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PREFACE

This PhD thesis provides a summary of the research conducted in the years from 2017
to 2021 at the Center for Neuroplasticity and Pain (CNAP), Department of Health
Science and Technology, Aalborg University, Denmark. The project was financially
supported by the Danish National Research Foundation (DNRF121).

The research of the present thesis aims at improving electrode designs for preferential
small fiber activation by the use of a systematic computational modeling framework.
The thesis is based on three scientific papers, of which two are published, and one is
submitted for review. The first paper concerned the development and validation of a
computational model of electrical stimulation of the human forearm. Subsequently,
the second paper utilized the developed model to optimize electrode design
parameters for small fiber activation. The results and knowledge obtained in the
optimization study formed the basis of a new electrode design that was explored in
the third paper using evoked potentials and psychophysical measurements.

Within the thesis, the methods and findings of the three papers are discussed in 5
chapters. The first chapter introduces the aim of the project as well as providing a
brief introduction to the possible benefits of preferential electrical stimulation of small
nociceptive fibers in the assessment of small fiber neuropathy. The second chapter
will introduce the background knowledge of electrical stimulation and tissue
properties, which are important, both for the understanding of the technique that is
electrical stimulation and for the development and implementation of computational
modeling of biological systems and electrical stimulation of tissues. The third chapter
concerns the development and implementation of the computational model and the
methods. The methods will include all the modeling methods used in the two
published papers. Furthermore, the results of the model validation will be discussed.
Chapter four will introduce a novel electrode design for small fiber activation, which
was designed based on the results of the computational model. Additionally, chapter
four will include the results of the third paper discussing the performance of the novel
electrode design. Finally, concluding remarks and future perspectives of the presented
work are provided in chapter five.






ENGLISH SUMMARY

In recent years, small fiber neuropathy has become a well-recognized and increasing
health care problem. Patients suffering from small fiber neuropathy are often
experiencing debilitating pain. Small fiber neuropathy is relatively complex to
diagnose, and treatment options are insufficient in most patients. Consequently, there
is a need for clinical tools that can detect and assess small fiber dysfunction. Electrical
stimulation could be a potential option, as it is widely used for large fiber assessment.
However, conventional electrical stimulation targets large fibers, and nerve
conduction studies display normal values in pure small fiber neuropathy.
Consequently, recent research has been focusing on the development of specialized
electrodes that will enable preferential activation of small fibers. At least six different
electrodes have been developed and show promise in preferential small fiber
activation. However, only low stimulation intensities are feasible, and the electrodes
suffer from poor perception threshold reproducibility.

The present Ph.D. work aimed to investigate electrode design features and to design
and test a novel electrode design for small fiber activation.

The thesis is based on three separate studies involving the development of a
computational model and comparison of existing electrode designs, optimization, and
experimental exploration of a novel electrode design. In the first study, a two-step
model of the skin and innervating nerve fibers was implemented and used to compare
five existing electrode designs. Furthermore, experimental data was collected to
contribute to both electrode comparison and validation of the model. The
experimental data corresponded well with the model simulations. The intra-
epidermal needle design was most preferential towards small fibers as it displayed
higher current densities in the vicinity of small fibers and a more limited current to
deeper lying large fibers than the surface electrodes. Nevertheless, the effective area
for which the electrode was small fiber preferential was smaller for the intra-
epidermal design, wherefore practical considerations come into play, as this electrode
needs to be placed in close proximity to a small nerve fiber ending to achieve
preferentiality. The second study was an optimization study in which the validated
model from the first study was used to optimize electrode dimensions for small fiber
stimulation. Minimization of the electrode dimensions led to a substantial
improvement of small fiber preferentiality. Accordingly, a small cathode made it
possible to preferentially activate small fibers, while the small anode distance and
dimensions increased the difference in small and large fiber activation threshold by
limiting the current spread. The small contact area of the optimized electrode
dimensions resulted in a smaller effective area of preferentiality. Consequently,
electrode designs with multiple electrode anode-cathode pairs were considered to
increase the probability of placing the electrode in the proximity of a nerve fiber



UTILIZING COMPUTATIONAL MODELING IN THE DESIGN OF A NEW ELECTRODE FOR PREFERENTIAL
ACTIVATION OF SMALL CUTANEOUS NERVE FIBERS

ending and utilize the phenomenon of spatial summation. From the optimization
results, a novel electrode was designed, and in the third and final study, the new
design was tested experimentally. The novel electrode design was compared to a
regular patch electrode setup. Evoked potential predictions did display different
patterns and latencies for the novel electrode and the patch, which could be due to
differences in the activated fiber populations for the two electrodes. However, this
was not quantified statistically. Consequently, some co-activation of large fibers may
occur for stimulation with the novel electrode design. Nevertheless, the subjects rated
the intensity of the stimuli to be higher and the quality to be sharper for the new
electrode design, which, together with a lower perception threshold and longer
reaction times, suggested small fiber activation. The sharpness and intensity of the
sensation increased with increasing stimulus intensity, which might imply that the
electrode is small fiber preferential even at relatively high intensities.

Throughout the work of this Ph.D., a systematic framework utilizing the benefits of
computational modeling within the design phase of a novel stimulation electrode for
small fiber activation was introduced. A novel planar single-use electrode was
proposed as a further step towards a promising tool for assessing small fiber
dysfunction.



DANSK RESUME

I de senere ar er sma-fiber neuropati blevet et mere og mere velkendt og stigende
sundhedsproblem. Smé-fiber neuropati er relativt komplekst at diagnosticere, og
behandlingsmulighederne er utilstraekkelige for de fleste patienter, som ofte er plaget
af steerke invaliderende smerter. Der er derfor et behov for kliniske varktajer, der
kan opdage og evalurere dysfunktion i de tynde nociceptive nervefibre. Elektrisk
stimulering er en potentiel mulighed, som anvendes i vid udstrakning til evaluering
af tykke nerve fibre, der blandt andet aktiveres ved trykpéavirkning. Konventionel
elektrisk stimulation har dog den begraensning at tykke fibre aktiveres ved lavere
stimulerings intensitet end de sma fibre, hvorfor resultaterne af en almindelig
nerveledningsundersggelse pé en patient med sma-fiber neuropati vil vere inden for
normalvaerdierne. Af denne arsag har nyere forskning fokuseret pa udviklingen af
specialiserede elektroder, der muligger preeferentiel aktivering af tynde nervefibre.
Mindst seks forskellige elektroder er blevet udviklet med lovende resultater.
Elektroderne er imidlertid begraenset til lave stimulationsintensiteter og har en ringe
reproducerbarhed i henhold til estimering af perceptionstarskler.

Arbejdet under denne Ph.d. har derfor haft til formél at undersege indflydelsen af
elektrode-design og at designe og teste en ny elektrode til aktivering af nociceptorer.

Afhandlingen er baseret pa tre separate studier, der involverede udviklingen af en
fysiologisk model og sammenligning af eksisterende elektrodedesigns, samt
optimering og eksperimentel udforskning af et nyt elektrodedesign. I det forste studie
blev en to-trins model af huden og nervefibrene i huden implementeret og anvendst til
at sammenligne fem eksisterende elektrodedesigns. Desuden blev eksperimentelle
data indsamlet for at bidrage til bade elektrodesammenligning og validering af
modellen. De eksperimentelle data var i god overensstemmelse med simuleringerne
fra modellen. Det intra-epidermale elektrodedesign producerede den hejeste
stromtaethed 1 nerheden af de tynde nervefibre og genererede dermed den storste
forskel mellem aktivering af tynde og tykke nervefibre. P4 den anden side var det
effektive omrade, for hvilket elektroderne aktiverede tynde fibre ved laverer
intensitet end tykke fibre, mindst for det intra-epidermale design, hvormed praktiske
overvejelser begynder at spille ind. Et lille areal med praferentiel aktivering af tynde
fibre, betyder at elektroden skal placeres taet pa nervefiberen. Andet studie var et
optimeringsstudie, hvor den verificerede model fra forste studie blev brugt til at
optimere elektrodedimensioner. Minimering af elektrodedimensionerne forte til en
veesentlig forbedring for aktivering af tynde nervefibre. Et lille katodeareal gjorde det
muligt at aktivere tynde fibre ved lavere stimuleringsintensiteter end tykke fibre,
mens et lille anode areal og en kort afstand mellem anode og katode egede forskellen
mellem den nedvendige intensitet for aktivering af tynde og tykke fibre, ved at
begraense stromspredningen i huden. En lille elektrode vil dog, som navnt kunne
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tilvejebringe praktiske problemer i forbindelse med korrekt elektrodeplacering.
Denne praktiske begraensning kan dog imedekommes ved at introducere flere anode-
katode par og dermed oge sandsynligheden for at placere elektroden i nerheden af
en nerve fiber terminal. Fra optimeringsresultaterne blev en ny elektrode designet, og
i det tredje studie blev dette nye design testet gennem optagelser af evokerede
potentialer og psykofysiske reaktioner. Det nye elektrode design blev sammenlignet
med en konventionel patch-elektrode, som anvendt ved nerveledningsundersegelser.

De evokerede potentialer viste forskellige menstre og latenstider for den nye
elektrode og patch elektroden. Disse forskelle skyldes formentlig en forskel i, hvilke
nervefiberpopulationer de to elektroder aktiverer. Forskellene i de evokerede
potentialer blev imidlertid ikke kvantificeret statistisk. Det kan derfor ikke udelukkes,
at en vis mengde tykke nervefibre bliver aktiveret under stimulation med den
nyudviklede elektrode. Ikke desto mindre vurderede forsegspersonerne, at
intensiteten af stimuli var hgjere, og at stimuli feltes skarpere for det nye
elektrodedesign end patch-elektroden. Dette kombineret med en lavere sensorisk
teerskel og lengere reaktionstider, tyder pa preferentiel aktivering af tynde
nervefibre. Skarpheden og intensiteten af stimulationen steg med intensiteten af
stimuli, hvilket kan antyde, at elektroden primart aktiverer tynde nervefibre, selv ved
haje intensiteter.

I lobet af dette Ph.d.-arbejde blev en systematisk tilgang til elektrodedesign og
udvikling, der udnytter fordelene ved modellering, introduceret. En ny
overfladeelektrode til engangsbrug blev foresldet som et yderligere skridt mod et
lovende varktgj til vurdering af beskadigelse af tynde sensoriske nervefibre.
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CHAPTER 1. INTRODUCTION

Small fiber neuropathy is defined as damage, degeneration, or sodium channel deficits
of small diameter peripheral nerve fibers and has over the recent years become a well-
recognized and continuously increasing healthcare problem. The minimum
prevalence of small fiber neuropathy is 52.95 per 100,000 inhabitants and is expected
to increase in the following years [1]. The cause and clinical presentation of the
pathology vary greatly among patients making small fiber neuropathy difficult to both
diagnose and treat. Treatment options for especially neuropathic pain patients are
often insufficient, as only half of the subjects are approximated to achieve 50 % pain
relief [2]. Additionally, the patients may have to try several different medications
before reaching a helpful therapy. The quality of life for these patients is severely
impaired [3], [4], and there is a current need for better clinically available tools to
identify small fiber neuropathy and to develop personalized treatments for better
patient outcomes. Electrical stimulation has been widely used for rehabilitation
purposes[5], [6], pain relief [ 7], and the assessment of nervous system dysfunction in
a variety of neuropathic pathologies [8]-[11]. Electrical stimulation introduces an
electrical potential in the extracellular space resulting in a direct depolarization of the
nerve fiber membrane, thus bypassing the sensory receptors and providing an artificial
activation of the nerve. In clinical neurophysiology, the integrity and functional status
of the peripheral nervous system are assessed through nerve conduction studies. It is
a method proven to be a valuable tool for the assessment of pathologies with large
fiber involvement as it may enable the localization of lesions and accurately
characterize peripheral large fiber function [12]. However, this method cannot detect
small fiber deficits, and in patients with pure small fiber neuropathy, the nerve
conduction study will present with normal responses. For conventional electrical
stimulation, the distribution of currents and the excitability properties of neurons
causes large AB-fibers to be recruited at a lower stimulation threshold than small Ad-
and C-fibers. Consequently, any attempt to activate small fibers would always display
concomitant activation of large fibers. Nevertheless, electrical stimulation has several
advantages over other methods for the examination of peripheral nerve function, as it
is cheap, easy to control, and has a high-temporal resolution with a direct influence
on voltage-gated ion channels. Therefore, recent research has focused on reversing
the nerve fiber recruitment order for electrical stimulation by the use of specialized
electrodes.
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1.1. PREFERENTIAL ELECTRICAL STIMULATION OF SMALL
FIBERS BY SPECIALIZED ELECTRODES

To enable the use of electrical stimulation in the assessment of small peripheral nerve
fiber function in neuropathic patients, specialized electrodes are necessary. Bromm
and Meier [13] introduced an intra-cutaneous stimulation that elicited pricking
sensations at the perception threshold level, suggesting preferential small fiber
activation. Over the recent years, several electrodes with the purpose of activating
small nociceptive fibers have been developed [14]-[19]. The electrodes differ in
design and size. However, they are all designed to produce a high current density in
the superficial skin layers and thereby activate small epidermal nerve fibers at a lower
threshold compared to large fibers [15], [20], [21] that terminate within the deeper
dermal skin layer [22], [23]. Such high current density distributions in the epidermis
may be achieved with small area cathodes [20], [21], [24], while a concentric anode
design may be introduced to limit the current spread to the dermal skin layer [15],
[21], [24]. The specialized electrodes present lower perception thresholds than
standard large area electrodes [15], [25], [26]and elicit sharp pinprick [14]-[17], [25]
and burning [27], [28] sensations, indicating Ad- and C-fiber activation. Additionally,
delayed reaction times [29] and cortical potentials [14], [29]-[31] of bilateral origin
[25], [32] have been demonstrated. The cortical potentials elicited have likewise been
shown to greatly diminish or completely abolish after application of local anesthetics
[15], [28], [31], [33] or after small fiber denervation by prolonged application of
capsaicin [29].

