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Abstract

Transcutaneous electrical stimulation (TES) is a technique to artifi-
cially activate motor nerves and muscles by applying electrical current
pulses to pairs of electrodes placed on the skin surface. TES can be
used for sports, fitness, rehabilitation, and restoration of lost motor
functions, e.g. in subjects with brain or spinal cord lesions. In this the-
sis a versatile TES simulation framework (TES model) that calculates
nerve activation using a finite element model combined with non-linear
nerve models was developed. The aim of this model was to investi-
gate new TES technologies and to better understand specific effects in
TES. Nerve activation in the TES model was calculated either in nerve
bundles or by using activation volumes which describe whole regions
where nerves are activated. Computer graphics methods were applied
to the activation volumes in order to introduce measures to estimate
the activation depth and the selectivity.

The TES model and its parametrization were verified using ex-
perimental measurements that were undertaken on human volunteers.
Three types of measurements were performed and compared with the
TES model:

e Voltage measurements using surface electrodes that measured the
potential on the skin and needle electrodes in order to measure
intramuscular voltages.

e Motor thresholds on the volunteers were measured using an ac-
celerometer that was placed on the stimulation electrode.

e Finger forces were measured during TES using a grasp assessment
system.

A sensitivity study was performed in order to quantify the influ-
ence of different model parameters on nerve activation (e.g. capacitive
effects, electrode-skin contact resistance, electrode material resistance,
or nerve depth). This revealed the parameters with the largest influence
in TES and allowed us to conclude which model simplifications can be
made.

One of the goals of TES systems is to selectively activate motor
nerves in order to accomplish a specific motor function. However, TES
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will not only activate the targeted motor nerves, but also sensory nerves
in adjacent nerve bundles and sensory receptors in the skin. Such sen-
sory activation may be uncomfortable, indeed painful, and can limit
the effectiveness of TES. The presented TES model was expanded by a
pain index which was based on experiments. This allowed us to identify
optimized electrode sizes which maximize selectivity and comfort when
stimulating motor nerves.

Array electrodes are a promising technology that is likely to bring
transcutaneous electrical stimulation (TES) a step forward. The dy-
namic adaptation of electrode size and position helps to simplify the
use of electrical stimulation systems and to increase their clinical effi-
cacy. However, up to now array electrodes were designed by trial and
error and it was unclear how, for example, the gaps between the ar-
ray elements or the resistivity of the electrode-skin interface material
influence the current distribution. Using the TES model, design rules
for the gap sizes and gel resistivities were derived in order to limit the
losses and to produce uniform activation fields.



Zusammenfassung

Mittels Transkutaner-Elektrostimulation (TES) kénnen motorische
Nerven und Muskeln kiinstlich aktiviert werden. Dazu werden elek-
trische Strompulse iiber Elektroden, welche auf der Haut platziert wer-
den, in den Korper geleitet. TES wird in den Bereichen Sport, Fit-
ness, Rehabilitation und zur Wiederherstellung von verlorenen motori-
schen Funktionen verwendet (z.B. bei Personen mit Schlaganfall oder
Querschnittlihmung). In dieser Arbeit wurde eine TES Simulations-
Umgebung entwickelt mit welcher die Nervenaktivierung berechnet
werden kann. Die Berechnung erfolgt in zwei Schritten; zuerst wird
mit einer Finite-Elemente-Simulation die Potentialverteilung berechnet
und anschliessend mit einem nicht-linearen Nerven-Model auf die Akti-
vierung geschlossen. Das Ziel dieses Modells ist einerseits die Untersu-
chung von neuen TES-Technologien und andererseits die Moglichkeit zu
schaffen, spezifische Effekte von TES besser zu verstehen. Die Nerven-
Aktivierung im TES-Modell wurde entweder in Nerven-Biindeln oder
mittels Aktivierungs-Volumen berechnet, welche die Aktivierung in
ganzen Gebieten beschreiben. Mittels geometrischen Methoden wurde
basierend auf den Aktivierungs-Volumen die Aktivierungs-Tiefe und
die Selektivitéit berechnet.

Das TES-Modell und dessen Parametrisierung wurden mittels Ex-
perimenten an Freiwilligen verifiziert. Drei unterschiedliche Arten von
Messungen wurden durchgefiihrt und mit dem TES-Model verglichen:

e Mit Elektroden auf der Hautoberfliche und Nadelelektroden wur-
de die Spannung auf der Hautoberfliche und im Innern des Mus-
kels gemessen.

e Die motorische Reizschwelle wurde mit Beschleunigungssensoren
gemessern.

e Die von den Fingern produzierten Kréifte wurden mit einem
Kraft-Messsystem gemessen.

Die Einfliisse unterschiedlicher Parameter (z.B. Kapazititen, Kon-
taktwiderstand Elektrode-Haut, Elektrodenmaterialwiderstand oder
Nerventiefe) wurde mit einer Sensitivitdtsanalyse untersucht. Die Re-
sultate zeigten, welche Parameter in der transkutanen Elektrostimula-
tion dominant sind und welche Modellvereinfachungen zuléssig sind.
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Eines der Ziele von TES-Systemen ist die gezielte, selektive Aktivie-
rung von bestimmten motorischen Nerven, um eine bestimmte motori-
sche Funktion zu erreichen. Durch die Stimulation werden aber gleich-
zeitig auch sensorische Nerven und sensorische Rezeptoren aktiviert.
Diese ungewollte Aktivierung kann unangenehm oder sogar schmerz-
haft sein und die Effektivitit von TES-Systemen einschrinken. Das
prasentierte TES-Modell wurde mit einem Indikator fiir den Komfort
erweitert, welcher aus Messungen ermittelt wurde. Dies ermoglichte uns
Elektrodengrossen, welche die Selektivitat und den Komfort maximie-
ren, abzuleiten.

Array-Elektroden sind eine vielversprechende Technologie, welche
TES einen Schritt weiter bringen kénnte. Die dynamische Anpassung
von Elektrodengrosse und Position vereinfacht die Anwendung von
TES-Systemen und kénnte deren klinischen Erfolg verbessern. Bis jetzt
wurden die Abstidnde der einzelnen Elemente und der Widerstand des
Elektroden-Haut-Interface von Array-Elektroden durch ausprobieren
bestimmt. Mit dem TES-Model wurde es moglich, fiir diese Parameter
Entwurfsregeln abzuleiten, welche die entstehenden Verluste verklei-
nern.
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Introduction

This chapter provides a general introduction to electrical stimulation
(ES) including an analysis of existing and future TES technologies.
Subsequently existing models that describe ES are introduced and dis-
cussed, focusing on transcutaneous electrical stimulation (TES) models.
At the end of the chapter the objectives and contributions of this thesis
are introduced and the outline of this thesis is presented.

1.1. Electrical Stimulation (ES)

ES is a technique to artificially activate nerve and muscle fibers through
the application of electrical current pulses to the body. The electri-
cal current pulse flows between an ’active’ (cathode) and an ’indif-
ferent’ (anode) electrode, causing a depolarization of cellular mem-
branes in excitable tissues. ES systems can be grouped into implantable,
percutaneous, and transcutaneous ES (TES) (through the skin) sys-
tems. For the application of most implantable systems complex surg-
eries are required (e.g. cuff electrodes that are wrapped around nerves
[LGD06, WAOQ5]). There exists only one minimally invasive system
which can be injected using a syringe (BION (Figure 1.1(a)) [PBLOT7]).
The bio-compatibility of such implantable systems is still problematic
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and the performance is unpredictable due to the positioning of the im-
plant during the surgery, long term electrode migration, and soft tissue
reactions. In percutaneous ES usually needle electrodes are inserted
into the body in order to stimulate specific nerves or muscles. However,
this method is also prone to infections because the percutaneous needle
electrodes are left within the body. In TES the stimulation electrodes
are applied on the skin and can easily be removed after the session and
have therefore no bio-compatibility or infection problems.

(a) (b)

Figure 1.1. In 1.1(a) a current TES system using array electrodes is shown
and in 1.1(b) the BION implantable microstimulator is depicted.

Electrical stimulation (ES) can be used for many applications within
the fields of sports & exercise, pain control, and rehabilitation. In sports
electrical stimulation is used to train specific muscle groups in order
to train stamina and strength or to relax the muscles after an ex-
ercise session (Compex SA). In sports most often TES systems are
used and no implantable ones because the application is temporary. In
pain control ES decreases pain perception and may be used to con-
trol acute and chronic pain [CO04]. Implantable, percutaneous ES,
and TES systems are available for pain treatment and compared to
chemical medical treatment ES is non-addictive with no known side
effects. The low electrical current increases the blood flow and gen-
erates heat that serves to relieve stiffness, improve mobility, and re-
lieve pain. The treatment is believed to stimulate the production of
endorphins or natural pain killers, however the exact mechanisms are
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not completely understood yet. In rehabilitation therapy ES is used
to build up muscle mass in specific muscles after bone or ligament
injuries [EHT79] or for the restoration of movements in subjects who
suffer from some form of paralysis due to spinal cord injuries or brain
lesions (e.g. stroke) [PSP199, GK98, SNP95]. The aim is a functional
improvement to restore, for example, grasping for supporting tasks of
daily living [SCO7] using so called neuroprostheses or to improve the
quality of life (e.g., drop foot, walking, bladder function, coughing),
in general. Usually transcutaneous systems [PSPT99] are favored over
implantable systems [PKKT01] because they can be easily removed
when the rehabilitation program is completed and the impaired pa-
tients are not challenged by surgeries. Different systems were proposed
with the aim to improve hand function (e.g. Bionic Glove [PGWK97],
Bioness H300 (Handmaster) [ITitG196]) or leg function (e.g. drop-foot
[PKP*01]). These systems use few large electrodes that do not allow
to selectively stimulate specific nerves. Multi-channel array technology
was proposed to improve selectivity and efficacy of such TES systems
[KLT03, EFP04, PBBJT05] (see Figure 1.1(a)). Array electrodes con-
sist of multiple single elements which can be individually activated to
form a virtual electrode of arbitrary size and location. The position
and size of the activated region (virtual electrode) can be dynamically
changed [LKKO04, KLKMO06]. For good wearability textile array elec-
trodes are produced using embroidered silver coated fibers to integrate
arrays of electrodes into garments [LPK'08]. Such new technologies
will simplify the application of TES for patients and therapists. The
development of these systems raises many questions related to electrode
design (shape, material, ...) and electrode positioning (selectivity, com-
fort, ...). Such questions can be answered using experimental methods;
however they are time consuming and depend on the availability of
appropriate human subjects. To simplify the design process, dedicated
mathematical models can be used to describe the essential aspects of
the system in order to reduce the amount and to complement experi-
ments.

1.2. Existing ES models

Mathematical models have been developed to describe and better un-
derstand the effect of electrical fields on excitable tissues in the human
body [McN76, Cob85]. These models improve our understanding of un-
derlying processes by providing the possibility to investigate specific
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hypotheses and to analyze relationships that are too laborious to study
only with experiments.

It is well known that nerve excitation (action potentials) can be
initiated by perturbing the transmembrane potential (TP) of an axon.
Hodgkin and Huxley [HH52] developed and experimentally validated a
mathematical model of the voltage gated ion channels that describes
the TP based on the intracellular and extracellular ionic concentrations.
This exceptional work formed the basis for a large number of publi-
cations presenting various refined axon excitation models for different
types of axon excitation or inhibition [McN76, SMD87, Rat90, MRG02].

McNeal embedded such an axon model in a purely resistive vol-
ume conductor that describes the axon’s surrounding potential distri-
bution [McN76] and referred to this combined model as two-step model.
The first step describes the electrical potential distribution within the
electrode-tissue interfaces and the bulk tissues (volume conductor) (see
Figure 1.2) based on the exciting electrodes. The second step describes
the complex behavior of the axons’ transmembrane potential (TP),
which depends upon the spatiotemporal potential distribution along
the axon. This two-step approach is implemented in most ES models
[Cob85, Rat88, MG02, RMMR04, MRRMO04, LGDO06] and is applied to
peripheral and central nerves, for anodic and cathodic currents.

ES Model
Ti i
IBsuePrRRsS Extract extracellular potential
[~ along nerve from Activation distribution
Geometry Volume 3D potential dlstnbutlon= Nervr i within geo'metry
Conductor
Electrode size_—]
and position 1 ~. N
/ . "f e
Stimulation pulse & N / A
i & / ~,
parameters b
i T f N
I AR ~ .
» = =
-
— g\ -

Figure 1.2. Two-step models are used to describe ES.

Several two step models were proposed to describe TES [HYL 98,
MH90, LEM02, RMMR04, MRRMO04]. However, these models exclu-
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sively employed static models (i.e. neglecting capacitive effects) to de-
scribe the volume conductor, and linear nerve models to describe nerve
activation. There are indications that a static volume conductor and
the linear nerve models do not adequately capture the dynamics of the
system:

Volume conductor models A crucial part of volume conduc-
tor models is the electrode-skin interface, which is responsible for the
transmission of a stimulation pulse into the body. In [PWS94] it has
been shown that the modeling of this system is possible using a finite
element approach. However, a critical point in [PWS94] and others
[Cob85, HYLT98, MSDT06, SMHRO07] is that only static models have
been used which neglect the time dependency of the current and poten-
tial field although the current and voltage are time dependent [DR99].
Dielectric parameters of the human tissue as published in [GLG96]
therefore should be incorporated into the model in order to analyze the
impact of the dynamics on nerve activation.

Nerve models Up to now non-linear nerve models, which can de-
scribe more facets of nerve activation [RACS98], such as anodic nerve
blocking or the refractory period, were mainly used for implantable
systems [LGDO06, SS07] where the exciting electrodes are close to the
nerve (near-field). However, it is not clear how these models expand to
the far-field situation of TES.

The inhomogeneities of the human bulk tissues can be modeled to
a certain resolution. Such approaches often use multiple layers or real
magnetic resonance imaging (MRI) and computer tomography (CT)
data to model the inhomogeneities. These techniques, however, have
rarely [RBMRO02, MSD™"06] been applied for electrical stimulation. Ex-
amples where this technique was applied include electrical impedance
tomography (EIT) [ZKIT02], Electrosurgery [NR03], and also Elec-
tromyography (EMG) [LSTKO02]. The spatial arrangement of tissue lay-
ers and the different dielectric and resistive properties of these layers
could have a significant effect on nerve activation, which needs to be
taken into account in TES models.

Small structures (e.g., glands, pores) with different dielectric and
resistive properties [PCWS93, PWS94] will also need to be incorporated
into volume conductor models. For example pores or sweat glands in the
skin layer have a lower resistivity with respect to the surrounding tissue
and may act as tunnels for the current to penetrate deeper tissue layers.
It was shown that these structures are important in models describing
drug delivery through the skin [Gri84, CIK98].
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1.3. Objective and Contributions of this Thesis

Existing ES models were presented in the previous section. These mod-
els only describe the resistive property of the volume conductor and
neglect the permittivities of the tissues. Hence, there are no transient
models available that describe the time evolution of the potential dis-
tribution and the current density generated by TES inside the human
tissues. In this thesis a TES model is presented that comprises a tran-
sient FE model and a nerve model in order to describe nerve activa-
tion. Such a model can quantify the influence of many parameters on
nerve activation (e.g., capacitive effects, electrode-skin contact resis-
tance, electrode material resistance, or nerve depth). This reveals the
parameters with the largest influence in TES and allows to conclude
which model simplifications can be made.

There exist no TES models that incorporate inhomogeneities like
sweat pores, blood vessels, or other body inhomogeneities. It is possible
that those structures could act as conductive tunnels and perturb the
stimulation field and therefore have a large influence on ES. Special-
ized geometries were developed in order to analyze the effect of such
inhomogeneities on TES.

Not only the inhomogeneities may influence TES, but also the
complex arrangement of tissue layers. Models based on anatomical
data (MRI, CT) are used to describe denervated muscle stimula-
tion [RBMRO2]. However, for neuromuscular stimulation the detailed
anatomy is currently not incorporated in models. The TES model pre-
sented in this thesis incorporates a geometry that is based on MRI data.
The goal is to investigate if such complex geometries are required to
accurately describe TES or if geometric approximations (e.g. cylinder)
are sufficient.

Array electrodes consisting of many single electrode pads that can
be individually activated were developed [LKKO04]. Up to now the de-
sign (element size, gap size, ...) of such electrodes was done by trial
and error. New methods to assess the selectivity in TES models are
presented that allow to optimize such array electrodes with the aim to
improve efficacy and comfort of multichannel TES.

1.4. Outline of the Thesis

This thesis consists of four main parts. Part II introduces the developed
TES model, part III focuses on investigations that are related to the
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properties of human tissues, part IV discusses the influences of transcu-
taneous electrode designs, and part V summarizes the main conclusions
of the thesis.

TES Model (Part II) Chapter 2 introduces the anatomical and
electrical features that are relevant for the TES model. In chapter 3
the TES model that comprises a transient volume conductor model
and a nerve model is presented as well as new post-processing methods
that were developed to calculate the activation volume and the selec-
tivity. Subsequently, in chapter 4 different aspects of the TES model
are verified with experimental data. Often linear approximations of the
non-linear nerve models are used due to the cheaper calculation and be-
cause certain postprocessing procedures could only be applied to data
calculated with linear models. The accuracy of such linear nerve models
was analyzed for implantable systems but not for TES what is under-
taken in chapter 5.

Tissue Properties (Part IIT) In chapter 7 the TES model is used
to analyze the influence of different tissue properties on nerve activation
(resistivity, capacitance, inhomogeneities, layer thicknesses, ...). How-
ever, not only the macroscopic tissue properties can influence nerve
activation but also the microscopic nerve bundles. In chapter 8 a spe-
cialized finite element model of a nerve bundle is used to calculate the
influence of the complex tissue arrangement in nerve bundles on nerve
activation. In chapter 9 the main influences are summarized and dis-
cussed.

Electrode Properties (Part IV) TES is applied using surface elec-
trodes that are applied to the skin. The current distribution underneath
electrodes can be non-uniform due to many reasons (edge effects, skin
inhomogeneities, ...). It is hypothesized that electrodes with high resis-
tivity can improve the homogeneity of the current density underneath
the electrode. This hypothesis is treated in chapter 11. The size and
the material of transcutaneous electrodes has an effect on the selectivity
and the comfort of the stimulation. In chapter 12 the influence of the
electrode material is quantified and the electrode sizes that optimize
selectivity and comfort are determined. Thereafter array electrodes are
treated in chapter 13. Up to now, designing array electrodes (gap size
between single elements, material resistivity) has been done by trial
and error. Using the TES model gap sizes and electrode materials were
determined that enable to achieve efficient and comfortable stimula-
tion.



10 Chapter 1: Introduction



Part 11

TES MODELING

11






Anatomy and
Neurophysiology of
the Human Forearm

This chapter begins with the anatomy of the human forearm and intro-
duces the muscles that are responsible for finger flexion and extension.
The second section examines the nerves that innervate these muscles
and it is explained how electrically excitable membranes can generate
action potentials (APs). Especially the case where such membranes are
excited with extracellular stimulation using electrical currents is em-
phasized. This background is required to build a model that describes
nerve activation in the human forearm during TES.

2.1. Anatomy

In Figure 2.1 an image of the profile of a human forearm is depicted.
The main building blocks are two bones (ulna and radius), the muscles
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which are connected with tendons to the bones, a fat layer, and a skin
layer.

Flexor Tendon

Muscles

Extensor
Muscles

Figure 2.1. Profile of human forearm (MRI image).

The hand and finger flexors are the main muscle group dealt with
throughout this thesis. The two muscle groups that are mainly respon-
sible for finger extrinsic flexion movements in TES are the extrinsic
muscle m. flexor digitorum profundus and the m. flexor digitorum su-
perficialis. These extrinsic flexor muscles are located at the anterior
side of the forearm (see Figure 2.2). A detailed description of all mus-
cles in the forearm, together with their function, origin, insertion and
innervation is given in the Appendix A.

2.2. Neuromuscular System

This section starts by introducing the motor units which are the con-
nection between the muscles introduced in the previous section and the
nerves described in this section. Such nerves (nerve bundles) are com-
posed of many axons which transmit the actual information with APs
through the body. AP flow is either from the brain or the spinal cord
to the muscles (efferent or motor nerves) or from the body’s sensory
system to the spinal cord or the brain (afferent nerves). It will also be
explained how externally applied currents influence axons and how APs
can be generated.

2.2.1. Motor Units

A motor unit is a combination of one motor neuron and all the muscle
fibers which it innervates (see Figure 2.3). Several motor units serve
one muscle. When the motor neuron receives an AP it will transmit
this on to the muscle which then contracts.
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Figure 2.2. The muscles on the anterior side of the forearm. [Sta05]

Each AP can only generate a particular force regardless of the in-
tensity of the stimulus [TMV99]. To increase the generated force either
multiple motor units are recruited, or more APs are generated (fre-

quency).

2.2.2. The Neuron

The main structures of the nervous system are neurons. A neuron has
four main parts; the cell body, the axon, dendrites and presynaptic
terminals [Sta05]. The cell body contains all the necessary structures
for the cell to function. Dendrites extend from the cell body as short
branches that act as signal receivers from other neurons. The axon
transmits the signal (APs) to other neurons or directly to muscles. For
faster conduction of the APs, axons are insulated with a myelin sheet
which is interrupted at regular distances. These gaps are called "nodes
of Ranvier”. They cause a regeneration of the AP which ensures a fast
propagation of the AP.

The underlying structure that allows axons to transmit APs is the
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Figure 2.3. Two motor units [Sta05]

semipermeable cellular membrane [SDO01]. This membrane regulates se-
lectively the chemical exchange of certain ions from within the cell to its
surrounding. The resulting ionic concentrations are determined by the
concentrations of the ions in the fluids on both sides of the cell mem-
brane and the ion transport proteins that are in the cell membrane. In
most cells the resting TP has a negative value, which by convention
means that there is excess negative charge inside compared to outside.
The resting potential in human cells is around -70 mV.

APs are all-or-none impulses with an amplitude of about 100 mV
and a duration of about 1 ms. The speed of the AP propagating along
the axon can be in the range of 1 - 100 m/s. An AP is evoked by a
change in membrane selectivity and permeability of the ion channels.
By changing its permeability to certain ions the resting TP of about
-70 mV can change and cause an AP. When an axon is depolarized
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above the threshold of about -55mV an AP is generated (see Figure
2.4) [SDO1]. Depolarization of the axon below this threshold does not
generate an AP and the TP of the axon will return to the resting
potential.

~4+40]s = = = = = = " 4o % = == ¥ = ® - .

Membrane Voltage (mV)

Threshold Failed
e / Initiations
~-70

Stimulus

2 3
Time (ms)

Figure 2.4. Schematic AP.

2.2.2.1. Nerve Fiber Types

The nervous system is built of axons which can be classified into type
A and C fibers [RACS98]. The main difference is the speed with which
they can conduct an AP.

A-fibers Type A-fibers are myelinated and have a large diameter.
The diameter distribution of such type A axons in human nerve bundles
is shown in Figure 2.5. They are able to conduct AP’s at a speed of
15-120 m/s. Motor neurons that innervate skeletal muscles and sensory
neurons mostly consist of A-fibers. A, and Ag fibers are mostly motor
axons whereas the As fibers are mostly sensory axons. The axons that
are activated with electrical stimulation are mainly the A, and the
Apg fibers which show a bimodal distribution with peaks at 6 um and
12 pm [RKd ™96, PF07]. The As fibers are the thickest sensory fibers
and therefore the first sensory fibers that are activated with TES.

C-fibers C-fibers are thinner (Figure 2.5) in diameter and not myeli-
nated at all. They can conduct AP’s with a speed of 2 m/s. These fibers
are mainly used for the autonomous nervous system, the part of the
nervous system that innervates the internal organs. They are needed to
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keep these organs working in harmony with the rest of the body, but
need not to be as fast as the reactions to the external environment.

Number of fibers

0 2 4 6 8 10 12 14 16 18
Fiber diameter (um)

Figure 2.5. Diameter Distribution of axons in peripheral nerve bundles.

(from [RACS98])

2.2.3. The Nerve Bundle

The axons that were discussed in the previous section are gathered in
peripheral nerve bundles [Sta05]. Such nerve bundles contain several
fascicles each of which contains many axons of different diameter (see
Figure 2.6). Each fascicle is surrounded with a thin perineurial con-
nective tissue layer and inside the fascicle the axons are embedded in
connective tissues called endoneurium. The nerve bundle is surrounded
by an encapsulating layer that is similar to the perineurial connective
tissue [RACS98].

2.2.4. Extracellular Stimulation of Axons

As described in section 2.2.2, APs in axons are generated by electro-
chemical reactions in the brain or the spinal cord. However, it is also
possible to excite axons with electrical currents that are applied to the
human body. In TES electrodes are placed on the skin as depicted in
Figure 2.7 and a current is applied [TMV99]. The cathode is placed
on so called motor points that are shown in Figure 2.8 for the human
arm. These are points where the nerves are close to the skin surface and
can be activated with minimal current. With such an arrangement it is
possible to selectively activate specific nerves and muscles. The electri-
cal current that is applied between the electrodes is either voltage or
current regulated (see also section 3.1.2) and most often of rectangular
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Figure 2.6. Microanatomy of a peripheral nerve bundle. [RACS98].

different indifferent
electrode  current source electrode
(cathode) 1 I & (anode)

Figure 2.7. Electrodes are placed on the skin in order to generate APs in
peripheral nerves using an electrical current. (from [TMV99])

shape (see Figure 2.9) [BMB™'00]. These pulses have a certain pulse
amplitude, pulse duration, rise time, and pulse repetition frequency.
In order to reverse the modified charge distribution after the pulse a
balancing pulse can be applied.

The applied pulse influences the TP of axons (Figure 2.10). Under
the cathode the axon is depolarized (decreases TP) and under the an-
ode the axon is hyperpolarized (increases TP). If the depolarization is
large enough to drive the TP above about -55 mV an AP is generated.
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Figure 2.8. Motor points from which the specified nerves and muscle are
excited using TES. (from [TMV99])
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Figure 2.9. Rectangular current pulse that is commonly used in TES.

The smallest stimulation amplitude that is required to generate an AP
is denoted motor threshold. The hyperpolarization under the anode
drives the TP to lower values (< —70mV’) and suppresses the genera-
tion of APs. However, when the stimulation current is switched off the
TP returns to its resting membrane potential of about -70mV. Such a
relative depolarization can generate an AP if the hyperpolarization was
large enough [TMV99]. A rule of thumb is that the current required for
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an anodic stimulation is three times the current of a cathodic stimula-
tion [Rat88].

Cathode Anode
@ )
Charge Distribution
prior to current
application
tH+++ .+t b ot
/ Depolarisation Hyperpolarisation
Membrane

Figure 2.10. TP change of an axon using an extracellular electrical current.
The cathode generates a depolarization and the anode a hyperpolarization.
(from [TMV99])

2.2.4.1. Generated Force and Recruitment

One of the goals in TES is to generate a certain muscle force in specific
muscles. As described in section 2.2.3 muscles are innervated by nerve
bundles that consist of many axons with different diameter (see Figure
2.5). With extracellular stimulation thicker axons are more depolarized
than thinner axons. Furthermore, axons that are closer to the stim-
ulation electrode are more depolarized because the current density is
higher. Therefore, the thickest axons that are closest to the electrode
are activated first (motor threshold). There are different alternatives to
recruit more axons using TES (compare to Figure 2.9) [TMV99]:

e An increase of the pulse amplitude recruits thinner and more dis-
tant axons within nerve bundles and hence increases muscle force.

e The pulse duration can be increased which also recruits more
axons and as a consequence increases muscle force.

e An increase of the pulse repetition frequency, does not recruit
more axons, but it increases the frequency of APs in the activated
axons and thus also increases the generated muscle force.
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e A faster rise time of the rising edge of the rectangular pulse gen-
erates more APs. The underlying effect is that when the TP of an
axon’s membrane is changed from the resting membrane poten-
tial (e.g. due to extracellular stimulation) some gates for certain
ions will open and try to drive the TP back to its resting po-
tential. This opening of the membrane gates requires a certain
amount of time. Hence shorter rise times leave the gates less time
to counteract.

The term recruitment (REC) is used to describe the percentage of
axons that are activated divided by all axons that innervate a certain
muscle. 100% REC means that all motor units are activated and 0%
means that no motor unit is activated.

2.2.5. Rheobase and Chronaxie

In order to check the excitability of nerves and muscles the chron-
axie can be calculated [BMB'00]. To obtain the chronaxie first the
rheobase is required. The rheobase is the smallest current amplitude
of 'infinite’ duration (practically, a few hundred milliseconds) that pro-
duces an activation. Chronaxie is the pulse duration required for motor
threshold with an amplitude of two times the rheobase (see Figure
2.11). In humans the chronaxie is in the range of 0.05 msec to 1 msec.
A prolongation of the chronaxie indicates a pathological process, e.g. a
degeneration of the axons [Sta05].

