy [96] and transepidermal water loss (TEWL) in combination with 
Stratum corneum stripping [97-100]. The viable skin was calculated by adding the 
viable epidermis thickness to the dermal thickness comprising both papillary and 
reticular dermis (see Figure 23c). The stratum corneum thickness hsc was found to be 
14 ± 3 µm and the viable skin hVS 1.2 ± 0:2 mm at the volar forearm. The subcutaneous 
fat thickness was set to 1.2 ± 0:2 mm 
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Figure 23 – Schematic overview of the circular non-invasive electrode applied on (a) skin, (b) 

viable skin and adipose tissue, and (c) stratum corneum, viable skin and adipose tissue. 
Length scales are shown for the different skin layers and electrodes of the circular probe; 
boundary conditions for the mathematical model are given by roman numerals for easy 

identification. 

 
7.3 ELECTRICAL IMPEDANCE ELECTRODE 

In studies I, II and III the non-invasive, circular probe comprises four electrodes as 
illustrated in Figure 23: two voltage injection electrodes (III and IV), one current 
detector (I) and one guard electrode (II) to decrease the impact of surface leakage 
currents. With this design, two-point measurements can be carried out. The dimensions 
of the electrode can be found in either Study 3, 4 and 5. 
 
The electrode can be adapted to any shape and size, but the electrode given here was 
chosen since the experimental measurements were carried out utilizing that particular 
electrode. 
 
7.4 MATHEMATICAL MODEL 

In this part the governing equations for a time-harmonic quasi-static electric current are 
derived. Similar models have been introduced and discussed 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 equations can be written in differential form 
as 

 � � � � � � �
� �
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here, H is the magnetic field intensity, J is the current density, D is the electric 
displacement, E is the electric field intensity, B is the magnetic flux density, 	  is the 
electric charge density, and t denotes time. In addition, one generally defines the 
equation of conservation of charge as 
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We proceed by treating the various layers of the skin as linear isotropic conductors, 
for which we can write the electric displacement, D, the , magnetic flux density, B, 
the electric field intensity, E, and current density, J, as 
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where 
 �  and � �  are the relative permittivity and relative permeability of the material, 
respectively, 	 �  and � �  are the permittivity and permeability of vacuum, respectively, 

  is the electric conductivity, 
  is the electric potential and A is the vector magnetic 
potential. 
To simplify the Maxwell equations further, we exploit the fact that dimensions of the 
human skin and probe are small compared to the wavelengths, which in turn implies 
that the impedance measurements can be considered quasi-static, i.e. � D/� t=0. 
Furthermore, the electromagnetic penetration depth is much larger than the domain 
under consideration, whence the electric and magnetic fields decouple, i.e. 

 � � � � �  ��
� �

such that there are no induced currents. This decoupling simplifies the constitutive 
relation for the electric field, equation (9), to 
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We proceed by substituting the constitutive relations for the electric field, equation 
(11), electric displacement, equation (6), and current density, equation. (8), into Eq. (5), 
which yields 
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7.4.2 Governing equations in the frequency domain 

Finally, we simplify Eq. (12) further by noting that the impedance probe employs a 
time-harmonic electric field, which in turn allows for a transformation to the 
frequency domain by introducing a phasor, defined as  

        � � � � � � � �� � � � ��� � �� � � � � �� � �� � � � � � � � � � � � � �� � �� � � � � � � � � � ���� �

where �� � � � �is a phasor that is a function of space but not time, �  is the angular 
frequency, �  is the phase of the signal, and j is the imaginary unit. We further require 
a time derivative in Eq. (12), which can be determined from 
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Substituting the phasor and its time derivative - the time derivative � /� t can now be 
replaced with j�  into Eq. (12) yields an elliptic partial differential equation (N.B.: we 
drop the tilde for the phasor): 
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7.4.3 Boundary conditions 

We solve this differential equation throughout the computation domain subject to the 
following boundary conditions (boundaries denoted by roman numerals in Figure 23): 
 

·  At the sense (I) electrode and guard electrode (II), we specify a ground 
potential: 

 
 � �  ��	� �

·  At the injection electrodes (III, IV), we prescribe a variable potential: 

 
 � � � �  (III) ��
� �

 
 � � � �� �� �  ���� �

where �  varies from 0.1 to 1 depending on the depth setting, as described in 
Section 6.2.3 
 

·  At the insulated boundaries (VI), we set no-flux conditions: 
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where n is a vector normal to the boundary. The insulated boundaries (VI) 
either represent (i) the interface between skin and air or (ii) the interface 
between the computational domain and adjacent skin, which is sufficiently far 
away from the probe that the currents there are negligible. 