The possible diagnostic value of the specialized electrodes for small fiber neuropathy
has been tested in a few pathologies and diseases such as; neuropathic pain[34],
diabetes [11], [35], [36], hepatitis-C [37], and HIV[10], [38]. Pain thresholds have
been suggested to be a reliable method to detect early changes in small fiber function
in diabetic patients, as the pain threshold was increased in patients compared to
controls [11], [36] and the threshold correlated with the progression of neuropathy
[36]. Additionally, pain-related evoked potentials (PREP) with specialized electrodes
for small fiber activation have been shown to be abnormal in HIV and diabetes-related
neuropathies [34], [38]. PREPs have furthermore been suggested to be a potential
method for following disease progression and patient outcomes, as the PREP
alterations increased with the duration of disease[10], [34]. PREP latencies and
amplitudes have also been found to correlate with the density of intra-epidermal nerve
fibers (IENFD) [38]. These results are promising. However, the electrodes still lack
stable stimulation and specificity of small fibers [36], [39]-[41]. The specialized
electrodes elicit persistent and reproducible pinprick sensations. Nevertheless, the
reproducibility of the perception threshold is only moderate compared to standard
electrical stimulation [16], [42]. The planar electrode design introduced by Kaube et

14
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al. [15] is likely the most debated electrode since the evidence for preferential small
fiber activation is conflicting. Observations of evoked potential latencies have
indicated conduction velocities in both the Ad-fiber [30], [31] and AB-fiber range [39],
[40]. La Cesa et al. [41] furthermore found that pinprick sensations were abolished
after capsaicin-mediated nerve denervation. However, the evoked potentials were
unaffected, even at low stimulation intensities. Similarly, for the intra-epidermal
electrode design [14] and the micropatterned interdigitated electrode design [17], high
stimulation intensities cause substantial co-activation of AB-fibers [29], [43].

The existing electrodes have been empirically designed, and the electrode designs and
the possible range of dimensions have not been fully explored in relation to small fiber
activation. This may suggest a potential for improvement. To both simplify and
systematize the process of analyzing the relatively large solutions space for the
combination of electrode features and designs, computational modeling may be
utilized. Computational models enable the search of large solution spaces and can be
used to investigate specific hypotheses and improve the understanding of underlying
processes of tissue excitation without the need for erroneous laboratory work.

1.2. MODELS OF ELECTRICAL STIMULATION

Computational modeling has been utilized to describe and better understand the effect
an electrical field has on neural tissues and as a tool for designing stimulation of
specific nerve fiber activation patterns[44]-[47]. The typical workflow for modeling
electrical stimulation is a two-step hybrid approach combining a volume conduction
model of the electrode and surrounding tissues with a nerve fiber excitation model.
The volume conduction model simulates the current spread, and the electrical field
produces by the electrode. This estimate of the electrical potential in the tissue is then
introduced as the extracellular potential in a nerve fiber model that simulates the
resulting changes in the transmembrane potential and the nerve fiber activity. This
type of model has many application possibilities and has been used to study a broad
spectrum of electrical stimulation for peripheral and central nerves and different
electrical currents (anodic and cathodic) and pulses. To estimate the current
distribution in the volume conduction part of the model, both analytical methods [48],
[49], finite difference methods [50], [51], and finite element methods have been
applied [20], [52], [53]. Analytical methods provide an exact general solution,
picturing the overall effect of various parameters. Achieving the same overview of
parameter effects when performing numerical analyses often comes with the expense
of a great number of computations. However, analytical models are not applicable for
more complex electrode and tissue geometries or when inhomogeneities in material
properties exist [54]-[56]. For the second part, the nerve fiber model, the most often
used approach is cable models of varying complexity. Model complexity concerns
both the morphology and the inclusion of passive and active membrane components.
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Often the morphology is simplified to a straight unbranched cable [49], [57].
However, most nerve fibers and particularly the nerve fibers innervating the skin,
display substantial branching [22], [23]. For more complex models that include a
branching structure in addition to active membrane components, multi-compartmental
cable models are often used [58]. The multi-compartment cable model handles the
branching of nerves and the variations in fiber diameter by dividing the nerve fiber
into compartments that are small enough for the properties of interest to be uniform
throughout the entire compartment. This discretization yields replacement of the
continuous cable equation with a system of ordinary differential equations for the
membrane potential [59].

Several models with a two-step hybrid approach have been proposed to describe
transcutaneous electrical stimulation. However, only a few models have investigated
electrode design in relation to small fiber activation. Merch et al. [20] showed that a
small area cathode is necessary to produce a high current density in the epidermis.
Motogi et al. [51] investigated the needle length of an intra-epidermal electrode design
and concluded that the highest in situ electrical field was produced when the needle
was only just long enough to penetrate the outer stratum corneum. They, additionally,
found that the anode-cathode distance did not affect the electrical field produced in
the skin. This may suggest that cathode dimensions are the most important for
achieving small fiber stimulation. However, the solution space investigated was
relatively small in the two studies, and the anode characteristics and influence on
small-fiber preferentiality have not been fully explored.

1.3. AIM OF THE PH.D. PROJECT

The Ph.D. project aimed to utilize computational modeling in the understanding of
the effect electrode design has on current distribution and nerve fiber activation and
to design a new electrode with the possibility to overcome the present limitations of
electrical activation of the nociceptive system. This was achieved by subdividing the
project into three main steps:

1. Develop and validate a computational model of the skin and innervating
nerve fibers to compare existing electrodes for small fiber activation.

2. Utilize the model to investigate the influence of electrode parameters and to
optimize the electrode design.

3. Design and evaluate the performance of a novel electrode design based on
the results of the optimization in step 2.
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To this end, the thesis is based on two peer-reviewed papers and a single paper
submitted for review:

Study I [21]: Poulsen, A. H., Tigerholm, J., Meijs, S., Andersen, O. K., and
Morch, C. D., 2020, Comparison of existing electrode designs for preferential
activation of cutaneous nociceptors, J. Neural Eng.

Study II [24]: Poulsen, A. H., Tigerholm, J., Andersen, O. K., and Merch, C. D.,
2020, Increased preferential activation of small cutaneous nerve fibers by
optimization of electrode design parameters, J. Neural Eng.

Study III: Poulsen, A. H., Van den Berg B., Arguissain, F. G., Tigerholm, J.,
Andersen O. K., Buitenweg, J. R., March C. D., XX, Novel electrode design for

preferential activation of cutaneous nociceptors, submitted, J. Neural Eng.

In the following, these papers will be referred to as studies I to III. The outline
for the dissertation is presented in Figure 1.1 and will more or less follow the

chronological order of the project steps.
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Chapter 2: Electrical stimulation of peripheral nerves
-Anatomy, tissue properties, and neurophysiology

l

/ Chapter 3: Model of electrical stimulation of \
cutaneous nerves in the human forearm (Study I & II)

l

Volume conduction model of the skin

l

Nerve fiber excitation model

l

Model simulations

l

Model verification

7N

Sensitivity analysis ~ Experimental validation
(Study I)

\ Model limitations /

l

Chapter 4: A novel electrode design

l

Optimized electrode dimensions (Study II)
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Novel electrode design

l

Evaluation of new electrode design (Study III)

Figure 1.1: Outline of the Ph.D. dissertation.
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CHAPTER 2. ELECTRICAL
STIMULATION OF PERIPHERAL
NERVES

2.1. THE SKIN AND INNERVATING NERVE FIBERS

The skin acts as the first line of defense against external threats, protecting the
underlying tissues and organs. In addition to its barrier function, the skin is an
important sensory organ innervated by sensory nerve fibers that mediate information
of temperature, touch, pressure, and pain, etc., and plays a major role in keeping
homeostasis, regulating, for example, the blood pressure and body temperature [60].
The skin is a multilayered structure and is composed of three main layers; the
epidermis, dermis, and the subcutaneous tissue, also known as the hypodermis (see
skin structure in Figure 2.1) [60]. The population of neurons innervating the skin is
heterogeneous as they express different specialized transducers for specific sensory
functions. Additionally, the fiber distribution and density vary with different body
regions and skin layers [61]-[63]. The nerve fibers of the skin are unipolar neurons
that display only a single process emerging from the cell body. The nerve fiber axon
projects from the periphery to the cell body, which is located in the dorsal root ganglia.
From here, the nerve fiber axon enters the spinal cord and synapses with a second-
order interneuron. The interneuron ascends to the thalamus after crossing to the
opposite side of the spinal cord. In the thalamus, the interneurons synapse with third-
order neurons, transmitting the signal to the sensory cortex. The functional
interactions between the thalamus and the cortex lead to stimulus perception. While
the activated neurons determine the sensation, the activated area in the somatosensory
cortex enables the localization of the stimulus.
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Stratum corneum
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Hypodermis —

Hair follicle
Figure 2.1: Anatomy and structure of the skin.

2.1.1. EPIDERMIS

The epidermis is the main barrier of the skin and is in a constant state of renewal.
Cells in the basal epidermis undergo division and replace the more superficial
keratinocytes of the skin surface. The epidermis is an avascular structure and depends
on the diffusion of nutrients from the underlying vascular plexus in the dermis [60],
[64]. Consequently, as the cells move towards the surface, their access to nutrients is
reduced, and they lose viability. The viable epidermis can be subdivided into four
layers; The stratum spinosum, stratum granulosom, stratum lucidum, and the stratum
corneum, characterized by the state of the skin cells as they gradually lose viability
with increased distance to the basal layer [60]. The first three layers have similar
electrical and mechanical properties and are often referred to as the viable epidermis,
while the stratum corneum properties greatly differ from the viable tissue as the
stratum corneum is made up of dead keratinocytes that construct an efficient barrier
from the external environment [60], [65]. The thickness of the epidermis varies with
body site [66] and is the thickest in glabrous skin [67]. At the forearm, the viable
epidermis has been reported to range from 56.6 to 100 pm [66], [68]-[70]. The
thickness of the stratum corneum layer ranges from 11.27 to 29 [66]-[68], [71], at the
site of the forearm.

2.1.2. DERMIS

The dermis is the main contributor to the skin's mechanical properties and consists
primarily of collagen and elastin fibers [64]. The dermis is connected to the epidermis
by a papillary interface that provides a high contact surface area and thereby increases
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the exchange of nutrients between the epidermis and dermis [60], [65]. Apart from a
rich network of capillaries in the superficial dermis, the dermis also contains sensory
receptors and nerve endings, hair follicles, sebaceous glands, and sweat gland, some
of which penetrates all the way through the epidermis to the skin surface [60], [65].
The thickness of the dermal skin layer is like the epidermis, dependent on the body
site, and varies between 1-2 mm [72], [73].

2.1.3. HYPODERMIS

The hypodermis is mainly composed of collagen and adipocytes. Due to the high
content of fat, the hypodermis protects against physical shock and functions as a heat
generator and insulator [64], [65]. Additionally, the hypodermis functions as an
energy storage. Blood vessels and nerves that supply the epidermis and dermis
connect via the hypodermis. The thickness of the hypodermis varies greatly within
and between individuals [64].

2.1.4. NERVE INNERVATION OF THE SKIN

Generally, three types of nerve fibers innervate the skin (see Table 2.1). Small-
diameter nociceptors may be classified into thinly myelinated Ad-fibers and
unmyelinated C-fibers based on their diameter, structure, and conduction velocity.
These fibers innervate the epidermal skin layer. They arise from the subepidermal
neural plexus, from which they ascend vertically in an irregular winding path between
the keratinocytes of the epidermis, and in general, terminate as free nerve endings in
the stratum spinosum or stratum granulosom [23]. Any myelination is lost as the axons
pass the dermal-epidermal junction, making the nerve fibers indistinguishable within
the epidermal skin layer [22], [23]. Within the epidermis, branching of the axons may
occur up to several times [74]. Ad-fibers are approximately 1-6 pm in diameter and
have conduction velocities of 5-30 m/s [75]. These fibers mainly mediate information
of noxious mechanical stimulation, however, some are also activated by high-intensity
temperature stimuli [76]. The unmyelinated C-fibers constitute approximately 70 %
of all cutaneous nerve fibers and are thereby the most abundant [77]. C-fibers are
slowly conducting fibers (0.4-2.0 m/s) with diameters of 0.2-1.5 pm [75]. C-fibers
have been described to mediate nociceptive information of noxious chemical, thermal,
low threshold mechanical stimuli, and itch [76].

Large myelinated non-nociceptive, AP-fibers, provide a rich innervation of
specialized mechanoreceptors, vascular structures, and hair follicles in the deeper
dermis. In hairy skin, the AB-fibers are most abundant around hair follicles, and only
a few fibers are present in the superficial part of the dermis [22]. AB-fibers have a
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diameter of 6 um or more and are fast conducting fibers with conduction velocities
up to 100 m/s [77]. These fibers are mechanosensitive fibers and respond to non-
noxious touch, pressure, and vibration.

Table 2.1: Properties of different sensory nerve fibers [75].