A more complete picture of the excitability can be obtained by
measuring motor thresholds for multiple pulse durations. From these
data points a strength-duration curve can be drawn as depicted in
Figure 2.11.
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Figure 2.11. Strength-Duration curve with rheobase and chronaxie indi-
cated.
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TES Model of the
Forearm

Based on the knowledge of the anatomy and the neuromuscular system
introduced in the previous chapter 2 and published literature (section
1.2) a TES model is derived. First, equations that describe electri-
cal current flow and the potential distribution in biological tissues are
presented (section 3.1). Then the TES model which is used for most
simulations within this thesis is introduced (section 3.3). It consists of a
FE model describing the potential distribution in the forearm (section
3.1.5) and a nerve model (section 3.2) that calculates a nerve activa-
tion distribution based on this potential distribution. FE models can
have different levels of detail. A general model that includes the main
tissue layers (skin, fat, muscle, bone) is introduced in section 3.1 and
a model with small inhomogeneities (e.g. sweat ducts) is presented in
section 3.1.5.4. The nerve activation distributions that is produced with
the TES model can be analyzed with several techniques that are de-
scribed in section 3.4.2. Figure 3.1 summarizes the different models and
techniques that are presented in this chapter.
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Figure 3.1. Graphical summary of the models and techniques that are in-
troduced in this section.

3.1. Model of Electrical Potential Distribution in
Human Tissues

This section introduces models that describe electrical current flow in
biological tissues. It is known that the bulk impedance properties of
biological tissues define the pathways of the current and the associ-
ated potential distribution for an applied stimulus [MH90]. The section
starts with simple one dimensional models where current and voltage
have only one direction (section 3.1.1) and ends with more complex vol-
umetric models where current and voltage can have arbitrary directions
(section 3.1.3). The introduced model equations for arbitrary directions
of the current and voltage were solved using the FE technique (section
3.1.5). The reasons for choosing the FE technique are discussed in the
same section.
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3.1.1. Simple Impedance Model of Biological Tissues

In this section the simplest electrical model of biological tissues is pre-
sented. A tissue with homogeneous resistivity and permittivity is as-
sumed. Figure 3.2 illustrates an arrangement where two electrodes of
area A are used to contact a biological tissue with length d. Such an
arrangement can be used to measure the resistive and capacitive prop-
erties of tissues. The current I flowing through the tissue is the sum
of the conduction (resistive) current Ip and displacement (capacitive)
current I (Equation (3.1)). The resistive conduction is carried by the
mobility of ions within the biological tissue and the displacement cur-
rent is due to polarization effects in the tissue [FS89]. For the case shown
in Figure 3.2 where the current and voltage vectors in the tissue are
one dimensional (vectors are perpendicular to the electrode throughout
the tissue) equation 3.2 describes the current I and the voltage V' de-
pending on the resistance R and the capacitance C. The resistance R is
calculated using Equation (3.3) where p is the resistivity of the tissue.
Often also the conductivity o is used to describe the resistive property
of tissue, which is the inverse of the resistivity (Equation (3.4)). The
capacitance (Equation (3.5)) depends on the area A, the distance d,
and the permittivity € = gpe,- that is a measure of a material’s ability
to become polarized in response to an applied electric field.

Area=A <+«—

Figure 3.2. Simplified tissue model where voltage and current vectors are
one dimensional. (adapted from [RACS98])

I=1Ir+I¢c (3.1)
% dVv

I=— — .2
R+Cdt (3.2)
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While the illustration in Figure 3.2 indicates a simple method for
measuring resistivity and permittivity, a more precise method is to
use four electrodes. Two electrodes are used to supply the current or
voltage and two electrodes are used to measure the voltage drop within
the measured tissue [RA63]. As a consequence the measurement is not
influenced by electrode polarization effects which are induced at the
stimulating electrodes.

3.1.2. Equivalent Circuit Models

In the previous section biological tissue was modeled with one resistiv-
ity p and one permittivity e. However, human tissues consist of different
types and layers with different p and € why such a model cannot de-
scribe the entire dynamics. A simple model that can be used to describe
the dynamics of multiple tissues is an equivalent circuit model that uses
multiple resistors and capacitors [YY81, Ede71]. An example of such
a model is depicted in Figure 3.3. The hydrogel electrodes, which are
mainly resistive are represented by a single resistor R¢j... The resistor
Rs1in and the parallel capacitor Csy;, represent the resistivity and the
capacitance of the skin. Evidence for this simple model of the skin was
given in [Lyk71] where the voltage response of intact skin was com-
pared with the response of skin with abraded stratum corneum. Fat
and muscle are represented by the series resistor Rpyoqy. The polariza-
tion voltage and the interface resistance which are due to the contact
of the electrode with the skin can be neglected in electrical stimulation
[DR99]. At the electrodes either a voltage or current regulated source
is connected as described in the following paragraph.
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Figure 3.3. Equivalent circuit model of the main tissue layers.

Voltage and Current Regulated Stimulation Equivalent circuit
models can be used to understand the basic effects when either a volt-
age or current regulated source is used in TES. Figure 3.4 shows the
voltages and currents that are present at the different resistors and ca-
pacitors. The main advantage of current regulated stimulation is that,
for example, contact resistance changes due to different moisture on the
skin do not influence nerve activation [KK06]. This is visualized in Fig-
ure 3.4 where the voltage drop Vjoq4, within the resistive tissues remains
constant when Rgg;, is changed. This indicates that the potential drops
along nerves will remain constant. In voltage regulated stimulation the
impedance (Rggin) directly influences nerve activation. This is a major
disadvantage and necessitates that the stimulation amplitude has to be
adapted when the electrode contact changes due to the sweating of a
patient.
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Figure 3.4. Simple equivalent circuit model of TES for current (upper

sketch) and voltage regulated pulses (bottom sketch). The plots on the right
hand side depict the current and voltage drops over the skin and body tissues
(fat and muscle) for a rectangular current (upper) or voltage pulse (bottom).
Reiec is assumed to be small compared to the other resistivities.
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3.1.3. General Equations to Describe Static and Transient Po-
tential Distributions in Volume Conductors

The two previous sections introduced two simple approaches for a
coarse approximation of the voltages and currents that are present
in human tissues. However, these models cannot calculate the poten-
tial and current distribution within complex geometries. In this section
equations that calculate the current and voltage vectors for arbitrary
directions within a volume conductor are introduced. The current flow-
ing through the electrodes and the bulk tissues has a resistive and
capacitive part (section 3.1.1) which can be described with Maxwell’s
equations (3.6)-(3.9). The time-derivative of the magnetic flux density
can be neglected in human tissues [PH67], which reduces Maxwell’s
equations to the quasistatic approximation (3.10)-(3.13). The electric
field described by Equation (3.11) is irrotational and can be described
by equation (3.14) where V' is the electric scalar potential. In the case of
time-varying quasistatic electromagnetic fields governed by Maxwell’s
equations (3.10)-(3.13), the electric and magnetic fields are uncou-
pled. In other words the wave propagation and inductive effects in the
medium are neglected [PH67]. Additionally, for TES, only the electric
solution is of interest, therefore, the equations can be simplified us-
ing the continuity equation (3.15). This yields the differential equation
(3.16) describing the transient electric scalar potential V' in a volume
conductor. This equation takes into account the resistive (¢ = 1/p) and
the dielectric properties (¢ = ege;.) of the tissues. The static version of
equation (3.16) is the Laplace equation given in equation (3.17).

oD
VxH = J+—- (3.6)
0B
VXxE = v (3.7)
VB = 0 (3.8)
VD = »p (3.9)
oD
VxE = 0 (3.11)
VB = 0 (3.12)
VD p (3.13)
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E=-VV (3.14)

v [J + aa]ﬂ =0 (3.15)
—V-([U]VV)—V([E]V%—‘;) —0 (3.16)
Y ([e]VV) =0 (3.17)

3.1.4. Different Approaches to Calculate Electrical Potential
Distribution within Biological Tissues

In the previous section 3.1.3 the equations that describe electrical
potentials within human tissues were derived (Equations (3.16) and
(3.17)). In this section an overview of the different approaches that can
be used to solve these equations is presented and it is justified why the
FE technique was used in this thesis.

Table 3.1 gives a summary of the different approaches that are
discussed in the following. The requirements that were compared are
whether the model can describe transient electrical potentials or only
static ones, whether detailed geometries can be used, wether it is pos-
sible to add inhomogeneities, and wether the computational speed is
satisfactory.

Analytical approaches have the advantage that calculation costs
are cheap and that closed form solutions often exist [LEM00, LEMO1,
LEMO02, TNKO7]. A disadvantage of analytical approaches is that no
detailed geometries (i.e. MRI segmentation) or small inhomogeneities
(e.g. sweat ducts) can be included. Models consisting of large resistor
and capacitor networks have also the disadvantage that small structures
cannot be included. Finite difference time domain (FDTD) models al-
low including small inhomogeneities and detailed human physiology
[www]. However, FDTD simulations are too slow at low frequencies
that are required for TES (1kHz). A rule of thumb for FDTD sim-
ulations is that the smallest geometric structure in the model should

not be smaller than %, with A the wavelength in the medium. This
yields %0 = f“f*lo = 153*?1???3*10 = 23 km which is significantly larger

than a human arm. The Transmission Line Method (TLM) which was
used in [RBMRO02] uses a mesh of equally sized rectangular cubes. This
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has the disadvantage that a large number of elements is required when
small structures are modeled. In FE models mixed size tetrahedral ele-
ments allow small and large structures in the same model [MH90]. FE
models can cope with detailed geometries and can describe systems at
low frequencies over time. For these reasons the potential distribution
in a human forearm was described using a finite element time domain
(FETD) model that is introduced in the following section. The trade-
off are the computational costs of FE models that can be expensive for
detailed models.

Model Transient Detailed Inhomogeneities Computational
Geometries Speed
Analytical —+ - - +
RC network + - +
Finite Difference Time Domain + + + -
Transmission Line Method - + +
Finite Element Method + + +

Table 3.1. Summarizes the main advantages and disadvantages of the dif-
ferent modeling techniques that can be used to describe electrical potential
distributions within volume conductors. The requirements are marked with
(4) if fulfilled or with (-) if not fulfilled.

3.1.5. FE Model
3.1.5.1. Model Geometry

The geometry of the bulk tissues of the forearm can be modeled with
different levels of detail. A detailed geometry using a segmentation
of MRI scans and a coarse geometrical representation using multiple
concentric cylinders were built (see Figure 3.5). The segmentation pro-
cedure to obtain the detailed geometry is described in section 7.3.

The cylindrical geometry was constructed using the standard CAD
software package SolidWorks (SolidWorks Corporation, Concord, MA
USA). The material types that are considered in the model are: elec-
trode substrate, electrode-skin interface, skin, fat, muscle, and bone.
The thicknesses of the layers in the cylindrical model are summarized
in Table 3.2. The thicknesses are in a range that covers most human
forearms [Sta05, RACS98, Val01]. How well the cylindrical model de-
scribes the complex composition of tissues in a human arm will be
analyzed in more detail in section 7.3.

The human lower arm was modelled as a body with a finite length.
If the cylinder were too short, errors would be introduced in the simula-
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Muscle
Cortical bone
Bone marrow

Figure 3.5. Top-Left: Detailed geometry using MRI segmentation tech-
niques. Top-Right: Cylindrical geometry. Bottom: Cylindrical geometry with
thickness definitions.

Material Min [mm] | Standard [mm] | Max [mm]
El.-skin interface 0.5 1
Skin 1 1.5
Fat 2 2.5
Muscle 20 33.5
Cortical bone 4 6
Bone marrow 4 6.5

Table 3.2. Thicknesses of the different tissue layers used in the cylindrical
geometry (compare with Figure 3.5). Columns Min and Max are extreme val-
ues that can be expected in practical applications. ([Sta05, RACS98, Val01])

tion result. Thus the model length was chosen such that no significant
change of the electrical scalar potential was found for further elonga-
tions (an error of 1% was accepted).

In TES surface electrodes of different shapes are used to deliver
currents into the human body. In this thesis single, square electrodes
with different edge length and array electrodes were investigated. The
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electrode model consisted of a good conducting substrate (conductive
carbon rubber) and an electrode-skin interface (hydrogel) as proposed
in [PWS94]. The physical electrodes (e.g., Compex electrodes) are con-
tacted by many thin wires which are bonded onto the substrate. In the
FE model this was modeled by coupling the degrees of freedom of the
electrode substrate surface. This means that all potentials on the whole
area of the top side of the electrode were forced to the same electrical
potential value.

3.1.5.2. Element Types

The detailed and cylindrical geometries (see section 3.1.5.1) were
meshed with tetrahedral FEs and the electrical potentials were calcu-
lated using the finite element time domain solver of the FEM package
Ansys (EMAG, Ansys Inc., Canonsburg, PA). The element type of the
tetrahedral FEs in Ansys was SOLID232. This element can be used
to solve both the transient or the static solution (Equations (3.16) or
(3.17)). The mesh-size was always refined until no significant change
(< 1%) was found in the resulting potential distribution.

Current regulated rectangular pulses (Figure 2.9) were applied to
the electrodes using the independent constant current source (element
Type CIRCU124) in Ansys. The current source was connected to the
substrate (top surface) of the electrode.

3.1.5.3. Tissue Properties

The resistive and capacitive properties that were used for the differ-
ent tissues and electrodes are given in Table 3.3. The range of values
that is shown in Table 3.3 covers the range of values that can be ex-
pected in practical applications of TES [GLG96, RACS98, FS89, PF86).
The anisotropy of the muscles’ resistivity and the permittivity was
considered with a factor of three (between axial and radial direction
3 * Pazial = pradial) [RACSQB]

The resistivity of the skin is non-linearly depending on the current
density [YY81, vB77, DR99]. This non-linearity and its effect on nerve
activation will be investigated in more detail in section 7.2.1.
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Min Standard Max
. o [Qm)] 1 300 10000
Electrode interface . I T 3000000
. o [Qm) 500 700 6000
Skin o 1000 6000 30000
ot o [Qm)] 10 33 600
er 1500 25000 50000
Muscle p [Qm] 2 3 5
(axial) e 100000 | 120000 | 2500000
Muscle p [Qm] 6 9 15
(radial) er 33000 40000 830000
_ o [Qm) 10 50 60
Cortical bone e 2400 3000 3600
o [Qm)] 10 12.5 15
Bone Marrow er 3000 10000 12000

Table 3.3. Resistivities and relative permittivities of different tissues.
Columns ”Min” and "Max” are extreme permittivity values from [GLG96,
RACS98, FS89, PF86]. The column ”Standard” contains properties used in
an FE model that was verified with experimental measurements (section 4.2)
[KKO05].

3.1.5.4. Potential Distribution in Inhomogeneous Tissues (Small
Structures)

Tissue inhomogeneities like glands and sweat ducts can influence the
potential distribution produced by TES. The size of such inhomo-
geneities can be as small as a couple of um. The integration of such
structures into the FE models that were introduced in section 3.1 is
difficult. These inhomogeneities are about a factor of 1000 smaller than
normal tissue layers introduced in Table 3.2. Small structures in FE
models require many finite elements to accurately describe the po-
tential distribution. As a consequence the computational complexity
increases dramatically so that such problems can’t be solved in rea-
sonable time. One solution to reduce the number of finite elements is
to build simplified geometries that only describe the region of interest
(e.g. 1cm cube of skin and fat to investigate the influence of glands in
the skin layer). Two types of inhomogeneities were investigated: Inho-
mogeneities introduced by nerve bundles are investigated in section 8
using a special purpose geometry shown in Figure 8.1, and electrode
and skin inhomogeneities are investigated with a multiple layer cube in
section 11.
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3.2. Excitation Models (Axon Models)

Activation of excitable tissues using extracellular ES in humans was
described in section 2.2.4. Excitation models that describe the TP of
axons when exposed to extracellular potentials were developed in order
to better understand the influences of variations of the stimulation
waveforms or of the electrode arrangement. This section begins with
linear models and proceeds to more complex non-linear models.

3.2.1. Linear Axon Models
3.2.1.1. Linear Cable Models

The electrical cable theory, which was originated in 1876 by Heaviside
to analyze the first trans-atlantic telegraphy cable, can be employed to
analyze the excitation of myelinated axons [JNT83]. The original cable
models are linear and can only describe the capacitive behavior of the
axon membrane but do not describe the generation of APs. Such models
are referred to as linear cable models or passive cable models. However,
it is possible to predict activation using these linear axon models what
will be discussed in section 3.4.1 and chapter 5.

A myelinated axon can be modeled using the cable equation
[McN76] (3.18) where Vrp is the TP and V, is the extracellular poten-
tial. 7,,, denotes the membrane time constant and A is the membrane
space constant with g,,, the membrane resistivity (3.19). A spatial ap-
proximation of Equation (3.18) leads to Equation (3.20) which is the
mathematical description of the equivalent circuit given in Figure 3.6.
The discrete form (3.20) is derived from the continuous form (3.18) by
using the approximations given in Equation (3.21). In the discrete form
Ve,n denotes the potential at the nodes of Ranvier, which are the un-
myelinated parts of an axon that are in contact with the extracellular
potential. Further, the material parameters have to be substituted by
(3.22), where d is the fiber diameter, Az is the longitudinal increment,
G, is the axoplasm conductance, Cp, is the membrane capacitance, and
Gy, is the membrane conductance.

oVrp Y *Vrp
m ot 0x2

9%V,
0z2

+Vrp = A2 (318)
Tm = Cm/gm
A= (rm/ri)'/? = (dom/(40:)"/? (3.19)
VTP = Iz,n/Gm
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W%;“) o (Ga(Vepn1(t) =2Vepa(t) + Vrpam (D (5 o)
)

Vo1 (8) = 2V (6) + Vorsa (£)) — Lo (1)

OVrp/0e® ~ (Vipa-1(t) = WVrpa(t) + Vipan(D)/Aa® g,
02V )02% % (Vein—1(t) = 2Ven(t) + Vernra (1)) /A? :

Cp, = cpymdAx
G, = nd?/(40;Aw) (3.22)
G = gmmdAx
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= E —_ —_
Cnm = == =
2Ram s s
’ Vi1 R Vin Vin+

Figure 3.6. Electrical equivalent circuit of a myelinated axon (cable model).
R, is the axoplasm resistivity, Cy, is the membrane capacitance, and R,
is the membrane resistivity, and FE, maintains the transmembrane resting

potential.

3.2.1.2. Activating Function (AF)

The TP of an axon is influenced by the extracellular potential V(t)
(equation (3.18)). More precisely it is the second spatial derivative of
the extracellular potential A2 8;;2‘3 that drives the TP. Rattay et al.
have introduced the term AF for this second spatial derivative of the
extracellular potential along a given axon. This very simple calculation
of the AF does not require nerve properties and can be used to predict
AP generation [Rat88] with certain limitations that are discussed in
detail in chapter 5.
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3.2.2. Non-Linear Axon Models
3.2.2.1. Membrane Equations

Hodgkin and Huxley (HH) [HH52] and later Frankenhaeuser and Hux-
ley (FH) [FH64] introduced non-linear equations that describe the
ionic current densities that flow through an unmyelinated axon mem-
brane (section 2.2). The total ionic current density was subdivided into
sodium Jy,, potassium Jg, nonspecific Jp, and leakage Jy currents
(3.23). The individual current densities have the expressions given in
equations (3.24) to (3.27) where Vpp is the TP. The values for the
different parameters in equations (3.24) to (3.27) were published in
[FH64, McN76, CRRS79, SMD87]. The variables m, n, h, and p are
defined by the differential equations given in (3.28) to (3.30). The «
and [ variables for the m, n, h, and p rate terms have the form given
in equation (3.31). The values for the constants a, b, ¢, and d of this
equation are given in [FHG4].

J=Jdne+JIx +J+Jp (323)

EF? [Na)o — [Na]iexp(EF/RT)

e = Prahm®(Tp) cxp(EF/RT) (3:24)
_ — , BEF? [Kly— [K];exp(EF/RT)

T = Prn®(r) = exp(EF/RT) (3.25)

I = ﬁpﬁ(fj%}; )[Na]oli [ef\;;t)](zg?/(gg/RT) (3.26)

Jo = g.(Vrp—V1) (3.27)

= an )~ fun (3.28)

% — an(l—h)— Bk (3.30)

-1
Q) B, ete. = a(Vrp — b) [1 —exp (VTZ_ c)} (3.31)
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3.2.2.2. Non-Linear Cable Model

McNeal [McN76] combined the linear cable model (equation (3.20))
with the non-linear membrane equations described in the previous sec-
tion by adding the non-linear mechanisms to the nodes of the linear
cable model. The current I; ,, in equation (3.20) was replaced with the
ionic currents from equation (3.32).

G Vrp, (linear)

in = _ (3.32)
7dW (JIna + Jk +Jr + Jp)  (non — linear)

This type of model is usually referred to as non-linear cable model
or active cable model. It was constantly improved by several groups to
better describe the activation of human axons. The non-linear equa-
tions and the corresponding parameters which were first developed for
amphibians were adapted to get a response that resembles mammalian
nerve fibres [CRRS79, SMD8&7]. More details on the different versions
of non-linear cable models are provided in the following section where
different non-linear and linear cable models were combined with the FE
model introduced in section 3.1.5.

3.3. TES model (Combined FE and Axon Model)

The aim of the TES model that is introduced in this section is to cal-
culate nerve activation in a volume conductor. For this purpose the
FE model from section 3.1.5 that calculates the potential distribution
within a volume conductor representing a forearm with electrodes is
combined with axon models (section 3.2). Such models are usually re-
ferred to as two step models (as introduced in section 1.2). In humans
multiple axons with different diameters form nerve bundles (section
2.2.3). Multiple nerve bundles innervate muscles and these nerve bun-
dles lie in different depth within the body [Sta05]. Therefore, the axon
models were joined to multiple nerve bundles that are placed at de-
sired locations within the volume conductor (Figure 3.7). In this thesis
the depth of the nerves and axons is consistently defined as the dis-
tance from the fat-muscle interface to the nerve or axon (see Figure
3.7). The electric potentials in the volume conductor are interpolated
along the axon and applied to the axon model in order to calculate
the TP. The time dependent, spatially interpolated potentials from
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the FE model V(z,y, z,t) (equation (3.16)) are linked to the corre-
sponding extracellular potentials (equation (3.20)) of the axon model
Ven(t) = V(z,y,2,t). The coordinates z,y, z denote the interpolation
location in the FE model that corresponds to the node n of the axon
model (equation 3.20). The resulting TPs at every node of the axon
models at the end of the applied current pulse are stored yielding the
3D activation distribution. From this 3D activation distribution further
quantitative analysis can be performed (section 3.4.2).

Electrode-skin interface —_

Skin/'
Fat e E .o ed I
Muscle nerve bundles definition of
(each containing nerve or axon depth
anumber of axons
Bone

Vens V. Venst

5oy
L 1515

Vint G Vi, Vinst

Figure 3.7. Left: Schematic representation of the combined model (TES
model) consisting of a volume conductor (FE model) and nerve bundles at
different depths. On the bottom the electrical equivalent circuit of a non-
linear myelinated axon is shown. Right: Definition of nerve or axon depth is
depicted (distance from fat-muscle interface to nerve or axon).

A summary of the axon models that were combined with the FE
model is given in Table 3.4 and the underlying equations were intro-
duced in the previous section 3.2.2. These axon models were chosen
to cover different axon model structures (mono-domain, double-cable)
and a wide range of chronaxie values [Zie01] (published chronaxie val-
ues are given in Table 4.1). Up to now such myelinated axon mod-
els were mainly used for implantable systems [LGD06, CCD01, SS07]
where the exciting electrodes are close to the nerve (near-field). To ad-
dress if these nerve models can also be used to model TES (far-field),
a combined TES model that comprises a transient volume conductor
and different axon models was developed (results are presented in sec-
tion 4.2). Models A and B are based on the FH membrane [FH64] that
describe sodium, potassium, and leakage membrane currents [McN76]
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of the nodes of Ranvier. Model C is the CRRSS model (CRRSS stands
for its authors’ names) that only incorporates sodium and leakage cur-
rents at the nodes of Ranvier. The CRRSS membrane is similar to the
HH membrane [HH52] but without potassium channels because they
were found to be less important in the excitation process of myelinated
mammalian nerves [SMD87]. Model D (MRG model) is the most recent
axon model incorporating a double cable structure that not only de-
scribes the membrane currents at the nodes of Ranvier but also at the
paranodal and internodal sections [MRGO02]. Model D is the linear
(passive) equivalent of axon model D where the non-linear membrane
equations were replaced with the linear ones (equation (3.32)).

Models A, B, C, and AF were implemented in MATLAB (The
Mathworks Inc., Natick, MA) and Model D and D¥ in NEURON (Yale
University School of Medicine, New Haven, USA). A custom software
package to manage FE simulations, axon model simulations, and the
postprocessing was developed (Appendix B).

Axon Model ID Axon Model Name Reference
A Non-linear Cable Model (FH) [McN76]
B Non-linear Cable Temperature Compensated (FH) [Rat90]
c Non-linear Mammalian Nerve Model (CRRSS) [CRRS79, SMD87]
D Non-linear Double Cable Model (MRG model) [MRGO02]
pP Linear Double Cable Model (MRG model) [MRG02]
AF Activating Function (second derivative) [Rat88]

Table 3.4. Different axon models used in the TES model.

3.4. Analysis (Postprocessing) using the TES model

The output of the TES model introduced in the previous section 3.3 is
an activation distribution within the specified volume conductor. In this
section the main types of analysis (postprocessing) that are performed
on this activation distribution are introduced. First, the concept of AP
prediction, which in literature is usually denoted as threshold predic-
tion, is discussed. AP prediction uses linear axon models in order to
predict APs. Afterwards, in section 3.4.2, the spatial analysis proce-
dures that quantify the depth and the selectivity in TES models are
introduced. These are the basic methods that will be used at different
places in this thesis.
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3.4.1. AP Prediction using Linear Axon Models

In section 3.2.1.1 it was mentioned that linear cable models only de-
scribe the capacitive properties of an axon and do not describe the
generation of APs. However, it is possible to predict APs using linear
axon models as shown in various studies [Rat90, WGD92, MMGO04].
The benefits are the cheaper computational costs of linear models, that
the superposition principle is applicable [RACS98], and the ability to
invert the model [MMGO4] (i.e. the stimuli can be designed based ex-
plicitly upon the desired output).

A method to predict APs using linear axon models was discussed in
detail in [WGD92, MMGO04] and is briefly reviewed for completeness.

In a TES model containing a non-linear cable model, threshold am-
plitudes (lowest current that generated an AP) that are denoted I'"
for a specific axon are first identified (left plot in Figure 3.8). I'" can
be determined using for example bisection search. The amplitude I*?
is then applied to a TES model containing a linear axon model that is
located at the same location as the non-linear axon model. The voltage
of the TP reached in the linear nerve model at the end of the stimula-
tion pulse is denoted VA% (I'") (right chart in Figure 3.8). (In [MMGO04]
the threshold voltage V% is denoted critical voltage V,.) The threshold
VHL(I'") can then be used in order to decide if an AP is generated or
not. In axons where Vyp < V% no AP is predicted and in axons where
Vrp > Vi an AP is predicted.

A second possibility to predict APs is to use the AF instead of linear
axon models. The calculation of the prediction threshold that is denoted
AF*(I*") can be done equivalent to the calculation of V., (I*"). In-
stead of calculating the TP using the linear axon model the AF (second
derivative) is calculated.

The prediction thresholds V% and AF'" are not constant, rather
they are a function of different parameters (electrode size, nerve depth,
pulse duration, and axon diameter). The errors that occur when linear
nerve models are used to predict the generation of APs are discussed in
[WGD92, MMGO04] for implantable stimulation systems. It was shown
that errors due to different electrode sizes and nerve depths can be ne-
glected but that lookup tables are required for changing pulse durations
and axon diameters [WGD92, MMGO4]. In chapter 5 simulation results
for TES are presented that allow the same conclusion. The lookup ta-
bles for the thresholds V2% and AF*" for different pulse durations and
axon diameters are depicted in Tables 3.5 and 3.6. These Tables can be
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Figure 3.8. Determine activation threshold V&% (I'") in linear nerve model.

used to predict APs using linear models in TES.

3.4.2. Spatial Description of Nerve Activation

In a computer model for deep brain stimulation Butson [BMO06] intro-
duced the volume of tissue activated in order to spatially describe the
region where neural tissue was activated. The volume of tissue acti-
vated was defined by a 3D surface that encompasses the volume where
the AF (second spatial derivative) was above a certain threshold. The
volume of tissue activated allowed optimization of the stimulation pa-
rameters such that only the targeted region of the brain was activated.
In this thesis the same concept of describing spatial activation with
a volume is used. However, instead of volume of tissue activated we
use the term activation volume (AV) because in TES not the whole
region enclosed by the activation volume contains excitable tissue. In
this section quantitative measures calculated from activation volumes
that can estimate the activation depth and the selectivity in TES are
introduced. These quantitative measures facilitate investigations of the
size and shape of activation volumes for different current amplitudes,
pulse durations, electrode sizes, and fat thicknesses.

