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Abstract 

Neuropathic pain is a chronic health condition with a severe impact on the quality of 

life of affected patients. The condition is often difficult to manage and refractory to 

traditional pain treatment strategies such as pharmacological management, 

physiotherapy and psychological therapy. Peripheral nerve stimulation has been 

proposed as an alternative treatment with numerous successful clinical reports. 

Nevertheless, the systematic understanding of the underlying mechanism of action is 

still limited. Efficacy studies in the form of randomised controlled trials have 

predominantly been conducted for occipital nerve stimulation to treat various 

headache conditions. Without trials of a wide range of neuropathic conditions, the 

commercial availability of approved medical devices is limited. 

The overall objective of this thesis was to advance towards the development of a 

peripheral nerve stimulation system for a small-scale clinical trial that will be used to 

gain a deeper understanding of the underlying mechanisms of pain modulation. 

Design features of electrode arrays and new stimulation strategies were tested in order 

to facilitate the development of advanced clinical peripheral nerve stimulation systems. 

The first part of the work consisted of the development of a small, wearable neural 

stimulator for the use in clinical trials. Chapter 2 presents the design and 

characterisation of the stimulator. It was shown that safe and efficacious neural 

activation could be achieved and the system will be suitable for use during a short-

term clinical trial of electrode arrays with a percutaneous leadwire system. 

In the second part, a model electrode setup was used to investigate a bipolar 

stimulation strategy. Chapter 3 documents an electrophysiological study on the 

maximisation of the therapeutic window available for stimulation. An electrode 

screening strategy was developed in order to increase the efficiency of intra- and post-

operative testing of stimulation arrays with a large number of electrode combinations. 

The third part of the work focussed on the development of single-source multipolar 

stimulation as a novel method to perform current focussing for increased selectivity of 
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the neural activation. Chapter 4 presents the in vitro investigation that showed that a 

successful reduction of voltages at electrode sites other than the centre electrode was 

achieved when compared to monopolar stimulation. Furthermore, a significant 

improvement of the voltage reduction was also found compared to tripolar and 

common ground stimulation. 

The promising results from the in vitro tests were followed by an in vivo evaluation as 

presented in Chapter 5. However, the focussing effects found in vitro did not translate 

to functional benefits in vivo for the investigated setup. Rather, increased neural 

activation thresholds were found resulting in potentially higher power requirements 

for a clinical system. Monopolar stimulation was identified as the favourable mode 

under the tested conditions. 

In conclusion, the results of this thesis suggest that a safe and reliable, tailored 

electrode array in combination with a monopolar stimulation strategy forms a 

promising system in order to progress towards the overall objective, a short-term 

clinical trial. This will help to gain a deeper understanding of the underlying 

mechanism of action of peripheral nerve stimulation for the treatment of chronic 

neuropathic pain. 
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  Chapter 1
 

Introduction 

Neuropathic pain is a medical condition caused by a lesion to or disease of the nervous 

system. The symptoms experienced by patients can be severe and have a wide-ranging 

impact on the patients’ lives. Despite extensive research into the cause and treatment 

options, the management of this condition remains difficult. This thesis will examine 

the application of electrical stimulation of peripheral nerves in the treatment of 

neuropathic pain and will present fundamental work towards a systematic clinical trial 

of this emerging treatment alternative. 

This chapter provides a general overview of the peripheral nervous system and the 

field of medical bionics before presenting more detailed information about chronic 

neuropathic pain and previous work in the area of peripheral nerve stimulation (PNS). 

Lastly, the thesis scope and objectives will be introduced. 

1.1 Peripheral nervous system 

1.1.1 Neurons: the building blocks of the nervous system 

The human nervous system is built upon two distinct types of cells, neurons and glial 

cells. Neurons form the basic functional elements of the nervous system. Like all cells, 

neurons have a cell body (soma) where the common cell organelles are located and 

which forms the metabolic centre of the cell. In addition, there are two distinctive 
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structures growing out from the cell body that give rise to the electrical signalling 

capabilities of a neuron, dendrites and the axon (Figure 1.1). Most neurons have several 

dendrites which are extensively branched. Dendrites are the primary receivers of 

interneural signals. The incoming neural signal is subsequently relayed via the axon in 

the form of an electrical signal, the action potential, to the synapse. At the synapse, 

neural signals are chemically transmitted to a postsynaptic receiver cell via secretion of 

neurotransmitter molecules that bind to receptors at the postsynaptic specialisation. 

Depending on the direction of the information transfer, neurons are classified as 

afferent or efferent if they transfer information to or from the brain, respectively. 

 

Figure 1.1: Anatomical structure of a peripheral neuron. Adapted from Marieb and Hoehn (2013) 

As mentioned above, electrical signals are conducted as action potentials along axons. 

An action potential is a short-term depolarisation of the intracellular potential of the 

neuron compared to the surrounding environment. Due to the geometric and electrical 

properties of the axon, the action potential is propagated along the extension of the 

axon in the form of a pulse. All action potentials are all-or-none signals with 

amplitudes of approximately 100 mV over the resting potential and a duration of about 

1 ms. The pulse shape does not encode any information and is similar for different 

types of neurons. All information encoding is contained in the neuronal network and 

the temporal firing patterns. 
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The second group of the building blocks of the nervous system comprises the glial 

cells, which are support cells that are not actively involved in the signal transduction 

process. Nevertheless, they play an important role as a scaffolding structure, provide 

metabolic functions and secrete myelin as an insulating material around axons to 

improve the conduction properties of the axon. The main types of glial cells are 

astrocytes, oligodendrocytes and Schwann cells. Astrocytes and oligodendrocytes are 

glial cells of the central nervous system while Schwann cells are wrapped around 

peripheral neurons providing an insulating myelin sheath. Several Schwann cells can 

be located along a single axon providing sections of myelination around 1 mm long 

(Figure 1.1). Small gaps exist between adjacent myelin sheaths called nodes of Ranvier.  

Because the propagation of an action potential is based on the active depolarisation of 

the cell membrane, the resulting conduction velocity of the axon is governed by the ion 

exchange rate. By insulating the membrane with myelin, the number of sites where the 

depolarisation occurs is limited to the nodes of Ranvier, resulting in saltatory 

conduction between those nodes. Myelination therefore greatly enhances the 

conduction velocity of an action potential along the axon. 

1.1.2 Anatomy of the nervous system 

The vertebrate nervous system is anatomically divided into the central and the 

peripheral nervous system. The brain and the spinal cord comprise the central nervous 

system with its neural processing capabilities. The peripheral nervous system provides 

sensory information from receptors in the skin and in deeper locations, and carries 

motor information to control the muscular system. Functionally, the peripheral 

nervous system is divided into the motor components and the sensory components. 

The motor components are further subdivided into the somatic motor system which 

innervates the musculoskeletal system for voluntary movement, and the autonomic 

system which controls visceral functions at a largely involuntary level. The sensory 

components provide the central nervous system with information from receptors in the 

skin, the muscles, the viscera and other sense organs. For example, sensory neurons in 

the inner ear provide information for hearing and balance. 



Chapter 1 

4 

The peripheral nervous system interfaces with the central nervous system at the spinal 

roots where the spinal nerves join the spinal cord. Motor efferent nerves exit the spinal 

cord via the ventral root, while sensory afferents enter the spinal cord via the dorsal 

roots from the dorsal root ganglia where the cell bodies of sensory neurons are 

clustered. Spinal nerves innervate the trunk and the limbs in a somatotopic way, that 

is, every dorsal root ganglion is mapped to the sensory receptors of a particular area of 

the body, the dermatome. Similarly to the spinal nerves, the cranial nerves innervating 

the head and face form part of the peripheral nervous system and join the central 

nervous system at the brain stem. 

 

Figure 1.2: Anatomy of a peripheral nerve. Adapted from Marieb and Hoehn (2013). 

Spinal and cranial nerves form the major peripheral nerves which branch into smaller 

peripheral nerves in a tree-like structure several times before the individual neurons 

terminate in a receptor or at a neuromuscular junction. 

1.1.3 Anatomy and physiology of peripheral nerves 

Within the peripheral nerves, neurons are embedded in connective tissue, the 

endoneurium, and bundled together into fascicles which are enclosed in another layer 

of connective tissue, the perineurium (Figure 1.2). Multiple fascicles grouped with 
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blood vessels are sheathed by the epineurium, the outermost layer of a nerve, forming 

the complete nerve. Most nerve fascicles comprise sensory and motor neurons. 

Peripheral nerve fibres can be classified according to functional or anatomical 

properties. The most common classifications are the Erlanger and Gasser classification 

based on size and conduction velocity as well as the Lloyd and Hunt classification 

which includes afferent fibres only (Table 1.1). 

Table 1.1: Classification of peripheral nerve fibres based on diameter. Adapted from Freeman et al. (2004) 
and Snell (2010). 

Erlanger 
and 
Gasser 

Lloyd and 
Hunt 

Diameter 
(µm) 

Conduction 
velocity 
(m/s) 

Myelin Function 

Aα Ia 10 – 20 50 – 120 Yes Somatic motor, muscle 
spindle 

Aα Ib 10 – 20 50 – 120 Yes Cutaneous mechanoreceptors 
Aβ II 4 – 12 25 – 70 Yes Sensory, touch, pressure, 

vibration 
Aγ  2 – 8 10 – 50 Yes Muscle spindle 
Aδ III 1 – 5 3 – 30 Yes Pain (sharp localised), touch, 

temperature 
B  1 – 3 3 – 15 Yes Preganglionic autonomic 
C IV < 1 < 2 No Pain (diffuse, deep), 

temperature, postganglionic 
autonomic 

1.2 Medical bionics 

1.2.1 Medical bionic devices 

Utilising the properties of electrical signal conduction by neurons, it is possible to 

artificially elicit neural signals. Neural prostheses applying these principles are known 

as medical bionic devices. A basic medical bionic system comprises a pulse generator, a 

leadwire system and one or more electrode arrays (Figure 1.3). The pulse generator 

contains a power source and the stimulation electronics that generates electrical pulses 

used to stimulate neurons. Via a leadwire system, the pulses are delivered to an 

electrode array that interfaces the electrical system with electrolytes in the surrounding 

neural tissue. Depending on the design of a specific system, some parts can be 
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integrated in one physical component. For example, the case of the pulse generator can 

serve as a large return electrode, and thus form part of the pulse generator as well as 

the electrode assembly. 

 

Figure 1.3: Schematic illustration of a medical bionic device. A generic medical bionic system comprises a 
pulse generator with the stimulation electronics and an electrode array with the electrode contacts. The 
leadwire system connects the pulse generator and the electrode array. 

The following section provides a short overview of currently available commercial 

neural prostheses and also looks beyond the product range of the medical device 

industry highlighting some experimental, future medical bionic devices. Only 

implantable devices are considered. 

1.2.1.1 Main commercial applications 

The first fully implantable medical bionic device was a cardiac pacemaker presented by 

Elmquist and Senning in 1958 (Senning, 1964). These early devices were used to treat 

patients suffering from arrhythmia (irregular heartbeat) and bradycardia (slow 

heartbeat). While the first devices had a lifetime of only one to two years, significant 

development has occurred since, and cardiac pacemakers and implantable cardiac 

defibrillators now form a multibillion dollar per annum industry. 

As the technology of the early days developed, other areas of neuromodulation gained 

momentum. A multichannel cochlear prosthesis for patients with profound 

sensorineural hearing loss was presented in the 1970s (Clark et al., 1977). While the 

cochlear implant was able to bypass the pathological area of the auditory system by 

selectively stimulating sections of the auditory nerve, the device utilises processing 

mechanisms in the auditory pathway and the auditory cortex for its functionality. This 
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is a prime example of the fusion of biology and engineered functionality to achieve an 

improved patient outcome. Today, over 300 000 patients have received a cochlear 

implant. 

Other commercially available medical bionic devices include spinal cord stimulators 

for the management of chronic pain with an electrode array implanted into the 

epidural space in the spinal cord. These devices modulate the pain perception of 

chronic, intractable pain, such as that caused by failed back surgery syndrome (FBSS), 

complex regional pain syndrome (CRPS) and causalgia. Deep brain stimulation (DBS) 

targets deeper neural structures within the brain to alleviate the symptoms of 

movement disorders such as Parkinson’s disease, essential tremor or dystonia. Various 

target structures within the brain are used in the clinical practice (Fasano et al., 2012). 

Vagus nerve stimulation devices have also become commercially available for the 

treatment of refractory epilepsy and drug-resistant depression since their first 

demonstration in 1990 (Uthman et al., 1990). Vagus nerve stimulation is also being 

used to manage treatment-resistant depression. 

1.2.1.2 Future directions 

A large number of projects are currently in progress to further the understanding of the 

working principles of medical bionic devices and to explore new areas where these 

devices can lead to improved patient outcomes. 

Functional electrical stimulation (FES) is defined as the activation of nerves to restore 

the functionality of extremities after a trauma or as a consequence of a neurological 

disorder. FES systems include prostheses to assist patients suffering from foot drop, 

enabling standing for paralysed patients or restoring gait and grasp after a spinal cord 

injury (Peckham & Knutson, 2005). 

Inspired by the cochlear implant, developments for a visual prosthesis are currently in 

progress. A visual prosthesis or ‘bionic eye’ bypasses the damaged photoreceptors and 

activates the nervous system in order to provide a visual cue, a so-called phosphene. 

Neural activation can occur at the retinal ganglion cells (Humayun et al., 1996), the 

optic nerve (Veraart et al., 1998; Brelén et al., 2005) or higher structures in the brain, 
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such as the visual cortex (Normann et al., 2009). Visual prostheses have been an area of 

interest since the early days of medical bionics research (Brindley & Lewin, 1968). 

In the area of DBS, ongoing research explores new conditions that can benefit from 

stimulation of the central nervous system. Areas of interest include epilepsy (Koubeissi 

et al., 2013) or psychiatric disorders like obsessive-compulsive disorder (Denys & 

Mantione, 2009; Haynes & Mallet, 2010) and depression (Hamani & Nóbrega, 2010). 

The treatment of chronic pain has also emerged as a potential application with 

promising cases reported (Bittar et al., 2005). For other conditions, a more distal 

approach, PNS, has been proposed. Sacral nerve stimulation systems for bladder 

control are now commercially available after Brindley (1974) first proposed the 

concept. Peripheral nerves have also been the focus of investigations into the 

alleviation of chronic pain, which will be presented in a section below. 

1.2.2 Biophysics of stimulation of neural tissue 

The biophysics of the stimulation of neural tissue is based on the effects of a 

redistribution of charge carriers in electrodes and in biological tissue caused by an 

electrical current. The charge carriers exist in two distinct forms in their respective 

medium; electrons within a metal electrode and ions inside the electrolyte in tissue. At 

the interface between the two media, the charge carriers are converted from one form 

to the other form via electrochemical boundary processes which govern important 

principles for protocols for the safe electrical stimulation of neural tissue. 

1.2.2.1 The electrode-electrolyte interface 

If a metal electrode is immersed into an electrolyte, the charge carriers within both 

media are rearranged. The surface charge of the electrode causes free ions in the 

electrolyte to form an electrical double layer that effectively appears as an interface 

capacitance. An applied electrical field forces the local potentials out of the equilibrium 

and causes a current to flow. The current flow across the electrode-electrolyte interface 

can occur either as a non-Faradaic or as a Faradaic process. During non-Faradaic 

processes, no charge carrier crosses the boundary. The electrical current is based only 

on the redistribution of charge carriers charging or discharging the double layer 
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capacitance. If negatively charged electrons accumulate at the electrode interface, 

anions of the same negative charge are repelled and positively charged cations are 

attracted to the surface. The non-Faradaic interface can be modelled as a single 

capacitor with the double layer capacitance 𝐶𝑑𝑛. 

In contrast, Faradaic processes are characterised by the transfer of electrons across the 

electrode-electrolyte interface forming reaction products in the electrolyte. If the 

reaction products remain surface bound, the reaction may be reversed. If they diffuse 

away from the electrode-electrolyte interface, however, the reversal of the 

electrochemical process is prevented, leading to changes in the electrochemical 

environment. These changes result in a potential accumulation of harmful reactive 

species in the electrolyte or electrode degradation. Reversible Faradaic processes are 

generally characterised by a slow mass-transport rate relative to the electron transfer 

kinetics at the electrode-electrolyte interface while irreversible Faradaic processes 

exhibit a slow electron transfer kinetics compared to the mass-transport rate of the 

reaction products. Due to the transport of electrons across the interface, the equivalent 

electrical model consists of the complex impedance 𝑍𝐹. 

The overall current density 𝑖𝑚𝑚𝑚𝑛𝑛 at a real electrode-electrolyte interface is a 

combination of non-Faradaic and Faradaic components (as modelled in Figure 1.4): 

𝑖𝑚𝑚𝑚𝑛𝑛 = 𝑖𝐶(𝜂) + 𝑖𝐹(𝜂) = 𝐶𝑑𝑛
𝑑𝜂
𝑑𝑑

+ 𝑖𝐹(𝜂) 

where 𝑖𝐶 is the capacitive, non-Faradaic current, 𝑖𝐹 the Faradaic current, 𝜂 the electrode 

overpotential and 𝐶𝑑𝑛 the double-layer capacitance. 𝑖𝐹(𝜂) is described by the current-

overpotential equation (Bard & Faulkner, 2001) which is explained in detail in a review 

by Merrill et al. (2005). 
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Figure 1.4: Electrical model of the electrode-electrolyte interface. The electrical model comprises the double 
layer capacitance 𝐶𝑑𝑛 for non-Faradaic processes and the Faradaic impedance 𝑍𝑓 for Faradaic charge 
transfer. 