 
In case the electrode design changes to only encompass one injection electrode and one 
sense electrode the boundary equations x and y can be dropped. 
 
7.4.4 Constitute relations 

The electric resistivity and relative permittivity of stratum corneum and viable skin in 
the frequency range 1-103 kHz 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 heavily dominates the electrical impedance at 
low frequencies around 1 kHz [28-29], which suggests that the potential drop over the 
viable skin is negligible and the complete potential drop, occurs over the stratum 
corneum. This can be shown to be the case by conducting a scaling analysis as was 
done by Birgersson et al. [32]. Furthermore, by assuming that the currents pass 
orthogonal to the electrodes when entering through the stratum corneum the full set of 
equations given in section 7.4 could be reduced to a set of algebraic equations. Solving 
these equations resulted in closed-form analytical expressions for electrical impedance, 
magnitude, phase, electrical properties as well as the thickness of stratum corneum, 
which can be found in Paper V. 
  
7.6 MODEL LIMITATIONS 

As with all models there are limitations to their usage 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 I 

In Study I, electrical impedance spectra were measured in a multi-centre study at 12 
clinics around Europe. Data from 285 histologically analyzed lesions were used to 
calibrate an algorithm to sort out lesions for automatic detection of melanoma. A 
separate cohort, collected consequently after the training set, consisted of 210 blinded 
lesions (148 various benign lesions and 62 malignant melanomas with a median 
Breslow thickness of 0.7mm) from 183 patients which was used to estimate the 
accuracy of the technique. 
 
A total of five different classifier candidates were trained, four of these candidates were 
trained using only the EIS data for each of the numerical techniques partial least 
squares discriminant analysis (PLS-DA), support vector machine (SVM), artificial 
neural network (ANN) and k-nearest neighbours (kNN) techniques and a fifth classifier 
using PLS with only the clinical report form details gathered by the clinicians in the 
study, i.e. subject age, lesion size and area, ABCD and ulceration criteria representing 
clinically visible ulceration, true or false. The majority decision of the classifiers was 
used as outcome, since it showed a better overall performance in the training cohort 
than each individual classifier separately. The majority decision approach is rather 
simplistic, there are other alternatives to combine multiple classifiers including 
weighting of individual classifiers; however, this would require more data available in 
the training set. Furthermore, the influence of melanoma thickness and histopathology 
inter-observer reproducibility on the classifier outcome was analyzed using non-
parametric Mann–Whitney U test. 
 
The observed EIS sensitivity to malignant melanoma was 95% (59 ������ with an 
observed specificity 49% (72 ������	  Classifier outcomes categorized according to 
histopathology diagnosis, Breslow thickness and naked eye ABCD criteria are listed in 
Table 5. Area under the ROC curve of the blind test set was 85% and the observed 
sensitivity for each specific classifier aNN, kNN, PLS-DA, SVM and PLS-DA trained 
with demographic data only were 97%, 90%, 95%, 97% and 90% respectively, and the 
observed specificity 39%, 59%, 46%, 51% and 51% respectively. Additionally, the 
results indicated that the observed sensitivity is correlated with the thickness of the 
melanomas, with a significant statistical difference between thin (Tis-T1) and thick 
malignant (T2-T4) melanomas. An initial comparison of the results with the thorough 
meta-analysis conducted by Kittler et al. [63] indicates that the present EIS technique is 
superior to the naked eye and to dermatoscopy by non-experts, but inferior to 
dermatoscopy by experts, even though a word of caution should be raised due to 
possible bias. 
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Table 5 Differentiated outcome and accuracy of the blinded test set. The melanomas are 
differentiated according to Breslow thickness, the dysplastic nevi according to 
histopathologic degree of atypia, and the benign nevi according to the number of ABCD 
criteria fulfilled by the lesions. The “other benign lesions” class includes five false positive 
seborrheic keratoses, one false positive fibrous histiocytoma, and one true negative undefined 
benign lesion. Not applicable entities are marked NA.  