The activation volumes and quantitative measures were calculated
within a custom postprocessing module that was developed for Par-
aview and VTK (Kitware Inc., NY). This module was integrated in
ArmSimP (Appendix B). ParaView is an open source, freely available
program for parallel, interactive, scientific visualization. The Visualiza-
tion Toolkit (VTK) is an open source, freely available software system
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ViR, Pulse Duration [msec]
01 | 02 | 03 | 05 | 1 | 2

E 4 2.2 0.9 0.8 0.2 -21.1 -32.7
3 6 0.2 -27.6 | -41.6 | -52.6 | -60.5 | -64.1
® 8 -39.5 | -57.4 | -63.3 | -68.0 | -71.3 | -72.7
=« 10 -57.1 | -67.3 | -70.6 | -73.3 | -75.1 | -75.8
% 12 -63.9 | -71.0 | -73.4 | -75.3 | -76.6 | -77.0
< 714 -67.9 | -73.3 | -75.1 | -76.5 | -77.4 | -77.8

16 -70.9 | -75.0 | -76.3 | -77.4 | -78.1 | -78.3

Table 3.5. Lookup table for the prediction thresholds Vth’}a that can be

used to predict activation using a linear cable model. The values are given
for different axon diameters and pulse durations. (The thresholds in this table
were calculated using the linear MRG model as nerve model [MRGO02]; model

D in Table 3.4.)

AFT Pulse Duration [msec]
01 | 02 | 03 | 05 | 1 | 2

T _ 4 36178 [ 20424 [ 15086 | 10836 [ 7733 [ 6212
S 6 || 12388 | 6888 | 5048 | 3596 | 2558 | 2084
w 8 || 5328 | 2973 | 2188 | 1573 | 1143 | 964
g 10 |[ 3010 | 1674 | 1230 | 882 | 643 | 553
§ 12 || 2117 | 1177 | 864 619 | 453 | 394
< 714 || 1588 | 88l 646 462 | 336 | 294

16 || 1190 | 661 484 347 | 254 | 223

Table 3.6. Lookup table for the prediction thresholds AF'" that can be used
to predict activation using the AF. The values are given for different axon

diameters and pulse durations. (The thresholds in this table were calculated

using the second derivative [Rat88]; model AF in Table 3.4.)
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for 3D computer graphics, image processing, and visualization used by
thousands of researchers and developers around the world.

3.4.2.1. Activation Volume (AV)

The objective of activation volumes is to describe quantitatively the lo-
cations where axons of a certain diameter experience activation within
a volume conductor. Activation volumes are constructed based on the
3D activation distribution that was calculated using the TES model
(section 3.3). The activation volumes are defined with iso-surfaces that
are generated with the iso-values V%, or AF'™ using for example the
”marching cubes” algorithm [LC87]. The thresholds for different axon
diameters and pulse durations are provided in Tables 3.5 and 3.6). Fig-
ures 3.9 and 3.10 show examples of activation volumes underneath the
cathode in cylindrical arm models. For visual clarity the cover surface
of the activation volume, which is the area between the fat and the
muscle layer, is not drawn in Figures showing activation volumes.

AV on Cutting Plane

AV

Figure 3.9. Cylindrical arm model. Each point drawn in the muscle rep-
resents a line on which the electrical potential was interpolated. The inter-
polated potentials are the input to the nerve models which calculate the
activation distribution, from which the activation volumes are derived.

3.4.2.2. Activation Depth (AD)

The activation depth (AD) is a measure to describe the depth of the
activation in TES models. The activation depth is defined as the dis-
tance between two points on the normal vector centered underneath the
stimulating electrode. One point is at the fat-muscle interface and the
other one is the point where this normal vector intersects the activation
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(] - o

Figure 3.10. Cylindrical arm model with activation volume underneath
cathode from different perspectives.

volume surface (see Figure 3.9). Note that the activation volume is cal-
culated for a specific axon diameter and that therefore the activation
depth is also calculated for a specific axon diameter.

3.4.2.3. Current to Stimulate in Certain Depth (I'"(L, D))

The current amplitude that is required to activate an axon of a specific
diameter in a certain depth was used as a measure to compare simu-
lation results. This threshold current amplitude is denoted I*"(L, D),
where L is the target activation depth (AD) and D is the axon diameter
that is activated at threshold.

3.4.2.4. Selectivity (SEL)

The selectivity is understood as the ability to stimulate a specific nerve
without stimulating adjacent nerves. In other words the activation vol-
ume encloses the target nerve but no other nerves. Because the exact
positions of specific nerves are not exactly known, the shape and size
of the activation volume (AV) was investigated instead. As a measure
for the selectivity (SEL) the ratio between the activation depth (AD)
and the average breadth (YA%) was used (see equation (3.33)). The
average breadth was the ratio between the volume of the activation
volume (Vv ) and the activation depth. This yields for (SEL) a ratio
between the squared activation depth AD? and the volume (Vay). A
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deeper stimulation or a stimulation with a smaller activation volume
increases the selectivity.

AD AD?
SEL = = . 3.33
—VAg Vav (3:33)

3.4.2.5. Comfort (COMF)

As proposed in [VvDO06] pain is assumed to be proportional to the cur-
rent density in the TES model. However, because pain is not perceived
to be the same for different electrode sizes [AKH94], the current density
has to be adapted with an additional factor ThP4 to correct for dif-
ferent electrode sizes. The factor ThP4 was derived from experimental
measurements described in more detail in section 12.3.1.1. The measure
for the estimated comfort is

COMF =ThP,/I (3.34)

where [ is the applied current amplitude and A indicates that the pain
threshold changes for different electrode areas. The derivation of this
equation is discussed in detail in section 12.3.1.2.

3.4.3. Limitations of the TES Models

e In all models only effects that are relevant for TES are considered,
i.e. current levels above 0.1 mA and voltage levels that exceed
1V. For the characterization of the body’s response to microam-
pere and millivolts the reader is directed to the work of Geddes
[GedT2].

e The non-linear dependence of the bulk tissue properties to cur-
rent density was neglected. This is not a major concern as it was
shown that with current-regulated pulses the non-linear resistive
properties of the bulk tissues can be neglected ([KKPMO06], sec-
tion 7.2.1).

e The direction of the nerves was always in axial direction of the
arm model. Changing the direction of the nerve can influence
nerve recruitment. More realistic nerve distributions could be in-
tegrated by changing the direction of the interpolation in the TES
model.
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e The comfort during TES is influenced by the choice of the elec-
trode material (see section 12.2). This is not incorporated in the
presented TES model. The comfort in the TES model was only
calculated for hydrogel electrodes (see section 12.3).

e Electrochemical effects that occur at the electrode (hydrogel)
skin interface are not considered. When using current regulated
stimulation such effects mainly cause resistance and capacitance
changes of the electrode-skin interface which have a minor influ-
ence on activation as shown in part III.
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Verification of the

TES Model
(Measurements)

In sections 1.2 and 3.3 a two step model that can be used to conclude
from an applied current with surface electrodes on nerve activation
is described. In section 4.1 the potential distribution calculated with
the FE model (first step) is verified using measurements on human
volunteers. Nerve activation of the TES model comprising the FE model
and different axon models are then verified in sections 4.2 and 4.3 using
motor threshold and force measurements.

4.1. Surface and Intramuscular Potentials

In this section the simulated potential distributions of the transient FE
models are compared with experimental data taken from three human
volunteers. An experimental validation of surface potentials that were
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calculated using a transient FE model was also described in [LSDKO04].
However, in that paper a sinusoidal source was used as excitation
whereas here a current regulated pulse source as normally applied in
TES was used. In addition to the surface potentials, the intramuscular
potentials are measured with needle electrodes and compared with the

FE model.

4.1.1. Methods
4.1.1.1. FE Model

The parameters that were used for the FE model that was introduced

in section 3.1.5 are summarized in the tree structure below.

FE model

| GeometTry .........ccoeen... cylindrical geometry (Figure 4.1)
Tissue thicknesses ..... standard values from Table 3.2
Tissue properties ...... standard values from Table 3.3
Electrode type .......coeiieiinnnnnnnn. single electrodes
Electrode sizes ...........coviiiiiiinn.n. 5x5 cm?

Electrode distance ........... ...,
| FEquation .........ciiiiiiiiiiinn.. transient equation (3.16)
__Stimulation pulse ............ monopolar current regulated

Amplitude ....... .. i

DUration .......iiiiiii i e e 0.1ms - 1ms

Figure 4.1. Cylindrical forearm model with different tissue layers and the

square stimulating electrodes. Between the electrodes the recording needle

electrodes are shown for clarity (not included in FE model).
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4.1.1.2. Measurements

The electric potential calculated with the FE model was verified using
experimental data obtained in the upper arms of three healthy male
subjects. The size and distance of the electrodes was the same as in the
FE model (5x5cm?, distance 6 cm). A current regulated stimulator
[KPPMO02] using the same pulse amplitudes (9mA) and pulse durations
(0.1 msec and 1 msec) as in the FE models was used. Higher stimulation
currents were not used to avoid too strong muscle contractions with
needles inserted in the muscle.

The electrical potentials inside the muscle (intramuscular potential)
and at the electrodes (surface potentials) were measured during one
stimulation pulse. The voltage and current of a single pulse were mea-
sured after 2s of stimulation when steady state was reached [KKPMO6].
The potentials inside the muscle were measured using needle electrodes
from Medtronic (9013R0252). They measure the potential only at the
tip of the needle. The needles were inserted 2 cm into the biceps mus-
cle, at a spacing of 2 cm between the stimulating electrodes (see Figure
4.2). The surface potentials were measured directly at the contact of
the stimulation electrodes.

[\

Figure 4.2. Experimental setup to measure intramuscular and surface po-
tentials during TES.

4.1.2. Results

The simulated and measured intramuscular potentials are depicted in
Figure 4.3. The stimulation pulse is shown in the upper plot and the
intramuscular potentials in the bottom plot. The rise times of the po-
tentials are fast, indicating that the capacitive effect within the muscle
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tissue is small. The simulation compares well with the experimentally
measured potentials when using standard tissue thicknesses and tissue
properties.
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Figure 4.3. Validation of intramuscular potential.

In Figure 4.4 the simulated and measured surface potentials are plotted.
The slow rise time of the surface potential indicates the strong capaci-
tance of the skin layer. The simulated surface potentials also compare
well with the measured potentials.

4.1.3. Discussion

The comparison of the simulation results with the experimental results
showed that it is possible to describe the electrical potentials during
TES with a transient FE model that incorporates published values of
resistivities and permittivities. The model described not only the resis-
tive properties of the tissues [MSD*06, LMEO1] but also the capacitive
properties. This is particularly important to describe the strong capaci-
tive effect of the potentials on the skin [Lyk71, DR99]. The time depen-
dence is relevant if new pulse stimulation technologies, as for example
presented in [JMO5], are being developed. For such cases a transient
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Figure 4.4. Validation of surface potential.

model allows one to optimize the power consumption because both the
time dependent currents and the time dependent voltages can be sim-
ulated (P(t) = U(t) * I(t)). However, the simulation results also show
that due to the fast rise times of the potentials within the muscle tissue
a static simulation is adequate if only these potentials are of interest.
This is for example the case when the potentials along axons are calcu-
lated and then applied to axon models (section 3.3). A further analysis
and discussion on the influences of the capacitive effects can be found
in chapter 7.1.

In conclusion, by comparing simulations with experiments it has been
shown that intramuscular and surface potentials that are present during
TES can be described with a transient FE model.
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4.2. Motor Thresholds, Chronaxie, and Rheobase

Electrical stimulation models can be verified by comparing simu-
lated motor thresholds at one specific pulse duration with experi-
mentally obtained motor thresholds [BK04]. Alternatively, simulated
strength-duration curves can be compared with experimentally ob-
tained strength-duration data [SMD87]. Strength-duration curves de-
scribe the stimulation current amplitude versus the pulse duration (PD)
for threshold activation (Figure 2.11). From strength-duration curves
rheobase and chronaxie (section 2.2.5) can be derived [Ged04]. Ex-
perimentally obtained chronaxie values using electrodes placed close
to the excited axon (implantable systems, clamp experiments, an-
imal studies and needle electrodes) are between 30us and 150 us
[Fit62, Bos83, Rat90]. Published non-linear nerve models were exper-
imentally verified in this range of chronaxie values [McN76, CRRS79,
SMD87, Rat90, MRGO2]. However, chronaxie values that were obtained
experimentally using surface electrodes are longer. In dogs the chron-
axie using surface electrodes was 170 us [VVG192] and in humans
between 200 us and 700 us [SKPS05, Har71, KBABOO).

It is unclear if such non-linear axon models that were designed for
implantable systems (chronaxie: 30 — 150 us) can be used in a com-
bined TES model to describe TES (chronaxie: 200 — 700 us). Therefore,
in this section motor thresholds, chronaxie, and rheobase of the TES
model were compared with values measured in human volunteers. These
values were calculated and measured for different electrode sizes and
for single and array electrodes. Different axon models were used in the
TES model in order to find an adequate axon model to describe nerve
activation in TES.

4.2.1. Methods

4.2.1.1. TES Model

Nerve activation was calculated using the TES model introduced in sec-
tion 3.3 with the parameters that are summarized in the tree structure
below.
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FE model

| Geometry .....vviiiiiiiiiiiiiiiiia cylindrical geometry
Tissue thicknesses ..... standard values from Table 3.2
Tissue properties ...... standard values from Table 3.3
Electrode type ............. single and array electrodes
Electrode sizes ................. 0.8x0.8 - 5x5cm?
Gaps in array .............. 1mm, 3mm, and 5mm
Electrode distance ................oiiiinn, 11cm
|_Equation ..............eiiiii.a... transient equation (3.16)
[ Stimulation pulse ............ monopolar current regulated
Amplitude ........cciiiiiiiiiiiiiiiiiin bisection search
Duration ...............iiiiiiiiii, 0.05ms to 2ms

_Nerve model
Model IDS .euvininvinennennnnannnnn. A to D (see Table 3.4)
17 oY one single axon
Axon diameter ............i il 16 pm
Axon depth (from fat-muscle interface) .......... 1mm

The cathodes had sizes between 0.8x0.8 cm? and 5x5cm? (the same
as used in the experiments in section 4.2.1.2). The motor thresholds of
three array electrodes with gap sizes of 1 mm, 3mm, and 5mm were
investigated. The geometry of the array electrode is shown in Figure
13.1. The active region of the array electrode had a size of 2 by 2
elements (element size 13mm). The anode had a size of 5x10cm?.
Biphasic current regulated pulses with a certain pulse amplitude (1)
and pulse duration PD were used.

Axon models A to D from Table 3.4 were used in the TES model
to conclude on activation. Because motor thresholds were of interest
a thick superficial axon (16 um diameter) was placed just below the
fat layer at a depth of 1 mm (measured from the fat-muscle interface)
centered under the cathode. This is an intermediate value of the possible
depths and axon diameters that can be found amongst different subjects
[RACS98, Sta05]. The motor threshold amplitudes were determined
using bisection search with an accuracy of 0.01 mA.

Initial fiber activation was verified in order to make sure that the AP
was not initiated at the nerve model boundary. The threshold of the
TP to detect activation was set to 0mV. Additionally, only axons with
propagating APs were counted as activated by ensuring that after de-
tection of the initial AP also at all other nodes the TP was above 0mV.
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4.2.1.2. Automated Motor Threshold Measurements

The goal of the experimental measurements was to identify motor
thresholds for different electrode sizes on the forearm of human vol-
unteers in order to verify the TES model.

Subjects Experimental measurements were undertaken from ten
healthy subjects (two females and eight males). The subjects’ mean age
was 27.6 + 2.27 (range 25-32), mean height was 182.3 + 9.64 (range
167-197), and mean body mass was 72.9 + 13.65 (range 51-97).

Procedure Transcutaneous electrical stimulation was applied using
a Compex Motion stimulator [KPPMO02]. On each subject the muscle
motor point of the right Flexor Digitorum Superficialis, which articu-
lates the middle finger, was identified using a stainless steel searching
probe (0.5 cm tip diameter). Water was used to ensure good contact of
the probe with the skin. Biphasic, asymmetric pulses with a duration
of 300 us and a repetition frequency of 1 Hz were applied. The probe
was moved over the muscle until the point that required the least cur-
rent to generate minimal movement of the middle finger was identified.
Because motor points move depending on limb configuration it was
ensured that the arm position was not changed during the experiment.
After marking the motor point, motor thresholds for different electrode
sizes were determined. The different exciting electrodes (cathode) were
placed centered on the marked motor point and the indifferent electrode
(anode) was placed 11 cm distally. Standard self adhesive hydrogel elec-
trodes (Compex) with sizes of 0.8x0.8cm?, 1.4x1.4cm?, 2.3x2.3 cm?,
3.2x3.2cm?, 4.1x4.1cm?, and 5x5cm? were used as cathode and a
large 5x 10 cm? electrode as anode. The array electrodes with the differ-
ent gap sizes were custom made using a carbon rubber substrate and a
hydrogel skin interface. The different electrodes were tested in random.
Biphasic current regulated pulses with a duration of 300 us and a rep-
etition frequency of 25 Hz were applied using a Compex Motion stimu-
lator [KPPMO2]. For the largest electrode (5x5cm?), additional pulse
durations (0.05ms to 2ms) were applied in order to obtain strength-
duration curves. Kuwabara et al. [KBO™04] demonstrated that motor
thresholds can be accurately detected with an accelerometer placed at
the articulated finger (QTRAC-Program). We used a similar approach
using an accelerometer (Compex MI-sensor) that was placed on top of
the cathode (left image in Figure 4.5) in order to automatically detect
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the motor threshold by measuring the 25 Hz vibration of the activated
muscle. The accelerometer was held in place with an elastic bandage
that was wrapped around the subject’s arm (right image in Figure
4.5). For the detection of the motor threshold a fast fourier transform
(FFT) of the signal from the accelerometer was performed. When the
amplitude of the FFT at 25Hz was at least three times larger than
the mean amplitude at frequencies between 20 Hz and 30 Hz, then the
motor threshold was ”detected”.

Figure 4.5. Left: Accelerometer placed on top of stimulation electrode in
order to detect motor threshold. Right: Elastic bandage was used to hold
accelerometer in place.

Technical Setup The Compex Motion stimulator offered two analog
inputs and a digital trigger to control different stimulation parameters.
One analog input was programmed to control the current amplitude,
the second analog input controlled the pulse duration, and the trigger
was used to start and stop stimulation. The two analog inputs and
the trigger were controlled with a digital acquisition card (National
Instruments DAQ Card 6036) from National Instruments (NI) on a
Notebook PC. The signal from the accelerometer was measured using
the same DAQ card. A Labview (National Instruments Corporation,
Austin, TX, USA) program on the Notebook PC increased the current
amplitude every second by 0.3mA (starting at 0mA) until the motor
threshold was detected. This detection was repeated three times and
the average was calculated for each electrode size. The motor threshold
using the presented method could be determined with an accuracy of
0.3mA what is comparable to a method that detected finger twitch
movements (QTRAC-Program) [KBO104].
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Data Analysis Using the described technique motor thresholds were
detected for different electrode sizes. The effect of the electrode size was
analyzed using a one way analysis of variance (ANOVA). Significant
(p<0.01) F ratios were further analyzed with Fisher’s post hoc test.

4.2.1.3. Rheobase and Chronaxie

Rheobase I, and chronaxie T, (see section 2.2.5) obtained from
strength-duration curves calculated with the TES model were com-
pared to experimentally obtained rheobase and chronaxie values
that were previously published. Lapicque’s equation Iy, = I.,/(1 —
exp(—PD/T,p,)) [Lap07] was fitted to the simulated and measured
strength-duration data in order to obtain I, and T.,. R-square (R2)
values between the fitted curves and the actual strength-duration data
were calculated and were above 0.995 what indicated a reasonable ac-
curacy of the fit.

4.2.2. Results
4.2.2.1. Strength-Duration Curves, Chronaxie, and Rheobase

Figure 4.6 shows the comparison of the strength-duration curves that
were calculated using the TES model with experimentally obtained
motor thresholds for different PDs. The TES model containing axon
model D matches best the experimental measurements for all measured
PDs. The thresholds obtained with axon models A, B, and C are all at
least a factor of four higher.

In Figure 4.6 the chronaxie values (T.;) of the TES model that were
calculated from the simulated strength-duration curves are depicted.
The calculated chronaxie values for the different axon models are sum-
marized in Table 4.1. The previously published chronaxie values for
implantable systems are shown in the same Table 4.1. For all axon
models the chronaxie values of the TES model were higher compared
to the published chronaxie values (implantable). The chronaxie val-
ues using axon model D were in the range of experimentally ob-
tained chronaxie values for TES, which are between 200 us and 700 us
[SKPS05, Har71, KBABOO]. The values with axon model A (157 us), B
(137 ws), and C (33 us) were below the experimental range of 200 us to
700 ps. Also the rheobasic currents using nerve model D compared the
best with the experiments as already indicated by the strength duration
curves in Figure 4.6.
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Figure 4.6. Strength-duration curves from the TES model with the different
tested axon models and the experimentally obtained motor thresholds for
different PDs (mean and standard deviation) are shown. These results were
produced using the 5x5cm? electrodes.

Axon Published Chronaxie Chronaxie Rheobase
Model ID Values [us] in TES model [us] | in TES model [mA]
A 100 157 29.3
B 100 137 29.2
C 26 33 35.1
D 150 457 2.97

Table 4.1. Comparison of published chronaxie values (implantable systems)
with chronaxie values obtained with the TES model. Further, the rheobasic
currents of the TES model including the different axon models are given.

The results show that nerve model D compares best with the exper-
iments. Therefore, in the following two sections, where different elec-
trode sizes and array electrodes are analyzed, only simulation results
using nerve model D (MRG) are shown.

4.2.2.2. Motor Thresholds for Different Electrode Sizes

The motor thresholds for different electrode sizes that were obtained
with the TES model including axon model D are depicted in the notched
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box plot! in Figure 4.7 for a pulse duration of 300 s . The measured
motor thresholds are also depicted in Figure 4.7. As expected the cur-
rent amplitudes required to reach motor threshold increase for larger
electrodes. The one way ANOVA test for the effect of the electrode size
was significant at the (p<0.01) level. Fisher’s post hoc test revealed
that the current amplitude increased significantly as electrode size in-
creased.

When comparing the simulated with the experimental motor thresh-
olds it can be seen that for small electrodes the simulated thresholds
are at the lower end of the experimentally obtained motor thresholds.
However, overall the simulation results are within the range of experi-
mentally measured motor thresholds.

Experimental and Simulated Motor Thresholds
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Figure 4.7. Notched box plot of the experimentally measured motor thresh-
olds for different electrode sizes with overlayed simulated motor thresholds.
The simulated thresholds (TES model including axon model D, pulse dura-
tion 300 us) are in the range of experimentally measured thresholds.

1The results are presented in a notched box plot with whiskers. The box has
lines at the lower quartile, median, and upper quartile values. The whiskers are
lines extending from each end of the box to show the extent of the rest of the data.
Outliers are data with values beyond the ends of the whiskers. The notches represent
a robust estimate of the uncertainty about the medians for box-to-box comparisons.
Boxes whose notches do not overlap indicate that the medians of the two groups
differ at the 5% significance level.
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4.2.2.3. Motor Thresholds of Array Electrodes with Different
Gap Sizes

The motor thresholds for array electrodes with different gap sizes that
were obtained using the TES model containing axon model D are de-
picted in Figure 4.8. Also the measured motor thresholds are depicted
in Figure 4.8. They compare well with the simulated data. The motor
thresholds significantly increase with larger gap sizes because nerve ac-
tivation decreases underneath the gaps. A more detailed investigation
on the determination of appropriate gap sizes for array electrodes is
presented in chapter 13.

Experimental and Simulated Motor Thresholds using Array Electrodes
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Figure 4.8. Experimentally obtained motor thresholds using array electrode
with different gap sizes are compared with simulation results (TES model
including axon model D, pulse duration 300 us).

4.2.3. Discussion

The results show that simulations using nerve model D compared the
best with experimentally obtained data. Possible reasons are the fol-
lowing two:

e It was investigated if changes in the parameters of axon models
A, B, and C can increase the chronaxie to values found with axon
model D. The parameters from axon model D that mainly in-
fluence the chronaxie (membrane capacity, membrane resistivity,
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and axoplasm resistivity [RB87]) were applied to axon models A,
B, and C. The chronaxie values of axon models A, B, and C were
at the most increased by 20%. Therefore, most probably, the dou-
ble cable structure, with explicit representation of the nodes of
Ranvier, paranodal, and internodal sections [MRG02] was respon-
sible for the longer chronaxie and not the different parameters of
axon model D.

e It was shown that the TES models using axon models A, B, or C
had too high a rheobase (Figure 4.6) compared to the experimen-
tal measurements. The reason might be the different parameters
of model D compared with model A, B, and C. The nodal leak-
age conductance g, was 7mS/cm? in D, but 30.3mS/cm? in A
and B, and 128 mS/cm? in C. The axoplasmatic resistivity o; was
70 Qcm in D instead of 110 Qcm in A and B, and 54.7 Qcm in C.
Applying the parameters from model D in model A and B low-
ered the thresholds at 0.2msec PD from 36 mA to 10mA in A
and from 34 mA to 9mA in B. These thresholds are closer to the
experimentally obtained thresholds (see Figure 4.6) of 6.3 mA.
Applying the parameters from model D in model C did not sig-
nificantly change the motor threshold found in the TES model
containing axon model C.

Spatial Position of the Nodes of Ranvier Axons with different
diameters do not have the same internodal distance. As a consequence
the nodes do not lie at the same position underneath the electrode and
could lead to different activation thresholds. This was investigated by
shifting the node of an axon by 0.1 mm steps within the internodal
distance. Only small changes of the motor thresholds (<0.01mA) could
be observed that only minimally influence the results.

4.2.4. Conclusion

The TES model containing axon model D (MRG) can describe nerve
activation for different electrode sizes and for array electrodes.

4.3. Recruitment and Forces

Apart from strength-duration curves, which describe only the excitabil-
ity at motor threshold (thickest axons activated), measured force or
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torque versus PD curves were used to describe the excitability of
nerves (where thinner axons are also activated) [RACS98] and to ver-
ify ES models [LGDO06]. Such measurements at higher stimulation in-
tensities provide additional understanding of the nerve recruitment
and show how many axons are activated within nerve bundles (sec-
tion 2.2.4.1) as long as muscles are not directly activated (Crago et
al. [CPMVdM74] showed that only about 3% of the measured twitch
force is produce by direct muscle stimulation). These curves show ei-
ther the stimulation amplitude versus the PD at a fixed force output
[VCR67, CPMVdM74, KBMO06] or the force versus the PD at a fixed
amplitude [BJ87, GDBO07|. The influence of the muscle properties on
the measurement can be minimized by measuring twitch forces (sin-
gle stimulation pulse) instead of tetanic forces [BMBT00]. This has
the advantage that experimentally measured twitch forces can be di-
rectly compared with nerve recruitment obtained from nerve models
[LGDO06]. As such, twitch force measurements from human volunteers
that are compared with the nerve recruitment from the TES model are
presented in this section. This comparison can be used to show which
of the tested nerve models (Table 3.4) are most suitable to be used for
TES.

4.3.1. Methods

4.3.1.1. TES Model

Nerve activation was calculated using the TES model introduced in sec-
tion 3.3 with the parameters that are summarized in the tree structure
below.
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FE model

| Geometry .....vviiiiiiiiiiiiiiiiia cylindrical geometry
Tissue thicknesses ..... standard values from Table 3.2
Tissue properties ...... standard values from Table 3.3
Electrode type ..ccevvevrrrrnnnennnnnn single electrodes
Electrode sizes ..........ccovviiiiiiinn... 5x5cm?
Electrode distance ..............coiiiiin, 11cm
| Fquation ......cieiiiiiiiiiiina... transient equation (3.16)
|_Stimulation pulse ............ monopolar current regulated
Amplitude ........iiiiiiiii 20mA
Duration .......coiiiiiiiiiiiiiiiiiiiian, 0.05ms - 2ms

_Nerve model
Model IDS t'uuviienninniiieeenaaneenn, A to D (Table 3.4)
TYPE o oiii i multiple nerve bundles
Axon diameter ...... bimodal with peaks at 6 ym and 13 um
Axon depth ........ ... il 0.2cm-1.1cm

In section 2.2.3 it was introduced that in humans axons with differ-
ent diameters are gathered in nerve bundles. Multiple nerve bundles
innervate muscles and these nerve bundles lie in different depth within
the body [Sta05]. The nerve model in the TES model was designed ac-
cordingly. It consisted of nerve bundles that had a length of 15 cm and
were centered under the cathode at depths (from fat-muscle interface)
between 0.2 cm and 1.1 cm with 0.1 cm spacing (see Figure 3.7). Each
of the ten nerve bundles consisted of 100 axons with diameters dis-
tributed according to the bimodal distribution in human nerve bundles
with peaks at 6 um and 13 um [RHK 94, PF07]. The minimal axon di-
ameter was 4 pm and the maximal diameter was 16 um. Axon models
A to D from Table 3.4 were used in the nerve bundles. Recruitment
Rec was defined as the percentage of axons that were activated in all
nerve bundles that consisted in total of 1000 axons (10 nerve bundles
each 100 axons). Axons with different diameters had different intern-
odal distances ranging from 0.4mm to 1.6 mm. The first nodes of all
axons in each nerve bundle were aligned with each other.