From this equation, it follows (I) that for small electrode overpotentials 𝜂 the current 

primarily flows as a capacitive current, while for larger 𝜂 the Faradaic charge transfer 

becomes predominant; and (II) that for Faradaic currents in aqueous solution, once the 

mass-transport limit of reaction products is reached, all additionally injected charge 

carriers will be accepted by water molecules which are not mass-transport limited due 

to their abundance in physiological electrolytes. If electrons are injected across the 

interface, that is, a cathodic current is flowing, water is reduced forming hydrogen gas. 

An anodic current that draws electrons from the electrolyte results in the oxidation of 

water forming oxygen gas. The two associated electrode potentials limit the practically 

usable electrode voltage range, known as the water window. It is worth noting that in a 

practical scenario, harmful species can result at smaller potentials depending on the 

electrode material, therefore further limiting the usable voltage range. 

Because the amount of potentially harmful reaction products is directly proportional to 

the amount of charge that is delivered via Faradaic processes, it is paramount for 

electrical stimulation that the net amount of charge injected into the electrolyte is 

controlled by the stimulation paradigm. 

1.2.2.2 Materials for the electrode/tissue interface 

The electrochemistry of the interface processes described above dictates certain 

properties of the ideal electrode material. The electrode material should (I) facilitate 

efficacious stimulation of excitable tissue. In addition, the electrode material should (II) 

allow for protocols to be used that avoid irreversible electrochemical processes. The 

reversible charge storage capacity, also known as the reversible charge injection limit, 

characterises the amount of charge that can be safely injected per effective electrode 

area. The usable electrode polarisation range is determined by the water window but 



Introduction 

11 

can be smaller as detailed above. Furthermore, the ideal electrode material is (III) non-

toxic and exhibits a high biocompatibility in order to avoid foreign-body reactions. It 

also requires (IV) high mechanical stability in order to withstand the requirements of 

the surgical procedure and the repeated flexion occurring during the implant lifetime. 

Lastly, the ideal electrode is (V) non-corrosive because corrosion may generate 

potentially harmful reaction products and is potentially detrimental to stimulation 

efficacy. Electrode materials for stimulating and recording electrodes have been 

extensively reviewed by various authors (e.g. Stieglitz, 2004; Cogan, 2008; Grill et al., 

2009; Hassler et al., 2011). Throughout this work, platinum (Pt) electrodes were used 

which have a well-established track record for neural interfaces (Robblee & Rose, 1990; 

Merrill et al., 2005; Cogan, 2008; Merrill, 2014; Shepherd et al., 2014). 

1.2.2.3 Electrical stimulation of neural tissue 

The aim of electrical stimulation of neural tissue is to evoke neural signalling events via 

the triggering of action potentials in axons of the targeted neural population. The 

process has been extensively reviewed by various authors (McNeal, 1976; Durand, 

2000; Grill & Kirsch, 2000). An action potential is generated via the depolarisation of 

the extracellular region adjacent to the axon (Rattay, 1999). The depolarisation is 

caused by the injection of negative charge carriers into the target region via the 

electrode-tissue interface causing the extracellular potential to be lowered. If the 

extracellular potential drops below the activation threshold, voltage-gated ion channels 

in the axonal membrane open allowing sodium ions to flow into the intracellular space 

and initiate the action potential (van den Honert & Mortimer, 1979). If the electrode is 

driven as an anode instead, the local potential adjacent to the anode rises and 

hyperpolarisation occurs. As a consequence, regions distant from the anode are 

depolarised and act as virtual cathodes where action potentials may be initiated 

(McNeal, 1976). 

The fundamental objective of injecting a sufficient amount of charge to trigger an 

action potential is in opposition to another fundamental objective in medical bionics, to 

keep the amount of injected charge to a minimum in order to avoid the generation and 

accumulation of potentially harmful electrochemical species in the body. Balancing 
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both requirements is a key challenge for the successful design of safe neural 

stimulation protocols. Avoiding Faradaic processes requires precise control over the 

amount of charge injected into the tissue and the resulting electrode potentials. Three 

different charge control strategies are commonly used. (I) Constant voltage 

(potentiostatic) control keeps the overpotential at a particular working and/or counter 

electrode constant. This method is popular for sensitive electrochemical measurements 

but not very common for neural stimulation (Michael & Wightman, 1999). (II) Constant 

cell potential across working and counter electrode has the advantage of the simplest 

implementation but affords the least amount of control over the amount of charge 

delivered. (III) The constant current (galvanostatic) method is based on a constant 

current that is applied for a defined amount of time thus directly controlling the 

amount of charge delivered independent of varying electrode impedances. 

Constant current stimulation is commonly used in pulsatile form with the simplest 

pulse shape being the monophasic current pulse. As described above, cathodic, 

depolarising pulses are commonly used to trigger the action potential. This pulse form 

results in a net current flowing into the tissue. At high stimulation rates, the magnitude 

of the electrode overpotential increases and results in Faradaic charge injection into the 

tissue (Merrill et al., 2005). In the case of the cathodic current, the negative potential 

can reduce oxygen to reactive species which are responsible for tissue damage (Imlay, 

2003; Bergamini et al., 2004). To reverse the electrochemical processes during the 

stimulation, the stimulating cathodic pulse can be followed by an anodic pulse that 

reverses the electrochemical processes occurring during the stimulating phase. While 

the second phase reverses non-Faradaic processes and Faradaic currents with surface-

bound reaction products, it is not possible to completely reverse the electrochemical 

reactions with freely diffusing products. Thus, a charge-balanced second phase, that is, 

a second pulse of the same duration and current amplitude but opposite polarity, 

overcompensates the cathodic stimulation pulse and may generate hyperpolarisation 

of the electrode interface causing possible electrode corrosion (Scheiner et al., 1990). 

Imbalanced biphasic pulses have been proposed to prevent electrode damage (Scheiner 

et al., 1990) or electrode exhaustion (shorting) can mitigate the effects of electrode 
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polarisation (Donaldson & Donaldson, 1986a, 1986b). The hyperpolarisation caused by 

the second phase can also mitigate the effects of the depolarisation of the cathodic 

pulse leading to increasing stimulation thresholds compared to monophasic pulses 

(Shepherd & Javel, 1999). The introduction of a short open-circuit phase between the 

cathodic and the anodic phase, known as the interphase gap, can lower the threshold 

for neural activation to a level comparable to monophasic stimulation (Gorman & 

Mortimer, 1983). In addition to electrochemically generated electrode polarisation, 

technical imperfections during the pulse generation can result in a net direct current 

(DC) flowing into the neural tissue forcing the polarised electrode-tissue interface into 

the Faradaic current process. A DC blocking capacitor inserted in series with the 

stimulating electrode (White, 1987) or the use of electrode shorting (Patrick et al., 1990) 

can effectively block this undesired current component. Huang et al. (1999) 

demonstrated that DC current levels below 100 nA are safe for chronic neural 

stimulation. 

1.2.2.4 Design principles for safe neural stimulators 

From the section above, design requirements for safe neural stimulators can be 

formulated. (I) Constant current pulses are employed for precise charge control. (II) 

Charge-balanced current pulses, e.g. biphasic pulses, are used to reverse unwanted 

electrochemical processes and the injection of potentially harmful DC. (III) The current 

source must operate within its compliance limit which determines the maximum 

electrode impedance that can be driven. Exceeding the voltage compliance results in 

uncontrolled current fluctuations. (IV) DC blocking capacitors prevent the injection of 

unwanted DC components into the tissue. (V) The electrodes are shorted between 

stimulation pulses in order to allow the reversal of electrode polarisation and the 

discharge of DC blocking capacitors. 

1.2.2.5 Selectivity of activation 

Most medical bionics applications require the activation of a subset of neural fibres 

within a nerve. Selectivity is the ability to recruit specific fibres or groups of fibres 

depending on their anatomical features with the aim of controlling the associated 

bodily function or process. Various parameters determine the selectiveness of neural 
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activation. The excitability is modulated by the proximity of a particular fibre to the 

electrode (Ranck Jr., 1975). Fibres embedded at deeper location within the nerve trunk 

are harder to recruit than superficial fibres (Veltink et al., 1988; Veltink et al., 1989; 

Altman & Plonsey, 1990). The fibre diameter also influences the recruitment threshold 

of a neuron. Neurons with a wider diameter generally have an increased spacing of the 

nodes of Ranvier. This implicates the generation of larger transmembrane potentials 

with lower thresholds (McNeal, 1976). Fang and Mortimer (1991) showed that by using 

a quasitrapezoidal pulse shape, they were able to invert the recruitment order and 

activate small diameter fibres first. 

The arrangement of the stimulating electrodes also significantly determines the 

achievable stimulation selectivity. A field distribution analysis can be used to predict 

neural activation based on the electrode geometry as reviewed by Durand (2000) and 

Grill (2004). They showed that a monopolar (MP) stimulation electrode with a distant 

return electrode (as shown in Figure 1.5a) can activate neurons with low thresholds but 

with a significant spatial spread implying low spatial selectivity. In contrast, bipolar 

(BP) stimulation between two closely situated electrodes (Figure 1.5b) exhibits a higher 

threshold but the activation is more confined (van den Honert & Stypulkowski, 1987). 

 

Figure 1.5: Electrode configurations for neural stimulation. a) Monopolar (MP) configuration with active 
electrode and a distant return electrode (R). b) Bipolar (BP) configuration with a positive and a negative 
stimulation electrode. c) Tripolar (TP) configuration with a positive stimulation electrode and two adjacent 
negative electrodes. d) Common ground (CG) stimulation. A single electrode is used as the active (+) 
stimulation electrode and all the remaining electrodes serve as a combined return electrode. 

The use of multipolar electrodes provides additional ways of shaping the field 

distribution in order to enhance the selectivity of the neural activation. For example, 

electrodes on either side of an active cathode can be ganged together in a tripolar 
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configuration (Figure 1.5c). The return current is passively split between the two 

ganged electrodes. Kral et al. (1998) reported increased spatial resolution of the 

intracochlear field evoked using this configuration. If more than one current source is 

available, further active shaping of the field potential can be achieved. The return 

current can be split between the two anodic return electrodes generating a virtual 

electrode between the physical electrodes. Miyoshi et al. (1999) showed that a variation 

of the split factor shifted the virtual electrode according to the split. Additionally, the 

return current can also be split between electrodes of a tripolar array and a distant 

return electrode. While further steering and focussing has been reported, the overall 

stimulation current required was larger compared to monopolar stimulation, posing a 

practicability limit to this approach (Srinivasan et al., 2010). Common ground (CG) 

stimulation (Figure 1.5d) uses a single active electrode and all the remaining contacts 

as ganged return electrodes. 

Focussed stimulation was proposed using linear superposition of the fields generated 

at each actively driven electrode with the fields of all but the centre electrodes 

cancelling out (Townshend & White, 1987; Rodenhiser & Spelman, 1995; van den 

Honert & Kelsall, 2007). The cancellation is based on the prediction of the current 

spread of each of the electrode contacts which are weighted and summed up with 

alternating polarities in order to achieve a sharp field focus at the centre electrode. Van 

den Honert and Kelsall (2007) have shown that significant current focusing can be 

achieved but the overall current required was increased. It was also demonstrated that 

high precision is required when estimating the current spread functions in order to 

achieve successful focussing. 

Similar to stimulation strategies in the cochlea, methods to increase the selectivity of 

activation of peripheral nerves have been suggested. Using circumferential cuff 

electrodes, Sweeney et al. (1990) have reported that longitudinally aligned tripolar 

electrodes were able to selectively recruit superficial fascicles of a nerve trunk only. An 

additional steering anode opposite the stimulating cathode was able to further increase 

the superficial recruitment during MP and tripolar stimulation. The findings were 



Chapter 1 

16 

corroborated by Veraart et al. (1993) who used a multipolar cuff electrode with up to 

six current sources to test tripolar stimulation with different steering configurations. 

1.2.2.6 Peripheral nerve electrode designs with enhanced selectivity 

Peripheral nerve electrodes can be divided in two groups, the extraneural and the 

intraneural electrodes. While extraneural electrodes do no penetrate the epineurium, 

intraneural electrodes penetrate the nerve or can even be implanted in an 

intrafascicular location. Extraneural electrodes have the advantage of less trauma 

associated with electrode implantation and not breaching the integrity of the 

epineurium. The extraneural location, however, imposes challenges for the fixation of 

the electrode array. An extensively studied and highly successful extraneural electrode 

is the cuff electrode which is wrapped around the nerve trunk in a circumferential way 

(Figure 1.6a). While the simplest designs used two electrode contacts in a BP mode 

(Waters et al., 1975), various multipolar designs have been proposed in order to 

achieve higher selectivity. A 45-polar cuff electrode was used to target a particular 

fascicle within the sciatic nerve of a dog (Rozman et al., 1993). Depending on the pulse 

shape, the nerve fibres could be activated in physiological order or in reversed order 

with small fibres exhibiting the lowest thresholds. Veraart et al. (1993) also used a 

multipolar cuff electrode to test current steering to selectively activate superficial 

fascicles close to the stimulating electrode contact. 

Still using extraneural cuff electrodes, Tyler and Durand (2002) used the plasticity of 

nerves to gain access to fascicles embedded deeply within the nerve trunk. Their Flat 

Interface Nerve Electrode (FINE) consisted of platinum-iridium electrodes embedded 

in a silicone carrier (Figure 1.6b). The nerve conformed to the flat, wide lumen of the 

electrode carrier thus exposing more fascicles to electrode contacts. The design was 

successfully tested intraoperatively in human femoral nerves for functional electrical 

stimulation (Schiefer et al., 2010). 
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Figure 1.6: Electrode designs for peripheral nerve interfaces. a) A cuff electrode is wrapped around the 
nerve trunk and provides multiple electrode contacts on an insulating, supporting carrier. b) The Flat 
Interface Nerve Electrode (FINE) is a variation of a cuff electrode. By using the plasticity of a peripheral 
nerve, it is able to address fascicles in the centre of the nerve trunk. c) The Longitudinal Intrafascicular 
Electrode (LIFE) is implanted into the nerve trunk and provides access to a small population of neurons in 
a confined part of the cross-section of the nerve. d) The Transversal Intrafascicular Multichannel Electrode 
(TIME) provides access to several small populations of neurons over the cross-section. e) A regenerative 
peripheral nerve interface requires the nerve trunk to be severed and the neurons to regrow subsequently 
through the sieve electrode. It provides access to several subpopulations of neurons of the nerve. Adapted 
from a) (Hassler et al., 2011), b) (Defense Advanced Research Projects Agency, 2013), c) and d) (Boretius et 
al., 2010), e) (Navarro et al., 2005). 

While the FINE array does not pierce the perineurium, intrafascicular designs have 

been presented exhibiting structures that penetrate the nerve in order to get the 

electrode contact in close proximity with the targeted fascicle. Advances in 

microfabrication enabled the manufacturing of micromachined multielectrode arrays 

(Campbell et al., 1991). Although they were introduced as cortical recording arrays 

(Nordhausen et al., 1994) they have also been applied as intrafascicular stimulation 

electrodes (Branner & Normann, 2000). The selectivity was further enhanced by using a 

slanted version of the original Utah Electrode Array and therefore providing access to 

more fascicles in the entire cross-section of the nerve (Branner et al., 2001; Branner et 

al., 2004; Dowden et al., 2009). 

Longitudinal intrafascicular electrodes (LIFE) have been proposed as another approach 

to increase the recording and stimulation selectivity (Figure 1.6c). They consist of small 

microwires (Malagodi et al., 1989) or metallised polymer carriers (Lefurge et al., 1991) 
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with a sub-100 µm diameter which are longitudinally inserted into the nerve. Although 

they have been used for chronic stimulation, their scope of application was mainly in 

the area of functional electrical stimulation. Human upper limb amputees were able to 

control a cursor on a computer screen with signals recorded from motor neurons using 

LIFE arrays (Dhillon et al., 2005). The same arrays have also been used to stimulate 

afferent fibres eliciting sensory feedback and proprioception. In pain management, 

LIFEs have not been widely applied to date, probably due to the invasive nature of the 

electrode design. 

Instead of longitudinal insertion into the nerve, transverse intrafascicular multichannel 

electrodes (TIME, Figure 1.6d) have been used for selective stimulation of a rat sciatic 

nerve (Boretius et al., 2010). Electrode substrate and geometry were chosen to match 

the physiological properties of the nerve as closely as possible in order to provide a 

suitable interface for long-term chronic implantation. Recently, developments towards 

an application of TIMEs in the management of phantom limb pain have been reported 

by Boretius et al. (2012). 

The most invasive group of neural interfaces are regenerative interfaces where a 

severed nerve is guided to regenerate through a micro-electrode structure (Figure 1.6e). 