 TP FN TN FP EIS 
Sensitivity 

EIS 
Specificity 

Malignant melanoma (total) 59 3 NA NA 95% NA 

In situ melanoma 10 0 - - 100% - 

�  1.0 mm Breslow thickness 25 3 - - 89% - 

1.01 to 2.0 mm Breslow thickness 10 0 - - 100% - 

2.01 to 4.0 mm Breslow thickness 13 0 - - 100% - 

> 4.0 mm Breslow thickness 1 0 - - 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 - - 17 16 - 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 - 77% 

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 desirable technical and study design 
improvements were identified. Such improvements involve re-designing the electrode 
array from a three bar electrode with dynamic depth selection to a five bar electrode 
with 10 specific selectable volume settings to enhance the accuracy for thin and 
heterogeneous malignant melanomas by increasing the current density and electric 
sensitivity field underneath the electrode. The probe required redesign to ensure that a 
fixed pressure is applied to the skin during the measurements to reduce operator 
dependency and thus improve the reproducibility of the technique. Additional 
improvements involve increasing the applied voltage from 50 to 250 mV to minimize 
the impact of external noise on the measurements. Furthermore, the clinical protocol 
should be adjusted to include the full range of lesions that are presented both in a 
specialist setting as well as in a GP setting and include the clinical diagnosis and 
categorization of dermatoscopic features of all included lesions. 
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8.2 STUDY II 

In Study II, a total of 1300 lesions from 1134 subjects were collected in a multicentre, 
prospective, nonrandomized clinical trial at 19 clinics around Europe with the objective 
to calibrate a classifier with a sensitivity of at least 98% and a specificity approximately 
20 percentage points higher than the diagnostic accuracy of dermatologist on suspicious 
lesions. All lesions were to be excised and subsequently evaluated independently by a 
panel of three pathologists. From the data two classification algorithms were trained 
and verified. 
 
In Study I, five different classifier candidates were calibrated and the classifier outcome 
was based on the majority decision of those. However, since the best performance was 
established with a support vector machine, in line with general consensus in the field of 
machine learning of dichotomous classification tasks [80], two support vector machine 
classifiers were trained with different training cohorts using only EIS data obtained in 
Study II. 
 
For the first classification algorithm, approximately 40% of the data was used for 
training and 60% for testing. The observed sensitivity for melanoma was 98.1% 
(101/103) (93.2, 99.8) (observed sensitivity between 93.2 and 99.8 within a two-sided 
95% Clopper-Pearson confidence interval), non-melanoma skin cancer 100% (25/25) 
(86.3, 100) and dysplastic nevi with severe atypia 86.2% (32/38) (68.7, 94.0). The 
observed specificity for dysplastic nevi with mild to moderate atypia was 20.5% 
(38/185) (15.0, 27.1), benign melanocytic nevi and variants 42.2% (27/64) (29.9, 55.2), 
seborrhoic keratoses 0% (0/22) (0, 15.4) and other lesions 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, approximately 55% of the data was used for 
training and evaluated on the whole dataset, i.e. 45% of the data was not used in the 
training of the classifier. All lesions included in the training and verification had a valid 
histopathology, electrical impedance reading, fulfilling the inclusion and none of the 
exclusion criteria. The observed sensitivity for melanoma was 99.4% (161/162) (96.9, 
99.98), non-melanoma skin cancer 98.0% (49/50) (89.4, 99.95) and dysplastic nevi 
with severe atypia 93.8% (60/64) (84.8, 98.3). One microcystic adnexal carcinoma was 
included in the study and was correctly classified as positive. The observed specificity 
for dysplastic nevi with mild to moderate atypia was 23.9% (77/322) (19.4, 29.0), 
benign melanocytic nevi and variants 35.5% (38/107) (26.5, 45.4), seborrhoic keratoses 
0% (0/28) (0, 12.3) and other lesions 5.9% (1/17) (0.2, 28.7). The overall specificity 
was 24.5% (116/474) (20.7, 28.6). 
 