4.3.1.2. Experimental Measurements

Isometric twitch forces were measured in three human volunteers (age:
25-28, one female, two male) in order to compare recruitment-duration
curves with results from the TES model.

Monophasic, current regulated stimulation pulses were applied with
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the Compex Motion Stimulator [KPPMO02]. The electrodes (5x5cm?,
Compex hydrogel) were placed over the motor point of the Flexor Dig-
itorum Superficialis that articulates the middle finger as described in
section 4.2.1.2. In order to avert potentiation, 300 stimulation pulses
were applied prior to data capture.

The isometric twitch forces of the middle finger were measured with the
dynamic grasp assessment system (DGAS) [KPAT00]. Single stimula-
tion pulses with an amplitude of 20 mA and with PDs of 0.05, 0.1, 0.3,
0.5, 0.7, 1, and 2 msec were randomly applied every 2.5s to 5s. Each PD
was applied a total of six times (randomized). Each data series was nor-
malized to its maximal value in order to obtain recruitment-duration
curves.

4.3.1.3. Recruitment-Duration Curves and Time Constants

Simulated recruitment-duration curves were compared with experimen-
tally obtained recruitment curves by comparing the corresponding time
constants 7 [CBMO7]. The time constants 7g;, of the recruitment-
duration curves from the TES model were compared with the time
constants T.g, of the experimentally measured recruitment-duration
curves. Both time constants were calculated by fitting equation (4.1)
to the recruitment data as suggested in [CBMO7].

Rec = Recyar(1— e (PP=PDo)/Ty  fo0 PD > PDy  (4.1)
Rec = 0 for PD < PDyg

Rec is the recruitment, Recgy; is the value where the recruitment sat-
urates, PD represents the stimulation PD, PDy is the threshold PD
above which an AP is generated, and 7 is the time constant of the
rising recruitment. R-square (R?) values between the fitted curves and
the actual recruitment data were calculated and were above 0.995 what
indicated a reasonable accuracy of the fit.

4.3.2. Results and Discussion

The time constants s, (section 4.3.1.3) of the recruitment-duration
curves from the TES model were compared with the time constants 7.,
of the experimentally obtained recruitment-duration curves. The TES
models including axon model A, B, or C used a current amplitude of
90 mA and the TES model with axon model D used a current amplitude
of 20mA. The current amplitude for models A, B, and C had to be
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increased due to the higher motor thresholds of these axon models
(compare to Figure 4.6).

The normalized recruitment-duration curves obtained from simulations
are shown in Figure 4.9. The time constants 7, were 189 us with axon
model A, 164 us with axon model B, 19 us with axon model C, and
476 pus with axon model D. The experimentally measured recruitment
curves are shown in Figure 4.10. The time constants 7, of these curves
were 489 us in volunteer one, 240 us in volunteer two, and 380 s in vol-
unteer three. The time constants 7g;,, obtained with the TES model
containing axon models A, B, or D were within the 95% confidence
interval of the time constants 7.., obtained by experimental measure-
ments. g, using axon model C was more than a factor of ten shorter
than the shortest 7.z,.

Simulated Recruitment Curves

1 PSSk REREEE RRRREE .3 —_— 4
T g - - -
* x -

£ os8f :
E
H
g o6f i
§ —w— TES model with nerve model A, 90mA
= 04l = % = TES model with nerve model B, 90mA | |
E % TES model with nerve model C, 90mA
2 '=e="TES model with nerve model D, 20mA

0.2

0.5 1 1.5 2
Pulse duration [msec]

o
R

Figure 4.9. Simulated recruitment-duration curves (normalized) using TES
model with different axon models (A to D).

4.4. Conclusions

The surface and intramuscular potential distribution of the transient
FE model compared well with the measured electrical potentials in
three human volunteers. This is in agreement with a comparison pre-
sented in [LSDKO04]. By combining the FE model with different axon
models a TES model was built and compared with measurements on
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Experimental Recruitment Curves
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Figure 4.10. Recruitment-duration curves (normalized) of the middle finger
from experimental measurements measured in three human volunteers. The
stimulation amplitude was 20 mA.

human volunteers. Strength-duration curves and recruitment-duration
curves calculated by the TES model and different axon models were
compared with measurements. Only the TES model including axon
model D (MRG-model) compared well with the experiments. The
rheobasic currents using axon models A, B, and C were too high.
Until now axon model D (MRG-model) was exclusively used for im-
planted ES systems [LGDO06]. With the presented investigation it is
shown that the MRG-model can also be used to model transcutaneous
ES where the electrode-nerve distances are much larger than in im-
planted systems.
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Accuracy of AP
Prediction Methods in
TES

AP prediction (or threshold prediction) is a technique used to predict
APs using linear axon models. The benefits compared to more accurate
non-linear models are the cheaper computational costs of linear models
and that they are invertible [MMGO04] (i.e. the stimuli can be designed
based explicitly upon the desired output). This prediction is an approx-
imation and therefore afflicted by inaccuracies. These inaccuracies are
documented for implantable systems where the electrodes are small
(<0.2cm?) and the electrode-axon distance is also small (<0.4cm)
[WGD92, MMGO04]. However, for TES where electrodes and distances
are significantly larger these data is not available and are therefore
presented in this chapter.

One of the goals of TES systems is to selectively activate certain
nerves in order to accomplish a specific motor function, e.g. functional
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grasp [Nat79, Nat92, PGWK97, CC98| without co-activation of adja-
cent nerves, e.g. wrist flexors. The degree of selectivity of transcuta-
neous electrodes is influenced by many parameters such as electrode
sizes, the fat layer thickness or the nerve depth. In section 3.4.2.4 it
was introduced how the selectivity can be calculated using activation
volumes. The calculation of such activation volumes utilizes thresh-
old prediction methods (section 3.4.2.1) which use linear approxima-
tions of non-linear nerve models to predict nerve activation (section
3.4.1). These are therefore prone to inaccuracies. The simplest but still
powerful linear approximation is the AF (section 3.2.1.2, AF in Table
3.4) introduced by Rattay et al. [Rat88]. For implantable stimulation
systems with small electrode-axon distances Warman et al. [WGD92]
found that not only the AF at each axon node should be considered
but also an ohmic term due to currents from adjacent nodes. There-
fore, the use of a linear cable (LC) model (e.g., D¥ in Table 3.4),
which includes these ohmic currents, was proposed instead of the AF
[WGD92]. A detailed analysis of the accuracy of threshold predictions
(using AF and linear cable model) was presented in [MMGO04] and
[BMO06]. The relative errors between models were assessed for differ-
ent electrode sizes, electrode-axon distances, pulse durations, and axon
diameters. However, the investigated geometries and parameters were
chosen for implantable or invasive systems. Stimulation was from either
point sources or small electrodes (<0.2cm?) and short electrode-axon
distances (<0.4cm) were used (e.g. [SG06, MG02, PB9S]).

In this chapter the accuracy of two AP prediction methods (linear cable
model and AF) is quantified with relative threshold prediction errors
that were previously used in [WGD92, MMGO04]. The difference to the
previous publications is that the parameters chosen are common in
TES (larger electrodes between 1x1cm? and 7x7 cm?, larger electrode-
axon distances between 0.4cm and 3 cm) rather than for implantable
electrodes. Furthermore, a new spatial description of such prediction
errors is introduced (section 5.1.3). These spatial prediction errors are
of special importance in order to quantitatively define the accuracy
of activation volumes (activation volumes were introduced in section
3.4.2.1).
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5.1. Methods

5.1.1. TES Model

The parameters that were used for the TES model (section 3.3) are
summarized in the tree structure below.

FE model

I T°Yo 10 v oy cylindrical geometry
Tissue thicknesses ..... standard values from Table 3.2
Tissue properties ...... standard values from Table 3.3
Electrode type ........ccovviiinnnnn.. single electrodes
Electrode sizes ................ I1x1em? - 7x7cm?
Electrode distance .............ccoiiiiiinn. 11cm
|_Equation ............ooiiiiiiiiann transient equation (3.16)
[_Stimulation pulse ............ monopolar current regulated
Amplitude ..ot e 1
15 g v« PD

[_Nerve model
Model IDS ..ovvvvnnvnnennnnnnn. D, DP, and AF (Table 3.4)
TYPE teieiie multiple single axons
Axon diameter ............. ..o, 6 um and 16 um

One non-linear axon model (model D (MRG) in Table 3.4) and two
linear axon models (models D and AF in Table 3.4) were used to
describe nerve activation based on the potential distribution calculated
with the FE model. The axon models (12 c¢m long with axon diame-
ters between 6 um and 16 pm) were placed in the volume representing
muscle underneath the cathode (Figure 3.9).

5.1.2. Relative Threshold Prediction Errors

A method to predict nerve activation thresholds with linear nerve mod-
els was discussed in detail in [WGD92, MMGO04] and was reviewed in
section 3.4.1.

The error that occurs when linear nerve models are used to predict
nerve activation instead of non-linear nerve models can be expressed
with relative threshold prediction errors [WGD92, MMGO4]. These er-
rors were calculated for the linear cable model (model D¥ in Table 3.4)
and the AF (model AF in Table 3.4) with respect to the non-linear cable
model (model D in Table 3.4). Relative threshold prediction errors are
not constant, rather they are a function of the parameters of electrode
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size, nerve depth, pulse duration and axon diameter. In the presented
work parameters that are common in TES were used. Electrode sizes S
were 1x1cm?, 2x2cm?, 3x3 cm?, 5x5cm?, and 7x7 cm?. Nerve depths
L were 0.1cm, 0.6cm, 1.1cm, 1.6 cm, 2.1 cm, and 2.6 cm (nerve depth
was the distance from the fat-muscle interface to the nerve model and
is indicated in Figure 3.9 with the term AD (activation depth)). Stim-
ulation pulse durations PD were 0.1 msec, 0.2 msec, 0.3 msec, 0.5 msec,
and 1 msec. Axon diameters D were 6 um, 8.5 um, 11 ym, 13.5 um, and
16 um.

The threshold voltages VJE};;LC(Ith(S, L,PD, D)) of the TP for the lin-
ear cable model and V2sAF(1™(S, L, PD, D)) for the AF are com-
pared with the threshold voltages using standard values Sy, Lo,
PDy, and Dy, which are denoted V'5g”(I"(So, Lo, PDo, Do)) and

V%;’;"gF (It"(Sy, Lo, PDy, Dy)). Electrode size Sy was 3x3cm?, nerve
depth Ly was 1.1 cm, pulse duration PDj was 0.3 msec and axon diam-
eter Do was 11 um). The relative threshold prediction errors are defined
for the linear cable model (Equation (5.1)) and the AF (Equation (5.2)).

(Vth,LC o Vth,LC)

pte = 17 TR0 L 100[%) (5.1)
Vrpo
( th,AF _ th,AF)
pAF = I PO 4 100(%) (5.2)
Vrpo

5.1.3. Spatial Prediction Errors

In addition to the established relative threshold prediction errors a new
method that calculates absolute spatial prediction errors is proposed.
This spatial representation is especially useful to assess the accuracy of
the size of activation volumes.

The spatial prediction errors are calculated on a 2D axial cut as shown
in Figure 5.1. The cut was performed through the center of the cath-
ode. The cut of the activation volumes are denoted activation lines (AL)
(see Figure 5.1). The predicted activation line is a contour that was pro-
duced using the prediction threshold VTt}IQ’gc or VTH};,‘SF. The ”accurate”
activation line was calculated using non-linear axon models that were
placed perpendicular to the cutting plane (indicated with dots in the
left part of Figure 5.1) on a grid with 0.2 mm spacing as it was done in
[BMO06]. The ”accurate” activation line in Figure 5.1 encloses all axons
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that were activated and was constructed using the ”marching cubes”
algorithm [LC87]. The distances between the predicted and the ”ac-
curate” activation line (shown with arrows in the right part of Figure
5.1) indicate the local metric error of the prediction. These distances
were calculated by intersecting the normal vectors of one curve with
the second curve. The mean of all distances is denoted mean distance
and was used to quantify the spatial prediction error.

Electrode
Skin
Fal— /

Muscle

Predicted AL
calculated using
prediction threshold (V)

\ "Accurate” AL

calculated using
non-linear axon
models

Figure 5.1. In the left part of the image an axial cut of the cylindrical arm
model containing two activation volumes is shown. The cut goes through
the center of the electrode. One activation volume on the cutting plane was
produced using a prediction threshold (predicted activation volume) and the
second one was generated using non-linear axon model (”accurate” activation
volume). In the right part of the image the arrows indicate the inaccuracy
of the predicted activation volume. The mean of the length of all arrows is
denoted mean distance and was used to quantify spatial prediction errors.

5.2. Results

5.2.1. Relative Threshold Prediction Errors

Relative threshold prediction errors for the linear cable model EX¢ and
the AF EAF were calculated for different electrode sizes S, nerve depths
L, pulse durations PD, and axon diameters D (see Tables 5.1, 5.2, and
5.3). Predictions with the linear cable model produce smaller errors
compared to predictions using the AF. Relative threshold prediction
errors for different electrode sizes and nerve depths are largest for stim-
ulations with small electrodes close to the axon (Table 5.1 (linear cable)
and 5.2 (AF)). The threshold prediction errors for the tested pulse du-
rations and axon diameters (Table 5.3) are larger than the threshold
prediction errors for the tested electrode sizes and nerve depths.
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ELC (%) Electrode size (S)
I1xlcm? | 2x2cm? | 3x3cm? | 5x5cm? | 7x7cm?
0.1cm 19.08 -1.24 4.51 6.34 6.90
g 0.6 cm 10.59 3.60 -1.14 -4.12 -2.89
= lLlcm 7.32 3.87 0.00 -4.90 -5.30
é 1.6 cm 1.62 -0.99 -0.85 -5.12 -6.09
A 2.1cm 9.72 -3.00 -2.51 -5.52 -5.35
2.6 cm 12.60 -2.55 -2.46 -4.42 -5.94

Table 5.1. Relative threshold prediction errors E*C [%] of linear cable
model for different nerve depths L and electrode sizes S for fixed pulse du-

ration PD = 0.3msec and axon diameter D = 11um.

EAF (%] Electrode size (S)
1x1cm? [ 2x2cm? [ 3x3cm? [ 5x5cm? 77 cm?
0.1cm 51.25 8.47 26.47 29.97 29.70
g 0.6 cm 25.17 9.71 -2.68 -4.08 -0.99
o Llcm 9.73 4.83 0.00 -6.75 -6.68
2 _L6em 3.78 0.87 -1.81 -6.09 -7.80
A 21lcm -3.04 -2.91 -4.04 -6.11 -7.53
2.6 cm -7.02 -4.44 -5.21 -5.89 -7.57

Table 5.2. Relative threshold prediction errors E4Y [%] of AF for different
nerve depths L and electrode sizes S for fixed pulse duration PD = 0.3msec

and axon diameter D = 11um.

Pulse duration (PD)
0.1 msec [ 0.2 msec [ 0.3 msec [ 0.5 msec [ 1 msec
EIC% 144.81 36.13 0 -28.26 | -47.63
EAT % 144.81 36.13 0 -28.26 | -47.63
Axon diameter (D)
6 um [ 8.5 um [ 11 pm [ 13.5 um [ 16 pm
ELC% 394.73 80.56 0 -32.20 | -52.52
EAF % 394.73 80.56 0 -32.20 | -52.52

Table 5.3. Relative threshold prediction errors E*¢ and E4Y [%] for dif-
ferent pulse durations PD and axon diameters D for fixed electrode size

S =3x3cm? and nerve depth L = 1.1cm.
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MD for LC Electrode size (S)
[mm] I1xlem? | 2x2cm? | 3x3em? | 5x5cm? | 7x7cm?
0.1cm 0.12 -0.06 0.18 0.23 0.25
g 0.6 cm 0.21 0.11 -0.05 -0.37 -0.21
= llcm 0.16 0.12 0 -0.39 -0.71
é 1.6cm 0.04 -0.04 -0.04 -0.42 -0.75
A 2lcm 0.34 -0.14 -0.14 -0.48 -0.63
2.6 cm 0.54 -0.17 -0.16 -0.42 -0.79

Table 5.4. Spatial prediction errors described by mean distances (MDs)
[mm] using prediction based on linear cable model with different nerve depths
L and electrode sizes S for fixed pulse duration PD = 0.3msec and axon
diameter D = 11uym.

5.2.2. Spatial Prediction Errors

The spatial prediction errors were described with mean distances as
introduced in section 5.1.3 and are obtained by comparing a predicted
activation line with an ”accurate” activation line in a 2D plain (see
Figure 5.1). Table 5.4 shows mean distances between the activation
line produced using the non-linear (MRG) model (”accurate” activation
line) and the predicted activation line produced using the linear cable
model. In Table 5.5 the mean distances for the prediction using the AF
is shown. In those two tables the mean distances were calculated for
different electrode sizes and nerve depths. Table 5.6 contains the mean
distances for pulse duration and axon diameter changes. In all tables
positive distances [mm] mean that the predicted activation line was
larger (overestimated) and negative distances mean that the predicted
activation line was smaller (underestimated) than the activation line
calculated using the non-linear axon models. Spatial prediction errors
for changing pulse durations and axon diameters are larger than errors
obtained for different electrode sizes and nerve depths which agrees
with the results using the relative threshold prediction errors (section
5.2.1). The spatial prediction errors for different electrode sizes and
nerve depths are below 1mm with both prediction methods (Tables
5.4 and 5.5). However, they are up to several millimeters (9.92 mm) for
different pulse durations and axon diameters (Table 5.6).
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MD for AF Electrode size (S)
[mm] Ixlem? | 2x2cm? | 3x3cm? | 5x5cm? | 7x7cm?
0.1cm 0.35 0.15 0.59 0.67 0.65
g 0.6 cm 0.42 0.29 -0.12 -0.37 -0.06
= llcm 0.2 0.16 0 -0.57 -0.93
é 1.6cm 0.11 0.03 -0.09 -0.51 -0.99
A 2l1cm -0.11 -0.13 -0.22 -0.53 -0.97
2.6cm -0.33 -0.24 -0.33 -0.56 -0.96

Table 5.5. Spatial prediction errors described by mean distances (MDs)
[mm] using prediction based on AF for different nerve depths L and electrode
sizes S for fixed pulse duration PD = 0.3msec and axon diameter D = 11um.

Pulse duration (PD)
0.1 msec [ 0.2 msec [ 0.3 msec [ 0.5 msec [ 1 msec
MD for LC [mm] 3.19 1.32 0 -1.54 -3.01
MD for AF [mm)] 4.72 1.47 0 -1.51 -2.89
Axon diameter (D)
6pm | 85um | 1lpm | 13.5um | 16 um
MD for LC [mm] 5.02 2.42 0 -1.79 -3.43
MD for AF [mm)] 9.92 2.97 0 -1.78 -3.33

Table 5.6. Spatial prediction errors described by mean distances (MDs)
[mm] using prediction with linear cable model and AF for different pulse
durations PD and axon diameters D for fixed electrode size S = 3x3cm and

nerve depth L = 1.1cm.




5.3. Discussion 79

5.3. Discussion

Relative threshold prediction errors were proposed to estimate the ac-
curacy of predictions with linear nerve models [WGD92, MMGO04]. For
implantable systems, where usually single nerve bundles close to the
small stimulation electrode were investigated, such a definition is suf-
ficient. However, in TES where nerves are expected at different places
within a human limb, a spatial definition of the prediction errors is
more powerful. The spatial prediction errors (defined in section 5.1.3)
indicate how much larger or smaller the activation volume actually is
when a more precise non-linear nerve model is used. The relative pre-
diction errors as used in [WGD92, MMGO04] were for example as high
as 51.25% (Table 5.2) although the spatial errors were only 0.35 mm
(Table 5.5). This indicates that spatial threshold prediction errors are
more illustrative for TES.

Spatial prediction errors were assessed in a plane (2D) on activation
lines and not in 3D on activation volumes. The reason is that non-
linear axon models that are only oriented in axial direction cannot be
used to calculate an activation volume. An AP elicited at one node of a
non-linear axon will propagate over the whole axon; even at nodes that
would not be activated by the applied stimulation current. Therefore,
a non-linear axon that passes a region where nerves are activated will
be entirely activated. The only way to use non-linear axons to gener-
ate an activation volume would be to place all axons tangentially to
the activation volume. However, this would mean that axons are no
longer only oriented in axial direction, and that the orientation of an
axon would be determined by the shape of the activation volume itself.
This was not done because the simulation results were aimed not to
be influenced by the axon orientation (only axially oriented axons were
allowed).

Prediction errors for varying pulse durations and axon diameters are
too large (up to 9.92mm) for accurate predictions (Tables 5.3 and 5.6).
Therefore, also in TES models either a lookup table or a curve fit
as described in [BMO6] is required for predictions with varying pulse
duration and axon diameter. Such lookup tables for the two tested
linear nerve models are provided in Tables 3.5 and 3.6.

Spatial prediction errors increase for smaller electrode sizes (Table 5.4
and 5.5). The identified reason is that the number of activated nodes
on the nerve models change with respect to electrode size. Smaller
electrodes stimulate less axon nodes simultaneously what results in a
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higher activation threshold in non-linear models [RACS98]. This effect
is not reproduced when using a constant prediction threshold in linear
models and results in the prediction errors shown in Tables 5.4 and
5.5. This effect is mainly observed for nerves at less than 1.1 cm depth
because the currents are spreading out quickly with depth.

The prediction errors also increase for smaller nerve depths (Tables 5.4
and 5.5). The reason is the same as found with different electrode sizes,
a different number of axon nodes is activated for different nerve depths.
For both, the electrode size and the nerve depth, the prediction using
the linear cable model is slightly more accurate than the prediction
using the AF (see Tables 5.4 and 5.5). However, the spatial prediction
errors for both methods are always below 1 mm for the tested electrode
sizes and nerve depths. Therefore, linear nerve models can be used for
these parameters.

5.4. Conclusions

Threshold prediction errors for a linear cable model and the AF were
investigated. It was found that threshold predictions for changing pulse
durations and axon diameters require a lookup table or a curve fit for
accurate predictions. For the tested electrode sizes and nerve depths
spatial prediction errors are small (<1mm). Thus, linear models can be
used to produce activation volumes in TES.
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Overview

In this part the TES model introduced in chapter 3 is used to quantify
the influences of different tissue properties on nerve activation. The
aim is to identify the parameters that have a large influence on nerve
activation. This indicates which parameters and tissue structures are
important in TES models and which parameters can be neglected.
Chapter 7 analysis the influences of macroscopic tissue properties
within six sections:

Section 7.1 investigates the influence of the tissue permittivities
and if the capacitive effects can be neglected in TES.

Section 7.2 investigates tissue resistivities with a focus on the
non-linearity of the skin resistivity.

Section 7.3 quantifies the influence of the complex tissue compo-
sition compared with simplified geometries like cylinders.

Section 7.4 analyzes the impact of tissue inhomogeneities.
Section 7.5 shows the influence of tissue layer thicknesses.

Section 7.6 investigates the influence of the electrode-axon dis-
tance and the azon diameter.
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After the focus on the macroscopic influences in chapter 7, the influence
of a nerve bundle’s microscopic structure on nerve activation is analyzed
in chapter 8.

In chapter 9 the results of the analyzed influences are summarized and
it is concluded on which parameters have the largest effect on nerve
activation in TES.



Electrical Tissues
Properties and Tissue
Composition

7.1. Tissue Permittivities (Capacitive Effects)

According to Plonsey et al. [PH67] capacitive effects in biological tissues
can be neglected when modeling electromagnetic fields. This hypothesis
is used in most recent TES models [MH90, RMMRO04]. However, a
review of material properties [GLG96] showed that the permittivities
of the bulk tissues used in Plonsey’s study were chosen too low. As a
consequence Plonsey’s argumentation which was based on inequality

(7.1) is no longer valid.
WEQE

<1 (7.1)

g

In Equation (7.1) w is the angular frequency, 9 = 8.854 x 1072 F/m is
the permittivity of vacuum, &, is the relative permittivity and o denotes
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Tissue Type weper /o
Skin 0.03 - 10.01
Fat 0.0008 - 1.67
Muscle 0.01 - 0.69
Cortical Bone 0.006 - 0.01
Bone Marrow 0.004 - 0.01

Table 7.1. Capacitive effect criteria (7.1) evaluated with range of tissue
properties from Table 3.3 and a frequency of 1kHz.

the conductivity of the tissue. Evaluating the left hand side of Equation
(7.1) using the range of permittivities and resistivities given in Table
3.3 and a frequency of 1kHz leads to the ranges of values in Table 7.1.
Inequality (7.1) is not always fulfilled and as a result the capacitive
effects of the bulk tissues may have an effect and need further inves-
tigation before being neglected. In particular Stoykov et al. [SLTKO1]
found that the capacitive effects may have a considerable impact on
EMG signals, which are in the same frequency range as TES pulses.
For deep brain stimulation Butson et al. showed that the capacitance
of the electrode-tissue interface has an influence on neural activation
[BM05, BCHMO7]. In this section the influence of the capacitive effects
in TES is analyzed.

7.1.1. Methods

The parameters that were used for the TES model (section 3.3) are
summarized in the tree structure below.
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FE model

| Geometry .....vviiiiiiiiiiiiiiiiia cylindrical geometry
Tissue thicknesses ..... standard values from Table 3.2
Tissue properties ...... standard values from Table 3.3
Electrode type .....eevvuuuunnnnnnnnn. single electrodes
Electrode sizes ..........ccovviiiiiiinn... 5x5cm?
Electrode distance ...............ooviiiinn. 11cm
| Fquation ......cieiiiiiiiiiiina... transient equation (3.16)
|_Stimulation pulse ............ monopolar current regulated
Amplitude ...........iiiiiiiiiiiiiiiia, 5mA - 20mA
Duration .......coiiiiiiiiiiiiiiiiiiiian, 0.05ms - 2ms

_Nerve model
Model ID uvvitetiniii et D (Table 3.4)
TYPE ceveveniennenn multiple nerve bundles (see Figure 3.7)
Axon diameter ...... bimodal with peaks at 6 ym and 13 um
Axon depth ........ ... il 0.2cm-1.1cm

The influence of the capacitive effects on nerve activation was inves-
tigated by changing the permittivities within the range of reported
values in TES (Table 3.3). Nerve activation was quantified by calcu-
lating the nerve recruitment (REC) (section 2.2.4.1) for a current am-
plitude and a pulse duration that are commonly used in TES (15mA
and 0.3msec). Furthermore, recruitment-(pulse)duration curves (sec-
tion 2.2.4.1) of models including the capacitive effects were compared
with models neglecting the capacitive effects.

7.1.2. Results

The influence of the capacitive effects of the different tissues (range
given in Table 3.3) on Rec is shown in Table 7.2. Permittivity changes at
the electrode-skin interface had no influence on Rec (< 0.1%). Skin and
fat permittivities changed Rec by less than 2%. The muscle permittivity
had the largest influence with 4.8%. Recruitment-duration curves were
therefore calculated for the published range of muscle permittivities
(Table 3.3) in order to identify an upper limit for the influence of the
capacitive effects.

The recruitment-duration curves for the smallest and largest muscle
permittivity are depicted in Figure 7.1. The curves show the percent-
age of axons that are activated in the nerve model for different pulse
amplitudes and durations. The influence on the time constants 7.,
(defined in section 4.3.1.3) was largest for small pulse amplitudes. For
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Permittivity sensitivity (e,)
Electrode-skin interface (1 to 2000k) | 0.1%
Skin (from 1k to 30k) 1.6%
Fat (from 1.5k to 50k) 1.8%
Muscle (from 100k to 2500k) 4.8%
Cortical bone (from 2.4k to 3.6k) 0.9%
Cone marrow (from 8k to 12k) 0.4%

Table 7.2. Influence of published range of permittivities on recruitment
(REC).

5mA pulses the time constant changed from 408 ps to 433 us (6%) when
increasing the permittivity from 1.2e5 to 25e5. However, the changes
in recruitment due to the capacitive effects of the muscle are small
compared to changes in recruitment caused by pulse duration or pulse
amplitude changes.

Figure 7.1 also shows the recruitment-duration curve described by a
FE model that uses Laplace’s Equation (3.17) (static equation). It can
be seen that the curves are nearly congruent with the curves obtained
using the transient model considering the permittivities.

7.1.3. Discussion and Conclusions

The high variability of the electrical properties of the electrode-skin in-
terface and the published bulk tissue capacitances were found to have a
minor influence on recruitment in TES (Figure 7.1). Therefore, the ca-
pacitive effects can be neglected, which is equivalent to setting the time
derivative term in equation (3.16) to zero which yields the Laplace equa-
tion. However, a dynamic model is necessary for the following cases:

e Investigations of time dependent voltage drops in the skin layer
(which have a slow rise time): Such investigations are relevant
if new pulse stimulation technologies, as for example presented
in [JMO5], are developed. For such cases a transient model al-
lows one to optimize the power consumption because both the
time dependent currents and the time dependent voltages can be
simulated (P(t) = U(t) x I(t)).

e Investigation of voltage regulated stimulation: It is important to
note that only a transient simulation is able to produce reason-
able values for the extracellular potential at the axon for voltage
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Figure 7.1. Recruitment-duration curves for different pulse amplitudes and
the minimal and the maximal muscle permittivity (Table 3.3). Also shown are
recruitment-duration curves calculated with a model using Laplace’s Equa-
tion (3.16) (static equation). The changes produced by the capacitance (per-
mittivity) are seen to be small.

regulated stimulation. The voltage drop in the skin layer increases
over time because of the high skin capacitance [DR99] and thus
the extracellular potential at the nerve significantly drops during
the applied course of the pulse. This was also depicted in Figure
3.4.