Examples of regenerative electrodes are sieve electrodes, which are arrays of 

micromachined holes in a substrate with exposed electrode contacts. Sieve electrodes 

have been manufactured from epoxy carriers (Mannard et al., 1974), silicon (Kovacs et 

al., 1992), or polyimide (Stieglitz et al., 1997; Lago et al., 2005). Due to their requirement 

of a complete nerve transection they have not found any applications in clinical pain 

therapy so far. 

Although various designs have been shown to increase the selectivity of activation in 

in vivo settings, the high invasiveness with the associated trauma prevents them from 

widespread clinical use. In particular, the management of chronic neuropathic pain 

requires atraumatic surgical procedures to prevent any risk of further neural damage 

in the pathologic region. 
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1.3 Chronic neuropathic pain 

1.3.1 Classification and pathology 

The International Association for the Study of Pain (IASP) defines neuropathic pain as 

“pain […] caused by a lesion or disease of the somatosensory nervous system.” 

(Merskey & Bogduk, 1994). Neuropathic pain is a chronic pain condition which is often 

severe, difficult to manage, and can severely influence the quality of life of a patient 

(O'Connor, 2009). 

Chronic neuropathic pain in the distribution of a peripheral nerve includes conditions 

such as peripheral mononeuropathies, CRPS, postherpetic, trigeminal or occipital 

neuralgias. All these conditions have in common is that the pain is located in the 

distribution of a single or a few peripheral nerves. 

1.3.2 Traditional pain management strategies 

A range of treatment strategies have been used for the management of peripheral 

neuropathic pain. Pharmacological treatment is commonly the primary choice. 

However, the lack of understanding of the underlying disease mechanism often results 

in treatment of symptoms rather than counteracting the actual neuropathy (Finnerup et 

al., 2010). Furthermore, identification of the best analgesics remains idiosyncratic to 

each patient since no clear predictions of the effects of various pharmacological agents 

on peripheral neuropathies have been found (Baron et al., 2010). Common medications 

used for therapy include antidepressants, anticonvulsants, cannabinoids and opioid 

agents. Apart from the unpredictability of the efficacy, patients can also suffer from 

severe side effects or their condition may be refractory to pharmaceutical management 

entirely (Attal et al., 2010; Dworkin et al., 2010). 

If a patient only partially or not at all responds to pharmacological treatment, 

alternative therapies can be considered, often in the form of a combination therapy. 

Non-invasive options include physiotherapy, psychological therapy, acupuncture or 

transcutaneous electrical nerve stimulation (TENS) (Gilron et al., 2006; Freynhagen & 

Bennett, 2009; Baron et al., 2010). Invasive methods form the last line of treatment due 

to the high associated costs in combination with the relative unpredictability of the 
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outcome (Ashburn & Staats, 1999; Cruccu et al., 2007). They also carry increased 

surgical, anaesthetic and infection risks. Epidural and intrathecal drug delivery are 

among the most common invasive procedures. Implantable electrical stimulators such 

as spinal cord stimulation (SCS) or PNS systems have also been shown to provide 

effective pain relief. 

1.3.3 Economic significance of chronic pain 

Chronic pain not only severely affects the health and welfare of the individual patient; 

it also exhibits a significant socioeconomic impact. In the US, chronic pain accounts for 

estimated medical costs of USD 100 billion per annum including 515 million lost 

workdays and 40 million consultations of medical practitioners (Cavuoto et al., 2011). 

The Institute of Medicine of the National Academies of the USA estimates these 

numbers even higher with figures exceeding annual costs of USD 600 billion (Institute 

of Medicine, 2011). An Australian study has found that the costs of persistent pain in 

Australia exceeded AUD 34 billion in 2007 (Access Economics, 2007). Chronic pain not 

only handicaps affected patients, the above figures also illustrate that chronic pain can 

pose a major challenge to any healthcare system. 

1.4 Peripheral nerve stimulation for the treatment of chronic 

neuropathic pain 
This section briefly introduces the underlying theoretical concepts of pain alleviation 

via electrical stimulation. Furthermore, clinical advances in the area of electrode arrays 

and implantable pulse generators are presented before some future challenges for the 

field will be outlined. 

1.4.1 Gate control theory and modern approaches 

PNS for the management of chronic pain originated shortly after Melzack and Wall 

(1965) presented a revolutionary new theory about the mechanisms of pain perception. 

They introduced the gate control theory suggesting that nociceptive pain signals are 

modulated by a spinal gate control system before they are transmitted to the brain. 
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Figure 1.7 shows a schematic illustration of the signal pathways involved in the 

modulation process. 

 

Figure 1.7: Signal pathways of the gate control system. The nociceptive signals of large (L) and small (S) 
afferent fibres are modulated in the posterior dorsal horns before they are transmitted to the brain. The 
substantia gelatinosa (SG) modulates afferent signals prior to the synaptic transmission to the first central 
transmission cells (T). Figure from Melzack and Wall (1965). 

The theory states that the nerve impulses from the peripheral fibres are modulated by 

the substantia gelatinosa in the posterior dorsal horns before they activate the central 

transmission cells. Neural signals from large fibres will activate the presynaptic 

suppression by the substantia gelatinosa while signals from the small fibres inhibit the 

modulation. Afferent signals also activate a central control further influencing the 

modulation. Three factors were proposed to be significant for the resulting perception 

of pain: (I) ongoing background activity, (II) the stimulus-evoked activity and (III) the 

balance between the activity in large and small fibres that determines the degree of 

presynaptic modulation. Shortly after the publication of the theory, Wall and Sweet 

(1967) reported reduced pain thresholds in healthy subjects after electrical stimulation 

of various targets including major peripheral nerves of the arm, the subarachnoid 

space of the spinal cord or the infraorbital nerve. They also reported that subjects with 

peripheral neuropathies experienced pain relief for up to two hours after a stimulation 

period of two minutes. It was assumed that the lower activation threshold of large 

fibres caused a balance shift in the modulation in the substantia gelatinosa resulting in 

a closure of the gate. 

Analysing phantom limb pain, Melzack (1999) later suggested that the gate control 

theory was insufficient to explain all pain phenomena and proposed the neuromatrix 
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theory as an extension of the gate control theory. The neuromatrix theory is based on 

the concept of the neuromatrix which describes neural networks in the brain 

responsible for the whole-body perception including pain. It was proposed that the 

synaptic structure of the neuromatrix is initially genetically determined and later 

sculpted by sensory inputs. Cyclic processing in this neuromatrix leads to characteristic 

firing patterns or the ‘neurosignature’. Sensory stimuli may trigger these 

neurosignatures but do not produce them. Cognitive processes, stress or other intrinsic 

neural modulation processes can activate the firing patterns causing the pain 

perception in absence of sensory stimuli (Melzack, 1990, 1999). 

The gate control theory was extensively debated in the literature with Melzack and 

Wall contributing to the discussions themselves (e.g. Nathan, 1976; Wall, 1978; 

Melzack, 1996). Elements of the theory had to be revised with later findings, and 

aspects of the theory are still under debate (see Mendell, 2014). Nevertheless, the gate 

control theory is still widely used as a theoretical approach to explain pain modulation 

observed in clinical trials (e.g. Stidd et al., 2012; Plazier et al., 2014; Rauck et al., 2014). 

1.4.2 Current clinical status 

In order to alleviate the pain of patients refractory to pharmaceutical or non-invasive 

therapy options, electrical stimulation of the nervous system based on the gate control 

theory has been established as a viable treatment alternative. SCS was first reported by 

Shealy et al. (1967). It has evolved to a safe and efficient pain management technique 

which is currently approved by the US Food and Drug Administration (FDA) for the 

management of FBSS, intractable lower back pain, and pain of the trunk or limbs 

(Compton et al., 2012). Instead of targeting the dorsal column directly, the stimulation 

of peripheral nerves has been suggested as an alternative treatment for chronic pain in 

the distribution of a single peripheral nerve. Although the first report of PNS (Wall & 

Sweet, 1967) was published at around the same time as Shealy’s SCS report (Shealy et 

al., 1967) and a significant body of literature exists, the application of PNS has not 

become as wide-spread as SCS. This has also resulted in few commercially available, 

dedicated and approved pulse generators and electrodes. Nevertheless, other 

neurostimulation hardware has been used for PNS in an off-label way and numerous 
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clinical trials of varying extents have been reported. Early applications focussed on 

neuropathic pain in the distribution of major peripheral nerves in the upper and lower 

limbs (Long, 1973; Campbell & Long, 1976; Nashold et al., 1982; Waisbrod et al., 1985). 

Van Calenbergh et al. (2009) recently reported the follow-up of 11 patients after 16 – 29 

years. While four patients had the device removed due to infection or hardware related 

problems, four out of the five patients included in the assessment reported excellent 

pain relief. Another more recent development was the application of PNS for the 

management of cephalgia and facial pain. Weiner and Reed (1999) pioneered this area 

with their first report of successful pain relief via stimulation of the occipital nerve, 

followed by other studies at different centres investigating the stimulation of the 

occipital nerve for the treatment of a range of headache conditions (e.g. Popeney & Aló, 

2003; Oh et al., 2004; Schwedt et al., 2007). Similarly, the trigeminal nerve branches 

have been targeted for the management of facial pain induced by neuropathic 

conditions (Dunteman, 2002; Johnson & Burchiel, 2004; Slavin et al., 2006). Based on the 

experience with percutaneous implantation of electrode arrays stimulating occipital 

and trigeminal nerves, other implantation sites were investigated, leading to peripheral 

nerve field stimulation (PNFS). PNFS uses electrodes implanted subcutaneously to 

activate cutaneous afferent nerve fibre endings for pain alleviation (Paicius et al., 2006; 

Paicius et al., 2007; Verrills et al., 2009; Verrills et al., 2011). Targeting superficial nerve 

endings, the subcutaneous placement of PNFS electrodes reduces the risk of trauma 

during the surgical procedures. 

1.4.3 Implantable PNS devices 

Most of the recent clinical studies were conducted based on commercially available 

implantable pulse generators (IPGs). Because PNS has only recently been approved for 

certain indications in Europe, a majority of the reports use commercial devices that 

have been developed and approved for SCS and/or DBS. For PNS, these devices are 

commonly implanted in an off-label manner in a research setting. Although these 

devices are generally considered safe, the available stimulation protocols have been 

designed for SCS and therapeutic efficacy when used for PNS might not be optimal 

(Goroszeniuk & Pang, 2014). The size of the IPG generally requires a placement in the 
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subclavicular, abdominal or buttock region associated with extensive leadwire 

tunnelling depending on the peripheral target, particularly if the leadwire routing 

requires the crossing of one or more major joints. 

Similarly, clinical trials used almost exclusively commercially available electrode and 

leadwire assemblies designed for SCS in the recent past. When Wall and Sweet (1967) 

first reported the successful abolition of pain, they used wire electrodes inserted with 

hypodermic needles. Later, various types of cuff electrodes were developed and have 

found wide-spread application in an early phase of clinical application of PNS in order 

to achieve improved electrode immobilisation and selectivity of neural activation. 

Sweet (1976) reported the implantation of Silastic cuffs with Pt electrode contacts as 

early as 1976 in his retrospective report. Subsequently, multipolar versions with several 

electrode contacts in a single cuff were used in order to achieve greater selective 

activation of sensory afferent fibres. Law et al. (1980) used a matrix switch to determine 

the most effective stimulation electrodes at the end of the implant surgery before the 

electrode routing was finalised. Alternatively, the electrode selection was performed in 

a second surgical session under local anaesthesia, whereby the electrode plugs were 

connected to an electrode position selector switch while the paraesthetic sensation was 

optimised (Waisbrod et al., 1985). 

Cuff electrodes have the advantage that the insulating nature of the cuff confines the 

stimulus to the interior of the nerve cuff resulting in lowered activation thresholds 

(Loeb & Peck, 1996). However, adverse effects have also been reported, including 

nerve irritation or damage due to constriction (Nielson et al., 1976). Naples et al. (1988) 

therefore proposed a self-sizing spiral nerve cuff to prevent pressure-induced damage 

to the nerve. Although a passive chronic implantation study proved the safety of this 

design, other reports suggested that nerve cuffs can cause potential damage to the 

nerve due to their constrictive nature and the delicate nervous tissue they interface 

with (Krarup et al., 1989; Larsen et al., 1998). This led to an intense debate and mixed 

reception of cuff electrodes in the field (Racz & Heavner, 1989). In addition, clinical 

electrode arrays must not only be designed for safe implantation but also for safe 



Introduction 

25 

removal in case of a loss of functionality or an infection (see Shepherd et al., 2014). Cuff 

electrodes were eventually abandoned for clinical applications in pain management. 

Commercially available, flat paddle electrode arrays (Figure 1.8a) have been used to 

overcome some of the disadvantages associated with cuff electrodes. Paddle electrodes 

generally comprise several Pt disc electrodes in one or more rows mounted on a flat 

Silastic support structure designed for SCS. Their main advantages when used for PNS 

are the non-circumferential nature preventing constriction of a nerve as well as not 

requiring the full exposure of the entire peripheral nerve. Thereby they avoid potential 

iatrogenic trauma which is desirable particularly for the management of pain induced 

by peripheral neuropathies. Paddle electrodes are commonly covered with a layer of 

free fascia during the implantation and placed on the targeted nerve as per 

recommendation of the manufacturer (e.g. Strege et al., 1994; Hassenbusch et al., 1996; 

Kozak et al., 2011). Immobilisation of the electrodes can be performed by suturing the 

array to the epineurium at the end of the implant procedure. The same fixation 

procedure was also applied when paddle electrodes were implanted to stimulate 

occipital nerves (Jones, 2003; Oh et al., 2004). 

 

Figure 1.8: Commercially manufactured electrodes used for PNS in clinical applications. Paddle (a) and 
percutaneous (b) electrode arrays have been designed and approved for SCS and are mostly used in an 
off-label manner for PNS. Images by Medtronic, Inc. (USA)1. 

The second type of commercially available electrode is the linear cylindrical electrode 

array (Figure 1.8b). Initially developed as percutaneous electrode arrays for SCS, they 

are now commonly referred to as percutaneous electrodes. In the area of PNS they are 

predominantly used for the stimulation of occipital and trigeminal nerves. Weiner and 

Reed (1999) described the successful application of quadripolar and octopolar linear 

                                                      
1 http://professional.medtronic.com/pt/neuro/scs/prod/index.htm, 2014. 

http://professional.medtronic.com/pt/neuro/scs/prod/index.htm
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electrode arrays for the management of intractable occipital neuralgia. After 

implantation at the C1 level, targeting the greater occipital nerve, all patients reported 

good pain relief with two thirds of the subjects achieving results rated as excellent. 

Percutaneous arrays have the advantage that they can be implanted using Tuohy 

needles under local anaesthesia, thus avoiding the need for an open exposure of the 

nerve. However, the solely percutaneous approach is only suitable for a temporary 

trial or proof of principle. Implantation of the pulse generator and extension leads 

require additional surgical procedures. The utilisation of commercially available, 

multipolar spinal cord electrodes resulted in good pain relief when tested at various 

centres (Dunteman, 2002; Johnson & Burchiel, 2004; Slavin et al., 2006). Amongst the 

complications reported, leadwire migration or fracture are the most frequently 

experienced with cranially placed electrodes (Weiner, 2007; Jasper & Hayek, 2008; 

Trentman & Zimmerman, 2008). Apart from craniofacial placements, percutaneous 

electrode arrays were also implanted targeting major peripheral nerves. Buschmann 

and Oppel (1999) chronically implanted quadripolar linear electrode arrays in 47 

patients with CRPS type 2. Forty-three patients achieved good to excellent pain relief 

over an average period of 3.2 years. 

1.4.4 Clinical challenges 

In order to further develop PNS for the management of chronic neuropathic pain so 

that improved patient outcomes can be achieved, various issues need to be addressed. 

They can be categorised mainly in three groups: controlling failure modes; reducing 

procedure related trauma; and proving the efficacy of the therapeutic methods. 

1.4.4.1 Failure modes of peripheral nerve stimulation hardware 

All SCS devices used in an off-label manner for PNS have received regulatory approval 

by the FDA and therefore produce electrochemically safe stimulation during chronic 

applications. Although they have not been tested specifically for PNS, it can be 

assumed that the electrochemical safety of the stimulation applies to PNS, too. 

However, failure modes have been reported that can be related to PNS with electrode 

migration amongst the most frequent ones. Silberstein et al. (2012) reported 20 

occurrences of migration in a controlled trial with a total of 157 patients. Similarly, 
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Saper et al. (2011) reported dislodgement in 12 out of 51 subjects during another 

controlled trial. These figures illustrate the need for better anchoring techniques. 

Furthermore, dislodgement of the electrodes or migration of the IPG can result in 

‘bowstringing’ as is has been reported for DBS treatments (Miller & Gross, 2009). 

Because the hardware currently used for PNS is identical to DBS devices, the risk of 

wire tethering can be translated to the area of PNS. In particular, patients with a pulse 

generator implanted in the buttock region can experience significant leadwire tension 

due to the length of the extension lead tunnelling (Trentman & Zimmerman, 2008). 