The observed sensitivity of the local pathologist for melanoma was 86.1% (192/223) 
(80.9, 90.4), non-melanoma skin cancer 96.9% (95/98) (91.3, 99.4) and the observed 
specificity 92.6% (736/795) (90.5, 94.3). The observed sensitivity of the dermatologist, 
for the eligible lesions, was 100% (162/162) (97.8, 100) and the specificity was 8.4% 
(40/474) (6.1, 11.3). However, it is important to note that the majority of the lesions 
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included in the study were preselected for excision with a suspicion for melanoma, i.e. 
per trial design a clinical sensitivity of 100% and specificity of 0% 
 
The observed sensitivity of the device clearly met the target of at least 98% sensitivity. 
However, it fell somewhat short on the 20 percentage points higher specificity than 
clinical diagnosis of dermatologists, i.e. given 8.4% clinical specificity should have 
resulted in device specificity of approximately 28.4%. The reason is primarily twofold: 
First, the participating dermatologists were highly experienced in diagnosing cutaneous 
tumors with the naked-eye and by dermatoscopy, and as such their diagnostic accuracy 
might have been higher than that of the average dermatologist [63, 104-107]. Secondly, 
the majority of the lesions included in this study had been suspicious for melanoma and 
were destined for excision, which is why the clinical sensitivity and specificity, by 
study design, was 100% and 0% respectively. However, the true clinical specificity in 
this trial could be considered to fall somewhere between 0% and 8.4%, as a few lesions 
with a low probability for melanoma had been included.   
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8.3 STUDY III 

In this study, a mathematical model of the skin, see Section 7, is implemented with the 
electrical properties for the stratum corneum and viable skin from Yamamoto et al. [27] 
and for subcutaneous fat from Gabriel et al. [18] to assess the model’s ability to capture 
the overall impedic nature of the skin. Within the framework of this model, the impact 
of the thickness of the stratum corneum, viable skin and subcutaneous fat on electrical 
impedance measurements is analyzed.  

 

After solving the mathematical model and comparing it to the experimental findings 
(soaking time 1 min; sodium chloride concentration of 0.9%), the predicted response 
deviated from the measured counterpart on the order of one magnitude. Part of the 
reason for the deviation was deduced to be due to the assumption made by Yamamoto 
et al. of a stratum corneum thickness of 40 µm on the volar forearm, whilst a literature 
review found the stratum corneum thickness to be around 14µm. Since there is a linear 
dependency (resistivity) and inverse linear dependency (permittivity) on the mean 
electrical properties, the electrical resistivity and relative permittivity throughout the 
whole frequency domain were corrected with the ratio 40/14 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 permittivity of (� ) stratum corneum, 

(� ) adjusted stratum corneum, (� ) viable skin, and (� ) adipose tissue. 
 

The results showed that the adjustments of the electrical properties of the stratum 
corneum decreased the difference between the magnitudes in the low and mid 
frequencies as well as the differences in phase shift at all frequencies. There was also 
an apparent shift in the slope change that now occurred around 50 kHz. Calculating the 
Cole–Cole alpha value for the adjusted model now yielded 8.2 ± 0.5°, which is closer 
to the experimental alpha value. However, there still remained a difference between the 
mathematical model and the experimental counterpart. 

 

Since Yamamoto et al. employed a Beckman electrode paste with an 18% sodium 
chloride concentration and let the skin soak for 30 min prior to measurements to 
estimate the average resistivity, 	!�� , and average relative permittivity, 
!�� , the deviation 
between model predictions and the impedance measurements found can most likely be 
explained by the moisturization period and the sodium chloride concentration. In view 
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of these two factors, the change in electrical impedance due to moisturization and 
sodium chloride concentration on a cohort of ten females were investigated. The results 
clearly showed that the solution with an 18% sodium chloride concentration 
significantly alters the electrical properties of the skin over time, whilst the skin 
moistened with a physiological saline solution remains stable between roughly 1 and 10 
minutes and undergoes a minor change thereafter. 