7.2. Tissue Resistivities

7.2.1. Non-linearity of Skin Resistance

In applications where surface electrodes are used for ES (e.g. rehabil-
itation of stroke subjects, sports, ...) the electrical impedance of the
skin influences the electrical potential distribution. The knowledge of
the electrical tissue properties of the skin is important for the design
of electrical stimulators because it influences the maximally required
power and it is also fundamental for TES models in order to accurately
describe the potential distribution and nerve activation. It is known
that the skin impedance is a nonlinear function of the current density
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[Lyk71, YY81]. However, in the combined TES model (section 3.3) and
in models described in literature (section 1.2) the skin is modeled with
constant resistivity neglecting the non-linearity of the skin. In this sec-
tion it is quantified how much the non-linear skin properties influence
nerve activation in order to accept or reject the use of a constant skin
resistivity in models.

The non-linear skin resistivities were measured in humans for current
densities up to 5mA/cm? [DR99]. For large electrodes (e.g. 5x5cm?)
such current densities are sufficient. However, when using smaller elec-
trodes (e.g., on array electrodes) higher current densities can be re-
quired. We performed experimental measurements on human volun-
teers in order to obtain skin resistivities also at higher current densities
(up to 15mA/em?).

In vivo the skin resistivity cannot directly be measured. A way to ob-
tain the skin resistivity is by using an equivalent network model which
is tuned to give the measured current-voltage response [vB77, Lyk71].
Such a network model (see Figure 7.2) consists of a capacitor Csg;y, in
parallel with a resistor Rsx;, representing the skin and a series resis-
tor for the plain resistive part (fat, muscle). Polarization voltage Cpy
and interface resistance Rp,; from the electrode skin interface can be
neglected in surface electrical stimulation [DR99].

Rskin

Rbody CPIc‘-I Rerol

Cskin

Figure 7.2. Equivalent circuit to model skin (Rskin, Cskin) and deep tis-
sues (Rpody). Cpror and Rpo can be neglected in transcutaneous electrical
stimulation [DR99].

7.2.1.1. Methods

Measurements Experimental measurements were undertaken in
three female and four male volunteers with surface self adhesive
electrodes (5x5cm?) and a current regulated electrical stimulator
[KPPMO02]. A long pulse duration of 5ms was applied in order to see
the capacitive charging of the skin. The voltage V;,: (compare to Figure
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3.4) was recorded using a digital oscilloscope. The stationary value of

the capacitive charging of V;,; is denoted V;yt. Rskin Was then obtained

Viot— Vo
using equation Rggin = t}ibdy where Iy, is the stimulation ampli-

tude (Vioay is the voltage across Rpoqy). To obtain the non-linear rela-
tionship between the skin resistance and the current amplitude the skin
resistance Rgi;, was calculated at different current amplitudes. From
the skin resistance Rgy;iy, the skin resistivity pskin can be calculated by
assuming a certain thickness of the skin using psxin = RS’*&”i*Ad“ where
A,jec 18 the electrode area and dgp;,, is the skin thickness. A skin thick-
ness of 1.5 mm was assumed. This agrees with mean values of human
forearms (see Table 3.2 [Sta05]).

Simulations The same TES model and parameters as described in
section 7.1.1 were used.

The non-linearity of the skin was incorporated into the model by apply-
ing the maximal range of measured skin resistivity values to the model
and by comparing the resulting nerve activations. This yielded the max-
imal error that can be expected when neglecting the non-linearity of the
skin resistivity. In order to quantify the error, the current amplitude to
stimulate an axon at a certain depth I*"(L, D) (see section 3.4.2.3) was
calculated for the maximal (16.78 k{¥m) and minimal (585 Qm) skin
resistivity obtained from experiments.

7.2.1.2. Results

Measurements The dependence of the skin resistance on the cur-
rent density is depicted in Figure 7.3. The charts show the mean and
standard deviation amongst the 7 human volunteers. The resistance
starts at high values for low current densities and becomes smaller for
higher densities. The found resistivities for different current densities
are in agreement with other experimental publications [Lyk71, DR99].

Simulations The maximal range of skin resistivities obtained exper-
imentally was applied to the TES model. For the maximal resistivity
(16.78 kQm) 1" (0.2 em, 11 pim) was 19.8525 mA and I**(1.6 cm, 11 um)
was 43.8139 mA. For the minimal resistivity (585 Qm) I*"(0.2 em, 11 um)
was 19.8541mA and I*"(1.6cm, 11 um) was 43.8268 mA. Expressing
this influence of the skin resistivity in percentages yields values below
0.01%. This demonstrates that nerve activation is very similar whether
the non-linearity of the skin resistivity is considered or not.
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Skin Resistivity for Different Current Densities

Skin Resistivity for Different Current Densities

Resistivity [kam]

0 0‘.2 014 0‘6 0‘.8 1‘ 1‘.2 1‘.4 1‘.6 1‘.8 2 0 ‘2 “‘ ‘6 ‘8 1‘0 1‘2 1‘4 16
Current Density [mA/cm?] Current Density [mA/em?

Figure 7.3. Non-linear behavior of skin resistivity versus the current density

measured experimentally on 7 human volunteers. Two charts are provided

for visual clarity where the left one shows the skin resistivity for low current
densities and the right one for high current densities.

7.2.1.3. Discussion and Conclusions

The influence of the skin non-linearity on a TES simulation was investi-
gated. It was found that the non-linearity of the skin resistivity can be
neglected if only nerve activation is of interest. However, if the voltage
on the electrodes is also of importance the non-linearity of the skin has
to be incorporated (e.g., voltage regulated stimulation, see Figure 3.4
and the Discussion of section 7.1).

7.2.2. Common Resistivity Changes

In this section the impact of the tissues’ resistivity variability that can
be expected in humans on nerve activation is analyzed. These resistivity
changes are investigated for two reasons: They give information about
the influence of the biological diversity on electrical stimulation and
also establish the sensitivities of the model for different parameters.

7.2.2.1. Methods

The parameters that were used for the TES model (section 3.3) are
summarized in the tree structure below.
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FE model

| Geometry .....vviiiiiiiiiiiiiiiiia cylindrical geometry
Tissue thicknesses ..... standard values from Table 3.2
Tissue properties ...... standard values from Table 3.3
Electrode type .....eevvuuuunnnnnnnnn. single electrodes
Electrode sizes ..........ccovviiiiiiinn... 3x3cm?
Electrode distance ...............ooviiiinn. 11cm
| FqQuation .....o.eiiiiiiiiiiiiiiian., static equation (3.17)
|_Stimulation pulse ............ monopolar current regulated
Amplitude ...........iiiiiiiiiiiiiiiia, 5mA - 20mA
Duration .......coiiiiiiiiiiiiiiiiiiiian, 0.05ms - 2ms

_Nerve model
Model ID uvvitetiniii et D (Table 3.4)
TYPE ceveveniennenn multiple nerve bundles (see Figure 3.7)
Axon diameter ...... bimodal with peaks at 6 ym and 13 um
Axon depth ........ ... il 0.2cm-1.1cm

Laplace’s equation was employed to describe the static potential distri-
bution because it was shown in section 7.1 that the capacitive effects
can be neglected. Individual tissue resistivities were adapted in order
to investigate the influence of resistivity changes on nerve activation.
The resistivities were set to the maximal and minimal published values
given in Table 3.3 and +10% changes from the values in Table 3.2 were
used in order to obtain the sensitivities. In order to quantify the influ-
ence of resistivity variations, the current to stimulate a certain depth
I'"(L, D) (section 3.4.2.3), the selectivity SEL (section 3.4.2.4), and
the chronaxie 2.2.5 were calculated.

7.2.2.2. Results

The influence of the tissue resistivities on nerve activation was inves-
tigated. Table 7.3 shows the simulation results for the maximal range
of resistivities and Table 7.4 for the +10% resistivity changes. The sec-
ond row of the tables (italic numbers) contains the simulation results
when parameters of Table 3.3 were used. Below the calculated values
are shown for changes in the specified tissue resistivity for minimal
and maximal resistivity (or 10% changes). The percentage values are
relative changes to the value calculated using standard values.

The influence of resistivity changes on the selectivity and the chronaxie
are little (<2%). Only threshold current I**(0.1 cm, 11 um) for changes
in the muscle resistivity were larger. The resistivity of the muscle di-
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rectly influences the nerves’ extracellular potential and showed there-
fore the biggest sensitivity.

Threshold current I*"(L, D) was also calculated for deeper nerves but
the results are very similar to the ones depicted in the two Tables (7.3
and 7.4) and are therefore not shown.

7.2.2.3. Discussion and Conclusions

The skin and fat resistivities were found to have a little influence on
nerve activation (Table 7.3). The main reason for the observed little in-
fluence is the perpendicular current flow through the skin and fat layers
which is caused by the higher resistivities (of skin and fat compared to
muscle) in those layers. A change of the skin or fat layer resistivity only
changes the voltage drop within the layer but not the current distribu-
tion in the underlying muscle layer. As a consequence, changes of the
skin and fat resistivities have only a minor influence on nerve activation
when using current-regulated TES. This is an advantage for the prac-
tical application of current regulated TES, because similar stimulation
parameters can be used for different persons. Changes in muscle resis-
tivity had the largest influence on nerve activation (Table 7.3). This
was expected because a change of the muscle resistivity directly affects
the axons’ extracellular potential.

7.3. Detailed Anatomical Model (Segmentation from
MRI)

The goal of this section is to find out weather anatomically based vol-
ume conductor models are necessary to describe nerve activation in
TES or if the use of geometrical approximations (e.g. cylindrical) is
sufficient.

Often simplified geometries are used to describe the complex hu-
man anatomy [LEM00, LEM01, TNKO07]. However, advanced model-
ing techniques allow the inclusion of more and more anatomical de-
tails into volume conductor models. Reichel et al. investigated the
stimulation of denervated muscles and developed models of the hu-
man thigh. First they used 2D models [RMR99] and later 3D mod-
els [RBMR02, MRRMO04] to predict supra-threshold regions within the
muscle. McIntyre et al. used a 3D volume conductor model of the spinal
cord [MGO02] to find optimal waveforms for stimulation. The anatomi-
cally accurate representation of the spinal cord was found to be impor-
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tant. Lowery el al. [LSDKO04] developed an anatomically based model
of the upper arm to investigate features of surface EMG signals. The
validation of her model was done by using electrical stimulation and is
therefore mentioned here. A main result in Lowerys’ publication was
that a cylindrical representation of the upper arm is sufficient to de-
scribe the surface EMG signal. These two examples of Reichel el al. and
Lowery et al. show that it is anatomy and application dependent if the
geometry can be simplified or if the additional effort of constructing
anatomically based geometries is required. In this section it is investi-
gated if anatomically based geometries are required in a TES model.
Three forearm geometries were constructed based on MRI scans of three
volunteers. Simulated nerve activation in the anatomically based ge-
ometries was compared with simulated nerve activation in cylindrical
models.

7.3.1. Methods

Anatomically based geometry MRI scans of the forearms of three
volunteers (two male and one female) were carried out with a Philips
1.5T scanner. The resolution of the acquired images was 0.5 mm. Three
realistic model geometries were built from these MRI scans by segment-
ing the different tissue structures (skin, fat, muscle, cortical bone, and
bone marrow). For the segmentation the MRI slices were loaded into
the software package Amira (Visage Imaging Inc., Carlsbad, CA USA).
Automatic segmentation worked for the high contrast regions (bones),
however manual segmentation had to be used to segment all regions
correctly. After the segmentation the contour lines of each MRI slice
were imported into Rhinoceros (Robert McNeel & Associates, Seattle,
WA USA), where for each tissue type a closed geometric volume model
was built using the ”lofting”-technique (consult Rhinoceros manual).
The volumes were exported to ACIS-files (.sat) that were then imported
into ANSYS (EMAG, Ansys Inc., Canonsburg, PA). ANSYS created
the FE mesh (Figure 7.4).

The thin skin layer was not segmented from the MRI scans because
the contrast was poor (due to the low water content) and the accu-
racy would have been unsatisfactory. Instead a constant 1.5 mm layer
covering the fat layer was added in Rhinoceros. This procedure can be
justified with the simulation results where it was observed that skin
thicknesses of 1 mm - 3mm have only a small influence on nerve acti-
vation (see section 7.5).



98 Chapter 7: Electrical Tissues Properties and Tissue Composition

Contour Lines

Ansys Volumes

Figure 7.4. Shows the process from MRI scan to FE model (MRI, segmen-
tation, contour lines, parameterized volume model with added stimulation
electrodes, meshed geometry).

Two stimulation electrodes (2.5x2.5 cm?) were placed on the skin layer
using the CAD software SolidWorks (SolidWorks Corporation, Con-
cord, MA USA). Afterwards the volumes (including the electrodes)
were imported into ANSYS. The size of the electrodes and the dis-
tance between the electrodes was chosen the same as for the cylindrical
model.

Cylindrical geometry For the multiple layer cylindrical geometry
(section 3.1.5.1) the standard thicknesses from Table 3.2 were used.
Only the fat layer was adjusted to the mean fat thickness of the anatom-
ically based models in order to compare the anatomically based ge-
ometries with the cylindrical geometry. The mean fat thickness in the
anatomically based models was measured under the area covered by the
cathode using custom software that was developed using VTK (Kitware
Inc., NY). The mean thickness was the distance between the skin-fat
interface and the fat-muscle interface. The mean fat thicknesses were
3.7mm (volunteer 1), 1.5mm (volunteer 2), and 2.3 mm (volunteer 3).
The mean of those three values (2.5 mm) was used as fat thickness in
the cylindrical geometry.
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Calculation of Nerve Activation Nerve activation was calculated
using the TES model introduced in section 3.3 with the parameters
that are summarized in the tree structure below.

FE model

| Geometry .............. anatomical and cylindrical geometry
Tissue thicknesses ..... standard values from Table 3.2
Tissue properties ...... standard values from Table 3.3
Electrode type ......covviiviiiiinnnnn single electrodes
Electrode sizes .........cciiviiiiiiinn.n. 3x3cm?
Electrode distance ............ccoiiiviinn. 11cm
| _Equation ............ ..o, static equation (3.17)
[_Stimulation pulse ............ monopolar current regulated
|: Amplitude .......iiiiiiiii 30mA
Duration ...........cciiiiiiiiiiii i 300 ps

[_Nerve model
L Model ID ..vovivrrieiiie i AF (Table 3.4)

In order to compare nerve activation in the anatomical model with
nerve activation in the cylindrical model AFs (section 3.2.1.2) and ac-
tivation volumes (section 3.4.2.1) were calculated.

Figure 7.5. The interpolation line along which the AF was calculated in all
three anatomical models was placed 0.5 cm below the fat/muscle interface.

In order to allow the comparison of the activation volumes of the
anatomical geometries with the cylindrical geometry, a transformation
between the geometries was required. Activation underneath the cath-
ode was of interest. The transformation to make the cathode of the
anatomical geometry congruent with the cathode of the cylindrical ge-
ometry was determined and applied in VTK (Kitware Inc., NY) (see
Figure 7.8). Activation volumes calculated using the anatomical geom-
etry were compared to activation volumes calculated using the cylindri-
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cal geometry with mean distances which are calculated in the following
way. Distances between two activation volumes are calculated by inter-
secting the surface normal vectors of one surface with the second surface
(Figure 7.6). The distances between the base points of the normal vec-
tors and the intersections were averaged and denoted mean distance.
The activation volumes were produced for the thickest axon diameter

Figure 7.6. Two surfaces representing the boundary of two activation vol-
umes and the distance vectors between the two surfaces indicated by arrows.
The mean of all distance vectors is defined as mean distance (MD).

of 16 pm what corresponds to motor threshold activation (Figure 2.6)
(see section 4.3.1.1 or [RHK 194, PF07]).

7.3.2. Results

AF The AFs along the modeled nerve line under the cathodes are
shown in Figure 7.7. Amongst the anatomically based models the maxi-
mal variation was 20.4%. Volunteer 1 had the thickest fat layer (3.7 mm)
and the lowest activation in the simulation, volunteer 2 had the thinnest
fat layer and the highest activation in the simulation, and volunteer 3
was in between with both the fat thickness and the activation. This
indicates that thicker fat layers result in lower values of the AF.

The cylindrical geometry was generated using the mean fat thickness
of all anatomical models. The mean of the peak values of the AFs sim-
ulated using the anatomical models is 1.029 (Figure 7.7) and the peak
AF simulated using the cylindrical geometry was normalized to 1. The
difference between the anatomical geometry and the cylindrical geom-
etry was therefore 2.9%. This shows that the peak AFs of anatomical
models and cylindrical models are similar and that it is therefore valid
to replace anatomical models with cylindrical models.
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Figure 7.7. Comparison of the AF calculated using the three anatomical
(MRI) models with the AF calculated using the cylindrical geometry.

Activation volume (AV) The sizes of the three activation volumes
that were calculated using the anatomical geometries were compared
with each other. Mean distances between two activation volumes were
calculated for the three possible combinations. These mean distances
are —0.7+1mm, —0.5+0.9mm, and —1.1+0.8 mm. These calculations
show that the simulated activation volumes of the different anatomical
models are very similar.

The three activation volumes of the anatomical models were also com-
pared with the activation volume of the cylindrical model. The mean
distances were —0.5+£0.5 mm, —0.6 £ 1 mm, and 0.1£0.4 mm. Detailed
results of the activation volumes that compared the worst (—0.6+1 mm)
are depicted in Figure 7.8. The top right picture shows the activation
volume (blue) of the anatomical geometry (volunteer 2) and the activa-
tion volume (white) of the cylindrical geometry. The plot at the bottom
of Figure 7.8 shows the histogram of the distances between the blue and
the white activation volume (see also Figure 7.6). Most distances are
less than 2.5 mm what is small compared to the size of the two activa-
tion volumes (50220233 mm?). This indicates that activation volumes
produced using a cylindrical geometry are very similar to activation
volumes produced using anatomical geometries.



102 Chapter 7: Electrical Tissues Properties and Tissue Composition

40

Number of Points

30

0 L L
-3 -25 -2

15 -1 05 0 05 1 15 2
Site specific change [mm]

Figure 7.8. Comparison of the activation volume calculated using anatom-
ically based (MRI) geometry (volunteer 2) with an activation volume calcu-
lated using the cylindrical geometry. Upper left image depicts the overlayed
two geometries (red: anatomically based geometry, green: cylindrical geome-
try). Upper right image shows the two activation volumes (blue: anatomically
based, white: cylindrical), and the bottom chart shows the histogram of the
distances between the two activation volumes (compare to Figure 7.6).

7.3.3. Discussion and Conclusions

An anatomical geometry was built using MRI scans. The main human
tissue layers (skin, fat, muscle, cortical bone, bone marrow) were in-
cluded in the anatomical geometry but no small inhomogeneities. One
reason is that small structures are not visible on MRI scans and further-
more the meshing is currently not possible for too detailed structures
due to computational limitations. For example, tendons that are visi-
ble in the MRI scans were segmented but had to be removed prior to
meshing because mesh generation in ANSYS was not possible. How-
ever, the investigation of bone to nerve distances and inhomogeneity to
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nerve distances in the following section (7.4) shows that such structures
have to be close to the nerve to have a significant influence on nerve
activation.

The results show that when the fat thickness of a cylindrical geometry
is adapted to the mean fat thickness of an anatomically based model the
resulting AF's are very similar (2.9% difference). Hence, the influence of
varying layer thicknesses within one geometry that is introduced with
the anatomically based geometry and the non-cylindrical shape have a
minor influence on nerve activation. In summary, the obtained results
show that multiple layer cylindrical geometries can be used to describe
nerve activation during TES in human forearms when the thickness of
the fat layer is adapted accordingly.

7.4. Bone Position and other Inhomogeneities

The close vicinity of bones or other inhomogeneities (such as blood
vessels or tendons) to nerves may have an influence on nerve activation
during TES. In this section different sizes and types of inhomogeneities
at different distances from nerves are investigated using the TES model.

7.4.1. Methods

For the computer simulations the model that is described in section
7.2.2.1 was used with standard parameters for tissue thicknesses and
properties (Tables 3.2 and 3.3). The influence of inhomogeneities on an
axon that was placed at a depth of 0.1cm from the fat-muscle inter-
face was investigated. In order to quantify this influence, the current
I*"(0.1¢m, 11 wm) to stimulate this axon (section 3.4.2.3) was calcu-
lated.

7.4.1.1. Bone Distance

In order to observe the influence of bones on nerve activation the bone
that is located in the center of the cylinder was moved towards the
axon. I*"(0.1cm, 11 ym) was calculated for different distances between
the axon and the bone.

7.4.1.2. General Inhomogeneity

The influence of other inhomogeneities such as blood vessels, tendons,
or interstitial fluids was covered by adding a cylindrical inhomogene-
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ity in different distances from the axon (see Figure 7.9). Two sizes
of inhomogeneities were added to the geometries. A smaller one with
length 5mm and diameter 2mm, and a larger one with length 10 mm
and diameter 5 mm. The resistivity of the inhomogeneity was changed
to model tissues that have a larger or smaller resistivity compared to
muscle. A lower resistivity models for example blood vessels or inter-
stitial fluids (1Qm) and larger resistivities model tendons (10 Qm) or
bony structures (50 Qm). The values of the resistivities were taken from
Gabriel et al. [GLG96].

_Axon ;:Iifn' homageneity-Axon
; ~ Distance -\
Inhomogeneity AN

Figure 7.9. An inhomogeneity was added to the cylindrical geometry.

7.4.2. Results
7.4.2.1. Bone Distance

I'"(0.1em, 11 um) for different bone-axon distances is shown in Figure
7.10. The influence of the bone on nerve activation is below 10% for
distances above 0.8 cm.

7.4.2.2. General Inhomogeneity

I*"(0.1¢em, 11 wm) for different inhomogeneity-axon distances is de-
picted in Figure 7.11. The results show that a higher stimulation current
is required for resistivities that are below the muscle resistivity and a
lower stimulation current for inhomogeneities with a resistivity above
muscle resistivity. For the larger inhomogeneity the distance from the
axon has to be at least 0.5 cm so that the influence is below 10% (Figure
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Influence of Bone Distance on Nerve Activation
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Figure 7.10. Current required to stimulate a certain axon
(I'"(0.1 em, 11 um)) versus the bone to axon distance.

7.11(a)). For the smaller inhomogeneity the influence was below 10%
for distances around 0.2 cm to 0.3 cm (Figure 7.11(b)).
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Figure 7.11. Current required to stimulate a certain axon

(I'™(0.1¢m, 11 wm)) is plotted against the distance from the inhomo-
geneity. Two sizes of inhomogeneities were investigated (7.11(a): length
10 mm, diameter 5mm; 7.11(b): length 5mm, diameter 2mm) for different
resistivities of the inhomogeneities.
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7.4.3. Discussion and Conclusions

The results show that for transcutaneous electrical stimulation the in-
fluence of bone and other inhomogeneities on nerve activation is small
if there is at least a distance of 0.8 cm for large inhomogeneities (1 cm
diameter) and a distance of 0.3 cm for small inhomogeneities (0.2 cm di-
ameter) between nerve and inhomogeneity. This result helps to decide
which inhomogeneities can be neglected in TES models.

7.5. Tissue Layer Thicknesses

The tissue thicknesses in humans can vary largely what can have a
substantial impact on TES. It is for example generally known that fatter
people require higher current amplitudes to generate similar activation
as thinner people. In this section the influence of changing tissue layer
thicknesses on nerve activation is systematically quantified.

7.5.1. Methods

For the assessment of the tissue thicknesses the same model as described
in section 7.2.2.1 was used. For the resistivities the standard values from
Table 3.3 were used and the tissue layer thicknesses were changed in
the range of values that covers a large part of the variation found in
humans (Table 3.2). Also the sensitivities for 10% changes of the tissue
thicknesses were calculated.

7.5.2. Results and Conclusions

The influence of the tissue thicknesses on I, (0.1cm, 11pm) is below
7.5% for skin, muscle, cortical bone, and bone marrow (see Tables 7.5
and 7.6). The influence of the range of fat thicknesses found in humans
is much larger (468%). It will be shown in the following section 7.6
that the main reason for this increase is the larger distance between
electrode and axon.

The selectivity was influenced mainly by the fat and the muscle thick-
nesses (see Tables 7.5 and 7.6). Larger fat layers decrease the selectivity
due to the spread of the current in the larger fat layer. Thicker muscles
have mainly an influence on the diameter of the arm. In a thinner arm
the selectivity is higher because the volume V4y in Equation (3.33) is
smaller.
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The influence of the tissue thicknesses on the chronaxie was generally
low (see Tables 7.5 and 7.6). The largest influence was found with the
large fat thickness (6.32%). The reason is the spreading of the current
in the thicker fat layer. As a consequence the activation field is broader
at the axon and more nodes are activated simultaneously. This causes
the chronaxie values to increase. This effect is discussed in more detail
in section 12.1.

7.6. Nerve Depth and Axon Diameter

In this section the relation between nerve activation, nerve depth, and
axon diameter is analyzed. For point sources with an electrode-axon
distance up to 0.8 cm that relation is well documented [RB87, Gri99,
Rat08]. However, for larger electrodes that are further away from the
nerves the relation has not been investigated. The combined TES model
(section 3.3) was used in order to calculate the threshold axon activation
for different nerve depths and axon diameters. The aim of this section is
to provide quantitative values for the influence of the nerve depth and
the axon diameter on nerve activation in order to find the parameters
that have the largest influence on TES (section 9). Furthermore, it can
be shown whether point sources are applicable to describe TES.

7.6.1. Methods

For the assessment of the nerve depths (electrode-axon distance) and
the axon diameters the same model as described in section 7.2.2.1 was
used. For the resistivities and the tissue thicknesses the standard val-
ues from Tables 3.3 and 3.2 were used. Square electrodes with sizes of
3x3cm? and electrode-axon distances between 0.5 cm and 2.9 cm were
investigated. Electrode-axon distances were chosen such that the range
of expected nerve positions in human arms are covered ([Sta05]). Addi-
tionally an electrode size of 0.1x0.1 cm? served as a point source model
in order to compare the results with results in literature using point
sources [RB87, Gri99, Rat08].

7.6.2. Results

The simulation results in Figure 7.12(a) show the activation thresholds
of axons in different depths and with different diameters, from which
the recruitment of nerve bundles in different depths can be predicted.
If it is for example known that a target recruitment of ~50% (in our
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model a nerve diameter down to 11 um activated) of a nerve in 1cm
depth is stimulated the co-activation of axon in other depths can be
predicted. For example at 1.5 cm depth 15 um axons will be activated
but not 14 um axons (see horizontal line indicated in Figure 7.12(a)).
Figure 7.12(b) contains the simulation results of the model using small
0.1x0.1cm? stimulation electrodes. By comparing these curves with
the results produced using the 3x3cm? electrodes (Figure 7.12(a)) it
can be seen that at superficial depths (<1 cm) the activation thresholds
for different axon diameters are much closer together with the 'point’-
electrode compared to the 3x3 cm? electrode.

Activation Thresholds for a 3cm by 3cm Electrode Activation Thresholds for a 0.1cm by 0.1cm Electrode

100 /\ / / / 100 T T
Axon Diam 4um

Axon Diam 4um

Activation Threshold Amplitude [mA]
Activation Threshold Amplitude [mA]

Axon Diam 16um

Axon Diam 16um

o 0.5 1 3 3.5 [} 0.5 1

15 ‘2 25 15 é 25 1‘! 35

Axon Depth [cm] Axon Depth [cm]
(a) Activation thresholds for differ- (b) Activation thresholds for differ-
ent axon depths and axon diame- ent axon depths and axon diame-
ters using a 3x3cm? electrode. ters using a 0.1x0.1 cm? electrode.

Figure 7.12. Activation thresholds for different axon depths and axon di-
ameters.

7.6.3. Discussion and Conclusions

Nerve activation is strongly influenced by the axon depth and the axon
diameter (Figures 7.12(a) and 7.12(b)). Amongst the influences that
were investigated in this section the axon depth and the axon diameter
have a strong influence on nerve activation. All influences are summa-
rized and compared in chapter 9.

The comparison of the results in Figure 7.12(a) with the results in
Figure 7.12(b) shows that activation thresholds have a different char-
acteristic for different electrode sizes. This indicates that the electrode
size is an important parameter in TES and has to be incorporated in
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models describing TES. Point sources are in most cases not adequate
to describe TES because nerve activation decreases differently with dis-
tance for different electrode sizes. The influence of different electrode
sizes is further investigated in part IV.
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Influence of Nerve
Bundles on
Extracellular Potential

The axons that are stimulated during TES are gathered in nerve bun-
dles. These nerve bundles are composed of different tissue types that
might influence the electrical current flow and nerve activation during
TES. Models of implantable systems take these tissues into account
because they are known to influence activation when electrodes are
close to the nerve bundle [LGDO06, STT08]. The aim of this chapter is
to analyze with a modeling approach if nerve bundles (inhomogeneous
structures) influences individual axon activation when stimulated with
TES.
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8.1. Introduction

Peripheral nerve bundles have a complex anatomy [Sta05] and contain
several fascicles each of which contains many axons (Figure 2.6). Each
fascicle is surrounded by a thin perineurial layer and inside the fascicle
the axons are embedded in connective tissues called endoneurium. The
nerve bundle is surrounded by an encapsulating layer that is similar to
the perineurial tissue [RACS98].