Similar to electrode dislodgement, leadwire fractures are a risk associated with PNS 

due to the highly mobile implant sites and tunnelling across major joints (Weiner, 

2007). To mitigate the risk of leadwire fractures, alternative designs have been 

proposed. Burns et al. (2008) reported the application of the BION microstimulator, a 

small cylindrical stimulator (length L = 27 mm, diameter d = 3.3 mm) that is implanted 

to stimulate the occipital nerve without any leadwires. Four out of six patients 

achieved significant pain relief at long-term follow up. The authors reported that with 

careful placement, migration could be avoided while there was no risk of leadwire 

fracture due to the single capsule design. Another design recently proposed to avoid 

extensive electrode/leadwire tunnelling is the StimRouter that was trialled by Deer et 

al. (2010) in a short series with eight patients. The system consists of a short receiver 

lead and a stimulation lead (Deer et al., 2012). The receiving electrode picks up 

stimulation pulses transcutaneously from skin electrode patches and sends them to the 

stimulation electrodes, a linear array of three ring contacts. Both electrodes can be 

inserted through one or two short skin incisions about 10 – 15 mm long. During an 

initial test both ends of the leadwires are not fully inserted and can be flexibly routed 

using a short removable wire. Once the optimum configuration has been identified the 

permanent routing is finalised and the incision site closed. The short trial length and 

the small number of patients prevented the authors from reporting statistically 

significant pain relief. Nevertheless, no adverse effects were observed, overall patient 

satisfaction was high, and clinically relevant pain relief was achieved at several points 

during the five day period. 
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1.4.4.2 Reduction of procedure-related trauma 

The reduction of trauma associated with the implant procedure of a PNS system forms 

a second group of challenges to be addressed for improved patient outcomes. 

Percutaneous techniques benefitting from advances in medical imaging and 

visualisation techniques are promising developments. Monti (2004) first reported a 

case where he implanted a percutaneous quadripolar electrode array using computer 

tomography to visualise the placement during the percutaneous procedure. Huntoon 

et al. later extended the technique to ultrasound guidance in an extensive cadaver 

study (Huntoon et al., 2008a; Huntoon et al., 2008b; Huntoon & Burgher, 2009). They 

tested placement in upper and lower limbs and the placement of the electrodes was 

deemed sufficient for stimulation. In the case of the upper limbs, at least two electrodes 

were positioned within 2 mm of the nerve trunk. If the electrodes were inserted 

percutaneously via a Tuohy needle, this method can completely avoid an open incision 

and exposure of the target nerve if a short term PNS trial is unsuccessful. The minimal 

invasiveness of the presented procedure potentially reduces ethical concerns when 

designing sham procedures facilitating randomised controlled trials. Gofeld and 

Hanlon (2013) extended this approach to small paddle leads when they implanted a 

four contact array under ultrasound guidance in the upper and lower extremity in a 

human cadaver feasibility study. The feasibility of percutaneous procedures illustrated 

the need for custom electrode developments that are small enough and implement 

appropriate anchors feasible for use with the surgical techniques. 

The reduction of the surgical trauma associated with PNS therapies is likely to increase 

patient acceptance and create an economic benefit in terms of reduced procedural 

costs.  

In addition to reducing iatrogenic trauma, imaging techniques can offer the potential to 

optimise the electrode position during the implant procedure in order to increase the 

efficacy of the therapy and improve the clinical outcome. 
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1.4.4.3 Proof of efficacy 

Randomised controlled trials (RCTs) are the clinical benchmark for the proof of efficacy 

of a therapy. As Mobbs et al. (2007) outlined, this is difficult to achieve for 

neuromodulation methods because of the ethical concerns associated with a sham 

surgery. In addition, blinding patients and investigators is challenging due to the 

sensation of paraesthesia elicited by successful PNS. Nevertheless, proof of efficacy 

and predictability are key requirements for a successful therapy. 

In the area of occipital nerve stimulation, clinical RCTs were performed by the three 

largest manufacturers of neuromodulation devices. Two RCTs, a study performed by 

Lipton et al. (2009) sponsored by Boston Scientific Corp. (USA) and a second study 

performed by Silberstein et al. (2012) with sponsorship from St. Jude Medical Inc. 

(USA) did not result in statistical significance in the therapeutic outcome. A study 

sponsored by Medtronic Inc. (USA) is the only study that has shown a significant 

reduction of the number of headache days when using occipital nerve stimulation 

(Saper et al., 2011). All of the studies conclude that further investigation into the 

efficacy of a neuromodulation therapy is warranted and needed. 

The successful completion of a RCT is also a requirement to gain regulatory approval 

for a therapeutic method. 

1.5 Thesis scope and objectives 

In order to achieve improved patient outcomes when applying PNS for the treatment 

of chronic neuropathic pain, there is a need for advanced stimulator and electrode 

designs that have been customised for targeting a peripheral nerve. These designs 

require better anchoring methods to prevent electrode migration and surgical 

procedures and tools tailored to reduce the trauma associated with the implantation 

and to position the electrode array close to the neural target. The stimulators need to 

balance the various requirements of efficacy and efficiency in order to achieve small 

devices that can abolish the need for an IPG to be implanted in a large tissue pocket 

requiring extensive leadwire tunnelling. 
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There is a further need to develop stimulation strategies with the capability to increase 

the predictability of the effect of the individual stimulation parameters on the 

therapeutic effect. An improved understanding of the stimulation parameters would 

allow for the design of stimulation protocols with the potential to increase the overall 

efficacy of the PNS therapy. In addition, if the stimulation protocols facilitate selective 

activation, this could mitigate the need for precise electrode placement and could 

enhance the spatial margin of error when implanting electrode arrays using 

percutaneous techniques with or without the assistance of imaging methods. 

To advance towards these improved outcomes, this thesis has the following aims: 

1. To build and test a small, wearable neural stimulator that can be used during 

short-term clinical trials of electrode arrays and stimulation strategies under 

investigation. 

2. To investigate the influence of different electrode geometries and configurations 

on the ‘therapeutic window’, i.e. the dynamic range that can be utilised to 

produce neural activation when designing stimulation protocols. 

3. To test single-source multipolar stimulation (SSMPS) as a novel method for 

selective activation of peripheral nerves in vitro and in vivo. 

The chapters of this thesis address the aims as listed above. Chapter 2 introduces the 

peripheral nerve stimulator PNS-01, a small, wearable stimulator with a wireless 

patient remote control designed for use during short-term clinical trials of electrode 

arrays with percutaneous leadwires. In Chapter 3, the effect of the stimulation 

electrode selection on the dynamic range is investigated when using a model electrode 

setup in vivo. Chapter 4 introduces a novel stimulation method, SSMPS, and reports the 

performance in vitro when used for focussed stimulation. A proof of concept study was 

then performed in vivo and the results of selective activation of a peripheral nerve are 

reported in Chapter 5. 

While this thesis aims at the development of stimulation strategies providing more 

control over the neural activation for improved patient outcomes, it relies on implant 

materials currently used in the clinical practice, i.e. medical grade silicone and Pt, for 
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electrode arrays. For the electrical stimulation, charge-balanced, biphasic constant-

current pulses are used unless otherwise stated, in order to achieve electrochemically 

safe neural activation. Although current focussing via SSMPS is based on charge-

balanced, biphasic constant-current pulses, the safety of the methods cannot be implied 

and requires proof of the chronic in vivo safety which is outside of the scope of the 

present thesis. 
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  Chapter 2
 

Peripheral nerve stimulation system 
PNS-01 

2.1 Introduction 
Although commercially available stimulators are extensively used in medical research 

environments (e.g. Mueller et al., 2013; Verrills et al., 2013) they may not always be 

readily available to particular research projects due to regulatory restrictions and 

prohibitive costs. Regulatory restrictions include extensive tracking obligations of the 

manufacturer of a medical device, as well as limitations of the distribution of devices to 

licenced medical practitioners only. Therefore, various custom designs have been 

reported for research applications. Custom designed integrated circuits, known as 

application-specific integrated circuits (ASICs), have been developed for 

neurostimulation applications in the area of functional electrical stimulation (FES) 

(Gudnason et al., 2000; Loeb et al., 2001; Liu et al., 2011), retinal prostheses (Suaning & 

Lovell, 2001; Coulombe et al., 2007; Theogarajan, 2008), or for generic neural 

stimulation (Ghovanloo & Najafi, 2004, 2007). Apart from providing efficacious and 

safe neural stimulation, these stimulators often include novel or experimental 

stimulation schemes that have been developed and integrated into the ASIC. For 

example, Valente et al. (2011) presented an ASIC for current steering in deep brain 

stimulation (DBS) applications that was validated with field shaping during in vitro 
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tests. In another application, a charge-metering method for voltage-controlled 

stimulation was implemented in an ASIC with successful neural activation achieved ex 

vivo while the stimulation output did not deliver direct current (DC) in excess of a safe 

limit (Luan & Constandinou, 2014). Despite the many reports of successful ASICs, the 

processes involved in the fabrication of an ASIC may impose practical limitations such 

as limited voltage compliance in the case of a complementary metal-oxide-

semiconductor (CMOS) process (Ghovanloo & Najafi, 2004). Furthermore, ASICs 

require a costly and lengthy development and fabrication cycle (Guiraud et al., 2006). 

Therefore, simple designs with commercial off-the-shelf components have been 

proposed as alternative approaches for delivering neural stimulation in research 

settings, (e.g. Millard & Shepherd, 2007; de Haas et al., 2012; Forni et al., 2012; Perry et 

al., 2012; Alam et al., 2013; Ewing et al., 2013). While all of these devices have been 

used successfully during preclinical animal studies, the general lack of a viable user 

interface for a patient makes them unsuitable for a short-term trial in a clinical 

environment. In addition, wirelessly powered stimulators require large power 

transmission coils and field strengths that may exceed acceptable limits for non-

ionising radiation (Perry et al., 2012). 

This chapter presents the design of a small, wearable stimulation system for the 

electrical stimulation of peripheral nerves (Peripheral Nerve Stimulator 1, PNS-01). The 

stimulator has been designed for safe and effective application during a short-term 

clinical trial using a percutaneous electrode and leadwire assembly, aimed at 

investigating novel electrode arrays and stimulation strategies for peripheral nerve 

stimulation (PNS) for the therapy of neuropathic pain conditions. A wireless remote 

control in the form of a wrist watch provides the patient with an appropriate user 

interface for the basic operation of the system. In addition to use in a clinical 

environment, the flexibility of the design also allows for safety and efficacy testing 

during a preclinical stage of the development process of a medical bionic device. 
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2.2 Peripheral nerve stimulation system PNS-01 

2.2.1 Design overview 

The stimulation system PNS-01 was designed with the following features in mind: 

• Small and wearable: the stimulator shall be small and wearable by a patient over 

extended periods of time during a clinical trial. 

• Battery powered: the stimulator shall be independently powered and the interval 

between recharges should be greater than 24 hours, ideally greater than 72 hours. 

• Constant current pulse stimulation: the stimulator shall be based on established 

safe design principles for neural stimulators in order to facilitate the application 

in a clinical trial with human patients. 

• Controllable by patient: the stimulator operation and a subset of stimulation 

parameters shall be controllable by the patient via a wireless remote control. 

In addition to the design features above, the PNS-01 system was designed to meet the 

specifications listed in Table 2.1. 

Table 2.1: Specifications of the PNS-01 system. 

  Specification Resolution 
Compliance voltage (V) 25  

Number of channels 12  

Number of sources 1  

Current amplitude (µA) 5 – 2047 1 

Stimulation rate (Hz) 0.5 – 2000  

Pulse width (µs) 10 – 3000 1 

Interphase gap (µs) 8 – 300 1 

Interpulse gap (µs) 15 – 30 000 1 

Charge balance < 0.1 µA DC  

Operating time (h) > 24*  

   

* depending on stimulation parameters  

The PNS-01 stimulator is able to address up to 12 electrode channels using predefined 

stimulation presets. Each stimulation preset is based on a pulse train of up to 16 pulses 
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which is generated periodically at the pulse train repetition frequency (Figure 2.1). The 

pulse train definition and the repetition frequency can be individually defined per 

stimulation preset. Within a pulse train, monophasic, biphasic or triphasic constant 

current pulses can be freely combined. The pulses do not need to be symmetrical and 

the unrestricted programming interface allows the configuration of non-charge-

balanced stimuli. 

 

Figure 2.1: Pulse train definition of the PNS-01 stimulator. 

The stimulation control is performed wirelessly via the remote control. The presets are 

selected via preset change commands and can occur up or down in numerical order. 

Once the preset has been selected, the stimulation can be enabled and disabled. In case 

of a failure mode, a hardware switch on the PNS-01 stimulator can always be used to 

stop the stimulation and power down the system. 

The following sections present a detailed overview of the different components of the 

PNS-01 stimulation system: the main stimulator (PNS-01 stimulator); the wireless 

remote control in the form of a wrist watch; the PNS-01 interface breakout board; and 

the programming interface, a software tool with a graphical user interface to facilitate 

the safe and efficient programming of the PNS-01 stimulator unit. 

2.2.2 Peripheral nerve stimulator 

The stimulator unit comprises the core component of the PNS-01 system and is able to 

deliver electrical stimulation autonomously. It is assembled in a wearable enclosure 

with a main switch, a multifunctional indicator light and the system port. The system 

port hosts the electrode contacts as well as power and data connectivity. 
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Figure 2.2: Peripheral nerve stimulation system PNS-01. a) Wearable stimulator with leadwire attached to 
the system port. b) Stimulation board for pulse generation and electrode multiplexing. c) Wireless remote 
control based on Texas Instruments eZ430-Chronos development kit. 

2.2.2.1 System architecture 

The PNS-01 stimulator is divided into three main blocks: the power source, the system 

board and the stimulation board (Figure 2.3). 

 

Figure 2.3: Block diagram of the PNS-01 stimulator. 

The power source as the first main block comprises a single, rechargeable lithium-

polymer battery which acts as power source for the control circuitry of the stimulator 

and for the electrical stimulation. The lithium-polymer battery is enclosed in the 
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stimulator housing where the entire charging lifecycle is managed by system 

components. 

The second main block is the system board (Figure 2.4). The system board is a custom-

designed printed circuit board (PCB) and hosts the main system controller, power 

management stage and the radio frequency (RF) link for communication with the 

remote control. 

 

Figure 2.4: Block diagram of the PNS-01 system board. 

The third main block is the stimulation board (Figure 2.5). The stimulation board is 

another custom-designed PCB which connects to the system board via two board-to-

board connectors. The core stimulation circuitry is situated on the stimulation board 

including the current source, the pulse generation and the electrode switch matrix. It 

has a separate, dedicated microcontroller controlling the pulse generation and 

electrode selection. 
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Figure 2.5: Block diagram of the PNS-01 stimulation board. 

Both circuit boards and the battery are assembled in a commercially available 

enclosure designed to be body worn (ERGO-CASE XS, OKW Gehäusesysteme GmbH, 

Germany). The final device measures 80 × 55 × 24 mm3 (length L × width W × height H) 

and weighs approximately 70 g (not including the connecting leadwire and electrode 

array). 

2.2.2.2 Interface 

The system port is the only physical connector on the PNS-01 enclosure. It hosts all 

contacts required for the routine stimulator operation. Table 2.2 lists the pinout of the 

system port, which receives a LX40-20P connector (Hirose Electric Co., Ltd., Japan). 

The main switch is used to enable and disable the stimulator operation. When the 

stimulator is switched on, the device initialisation starts with immediate effect. After 

turning the unit off, a delay is applied before the system power is cut off in order to 

allow a safe shutdown procedure to be executed. 
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The multifunctional indicator light shows the status of the recharge cycle of the 

internal battery and indicates system events of the main stimulator unit (Table 2.3). 

Table 2.2: System port specification. 

Pin number Signal name Description 
1 VIN Supply voltage for lithium-polymer battery charger 
2 SBWTDIO2/NMI Spy-By-Wire I/O for microcontroller on stimulation board 
3 SBWTCK2 Spy-By-Wire clock for microcontroller on stimulation board 
4 TRIG_EXT External trigger signal 
5 SBWTCK1 Spy-By-Wire clock signal for microcontroller on system board 
6 SBWTDIO1 Spy-By-Wire I/O signal for microcontroller on system board 
7 GND Ground 
8 +2.7 V Logic supply rail 
9 E12 Electrode contact 12 
10 E11 Electrode contact 11 
11 E10 Electrode contact 10 
12 E9 Electrode contact 9 
13 E8 Electrode contact 8 
14 E7 Electrode contact 7 
15 E6 Electrode contact 6 
16 E5 Electrode contact 5 
17 E4 Electrode contact 4 
18 E3 Electrode contact 3 
19 E2 Electrode contact 2 
20 E1 Electrode contact 1 

Table 2.3: Status messages of indicator light. 

Mode Light Definition 
Normal Green (single flash) Acknowledge command from remote control. 

During system start-up: initialisation passed. 
 Red (flashing) Failure mode. Stimulation is halted. 
Charging Green (permanent) Battery is charging. 
 Red (permanent) Battery is fully charged. 