 

Returning to the mathematical model and comparing it to the experimental impedance 
measurements after applying a moisturizer with 18% sodium chloride for 30 min, a 
better agreement between the experimental data and model predictions was found (see 
Figure 25); the magnitude and phase of the model are now within the ±1.96 standard 
deviation of the experimental data. In the high frequency range, the magnitude for the 
adjusted model overshoots the experimental data. 

Figure 25 – (a) Magnitude of (� ) the experimental data (18% sodium concentration) with 
errorbars representing ±1.96 standard deviations, and model predictions based on the adjusted 
dielectrical properties of the SC derived from Yamamoto et al (1976) with (…) 8 � m, (__) 14 
� mSC and (-� ) 20 � m SC with a 1.2 mm thick VS. (b) Corresponding measured and predicted 

phase. 
 
A mathematical model of the skin considering conservation of charge has been derived 
and experimentally validated. The findings led to an adjustment of the average 
resistivity and relative permittivity of the stratum corneum derived earlier by 
Yamamoto and Yamamoto (1976). By adjusting the dielectrical properties, we have 
arrived at a good agreement between the model predictions and experimental findings 
after application of an 18% sodium chloride solution for 30 min; however, when 
physiological saline solution is employed as a moisturizer, the model predictions are 
less accurate. Hence further improvements should be made to determine more accurate 
dielectrical properties of the stratum corneum and the underlying viable skin. 
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8.4 STUDY IV 

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

 

 
Figure 26 – Flowchart of the methodology — experimental measurements, optimization, 
automated code generation, and mathematical modeling — for extracting the electrical 

properties of human skin. 

 

In essence, an optimization algorithm receives the electrical impedance from the 
experimental measurements, Zexp, of an individual and provides estimates for the 
electrical parameters that are to be determined to the automated code generator; the 
latter, in turn, returns Zmod to the optimization algorithm, which iterates until the fitness 
function f, given in Equation (20), has reached a certain tolerance. 
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An outer for-loop then works through the measured frequency domain from 1 to 103 
kHz for each individual.  

First, this methodology was applied with the electrical impedance measurements 
obtained after stratum corneum strippings in order to decouple the electrical properties 
of the viable skin and the stratum corneum. The average electrical properties of the 
viable skin were calculated with the geometry illustrated in Figure 23b by setting the 
thickness of the viable skin, hVS, and subcutaneous fat, hAT, to the mean population 
thickness of 1.2 mm respectively. Once the functional forms for the average 
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permittivity and resistivity of the viable skin were secured, we proceeded with the 
measurements of intact skin. The average electrical properties of the stratum corneum 
were calculated with the geometry illustrated in Figure 23c by setting the thickness of 
the viable skin, hVS, subcutaneous fat, hAT, and stratum corneum, hSC, to the mean 
population thicknesses of 1.2 mm, 1.2 mm and 14 µm, respectively. 

 

For the estimation of the electrical properties of viable skin, the electrical impedance 
measurement from 26 healthy volunteers, having had the 80 stratum corneum 
strippings performed on the volar forearm with Scotch® Magic™ Cellulose Tape, was 
used. In the estimation of the electrical properties of the stratum corneum , 
measurements from the baseline study on intact skin, encompassing a total of 120 
volunteers, was utilized in conjunction with the electrical properties obtained for the 
viable skin. 

 

The median electrical properties of the viable skin and stratum corneum in the 
frequency range 1-103 kHz, obtained from the first and second study respectively, can 
conveniently be written as exponential functions in log space: 
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These functions are illustrated in Figure 27 with the population variability as 25/50/75 
percentiles and upper and lower ranges based on the 1.5 interquartile range rule 
(equivalent to the boxplot for discrete data; the 50 percentile corresponds to the 
median). 
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Figure 27 – (a) Estimated resistivity and (b) relative permittivity from the proposed 

methodology of viable skin and stratum corneum with lower/upper whiskers based on the 1.5 
interquartile range (���), 25/75th percentiles (---) and median (—) and (a) average resistivities 

and (b) permittivity of the (� ) stratum corneum by Yamamoto et al., (� ) adjusted stratum 
corneum by Birgersson et al, and (� ) viable skin by Yamamoto et al..�
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8.5 STUDY V 

In Study V closed form analytical solutions for the mathematical model of EIS from 
Study IV is secured. As can be inferred from Figure 28, the analytical solutions are able 
to capture the magnitude and phase of the EIS in the low to mid frequency range up to 
around 102 kHz with an error less than 10%; after 102 kHz, the error increases rapidly 
up to around 25% and 40% for the magnitude and phase respectively. 