Volume conductor models are used to calculate the current and poten-
tial distribution inside human tissues when electrical currents are ap-
plied (chapter 3). Up to now the inhomogeneous structure of nerve bun-
dles is not included in volume conductor models [MMO08, Gri99, CS85].
Inhomogeneities are assumed to be negligible because nerve bundles
are very thin [McN76]. However, this assumption has to be checked by
including actual nerve bundles in the volume conductor model.
Selectivity is an important aspect in electrical stimulation to stimu-
late specific nerves and muscles. Selectivity can be assessed as the ratio
of the amount of force generated at the target muscle compared to
the co-contraction of other muscles [KLKO07]. For implanted electrical
stimulation there exist simulation studies for multi electrode cuff sys-
tems which aim at improving selectivity [LD04, YD05, CCDO01]. These
studies showed that specific axons within the whole nerve bundle can
be stimulated and that the selectivity can be improved up to a certain
point. They disproved earlier studies where it was stated that intrafas-
cicular stimulation is needed in order to get good selectivity with multi
electrode implanted systems [VvVST89]. For transcutaneous electrical
stimulation a selective stimulation of single axons in the nerve bundle is
not possible because the electrode to nerve distance is too large in order
to get a specific selective activation. However, it is important that as
many fibers as possible that innervate the target muscle are activated
and not only part of them (in order to achieve a strong force). There-
fore, it was investigated how much the nerve activation changes when
the position of the axon within the nerve bundle changes.

8.2. Methods

8.2.1. Finite Element Model

In order to investigate the influence of the different tissues in nerve bun-
dles and axons on nerve activation two nerve geometries were built: A
single axon and a nerve bundle, which are depicted with their dimen-
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sions in Figure 8.1. The dimensions were taken from [RACS98] and
[CCDO1]. The single axon and the nerve bundle were embedded in a
square muscle volume because the meshing of square geometries were
more efficient compared to circular or other shapes. The 2D geometry
shown in Figure 8.1 was meshed with a 2D 8-node-quadrilateral element
and extruded to a 20-node-hexahedral element. The extruded models
had a length of 10cm (Figure 8.2). The surrounding material of the
single axon and the nerve bundle had the properties of muscle (Table
3.3). The meshing of the geometry and the calculation of the poten-
tial distribution was performed with the FEM software Ansys (EMAG,
Ansys Inc., Canonsburg, PA).

Myelin Axoplasm

sem|[ x| T

Sem

Sem

(b)

Figure 8.1. Geometry with dimensions of the single axon (8.1(a)) and the
nerve bundle (8.1(b)).
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(a) (b)

Figure 8.2. Meshed and extruded geometry for the single axon (8.2(a)) and
the nerve bundle (8.2(b)) with surrounding muscle tissue and stimulation
electrodes.

The single axon model consisted of axoplasm with a myelin layer (see
Figure 8.3). The nodes of Ranvier were modeled by removing 5 pm of
the myelin layer at a spacing of 1.5mm (see Figure 8.3 and [Sta05]).
This spacing corresponds to a motor axon with a large diameter of
16 pm ([MRGO2]). The resistivities of the different materials that were
used in the model are given in Table 8.1 and were taken from [CCDO01].

Figure 8.3. Image shows the axon model with node of Ranvier.

The nerve bundle model consisted of epineurium, perineurium, en-
doneurium, axoplasm and an encapsulating layer (membrane) that en-
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Tissue Resistivity [Qm]
Myelin 33.3e3
Axoplasm 0.7

Table 8.1. Properties used for single axon.

Tissue Resistivity [Qm]
Axoplasm 0.7
Perineurium 478
Epineurium 12.11
Endoneurium 1.75
Encapsulating Layer 80

Table 8.2. Properties used for nerve bundle model.

closes the whole nerve bundle (Figure 8.4). The corresponding tissue re-
sistivities are given in Table 8.2 (taken from [CCDO1]). Four axons were
placed within the endoneurium at different distances from the electrode
(Figure 8.1). Only four axons were modeled because the number of FEs
was too large to fill the whole fascicle with axons. The myelin layer
which would enclose each axon was not included because the number
of FEs was too large for reasonable simulation times and the influence
is very small as will be shown using the single axon model.

Axoplasm
Epineurium Endoneurium

Perineurium

Encapsulating Layer

Figure 8.4. Nerve bundle with the terms for the different tissues.
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Stimulation electrodes were added to the surrounding material (Figure
8.2) and had a size of 5mm x 10mm with an inter electrode spacing
of 5.5cm. The electrode size was chosen such that it covered multi-
ple nodes of Ranvier. A constant current source was connected to the
electrodes.

8.2.2. Nerve Model

The electrical potentials that were calculated using the FE model were
interpolated on lines that were placed along the axons (on the elec-
trode facing side) in order to obtain the axons’ extracellular potentials.
The potentials were then interpreted either directly, or the MRG axon
model (model D or D¥ in Table 3.4) was used to conclude from these
extracellular potentials onto nerve activation (the TP). The linear axon
model D was used in order to obtain quantitative measures and not
only the all or nothing ("AP’ and 'no AP’) response that is obtained by
the non-linear axon model D. The axon’s TP was always monitored at
the node underneath the cathode where maximal activation occurred
because this is the place where an AP is first generated.

8.2.3. Influence of Single Axon on Extracellular Potential

The assumption that the axon does not influence the extracellular po-
tential was investigated using the single axon model (Figure 8.1). The
interpolation line in the FE model was placed at the border of the nerve
(10 wm from axon center; see Figure 8.1) in order to obtain the axons’
extracellular potentials. Three different settings of the material proper-
ties were compared. First, the material properties of the axon were set
to muscle. Second, the standard material properties for axoplasm with
a myelin layer were used. Third, the axon model with added nodes of
Ranvier was used.

8.2.4. Influence of a Nerve Bundle on the Axon’s Extracellular
Potential

The influence of the presence of a nerve bundle on the axons’ extracel-
lular potentials was investigated by comparing the results from models
with tissue properties of nerve bundles set to muscle properties, or to
standard nerve bundle properties (Table 8.2). The potentials were ob-
tained from an interpolation line at 0.91 mm (measured from the nerve
bundle center) which was aligned with the axon closest to the stimula-
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tion electrode (compare to Figure 8.1). These extracellular potentials
were applied to axon models in order to quantify the influence of the
nerve bundle on the axon’s activation.

8.2.5. Axon Diameter and Electrode-Axon Distance in Nerve
Bundle

It was investigated if first all thick axons within a nerve bundle are
activated or if first all axons that are closest to the electrode are ac-
tivated. The main goal was to compare position changes of the axon
within the nerve bundle with changes of the axon diameter. Three sim-
ulations with different axon diameters and different axon positions were
performed (16 wm axon at 0.9 mm, 16 wm axon at -0.9 mm and a 10 um
axon at 0.9mm).

8.3. Results and Conclusions

8.3.1. Influence of Single Axon on Extracellular Potential

The assumption that the axon does not influence the extracellular po-
tential was investigated. The potentials along the single axon model
were computed for the three different material properties settings (no
nerve; nerve without nodes of Ranvier; nerve with nodes of Ranvier) and
compared with each other. Subtractions at points of the interpolation
line between the simulation results for the different material settings
are shown in Figure 8.5 (left chart). The largest influence on the po-
tential (0.28 mV) was found underneath the stimulation electrodes at
axial positions of 23 mm and 78 mm (see Figure 8.5(a)). At the axial
position of 23 mm the TP was calculated using the linear nerve model
and is shown in the right chart of Figure 8.5. The maximal deviation of
the TP (0.06 mV, 0.15%) is very small as can be seen from the nearly
congruent lines in Figure 8.5.

These results indicate that neither the low resistivity of the axoplasm,
nor the high resistivity of the myelin influences the extracellular po-
tentials of axons. This shows that the influence of the inhomogeneity
evoked by an axon on the extracellular potential is small and can be
neglected in FE models.
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Figure 8.5. The left plot (8.5(a)) shows the subtraction of the extracellular
potential over the whole length of the model for different material properties.
The right plot (8.5(b)) shows the TP for the same material properties (the
curves are congruent).

8.3.2. Influence of a Nerve Bundle on the Axon’s Extracellular
Potential

The influence of the presence of a nerve bundle on the extracellular po-
tential of axons was investigated. Figure 8.6 shows the results from the
linear nerve model where activation of a model with nerve bundle was
compared with a model without nerve bundle. A small difference of the
TP at the peak after the stimulation pulse was found (0.21mV). The
activation threshold using the non-linear axon model increased from
2.94mA to 2.96 mA when including the tissue properties of the nerve
bundle. These results show that the influence of the nerve bundle tis-
sues on the axons’ extracellular potential and axon activation is small.
Therefore, in conclusion, the geometry and properties of nerve bundles
do not need to be incorporated in FE models describing TES.

8.3.3. Axon Diameter and Electrode-Axon Distance in Nerve
Bundle

The plot in Figure 8.7 shows that a maximal position change inside
the nerve bundle (from 0.9 mm to -0.9mm) reduces the simulated TP
in the linear nerve model from —58.7mV to —69.3mV. About the
same reduction of activation from —58.7mV to —69.8 mV was found
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Influence of Nerve Bundle on Activation

—— with nerve bundle
'""''"" no nerve bundle

-5!

Transmembrane Potential [mV]

0 0.2 0.4 0.6 0.8 1
Time [msec]

Figure 8.6. Comparison of nerve activation in a model that includes the
geometry and properties of a nerve bundle with a model where the nerve
bundle was neglected. A small influence of the presence of a nerve bundle on
the axon’s extracellular potential and activation was found.

when changing the axon diameter of the axon at position 0.9 mm from
16 pm to 10 pm. This means that when all 16 um axons within the
nerve bundle are activated only axons down to 10 um are activated
although thinner axons are present in the nerve bundle. This indicates
that it can be difficult to generate large recruitments (activate thin axon
diameters) without generating co-contractions by stimulating deeper
and adjacent nerves. This agrees well with clinical observations made
with TES on patients.
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Axon Diameter and Electrode-Axon Distance
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Figure 8.7. The TP versus time is depicted for two axon positions (devia-
tion from nerve bundle center 0.9 mm and -0.9 mm) and two axon diameters
(16 wm, 10 um)).



Main Influences in
TES (Summary)

The influences of different tissue properties and tissue compositions
were analyzed in this part (part IIT) and are summarized in Table 9.1.
The column "Max influence” in the table are the changes that are ob-
tained when one of the parameters is changed from the standard value
(Table 3.2 and 3.3) to either the maximal or minimal value that was
found in own experiments or in literature. The column ”10% sensitiv-
ity” shows the influence of a change of 10% from the standard value.
The detailed discussion of the results for every parameter can be found
under the specified reference.

A large percentage value in the column ”10% influence” of Table 9.1
means that already a small perturbation of this parameter can have a
large influence on nerve activation. As a consequence these are consid-
ered the dominant parameters for TES as they strongly influence the
resulting nerve activation. The results show that the muscle resistivity,
the azon depth, and the azon diameter have the largest influences. The
big influence of the axon depth also implies that the large range of fat
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thicknesses found in humans has a large influence on nerve activation
(see column ”Max influence”). In general, the parameters with a large
influence have to be incorporated in TES models whereas parameters
with a small influence on nerve activation can be neglected or approxi-
mated in TES models (as for example in [SMHRO07] where the thin skin
layer was removed and a combined skin-fat layer was used instead).
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10

Overview

In this part the influence of electrode properties and electrode geome-
tries on nerve activation are analyzed. First it is investigated whether
locally high current densities which are due to skin and electrode in-
homogeneities can be reduced using high resistance electrodes (chapter
11). Afterwards, in section 12.2 the influence of different electrode ma-
terials on nerve activation and comfort is investigated. Based on these
results and additional simulation results the electrode size is optimized
for selectivity and comfort in section 12.3. After discussing single elec-
trodes in chapter 12, array electrodes are the topic of chapter 13. It is
shown how the gap sizes between array elements and the resistivity of
the electrode-skin interface material should be chosen in order to pro-
duce a good efficiency of array electrodes compared to standard single
electrodes.
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11

Homogeneous
Current Densities
using High Resistance
Electrodes

In TES self adhesive hydrogel electrodes are used to deliver electri-
cal currents into the tissues with the aim to generate APs in motor
nerves. The electrodes are crucial for effective and comfortable stimu-
lation [AKH94]. Localized high current densities can cause discomfort
or even skin burns [PYST05]. Such high current densities can have dif-
ferent origins:

e Inhomogeneities of the resistance in the electrode material can
cause locally high current densities and worsen stimulation com-
fort. The size of such inhomogeneities is usually a couple of mil-
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limeters [LKO05].

e Current densities are higher at the edges of electrodes (edge ef-
fects) [Rat90].

e The skin layer has a complex structure with local inhomogeneities
that lead to resistance changes [PCWS93, PWS94], which cause
locally higher or lower current densities. Different sizes of inhomo-
geneities were identified: Small inhomogeneities from pores and
sweat glands which have a size of 50 to 100 um [Gri84, CIKT98];
larger inhomogeneities that are due to different water content
and due to different skin structures that have a size of a couple
of millimeters [RACS98].

It is hypothesized that high resistance electrodes can improve the ho-
mogeneity underneath surface electrodes. Panescu et al. [PWS94] pre-
sented a 2D FE model with millimeter sized skin inhomogeneities to
analyze this hypothesis. They showed that high resistivity electrodes
can improve the distribution of the current density underneath surface
electrodes. Sha et al. [SKH"07b] integrated one pore sized (um) skin in-
homogeneity in a 2D axis-symmetric FE model. They also found that
higher electrode resistivities can reduce high current densities peaks
due to the skin inhomogeneities. Here a more detailed 3D FE model is
presented that allowed the investigation of large (mm) and small (um)
inhomogeneities in the skin and additionally in the electrode.

11.1. Methods

The influence of the edge effects and the inhomogeneities in electrode
gels and skin on the localized current densities is investigated. The po-
tential and the current density distribution were calculated using the
static FE model described in section 3.1.5. Three different geometries
were implemented to investigate edge effects, small inhomogeneities
(um), and large inhomogeneities (mm) in the following three subsec-
tions.

11.1.1. Electrode Edge Effects

The electrode edge effects can be investigated using the AF (section
3.2.1.2) [Rat90]. The AF was calculated underneath the cathode at
typical depths from the fat-muscle interface between 0.1 cm and 2.5 cm.
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These are depths where motor nerves can be expected in human arms.
The edge effects were defined as EE = 1—% where AF e 1S the
the AF value at the center of the electrode and AF™%* is the maximal
AF value underneath the electrode. The maximal AF value can be at
the edge but also at the center when no edge effect is present. The edge
effects reach a maximum at FF = 1 when AF,,q.; > AF.cpter, and no
edge effects are present at EE = 0 when AF,,q0. = AFcenter- The edge
effects were calculated for two electrode sizes (3x3cm?, and 5x5cm?)
and at different electrode gel resistivities between 1 Qm and 10k Qm.
The influence of changes of the tissue resistivities such as skin or fat
(see Table 3.3) on the edge effects were also quantified.

11.1.2. Small Skin Inhomogeneities (Pores, Glands)

Figure 11.1 shows the geometry that was used to model small inhomo-
geneities within the skin structure. An array of small channels through
the skin representing pores and glands (identified as black dots in Fig-
ure 11.1(a)) were placed under the electrode surface with a density of
100 per cm? and diameters of 50 or 100 um (common values for a hu-
man forearm). A small electrode of 0.5x0.5cm? was modeled because
larger areas significantly increased the number of finite elements in the
FE model. The tissue properties are given in Table 3.3 and the skin
inhomogeneity (e.g. pore) had a resistivity of 1.4 Qm [SKHT07b]. A
current of 5mA was applied between the stimulation electrode and the
plane underneath the volume representing muscle.

11.1.3. Large Inhomogeneities (Water Content, Structure)

Larger inhomogeneities in electrode and skin were investigated using
the geometry shown in Figure 11.2. The inhomogeneities in the elec-
trode and the skin were assumed to have a factor of 10 lower resis-
tivity than the surrounding electrode gel resistivity or skin resistivity
(Beet and £gk2) [PWS94]. Either skin inhomogeneities or electrode in-
homogeneities were modeled, but the combined effects were not inves-
tigated. The inhomogeneities had a diameter of either 0.2cm or 1cm

[PWS94, Od183].
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(a) Geometry with sizes. (b) Electrode substrate and elec-
trode gel on skin layer.

f 4 gel

1
1T 1T 1T 11 IT 1 TT_skin

w * fat
\ \ muscle
inhomogeneities

(c) Schematic drawing of inhomogeneities in the skin layer.

Figure 11.1. Geometry and mesh of the model used to analyze small in-

homogeneities.

11.1.4. Comparison of Current Densities underneath Inhomo-

geneities

In this subsection it is described how the influence of the electrode and
skin inhomogeneities on the local current densities were quantified in
the models introduced in the previous two subsections.

Relative changes 6 CD; (Equation (11.1)) of the current densities (CD)
between cases with and without inhomogeneities were investigated at
different locations (7) underneath the cathode. The C'D; values are the
average current densities on the circle representing the inhomogeneity
at the electrode-skin interface, the skin-fat interface, and the fat-muscle
interface.

WithInhomo Nolnhomo
(CD; - CD; )

§CD; = (11.1)

CDNoInhomo
K3
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20cm

(a) Geometry with dimension. (b) Skin layer with lcm diam-
eter skin inhomogeneities. (Elec-
trode was removed for clarity)

electrode inhomogeneities

I T T I T T T 1 electrode gel
1 1 1 1 SKin
L A y.4 fat

N7 =

skin inhomogeneities

(c) Schematic drawing of the inhomogeneities in electrode
and skin.

Figure 11.2. Geometry and mesh of the model used to analyze large inho-
mogeneities in electrode and skin.

11.2. Results and Discussion

11.2.1. Electrode Edge Effects

The edge effects that are present under a 5x5cm? electrode with a gel
resistivity of pge; = 300 Qm (hydrogel) are depicted in Figure 11.3. It
can be seen that the edge effects diminish quickly with depth due to
the spreading of the current.

The influence of different resistivity changes (skin, fat, muscle, and
bones) on the electrode edge effects was investigated and the change of
EFE is below 0.1% for resistivity changes in the ranges given in Table
3.3.

The edge effects for two electrode sizes and different electrode gel re-
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o

Figure 11.3. AF at different depths underneath a 5x5cm? cathode (pger =
300 Qm). Edge effects are largest for superficial nerves.

sistivities are shown in Figures 11.4 and 11.5. A higher gel resistivity
and smaller electrodes reduce the edge effects. For 1x1cm? electrodes
the edge effects were 0 and are therefore not shown in a Figure.

—6— Nerve Depth 0.1cm
—8— Nerve Depth 0.2cm
0.8 —— Nerve Depth 0.3cm |-
—6— Nerve Depth 0.4cm
—¥— Nerve Depth 0.5cm
0.6 —&— Nerve Depth 1cm ||
Nerve Depth 1.5cm
Nerve Depth 2cm

Nerve Depth 2.5cm | |

EE (Edge Effect)

' 10° 10° 10
Electrode Resistivity [2m]

10 10

Figure 11.4. Edge Effects for different electrode gel resistivities and nerve
depths using a 3x3cm? electrode. The edge effects decrease for larger elec-
trode gel resistivities and deeper nerves.
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Figure 11.5. Edge Effects for different electrode gel resistivities and nerve
depths using a 5x5cm? electrode. The edge effects decrease for larger elec-
trode gel resistivities and deeper nerves.

Observed location 50 ym diam. inhomo. | 100 um diam. inhomo.
electrode-skin interface 7.86% 14.40%
skin-fat interface 12.38% 24.33%

Table 11.1. Percentage of the total current flowing through the inhomo-
geneity at the electrode-skin and skin-fat interface (hydrogel electrode with
Pget = 300 2m).

11.2.2. Small Skin Inhomogeneities (Pores, Glands)

Table 11.1 shows the percentage of the current that flowed through
the inhomogeneity at the electrode-skin and the skin-fat interface for a
gel resistivity similar to standard hydrogel electrodes (pge; = 300 Qm).
With inhomogeneities in the skin layer, a large portion of the current
(7.86% and 14.40%) flowed into the inhomogeneities (Table 11.1) at the
electrode-skin interface. An even larger portion of the current flowed
out of the inhomogeneity at the skin-fat interface (12.38 and 24.33%).
Knowing that the area of the pores at the electrode skin interface was
only 0.19% of the total electrode area indicates how much the current
is attracted by the good conducting skin channels.

The effect of high resistivity electrodes on the homogeneity of the cur-
rent was investigated using the relative change 6 CD; (Equation (11.1)).
In Figure 11.6(a) 6 C'D; at different locations ¢ (depths) is shown. § CD
at the fat-muscle interface was 0 for all electrode gel resistivities show-
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ing that the inhomogeneities have no influence on motor nerves which
are located in the muscle layer. At the electrode-skin interface § C'D de-
creased from 105.5 to 12.12 for a 25um diameter inhomogeneity when
changing the electrode gel resistivity from 3 to 700000Qm. However, at
the skin-fat interface 6 C'D was only decreased from 137.6 to 129.1.
These results indicate that higher gel resistivities decrease the locally
high current density at the electrode-skin interface, but not at the skin-
fat interface. It can be seen in Figure 11.6(b) that the current densities
inside the inhomogeneities increase with depth within the skin layer
what means that more current enters the good conducting inhomo-
geneities within the skin layer.

a AN
‘% 120 —e— 25um pore, elec-skin | - 1 Trehitla
2o —8—25um pore, skin-fat R 1
g g 100 —¥—25um pore, fat-muscle| | R |t 1 R
; 8 - © -50um pore, elec-skin s i) ‘ 1 T
82 o - B - 50um pore, skin-fat 1 | 1 \
é ‘;‘ B---go) =¥ -50um pore, fat-muscle| ﬂ ll . | ﬁ ] ‘
33w \ . | n
s8 oo | “ |1 | U |
S g a0 ~o, | I ‘J “ ﬂ V |
24 |
ég 20 I i
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(a) Relative change of the cur- (b) Current density within the in-
rent density 6 CD; of the current homogeneities.

density in the circles representing
the inhomogeneities at the elec-
trode/skin, the skin/fat, and the
fat/muscle interface.

Figure 11.6. Simulation results using model with small skin inhomo-
geneities.

11.2.3. Large Inhomogeneities (Water Content, Structure)

The influence of high electrode gel resistivities on the homogeneity of
the current density was investigated when large inhomogeneities are
present in the electrode gel or the skin. For a 2 mm diameter inhomo-
geneity in the electrode § C'D at the electrode-skin interface increases
from 0.08 to 1.1 when increasing the electrode gel resistivity from 3 to
7000002m (see Figure 11.7(a)). For an inhomogeneity in the skin 6 CD
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decreased for the same electrode gel resistivity change from 6.3 to 0.26.
These results show that for an increasing electrode gel resistivity, the
inhomogeneities in the electrode and the skin have contrary effects on
0 CD (Figure 11.7). For low electrode gel resistivities the skin inho-
mogeneities are dominant and for high electrode gel resistivities the
inhomogeneities of the electrode are dominating the relative change of
the current density 6 CD. As a consequence an optimal electrode gel
resistivity can be found. The optimal resistivity is the crossing point of
the lines for electrode inhomogeneities and skin inhomogeneities for a
certain interface (in Figure 11.7). At different interfaces and for different
inhomogeneity sizes the optimal resistivity is not the same. Therefore,
no general optimal electrode gel resistivity can be presented. However, it
is important to know that when electrode impurities (inhomogeneities)
are present, the electrode gel resistivity should not be as high as pos-
sible because the impurities decreases the homogeneity of the current
density.

2mm Diameter Inhomogeneities in Electrode or Skin 10mm Diameter Inhomogeneities in Electrode or Skin

_————
—e— Skininhomo; elek-skin
—8— Skininhomo; skin-fat
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Figure 11.7. Relative change of the current density é C'D; in the circles
representing the inhomogeneities at the electrode/skin, the skin/fat, and the
fat/muscle interface when large inhomogeneities are present in the electrode
or the skin layer.

11.2.3.1. Small vs. Large Inhomogeneities

For the small inhomogeneities (section 11.2.2) it was found that higher
electrode gel resistivities cannot improve the homogeneity of the cur-
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rent density throughout the whole skin layer. The reason was that the
homogeneity was only improved at the electrode-skin interface and not
at the skin-fat interface. In Figures 11.7(a) and 11.7(b) where the re-
sults of the large skin inhomogeneities are shown it can be seen that
0 C'D decreases at both the electrode-skin and the skin-fat interfaces.
Hence, for the large inhomogeneities the higher electrode gel resistivity
can improve the homogeneity of the current density within the skin
layer.

11.3. Conclusions

e The higher current densities at the edge of surface electrodes com-
pared to the center of the electrodes (edge effect) can be reduced
by using a higher electrode gel resistivity.

e Locally high current densities occurring from large skin inhomo-
geneities can be decreased with high resistive electrodes. Com-
pared to standard hydrogel electrodes (300 Q2m) a high resistive
electrode (70000 2m) decreased the relative change of the current
density 6 CD; from 4 to 2 (50% improvement) at the skin-fat in-
terface. These results compare well with [PWS94] where a more
even current density distribution was also predicted. However, for
small skin inhomogeneities (e.g. pores), where much higher peak
current densities are present, there was only a small improvement
from 136 to 132 (3%) at the skin-fat interface. These simulation
results are in agreement with an experimental study that showed
only marginal comfort improvements when using high resistance
electrodes [SKHT07a).

In another study Sha et al. [SKHT07b] predicted in a simula-
tion study that for small inhomogeneities (pores) the current den-
sity distribution can be improved using high resistance electrodes
which could not be reproduced with the presented model. In Fig-
ure 11.6(b) it is shown that the current densities inside the inho-
mogeneities increase with depth within the skin layer. It might
be that this effect is more prominent in a 3D model as shown
here compared to the 2D model presented in [SKHT07b]. In a 3D
model the current can enter the pore from all sides, whereas the
2D case has only two boundary lines where the current can flow
from the skin into the pore.
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e A direct conclusion from a changing § C'D; onto changing human
sensation is not yet possible because other influences such as elec-
trode size, location of the electrode, pain aversion of the person,
and many more effects would have to be taken into account. Many
of these influences currently can’t be quantified and are subject
to future research. A possible way to incorporate sensation (com-
fort) in a TES model is presented in section 12.3 where a combined
approach using modeling and experiments is presented.

e Inhomogeneities in high resistivity electrodes cause locally high
current densities. This effect increases for higher electrode gel re-
sistivities. Therefore, electrode inhomogeneities should be avoided
in the production process of high resistivity electrodes.

e The electrode gel resistivity should not be as high as possible.
There is trade-off between a more homogeneous current distribu-
tion due to a higher electrode gel resistivity and a uneven current
distribution due to inhomogeneities in the electrode material. In
general electrodes with smaller inhomogeneities in the electrode
material can have a higher resistance.

e The results show that there is no universal electrode gel resistivity
that is best for all parameter combinations. However, the results
indicate (see Figures 11.7(a) and 11.7(b)) that using electrode
gel resistivities that are above the values of the skin resistivity
(pger > 700 Qm) should be favored. Lower gel resistivities always
resulted in a less homogeneous current distribution. Significantly
higher resistivities do not improve homogeneity much further and
will only cause high voltages at the stimulation electrodes. (The
influence of the gel resistivity on motor activation was found to be
small in simulations (Table 9.1) and experiments (Figure 12.1.)
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12

Single Electrodes

This chapter examines three topics that are related to the properties
(size and material composition) of single electrodes:

e The effect of electrode size on chronaxie is analyzed and compared
to experimental results.

e The influence of the electrode material on comfort (sensation)
and nerve activation is investigated.

e Electrode sizes with a good trade-off between comfort and selec-
tivity are derived.

12.1. Explaining Chronaxie Diversity

In section 4.2 it was introduced that chronaxie values that were exper-
imentally measured in humans vary between 200 — 700 us [SKPS05,
Har71, KBABOO] and it was shown that the presented TES model can
describe chronaxie values within this range (Figure 4.6). However, it
was not investigated which parameters are mainly causing the large
range of chronaxie values found in experimental measurements. For the
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near-field situation (implantable systems) it has been shown that the
electrode size and the electrode/nerve distance are the main reasons for
the variation (30 — 150 us) of the chronaxie values [RB87, RACS98]).
In the far-field situation other parameters like tissue layer thicknesses
or the capacitive effects might also have an influence on the chronaxie.
The aim was to investigate with our computer model which parameters
cause the large range of chronaxie values (200 — 700 us) observed in
strength-duration measurements with surface electrodes (far-field situ-
ation).