 

2.2.2.3 Circuit block description 

System board 

The system board is controlled by a CC430F5137 microcontroller (Texas Instruments 

Inc., USA) from the CC430 series. Additional to common microcontroller peripherals, 
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the CC430 series integrates a radio communication module which is used as the 

wireless link to the remote control. The microcontroller generates the trigger signals for 

the stimulation board, that is, it manages the overall timing of the pulse trains. It also 

manages the external communication with the remote control via the RF module which 

is connected to a chip antenna on the PCB. 

The system board provides the entire power management functionality for the PNS-01 

stimulator. Two voltage supply rails are provided: a +2.7 V logic supply rail for the 

control circuitry and the RF link; and a +28 V high voltage (HV) supply rail for 

powering stimulation circuits in order to achieve a compliance voltage of 

approximately 25 V. The logic supply rail is provided by a step-down converter based 

on a TPS62120 (Texas Instruments Inc., USA) and the HV rail is generated via a step-up 

converter employing a LT3495-B1 (Linear Technology Corp., USA). Both converters 

were chosen in order to achieve a high power efficiency and long battery life of the 

PNS-01 stimulator. A lithium-polymer battery serves as the power source for both 

converters. The recharge cycle is managed by a MCP73833 (Microchip Technology Inc., 

USA) charge management controller. It is set to deliver a maximum charge current of 

less than 500 mA to comply with the system port specifications. 

During operation, the battery voltage is supervised by a LTC2935-1 (Linear Technology 

Corp., USA) providing two separate thresholds for a low battery warning and a system 

shutdown event. The thresholds are fixed at the level of 3.15 V and 3.00 V for the low 

battery warning and system shutdown, respectively. If the battery voltage drops below 

3.15 V, the voltage supervisor signals to the microcontroller on the system board 

causing the stimulation trigger to stop immediately. A further drop of the battery 

voltage to a value below 3.00 V forces the step-down converter for the +2.7 V logic 

supply rail to power down the entire system with a delay of approximately 3.5 s. The 

delay is applied to every power-down sequence to ensure power during the shutdown 

procedure. A controlled shutdown procedure allows the stimulator to complete the 

currently active stimulus delivery in order to maintain the charge balance, and 

subsequently to short all electrode connections together in order to neutralise any 
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residual charge build-up which can potentially result in harmful electrochemical 

reaction products. 

Stimulation board 

The stimulation board forms a stand-alone unit able to generate constant current 

pulses and routing them to up to 12 electrode channels with flexibly configurable 

forward and return directions. The functionality is controlled by a MSP430F6725 

microcontroller (Texas Instruments Inc., USA). 

The core element of the stimulation board is the current source implemented as a 

current sink based on a linearised metal oxide semiconductor field effect transistor 

(MOSFET) in a cascode configuration (Figure 2.6). The current is set by a 12-bit digital-

to-analogue converter (DAC), LTC2641-12 (Linear Technology Inc., USA), referenced 

by a precision voltage reference REF191 (Analog Devices Inc., USA) of +2.048 V. The 

full-scale output of the DAC in conjunction with the sense resistor of 1 kΩ results in a 

current range of 0 – 2.047 mA in 1 µA steps. The linearised MOSFET is combined with 

a bipolar junction transistor (BJT) in a cascode configuration. The cascode configuration 

was chosen to achieve a large output impedance of the current sink and improve the 

high-frequency performance required when generating short pulses with high slew 

rates. 

 

Figure 2.6: Constant current source design of PNS-01. The MOSFET Q2, the operational amplifier U2 and 
the current sense resistor R1 build a linearised MOSFET current sink. The current is determined by the 
voltage reference provided by the DAC U1. The cascode circuit comprising Q1 and Q2 results in a high 
output impedance and improved the high-frequency performance. 
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The current source is connected to the common rail switches that are used to route the 

common rails A and B to the HV rail or the current source. By connecting common rail 

A to the HV rail and common rail B to the current source, a controlled current flow is 

enabled from A to B (Figure 2.7a). Reversing the connections results in a load current 

from B to A (Figure 2.7b). Precise control over the switch timing and rapid inversion of 

the routing direction allows for this switch to generate mono-, bi- and triphasic current 

pulses through the load connected to the common rails. The common rail switch is 

implemented using an ADG5233 (Analog Devices Inc., USA) that integrates three 

single-pole double throw (SPDT) switches with a global enable control on a single IC. 

The SPDT switches are used to change the polarity of the common rails enabling both 

common rails to be used as a cathodic and an anodic rail. The global enable line of the 

switch IC offers an open-circuit mode for both common rails meaning that they are 

disconnected from the current source and HV supply. 

The common rails A and B connect the pulse generation circuit to the electrode switch 

matrix (Figure 2.7c). Each electrode can be connected to common rail A or B, or it can 

be left open-circuit (floating). The switch matrix uses four-way single-pole single throw 

(SPST) switch ICs (ADG5213, Analog Devices Inc., USA) each implementing two 

normally open (NO) and two normally closed (NC) switches. All connections to the 

common rail B are made using NC switches in order to short all electrodes together if 

all control signals are at ground level. This ensures that, in case of a failure mode, no 

harmful charge accumulates at the electrode-tissue interface. A DC blocking capacitor 

is connected in series between the electrode output of the switch matrix and the 

electrode terminal of the system port blocking any net DC flow into the tissue. 

The compliance check circuit monitors the voltage at the current source and compares 

it to a reference voltage that is set via a resistive voltage divider. The reference voltage 

is switched using the third SPDT switch on the ADG5233. In order to avoid false 

alarms during the switching transients, the resistive voltage divider is buffered with an 

additional capacitor delaying the reference set point reaching the critical level. The 

comparator output signal is interfaced to the microcontroller and can trigger an 

interrupt routine. 
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Figure 2.7: Pulse generation and electrode switching topology. a) Common rail A connected to the HV rail 
as an anode, common rail B connected to the current source as a cathode. b) Common rail A connected to 
the current source as an cathode, common rail B connected to the HV rail as an anode. c) Electrode switch 
matrix. The switches SxA connecting the electrodes to the common rail A are NO switches, the switches 
SxB connecting the electrodes to common rail B are NC switches. 

2.2.2.4 Firmware architecture 

The two-board design approach with two distinct microcontrollers requires separate 

firmware for each circuit board. For implementation, the functionality of the stimulator 

has been divided into system tasks involving the general management of the 

stimulator, and stimulation tasks relating to the pulse generation and distribution. The 

two subsystems interface via specific signal lines and a generic serial communication 

bus. With the exception of the time critical stimulation pulse train generation, the 

firmware presented in this section is implemented in C for MSP430. 

System board 

The main function of the system board is to provide the link between the remote 

control and the stimulation board. Commands from the remote control are processed 

and relayed to the stimulation board if required and vice versa. A command to change 

the stimulation preset sent by the remote control is passed to the stimulation board via 

the board-to-board link. If the remote control sends a command to enable the 

stimulation, the system board requests the current pulse train period from the 

stimulation board and enables the stimulation upon reception. Stopping the 

stimulation simply stops the trigger pulse generation on the system board. 
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The system board firmware has been designed around the CC430’s low power modes 

and follows the manufacturer’s guidelines about low-power systems (Quiring, 2006). 

After the system is powered up, the microcontroller and the radio core are initialised 

and enter a low-power mode. Various interrupt sources can trigger the system board 

controller to wake up and process the interrupt request: board-to-board 

communication request, command reception from the remote control or a low battery 

alert. 

Communication with the remote control is performed via the radio core integrated in 

the CC430. The overall power consumption was again a governing factor when 

designing the firmware. The system board operates as a polling receiver with a polling 

period of about 1 s and the radio module powers down during waiting periods (Dang, 

2010). This implies a time delay when the PNS-01 stimulator reacts to commands from 

the remote control. Shorter delays can be achieved but impose a higher penalty in 

terms of power consumption. 

Stimulation board 

The firmware of the stimulation board is based on the same low-power mode coding 

techniques as the firmware of the system board. After the system is powered up, the 

microcontroller initialises all peripherals required for the stimulation board operation 

and then enters a low-power mode awaiting interrupt requests. 

The stimulation presets are written to the microcontroller’s flash memory as part of the 

stimulation board firmware. They are included as a separate header file at compile 

time and the entire firmware image is written to the flash memory during the 

programming process, which ensures that the patient cannot select an unsafe 

combination of stimulation parameters at runtime. 

As described above, the system board requests preset changes and the pulse train 

period of the current stimulation preset via the board-to-board link. After the requests 

have been confirmed by the stimulation board with an acknowledgement message, the 

stimulation board is ready to generate stimulation pulse trains upon incoming trigger 

signals. While the internal trigger line from the system board is always enabled, the 
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external trigger line from the system port requires activation via the remote control 

first. 

Both trigger signals can cause an interrupt request which launches the pulse generation 

routine. This routine has been written in assembler code for precise control over the 

pulse timing and cannot be interrupted by other interrupts during the execution in 

order to avoid compromising the pulse integrity. All the stimulation parameters are 

arranged in a memory structure that can be read out linearly, benefiting from the 

Indirect Autoincrement addressing mode of the MSP430. Thereby the memory location 

of a register pointer is read out and the pointer is automatically incremented after the 

read operation. This approach avoids instructions for pointer adjustments and allows 

for efficient program execution. Furthermore, a short delay time between the trigger 

pulse and the pulse train generation has been achieved by avoiding the need to preload 

the stimulation parameters into the microcontroller registers. While the current values 

can be sent directly to the DAC, the control over the pulse timing is achieved via 

software loops in the assembler routine. The conversion from absolute pulse time to 

the number of delay loops is performed in the programming interface (see Section 

2.2.4). Each pulse train definition used by the assembler routine is stored in an array of 

16 pulse structures. The linear readout and the little-endianness require the pulse 

properties to be stored in a particular order. Furthermore, the electrode configuration is 

encoded bitwise in two 16 bit values. Because the electrode switch matrix uses a 

combination of NO and NC switches, the routing of an electrode to common rail A is 

encoded with an active high value (1) while the routing to common rail B is encoded 

with an active low value (0). Details of the data structure can be found in the 

stimulation board firmware source code (see Appendix B). 

If the power is turned off using the switch on the PNS-01 enclosure, the stimulation 

board immediately executes a non-maskable interrupt service routine which stops the 

stimulation, shorts the electrodes and enters a low-power mode until the supply rails 

are powered down. Similar to the shutdown sequence applied after a low battery 

voltage detection, this ensures that the electrodes are discharged in a controlled way 

and no further charge build-up can occur in order to avoid the injection of 
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electrochemically harmful reaction products. By using a non-maskable interrupt 

service routine, this sequence is prioritised over other stimulator functionality. 

2.2.2.5 Board-to-board communication protocol 

This section specifies the board-to-board communication protocol for the 

communication between the stimulation board and the system board. The 

communication link is implemented based on the standardised Serial Peripheral 

Interface (SPI) using the microcontroller’s Universal Serial Communication Interface 

(USCI). The system board acts as the communication master and controls the clock 

speed sourced from the auxiliary clock of the system board (32.0 kHz). In order to 

establish a fully bidirectional interface, a communication request (COMM_RQ) signal 

is used in addition to the standard wires of the 4-wire SPI interface that allows the 

communication slave (stimulation board) to initiate the communication. The SPI 

interface is a packet-based interface and is used with a fixed packet length of 6 bytes in 

the stimulator implementation. Each packet consists of a command byte, four payload 

bytes and a status byte. The four payload bytes are combined to two 16-bit integer 

values within the firmware to reflect the word width of the MSP430 microcontroller. 

The commands available and the detailed packet definition for the board-to-board 

communication are specified in Appendix C. 

Because SPI specifies a bidirectional communication protocol, the non-initiating board 

(system or stimulation) sends a null packet with all bytes set to 0x00 during that 

transmission. 

2.2.3 Remote control 

The remote control has been implemented based on a development tool for the CC430 

platform, the eZ430-Chronos (Texas Instruments Inc., USA). The eZ430-Chronos is a 

freely programmable sports watch based on a CC430 microcontroller with various 

peripherals and a 96-segment liquid crystal display (LCD). By using this development 

tool, the development of the remote control was reduced to the firmware design. 

The firmware implements an interface to control the PNS-01 stimulator and a real-time 

clock. Like the receiving counterpart in the PNS-01 stimulator, the system board, the 
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firmware for the remote control is implemented using the CC430’s low-power modes 

with an interrupt driven operation. The user interface is based on a menu structure 

with multiple pages providing the different functions of the remote control. The 

control buttons follow an identical convention for each menu page (Figure 2.8). 

 

Figure 2.8: Remote control with control button functions. Adapted from Texas Instruments (2009). 

2.2.3.1 Remote control communication protocol 

The communication protocol for the wireless link between the remote control and the 

system board of the PNS-01 stimulator is similar to the protocol used for board-to-

board communication. It is a packet based protocol with a packet size of 7 bytes (an 

address byte, a command byte, four payload bytes and a status byte). The additional 

address byte is required to uniquely match control signals between a remote control 

and a PNS-01 stimulator. This is an important safety feature in order to avoid crosstalk 

between different PNS-01 stimulators and remote controls in an environment where 

multiple systems are concurrently used. 

Appendix D details the commands available and the packet specification for the 

remote control communication protocol. 

2.2.4 Programming interface 

The programming interface is a software program with a graphical user interface used 

to define stimulation presets for the PNS-01 stimulator. The programming interface 

generates the C header file containing the preset definitions that are compiled together 

with the firmware for the stimulation board. 
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2.2.4.1 System architecture 

The programming interface has been implemented as an Access database application 

(Microsoft Corp., USA) holding the stimulation preset parameters in a relational 

database. The data validation functionality is used to ensure the pulse parameters 

comply with the specifications of the PNS-01 stimulator. It also provides a visual check 

whether the pulse definition results in a charge balanced pulse. 

The completed stimulation preset definition is converted to valid C code using 

Structured Query Language (SQL) queries and Visual Basic for Applications (VBA) 

procedures. The final C header file is saved to the hard drive for inclusion in the 

compilation and subsequent download to the stimulation board microcontroller. 

2.2.5 Interface breakout board 

The interface breakout board is a debugging tool providing access to the individual 

terminals of the system port. The only active component on the interface breakout 

board is an ADuM1201 digital isolator (Analog Devices Inc., USA) for the isolation of 

trigger input and output signals when the PNS-01 stimulator is used in a laboratory 

setting with external control and/or recording devices. 

2.3 Verification, characterisation and validation 

The final design of the PNS-01 stimulator including the firmware for both circuit 

boards was verified by benchtop testing. The stimulator output was therefore 

delivered to resistors as artificial loads in order to verify that the functionality 

corresponded to the design specifications (Section 2.3.1). The testing procedure also 

aimed at confirming the correct operation of the stimulator firmware. The analogue 

performance of the current source was then characterised during additional benchtop 

testing and in an in vitro setting (Section 2.3.2). Finally, the design was validated by 

measuring an electrically evoked auditory brainstem response (EABR) to confirm that 

the stimulator produced neural activation in vivo (Section 2.3.3). 
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2.3.1 Benchtop verification 

Output current and voltage measurements were acquired using a NI USB-6353 data 

acquisition interface (National Instruments Corp., USA) unless otherwise stated. 

Current measurements were performed as differential measurements over a series 

resistor (𝑅 = 100 Ω) that was introduced in the stimulation path. Voltage 

measurements were performed between the output terminal of the forward and the 

return electrode. The data acquisition device was controlled via custom procedures 

developed in Igor Pro (Wavemetrics Inc., USA). Igor Pro and Excel (Microsoft Corp., 

USA) were used to analyse the data and plot the results. 

The design was verified using an extensive functional test protocol ensuring operation 

according to the design specifications (see Appendix E). Figure 2.9 shows a stimulation 

waveform of a biphasic constant current pulse generated by the PNS-01 stimulator that 

is delivered into a resistive load. The recordings showed narrow transient spikes at the 

onset of the cathodic and the anodic phase. A detailed view of the switching transient 

of the cathodic phase (Figure 2.9b) revealed that the inrush current was limited to a 

few microseconds. The figure also shows a smaller second peak at around 108 µs 

caused by the electrode switch matrix when switching all electrodes from the shorted 

state to an open circuit state prior to the stimulus generation. Similar recordings were 

acquired to confirm the successful generation of monophasic, biphasic and triphasic 

constant current pulses. 

 

Figure 2.9: Stimulation waveforms of a biphasic current pulse delivered to a resistive load. (a) Entire pulse 
waveforms. (b) Detail of the onset of the first, cathodic phase. The small spike at approximately 108 µs is 
caused by the electrode matrix switch array when the electrodes are switched from shorted to open circuit 
prior to the stimulus generation. Pulse parameters: pulse width 500 µs, interphase gap 100 µs, current 
level 500 µA. 
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The output impedance of the current source was characterised using biphasic pulses 

(pulse width 500 µs, interphase gap 100 µs) with the current amplitude set to 1 mA 

while delivering the stimulation current into different resistive loads. Figure 2.10 

shows the resulting stimulation currents as measured with the data acquisition 

interface. 

 

Figure 2.10: Characterisation of the output impedance of the current source. Output currents were 
measured for different resistive loads (mean ± standard error of the mean (SEM), n = 10). The dashed line 
shows a linear fit of the data points in the linear region of the current source. The linear region 
corresponds to the predicted range based on a compliance voltage of 25 V. Biphasic pulses with a pulse 
width of 500 µs, an interphase gap of 100 µs and a current amplitude of 1 mA were used. 