Fiber type Diameter Conduction Termination Mediated
velocity within the sensations
skin
AB-fiber >6 um 36-100 m/s  Dermis Touch,
vibration
Ad-fiber 1-6 pm 5-30 m/s Epidermis Pain and
temperature
C-fiber 0.2-1.5 0.4-2 m/s Epidermis Pain,
pm temperature,
and itch

2.2. ELECTRICAL PROPERTIES OF SKIN TISSUES

All biological tissues display dielectric characteristics and may be electrically
characterized in terms of their ability to polarize and conduct current. The
polarizability of a material is described by its permittivity. For biological tissues, the
permittivity typically displays three major frequency regions, for which the
permittivity decreases as a function of increasing frequency. These regions are often
referred to as the a-, B-, and vy-dispersion and may be coupled to specific
electrochemical mechanisms [78] (see figure Figure 2.2). The a-dispersion is
generally believed to be associated with the polarization of ions at or near the
boundary of the cell membrane [79], [80] and occurs in the low-frequency region. The
B-dispersion ranges from a few kHz to hundreds of MHz and is generally related to
structural changes and charging of the cell membrane. In the frequency range from
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MHz to GHz, the y-dispersion is dominant and is mainly an attribute of the relaxation
of water, ions, and small molecules in the intracellular fluid, and is thus highly
dependent on the water content of the tissue [79]. The conductivity of biological
tissues likewise varies with frequency but in the opposite direction, with increasing
conductivity for higher frequencies [81], [82]. The slope of the frequency-dependent
changes in conductivity is additionally much smaller than for the permittivity [82],
and in the low-frequency range, conductivity is often assumed to be constant, as the
frequency-dependent changes are rather small [83].

kHz kHzMHz = MHzGHz

(o)

Relative permittivity (g,)

J

Conductivity

log,(f) Hz »>

Figure 2.2: General schematic of the frequency dependencies of the
permittivity and conductivity of living tissues.

The electrical properties of the skin do not only vary with frequency but also the
applied current and temperature have an effect [79], [84]. An increase in temperature
produces an increase the conductivity, especially in the low-frequency range.
Consequently, as the temperature is increased, the conductivities at low frequencies
approach the conductivity at high frequencies, and they become almost identical when
the temperature rise starts to cause irreversible membrane damage [85]. An electric
current flow through the skin increases conductivity, likely due to changes in
membrane permeability. The conductivity dependency on current flow is larger in
hairy compared to glabrous skin [84].
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Generally, an applied current to the surface of the skin may take three different paths.
At low frequencies, the current will mainly follow the extracellular path, but at higher
frequencies, the membranes of the cell are electrically shorted, allowing current to
flow through the cell. The third path is through skin appendages such as sweat ducts
and hair follicles, through which the current will mainly flow when the pores are
active, and the water content is high (see current pathways in Figure 2.3).

Electrode

intracellular route intercellular route

appendagel route

Figure 2.3: The routes of the current through the skin tissues. At low frequencies, the cell
conducts poorly compared to the extracellular electrolyte and thus limits the current flow to
the extracellular fluid. For higher frequencies around and above the frequency range of the p-
dispersion, the cell membrane barrier breaks down, allowing the current to flow through the
cells. The last route the current may take is through skin appendages, such as sweat ducts, that,
when filled, provide a low impedance pathway for the current.

The literature exhibits considerable differences in the electrical properties of the skin,
likely, due to differences in methodology, as the methods used for both tissue
preparation and estimation of conductivities and permittivities may greatly affect the
outcome [86]. Additionally, the electrical properties of the skin are often measured
for whole skin samples. However, the properties of the different skin layers are very
different as the cell composition and the water content varies greatly with the distance
to the skin surface. Whole skin samples are believed to mainly reflect stratum corneum
properties, as this skin layer is very different from the underlying tissue and is the
most resistive skin layer with impedances up to approximately S MQ [87]. Yamamoto
and Yamamoto [88] investigated the impedance of the skin by tape stripping and
found the impedance of the outer keratin layers to be much higher than the impedance
of the viable skin layers exposed after stripping. These differences between the
stratum corneum and the viable skin layers were most evident in the low-frequency
range, and in general, the stratum corneum is considered to dominate skin impedance
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up to around 1 kHz [89]. The conductivity of the stratum corneum is much lower than
for the remaining epidermis, and permittivity values are likewise lower for the stratum
corneum [88]. The values vary with skin condition and may change significantly as a
function of water content. This is specifically reflected in the difference between wet
and dry skin presented by Gabriel et al. [90]. The viable epidermis and dermis are
often considered to be homogeneous and isotropic tissue layers with similar
properties. However, Tavernier et al. [91] showed an anisotropic nature for the
electrical properties, with slightly different permittivity and conductivities in the
horizontal and vertical direction. Furthermore, the dermis displayed higher
conductivity and permittivity compared to the epidermis. The hypodermis mainly
consists of lipids, and the water content is relatively sparse, which is likely the reason
for this skin layer's low conductivity compared to the viable epidermis and the dermis
[92], [93].

2.3. ELECTRICAL ACTIVATION OF NEURONAL TISSUE

The ionic composition of the extracellular fluid surrounding a neuron and the
intracellular fluid of the neuron greatly differ and gives rise to a resting membrane
potential of approximately -70mV. Excitation of the neuron occurs when the
membrane is depolarized, but to generate an action potential and transmit information
from the periphery to the central nervous system the depolarization must be large
enough to reach a threshold level of the transmembrane potential of approximately -
55mV [94]. At this level of depolarization, the voltage-gated sodium channels in the
membrane open, and sodium flows into the cell, resulting in a rapid increase in the
membrane potential [94]. As the transmembrane potential approaches +30mV, the
sodium channels are inactivated, and voltage-gated potassium channels open, and
potassium ions move from the inside of the cell to the outside, and repolarization of
the membrane is initiated [94]. When the membrane potential reaches the resting
potential, potassium channels start to close. However, until all channels are closed,
ions continue to flow, and a brief hyperpolarization occurs before the membrane
potential returns to the resting state [94]. An action potential propagates along the
entire membrane until it reaches the synaptic terminals. Propagation speed and nerve
fiber excitability are highly related to the diameter and myelination of the axon [75],
[94].

Nervous tissue may be artificially activated by the application of external currents
through surface electrodes. Applying a current to the cathode will initiate the build-
up of negative charges at the electrode, causing ions in the tissue to move. The
resulting potential difference due to ion movement in the extracellular space may
generate an action potential in nerve fibers located in the stimulated tissue, as the
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extracellular space becomes more negative and the membrane is depolarized [95].
Within the extracellular space under the anode, accumulation of positive charges
occurs, and the nerve fiber displays regions of hyperpolarization (see Figure 2.4).

current source

-

| A
Anode Cathode
""" . +++ ++
P, extracellular space. .4,
+++++ .
nerve fiber axon { hyperpolarization depolarization

Figure 2.4: Illustration of electrical surface stimulation of a peripheral nerve fiber axon.

An action potential is generated when the membrane depolarization reaches a
threshold limit. From the generation site, the action potential propagates along the
axon by the spread of local currents that depolarize adjacent proportions of the nerve
fiber membrane [94]. For unmyelinated nerve fibers, a continuous propagation occurs,
whereas myelinated fibers only respond to depolarization at the nodes of Ranvier and
thereby ‘jumps’ over intermodal segments, allowing faster propagation of the action
potential [94]. The activation threshold of a nerve fiber may be defined as the
minimum current amplitude required to generate a propagating action potential. Large
non-nociceptive sensory fibers (AB-fibers) are more excitable than small nociceptive
fibers (Ad- and C-fibers) due to both fiber diameter and myelination. Consequently,
large fibers display a lower activation threshold than small fibers when applying
conventional electrical surface stimulation. The activation threshold of a neuron at a
specific distance from the stimulation electrode exhibits a strength-duration
relationship with the width of the stimulation pulse [96], [97]. For short pulses, higher
intensities are needed compared to longer stimulation pulses.

2.3.1. THE STRENGTH-DURATION RELATIONSHIP

The required current to activate a nerve fiber decrease with increasing duration of the
stimulation pulse [97]. This is known as the strength-duration relationship. The
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strength-duration relationship may convey information about nerve fiber excitability
and the membrane properties of the neuron and differs between different nerve fiber
types [42], [97], [98]. The strength-duration relationship is mainly described by the
rheobase and the chronaxie. The rheobase is the current amplitude needed to reach the
activation threshold to an infinitely long stimulation pulse, while the chronaxie, also
known as the time constant, is defined as the duration for which the current to reach
the activation threshold is two times the rheobase [97].
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CHAPTER 3. ELECTRICAL
STIMULATION OF PERIPHERAL
NERVES

Models of electrical stimulation may provide great insights into the behaviors of
biological tissues and the mechanism involved in observed experimental
phenomenons. As the modeling approach allows searches of large parameter spaces,
models may also enable predictions of experimental outcomes and may be utilized as
assistive tools to design new experiments and protocols. In this project, modeling was
used as a tool to investigate how different electrode designs and specific design
parameters affected the recruitment order of peripheral nerve fibers in the skin, and
thereby tune the electrode design and dimensions to preferentially activate small
nociceptive nerve fibers.

The model was implemented in a widely used approach that may be referred to as
both two-step and hybrid modeling. Firstly, the potential distribution produced by the
electrode was described by the use of a volume conduction model of relevant tissues
and electrode designs, and secondly, two nerve fiber models were used to describe the
behavioral response of the nerve fibers to the applied electrical stimulation.

3.1. VOLUME CONDUCTION MODEL OF THE SKIN

The current and electrical potential distribution produced in the skin by an external
electrical stimulation may be modeled by a geometrical representation of the tissue
and its electrical properties and is explained by Maxwell’s equations. Often the
inductive effects and the wave propagation can be assumed negligible, as the changes
within the distribution of the electrical potential are slow. Thereby, the electro-
quasistatic approximation of Maxwell’s equations, neglecting the magnetic induction,
can be used (see equations (3.1), (3.2), (3.3), and (3.4)).

VXH= +8D 3.1
J+ = 3.1

VXE=10 3.2)

V-B=0 (3.3)
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V-D=p (3.4)

Where E and B denote the electric and magnetic fields, respectively. H denotes the
magnetization, J is the current density, D is the dielectric displacement, and p is the
volume charge density. In the quasistatic case, the electric and magnetic fields are
considered to be distinct uncoupled phenomena, and the electric potential may be
calculated based only on equations (3.2) and (3.4), which involve the electrical field.
The expression in equation (3.2) disclose that the electrostatic field is curl-free and
thus can be described by the gradient of the potential (V) (see equation (3.5))

E=-WwW (3.5)

For homogeneous, linear, and isotropic materials, the dielectric displacement may be
described by the permittivity (€) of the material and the electric field, also known as
the constitutive relation of the material (see equation (3.6))

D= ¢E (3.6)

Utilizing Ohms law (see equation (3.7)) and the equation of continuity (see equation
(3.8)), the differential equation that describes the electric potential within a volume
conductor can be deduced (see equation (3.9)).

J= oE (3.7)
oD
Ve j+ Voo=0 (3.8)

—V- (W) — V- (sva

dt) 0 (3.9)

In steady-state, the time dependency is ignored, and equation (3.9) reduces to the
Laplace formulation (see equation (3.10))

—V-(aVV) =0 (3.10)

The approach to solving the differential equations may be either analytical or
numerical. The analytical approach is typically faster than the numerical approach,
and closed-form solutions often exist. However, detailed, complex, and small
geometries may not be solved analytically. Numerical methods such as the Finite
Volume Method (FVM) and the Finite Element Method (FEM) are able to model very
complex geometrical structures and also provide the possibility to locally refine the
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meshing in certain areas with large and fast changes or in areas of particular interest.
The FVM provides robust handling of both linear and non-linear cases and only needs
the evaluation of the flux at the boundaries between model cells. However, the FEM
is often considered a more powerful method as higher-order spatial discretization may
be derived.

Current sources for electrical stimulation of nerve fibers in the skin may be
implemented in several ways within a finite element model. Appropriate geometries,
skin properties, and model boundary conditions are necessary to achieve accurate and
reliable approximations of the potential distribution in the skin and, thereby, accurate
nerve fiber activation thresholds.

3.1.1. MODEL IMPLEMENTATION OF THE SKIN

The skin is a relatively complex structure that is constituted by a large variety of cell
types and shapes. An extracellular fluid makes up the space between cells. Each type
and shape of cells and the extracellular fluid has different electrical properties that
may be modeled. However, simpler models of higher abstraction levels are often used,
as the purpose of volume conductor models for modeling electrical stimulation is most
often to capture the overall behavior of the skin tissue and not necessarily to account
for individual cell type behaviors and their interaction. In many applications, the skin
is modeled as a single combined entity. However, for the model in the present project,
four distinct layers of the skin were implemented; the stratum corneum, the viable
epidermis, the dermis, and the hypodermis. This more detailed layered structure was
chosen due to the nerve fiber trajectories and termination depths within the skin. Both
large and small fibers run through the hypodermis before they penetrate into more
superficial skin layers where the large fibers terminate in the dermis, and the small
fibers terminate in the epidermis. To take the possible effect of transition regions on
nerve fiber activation into account and to describe the difference between the tissues
of nerve fiber termination (dermis and epidermis), it was considered more accurate to
include these layers as distinct layers within the model. Further division of the
epidermis into the stratum corneum and the viable epidermis was done as the stratum
corneum display very different electrical properties and is the main contributor to the
skin's resistive nature. The effect of the stratum corneum was considered to be even
more important as planar surface electrodes with small areas were investigated. The
electrical properties implemented in the model are provided in Table 3.1 and were
based on literature, including both studies of properties and previous skin models. The
frequency dependencies of the stratum corneum, epidermis, and dermis were
estimated by fitting graphical data from Yamamoto and Yamamoto [88] and Tavernier
et al. [91]. The data were thus extracted from the figures within the papers, a procedure
that has likely introduced some bias to the original data due to reading inaccuracies.
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Table 3.1: Electrical properties of the implemented skin layers. The applied minimum and
maximum values were used in the sensitivity analysis of the model [21], [24]. The model
implemented values were used in the simulations investigating electrode designs in studies |
and 1II.