12.1.1. Methods

The TES model with nerve model D (Table 3.4) that was introduced
in section 3.3 was used in order to investigate the effect of different pa-
rameter changes on the chronaxie. The chronaxie (T,;) was calculated
from strength duration curves as described in section 4.2.1.3. Influences
from the following parameters on the chronaxie were analyzed: tissue
thicknesses, tissue resistivities, tissue permittivities, electrode size, and
nerve depth. The influences of the thicknesses, the resistivities, and the
permittivities were already presented in sections 7.5, 7.2, and 7.1. The
relevant results will be reviewed in the discussion of this section. Elec-
trode sizes between 0.1x0.1cm? and 7x7cm? and two nerve depths
(from fat-muscle interface) of 0.2cm and 1.5 cm were considered. Elec-
trode sizes below 0.5x0.5cm? are usually not used in TES and were
included to allow a comparison of our simulated chronaxie values with
publications that use point sources as electrodes.

12.1.2. Results and Discussion

The resulting chronaxie values (7,;) obtained from changing the elec-
trode size or the nerve depth are shown in Table 12.1 for nerve model
D. It can be seen that the chronaxie values change in the range from
220 us to 574 pus. In general, smaller electrodes and more superficial
nerves result in smaller chronaxie values and vice versa.

Changing tissue thicknesses (section 7.5), tissue resistivities (section
7.2), and tissue permittivities (7.1) in the range of values that cover
most human forearms resulted in chronaxie changes below 1.1%. Only
the thickest fat layer (30 mm) had a larger influence on the chronaxie
(6.3%). This is due to the spread of the current in the thicker fat layer
that influences more nodes of the nerve models simultaneously. These
are small changes compared to the influence of different electrode sizes
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Electrode size [cm?] | Tep, (0.2cm) [us] | Tep (1.5cm) [us]
0.1 x 0.1 220 465
0.2 x 0.2 255 467
0.5 x 0.5 274 467
1x1 303 468
2 X 2 384 471
3 x 3 445 477
5 X5 457 510
7T x7 433 574

Table 12.1. Simulated chronaxie values T¢; using nerve model D (MRG)
for different electrode sizes and two nerve depths (0.2 cm and 1.5 cm).

and the nerve depths shown in Table 12.1. These results show that the
electrode sizes and the electrode-nerve distance have the largest influ-
ence on chronaxie values amongst the tested parameters. We conclude
that the electrode size and the electrode-nerve distance influence more
nodes of Ranvier, which leads to an increase of the chronaxie values.
The result that smaller electrodes and smaller electrode-nerve distances
generate smaller chronaxie values was also found in studies that inves-
tigated implantable electrodes close to the axon [RB87, RACS9S|.

12.1.3. Conclusions

For implantable stimulation (near-field) it was shown that mainly the
electrode size and the electrode/nerve distance influence the chron-
axie. Our results show that the chronaxie in the far-field situation
is influenced as well as with implantable electrodes mainly by the
electrode size and the electrode/nerve distance. With electrode sizes
between (0.1x0.1cm? and 7x7cm?) and electrode-axon distances be-
tween 0.6 cm and 1.5cm, chronaxie values between 220 pus and 574 ps
were obtained. The capacitive effects, variations of the tissue resistivi-
ties, and variations of the tissue thicknesses were found to have a minor
influence.

12.2. Influence of Electrode Material on Nerve Acti-
vation and Comfort

In clinical applications different electrode materials are used for ES:
Metal plates with soaked cotton, silver-silver chloride electrodes, car-
bon rubber electrodes, hydrogel electrodes, and many more. The de-
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cision on the electrode type depends mostly on the application it is
used for. For example carbon rubber electrodes are usually used for
iontophoresis or hydrogel electrodes are used for neuromuscular stim-
ulation in the rehabilitation of stroke or spinal cord injured subjects.
Further, new stimulation techniques [LPK'08] require new materials
with adapted electrical properties in order to minimize losses; for ex-
ample higher resistivities are required for array electrodes as will be
described in chapter 13. All these electrodes have very different physi-
cal (sticky, wet, dry, ...) and electrical properties which might influence
stimulation comfort and the intensity of nerve and muscle activation.
The aim of this section is to investigate how the choice of electrode
material influences the comfort and the nerve activation during TES.
Simulations and experimental measurements were performed.

12.2.1. Methods

Experimental measurements were performed to identify motor thresh-
olds and pain thresholds for different electrode materials on the forearm
of human volunteers. The tested materials were Hydrogel (200 Qm),
Hotmelt (400 Qm), and Carbon Rubber (5 Qm). Motor thresholds were
measured with the automated motor threshold measurement using an
accelerometer described in section 4.2.1.2 on the same ten subjects as
in section 4.2.1.2.

Following the automated motor threshold detection of each electrode
material, the excitatory levels (sensory-, motor-, pain-, and stop thresh-
old) were recorded without removing the electrode. Although mainly
interested in the pain thresholds we also measured all excitatory levels
according to the standard procedure used in [AKH94]. Rectangular,
biphasic current regulated pulses with a pulse duration of 300 us and a
repetition frequency of 25 Hz were applied (see Figure 2.9). These are
normal parameters for TES. Continuous stimulation was slowly ramped
with 1 mA every 2 seconds. The volunteers were asked to indicate when
they felt stimulation (sensory threshold), when a minimal visible muscle
contraction was observed (motor threshold), when the stimulation was
painful and uncomfortable (pain threshold), and when the volunteer
could no longer tolerate higher stimulation amplitudes (stop threshold)
[AKHO4]. This test was repeated until the four thresholds in the two
last measurements were within +1 mA. Usually the experiments had to
be repeated once or twice.
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12.2.2. Results and Discussion

Motor thresholds in ten human volunteers were automatically deter-
mined using an accelerometer. The resulting stimulation amplitudes
are shown in Figure 12.1 for two electrode sizes. The effect of the
electrode material was analyzed using a one way analysis of variance
(ANOVA). For both electrode sizes the ANOVA test was not significant
(p<0.7958 for the data in Figure 12.1(a) and p<0.6471 for the data in
Figure 12.1(b)). Fisher’s post hoc test revealed that the current ampli-
tude does not significantly change as the electrode material is changed.
This indicates that the electrode material does not have an influence
on motor nerve activation. Similar results were found using simulation
as described in the next paragraph.

Simulation results that were performed using the model described in
section 7.2 also showed a small influence of the electrode resistivity.
Changing the electrode resistivities in the range given in Table 3.3
changed I*"(1.1cm, 11um) from 4.16 mA to 4.31 mA. This confirms the
small influence of the material resistivity on motor nerve activation
that was found experimentally (Figure 12.1(a)).
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Figure 12.1. Measured motor thresholds using different electrode materials
and electrode sizes.

The pain thresholds for different electrode materials were also deter-
mined and are shown in Figure 12.2. The ANOVA test on the pain
threshold resulted in significant differences among the different elec-
trode materials at the (p<0.01) level. Fisher’s post hoc test showed
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that the pain threshold for the carbon rubber was significantly lower
than the pain threshold using hydrogel or hotmelt. However, between
the hydrogel and the hotmelt no significant difference is present. This
result was found for both electrode sizes.

Stimulation Amplitude [mA]
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Stimulation Amplitude [mA]
)
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Electrode Material Electrode Material
(a) 1.4 cm x 1.4 cm electrode. (b) 3.2em x 3.2 em electrode.

Figure 12.2. Measured pain thresholds using different electrode materials
and electrode sizes.

12.2.3. Conclusions

The results show that the motor thresholds are not influenced by the
tested electrode materials when using current regulated stimulation.
Simulations yield similar results when the electrode resistivity was var-
ied (see section 7.2). However, the comfort (pain threshold) is largely
influenced by the choice of electrode material over a wide range of cur-
rent densities. This means that new electrodes can be designed with the
focus on optimizing stimulation comfort without compromising stimu-
lation magnitude.

Two limitations of this conclusion have to be considered:

e The voltage that has to be applied to the electrode in order to
maintain a constant current increases when the electrode resistiv-
ity is increased. Lower voltages are preferred due to the reduced
power consumption and for safety reasons.

e These results are only valid for single electrodes where the elec-
trode substrate has the same size as the electrode gel. For larger



12.3. Optimizing Electrode Size to Stimulate a Certain Depth 149

gel layers, as for example in section 13 where array electrodes are
used that have a substrate smaller than the gel layer, the current
can spread within the gel layer. For lower electrode resistivities
this spread is larger than with higher electrode resistivities. As
a result a higher stimulation current is required when using low
electrode resistivities in order to achieve the same nerve activation
as with higher electrode resistivities.

12.3. Optimizing Electrode Size to Stimulate a Cer-
tain Depth

In the background section 1.1 it was mentioned that clinically, TES is
often applied for the rehabilitation of stroke subjects or spinal cord
injured subjects [BMBT00], or for supporting tasks of daily living
[KKLMO7] using so called neuroprostheses [Nat79, Nat92, PGWK97,
CC98]. In these applications two main aspects are important (i) the se-
lective activation of specific muscles in order to generate the intended
motor function and (ii) a comfortable stimulation in order to increase
patient acceptance of TES. In this section the influence of the electrode
size on these two aspects is investigated.

In the upper extremities, specifically for hand functions, the electrode
size has an influence on selective activation of the multiple muscles bun-
dled closely together. More selective activation of the different muscles
can be achieved using smaller electrodes. Small electrodes are used for
example in array electrodes which were proposed to improve efficacy of
TES systems [PBBJT05]. Such array electrodes are composed of multi-
ple small electrode elements which can be individually activated to form
a virtual electrode of arbitrary size and location [LKKO04, KLKMO6].
However, there are no guidelines on how small the individual elements
should be in order to achieve comfortable stimulation of deep nerves.
Elements that are too small might not be effective on persons with
thick fat layers because the large current spread within the fat layer
prevents the current to reach the motor nerves laying deeper [KKO07].
Another effect of small electrodes is the generation of high current den-
sities, which may be uncomfortable, indeed painful, and can limit the
effectiveness of TES [GT75]. However, not only the current density in-
fluences the perceived comfort during TES but also electrode size and
stimulation parameters [BMBT00, LLCM*04]. McNeal [MBS8§| inves-
tigated the comfort of two electrode sizes (4.5x4.5cm? and 6x6 cm?)
on the quadriceps and the hamstrings. For generating the same muscle
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force output the human volunteers preferred the larger electrodes. More
different electrode sizes were investigated by Alon et al. [AKH94|. Ex-
citatory levels (sensory-, motor-, pain-, and maximal tolerable thresh-
old) were experimentally investigated for four different square electrode
sizes with edge lengths 6.3cm, 4.5cm, 3cm, and 1.5cm on the gas-
trocnemius. The two largest electrodes (6.3x6.3 cm? and 4.5x4.5 cm?)
were significantly more comfortable and produced the highest force,
when compared to the smaller electrodes. Hence, the 4.5x4.5cm? elec-
trode was the size of choice because the 6.3x6.3cm? electrode could
not further improve comfort and force. Lyons et al. [LLCM™*04] com-
pared the two largest electrode sizes (4.5x4.5cm? and 6.3x6.3 cm?)
used by Alon [AKH94] and showed that on the gastrocnemius the
smaller 4.5x4.5cm? electrode was significantly more comfortable com-
pared to the 6.3x6.3 cm? electrode. Verhoeven et al. [VvD06] compared
the generated pain of 0.6x0.6cm? electrodes with the generated pain
of 3.6x3.6 cm? electrodes when stimulating the tibial nerve for conduc-
tion studies. They found that pain could be reduced with the larger
electrode (3.6x3.6 cm?) without compromising H- or M-waves. These
studies show that differently sized electrodes were most comfortable on
different subjects and on different body parts. However, what causes
certain electrode sizes to be more comfortable than others and why
from a certain size on larger electrodes become more painful was not
conclusively analyzed up to now.

Finite element (FE) and nerve models have been used to describe
TES [Cob85, RMMRO04, KKO07] (section 1.2). However, the influence
of different transcutaneous electrode sizes on nerve activation has not
been investigated. Only in other fields as for example in Defibrilla-
tion different electrode sizes were analyzed using a modeling approach
[CLE95, KS96]. The aim in this section is to use the TES model in
order to calculate optimized electrode sizes with respect to selectivity
and comfort for different fat layer thicknesses and nerve depths. These
results will help to determine what electrode sizes should be favored on
different persons and body parts.

12.3.1. Methods

In the introduction of this section it was explained that the comfort is
not only a function of the current density but also of the electrode size.
In order to estimate the comfort in the TES model, pain thresholds
were measured experimentally on healthy subjects in order to derive a
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comfort index as a function of stimulation amplitude (current density)
and electrode size (section 12.3.1.1). Comfort and selectivity of different
electrode sizes were then calculated with the TES model for different
fat layer thicknesses and nerve depths in order to determine optimized
electrode sizes for different parameter combinations (section 12.3.1.2).

12.3.1.1. Experimental Measurements

The goal of the experiments was to identify pain thresholds for different
electrode sizes on the forearm of human volunteers. Hydrogel was used
as electrode interface material because this is the material generally
used for neuroprostheses [KKLMO07]. The experiments were undertaken
in the same ten healthy subjects as for the motor thresholds (see sec-
tion 4.2.1.2). After the determination of the motor threshold of each
electrode size (section 4.2.1.2), the excitatory levels (sensory-, motor-,
pain-, and stop threshold) were recorded without removing the elec-
trode. The experimental procedure is described in section 12.2.1 where
the pain thresholds for different electrode materials were analyzed. The
pain thresholds that were measured are named ThP4 where A denotes
the different electrode sizes (areas) that were tested.

Data Analysis The effect of electrode size was analyzed using a one
way analysis of variance (ANOVA). Significant (p<0.01) F ratios were
further analyzed with Fisher’s post hoc test.

12.3.1.2. TES Model

Nerve activation was calculated using the TES model introduced in sec-
tion 3.3 with the parameters that are summarized in the tree structure
below.
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FE model

| Geometry .....vviiiiiiiiiiiiiiiiia cylindrical geometry
Tissue thicknesses ..... standard values from Table 3.2
Tissue properties ...... standard values from Table 3.3
Electrode type ..ccevvevrrrrnnnennnnnn single electrodes
Electrode sizes ............. 0.8x0.8 - 4.1x4.1 cm?
Electrode distance ..............coiiiiin, 11cm
| FqQuation .....o.eiiiiiiiiiiiiiiian., static equation (3.17)
|_Stimulation pulse ............ monopolar current regulated
Amplitude ... e I
Duration ...........cciiiiiiiiiiiiiii 300 ps

_Nerve model
Model IDS tuuvvtteniniiiiiee i DT (Table 3.4)
TYPE woviiii multiple single axons
Axon diameter ...........iiiiiiiiiiiiiiiiiii i 11 pm
Axon depth ........ ... il 0.lcm-1.1cm

Spatial nerve activation was described using activation volumes (AVs)
that were introduced in section 3.4.2.1. The activation volumes were
constructed for axons of 11 ym diameter in order to model an inter-
mediate recruitment of about 50% [RACS98]. In order to quantify the
depth and the selectivity of nerve activation, the activation depth (de-
fined in section 3.4.2.2) and the selectivity (defined in section 3.4.2.4)
were calculated for different model parameters (e.g. electrode configu-
ration, fat thickness,...).

Estimated Comfort (COMF) As proposed in [VvDO06] pain was
assumed to be proportional to the current density in the TES model.
Current density underneath the stimulation electrodes was not mea-
sured directly but estimated by dividing the amplitude of stimulation
I by the area of the electrode. However, because pain is not perceived
the same for different electrode areas [AKH94], the current density was
corrected for different electrode areas with the average factor ThPy.
The factor ThP, is the mean pain threshold amongst the ten volun-
teers (section 12.3.1.1) for electrode areas A. Hence, the measure for

the estimated pain was LA , where I is the applied current ampli-
ThPa/A

tude and A is the electrode area. For the estimated comfort (COMF)
we used the inverse of the pain:




12.3. Optimizing Electrode Size to Stimulate a Certain Depth 153

COMF = ——— =ThP4/I (12.1)

12.3.2. Results
12.3.2.1. Experimental Pain Thresholds

The pain thresholds for different electrode sizes were determined on
ten human volunteers. The ANOVA test on the pain threshold re-
sulted in significant differences among the different electrode sizes at
the (p<0.01) level. The current amplitudes at pain threshold increased
significantly (Fisher’s post hoc test) for larger electrode sizes (Figure
12.3).

Pain Thresholds for Different Electrode Sizes
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Figure 12.3. Notched box plot of the experimentally measured pain thresh-
olds for different electrode sizes.

The actual current density that was present at the pain threshold for
the different electrode sizes is shown in Figure 12.4. It is noticeable
that the human volunteers could tolerate higher current densities with
smaller electrodes.
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Pain Thresholds for Different Electrode Sizes
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Figure 12.4. Notched box plot of the current density present at the exper-
imentally measured pain thresholds for different electrode sizes.

12.3.2.2. Simulation Results using TES Model

Estimated Comfort (COMF) vs. Selectivity (SEL) The esti-
mated comfort and the selectivity of different electrode sizes were as-
sessed using the TES model for different fat thicknesses and activation
depths. The stimulation amplitudes I were set such that for all combi-
nations of electrode sizes and fat thicknesses a certain activation depth
was reached. Using the current I, COMF values were calculated using
the experimentally obtained pain thresholds (see equation (12.1)) and
SEL values were calculated based on the size of the activation volume as
described in section 3.4.2.4. The results in Figure 12.5 were calculated
for different activation depths, different fat thicknesses, and different
electrode sizes. The plot in Figure 12.5 depicts how comfortable and
how selective different electrode sizes were in different anatomical situ-
ations. Each line shows the resulting COMF and SEL for a certain fat
thickness and activation depth when the electrode size is changed. With
increasing fat layers or larger activation depth the comfort and the se-
lectivity decreased. Smaller electrodes were more selective compared to
larger electrodes. In Table 12.2 the range of COMF and the range of
SEL that was obtained with different electrode sizes is summarized. A
larger range of SEL and COMF was found using smaller electrodes.
This indicated that when using smaller electrodes the fat thickness and
the activation depth have a much larger influence on the comfort and
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the selectivity. This is an advantage for thin fat layers and small acti-
vation depths because a good comfort can be achieved. However, with
thicker fat layers and larger activation depths small electrodes can be
worse than larger electrodes. The optimized electrode sizes are given in
the following section.

— AD: 0.1cm, Fat Th.: 0.25cm
— — —AD: 0.1cm, Fat Th.: 1cm
AD: 0.1cm, Fat Th.: 2cm
— AD: 0.6cm, Fat Th.: 0.25cm
= = =AD: 0.6cm, Fat Th.: 1cm
------- AD: 0.6cm, Fat Th.: 2cm
= AD: 1.1cm, Fat Th.: 0.25cm
= = mAD: 1{.1cm, Fat Th.: icm
tiienne AD: 1.1em, Fat Th.: 2cm
O El Size: 0.8x0.8¢cn?
*  ElSize: 1.4x1.4cn
O ElSize: 2.3x2.3cn?
*  El Size: 3.2x3.2cn?
‘ A E|Size: 4.1x4.1cm?
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Figure 12.5. Comfort versus selectivity using different electrode sizes are
depicted for different fat thicknesses and activation depths.

Optimized Electrode Size The electrode sizes with the largest
COMEF value (best comfort) were identified for all tested combinations
of fat thicknesses and activation depths in Figure 12.5. The obtained
electrode sizes are summarized in Table 12.3. The results show that for
thicker fat layers and larger activation depths the electrode size with
the best comfort increased.

12.3.3. Discussion

Pain thresholds were measured in ten human volunteers for different
electrode sizes. In contrast to an earlier study that investigated pain
thresholds on the leg [AKH94], the presented study concentrated on
the forearm. The pain thresholds obtained over the Flexor Digitorum
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El. Size. COMF SEL
min max range min max range
0.8 0.2098 | 14.99 | 14.7802 | 35.56 | 168.4 | 132.84
1.4 0.2507 | 9.993 9.7423 32.62 | 91.13 58.51
2.3 0.2897 | 3.598 3.3083 25.18 | 36.98 11.8
3.2 0.3014 | 1.686 1.3846 16.07 | 20.28 4.21
4.1 0.3035 | 1.099 0.7955 11.72 | 13.61 1.89

Table 12.2. Range of comfort and selectivity that can be achieved with
different electrode sizes with the tested fat thicknesses (0.25c¢m - 2cm) and
activation depths (0.1cm - 1.1cm).

Opt. El. Edge Length [cm] Activation Depth (AD)
0.1cm ‘ 0.6 cm ‘ l.1cm

8 0.25cm 0.8 1.4 1.4
5 g
S lem 0.8 1.4 2.3
=)
& 2cm 2.3 2.3 4.1

Table 12.3. Optimized electrode edge lengths [cm] (best comfort) for dif-
ferent fat layer thicknesses and activation depths.
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Superficialis (forearm) (see Figure 12.3) were about a factor of 1.5 lower
when compared to the thresholds of the gastrocnemius (leg) [AKH94]
because the sensitivity for pain is higher on arms [RACS98].

The simulation results show that the most comfortable electrode size
depends on the fat thickness and the nerve depth (Figure 12.5 and
Table 12.3). For thin fat layers and superficial nerves to be activated
smaller electrodes were more comfortable to achieve a specific activation
or force (Table 12.3). The reason why smaller electrodes can be more
comfortable than larger electrodes is because one can tolerate higher
current densities on smaller electrodes (see Figure 12.4). The same has
been shown in an experimental study by Alon et al. [AKH94], where the
current density at pain threshold increased for smaller electrode sizes.
This is because more nerve fibers and skin receptors are located under
larger electrodes and their activation is spatially summed in the ner-
vous system [MGPO04]. As the electrode area is increased, the current
density is lowered, but more nerves and nerve endings are stimulated.
Hence, there are two concurring effects that may explain why optimal
electrode sizes depend on the target nerve depth: For a constant current
density smaller electrodes are more comfortable (see Figure 12.4), how-
ever deeper nerves can only be reached with larger electrodes because
the spreading of the current is smaller.

Verhoeven et al. [VvDO06] found that larger electrodes (3.6x3.6 cm?)
were more comfortable for electrical stimulation of the gastrocnemius
muscle compared to smaller electrodes (0.6x0.6cm?). Lyons et al.
[LLCM™04] investigated two larger sized electrodes (4.5x4.5cm? and
6.3x6.3cm?) and found that the smaller one 4.5x4.5cm? was more
comfortable. Our simulation results are not directly comparable with
these experiments on the leg because other pain thresholds and a larger
diameter cylinder would have to be used in the presented model. How-
ever, when applying the pain thresholds (gastrocnemius) that were pre-
sented in Alon’s paper [AKH94] to the TES model and using a thick
fat layer (1-2cm) and a large activation depth (1cm), the optimized
electrode size was between 3.2x3.2 cm? and 4.2x4.2 cm?. This is in ap-
proximate agreement with Verhoevens [VvD06] and Lyons [LLCM™04]
experimental results.

The optimized electrode sizes that are given in Table 12.3 were elec-
trode sizes with the best comfort amongst the investigated sizes. The
selectivity could still be improved as it can be seen in Figure 12.5.
Therefore, these optimized electrode sizes should be viewed as upper
limit. Smaller electrodes than these optimized sizes increase the selec-
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tivity but decrease the comfort. Larger electrodes decrease both the
selectivity and the comfort, and are therefore not efficient and should
not be used.

12.3.4. Conclusions

Comfort and selectivity of different electrode sizes were calculated with
the TES model for different fat layer thicknesses and nerve depths.
We were able to find optimal electrode sizes for different anatomies.
Small electrodes (0.8x0.8 cm?) were found to be more comfortable for
thin fat layers (0.25 ¢cm) and superficial nerves (0.1 ¢m) and larger elec-
trodes (4.1x4.1 cm?) were more comfortable for thicker fat layers (2 cm)
and deeper nerves (1.1c¢m). Hence, using the same electrode sizes on
different body parts and amongst different subjects is not optimal. We
recommend to adjust the used electrode size according to the expected
nerve depth, the estimated fat thickness and required selectivity.



13

Array Electrode
Design

The aim of the work presented in this chapter was to design an array
electrode that produces a similar nerve activation as a standard single
electrode.

Clinically, TES is often applied in the rehabilitation of stroke subjects
or spinal cord injured subjects [BMB'00], or for supporting tasks of
daily living [SCO7] using so called neuroprostheses. So far such neuro-
prostheses use single stimulation electrodes [PPK02, SMitG*00]. Array
electrodes were proposed to improve efficacy of such TES systems (see
section 1.1). Array electrodes consist of multiple single elements which
can be individually activated to form a virtual electrode of arbitrary size
and location. For good wearability textile array electrodes are produced
by embroidering silver coated fibers in the form of array electrodes into
garments [LPK'08]. One large layer of self-adhesive hydrogel is used as
skin interface between the skin and the array electrode [KKLMO07]. The
gaps between array elements and the resistivity of the interface (gel)
layer influence the current distribution flowing into the human limb.
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In previous works the sizes of the gaps between array elements and the
resistivity of the gel layer were chosen intuitively [PBBJ105, EFP04,
KKLMO7]. In this chapter the TES model (see section 3.3) is used in
order to analyze and better understand the influence of the gap sizes
and the gel resistivity on nerve activation. Using the TES model it was
investigated how large the gaps should maximally be chosen and how
this decision is related to the choice of the gel resistivity.

Previously, the indifferent electrode (anode) was placed separately from
the array [PBBJ*05, EFP04]. However, in [LPK*08] it was shown that
active (cathode) and indifferent electrode (anode) can be placed on the
same array. This simplifies the application of TES because only one
electrode has to be applied to the human body instead of one array
plus a separate indifferent electrode. Obviously, a part of the applied
current is lost because it will directly flow from the cathode to the
anode through the hydrogel. However, it is unclear how much of the
applied current is lost in the gel layer depending on different parameters
(e.g., gel resistivity, skin resistivity, ...). To address these issues different
parameter combinations were applied to the TES model in order to
quantify these losses and to possibly reduce the losses using adjusted
array electrodes.

13.1. Methods

13.1.1. Combined FE and Nerve Model

Computer simulations were performed using the TES model presented
in section 3.3. The cylindrical geometry with standard layer thicknesses
from Table 3.2 was used. The resistivity of the skin (psxin) depends non-
linearly on the applied current density [KKPMO06]. The current densi-
ties that are typically applied are between 1 mA/cm? and 15mA/cm?
[LPK'08] leading to skin resistivities between 600 Qm and 2100 Qm
(see Figure 7.3). In order to cover a wide range of these experimen-
tally found skin resistivities low (700 Qm) and high skin resistivities
(2000 2m) were used in the TES model. The resistivities of the other
tissues were the standard values given in Table 3.3.

The TES model was used to compare array electrodes with standard
single electrodes because the aim is that nerve activation using multiple
array elements is similar to using single electrodes having the same
size. Therefore, two different electrode layouts were considered. In the
first one, an array electrode and a single electrode were placed on the
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cylinder (Figure 13.1). In the second layout, two single electrodes were
used (sketch A in Figure 13.2). Between cathode and anode biphasic
current regulated pulses with a pulse amplitude I and a pulse duration
of 300 us were used.

The single elements of the array electrode had a size of 13 mm (l¢jep, in
Figure 13.1), the gap sizes (lgqp) Were between 1 mm and 5 mm ({y4qp in
Figure 13.1), and the resistivity of the single elements was 1.6+10~% Qm
(silver). These parameters were chosen according to the specifications
of array electrodes used in another study [LPK'08]. Underneath the
array elements a single hydrogel layer provided an interface to the skin.
This gel layer had thicknesses (lge;) between 0.25 mm and 2mm, and
resistivities (pger) between 1Qm and 10’000 Qm. This is the range of
hydrogels that can be produced by manufactures as for example Sekisui
Plastics Co., Ltd., Tokyo.

In order to compare single with array electrodes their edge lengths have
to be of comparable size. The size of the single cathode (s in Figure
13.2) in the second layout (sketch A in Figure 13.2) was always adapted
to the size of the corresponding 2 by 2 electrode (array) it was compared
with. The edge length of the single cathode (s) was s = 2% lejem + lgap-
The centers ng of the single electrode and the 2 by 2 virtual electrode
were kept congruent.

Nerve activation in the TES model was calculated using the linear MRG
model (nerve model DY in Table 3.4) and was assessed underneath
the cathode (active electrode). The lowest activation using the array
electrode compared to using the single electrode is underneath the gap
in the center of the 2x2 active region (ng4 in Figure 13.2). Because array
electrodes should produce similar activation to single electrodes this
location of lowest activation was investigated for two nerve depths (d);
a superficial (1mm) and a deep nerve (16 mm) as depicted in Figure
13.3. These two nerve depths represent common extreme nerve depths
found in humans [Sta05].

The experimental verification of the TES model with array electrodes
that is used in this chapter is described in section 4.2.2.3.