Considering the compliance voltage of 25 V, a drop in the output current at resistive 

loads greater than 25 kΩ was expected when the voltage compliance was insufficient to 

drive the set current. If the data points outside of this range were ignored, two data 

points in the linear region of the current source could be used to derive the output 

impedance using the model shown in Figure 2.11. 

 

Figure 2.11: Electrical model used to derive the output impedance of the current source. The model 
comprises the current source with a no-load current 𝐼0, the output impedance 𝑍𝑚𝑛𝑚 and a load resistance 
𝑅𝐿. 

With the current measurements of the load values 𝑅1 = 757 Ω and 𝑅2 = 22.1 kΩ, an 

output impedance of greater than 16 MΩ results: 
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𝑍𝑚𝑛𝑚 =
𝑖1𝑅1 − 𝑖2𝑅2
𝑖2 − 𝑖1

> 16 MΩ 

While an ideal current source has an infinite output impedance, this value compares 

well to previous reports about the design of neural stimulators (Ghovanloo & Najafi, 

2005; Millard & Shepherd, 2007; Noorsal et al., 2012). 

For a coarse estimation of the battery lifetime, trains of two biphasic pulses (phase 

width 400 µs, interphase gap 200 µs) were delivered to a resistive load of 1 kΩ at a 

stimulation frequency of 133 Hz using an identical current value for both pulses. The 

stimulation voltages across the load resistors were periodically sampled using a 

Micro1401-3 data acquisition unit (Cambridge Electronic Design, UK). The battery was 

fully charged before the stimulation was enabled continuously until the battery was 

depleted. The battery life was determined from the voltage recordings. Two different 

stimulation current settings were tested. At 1 mA stimulation current, the stimulation 

output was sustained for 4 days and 17 hours. If a modified version of the current 

source was used with an output current capacity of 5 mA, this current level resulted in 

a battery life span in excess of 2 days and 9 hours. A full recharge cycle took 

approximately 3 hours to complete (empirical value). 

2.3.2 In vitro characterisation 

DC components of the stimulation current were measured in order to determine the 

safety of the PNS-01 system. Tests were performed using a measurement circuit shown 

in Figure 2.12 that is based on a setup adapted from Huang et al. (1999). Resistor 

𝑅1 = 100 Ω was connected in series with the stimulation path. The voltage across 𝑅1 

was integrated with an RC network comprising 𝑅2, 𝑅3 and 𝐶. The integrated voltage 

across the capacitor 𝐶 was digitised using a PXI-4072 (National Instruments Corp., 

USA) at a sampling rate of 4 kHz, a full-scale range of ± 100 mV and a resolution of 

18 bit leading to a theoretical resolution of DC currents of 4 nA. Ten seconds of baseline 

recordings were acquired without any stimulation followed by 60 seconds with the 

stimulation enabled. In order to avoid the influence of transient effects, a window of 5 s 

was considered for the baseline recording while the stimulation stage was limited to a 

window of 50 s. The voltages were averaged over the respective windows and the 
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difference resulted in the net DC component of the stimulation current of the 

stimulator and electrode assembly. 

 

Figure 2.12: Circuit for the measurement of DC components of a stimulator output. Figure provided by M. 
Shivdasani. 

If the DC component characterisation was performed using a PNS-01 stimulator with 

DC blocking capacitors, no DC component could be measured. A modified version 

without DC blocking capacitors was used to investigate the net DC current generated. 

The results were acquired using biphasic pulses of 25 µs or 100 µs with an interphase 

gap of 8 µs or 50 µs, respectively. Figure 2.13 shows the net DC components of the 

modified PNS-01 stimulator at three different current levels (100 µA, 500 µA and 

2 mA). A two-tailed t-test showed that the DC component generated by the PNS-01 

stimulator was significantly different from 0 for a stimulation current greater than 

2 mA for a pulse width of 25 µs (p < 0.05, n = 5), or for a current greater than 500 µA for 

a pulse width of 100 µs (p < 0.05, n = 5). Although statistically significant levels of DC 

currents were measured, all results for the PNS-01 stimulator were below a safety limit 

of 100 µA (Huang et al., 1999). A comparison with a benchtop laboratory stimulator 

showed similar results for stimulation with a pulse width of 25 µs (p < 0.01, n = 5). 

Stimulation with a pulse width of 100 µs always resulted in significant DC levels 

(p < 0.01, n = 5). In addition, a current of 2 mA in combination with a pulse width of 

100 µs resulted in a DC current component that exceeded the safe limit of 100 µA. 
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Figure 2.13: DC components of the modified PNS-01 and a benchtop laboratory stimulator. DC 
components (mean ± SEM) were measured using different pulse widths, interphase gaps and stimulation 
currents. All measurements were acquired at a pulse rate of 1 kHz. Statistical significance is shown for 
mean values different from the ideal value of 0 (two-tailed t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, n = 5). 

2.3.3 In vivo validation 

Electrically evoked auditory brainstem responses (EABRs) were recorded from 

domestic cats with an implanted cochlear electrode array following a previously 

described procedure (Fallon et al., 2009). In brief, the animal was sedated with xylazine 

hydrochloride (2 mg/kg, subcutaneous (s.c.), Ilium Xylazil-20, Troy Laboratories 

Australia Pty. Ltd., Australia) and anaesthetised with ketamine hydrochloride 

(20 mg/kg, intramuscular (i.m.), Ilium Ketamil, Troy Laboratories Australia Pty. Ltd., 

Australia). The animal was placed on a heated stage in a shielded room and connected 

to a differential amplifier (ISO-80, World Precision Instruments Inc., USA) using 23G 

hypodermic needles. The needles were inserted subcutaneously at the vertex, the neck 

and the torso for the signal, the reference, and the ground connection, respectively. 

Biphasic current pulses (phase width 25 µs, interphase gap 8 µs) from an optically 

isolated stimulator were used to stimulate an intracochlear electrode with an 

extracochlear return electrode. Neural responses were amplified by the differential 

amplifier (× 100), filtered with a band pass (5 Hz – 10 kHz) and digitalised using a USB-

6251 (National Instruments Corp., USA) with a resolution of 16 bit controlled by 

custom Igor Pro procedures. Two waveforms averaged over ten recordings were 

saved. The analysis was performed in Igor Pro. 
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Figure 2.14: EABRs recorded with (a) the PNS-01 and (b) a benchtop laboratory stimulator. The asterisk 
symbol (*) denotes the stimulus onset. 

Figure 2.14 shows growth functions of EABRs recorded when using the PNS-01 

stimulator and a benchtop laboratory stimulator in order to confirm successful neural 

activation in vivo. The responses indicate that PNS-01 was able to evoke a clear neural 

response at 400 µA. The activation levels were in good agreement with a benchtop 

laboratory stimulator. 

2.4 Discussion 

With the PNS-01 system, a wearable stimulator has been developed that is able to 

generate constant current pulses for electrochemically safe neural activation. The pulse 

parameters have been verified as part of the design verification process and the 

measured values corresponded well with the programmed values defined in the 

programming interface. The constant current pulses in combination with exact control 

over the execution of the pulse generation code allow for precise control over the 

charge injected into the tissue surrounding the electrode interface. 

Verifying the design, the current waveforms showed transient spikes that occurred 

when the current was switched on. These spikes were caused by the high closed-loop 

gain of the current control loop of the current source. This loop gain caused the 

stimulation current to overshoot with an inrush spike as a response to a step signal. 
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The high gain was chosen in order to achieve a high slew rate required for short pulse 

widths used during stimulation at high frequencies or when time-multiplexing. Due to 

the single current source design, multiple electrodes can only be stimulated 

sequentially which limits the maximum stimulation frequency available per electrode. 

Although the inrush current spikes have a high magnitude compared to the set current 

level, their short duration limits the amount of charge delivered during the transient. 

The DC measurements confirmed that there were no concerns with regard to the 

electrochemical safety of the amount of charge delivered. 

For the implementation of the current source, a linearised MOSFET topology was 

chosen. It offers the advantage of a current output that is directly proportional to the 

input value written to the control register of the DAC. This approach avoids 

computation-intensive conversions in the stimulator firmware that would be necessary 

for a non-linear current regulator (e.g. Perry et al., 2012). Additionally, the topology of 

the current source and the switching circuitry was chosen to meet the requirement of a 

single-ended power supply. As a consequence, the generation of biphasic current 

pulses requires common rail switches for the phase reversal during the generation of 

biphasic pulses due to the unipolar nature of the current source. The Howland current 

pump as an alternative design can generate positive and negative output currents (e.g. 

van den Honert & Kelsall, 2007). However, it requires a dual-ended voltage supply and 

precise calibration. The complexity added by the phase reversal switch for the pulse 

generation is mitigated by a simplified power supply block. Additionally, the routing 

of the supply rails when laying out the PCB was simplified by the need for only one 

HV supply rail. 

The stimulator implements various safety features native to the hardware as well as 

the firmware of the device. DC blocking capacitors effectively block any DC currents 

and have a proven track record in neural stimulators (White, 1987). However, any non-

reversible Faradaic processes at the electrode-tissue interface or imperfection during 

the pulse generation may charge the capacitors requiring shorting of the electrodes. As 

a result, the electrode-tissue interface and the DC blocking capacitor are discharged 

preventing any saturation effects. 
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The precise control over the amount of injected charge can only be maintained if the 

stimulator operates within the compliance limit of the current source, i.e. the electrode 

impedance does not exceed the current driving capacity. The detection circuitry on the 

stimulator board provides a means to detect compliance violations during a self-test 

sequence or continuously during normal operation. The comparator of the compliance 

limit detection circuit interfaces with the microcontroller with the ability to trigger an 

interrupt routine. 

The residual DC current component of the stimulation current is an essential safety 

characteristic. As the measurements in Figure 2.13 show, the values were well below 

100 nA which has been determined as a conservative limit for safe neural activation in 

humans during chronic stimulation (Huang et al., 1999). The measured values did not 

exceed the limit if stimulation close to the maximum output current is performed. They 

were also smaller than a benchtop laboratory stimulator commonly used for 

electrophysiological recordings in a laboratory setting. 

In addition to the safety of the device, the efficacy was shown via recording of EABRs. 

The recordings in Figure 2.14a show that neural activity was successfully elicited when 

the cochlea of a cat was stimulated. The activation levels also corresponded well with 

the values achieved using a benchtop laboratory stimulator. 

The overall size and weight of the stimulator was targeted to be in a similar range to 

the values of systems that have previously been reported (Fallon et al., 2009; Nayagam 

et al., 2014). The adherence to these physical limits ensured that the stimulator was 

suitable for a clinical trial as well as for preclinical testing in an animal model of cats or 

a larger species. Further, all physical connections (i.e. electrodes, charging and 

programming) were included in the same connector. This allowed for the fact that the 

power and control signals were not galvanically isolated due to size constraints on the 

circuit boards. The approach ensured that an implanted electrode array has to be 

disconnected before the stimulator is connected to a power supply or programmer for 

recharging or reprogramming, respectively. 
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With regard to the use in a clinical research environment, the patient remote control 

has been developed. It provides simple control over the basic stimulator operation in a 

format suitable for a trial in an outpatient setting. The remote control and the 

stimulator have address values programmed that match them uniquely. This prevents 

cross-talk between different stimulator and remote control units. 

The design of the wireless communication between the PNS-01 stimulator and the 

remote control required careful balance between the overall performance 

characteristics and battery efficiency. In particular, the timing of the polling receiver in 

the PNS-01 stimulator was a major design choice in order to achieve the specified 

battery life. A high polling frequency would result in a quick response to a command 

from the remote control. However, the RF module of the CC430 microcontroller 

requires a supply current in the range of 10 – 20 mA in the active state and causes rapid 

battery depletion at high polling rates. A polling interval of 1 s was chosen for the final 

design. The resulting response time to a command from the remote control was 

deemed suitable considering the simple nature of the commands (i.e. 

enabling/disabling the stimulation, change stimulation of presets). Additionally, the 

transmission power chosen results in reliable communication in the range of 3 m. 

While higher power levels would increase the remote control range, the range is 

considered appropriate for the intended application as a patient remote control. The 

additional power consumption when using a higher transmission power cannot be 

warranted with regard to the optimisation of the battery life. 

For a further design refinement, the stimulator output waveform could be altered so 

that the magnitude of the inrush current spikes is reduced. Two possible strategies 

might be pursued. If the current is routed to a dummy load prior to the delivery of a 

stimulus and switched over to the tissue electrode contact, it can be hypothesised that 

the current source is in a quasi-steady-state and a minimal transient spike will occur. 

Alternatively, an operational amplifier with a lower gain as part of the feedback loop 

would reduce the overall gain of the control system, limiting the current overshoot 

during the step response. However, this would also result in a lower slew rate affecting 

the minimally achievable pulse width. 
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Possible future enhancements of the firmware could generate additional data during a 

research application. The stimulator could log the number of delivered stimuli in the 

flash memory of the microcontroller. This would provide additional data about the 

amount of charge delivered to the electrode-tissue interface which could be valuable 

information for a chronic safety study. Similarly, the characteristics of the stimuli, the 

stimulation preset and the duration of electrical stimulation could be logged for further 

analysis omitting the need for a visit to the clinic for the purpose of readjustment of the 

stimulation parameters during a trial, as described for example by Slotty et al. (2013). 

In the case of an efficacy study of a PNS system for the treatment of chronic 

neuropathic pain, this would also blind the patient about the specific details of the 

stimulation preset. A statistical analysis of the time span of a particular preset could be 

performed if a patient would be provided with a set of stimulation presets during the 

trial. This would provide information additional to patient diaries commonly used in 

clinical research practice (Saper et al., 2011; Silberstein et al., 2012). Consideration has 

to be given to the frequency of data logging though because writing to the flash 

memory is energy intensive. The achievable battery life and the sampling rate require a 

careful balance. 

In order to increase the efficiency during programming sessions at the beginning of a 

clinical trial, the wireless protocol could be extended to control individual stimulation 

parameters instead of selecting from a predefined set. This could be realised as a 

clinical mode that is activated during clinical visits only. A suitable hardware platform 

to implement a clinical remote control would be the CC110L RF Module BoosterPack 

(Texas Instruments Inc., USA), an inexpensive development kit compatible with the 

microcontroller and RF communication platforms used. Implementing the clinical 

remote control based on a wireless communication protocol avoids potential isolation 

issues associated with wired power and data connections. 

In summary, this chapter presented the design and development of a small and 

wearable battery-powered neural stimulation system suitable for short-term clinical 

trials in an outpatient setting. Twelve electrode channels, a high compliance voltage of 

25 V and the proven safe design make it suitable as a flexible stimulator for 
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investigational applications with human patients. The wireless remote control provides 

a level of patient control commonly found in commercial devices, while the design 

based on commercial off-the-shelf components resulted in an inexpensive device 

readily available for research projects. 

The PNS-01 stimulation system has been designed for short-term clinical safety and 

efficacy studies for novel electrode arrays and stimulation strategies to treat chronic 

neuropathic pain. However, the flexibility of the freely programmable stimulator with 

an extensive parameter range allows for it to be used in other areas of 

neuromodulation including preclinical investigations. 
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  Chapter 3
 

Dynamic range of peripheral nerve 
stimulation without unwanted motor 
activation 

3.1 Introduction 
Various electrode designs have been applied to peripheral nerve stimulation (PNS) for 

the treatment of chronic neuropathic pain. Early applications often featured cuff 

electrodes due to their superior electrode fixation properties (Slavin, 2011a). However, 

this electrode type was frequently associated with extensive fibrosis and scarring of the 

targeted nerve trunk (Slavin, 2011b). More recently, with the emergence of spinal cord 

stimulation (SCS) and the associated hardware developments, the majority of clinical 

PNS applications utilised SCS hardware in an off-label manner (Kumar & Rizvi, 2014). 

The lack of dedicated electrode arrays has been suggested as a reason for the high 

complication rate associated with this technique (Slavin, 2011b). Electrode arrays 

tailored for PNS could offer the potential to reduce the surgical complications and 

technological failure modes leading to improved clinical outcomes (Stanton-Hicks et 

al., 2011; Goroszeniuk & Pang, 2014; Kumar & Rizvi, 2014). 

The scope of this chapter was to study the basic design features of a peripheral nerve 

electrode array. The tested electrode setup modelled a hypothetical design with the 
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capability to stimulate in a longitudinal direction along the nerve as well as in 

transverse configuration across the nerve trunk (see Figure 3.1). With two multipolar 

electrode arrays on either side of the nerve, the setup offered a large total number of 

electrode combinations in a bipolar (BP) configuration that could be used for 

stimulation. A clinical application requires the identification of the best electrode pair 

of those combinations to facilitate the delivery of electrical stimulation without 

producing unwanted motor activation. While the experimental setting allowed the 

utilisation of all available electrode combinations, the main aim of the investigation 

was to reduce the parameter space that had to be screened when identifying the best 

electrode pair in a clinical setting. This has the potential to address the need for 

improved screening efficiency during intraoperative and postoperative testing as has 

been reported for other areas of neuromodulation with well-established clinical 

hardware like SCS (North & Cutchis, 1995) or deep brain stimulation (Butson et al., 

2007). 