Model Property Min Model implementation Max
structure

Thickness

(um)  [66]—

(691, [71], 11.27 20 30
[99]

Stratum

Conductivity 1
corneum

Sy (8] 00002 T cae e 0002

Relative
permittivity 1000 1.44 = 10* * f~0459 + 1,285 3000
[88]

Thickness
(um)  [66], 56.6 82 100
[68], [69]

Horizontal
Conductivity 0.58 0.95 1.32
(S/m) [91]

Vertical
conductivity 0.13 0.15 0.17

Viable (S/m) [91]

epidermis

Horizontal
relative
permittivity
[91]

6.65e3 —-1.332x 7121243731105  4.07e5

Vertical
relative
permittivity
[91]

2.64¢4
6.32 % 106 * £~0562 _ 1,196 + 10* 1.04¢5
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Thickness
(um) [72], 838 1300 2000
[73], [100]

Horizontal
conductivity 1.74 2.57 34
(S/m) [91]

Vertical
conductivity 1.29 1.62 1.95
Dermis (S/m) [91]

Horizontal
relative
permittivity
[91]

1.06e5  5394+10°%+ 00124 2301+105  1.82e6

Vertical
relative
permittivity
[91]

5.32e4  3.255%10% « f~125-8433  5.37¢5

Thickness
(um)  [20], 3,000 5000 6,000
[52]

Conductivity

. (S/m) [92], 0.01 0.023 0.1
Hypodermis (93], [101]
Relative
permittivity
[92],  [93],
[101]

800 1000 150,220

3.1.2. MODEL IMPLEMENTATION OF ELECTRODES

Four existing electrodes for small fiber activation; intra-epidermal electrode [14],
planar concentric electrode [15], pin electrode [18], planar array electrode [19], and
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one regular patch electrode (Ambu® neuroline 700), known to preferentially activate
large fibers, were implemented (illustrations of the electrode designs can be found in
figure 1 of study I ). The intra-epidermal design consisted of a needle cathode and a
concentric anode (0.28 mm?). The planar concentric electrode had a similar design
with a concentric anode (8.64 mm?) around a planar small area cathode (0.5 mm in
diameter). The pin electrode consisted of 15 interconnected small area cathodes (0.2
mm in diameter) placed in a circular pattern and with a larger concentric anode (876.5
m?) surrounding the cathodes. The planar array electrode had two rows of 6 square
cathodes (0.6 x 0.6 mm), all interconnected. A rectangular anode (5 x 25 mm) was
placed on each side of the cathode rows. The patch electrode configuration consisted
of a rectangular cathode and anode (1.5 x 2 cm), placed 2 cm apart. The small area
electrodes for small fiber activation were made of metal alloys. Adding the material
composition to the model would enable simulations of the current distribution across
the electrode and incorporate small inhomogeneities within the metal that could
potentially have an effect on the current densities within the skin and the resulting
nerve fiber activation. Nevertheless, the electrode material was omitted because the
great differences in electrical properties between the highly conductive electrode
metals and the highly resistive stratum corneum posed critical convergence issues for
the model, in addition to substantially increasing the computational time and load.

For the large area patch electrode, the hydrogel which is in contact with the skin was
included. The hydrogel layer has an important effect on the current densities and
current distribution in the skin. For high gel resistivity, the current distribution is more
localized beneath the electrode, and the current distribution across the electrode is
more uniform [102]. Hydrogels of high resistivity may thus decrease the influence of
larger skin inhomogeneities but may also introduce inhomogeneities within the gel
itself that may cause local areas of high current densities [103].

3.1.3. MODEL IMPLEMENTATION OF THE ELECTRODE-SKIN
INTERFACE

Having a closer look at the electrode-skin interface, transduction of charge carriers
occurs from the electrons that carry charge in the electrode material and to the ions
that carry charge within the tissue. The processes of charge transfer at the interface
may be either non-Faradaic or Faradaic. For non-Faradaic reactions, no electrons are
transferred across the electrode-skin interface, but sufficient charging of the interface
courses ions in the tissue to move and generate currents. Hence, for non-Faradaic
reactions, the interface may be modeled as a capacitor, within which charge may be
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stored and recovered when a potential is applied to the electrodes [104]. Faradaic
reactions occur when a charge is injected and electrons transferred between the
electrode and the tissue through processes of reduction and oxidation on the electrode
surface. The Faradaic reactions may either be reversible or irreversible. For reversible
reactions, the chemical products do not diffuse far from the electrode surface, and thus
reversing the direction of the current may also reverse the faradaic reactions. If the
chemical products from the Faradaic processes diffuse too far away from the electrode
interface, they become irreversible and may cause damage to the electrode and tissue.

The electrode-skin coupling has non-linear behaviors and can operate in a wide range
of frequencies and current densities. The interface is an important part to include when
trying to simulate electrical stimulation of tissue in a realistic manner. The interface
may, in general, be modeled by a resistor and capacitor in parallel, with values of the
resistance and capacitance that are dependent on the electrode material and geometry.
The values of the resistance and capacitance of the interface both depend on the
frequency and current density. The phase characteristics of the electrode-skin
interface impedance are mainly affected by frequency, and the phase angle is
relatively constant for low frequencies but decreases with increasing frequency in the
higher frequency ranges [105]. The phase angle does not change much with the current
density. However, the magnitude of the impedance is highly dependent on current
densities. At low current densities, the values of the interface are relatively constant,
however, for higher current densities, a rapid increase in the capacitance and decrease
in the resistance can be observed with increasing current densities. This phenomenon
occurs over a large frequency span but is most pronounced in the low-frequency range
[105]. This behavior of the interface results in a decreased impedance of the electrode-
skin interface with increasing current density, why the interface is more important
when low current densities are involved. Hence, to explain the impedance of
especially large area electrodes and the electrical stimulation in close proximity to the
electrode, the inclusion of the interface within the model is crucial [106], [107].

The conductivity and relative permittivity of the interface was adopted from the
resistances and capacitances for wet and dry electrodes presented by Chi et al. [108].
The small area electrodes were all dry electrodes, whereas the regular patch electrode
was specified as wet due to the hydrogel layer. The hydrogel was added to the model
of the patch, and the electrical properties of the hydrogel were equal to the ones
implemented in the model by Merch et al. [20]. Electrochemical effects of the
interface were not implemented in the model as they tend to cause only minor
negligible changes in the conductivity and permittivity of the interface when current
regulated stimulation is used [109].
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3.1.4. BOUNDARY CONDITIONS

Defining appropriate boundary conditions is essential to achieve a meaningful
representation of a physiological system. The solution of the deferential equations is
uniquely defined by the boundary conditions, and thus the choice of boundary
conditions has a great effect on the quality of the solution. It is, however, not always
obvious how to best implement boundary conditions, and multiple implementations
have been used for modeling electrical stimulation of tissues [20], [106], [109], [110].
Pelot et al. [110] investigated some of the common ways of modeling current sources
for metal electrodes. They compared the accuracy and runtime and found the
Neumann boundary condition of distributed current density at the electrode surface to
be the most appropriate. However, it is important to notice that the Neumann
conditions for current stimulation assume a homogeneous current distribution across
the electrode surface, which is a simplification, as the current across an electrode is
not likely to display a homogeneous distribution in practice [106]. Consequently,
Joucla et al. [107] recommend the use of a Robin boundary condition to model
electrical stimulation. The Robin boundary condition is a combination of the
Neumann and Dirichlet boundary conditions defining the current flowing through a
given point on the electrode as the product of the surface conductance and the potential
drop over the interface. Thereby, a non-homogeneous current density across the
electrode surface may be modeled. For small area electrodes, however, the current
distribution across the electrode may be assumed to be more or less uniform, and the
Neumann condition is then sufficient to model the electrode and the interface.
Consequently, normal current density conditions were used to model the current
stimulation in studies I and II. An inward current of ImA was applied to the cathode,
while an equal outward current (-1mA) was applied to the anode. For the intra-
epidermal electrode design, which had a needle cathode, the current density may not
be uniform to the same extent as the planar electrodes, as the current would tend to
have higher concentrations at the pointy electrode tip. However, including a Robin
boundary condition for this electrode did not alter the excitation of the nerve fiber
models, and consequently, the Neumann condition, as recommended by Pelot et al.
[110], was used for all electrodes. All implemented boundary conditions of the
models used in studies I and II are illustrated in Figure 3.1. The bottom of the model
was grounded using a Dirichlet boundary condition setting the potential to zero. This
procedure superficially drags the potential to zero at the bottom of the model and may
potentially impose a bias on the potential at the nerve fiber location. Increasing the
hypodermal thickness likewise increases the distance from the electrodes to the
ground and thereby decreases the potential influence of the boundary condition. The
effect of the ground condition can thus be tested by increasing the hypodermal
thickness and assess the degree of potential change at the nerve fiber location.
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Increasing the thickness of the hypodermal skin layer beyond 5000 pm did not alter
the electrical potential at the nerve fiber locations to an extend that influenced the
nerve fiber activation. Finally, conditions of current continuity was applied to all
internal boundaries, while the remaining external boundaries were perfectly insulated.
Thereby the current was restricted inside the model. To make sure the insulating
boundaries did not affect the model solution a convergence study was conducted to
determine the model size. The model size was increased in increments of 1 ¢cm until
the electrical potential changed by less than 0.1 mV between increments.

Model boundary conditions

< <>

[ Electric insulation

Il Normal current density (1 mA)
I Normal current density (-1 mA)
| Ground (V=0)

Figure 3.1: Implemented boundary conditions in the volume conduction model.

3.1.5. MESHING

The density and quality of the model mesh are essential to obtain accurate simulations
of the electrical potential. The mesh should be fine, especially in the regions of
interest, such as the nerve fiber locations, and in areas for which the potential is
expected to display fast changes, as is the case at the electrode border. However,
increasing the mesh density comes with a cost of computational effort and time, why
a balancing between accuracy and time is often required. To ensure an acceptable
balance, the mesh size was refined until the potential change over the entire nerve
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fiber location was less than 0.1 mV. The criteria of 0.1 mV were applied as smaller
changes would not affect the simulations of nerve fiber activation.

In order to decrease the risk of inverted or collapsed elements, and elements of a high
aspect ratio, the growth rate was restricted to 10 %. Additionally, mesh quality was
evaluated by the skewness measure. This measure punishes mesh elements that have
angles deviating from that of an ideal element [111]. The mesh was refined until all
elements displayed quality measures below an acceptable limit of 0.1.

3.2. NERVE FIBER EXCITATION MODEL

The effect of the extracellular potential on a nerve fiber has been modeled with
varying degrees of complexity. The simplest way to model this influence is by the
second spatial derivative of the extracellular potential along the nerve fiber, also
known as the activating function [49]. The activating function pinpoints locations of
depolarization and hyperpolarization and does not require the implementation of
nerve fiber properties. Consequently, the activating function may be used to determine
the most likely sites of nerve fiber activation and propose an estimate of the relative
efficiency of a certain electrode design. However, the function does not on its own
enable estimation of the membrane potential and the nerve fiber response to a current
source. Additionally, a simple model like the activating function cannot explain the
differences in nerve fiber activation due to, for example, nerve fiber diameter or fiber
type. Whereas the activating function provides a description of the source or driving
factor of the membrane potential, a linear cable model may include specific nerve
fiber properties that can describe the passive behaviors of the membrane. Only the
capacitive membrane properties are included while the membrane conductance is kept
constant. Such linear models are therefore also often referred to as passive models.
No ion-channel dynamics are included in the passive model, and thus it may not
explain the nerve fiber response or the generation of action potentials. Consequently,
a specific degree of membrane depolarization is used as a threshold value above which
fiber activation is assumed. Setting this threshold value is, however, not trivial as the
threshold transmembrane voltage varies with pulse width [112] and stimulus location
relative to the nerve fiber [113]. Active models that implement the dynamics of
voltage-gated ion channels are thus preferred when an accurate estimate of the
activation threshold is needed. The inclusion of the ion channel dynamics enables the
modeling of the action potential generation and propagation and is thereby more
comparable to neurophysiological properties, but also increase the computational
load.
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For studies I and II, an active model of a thinly myelinate Ad-fiber and a model of a
large AB-fiber presented by Tigerholm et al. [46] was implemented. These models
were specifically designed to account for fiber type differences and had been shown
to explain experimental data for the activation of large and small fibers [46], [47]. The
Ad-fiber and Ap-fiber models were based upon a previously published C-fiber model
[58], which in a recent comparison study was shown to best reproduce experimental
data from C-fibers [114].

3.2.1. MORPHOLOGY

The morphology of the nerve fiber may have an impact on the nerve fiber activation
and propagation properties. An abrupt bend in the nerve fiber trajectory may result in
nerve fiber depolarization and excitation at the bend [115]. Additionally, the finer
details of the myelin structure in the proximity of a node of ranvier and their associated
electrical properties have been suggested to be important mechanisms involved in the
action potential after potentials [116], [117]. As a consequence of these morphological
influences, nerve fiber models tend to vary greatly in the complexity of the
implemented morphological structures. The choice of morphology, as well as other
modeling choices, depends mainly on the specific research question, and there will
always be a tradeoff between the accuracy of the morphological representation and
the model complexity.