 
Figure 28 – (a) The magnitude (� ) and phase (� ) from the numerical solution of the full set of 
equations and the analytical counterparts (lines); (b) the relative error for the analytical solution 

relative to the full set of equations for the magnitude (—) and phase (- - -). 
 
The main causes for the increasing error with increasing frequency can be found in the 
underlying assumptions of the Ansatz: first, the assumption that the electrical 
impedance is dominated by the stratum corneum whilst the viable skin and 
subcutaneous fat are negligible becomes less accurate with increasing frequency, 
because it is well known that the impedance of the skin is governed by the stratum 
corneum only at lower frequencies whilst its influence decreases when the frequency 
increases [28-31]; this was also demonstrated in the earlier scaling analysis. Second, the 
assumption that the currents pass straight through the stratum corneum is reasonable in 
the low- to mid-frequency range; at higher frequencies, however, the current density 
distributions underneath the electrodes become increasingly more non-uniform and 
thereby alter the active area of the electrodes. Third, the assumption that the voltage 
drop will not occur solely over the stratum corneum becomes less accurate with 
increasing frequency, as was shown earlier with the scales for the potential drops in the 
scaling analysis around 103 kHz.  
 
By assuming the stratum corneum thickness to be 14 � m, we are able to estimate the 
resistivity and the relative permittivity for each individual subject separately. As can be 
inferred from Figure 29, the closed form analytical expressions follow the numerical 
counterparts up to around 102 kHz, after which the relative permittivity starts to deviate 
whilst the resistivity agrees throughout the frequency range  
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Figure 29 – The median predicted (a) resistivity and (b) 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 stratum corneum with closed form analytical 
solutions, by assuming that the material properties are known. As illustrated in Figure 
30, the stratum corneum thickness estimate based on the real part of the impedance 
overestimates the skin thickness slightly, whilst the imaginary part underestimates the 
skin thickness somewhat; their combination, however, gives rise to an accurate 
distribution with 92% of the individuals between 6 and 20 � m, which corresponds well 
with literature values. 
 

 
Figure 30 – The estimated thickness distributions for stratum corneum based on the real and 
imaginary part from EIS measurements and a combination of the two, respectively. 
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9 GENERAL DISCUSSION AND CONCLUSIONS 
The overall aim of the studies in this thesis was twofold. The first was oriented in 
calibrating a classifier in differentiating between malignant melanoma and benign nevi 
of the skin and evaluating its potential as being utilized as an adjunct diagnostic tool in 
the clinical decision making whether to excise a lesion or not. The second aim of this 
thesis was to develop a mathematical model to ascertain the validity of the electrical 
properties found in literature and to aid in the design and operation of electrodes as well 
as to broaden the knowledge of the signal distribution in skin. 
 
9.1 EFFICACY 

The first part of the international melanoma algorithm training study (IMATS) was 
initiated on the eight of February 2006 with the primary aim to gather at least 150 
lesions with histopathologically confirmed diagnosis of malignant melanoma with 
valid electrical impedance measurements with the purpose of training a classifier in 
the distinction between benign and malignant cutaneous lesions. The observed 
accuracy with the SciBase II was significant, but not high enough for a stand-alone 
decision support tool for the detection of malignant melanomas. Therefore, the study 
was halted on the first of November 2007 and the SciBase II was upgraded to the 
SciBase III electrical impedance spectrometer, having a multitude of improvements to 
come to terms with the limited sensitivity observed in the first part of the study, see 
section 8.1. The following upgrades were implemented to improve the sensitivity of 
the device to melanoma: 

·  5 bar electrode instead of a 3 bar, with the purpose to increasing the sensitivity 
field underneath the electrode for small lesions and very early melanoma.  