13.1.2. Influence of Gel Resistivity and Array Gaps on Nerve
Activation

The influence of the gaps between the single array elements on nerve ac-
tivation was investigated. The aim was to find out what gel resistivities
should be used for different gap sizes in order to have a small influence
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Skin
Fat
Muscle
Cortical bone
Bone marrow

Figure 13.1. Cylindrical arm model with array electrode and a separate
single electrode. Underneath the array one large gel layer provides the inter-
face between array elements and skin. A region of 2x2 array elements was
used as cathode and the anode (red electrode or red array elements) was
either on the separate single electrode or on the array.

on nerve activation underneath the gaps compared to single electrodes.
For that purpose activation generated using array geometry B (Figure
13.2) was compared with the activation generated using single electrode
geometry A (Figure 13.2). The influence was quantified by calculating
the additional current I,4q that was required in the array geometry to
generate the same nerve activation at locations ng as in the single elec-
trode geometry. The additional current I,44 was calculated for the two
nerve depths (d) of 1mm and 16 mm shown in Figure 13.3 and for an
intermediate recruitment (11 ym axon diameter). When axons down to
a diameter of 11 um are activated in a nerve bundle, an intermediate
recruitment of about 50% is present [RACS98].

Apart from the worst case (nerve activation underneath the gaps) the
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Figure 13.2. In the Figure grey electrodes indicate anodes and electrodes
with crossed lines are the cathodes. A: two single electrodes for comparison
with array electrodes. B: Array electrode with separate single anode. C to F:
Arrays with anode and cathode on same array. Different distances between
anode and cathode are shown (C: 51mm, D: 35mm, E: 19mm, F: 3mm).

Array Electrode
I 1 | Substrate (1mm)
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Figure 13.3. Superficial and deep nerve within the volume representing
muscle tissue. The locations indicated with ng are the places where nerve ac-
tivation was investigated and represent common extreme nerve depths found
in humans [Sta05].

mean additional current Io4q qreq Of multiple locations on an area un-
derneath the active electrodes was calculated. The area was located on
cylinders that were concentric with the arm model. One of the areas on
which the mean of the nerve activation was calculated is indicated with
Area (P) in Figure 13.1. Two cylinder radii (corresponding to nerve
depths 1mm and 16 mm) were used in order to calculate I,qq,qreq at
different depths. The same two physiologically motivated nerve depths
as in Figure 13.3 representing a superficial and a deep nerve were used.
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13.1.3. Losses in the Gel Layer when Anode and Cathode are
on the same Array

The losses that emerge when the cathode and the anode are on the
same array were investigated. Depending mainly on parameters like
gel resistivity pger, gel layer thickness lge;, skin resistivity peuin, and
the distance between cathode and anode, a certain part of the applied
current flows directly through the gel layer from cathode to anode.
Our goal was to find out how high the gel resistivity pge; should be in
order to keep these losses at a low level. The losses were quantified by
calculating the additional current I;,ss that was required to generate
the same nerve activation using geometries C, D, E or F (Figure 13.2)
compared to geometry B (separate anode). Because the losses are larger
for deeper nerves this additional current I;,s, was calculated for a deep
nerve at 16 mm nerve depth (Figure 13.3) and an intermediate nerve
recruitment (11 um axon diameter).

13.2. Results

13.2.1. Influence of Gel Resistivity and Array Gaps on Nerve
Activation

Qualitatively, the influence of gel resistivity on electrical current distri-
bution is shown in Figure 13.4. The upper sketch shows the spreading
of the current for a high resistivity (e.g., 10’000 Q2m) of the gel layer
and the lower sketch for a low resistivity (e.g., 1Qm). A higher gel
resistivity focuses the current underneath the single pads. As a result
superficial nerves in region A are less activated compared to region D
and deep nerves in region B are more activated compared to region E.
In adjacent regions to the activated array elements activation is lower
for high resistivities (region C) than for low resistivities (region F).
Quantitatively, the additional current I,;q that is required to achieve
the same activation with array electrodes compared to single electrodes
is plotted in Figure 13.5 versus the gel resistivity pge; for different gap
sizes lgqp and nerve depths d as described in section 13.1.2.

It can be seen by comparing Figure 13.5(a) with Figure 13.5(b) that the
influence of the gap size l4q, and of the gel resistivity pgye; on Iqqq is not
the same for superficial and deep nerves. The curves for the different gap
sizes in Figure 13.5(a) (superficial nerve) are further apart compared
to the chart in Figure 13.5(b) (deep nerve). This indicates that the
gap size lyqp has a larger influence on superficial nerves compared to
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Figure 13.4. Depicts qualitatively the influence of different gel resistivities
on the spreading of the current (grey area). The upper sketch shows the
spread for a high gel resistivity (e.g., 10’000 Qm) and the lower sketch for a
low gel resistivity (e.g., 1 Qm).

deep nerves because the current spreads out within the muscle and
diminishes the influence of the array gaps on deep nerves. For low gel
resistivities (pger < 209Qm) I,qq is large for both superficial and deep
nerves. The reason is that the current spreads out in the gel layer and
the effective electrode is much larger than the 2x2 active elements on
the array. For large gel resistivities (pger > 3000Qm) Ipqq is not the
same for superficial and deep nerves. Due to the small spread of the
current at high gel resistivities high currents are required to activate
superficial nerves underneath large array gaps (lgqp > 3.5mm). For
deeper nerves also nerves underneath the gaps are activated due to the
spreading of the current in the muscle.

The curves depicted in Figure 13.5 allow to choose a gel resistivity
that the additional current I,44 is minimal depending on the gap size
lgap of the array. For example, a gel resistivity of ~ 100 m should be
used when the gap size is 5mm and a superficial nerve is stimulated
(Figure 13.5(a)). However, the results in Figure 13.5 show that these
gel resistivities with minimal 1,44 are not the same for superficial and
deep nerves. To equally weight superficial and deep nerves the mean
of the curves in Figure 13.5(a) (superficial) and Figure 13.5(b) (deep)
were calculated. These curves are shown for a skin resistivity of 700 Qm
in Figure 13.6(a) and for a skin resistivity of 2000 Qm in Figure 13.6(b).
The minimal values for the different curves in both plots of Figure 13.6
are summarized in Figure 13.7. Larger gap sizes require a larger spread
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Losses for different Gel Resistivities (Deep Nerve 16mm)
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(a) Igqq for a superficial nerve (b) Iyqq for a deep nerve (16 mm
(1 mm nerve depth). nerve depth).

Figure 13.5. The additionally required current I,44 versus the gel resistivity
are shown for different parameter combinations. I,44 was calculated between
geometry B (Figure 13.2) and geometry A.

of the current in the gel layer and therefore a smaller gel resistivity
(Figure 13.7). Furthermore, the results indicate that for a fixed gap
size larger skin resistivities require larger gel resistivities.

The additional current I,4q at the optimal gel resistivity for the differ-
ent gap sizes (minima of each curve) in Figure 13.6 is larger for larger
gap sizes (e.g., [oqq is HmA for a gap size of 5mm but only 1mA for a
gap size of 1 mm). This indicates that lower losses can be achieved with
smaller gap sizes. The results in Figure 13.6 indicate that in order to
keep the additional currents 1,44 below ~2mA gap sizes below ~3mm
are required.

Apart from the worst case (nerve underneath the gaps) the mean addi-
tional current I, 44 qreq underneath the array was calculated (see section
13.1.2). The losses are much lower (Table 13.1) compared to the worst
cases in Figure 13.5. For all tested gap sizes and nerve depths the losses
were 4mA or lower (Table 13.1).

13.2.2. Losses in the Gel Layer when Anode and Cathode are
on the same Array

The losses Ij,s5 versus the gel resistivity pge; were calculated for differ-
ent cathode-anode distances, skin resistivities pski, (Figure 13.8), and
gel thicknesses ly¢; (Figure 13.9) as described in section 13.1.3.
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Figure 13.6. Mean of Ioqd,superficiar (Figure 13.5(a)) and Iodd,deep (Figure
13.5(b)) (denoted with I,4q) versus the gel resistivity are shown for different
gap sizes.
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Figure 13.7. The plot gives the gel resistivities that should be preferred for
different gap sized of the array. The values were derived from the minimas
of the curves in Figure 13.6.

For lower pge; the losses I,ss increased because a larger part of the
current flew directly through the gel layer and did not add to nerve
activation (Figure 13.8 and 13.9). A limit for Ij,ss of 2mA was in-
troduced in order to obtain lower limits for the gel resistivities where
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No. Gap Size | Nerve Depth Mean Additional
lgap [mm] d [mm)] Current I,44,qreq [MA]
1 1 1 0.4
2 2 1 0.6
3 3 1 0.8
4 4 1 1.2
5 5 1 1.6
6 1 16 1.6
7 2 16 1.8
8 3 16 2
9 4 16 3.2
10 5 16 4

Table 13.1. Mean additional current I,qdq,qreq for different gap sizes and
nerve depths. The skin resistivity pswin was 2000 Qm and the gel resistivity
pger Was 3000 Om.

losses are at an acceptable level. Losses of 2mA are acceptable because
the additional current does not introduce much more pain [LLCM T 04]
and does not require much more power from the stimulator. For short
cathode-anode distances (3mm) the losses were above 2mA (Figure
13.8). Therefore, cathode-anode distances below ~ 19mm should be
avoided when on the same gel layer. For cathode-anode distances above
19mm the losses I;oss were below 2mA for gel resistivities pgye; above
50 Om.

The larger skin resistivity psgin of 2000 Qm required a slightly larger gel
resistivity pge; to produce the same losses Ijoss (Figure 13.8). However,
compared to the cathode-anode distance and the gel resistivity, the skin
resistivity has a smaller influence on the losses.

The results in Figure 13.9 show that thicker gel layers produce larger
losses and that the influence of the gel thicknesses on the losses is larger
for low gel resistivities. However, because gel resistivities above 50 Qm
should be used as described in the two previous paragraphs the results
show that there is only a little gain using thinner gel layers.

In summary, these results show that for cathode-anode distances larger
than 19mm and gel resistivities pge; above 50 2m the losses are below
2mA for all tested combinations of parameters (Figure 13.8). This de-
fines a lower limit for the cathode-anode distance and the gel resistivity
Pget When cathode and anode are supposed to be on the same array.
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Losses for Different Anode-Kathode Distances
and Skin Resistivities (deep nerve)
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Figure 13.8. The losses [j,ss versus the gel resistivity are shown for different

cathode-anode distances and skin resistivities. The nerve depth was 16 mm
and the gap sizes were 3 mm.

Losses for Different Gel Thicknesses (deep nerve)
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Figure 13.9. The losses Ij,ss versus the gel resistivity are shown for different
gel thicknesses. The nerve depth was 16 mm and the gap sizes were 3 mm.

13.3. Discussion

The array technology is a versatile approach that can dynamically
change the size and position of the active region of a stimulation elec-
trode. This approach shortens the time-consuming procedure of finding
optimal electrode positions and sizes. However, it was unclear how the
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gaps between the array elements and the resistivity of the interface
layer (gel resistivity) influence activation. Furthermore, it was unclear
how big the losses are when cathode and anode are placed on the same
array connected by the gel layer. A combined FE and nerve model was
employed to clarify what gel resistivities and gap sizes should be used.
A modeling approach was favored over experiments because it has the
advantage that specific influences and parameter ranges can be inves-
tigated. With experiments only the number of different configurations
that can be investigated would be very limited.

The simulation results with gap sizes between 1 mm and 5 mm indicated
that low resistivities lead to a large spread of the current within the
gel layer. As a consequence the area where the current enters the skin
is larger than the area of a single array element. The advantage of the
large spread is that the activation is more uniform and that gaps have
less influence. However, the selectivity is reduced. On the other hand
the results show that a too high gel resistivity dramatically reduces
activation underneath the gaps of the array because the current flows
perpendicular down into the muscle and does not reach nerves located
directly underneath the gaps. As a consequence for high gel resistivities
the activation is non-uniform but selective. For these reasons the gel
resistivity is an important design parameter that has to be properly
chosen depending on the gap sizes of the constructed array electrode
(Figure 13.7) in order to achieve a good tradeoff between uniformity
and selectivity activation. Because the skin resistivity of most humans
is between 700 Qm and 2000 Qm [RACS98, KKPMO06] the gel resistivity
should be chosen between the two curves depicted in Figure 13.7.
Apart from the nerve activation underneath the gaps of the array also
the mean losses under the whole electrode were calculated. These losses
were smaller compared to the losses underneath the gaps (Table 13.1).
This gives evidence that only few places have a lower activation (primar-
ily underneath gaps). However, for automatic identification algorithms
that find optimal stimulation regions [KHLKO06] it is important that
all locations underneath the electrodes experience similar activations.
Therefore, it can be important to produce a uniform current distribu-
tion underneath the array.

The simulation results where cathode and anode were on the same
gel layer (section 13.2.2) showed that the gel resistivity should be at
least 50 Q2m and the cathode-anode distances should be above 19 mm in
order to keep losses below 2 mA. The requirement that the gel resistivity
should be above 50 Qm is less restrictive than the gel resistivities that
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produce minimal losses for different gap sizes (see Figure 13.7). Hence,
it is sufficient to ensure that cathode and anode are never closer than
about 20mm in order to keep losses at a low level when anode and
cathode are on the same interface layer.

A thinner gel layer thickness decreases the losses when anode and cath-
ode are on the same gel layer (Figure 13.9). However, the effect of using
a larger gel resistivity was found to be more effective (Figure 13.9) com-
pared to a thinner gel layer thickness. Additionally the gel layer thick-
ness should not be thinner than 1mm due to safety reasons. When
using current regulated stimulation a break through of the interface
material can cause skin burns.

The presented gap sizes and gel resistivities with minimal additional
current were calculated for parameters of a common human forearm
(see Figure 13.7). If an array electrode that was produced using such
standard arm parameters is applied to other body parts the losses
will not have a minimal additional current. The main parameters that
change when moving to other body parts are the nerve depth and the
fat layer thickness. A thicker fat layer has a comparable effect as a
deeper nerve because the nerves are also farther away from the stim-
ulating electrode. The effect of a deeper nerve can be estimated by
comparing Figure 13.5(a) with Figure 13.6(a). In the results of Fig-
ure 13.6(a), both superficial and deep nerves are taken into account
whereas in Figure 13.5(a) only the superficial nerves are taken into ac-
count. The optimal gel resistivities moved towards higher values when
incorporating deeper nerves. However, the changes were low (e.g., for
a gap size of 3mm from 400 Qm to 1000 2m) compared to the whole
range of possible gel resistivities for different gap sizes given in Figure
13.7. This indicates that the gap size is the dominant parameter and
that other parameters and therefore also different body locations (arm,
leg,...) have a minor influence on the optimal gel resistivity.

In conclusion, for a good trade-off we suggest, based on the simulation
results, that gap sizes should be smaller than 3mm in order to have
losses below 2mA. For 3mm gap sizes the preferred gel resistivity was
~ 1500 Q2m, for 2mm gap sizes ~ 3000 m, and for 1 mm gap sizes
~4500 Qm (see Figure 13.7).
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Summary and Conclusions

A TES model comprising a finite element model and non-linear nerve
models was developed (section 3.3) with the aim to investigate new TES
technologies and to better understand specific effects in TES. With the
TES model nerve activation was calculated either in nerve bundles or
by using activation volumes (AVs) which describe whole regions where
nerves are activated. Quantitative measures to estimate the activation
depth and the selectivity were derived from activation volumes (section
3.4.2).

The developed TES model was first verified with experiments and then
used for different investigations. The main conclusions that were drawn
throughout this thesis project are summarized below.

Comparison of the TES model with experiments

e Strength-duration curves and recruitment-duration curves calcu-
lated by the TES model containing axon model D (MRG) com-
pared well with experiments. Until now axon model D (MRG-
model) was exclusively used for implanted ES systems [LGDO06].
With the presented investigation it was shown that the MRG-
model can also be used to model transcutaneous ES where the
electrode-nerve distances are much larger than in implanted sys-
tems (section 4.3).

Tissue properties

e The high variability of the bulk tissue capacitances were found
to have a minor influence on recruitment in TES. Therefore, the
Laplace equation can be used to describe the potential distribu-
tion in the volume conductor. However, there are cases where the
time varying solution has to be used. These cases were discussed
in section 7.1.

e The non-linearity of the skin resistivity can be neglected if only
nerve activation is of interest. However, if the voltage on the elec-
trodes is also of importance the non-linearity of the skin has to
be incorporated (section 7.2.1).

e The skin and fat resistivities were found to have little influence
on nerve activation when using current-regulated TES. This is an
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advantage for the practical application of current regulated TES,
because similar stimulation parameters can be used for different
persons (section 7.2.2).

e An anatomical geometry was segmented from MRI scans and in-
cluded in the TES model. Nerve activation in a TES model using
a multiple layer cylindrical geometry was compared with a TES
model using an anatomical geometry. This comparison showed
that a simplified multiple layer cylindrical geometry can be used
to describe nerve activation during TES in human forearms (sec-
tion 7.3).

e The influence of bone and other inhomogeneities on nerve activa-
tion is small if there is at least a distance of 0.8 cm for large in-
homogeneities (1 cm diameter) and a distance of 0.3 cm for small
inhomogeneities (0.2cm diameter) between nerve and inhomo-
geneity. This result helps to decide which inhomogeneities can be
neglected in TES models (section 7.4).

e In summary, the results of the sensitivity analysis show that the
muscle resistivity, the azon depth, and the azon diameter have
the largest influences on nerve activation. The big influence of
the axon depth also implies that the large range of fat thick-
nesses found in humans has a large influence on nerve activation.
In general, the parameters with a large influence have to be in-
corporated in TES models whereas parameters with a small in-
fluence on nerve activation can be neglected or approximated in
TES models (section 9).

Electrode material

e The higher current densities at the edge of surface electrodes com-
pared to the center of the electrodes (edge effects) can be reduced
by using a higher electrode gel resistivity (section 11).

e Locally high current densities occurring from large skin inhomo-
geneities (1 cm diameter) can be reduced with high resistive elec-
trodes. Locally high current densities that are due to small in-
homogeneities (100 um diameter) cannot be reduced using high
resistive electrodes. This indicates that high resistance electrodes
are not a solution to improve the comfort in TES (section 11).
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e Experimental measurements and simulations using the TES
model show that the resistivity of the electrode material does
not influence the motor thresholds. However, the comfort (pain
threshold) is strongly influenced by the choice of electrode ma-
terial over a wide range of current densities. This means that
new electrode materials can be designed with the focus on op-
timizing stimulation comfort without compromising stimulation
magnitude (section 12.2).

Electrode size

e Comfort and selectivity of different electrode sizes were calculated
with the TES model for different fat layer thicknesses and nerve
depths. Optimized electrode sizes which produced maximal se-
lectivity and comfort for different anatomies were identified. The
sizes varied between 0.8x0.8 cm? and 4.1x4.1cm? depending on
the anatomy (fat thickness, nerve depth). Hence, using the same
electrode sizes on different body parts and amongst different sub-
jects is not optimal. It is recommended to adjust the used elec-
trode size according to the expected nerve depth, the estimated
fat thickness and the required selectivity (section 12.3).

Array electrodes

e Simulation results show that by adequately choosing array gap
sizes and gel resistivities, activation of single electrodes can be
mimicked using array electrodes. It is suggested, based on the
simulation results, that gap sizes should be smaller than 3 mm in
order to have losses below 2mA. For 3 mm gap sizes the preferred
gel resistivity was ~ 1500 Qm, for 2 mm gap sizes ~ 3000 Qm, and
for 1 mm gap sizes ~4500 Qm (section 13).
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Outlook

One of the main questions in modeling is the level of detail that is incor-
porated in a model. In the Electrical Stimulation Group at the Auto-
matic Control Lab (ETH Zurich) the presented TES model was used to
answer specific technological design questions (e.g. electrode resistance,
array electrode design) or to better understand different influences on
TES (e.g. skin resistivity, nerve depth). For such applications detailed
and computationally expensive models were required. However, certain
model simplifications were possible as presented in chapter 9. The fur-
ther development of the TES model depends on future applications.
Two main directions are possible:

e If the aim is to find, for example, optimized activation regions
(on array electrodes) for new neuroprostheses, a more detailed
TES model is required. The results in section 7.3 (anatomically
based geometry) indicate that a multiple layer cylindrical volume
conductor model should be sufficient to describe the potential
distribution within the arm (we believe that for certain stud-
ies even simpler cube shaped models can be used). The model
improvement would be to include a more realistic nerve bundle
model (morphology, curvature). Currently, all nerve bundles are
oriented in the same direction (in axial direction of the cylin-
drical model). By incorporating a detailed network of axons as
for example done in [KDR107] the selective activation of specific
muscles can be better analyzed.

e If the future direction is to use the model in a real-time envi-
ronment (e.g. to dynamically change the electrode size in a neu-
roprosthesis based on real-time simulation results), a much sim-
plified model is required. The volume conductor model could be
replaced with an analytical model as for example introduced by
Livshitz [LEMO1] or more recently by Mesin [MMO8]. By using
the AF to predict nerve activation based on the potential distri-
bution it should be possible to implement a model that can be
solved in real-time. Also look-up tables can be an option in certain
cases. The main challenge to be solved would be the changing ac-
tivation due to the movements of the motor points when the arm
is, for example, supinated or pronated. Sensors have to measure
these movements and correct the model for the changed motor
point locations.



179

Further points that are not related to the level of detail of the TES
model:

e We were not able to directly validate the shape of activation vol-
umes. Co-contractions of adjacent muscles to the targeted muscle
did not allow an accurate measurement on human volunteers. An
in-vitro setup or animal experiments would be required in order
to validate the shape of activation volumes.

e The current version of the TES model only includes motor nerves.
In section 12.3 a pain index was used to conclude on stimulation
comfort. However, the actual sensory nerves are not included in
the TES model. It would be interesting to see how the fiber diam-
eter distribution influences the required pulse duration for motor
and sensory nerve excitation. This could help to find stimulation
pulses that maximize motor nerve activation and minimize sen-
sory nerve activation.
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Anatomy (Muscles in
the Forearm)

A.1l. Flexors in the Forearm

Deepest Layer

m. Supinator The supinator muscle is the main muscle that supinates
the arm, rotates the radius. The muscle originates at the proxi-
mal part of the ulna and the very distal part of the humerus. The
insertion is at the proximal third of the radius. The deep branch
of the radial nerve (C7,C8) innervates the Supinator muscle.

m. Pronator Quadratus This small, quadrangular muscle is, amongst
others, responsible for the opposite movement of the m. supina-
tor, pronation. It originates at the distal fourth of the anterior
surface of the ulna, the insertion is at the distal fourth of the an-
terior surface of the radius. Innervation of the muscle comes from
the anterior interosseous nerve which is a branch of the medial
nerve (C8,T1).
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Deep Flexors

Flexor Digitorum Profundus M. flexor digitorum profundus finds
its origin at the proximal end of anterior side of the proximal
quarter of the medial and anterior surfaces of the ulna. Its inser-
tion lies on the basis of the distal phalanges of the medial four
fingers. The muscle can flex the distal interphalangeal joints of
the fingers; the DIP, PIP and MPC joint of the fingers. The mus-
cle is innervated by the medial part of the ulnar nerve (C8,T1)
and the lateral part of the median nerve (C8,T1).

Intermediate Layer of Flexors

m. Flexor Digitorum Superficialis (FDS) The muscle has two
heads, the humeroulnar head and the radial head. The first is
attached to the medial epicondyle of the humerus and the coro-
noid process of the ulna. The latter of the two heads attaches
to the superior half of the anterior border of the radius. The m.
flexor digitorum superficialis gives rise to four tendons, each serv-
ing one of the fingers. Its insertion lies on the middle phalanges
of the medial four digits, the four fingers. This means it can flex
the proximal interphalangeal joints, together with the metacar-
pophalangeal joints and the wrist joint. Innervation of the muscle
comes from the median nerve (C7,C8,T1).

Superficial Layer of Flexors

m. Flexor Carpi Radialis (FCR) The proximal attachments of
this muscle lie on the medial epicondyle of the humerus, its inser-
tion is at the base of the 2nd and 3rd metacarpal bone. Therefore
the muscle is suitable for flexion and abduction of the wrist. In-
nervation is by the median nerve (C7,C8). It is a muscle with a
slim belly and a very long tendon which takes it to the metacarpal
bones.

m. Palmaris Longus (PL) The Palmaris Longus is a muscle that
can flex the wrist and tens the palmar fascia. It originates at
the medial epicondyle of the humerus, inserts at the proximal
superficial palmar facia and is innervated by the median nerve

(C7,C8).
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m. Flexor Carpi Ulnaris (FCU) The most medial of the superfi-
cial flexors of the forearm is the m. flexor carpi ulnaris, which
is responsible for flexion of the wrist joint and adduction of the
hand. The proximal attachments of the muscle are for the humeral
head, the medial epicondyle of the humerus and for the ulnar
head, the olecranon and the posterior border of the ulna. Distally
the muscle attaches to the two carpals and the metacarpal of the
fifth digit. The muscle is innervated by the ulnar nerve (C7,C8).

A.2. Extensors in the Forearm

The muscles for the extension of the fingers are situated on the posterior
side of the forearm.

m. Extensor Digitorum A muscle innervated by the posterior in-
terosseous nerve (C7,C8) and a branch of the radial nerve. Its
function is to extend the fingers and the wrist.

m. Extensor Digiti Minimi Innervated by the same nerves as the
m. extensor digitorum. The function is to extend the proximal
phalanx of the fifth digit (the little finger) at the metacarpopha-
langeal joint and to assist in the extension of the carpometacarpal
joints, the wrist.

m. Extensor Carpt Ulnaris Muscle A two headed muscle which
attaches at the base of the fifth metacarpal bone. Innervated by
the posterior interosseous nerve (C7,C8) and a branch of the ra-
dial nerve. The m. extensor carpi ulnaris can extend and adduct
the hand at the wrist.
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Figure A.1. The muscles on the posterior side of the forearm. [Sta05]



ArmSimP

What is ArmSimP? ArmSimP (Arm Simulation Program) is a
Software-Package to build, simulate and manage TES models. It was
developed in order to simplify and accelerate the simulation process.
ArmSimP was designed using an object oriented approach in order to
enable future extension.

Detailed descriptions of ArmSimP can be found in a technical re-
port [Kuh05] and in different semester project reports [Bas05, AB07,
Man07]. Here only a summary of the main functionality is provided.

Main Steps performed in ArmSimP ArmSimP was designed to
perform the three main steps (volume conductor, nerve model, post-
processing) that are required for TES models (see Figure B.1). These
are the same steps that were introduced in chapter 3 (Figure 3.1).
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Nerve models
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Figure B.1. Summarizes the main procedure that is conducted in Arm-
SimP.

Main Functionality

TES Model Management

e The model and simulation parameters are stored in a folder struc-
ture (see Figure B.2).

e The geometry for the FE simulations can either be CAD data
or the parametric model (cylindrical geometry), which provides a
set of parameters (see Figure B.3).
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Figure B.2. Simulation parameters and models can be stored in a folder
structure. The left list holds the items containing the geometry and the cor-
responding parameters (tissue properties, tissue thicknesses, ...). The right
list contains simulation parameters like pulse amplitude or the specification
of the active elements on array electrodes.
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Figure B.3. The parametric models can be specified with a set of predefined
parameters. It is a cylindrical model that can model both single and array
electrodes.
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Chapter B: ArmSimP

Single and array electrodes can be placed on the geometry.

Stimulation parameters (pulse amplitude, pulse width, ...) can be
set.

When modeling array electrodes an arbitrary number of array el-
ements can be combined to a virtual electrode. Any number of
virtual electrodes can be defined which are connected to an arbi-
trary number of current sources. For each current source stimu-
lation pulse parameters can be individually chosen.

FE Simulation

The defined model is sent to ANSYS (EMAG, Ansys Inc.,
Canonsburg, PA) in order to calculate the electrical potential
distribution within the geometry (compare to section 3.1.5).

Batchprocessing of multiple models is possible.

The resulting electrical potentials are interpolated onto nerve
lines which can be specified in ArmSimP.

The simulation results with all parameters are stored in a data
structure.

Nerve Model

Calculate the TP (activation distribution) using a linear or non-
linear nerve model (compare to section 3.2).

Postprocessing

Construct activation volumes (AVs) based on the activation dis-
tribution (compare to section 3.4.2.1).

Compare two activation volumes with each other using mean dis-
tances (compare to section 5.1.3).

Calculate activation depth and selectivity based on the activation
volume (compare to sections 3.4.2.2 and 3.4.2.4).

Calculate strength-duration curves and derive chronaxie and
rheobase (compare to section 4.2.1.3).

Calculate recruitment-duration curves and its rise time (compare
to section 4.3.1.3).
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Used Software Packages

Visual Studio 2005 (8.0) (Used to compile Paraview)
Cmake 2.4.1 (makefile generation for various platforms)
Tortoise CVS (to download the vtk and paraview source)

Tortoise SVN (for ckecking out and commiting changes to the
custom source code)

Ansys (for FE simulations)
Matlab (for AF calculation (second derivative), curve fitting)
Neuron (simulate nerve activation)

Qt with MinGW (for the compilation of the user interface of
ArmSimP)

Paraview (for Postprocessing, display activation volume (AV))

paraviewFES (custom VTK functions which are included in Par-
aview)

Cygwin 1.5.9 (used for moving and deleting data in ArmSimP)
Perl
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