For the small morphologies around the nodes of ranvier, the most detailed models
include segments of the nodes themselves, the paranode, where the myelin attaches to
the axonal membrane, the juxtaparanode region adjacent to the paranode, and the
internodal regions accounting for approximately 99% of the total length of a
myelinated nerve segment [118]. Such detailed models are referred to as double cable
models as the myelin is modeled separately from the axon, and the resistive properties
ofthe periaxonal space between the myelin and the axon is included [117]. The double
cable model was introduced to enable modeling of the refractory period following an
action potential and to investigate the underlying mechanisms. However, the double
cable model is mostly applied with a straight axon process as branching structures are
more difficult to implement and increase the computational load substantially [119].
In the present project, the general trajectory of the peripheral nerve fibers was
considered of particular relevance when comparing small and large fiber activation.
Consequently, a simpler single cable model providing adequate accuracy for
activation threshold prediction was preferred. The model used in studies I and II was
a single cable model including the general course of the nerve fiber within the skin
together with the nodal, internodal and juxtaparanodal regions (see Figure 3.2).
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Morphology of the nerve fiber models

Stratum corneum

Epidermis

.lllXHlle’le]OdC Juxtaparanode

Figure 3.2: Illustration of the nerve fiber models implemented in studies I and II. The models
ran horizontally within the hypodermis before making a 45-degree bend towards the skin
surface. The AB-fiber model terminated within the dermis, while the Ad-fiber model continued
into the epidermis. The myelin of the Ad-fiber model was lost as the fiber crossed the dermal-
epidermal junction. Furthermore, the Ad-fiber model displayed two secondary branches with a
90-degree angle from the main branch. The nerve fiber models were single cable models,
including the node, the juxtaparanode, and the internode. The figure is not drawn to scale.

Previous modeling work has suggested that bending of the axon may lead to
substantial depolarization at the bend, which could potentially lead to the initiation of
an action potential at this point [115]. The action potential initiation was thus
investigated for the models implemented in studies I and II. The models were always
activated either at the nerve fiber ending or the first node of Ranvier, wherefore, the
estimated activation thresholds were not affected by the bending structure of the axon
or the transition between skin layers.

Peripheral nerve fibers and especially small nociceptive fibers, display substantial
branching [22], [23], and thus other models with more detailed branching structures
exist [20], [53]. Merch et al. (2011) [20] proposed a stochastic nerve fiber model with
a 10 % probability of branching when the nerve fiber reached the dermal skin layer.
Branching occurred at the nodes of Ranvier, and for each branching, the fiber diameter
was reduced. Additionally, random termination depths of the nerve fiber endings were
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implemented. The model of Merch et al. [20] was morphologically complex.
However, only the passive membrane components were implemented, and activation
was assumed when the membrane potential exceeded an arbitrary threshold. Having
both very detailed branching and detailed active ion-channel dynamics would be too
computationally demanding. Consequently, the model chosen for studies I and II was
a compromise between morphological details and details of ion-channel dynamics.
The ion-channel distribution has been shown to differ between nerve fiber types[120]—
[123], with a great influence on the strength-duration relationship [46], [118], why a
model of simplified morphology but with a wide range of ion-channels was preferred
for the investigation of electrode designs for preferential small fiber activation.
Furthermore, the branches of peripheral nerve fibers have been observed to have a
limited integration ability [124], where the first arriving action potential blocks the
action potentials from other branches. The action potential that induces perception is
thereby most likely to originate from the branch whose nerve fiber ending is closest
to the electrode. This suggests the spatial position of the nerve fiber ending relative to
the electrode to have a stronger influence on the ability to preferentially activate
nociceptive fibers than the branching structures of the nerve.

3.2.2. VOLTAGE-GATED ION CHANNEL DYNAMICS

The voltage-gated ion channels in the models of study I and II were Hodgkin-Huxley
(HH) type ion channels. Hodgkin and Huxley were the first to present an accurate
model of membrane excitability based on experimental observations of the giant axon
of the squid [125]. The ion channel voltage dependency is introduced in the HH model
as gating variables. For the original model of sodium currents, three activation gates
and a single inactivation gate describe the opening and closing of the sodium channels.
Rate constants were implemented to explain how depolarization of the membrane
promotes activation and inactivation of the gates, and the gates were assumed to be
independent serial gates so that the channel only conducts current when all gates are
open. The potassium currents were in the original HH model described by four
activation gates. Apart from the voltage-gated sodium and potassium currents, the
model also included a leak current that more or less accounted for other less
recognized currents and determined the resistance of the neuron. With the continued
discovery of voltage-gated ion channels and channel subtypes, the HH model has been
used to model a variety of channels with similar voltage-dependencies and activation-
inactivation kinetics. The HH model is likely the most popular model as it is relatively
simple and is able to reproduce experimental data. Additionally, the parameters of the
model may be determined relatively easily from experimental data, such as patch-
clamp experiments [126]. One of the assumptions of the HH model is that the currents
can be described through average conductances. This is, however, a simplification and
may not hold for very small structures or for sparsely expressed ion channels. The
single ion channel dynamics may be more accurately explained by multistate
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modeling, where Markov formalisms are used to describe the stochastic transitions
between channel states [127]. However, multistate modeling is more computational
demanding compared to HH modeling, and parameter estimation from experimental
data is often more complicated [126]. Consequently, if the desire is to explain single-
channel behavior, more complex multistate models are necessary. However, if the
principal requirement for the model is to generate action potentials and estimate nerve
fiber activation thresholds, the more simple HH model approach is sufficient.

The differences in the expression of voltage-gated ion channels between large and
small fibers have been suggested to account for the observed excitability differences.
The chronaxie of the strength-duration relationship has been observed to be lower for
large fibers compared to small fibers [26][26], [42], [128], [129]. The voltage-gated
ion channel kinetics are essential to the nerve fiber response and excitability, and a
higher fraction of fast-activating sodium channels has been related to decreased
chronaxie values [46]. Furthermore, perception thresholds vary differently for large
and small fibers with the duration of slowly depolarizing pulses [26], [47] as well as
hyperpolarizing prepulse [42]. This behavior has been suggested to be related to the
fractional differences in persistent sodium channels that display slow inactivation
dynamics [42], [46]. A higher fraction of persistent sodium increases chronaxie values
[118] as well as the nerve fiber excitability to long hyperpolarization prepulse and
long slowly rising depolarizing pulses [46]. The TTX-resistive (Narrxr) channels
Na,1.8 and Na, 1.9 are likely to be involved in the difference in excitability to slowly
increasing depolarizing pulses between large and small fibers as these channels are
predominantly expressed in small diameter nociceptors and display slow inactivation
kinetics [47], [120]. Additionally, there is a difference in the expression of TTX-
sensitive (Narrxs) sodium channels between large and small fibers. The main Natrxs
channel in large fibers is Nay1.6, whereas the concentration of this channel is
relatively low in small fibers [120]. In small fibers, the main Narrxs channel is Na,1.7.
The kinetics of activation and inactivation of these two channels are distinct,
especially in relation to the closed state inactivation, which is slower for Na,1.7,
allowing some channels to remain open during slow ramp currents [120].

The knowledge on differences in distinct kinetics and expressions of potassium
channels between small and large fibers is not as elaborate. Nevertheless, the
distribution has been shown to vary in sensory fibers [121]. Additionally, slow
potassium currents have been proposed to be highly involved in the increased nerve
fiber excitability to slowly depolarizing pulses, which is mainly observed in large
fibers [118].
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The nerve fiber models implemented in studies I and II were developed specifically
to describe the excitation differences observed between small and large fibers and
therefore included differences in ion channel expression. The implemented voltage-
gated ion channels in the AB-fiber model included the Na,1.6, Kgr, Km, Ka, and the
HCN channel. The A-beta fiber model included the same channels and three
additional channels; Na,1.7, Nay1.8, and Na,1.9.

3.3. MODEL SIMULATIONS
3.3.1. ELECTRODE IMPEDANCES

At low frequencies, the impedance is dominated by the electrode resistance and
would, in the ideal case, lead to a somewhat constant impedance response [130]. As
the stimulation frequency is increased, the electrode capacitance begins to dominate
the impedance resulting in a decreasing impedance with increasing frequencies
[131], [132]. Consequently, both conductivity and permittivity are necessary to be
able to characterize the complex impedance throughout the entire frequency range.
For impedance measurements, the electrical potential is usually time-harmonic, why
a frequency-domain simulation was used to estimate electrode impedance. The
assumption of time-harmonic behavior makes it possible to completely eliminate
time as a variable in the equations. Instead, the angular frequency is introduced as a
parameter. Thereby, for a frequency-domain simulation, the time-harmonic equation
of continuity (see equation 3.11) is solved.

—V - ((0 + jweoe)VV — ) = 0 3.11

Where V is the electrical potential, ¢ is the material conductivity, &, is the relative
permittivity of the material, &yis the permittivity in vacuum and J, is the externally
applied current density.

The output of the frequency domain simulation is a complex quantity and may thus
be divided into magnitude and phase angle.

3.3.2. TIME DEPENDENCY

It was clear from the frequency domain study that the inclusion of the tissue
permittivity was important to gain reliable simulations for the impedance response.
Consequently, a time-dependent simulation was conducted to evaluate the effect of
the capacitive properties of the skin when stimulating with rectangular pulse shapes
as used for determining strength-duration curves. The models of the intra-epidermal
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and planar concentric electrodes were used for the analysis. The simulation revealed
a very limited effect of pulse duration on the maximum electrical potential, which
would not affect the nerve fiber activation (illustrations of the time-dependent
simulation results can be found in the supplementary material of study I). The fast
rise time of rectangular pulse shapes results in an equally fast rise in the electrical
potential and makes a quasi-static simulation adequate when estimating nerve fiber
activation thresholds. For stimulation pulses of shorter durations or different shapes,
such as sinusoids or slowly rising currents, a time-dependent study would be
necessary.

3.3.3. AREA OF SELECTIVITY

The objective of the area of selectivity was to quantitatively describe where within the
volume conductor small fibers could be selectively activated. Combined with the
normal values of epidermal nerve fiber density, the area of selectivity may,
additionally, provide an estimate of the amount of selectively activated small fibers.
The area of selectivity was defined in the x-y plane as the area within which a lower
activation threshold could be achieved for the Ad-fiber model than for the AB-fiber.
The estimation of this area was performed through an iterative search that is described
in studies I and II and illustrated in Figure 3.3 and Figure 3.4. In the previous modeling
works, a marching cube algorithm has been used to estimate the volume within which
nerve fibers were activated [133]. This algorithm is, however, more computationally
demanding, and several additional nerve fiber model evaluations would be needed to
achieve an accurate estimation. With the complexity of the nerve fiber model, this
would drastically increase the computational time.
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Figure 3.3: lllustration of the calculated area of selectivity.
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Figure 3.4: Flowchart of the procedure for
determining the area of selectivity.
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3.3.4. STRENGTH-DURATION CURVE

Simulations of the strength-duration curve were made by calculating the activation
threshold of the nerve fiber models for rectangular stimulation pulses of different
durations [21]. Since the action potentials within the models were initiated in the nerve
fiber branch, with the tip closest to the center of the cathode, the location of the nerve
fiber relative to the cathode was considered of great importance. Consequently, to
catch the possible variation in the nerve fiber activation threshold caused by nerve
fiber location, multiple strength-duration curves were estimated for 12 random
locations. The area of selectivity determined the space within which Ad-fiber model
locations were picked. For the z-direction, the depth of nerve fiber termination was
randomly picked in the range 21-61 um, from just below the junction between the
stratum corneum and epidermis to the middle of the epidermal skin layer. The total
volume of possible locations around a single cathode for the Ad-fiber model was 0.003
mm?, 0.09 mm’, 0.032 mm’, and 0.006 mm® for the pin, planar array, planar
concentric, and intra-epidermal electrodes, respectively. For the patch, which did not
exhibit an area of small fiber selectivity, the volume was 0.452 mm’, restricting the
nerve fiber location in a radius of 0.6 mm in the x-y plane. The volume of possible
locations of the AB-fiber model was 0.09 mm® and was the same for all electrodes.
The AB-fiber model location was picked within a radius of 600 um from the cathode
center within the x-y plane, while it for the z-direction was 40 um relative to the
original position in the middle of the dermal skin layer.

3.3.5. GLOBALIZED BOUNDED NELDER-MEAD OPTIMIZATION

Since the existing electrode designs for preferential small fiber activation have all
been developed empirically, there are likely subspaces of the electrode dimension
space that have not been investigated. Thereby, there could be a potential for
improvement of the electrode performance. Combining the computational model with
an optimization scheme makes it possible to search through large solution spaces in a
systematic and time-efficient manner.