·  10 selectable volume settings instead of the previous 5 
·  Change of manufacturing process from a silicon (Si) spike-based electrode to 

a plastic-based production. The upgrade was made due to two main reasons; 
one being the regulatory issues coupled with spike breakage, as Si is a brittle 
material, and the second was related to general production issues. 

·  Spring loaded probe for a fixed applied pressure, to minimize the operator 
dependency 

·   Noise reduction, by increasing the applied voltage from 50mV to 250 mV 
 
On the 8 of January 2009, after approximately 1 year, the study could be re-initiated 
with both updated hardware and redesigned probe and electrode. The last subject was 
included on the 18 of May 2010 and the final histopathology evaluation was conducted 
the 18 November 2010.  
 
One of the lessons learnt here was that it is crucial to select a sufficient amount of sites, 
suitable site locations to ensure the inclusion of lesion and subjects that span the full 
problem/solution domain by considering the sites referral populations as well as taking 
into account that the estimates on inclusion can vary significantly, especially in view of 
the inclusion and exclusion criteria set. 
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The observed sensitivity in the second part of the IMATS met the aim of 98%, albeit 
fell just short on the 20 percentage points higher specificity than the clinical diagnosis 
of dermatologists. The reason is primarily twofold: First, the participating 
dermatologists were highly experienced in diagnosing cutaneous tumors with the 
naked-eye and by dermatoscopy, and as such their diagnostic accuracy might have been 
higher than that of the average dermatologist [63, 68, 104-106]. Secondly, the majority 
of the lesions included in this study had been suspicious for melanoma and were 
destined for excision, which is why the clinical sensitivity and specificity, by study 
design, is 100% and 0% respectively. However, the true clinical specificity in this trial 
could be considered to fall somewhere between 0% and 8.4%, because a few lesions 
with a low probability for melanoma had been included. 
 
9.2 REQUIREMENTS AND CONSIDERATION FOR ADJUNCT 

DIAGNOSTIC USAGE 

So far, all results in this study have been presented with a dichotomous outcome. An 
important consideration in this context is whether the method will be used as an adjunct 
diagnostic tool or as the diagnostic tool. The Food and Drug Administration (FDA – 
Regulatory authority in the US) has defined that whenever a test result can over-rule a 
pre-test clinical result, and the test outcome can function as a stand-alone test, i.e. it 
does not only provide additional information, it is to be considered as a diagnostic test 
[107]. Is then a method with a dichotomous outcome by definition a diagnostic test? 
Given that an adjunct diagnostic test is meant to provide additional information that in 
combination with the clinical judgment should generate a final clinical diagnosis, the 
question can clearly be answered with yes. Whenever a positive (1) or negative (0) test 
result over-rules the pre-test clinical diagnosis, it is by this definition diagnostic, even 
though the information given just tends to tip the balance of the clinical diagnosis. 
One way to conform to the regulatory requirements for an adjunct diagnostic tool could 
be to incorporate a score output, e.g. 0-10 where 0 is considered as benign and 10 as 
malignant. This would provide additional information rather than a dichotomous 
outcome, which always can be viewed as a stand-alone test. An alternative approach to 
incorporate a score could be to give the clinician the possibility to adjust the cut-off for 
the dichotomous outcome, thus potentially making the method adjunctive rather than 
purely diagnostic, as it can no longer be considered as a truly stand-alone test. 
 
Once all the above considerations have been taken into account, a final consideration 
still needs to be addressed regarding the intended use of the method, i.e. in what 
situations can clinical value be proven. 
 
In conclusion, EIS has the potential to be used as an adjunct diagnostic tool to help 
clinicians differentiate between benign and malignant cutaneous lesions, although 
further studies were needed to confirm the validity of the classification algorithm. 
Therefore the SciBase International Melanoma Pivotal Trial (SIMPS) was initiated in 
2010 to evaluate the safety and efficacy of the SciBase III 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 III, a mathematical model of the skin considering conservation of charge was 
derived and experimentally validated. The findings led to an adjustment of the average 
resistivity and relative permittivity of the stratum corneum derived earlier by 
Yamamoto and Yamamoto [27]. By adjusting the dielectrical properties, a good 
agreement between the model predictions and experimental findings after application of 
an 18% sodium chloride solution for 30 min was achieved; however, when 
physiological saline solution is employed as a moisturizer, the model predictions were 
less accurate. Hence there was a need for further improvements to determine more 
accurate dielectrical properties of the stratum corneum and the underlying viable skin, 
and by accounting for a more accurate skin thickness, nonlinearity of the stripping 
technique, heterogeneity of the skin layers, cohort size, ion concentration of the 
moisturizer as well as the soaking time.  
 