3.2 Materials and methods 

3.2.1 Experimental animals 

Five Dunkin-Hartley guinea pigs (n = 5, 900 – 1300 g, 3 – 16 months old) were used for 

electrophysiological recordings during acute, terminal experiments. They were bred at 

the Biological Resource Centre of the Royal Victorian Eye and Ear Hospital (RVEEH) in 

East Melbourne, Australia. All experimental procedures were performed with 

approval from and under the oversight of the Bionics Institute Animal Research Ethics 

Committee (previously RVEEH Animal Research Ethics Committee) in accordance 

with the Australian code for the care and use of animals for scientific purposes (NHMRC, 

2013). 

3.2.2 Anaesthesia and animal care 

The animals were anaesthetised during all procedures using isoflurane (Isoflo™, 

Abbott Laboratories, USA) in oxygen (1 – 3 %, flow rate 0.8 – 1.5 l/min). Respiration 

and pedal reflex were monitored and the concentration of the anaesthetic inhalant 

adjusted accordingly. Before all skin incisions, lignocaine hydrochloride (20 mg/ml, 



Dynamic range of peripheral nerve stimulation without unwanted motor activation 

63 

Ilium Lignocaine 20, Troy Laboratories Australia Pty. Ltd., Australia) was injected 

subcutaneously (s.c.) as a local anaesthetic agent. 

The animals were placed on a homeothermic blanket at a temperature of 38 °C 

(Harvard Apparatus Ltd., UK) during the procedures and ocular ointment (Lacri-

Lube®, Allergan Inc., USA) was applied. 

At the end of the experiment, the animals were terminated via an overdose of an 

anaesthetic agent by injecting 2 ml of sodium pentobarbitone (325 mg/ml, Lethabarb®, 

Virbac, France) intraperitoneally (i.p.). 

3.2.3 Acute electrophysiological recordings 

For electrophysiological recordings, the left sciatic nerve was accessed through a 

posterior incision of the left hind limb and exposed via blunt dissection. Two linear 

stimulation electrode arrays were placed alongside the sciatic nerve and held in place 

by attaching the leadwires to magnetic stands fixed to the surgical table (Figure 3.1). 

The electrode arrays had eight fully circumferential, 300 µm wide platinum (Pt) 

electrodes which were supported by a Silastic carrier with a centre-to-centre spacing of 

750 µm (Coco et al., 2007). The arrays were designed and manufactured in-house. 

A Pt ball electrode (diameter d = 700 µm) was mounted on a glass capillary and 

attached to a manual micromanipulator (Fine Science Tools Inc., USA) for positioning 

adjacent to the peroneal nerve distal to the branching point of the sciatic nerve into 

peroneal and tibial nerve (positive recording electrode in Figure 3.1). A second Pt ball 

electrode (d = 700 µm) was placed under a skin flap medial of the incision (negative 

recording electrode in Figure 3.1). The positive and negative recording electrodes were 

used to record differential voltages with reference to a hypodermic needle placed in 

the lower abdominal region as a ground electrode. During the electrophysiological 

recordings, the stimulation arrays and recording electrodes were covered with saline 

solution (sodium chloride in deionised water, 0.9 % w/v). 

Electrical stimulation was performed by delivering biphasic, constant-current pulses in 

a BP configuration to electrode pairs on the stimulation arrays. The BP electrode pairs 
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were labelled BPxy with the cathodic phase delivered to electrode x first. All stimulus 

pulses had a pulse width of 25 µs, an interphase gap of 8 µs and were delivered at a 

pulse rate of 3 Hz. 

 

Figure 3.1: Electrode configuration for acute electrophysiological experiments. Two electrode arrays were 
used as a model setup for stimulation in BP electrode configuration. Longitudinal electrode pairs used two 
electrodes from a single array and transverse electrode pairs used one electrode of both arrays. Differential 
voltage recordings were acquired using two Pt ball electrodes (positive and negative recording electrodes) 
with a reference electrode in the lower abdominal region (not shown). 

Using these constant pulse timing parameters, growth functions of neural responses at 

variable current levels were acquired. The stimulus-evoked activity as captured with 

the differential electrode setup described above was amplified using an isolated 

differential amplifier (ISO-80, World Precision Instruments Inc., USA) and filtered 

using a low-pass filter (cut-off frequency 5 Hz) and a high-pass filter (cut-off frequency 

10 kHz). The amplified signal was digitised by a data acquisition device (USB-6251, 

National Instruments Corp., USA). Recording of the digitised signal and control of the 

stimulation and recording equipment was realised in Igor Pro (Wavemetrics Inc., 

USA). Ten repetitions per stimulus configuration were recorded and averaged for 

noise reduction. The recorded growth functions were analysed visually in order to 

determine activation threshold levels for both neural and motor activation. Based on 

two separate recordings with identical stimulation parameters, the lowest current level 

eliciting a response with a characteristic waveform was accepted as a threshold level. 
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3.2.4 Data analysis 

All data analysis was implemented and performed using Igor Pro (Wavemetrics Inc., 

USA) which was also used for plotting and statistical testing. Additional statistical tests 

were conducted using SigmaPlot 12.0 (Systat Software Inc., USA). 

3.3 Results 
The recording of a growth function using a stimulation electrode pair, as shown in 

Figure 3.2, allowed the determination of two different threshold levels. The first 

threshold level, the neural response threshold 𝑇𝑛𝑛𝑛𝑛𝑛𝑛, corresponded to the activation 

threshold of a compound action potential (CAP) in the peroneal nerve trunk. It was 

characterised by a short latency (100 – 500 µs) which identified the neural signal as 

originating from directly activated neurons. A second threshold, the motor threshold 

level 𝑇𝑚𝑚𝑑𝑚𝑛, could be determined based on the electromyographic signal of muscle 

activity evoked by stimulating motor neurons in the sciatic nerve trunk. A 

characteristic delay time of typically 2 – 5 ms from the stimulus onset was observed 

together with rapid growth in response amplitude when increasing the stimulus 

current. If only a neural response was measured without the presence of a motor 

response, no muscle activity was observed visually either. 

It was not possible to determine both activation thresholds for all recordings. Some 

growth functions only showed a single threshold (neural or motor), or did not show 

any responses at all. Additionally, the neural activation threshold was observed below 

or above the motor threshold for different recording configurations. 

Using the two activation threshold levels, the dynamic range 𝐷 was defined as 

𝐷 = 20 ∙ log � 𝑇𝑚𝑚𝑚𝑚𝑚
𝑇𝑛𝑛𝑛𝑚𝑛𝑛

�. 

A positive dynamic range indicates a neural threshold below the motor threshold, 

which is desired for pain modulation in order to avoid unwanted motor stimulation. 

No value was assigned if one or both of the thresholds could not be determined. 
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Figure 3.2: Example of a growth function of the neural response to BP stimulation. A threshold level of the 
electrical signal of a CAP (neural response) and a second threshold level of the electromyographic signal of 
the motor activity evoked by the stimulation of motor neurons (motor response) was identified. The neural 
threshold was smaller than the motor activation threshold in this example. However, the reverse order 
was also observed. 

Figure 3.3 shows a representative dataset of the dynamic ranges for a single subject 

plotted as lines between the corresponding BP stimulation electrodes. This overview 

indicated that longitudinal electrode pairs, that is, electrode pairs of a single electrode 

array along the nerve, resulted in higher dynamic ranges.1 The top array showed only 

positive dynamic ranges for electrode pairs in a longitudinal configuration while the 

bottom array showed mixed values. However, the minimum dynamic range of the 

bottom array was higher than the minimum dynamic range of the transverse electrode 

pairs, that is, electrode pairs using both arrays with a shortest path between the 

electrode contacts crossing the nerve in a transverse way. Although differences 

between the two arrays were observed, it was not possible to predict at the time of 

implantation which array would result in a higher mean dynamic range. Hence, the 

two sides were treated equally and the data collapsed to the group of longitudinal 

electrode pairs for the analysis. 

                                                      
1 Negative dynamic ranges are plotted with red lines. A thin red line corresponds to a higher 
(less negative) dynamic range compared to a thicker red line. 
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Figure 3.3: Dynamic ranges upon stimulation of different BP electrode pairs. The figure shows a 
representative dataset of dynamic range values of a single subject that were averaged per electrode pair 
and plotted as lines connecting the corresponding electrodes. The line width represents the magnitude of 
the dynamic range and the colour indicates the polarity (black: positive, red: negative). 

The effect of the electrode spacing was also analysed. Figure 3.4 shows the neural and 

motor activation thresholds as a function of the electrode shift, i.e. the shift of the 

second stimulation electrode along the array compared to the first stimulation 

electrode of a BP pair. Using these values, the resulting dynamic ranges were plotted as 

shown in Figure 3.5. A one-way analysis of variance (ANOVA) over the electrode shift 

did not show any significant effect of the electrode shift on the dynamic range for 

either the longitudinal or the transverse BP electrode combinations (longitudinal: 

p = 0.41, n = 134; transverse: p > 0.64, n = 144). Without any influence of the spacing 

between the two electrodes of a BP pair, the results were reduced to two single groups, 

the dynamic range values for longitudinal pairs and for transverse pairs. 
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Figure 3.4: Neural and motor activation thresholds with varying electrode shift. The neural (a) and motor 
(b) activation thresholds are shown for longitudinal and transverse BP electrode pairs as a function of the 
electrode shift. The electrode shift represents how many electrodes the second stimulation electrode of the 
BP pair is shifted compared to the first electrode. As a consequence, the electrode shift 0 could not be 
tested for a longitudinal pair. The markers with error bars left of the data points denote the mean and SEM 
for the indicated mode per electrode. 
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Figure 3.5: Dynamic ranges depending on electrode shift. The dynamic ranges are shown for longitudinal 
and transverse modes with varying electrode shift. The electrode shift represents how many electrodes the 
second stimulation electrode of the BP pair is shifted compared to the first electrode. As a consequence, the 
electrode shift 0 could not be tested for a longitudinal pair. The markers with error bars left of the data 
points denote the mean and SEM for the indicated mode per electrode. A one-way ANOVA over the 
electrode shift did not show any significant differences for either longitudinal or transverse electrode 
combinations (longitudinal pairs: n = 134, transverse pairs: n = 144). 

Based on the dynamic range data as shown in Figure 3.3 and Figure 3.5, it was 

hypothesised that longitudinal electrode pairs would result in higher dynamic range 

values. Averaging all transverse and longitudinal dynamic range values from the five 

acute experiments resulted in a mean dynamic range of −1.4 ± 0.14 dB (mean ± 

standard error of the mean (SEM), n = 144) for transverse electrode pairs compared to 

−0.7 ± 0.17 dB (mean ± SEM, n = 134) for longitudinal pairs (Figure 3.6). A two-tailed 

Student’s t-test resulted in a statistically significant difference between the means of the 

transverse and longitudinal electrode pairs (p < 0.01, n = 278). 
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Figure 3.6: Average dynamic ranges for transverse and longitudinal electrode pairs. The average dynamic 
ranges of five subjects stimulated in BP mode are shown (mean ± SEM). Although both configurations 
exhibited negative average dynamic ranges, longitudinal pairs resulted in a significantly higher dynamic 
range compared to transverse electrode pairs (two-tailed Student’s t-test, * p < 0.01, n = 278). 

Although the dynamic range was significantly larger for longitudinal electrode pairs, 

the mean dynamic range for this group was still negative. However, successful pain 

therapy is commonly based on the stimulation using an optimal parameter set with the 

best electrode configuration rather than employing a range of electrode pairs. 

Therefore, the analysis was shifted from optimising the average performance of all 

electrode pairs to identifying the best electrode combination within a group. The best 

electrode configuration was defined as the one with the largest positive dynamic range 

of stimulation. Because the previous analysis resulted in significant differences 

between the transverse and longitudinal electrode pairs, the dataset (as presented in 

Figure 3.3) was reduced to the best values of the dynamic range for both 

configurations, the transverse and the longitudinal combinations (Figure 3.7). 
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Figure 3.7: Best electrode pairs for transverse and longitudinal configurations. The highest dynamic ranges 
for an electrode pair in transverse and in longitudinal configuration were plotted for the results shown in 
Figure 3.3. These values were used to calculate the best dynamic range ratio for a particular subject as a 
measure of the achievable additional gain in the dynamic range when selecting a particular configuration. 

Based on these two values, the best dynamic range ratio 𝐺 was defined as 

𝐺 = 𝐷𝑏𝑛𝑏𝑚,𝑛𝑚𝑛𝑙 − 𝐷𝑏𝑛𝑏𝑚,𝑚𝑚𝑛𝑛𝑏  

with 𝐷𝑏𝑛𝑏𝑚,𝑛𝑚𝑛𝑙 as the best dynamic range value of all longitudinal combinations and 

𝐷𝑏𝑛𝑏𝑚,𝑚𝑚𝑛𝑛𝑏 as the best dynamic range value of all transverse combinations for a 

particular subject. The best dynamic range ratio 𝐺 quantified the additional gain 

achievable for longitudinal combinations compared to transverse electrode 

combinations. Table 3.1 lists the best dynamic range ratio of all five subjects as 

obtained during acute experiments. Four out of five subjects showed a positive best 

dynamic range ratio. This implies that the best BP electrode pair would have likely 

been identified if only longitudinal pairs had been screened. Across the entire 

experimental group, a mean best dynamic range ratio 𝐺𝑛𝑎𝑙 = 2.95 ± 1.27 dB 

(mean ± SEM) resulted. A one-tailed Student’s t-test confirmed that 𝐺𝑛𝑎𝑙 was 

significantly greater than the null hypothesis 𝐺0 = 0 (p < 0.05, n = 5). 
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Table 3.1: Best dynamic range data per subject. Best dynamic ranges in longitudinal (𝐷𝑏𝑛𝑏𝑚,𝑛𝑚𝑛𝑙) and 
transverse (𝐷𝑏𝑛𝑏𝑚,𝑚𝑚𝑛𝑛𝑏) direction and best dynamic range ratios 𝐺 are shown for the five different subjects. 

Subject 𝐷𝑏𝑛𝑏𝑚,𝑛𝑚𝑛𝑙 𝐷𝑏𝑛𝑏𝑚,𝑚𝑚𝑛𝑛𝑏 𝐺 (dB) 
1 -0.305 -6.55 6.24 
2 5.46 1.16 4.30 
3 5.40 1.21 4.19 
4 1.32 0.756 0.565 
5 0.869 1.41 -0.542 

 

3.4 Discussion 

For the study presented in this chapter, two electrode arrays were used to deliver 

electrical stimulation in a model setup. The sciatic nerve of a guinea pig was chosen as 

an example of a major peripheral nerve carrying mixed neural populations while 

providing suitable access for the experimental setup. The electrode arrays were similar 

in design and mimicked percutaneous electrode arrays used for SCS. Placing two 

arrays of this type was chosen to model a clinical situation that would provide several 

electrode contacts available for stimulation in a BP configuration both longitudinally 

and transversally. In addition, the design of the array would allow for facile 

explantation in a scenario when revision surgery was required. 

Utilising this setup, recordings were made that provided two different types of 

electrophysiological signals. The first type was a CAP from the nerve proximal to the 

positive recording electrode. The distance between the positive recording electrode and 

the stimulation array was in the range of 10 – 20 mm (depending on the selected 

electrode pair) which corresponds to a conduction delay of 210 – 430 µs using an 

estimated conduction velocity of 47 m/s (O'Dell et al., 1990). The observed latency of 

100 – 500 µs was in good agreement with previous reports, and it was concluded that 

the signal corresponded to a CAP originating from direct activation of neurons. Also, 

the latency was too short for a monosynaptic return, i.e. a neural reflex pathway 

consisting of two neurons with a single synaptic transmission only. The synaptic delay 

of a chemical synapse is between 0.3 ms and several milliseconds (Kandel et al., 2000). 

In combination with the neural conduction delay, the overall latency of a 
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monosynaptic reflex is longer than the latency observed during the recordings. This 

further corroborated the conclusion that direct neural activation was measured. 

The second type of signal identified in the recordings was an electromyographic 

response induced by muscular activity in the hind limb. Characterised by its rapid 

growth in amplitude with increasing stimulation current, it could be identified as 

muscular activity triggered by the electrical stimulation of motor neurons in the sciatic 

nerve. In addition to the electrophysiological signal, a visible muscle twitch was 

associated with this type of signal. 

Using the two activation thresholds, the dynamic range of a particular electrode 

combination was defined. The motivation for the definition of the dynamic range was 

to establish a quantitative metric characterising a range of the stimulation currents 

available to produce neural activation without generating unwanted motor activation. 

With this definition, the dynamic range quantifies the limits of a therapeutic window 

for the electrical stimulation by which sensory neurons are activated for the 

modulation of the pain perception without the generation of unwanted motor 

stimulation. Based on the gate control theory, this modulation occurs by activating 

large afferent fibres and shifting the balance between the levels of activity of large and 

small sensory fibres (Melzack & Wall, 1965). The lower activation thresholds of 

neurons with larger diameters facilitate this approach (McNeal, 1976). However, only 

activation of large sensory fibres is desired, while activation of large Aα-motor neurons 

is unwanted. It was shown during the acute recordings using the best electrode 

combinations that a neural response could be elicited without any visible muscle 

activity or electromyographic response. While the neural response could not be 

categorised as sensory activation, this indicated the practical achievability of neural 

activation without unwanted motor stimulation. 