A globalized bounded Nelder-Mead (GBNM) algorithm, as introduced by Luersen et
al. [134], was used for the optimization [24] (see flowchart in Figure 3.5). The Nelder-
Mead algorithm is a well-known and often used gradient-free optimization method
[135], [136]. It does, however, display some weak points that are addressed in the
GBNM approach by the addition of restarts. In the original Nelder-Mead algorithm,
the simplex may collapse and thereby be unable to escape a specific subspace of the
solution space [135]. The GBNM algorithm introduces a restart scheme to overcome
this issue, where a new simplex is initialized based on the current best vertex [134].
Furthermore, the original algorithm may terminate prematurely due to insufficient
progression [135]. This was likewise handled by restarts in the GBNM algorithm.
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Probabilistic restarts were initiated whenever the local search has converged and
repeated the local search until 20 restarts had been performed [134]. This decreased
the error introduced by a premature termination and additionally increased the
probability of locating a global optimum [134]. Lastly, the GBNM algorithm
introduced bounds within the algorithm that were used to constrain the search space
within the predefined upper and lower bounds for the investigated electrode
parameters (see Figure 3.6). The objective function to maximize was the activation
threshold ratio between the two nerve fiber models. Optimization was performed for
each parameter individually, while keeping the remaining parameters constant.
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Figure 3.5: Flowchart of the Globalized Bounded Nelder Mead (GBNM) algorithm
used in study Il [24]. Three runs were performed for each parameter with random
initialization of the simplex.
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Figure 3.6: Illustration of the electrode parameters investigated In the optimization
(study II) and the lower and upper bounds used to restrict the range of the solution
space. Sketches of electrode parameters are modified from study Il [24], and not
drawn to scale. © IOP Publishing, reproduced with permission. All rights reserved.
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3.4. MODEL SENSITIVITY

The sensitivity of the volume conduction model was evaluated by determining the
change in the simulated results by varying the values of the skin layer thickness,
conductivity, and permittivity from maximum and minimum values observed in
previous literature (see values in Table 3.1 ). The input parameters were tested one at
a time while keeping the remaining parameters constant. The sensitivity analysis was
performed for the planar concentric, intra-epidermal, and patch -electrodes,
representing the main variations in electrode design. Parts of the results are reported
in study II, where the sensitivity to conductivity changes was investigated for the
planar concentric and intra-epidermal electrode designs.

For the nerve fiber excitation model, the sensitivity to the nerve fiber location was
evaluated by the simulations of the strength-duration curve and the estimation of the
area of selectivity, for which simulations of the Ad-fiber model were performed at
different locations. The nerve fiber location was considered a key feature as the
models were activated at the nerve fiber ending or at the first node of Ranvier, and
limited integration has been observed for nociceptive braches [124]. The first arriving
action potential usually blocks the action potentials from other branches by collision
[124], and thereby, the action potential that leads to perception most likely originated
at the fiber branch with the tip closest to the electrode.

3.4.1. SKIN THICKNESS

The thickness of the stratum corneum mainly influenced the distribution of the
electrical potential and the nerve fiber activation for the small area electrodes. The
largest effect was observed for the planar concentric electrode, for which the
maximum change in the activation threshold ratio between the nerve fiber models was
a 38 % increase when the stratum corneum had a thickness of only 11.27 pm. For the
epidermis, an increase in thickness resulted in an increased activation threshold for
both nerve fiber models. However, the increase was larger for the AB-fiber model, and
thus, the maximum increase in activation threshold ratio was 18.8 % and observed for
the intra-epidermal electrode. Naturally, the dermal thickness did not affect the Ad-
fiber activation as the nerve fiber remained in the same position relative to the
electrode. The AP-fiber model, on the other hand, was located further away for
increased thicknesses and thus displayed increases in the activation threshold. The
changes in the nerve fiber activation thresholds were larger for the small area
electrodes compared to the patch, which was expected due to the extensive current
spread generated by the patch.

The electrode impedance was mainly affected by the thickness of the stratum
corneum, and the change was largest for the intra-epidermal electrode (75.14 %). This
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was not surprising as the needle went from penetrating the stratum corneum by 10 pm
to only just reaching the junction between the stratum corneum and the viable
epidermis.

3.4.2. SKIN LAYER CONDUCTIVITY

The sensitivity analysis of the skin layer conductivity is partly reported in study II for
the planar concentric and intra-epidermal electrodes. The conductivity of the stratum
corneum had a limited effect on the nerve fiber activation but quite a large effect on
the electrode impedance. The impedance response of the patch electrode clearly
showed the influence of the stratum corneum in the low-frequency range. For the
minimum conductivity, the impedance displayed similar features to that in the
implemented model with high impedance in the low-frequency range and a decrease
to a plateau at high frequencies. However, for the high conductivity of the stratum
corneum, the impedance was almost constant throughout the entire frequency range.
The maximum change in impedance was observed for the intra-epidermal electrode
(99 %), and the impedance decreased with increasing conductivity. High effect on
impedance but limited effect on nerve fiber activation for stratum corneum
conductivity even for the planar electrodes could be due to the thin thickness of the
stratum corneum layer. For increased thicknesses, the model would be expected to be
more sensitive to conductivity changes of the stratum corneum. The nerve fiber
activation was mostly affected by changes within the skin layer of termination. Thus
the Ad-fiber activation was more sensitive to changes in the epidermal conductivity,
and the AB-fiber model was most sensitive to changes in the dermal conductivity. The
maximum changes in the activation threshold ratio were observed for the intra-
epidermal electrode and were 15 % and 21 % for the epidermal horizontal and dermal
horizontal conductivity, respectively. Altering the conductivity of the hypodermis did
not affect the simulation results for the small area electrodes. For the patch electrode,
the activation thresholds changed by approximately 10 %, however, leading only to
minor changes in the activation threshold ratio (~1 %).

3.4.3. SKIN LAYER PERMITTIVITY

The capacitive properties of the skin tissues were only accounted for when simulating
the electrode impedance response, why the activation thresholds of the nerve fiber
models were not considered for the sensitivity analysis of the tissue permittivity. The
permittivity of the stratum corneum had a large influence on the impedance response,
especially for frequencies within and above the kHz range. The greatest change was
observed for the intra-epidermal electrode and the low permittivity (74 % decrease in
impedance at approximately 2.5 kHz). The maximum change in impedance for the
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epidermis was observed for the planar concentric electrode in the high-frequency
range (14 %). The permittivity of the dermis and hypodermis did not affect the overall
electrode impedance.

3.4.4. NERVE FIBER LOCATION

The spatial distribution of the electrical field produced by the electrode determines
the activated population of nerve fibers. Thus, the location of the nerve fiber relative
to the electrode has a great influence on the activation threshold. The small area
electrodes were most sensitive to nerve fiber location. For the intra-epidermal
electrode, the activation threshold difference between the lowest and highest threshold
estimates was 2.2-5.6 mA for the longest and shortest pulse duration, respectively.
For the planar concentric electrode and the pin electrode, the differences were between
0.35-3.0 mA and 0.3-0.5 mA, respectively. The cathode area of the pin is smaller than
for the planar concentric electrode, and thus, greater variations could have been
expected for the pin electrode. However, the multiple cathode design of this electrode
is likely to decrease the electrode sensitivity towards nerve fiber location. Small
differences were observed for the patch electrode, where the maximum difference in
activation threshold was 0.04 mA for the shortest pulse of 0.1 ms. This is in agreement
with the estimated area of selectivity in studies I and II. From these estimates, it was
clear that the ratio between the activation threshold of the two nerve fiber models
increased for smaller electrode areas. However, the area of selectivity became
narrower, indicating that the electrode must be positioned in close proximity to a nerve
fiber ending to achieve small fiber preferentiality. This imposes practical issues for
the electrode used, and the electrode may have to be re-positioned several times before
placement with an acceptable perception threshold is achieved [32], [137]. Thereby,
merely placing the electrode may become a cumbersome task. However, the depth for
which preferential activation of the Ad-fiber model could be achieved increased with
decreased electrode area, suggesting that deeper-lying small fibers may be activated
at a lower threshold than large fibers when small area electrodes are used.
Furthermore, the small area electrodes produced more uniform areas of selectivity for
different nerve fiber termination depths, whereas the area of selectivity greatly
decreased with nerve fiber depth for larger electrode areas. This opportunity to
preferentially activate deeper epidermal nerve fibers may be of special interest in the
assessment of small fiber neuropathy as the intra-epidermal nerve fibers have been
shown to degenerate resulting in fewer and shorter intra-epidermal nerve fibers [138],
[139]. In order to keep the improved selectivity of small fibers and the possibility to
activate deeper epidermal nerve fibers preferentially, without the practical issues of
electrode placement, electrode designs with multiple cathode or anode-cathode pairs
may be used.
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3.5. MODEL LIMITATIONS

3.5.1. SIMPLIFICATIONS AND LIMITATION OF THE VOLUME
CONDUCTION MODEL

Simplifications were made to the geometry of the skin model. Several structures, such
as appendages, sensory receptors, and vascular structures, were omitted in the model,
and variations in water content within the skin were not considered. Additionally, the
dermal-epidermal junction is known to have a papillary structure to increase the
effective area of nutritional transport [60] but was modeled as a straight horizontal
junction.

The blood has a larger conductivity than skin tissue and therefore may act as a current
shunt and affect the potential distribution in their proximity [140]. The larger the
vessels, the larger the effect on current spread [140]. The blood vessels of the skin are
located in the dermis and hypodermis in horizontal plexuses, from which they spread
out, and small capillaries supply the papillary dermis [60]. The inclusion of the
complex structures of the blood vessels was not expected to influence the small fiber
activation due to the activation point at the tip of the model and due to the model
location in the avascular epidermis. Likewise, the blood vessels in the dermis are
relatively small and therefore not expected to influence nerve fiber activation.

Appendage structures in the skin may greatly affect the current spread and potential
distribution in the skin during electrical stimulation. Typically, the highest current
densities are produced in the proximity of sweat ducts and hair follicles, as they
establish low impedance pathways for electrical currents and allow the current to
reach deeper-lying structures. High current density in the vicinity of the junctions
between skin layers can be observed near sweat ducts [52]. The presence of skin
appendages under the electrode may, thereby, reduce or completely eliminate the
possibility to preferentially activate small fibers. The density of sweat ducts in the
skin of the forearm is approximately 1.04 per mm? [141], while the size of the glands
is between 50 and 100 pm [103], [142]. With smaller electrodes, the probability of
placing the electrode on top of a sweat duct decreases, and for needle-shaped designs,
it becomes very unlikely. Apart from the location of the electrode relative to the sweat
duct, the location of the nerve fiber relative to the sweat duct is also relevant, as the
inhomogeneity that the sweat duct constitutes may only affect nerve activation within
specific proximity [52]. Likewise, inhomogeneities in the skin, such as varying water
content, may affect the conductivity properties of the skin and thereby the current
distribution and the resulting nerve fiber activation [103]. The effect of such skin
inhomogeneities tends to be rather small for small area electrodes and may for larger
electrodes be minimized by high resistivity hydrogels [103].
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3.5.2. SIMPLIFICATIONS AND LIMITATIONS OF THE NERVE FIBER
MODEL

The nerve fiber models were merely a representation of the average nerve fiber
population, and thus the results should be considered a population mean. Different
diameters and trajectories were not investigated. The inclusion of a wide variety of
model diameters was considered too computationally demanding and time-consuming
as the voltage-gated ion channel conductances would need to be rebalanced for each
diameter. The model was, however, still able to reproduce experimental outcomes,
likely, due to the initiation site of the action potentials.

3.6. MODEL VALIDATION

In study I, verification of the model was performed by comparing simulation results
to experimental data obtained for 15 healthy volunteers [21]. Ideally, each of the
modeling steps and the combined model would be verified. However, getting
experimental verification for the current distribution in the skin and to directly
measure nerve fiber excitability is difficult and/or cumbersome, and often more
indirect measures are used.

3.6.1. IMPEDANCE

Direct measures of the current density within the skin at different depths would be
ideal for validating the volume conduction model and could potentially be achieved
by current density imaging. Current density imaging utilizes specialized magnetic
resonance imaging (MRI) protocols to enable measurements of the magnetic fields
produced by current flow in the tissue and subsequently calculate corresponding
current densities [143]-[145]. Current density imaging has previously been shown to
correspond well to finite element model estimations of the current distribution under
large area electrodes [143], [144]. However, it is a rather complicated, time-
consuming, and expensive method that demands MRI-compatible stimulation
electrodes as well as highly qualified and experienced personnel. Furthermore, to
generate measurable magnetic fields, high currents are required [145], which is not
considered feasible for the small area electrodes developed for small fiber activation.
A more simple, fast, and inexpensive way to validate the volume conduction model is
to compare simulated and experimentally measured electrode impedances. By
applying a low amplitude current (usually below perception threshold) at the cathode
and recoding the voltage received at the anode, the impedance magnitude and phase
may be calculated. The impedance measurement will at the low frequencies be largely
dominated by the electrode-skin interface, however, when the frequency becomes
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high enough, the electrode capacitance is shorted, and the skin impedance becomes
visible as a plateau in the impedance spectrum [132], [146]. Comparing the simulated
impedance with experimental measurements thus compose a verification of the
volume conduction model of both the electrode-skin interface and the skin. This
method is, however, an indirect validation as it can only assess the sum of skin layer
impedances and cannot distinguish between the skin layers or verify model estimated
current densities at different depths.

The simulated impedance of the electrodes corresponded well to the experimental
data. The relative contribution for the electrode-skin interface and the skin was best
observed for the patch electrode, where the impedance reached a plateau around 30
kHz. The bulk skin impedance based on the patch measurements was approximately
500 Q, agreeing with that estimated in the model 463.1 Q.

3.6.2. NERVE FIBER EXCITABILITY

The model predictions of the combined volume conduction and nerve fiber model
may be verified by comparing simulated nerve fiber activity with experimental
recordings of peripheral nerve responses. The activity of large diameter fibers can be
recorded as compound action potentials [147]. The applied electrical stimulation
synchronizes nerve fiber recruitment and activity, and the sum of the action potentials
of activated fibers may be recorded over the nerve trajectory [147], [148]. However,
recording small fiber activity is a more challenging task as measurements of
compound action potentials generated from small fibers are infeasible [147].
Microneurography may be used to record small fiber activity. However, this technique
is cumbersome and demands experienced personnel. Instead of measuring the nerve
fiber activity directly, the perception threshold may provide an indirect measure of the
nerve fiber membrane properties [42]. As an indirect measure, it is important to realize
that the perception threshold is not only dependent on the peripheral activity but is
also influenced by central processing. The contribution of the peripheral and central
nervous systems is thus difficult to disentangle. Nevertheless, measurements of
threshold electrotonous and strength-duration curves have displayed similar patterns
for perception thresholds as for compound action potentials [42], [118], [129], [149],
suggesting that the main contributor to the perception threshold is of peripheral origin.