The findings show that the measured impedance is modulated by the applied solvent 
and soaking time; it is thus essential that the electrical properties of the skin are 
presented in this context. 
 
In Study IV, a methodology based on experimental impedance measurements, a 
mathematical model comprising conservation of charge in the functional layers of 
human skin coupled with automated code generation and an optimization algorithm 
was developed and verified experimentally. More accurate resistivity and permittivity 
values for viable skin and stratum corneum soaked with a physiological saline solution 
for 1 minute on the volar forearm were obtained and expressed as easily accessible 
functions. 
 
The therein presented methodology can be extended to encompass other types of tissue, 
soaking time, and different solvents, which in turn allows for extraction of new 
electrical material properties as well as analysis of the current and voltage distributions. 
In addition, the methodology can be extended to study electrode design, coupled 
physical phenomena such as deformation of the skin during impedance measurements, 
and by increasing the spatial resolution of the skin enhance the information of 
distribution of the signal, and of course to other clinical changes. 
 
In Study V, closed-form analytical expressions were derived in the limit of low 
frequencies around 1 kHz. Their accuracy and region of validity were found to be 1 
kHz to around 102 kHz from the verification of the full set of equations solved 
numerically as well as validation with experimentally measured impedances at different 
depth settings from a total of 120 subjects. By combining experimental impedance 
measurements with the analytical expressions, the electrical properties of the stratum 
corneum (provided the stratum corneum thickness is known) but also its thickness 
could be estimated. This suggests that EIS could be employed as a method to estimate 
the stratum corneum thickness at 1 kHz; its suitability ought to be further validated by 



 

50 

carrying out EIS measurements in tandem with one or several techniques to measure 
the stratum corneum thickness (see Section 7.2) to establish that one is indeed 
measuring a reasonably “true” thickness of the stratum corneum 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 validity of the classification algorithm 
described in Study II is necessary. This study was initiated in 2010 and as of today the 
study is finalized and the database is locked [108]. The statistical analysis is currently 
being performed and results are planned to be published in a peer-review journal during 
2013.  
 
Once the study efficacy and safety have been analyzed and found to be sufficient to 
market the device, at least two studies will be necessary. Firstly, the clinical utility of 
the device needs to be determined, i.e. how is the device going to be used in clinical 
praxis? Secondly, there a numerous health economic studies that needs to be conducted 
in conjunction with determining the clinical utility to obtain reimbursement for a 
medical device. Since the health economic systems are most often country specific, one 
health economic study will not be sufficient to answer the question if the device 
provides any health economic values in other countries.  
 
In the pivotal trial, all lesions were photo documented and all histopathology slides 
were scanned and reviewed by both a local histopathologist and a board consisting of 3-
5 histopathologists. This database enables a number of possible studies to be conducted, 
such as the analysis of the general disconcordance between histopathologist. Is the 
disconcordance based only on difference in the melanoma pattern recognitions or are 
there other influencing factors that should be taken into account, such as the quality of 
the slide preparation? Are there any country specific differences? Furthermore, the 
material can also be used for teaching purposes were the visual interpretation of a 
lesion is combined with histopathology. 
 
The derived methodology in Study IV can be extended into numerous studies to study 
electrode design, coupled physical phenomena such as deformation of the skin in 
combination with impedance measurement, increasing the resolution of the skin (for 
example extending the model to incorporate the latest findings of Iwai et al. [109]), 
water gradient analysis as well as other clinical changes. 
 
In addition, carrying out EIS measurements in tandem with one or several techniques to 
measure the skin thickness would determine the “true” variability of the electrical 
properties of the stratum corneum and viable skin by opening up the possibility to 
incorporate the actual skin thickness in the calibration. Moreover, the estimates of the 
stratum corneum thickness could also be validated on individual-level rather than on a 
population-level. 
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