By determining the perception threshold to rectangular stimulation pulses of different
durations, it is possible to quantify the strength-duration relationship and calculate the
rheobase and chronaxie values, providing insights into the nerve fiber excitability
[97]. The rheobase is highly dependent on the distance to the source of stimulation
[150]. Longer distances will result in higher rheobases. The general shape of the
strength-duration curve is, however, not affected by distance, and the chronaxie is
expected to remain the same [150]. Large mechanical nerve fibers are more excitable

55



UTILIZING COMPUTATIONAL MODELING IN THE DESIGN OF A NEW ELECTRODE FOR PREFERENTIAL ACTIVATION
OF SMALL CUTANEOUS NERVE FIBERS

and exhibit faster conduction velocities compared to small nociceptive fibers, and
therefore display shorter chronaxie values. Consequently, the strength-duration
relationship can be used to distinguish between fiber types and verify which fibers are
activated for a specific electrode design. It is, however, important to notice that tissue
homogeneity is assumed when determining the chronaxie and that the chronaxie
estimate is sensitive to the experimental design, electrode, and stimulator properties
[150].

Experimental estimations of chronaxie values in studies using surface electrodes are
presented in Table 3.2, from which considerable variations between studies can be
observed. The chronaxie of small fibers has been estimated to be between 435 us and
4,650 us [26], [128], [129], [151], [152], while it for large fibers has been estimated
to be between 257 and 665 us [26], [128], [129], [151], [153].

Table 3.2: Chronaxie values for small and large fibers found in the literature.

Reference Small fiber chronaxie Large fiber chronaxie
(Pin/intra-epidermal (Patch electrode
electrode stimulation) stimulation)

Hennings et al. [42] 1,060 &+ 690 us 580 + 160 ps

Hugosdottir et al. [26] 4,560 pus IQR 7,170 us) 570 ps (IQR 107 ps)
Hoberg et al. [129] 547 us (IQR 470-648 pus) 257 ps (IQR 216-344 ps)
Hugosdottir et al. [128] 1,330 ps (IQR 2,040 us) 590 ps (IQR 190 ps)
Doll et al. [154] 435 ps X

Mogyoros et al. [153] X 665 £ 182 us

In study I, the simulated strength-duration curves verified the model predictions [21].
However, the model did predict a lower chronaxie for the large patch electrode
compared to what was observed experimentally. The model chronaxie was estimated
only for the nerve fiber model that achieved the lowest activation threshold, whereas
experimental measurements are likely derived from a combined activity of both fiber

types.
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3.6.3. SKIN THICKNESS

Apart from the reported outcome measures in study I. [21], skin thicknesses were
determined and compared to the values implemented in the model. Skin thickness was
accessed for comparison with the implemented thicknesses of the model. As the
sensitivity analysis showed that the stratum corneum thickness is of great influence,
especially for small area electrodes, and when simulating the skin impedance, this
skin layer was accessed individually by tape stripping and measurements of trans-
epidermal water loss (TEWL). The combined thickness of the epidermis and dermis
was quantified through ultrasound recordings.

3.6.3.1 Stratum corneum thickness

Exact measurement of the stratum corneum thickness is difficult to obtain in a
completely non-invasive way. One relatively simple and accessible way of estimating
the stratum corneum thickness in vivo is to utilize the relationship between the TEWL
and the thickness of the removed stratum corneum through tape stripping [155]. By
performing tape stripping, layers of the stratum corneum were gradually removed, and
TEWL was measured, with a DermalLab TEWL open-chamber probe by Cortex
Technology (Cortex Technology ApS - Denmark), after every five strippings. The tape
stripping was terminated when the TEWL value had increased to 3-4 times the original
value or until glistening spots were detected on the skin surface. The thickness of the
stratum corneum was estimated by the baseline-corrected non-linear model presented
by Russell et al. [155] (See equation 3.12).

D-K- AC
TEWL, =B+ ———— (3.12)
H—x

Where TEWL, is the TEWL after x tape strippings, B is the TEWL at baseline, D is
the diffusion coefficient of water within the stratum corneum, K is the tissue partition
coefficient of water, AC is the water concentration gradient, and H is the thickness of
the removed stratum corneum.

The thickness of the stratum corneum was estimated to be 22.53 £+ 12.77 um and thus
corresponded well with the stratum corneum thickness of 20 um implemented in the
model.
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3.6.3.2 Combined epidermal and dermal thickness

Ultrasound is a simple and non-invasive method that may be used to measure both the
epidermis and the dermis skin layer thicknesses. Separating the epidermis from the
dermis can, however, be difficult and demands both high-resolution equipment and
experienced personnel [100]. Consequently, the combined epidermis and dermis
thickness was measured by ultrasound recording of the volar forearm. The skin
thickness was measured three times on each arm and subsequently averaged. The
average thickness was 1442 + 218 pm, which corresponded well with the value of the
combined skin thickness of the stratum corneum, viable epidermis, and dermis used
in the model (1402 pm).
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CHAPTER 4. ANOVEL ELECTRODE
DESIGN

4.1. OPTIMIZED ELECTRODE DIMENSIONS

In study I, the intra-epidermal and the planar concentric electrode designs displayed
the largest activation threshold ratio between small and large fibers. Therefore, these
two electrode designs were used in the optimization of study II. Original and
optimized electrode dimensions and their resulting nerve fiber activation are
summarized in Table 4.1. It was found that the dimensions of the electrode should be
minimized to achieve a nerve fiber activation as preferential towards small fibers as
possible (see Figure 4.1). The protrusion of needle electrodes should preferably be
designed according to the termination depth of the target fibers [24], [51].
Furthermore, the small fiber preferentiality increased more when combining all
optimized electrode parameters compared to each parameter optimized individually.
The obtainable increase in activation threshold ratio depended on the nerve fiber
termination depth, displaying the greatest increases in the superficial epidermis (see
Figure 4.2).
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Figure 4.1: Activation threshold ratios between the two nerve fiber models at different
dimensions of investigated electrode design parameters. Sketches of electrode parameters are
modified from study II [24] and not drawn to scale. © IOP Publishing, reproduced with

permission. All rights reserved.

Table 4.1: The original and optimized electrode dimensions and the resulting activation of the

nerve fiber models.

Intra-epidermal Planar concentric
Original Optimized Original Optimized

dimension dimension dimension  dimension
Cathode area 1,451 pm? 660 um?>  0.196 mm?> 2827 pm’
Anode area 0.56 mm?>  0.054 mm> 7.854 mm? 0.143 mm’
A.node-cathode 0.5 mm 0.1 mm 2 mm 0.1 mm
distance
Needle protrusion 30 um . A few ) )

micrometers
above the
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nerve fiber

ending
Activation threshold of
Ap-fiber model (mA) 0.063 0.246 0.059 0.200
Activation threshold of 0.026 0.054 0.058 0.046

Ad-fiber model (mA)

Activation  threshold
ratio (AB-fiber 2.44 4.56 1.02 431
model/Ad-fiber model)

Activation threshold ratio between the nerve fiber models as a function of Ad-fiber termination depth
for the original and optimized electrode dimensions

——Planar concentric electrode original dimensions
——Planar concentric electrode optimized dimensions
——Intra-epidermal electrode original dimensions
——Intra-epidermal electrode optimized dimensions

Activation threshold ratio (AB/Ad)

20 4‘0 (;0 86 100
Ad-fiber model termination depth (z, um)

Figure 4.2: The nerve fiber activation threshold ratio between the two nerve fiber models as a
function of the Ao-fiber termination depth. The stars indicate the sampled points. The dashed
red line indicates nerve fiber preferentiality. Above the line, the Ad-fiber model achieved the
lowest activation threshold. Below the line, the Ap-fiber model achieved a lower activation
threshold than the Ad-fiber model. The activation threshold ratio, as well as the depth for which

preferential Ao-fiber activation was possible, was increased when electrode dimensions were
optimized.

By minimizing the electrode dimensions, the current spread is confined within the
epidermis, and even deep epidermal nerve fiber endings may be activated at lower
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stimulation intensities than the large fibers in the dermis. However, the area within
which selective Ad-fiber activation is possible also decreases with decreasing
electrode dimensions, and the nerve fiber ending should lie relatively close to the
center of the cathode to enable preferential activation.

4.2. NOVEL PLANAR CONCENTRIC ARRAY ELECTRODE
DESIGN

The electrodes with a needle design were found to be more preferential than the
existing planar electrode designs. However, such electrodes are minimally invasive
and need to be sterilized between uses. This costs both time and money, and if the
electrode is to be used in the clinic, single-use designs are preferred. The optimization
study (study II) likewise showed that planar electrodes might achieve similar
preferential activation of small fibers as the needle design for very small electrode
dimensions (see Figure 4.2 and Table 4.1). Consequently, a completely non-invasive
and single-use planar design was chosen for the new electrode. Seven interconnected
cathode-anode pairs were positioned in a hexagonal fashion to increase the effective
stimulation area while still having an electrode small enough to stimulate any body
part. The base of the electrode was a polyester material (PET), giving the electrode a
certain degree of flexibility, allowing the electrode to follow the curvature of the body
surface. Printing the electrode using conductive materials likewise made it possible to
get a very thin electrode, enabling regular thermodes to be used on top of the electrode
for simultaneous cooling or heating of the skin.

During the prototyping phase of the electrode, it was found that the electrode
dimensions of study II were infeasible for printing stable electrodes, why the
dimensions had to be adjusted accordingly. The final design of the new electrode is
shown in Figure 4.3.
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Figure 4.3: Novel planar concentric array electrode design. The electrode base was a flexible
PET material on which silver layers were printed. Several insulating layers were added
between the layers of the anode and cathodes to avoid shortcutting. The electrode consists of
seven interconnected concentric cathode-anode pairs positioned in a hexagonal pattern. The
cathodes had a diameter of 0.5 mm. The inner diameter of the anode was 1.53 mm,

corresponding to an anode-cathode distance of 0.51 mm. The width of the anode was 0.31 mm,

corresponding to an outer anode diameter of 2.14 mm. The distance between the outer border
of the interconnected anodes was 1.28 mm. The entire electrode had a width of 9.94 mm and a
total length of 35.36 mm.

The final dimension of the novel electrode was put into the model and compared to
the computational results of the original planar concentric electrode. From Figure 4.4,
it is clear that the potential within the epidermal skin layer is very similar for the
original planar concentric electrode and the novel planar concentric array electrode.
This is because the cathodes have the same size, and the cathode dimension is
determinant for the potential in the superficial skin layers. It is likewise clear that the
smaller anode of the novel planar concentric array electrode decreases the electrical
potential within the dermis and thereby increases the large fiber activation threshold
(see Figure 4.5). The ratio between the activation threshold of the two nerve fiber
models was increased by 59.8 % for the novel electrode design compared to the
original planar concentric electrode when the Ad-fiber model was located in the
middle of the epidermis, and the AB-fiber model was located in the superficial dermis.
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Figure 4.4: The electrical potential underneath the center of the cathode, for electrode
dimensions of the original planar concentric electrode and the novel planar concentric array
electrode.
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Figure 4.5: Activation threshold of the two nerve fiber models for the
original and the novel electrode design.

The initial test of the novel electrode was limited to a single subject for which the
strength-duration curve was assessed for both the novel electrode design, the planar
concentric design, and the intra-epidermal design (unpublished data). The perception
threshold was estimated for rectangular pulses of 0.5, 1, 10, 25, and 50 ms duration.
Five repetitions spread out over five consecutive days were performed for each of the
electrodes. The results of this simple test are visualized in Figure 4.6. The novel planar
concentric array electrode provided results similar to the intra-epidermal design. The
similarity was, however, not statistically quantified. The estimated chronaxies were
0.568 + 0.352 ms, 2.459 £ 0.132 ms, and 3.645 £ 1.278 ms for the planar concentric,
intra-epidermal, and novel planar concentric array electrode, respectively.
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Test of the novel electrode design, comparison of strength-duration curves
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Figure 4.6: Strength-duration curves for the novel planar concentric array electrode, the
planar concentric electrode, and the intra-epidermal electrode for a single subject and five
repetitions. Data were obtained for a single subject with five repetitions for each of the
electrodes, performed on five consecutive days.

4.3. PERFORMANCE OF THE NOVEL PLANAR CONCENTRIC
ARRAY ELECTRODE

In study III, the performance of the novel electrode design was evaluated through
measures of psychophysics, evoked potentials, and reaction times. The outcome
measures were compared between a conventional patch electrode configuration
known to activate large fibers and the novel planar concentric array electrode.
Twenty-five healthy volunteers participated in the study. Furthermore, this section
includes a comparison between the novel planar concentric array electrode with other
existing electrode designs by combining the data of studies I and III.

4.3.1. EVOKED POTENTIALS

Electroencephalography (EEG) measures cortical activity from surface electrodes
placed on the scalp. EEG is often used to record evoked potentials (EP), defined as
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the direct cortical response to an externally applied stimulus. Due to the high temporal
resolution of the EEG, the EP technique has been used extensively to investigate
perceptual processing to both nociceptive and non-nociceptive inputs [157]-[161]. In
study III, EEG was used to record evoked potentials (EP) to electrical stimulation
applied with a conventional patch electrode and the novel planar concentric array
electrode. A linear mixed modeling approach was applied to account for the
contribution of the different condition parameters (electrode, repetition, intensity, etc.)
and for between-subject variability in the dataset [160], [162]. The generated models
were used to predict the average EP (grand evoked potential prediction, GEPP) for
each of the electrodes and each of the investigated stimulation intensities. In this way,
the signal-to-noise ratio of the grand average EP was increased by accounting for
subject variations and potentially confounding mechanisms such as habituation [162].

For the comparison between the novel planar concentric array electrode and the patch,
the N1, N2, and P2 latencies were, on average, 12 ms longer for the novel planar array
electrode. This latency difference may indicate a difference in the conduction velocity
of activated afferents. This difference was relatively short compared to observations
of Inui et al. [14] and Lelic et al. [25], who respectively compared the intra-epidermal
electrode and the pin electrode to a patch-like electrode. For the EP component
corresponding to the P2 definitions in the current project, Inui et al. found a latency
difference between the intra-epidermal electrode and a felt tip electrode of 32.9 ms.
Similarly, Lelic et al. observed a latency difference of 34.9 ms between the pin and
patch electrode for the P2 component. This could potentially be explained by more
preferential activation of slower conducting fibers for the intra-epidermal and pin
electrode compared to the novel planar concentric array electrode. However, the P2
component of the EP is generally believed to be related to stimulus processing and
may not reflect any specifics about the nature of the activated afferent fibers.
Furthermore, when comparing the absolute latencies observed for the pin electrode
(P2: 248.1£29.4 ms [25]) and the latencies of the novel planar concentric array
electrode (P2: 288 ms) at corresponding stimulation intensities (10x perception
threshold), the latencies were similar. For the N2 component, the latencies for the
novel planar concentric array electrode were longer compared to the pin (148 ms vs.
89.5 +25.3 [25]).

A further indication of small fiber preferentiality of the novel planar concentric array
electrode was the scalp map distribution, where there was a clear bilateral activity that
is characteristic for nociceptive stimulation [25], [32], [158]. For non-nociceptive
stimulations, the scalp maps of the early components displayed clear lateralized scalp
distributions contralateral to the stimulation site [ 158]. In study III, such patterns were
observed for the patch electrode indicating activation of large fibers.
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The latencies of the EP components decreased with increasing stimulus intensity
while the peak amplitudes increased. The latencies became similar to those observed
by the patch electrode, which could indicate substantial co-activation of large fibers.
However, the scalp distributions did not become lateralized for higher intensities. The
decreased latencies could be explained by increased saliency of the stimulus
facilitated by increased nociception. The EP components may be diminished or
completely abolished when the saliency of stimulation is minimized by the use of
short and constant inter-stimulus intervals [158]. This further suggests that these
components, to a greater extent, are related to and modulated by the saliency of the
stimulus rather than nociception. To that extent, it is important to note that when the
subjects are asked to respond to the stimuli by pushing a button as fast as possible,
this may increase the saliency and enhance brain responses reflecting higher-order
cognitive functions [163]. Another possible explanation of the decreased latencies
could be increased activation of fast conducting nociceptors, which has been recently
described in humans [164]. These fibers are high-threshold mechanoreceptors that
conduct at a similar speed as large non-nociceptive nerve fibers but induce clear
painful and sharp pin-prick sensations [164].

Early components such as the N20 and the P30, which can be observed for non-
nociceptive activation [158], could not be identified in study III for any of the
electrodes. This was likely due to the relatively low signal-to-noise ratio and the low
number of stimulus repetitions. Adding repetitions could be valuable to enable the
assessment of these very early components and possibly better identify any co-
activation of large fibers when stimulating with the novel planar concentric array
electrode. Nonetheless, caution must be taken when adding stimulus repetitions as the
observed habituation was already prominent for 30 repetitions, especially for the
novel electrode design.

4.3.2. PSYCHOPHYSICS

Sensory psychophysics are used to investigate the relationship between physiological
processes and sensory experiences. As it is based on subjective experiences, relatively
large variations may be observed between subjects [165]. Pain scores are widely used
in the assessment of clinical pain and in pain research for determining the perceived
stimulus intensity for painful as well as non-painful stimuli. In study III, a numerical
rating scale (NRS) was used to evaluate the perceived intensity of the stimuli. The
scale ranged from 0 to 100. 0 was defined as ‘No sensation,” and 100 was defined as
‘Worst imaginable pain’. A score of 30 was defined as the transition from a non-
painful to a painful sensation. The average NRS scores obtained for the novel planar
concentric array electrode ranged from 15.3 to 28.9, being lowest for stimuli at the
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level of perception threshold and highest for stimulation intensities at ten times
perception threshold. The average rating did not reach the 30 point limit of the pain
threshold for the high stimulation intensity. However, great between-subject
variations were observed, and individual ratings for high-intensity stimulation ranged
from 5 to 90. This is a good example of the subjectivity of pain perception and that it
is indeed necessary to account for the random effects of the subject when analyzing
this type of data. Nociceptive excitation mediating sensations of burning or pricking
may not reach an alarming level to the subject and therefore may not necessarily be
considered painful [165], despite its nociceptive origin. Pain perception and responses
may likewise be modulated by higher-order processing such as attention and anxiety
level [166]. Consequently, it is important to also assess the quality of the sensation to
capture its complexity and multidimensionality. In study III the quality of the
sensation was assessed by a visual analog scale anchored by the descriptors ‘dull’ and
‘sharp’ [16]. On this scale, the novel planar concentric array electrode was described
to be sharp, while the conventional patch electrode was described as dull. The subjects
reported clear differences in the sensation of the stimuli applied by the two electrodes,
even when the NRS scores were of similar values. Furthermore, the perceived
sharpness of the stimuli increased with increased stimulation intensity, which could
indicate that the population of activated nerve fibers primarily consisted of Ad-fibers
even for high-intensity stimulation. Had the high-intensity stimulation activated a
substantial amount of large non-nociceptive nerve fibers, they would likely have
contributed to the sensation, and it would have been considered more dull. Such a
change in sensation was observed for stimulation through the original planar
concentric electrode [41] and the micropatterned interdigitated electrode [43]. The
sensation changed from pinprick to electric shock-like as the intensity was increased,
which could indicate a shift in the activated nerve fiber population from preferential
small fiber activation to preferential large fiber activation. It is, however, not possible
to completely rule out co-activation of large fibers as the sensation mediated by large
fibers could simply be masked by the nociceptive nature of the Ad-fiber activity.

4.3.3. COMPARISON OF THE NOVEL PLANAR CONCENTRIC ARRAY
ELECTRODE WITH OTHER EXISTING ELECTRODES

In both studies I and III, a single rectangular pulse of 0.5 ms was used for
measurements of perception threshold and simultaneous reaction time recordings.
Comparing these data from study I and study III, the novel planar array electrode
presented the lowest perception threshold of all investigated electrodes (see Figure
4.7). This is likely due to the fact that a higher current density is achieved within the
epidermis. Furthermore, the multiple anode-cathode pair configuration is likely to
activate more nerve fiber endings and thereby achieve perception at lower stimulation
intensities.
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Figure 4.7: Average perception thresholds and standard errors for a
0.5 ms rectangular stimulation pulse for different electrode designs.
Data on the Patch study I, Planar array, Planar concentric, Intra-
epidermal, and Pin electrode are from study I, including 15 subjects.
The data on the Patch study III and Planar concentric array
electrodes were obtained in study IIl, containing data from 25
subjects. Electrode images of the patch, planar array, planar
concentric, intra-epidermal and pin electrode are modified from study
I [21]. © IOP Publishing, reproduced with permission. All rights
reserved.

The reaction times of the novel planar concentric array electrode design were similar
to the reaction times observed for the other small fiber preferential electrodes (see
Figure 4.8) and were within the expected range of Ad-fiber activation (300-650 ms
[32], [167]). However, reaction times do not simply reflect nerve fiber conduction
velocity and are influence by factors such as stimulation intensity, attention, motor
execution, and higher-order cognitive processing for decision making [168]-[171].
Several of the subjects indicated that they were sometimes unsure whether they felt a
stimulation pulse or not, which may suggest longer decision processing for
stimulation intensities around the perception threshold. This may also explain the
relatively high reaction times observed for the conventional patch electrode settings.
It was clear in study III that the reaction times decreased with increased stimulation
intensity, similar to previous observations [29], [172], [173].
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Figure 4.8: Median reaction times and interquartile range for a rectangular
stimulation pulse of 0.5 ms duration for different electrode designs. Data on
the Patch study I, Planar array, Planar concentric, Intra-epidermal, and Pin
electrode are from study I, including 15 subjects. The data on the Patch study
III and Planar concentric array electrodes were obtained in study IlI,
containing data from 25 subjects. Electrode images of the patch, planar
array, planar concentric, intra-epidermal and pin electrode are modified
from study I [21]. © IOP Publishing, reproduced with permission. All rights
reserved.
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CHAPTER 5. CONCLUSIONS AND
FUTURE PERSPECTIVES

5.1. CONCLUSION

Computational modeling of electrical stimulation of the skin was utilized in a
systematic framework to improve the electrode design for preferential small fiber
activation. In study I, the model was implemented and validated through existing
electrode designs. The model corresponded well to experimental measures of
impedance and strength-duration curves.

Optimization was performed in study II, by which specific contributions and
importance of the cathode and anode dimensions were clarified. To achieve
preferential small fiber activation, a high current density in the epidermal skin layer
is essential. The current density in the superficial skin layers increases as the
dimensions of the cathode decrease, and thereby minimizing the cathode size will
decrease the activation threshold of small fibers and increase preferential activation.
A specific anode design is not necessary for preferential activation of small fibers as
the anode dimensions have a limited effect on small fiber activation. Nevertheless, to
improve preferential small fiber activation or perhaps even achieve selective small
fiber activation, the anode is of high importance. Small anode-cathode distances and
small anode areas help limit the current spread and thereby avoid contaminant
activation of large non-nociceptive nerve fibers. By minimizing the electrode
dimensions, a planar electrode design could potentially perform as well as intra-
epidermal electrode designs.

Based on the results of study II a novel planar concentric array electrode was designed.
The electrode consisted of seven interconnected concentric anode-cathode pairs. The
electrode had a planar design and was printed on flexible plastic material, enabling
electrode placement at any body part. Study III provided the initial exploration of the
electrode and its performance. Evoked potentials revealed a bilateral origin and
slightly longer latencies for the novel electrode design compared to a conventional
patch configuration. Furthermore, reaction times for the novel planar concentric array
electrode were longer, and the stimulus quality was described as sharp rather than
dull. The sharpness and the intensity of the sensation increased with increasing
stimulation intensity and may indicate that the electrode can be used for high-intensity
stimulation of the nociceptive system.
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5.2. FUTURE PERSPECTIVES

Study III was the initial exploration of the novel electrode design, and further studies
to confirm and further evaluate electrode performance are needed. Such studies may
include blockage of small fibers by either the application of topical lidocaine or
pressure blocking. Furthermore, it could be interesting to use capsaicin application as
a model for small fiber denervation. Such denervation of the nerves has previously
been performed to confirm preferential small fiber activation [29], [41], and in
combination with skin biopsies, it could also verify the model predictions of the nerve
fiber termination depths for which an electrode design is small fiber preferential.

The novel electrode developed during this Ph.D. project was designed to improve
preferential activation of small fibers and thereby increase the range of feasible
stimulation intensities. Consequently, the electrode may be used to follow disease
progression and patient outcome in small fiber neuropathy. In small fiber neuropathy,
the small epidermal nerve fibers degenerate and retract, why higher currents would be
necessary to activate them and assess fiber function. The membrane properties of
small nerve fibers may be assessed through estimates of perception thresholds to
different pulse shapes and durations [42], and this technique is expected to enable
valuable investigation into the mechanism of neuropathy and neuropathic pain [47].
Previous studies using this technique have used the pin electrode. However, the novel
planar concentric electrode may be an improvement to the method, both in relation to
small fiber preferentiality but also to the applicability of the electrode in patient
studies. Diabetic neuropathy is typically length-dependent, and therefore, nerve fiber
assessments are often performed at the ankle joint. The pin electrode is not easily
placed in this position due to its size, while the novel planar array electrode can be
easily placed at any desired body location. Additionally, the pin electrode needs
cleaning after each trial, whereas the novel planar concentric array electrode is a
single-use disposable electrode.

The possibility to preferentially activate small fibers for high stimulation intensities
furthermore expands the possible applications of the electrode in other areas of pain
research. For example, high-frequency and high-intensity stimulation is used to
induce long-term potentiation as a human pain model of secondary hyperalgesia [18].
For this pain model, intense activation of nociceptors is necessary and preferably
without concomitant activation of non-nociceptive fibers [174], [175]. Improved
preferential activation of small fibers would thus be of value in the investigation of
secondary hyperalgesia as well as general neuroplasticity mechanism in pain models
and chronic pain conditions.

Improved electrode designs for small fiber activation may be combined with special
pulse shapes to further increase the preferential activation of small fibers. Hugosdottir
et al. [26] showed that a bounded exponential pulse shape increased the difference
between perception thresholds for large fiber and small-fiber preferential electrodes.
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Furthermore, cathodal and anodal triangular pulses have been suggested for selective
activation of Ad-fiber and C-fibers [28]. The computational model and the
computational framework implemented in this project could be a valuable tool in the
development and optimization of such stimulation pulses and entire protocols for
small fiber assessment.
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