Only CAP responses of the common peroneal nerve were recorded due to the 

placement of the positive recording electrode. This was imposed by the restricted 

length of the sciatic nerve and its surgical access while a minimum distance between 

stimulation and recording electrodes had to be maintained in order to achieve a 
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sufficient latency for a detectable CAP response. If the stimulation and recording 

electrodes were too close together, the evoked CAP coincided with the stimulus 

artefact and could not be identified. Although some CAPs were not captured with this 

approach (i.e. the activation of the tibial nerve), it was assumed that this configuration 

modelled a practical scenario where the focus lies on a subset of sensory fibres 

innervating a painful region. The electrode setup also implied that the CAP thresholds 

were likely overestimated because not all CAPs were captured. At the same time, it 

was assumed that the motor thresholds were in the correct range. Combined, this 

resulted in a conservative underestimation of the dynamic range. 

The main aim of this study was to maximise the dynamic range using the two-

electrode model setup. It was hypothesised to achieve this aim by utilising the 

recruitment characteristics of large neurons and by establishing the optimal electrode 

pair in order to achieve successful neural activation while avoiding motor stimulation. 

A large number of electrodes provides more potential combinations available for 

electrode screening during the optimisation process. During the present study, for 

example, it took six to nine hours to perform the detailed screening of all possible 

electrode combinations. Although clinical test protocols differ, it is impractical to 

screen a large set of combinations during intraoperative testing or postoperative 

customisation of the pain therapy. In order to reduce the parameter space of the 

electrode screening, the dynamic ranges of different longitudinal and transverse BP 

electrode combinations with varying electrode shifts were compared. Ideally, the 

influence of the two parameters (longitudinal/transverse and electrode shift) would 

have been analysed using a two-way ANOVA. In longitudinal mode, however, the 

electrode shift ‘0’ defined a BP pair using the identical electrode as an anodic and 

cathodic electrode and could therefore not be tested. The resulting mismatch between 

the longitudinal and transverse groups prevented the analysis via a two-way ANOVA. 

Instead, a separate one-way ANOVA was performed for each of the two groups not 

taking into account any interactions between the two groups. Due to the lack of any 

effect of the electrode spacing, the different electrode shift levels were collapsed and 
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the mean dynamic ranges of the longitudinal and the transverse configurations could 

subsequently be compared. 

Although the average dynamic ranges were negative for both groups, the longitudinal 

combinations performed significantly better than the transverse electrode geometry. 

The analysis was then limited to the best dynamic ranges of both groups, longitudinal 

and transverse. The resulting best dynamic range ratio was significantly larger than 

0 dB, implying that the electrode pair screening can be reduced to longitudinal pairs 

only. It was not possible to reduce the parameter space for the electrode screening to 

one array only, even though a side with higher dynamic range values was observed in 

general. The differences between the two sides could be explained by the anatomical 

structure of the sciatic nerve that is divided into two different divisions before 

branching into peroneal and tibial nerves (Stewart, 2003). If the stimulating array was 

located adjacent to the tibial division of the sciatic nerve, a BP stimulus with limited 

penetration depth would only elicit a CAP in the tibial branch not detectable with the 

experimental setup. Provided the therapeutic stimulation was to be delivered to the 

distribution of the common peroneal nerve only though, a single electrode array might 

be sufficient. However, the lack of anatomical landmarks indicating the rotational 

orientation of the peripheral nerve required the use of both stimulation arrays. While it 

was not possible to predict the optimal electrode placement, further studies could 

investigate a test protocol comprising coarse screening in order to first identify the 

preferred array that is subsequently used for detailed electrode screening in order to 

reduce the overall screening time. 

In addition, further studies are required to establish how the dynamic range of neural 

activation translates to a clinically relevant therapeutic window for electrical 

stimulation. The measurable thresholds for neural and motor activation resulted in a 

range of stimulation parameters which are hypothesised to be clinically effective. 

However, in vivo investigations involving a pain model need to confirm that the 

stimulation levels required for successful pain modulation are within the identified 

dynamic ranges. Also, the selectivity of the optimal electrode configuration as 
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identified by the screening process might be too low to elicit adequate paraesthesia for 

a successful pain therapy. 

In summary, this chapter presented the use of a two-electrode setup as a model of a 

peripheral nerve electrode array for pain management via electrical stimulation. The 

model setup provided sufficient flexibility to optimise the stimulation parameters 

while the shape of the electrodes afforded the possibility of facile explantation if 

required. The setup could be used to produce neural activation without any evoked, 

unwanted motor activity. It was shown that the parameter space could be reduced to 

longitudinal pairs for efficient identification of the electrode combination with the 

largest dynamic range. The efficient determination of the best dynamic range facilitates 

the identification of a therapeutic window to deliver successful electrical stimulation 

for pain alleviation without the unwanted effects of muscle activation. 
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  Chapter 4
 

Current focussing via single-source 
multipolar stimulation – in vitro 
evaluation 

4.1 Introduction 
Chronic pain arising from a peripheral neuropathy is associated with damage to a 

particular peripheral nerve and often confined to the region innervated by this nerve. 

While electrical stimulation has been shown to be viable as a therapeutic measure, the 

lack of suitable strategies to selectively stimulate specific nerve fibres and/or fascicles 

has been a limiting factor (Stanton-Hicks et al., 2011). Selective stimulation is of 

particular importance if a mixed nerve or a major peripheral nerve is to be stimulated. 

In the case of a mixed nerve carrying sensory and motor signals, undesired motor 

activation is to be avoided. Similarly, if a peripheral nerve branches into two or more 

smaller nerves, selective activation is required in order to activate fibres of a single 

branch only if the stimulating array is placed proximal to the branching point. The 

ability to selectively recruit a subset of a target nerve also opens up the possibility to 

develop new targets for pain therapies (Stanton-Hicks et al., 2011). The targets could 

include major peripheral nerves or nervous plexuses offering implant locations 

preferable with regard to surgical access, electrode fixation and leadwire 

arrangements. 
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Various electrode designs have been reported aiming at improving the neural 

selectivity of the stimulation system, as reviewed in Chapter 1. Multipolar cuff 

electrodes have been applied for extraneural implantation (Veraart et al., 1993; Tyler & 

Durand, 2002), while more invasive, intraneural designs were suggested for more 

specific access to fascicular and subfascicular structures (Dhillon et al., 2005). 

Instead of altering the physical electrode design, advanced stimulation strategies have 

been reported to result in improved selectivity compared to conventional monopolar 

(MP) and bipolar (BP) stimulation when using particular electrode designs. For 

example, tripolar (TP) stimulation and current steering have been reported to increase 

the spatial selectivity in cochlear stimulation (Kral et al., 1998; Miyoshi et al., 1999; 

George et al., 2014). Instead of passively combining electrodes, current focussing relies 

on simultaneous driving of several electrodes of an array using multipolar stimulation. 

The stimulation is focussed by superposing the electrical fields evoked by the 

stimulation currents of each driven electrode. Current focussing via multipolar 

stimulation was introduced by van den Honert and Kelsall (2007) to overcome the 

effects of current spread and achieve more focussed activation of auditory neurons for 

cochlear implant users. It was based on the current deconvolution technique by 

Townshend and White (1987). For their two-step method, they first determined 

excitation levels at neural sites for different current levels. The resulting function was 

then inverted to calculate the required current pattern in order to achieve neural 

activation at a single neural activation site only. Van den Honert and Kelsall (2007) 

extended the work by measuring the electrode potentials at non-stimulated electrodes 

to characterise the current spread taking into account the anatomical and physiological 

variability between subjects. 

4.1.1 Focussing via voltage cancellation using multipolar stimulation 

Focussing via voltage cancellation is based on the superposition of the effects of the 

current spread of a stimulation current injected via an electrode. This section 

recapitulates the ‘phased array’ technique as presented by van den Honert and Kelsall 

(2007). 
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When a MP stimulation pulse is delivered to an electrode array, the current spread 

occurring in the electrolytic medium surrounding the array gives rise to a measurable 

potential at the remaining, non-stimulated electrode sites. The ratio between the 

measured voltage 𝑣𝑖 at the non-stimulated recording electrodes 𝑖 and the stimulation 

current 𝑖𝑗 at the stimulation site 𝑗 is defined as the transimpedance 

𝑧𝑖𝑗 =
𝑣𝑖
𝑖𝑗

 

between stimulating electrode 𝑗 and recording electrode 𝑖. For an array of 𝑚 electrodes, 

the measured transimpedance matrix 𝒁𝑚 can be determined: 

𝒁𝑚= �

𝑧1,1 𝑧1,2
𝑧2,1 𝑧2,2

⋯ 𝑧1,𝑚
⋯ 𝑧2,𝑚

⋮ ⋮
𝑧𝑚,1 𝑧𝑚,2

⋱ ⋮
⋯ 𝑧𝑚,𝑚

� 

The diagonal elements of the measured transimpedance matrix 𝒁𝑚 represent the 

electrode impedances which are overestimated due to the polarisation of the recording 

electrode when used as a stimulating electrode at the same time. Therefore, the 

diagonal is typically estimated by a linear extrapolation of the neighbouring 

transimpedances according to 

𝑧𝑖,𝑖 = max (2𝑧𝑖+1,𝑖 − 𝑧𝑖+2,𝑖, 2𝑧𝑖−1,𝑖 − 𝑧𝑖−2,𝑖,2𝑧𝑖,𝑖+1 − 𝑧𝑖,𝑖+2, 2𝑧𝑖,𝑖−1 − 𝑧𝑖,𝑖−2). 

For 𝑖 ≤ 2 and 𝑖 ≥ 𝑚 − 1, the undefined elements are omitted in the maximum function. 

Because this method implies that the medium surrounding the electrode array is 

modelled as a network of linear two-port impedances, the measured transimpedance 

matrix is by definition symmetric (Chua et al., 1987). In order to reduce measurement 

noise, the corresponding diagonally opposite elements are averaged as per 

𝒁 = 1
2

(𝒁𝑚 + 𝒁𝑚𝑇 ). 

Using this transimpedance matrix 𝒁 the voltages at the individual electrode sites 

arising from an arbitrary set of stimulation currents 𝒊𝑛 = �𝑖𝑛1 , 𝑖𝑛2 , … , 𝑖𝑛𝑚�
𝑇 can be 

calculated: 
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𝒗𝑛 = 𝒁𝒊𝑛 

The electrode voltage vector 𝒗𝑛 = �𝑣𝑛1 ,𝑣𝑛2 , … , 𝑣𝑛𝑚�
𝑇 comprises a linear superposition of 

the electrode voltages caused by the individual elements of the stimulation current 

vector 𝒊𝑛. If 𝒁 is nonsingular, the required electrode currents 𝒊𝑛 can be calculated for a 

set of desired electrode voltages 𝒗𝑑: 

𝒊𝑛 = 𝒁−1𝒗𝑑 = 𝒀𝒗𝑑 

The inverse of the transimpedance matrix 𝒁 represents the transadmittance matrix 𝒀. 

If all except one electrode potentials are set to zero, i.e. a vector of desired voltages 

𝑣𝑑 = �0, … ,0, 𝑣𝑑𝑝 , 0, … ,0�
𝑇

 is used, a potential 𝑣𝑑𝑝 at location 𝑝 is evoked while at all 

other sites a zero potential is generated. The electrode currents required to generate the 

potential 𝑣𝑑𝑝 are calculated as the product of 𝑣𝑑𝑝 and the column 𝑝 of 𝒀: 

𝒊𝑛 = 𝑣𝑑𝑝 �
𝑦1,𝑝
⋮

𝑦𝑚,𝑝
� 

That is, each column of the transadmittance matrix 𝒀 corresponds to a multipolar, 

focussed channel (FC). The algebra describing the relationship between electrode 

voltages and electrode currents is linear, therefore the superposition of multiple FCs is 

possible. Several FCs can be stimulated simultaneously if more than one element of the 

desired voltage vector is set to a non-zero value. Because a stimulus is not commonly 

defined as a voltage generated at the stimulated site, the transadmittance matrix 𝒀 can 

be normalised to represent a more meaningful measure while still maintaining the 

ratios of the electrode currents. For each FC, the transadmittances can be normalised 

with their associated diagonal element to define a vector of dimensionless current 

weights: 

�
𝑤1,𝑝
⋮

𝑤𝑚,𝑝
� =

1
𝑦𝑝,𝑝

�
𝑦1,𝑝
⋮

𝑦𝑚,𝑝
� 

All weight vectors combined build the dimensionless weights matrix 𝑾 which 

represents the proportionality between the physical electrode currents 𝒊𝑛 and the 
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virtual currents 𝒊𝑓 at the focussed locations while the resulting potential at all other 

electrodes is still zero. The required electrode currents can be calculated from the FC 

currents via: 

𝒊𝑛 = 𝑾𝒊𝑓 

The dimensionless matrix has the advantage that the set values of the FCs can be 

expressed as a function of the current at the centre electrode. 

4.1.2 Scope of the chapter 

Based on focussed multipolar stimulation as presented in the previous section (Section 

4.1.1), the motivation for the studies presented in this chapter was to develop a 

stimulation strategy which facilitates greater control over the selective activation of 

peripheral nerves. The report presents an alternative method to perform focussed 

multipolar stimulation traditionally based on a dedicated current source per 

stimulated electrode. A passive current divider with variable impedances and a single 

current source constitute the basis of single-source multipolar stimulation (SSMPS). 

The concept of SSMPS is described and its application for focussed stimulation as 

presented by van den Honert and Kelsall (2007) is evaluated in vitro. Using MP 

stimulation as a baseline, the focussing performance is quantified and compared to TP 

stimulation as a basic current focussing technique, as well as common ground (CG) 

stimulation representing a clinically accepted stimulation method. 

4.2 Materials and methods 

4.2.1 In vitro investigation of current focussing methods 

In vitro measurements were performed using cochlear electrode arrays fabricated in-

house. The array design was based on the commercially available, clinical cochlear 

electrode array Hybrid L-24 (Cochlear Ltd., Australia) and modified for use in an 

animal model (Shepherd et al., 2011). The electrode array consists of 14 semicircular, 

evenly spaced platinum (Pt) bands on a silicone carrier. The bands were distributed 

over 10.5 mm along the silicone carrier which had a diameter of 0.5 mm at the base 

(electrode 1) and 0.25 mm at the tip (electrode 7). 
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A Pt ball with a diameter of 1.5 mm was used as a return electrode and also served as a 

reference electrode if a combined return/reference electrode was used. If a dedicated 

reference was required, a separate Pt ball electrode with a diameter of 0.75 mm was 

connected as a reference electrode. 

The electrode array and the Pt ball electrode were immersed in 0.9 % (w/v) sodium 

chloride solution in deionised water (saline solution) to mimic the ionic concentration 

of a physiological electrolyte. Biphasic current pulses were delivered using a benchtop 

laboratory stimulator that was manufactured in-house. 

4.2.2 Transimpedance measurement 

Electrode impedances and transimpedances were measured using the laboratory 

stimulator to deliver standard biphasic, constant current stimuli in a MP configuration 

(Figure 4.1). The stimulation currents were delivered via a 100 Ω series resistor 

(tolerance ± 1 %), the sense resistor. Electrode voltages were measured on the electrode 

side of the sense resistor versus either the return electrode or a separate reference. 

Electrode currents were measured as the differential voltage across the sense resistor 

and then converted to currents. All voltages were recorded using a NI USB-6353 data 

acquisition interface (National Instruments Corp., USA). The sampling rate was 1 MHz 

and unless stated otherwise, five repetitions per voltage waveform were averaged in 

order to achieve a sufficiently high signal-to-noise ratio. 

Two different configurations of the reference electrode were used. Figure 4.1a 

illustrates the measurement setup where the return and reference electrodes are 

combined and implemented in form of a 1.5 mm Pt ball. Figure 4.1b shows the setup 

for separate reference and return electrodes. 

The transimpedance was determined as the ratio of the end-of-phase voltage 𝑣𝑖 at 

electrode 𝑖 and the stimulation current 𝑖𝑗 delivered via electrode 𝑗: 

𝑧𝑖𝑗 =
𝑣𝑖
𝑖𝑗
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The end-of-phase voltage was defined as the voltage sample at a time point 1 µs before 

the trailing edge of the first stimulation phase (see Figure 4.5 for an example). 

 

Figure 4.1: Schematic illustration of the transimpedance measurement setup. The illustration shows the 
setup with (a) a combined return and reference electrode resulting in a polarised voltage reference and (b) 
separate return and reference electrodes to avoid polarisation of the voltage reference. Pt electrodes were 
used for all stimulation electrodes and the reference electrode. The stimulation current was recorded via a 
voltage measurement across a 100 Ω resistor and then converted into a current value. The identical 
measurement configuration was used for all 7 forward electrodes in parallel which were connected to the 
8-channel switch matrix built-in to the biphasic pulse generator. 

4.2.3 Single-source multipolar stimulation 

SSMPS was introduced as a method to achieve multipolar stimulation while using a 

single current source only. The underlying principle is based on a passive current 

divider circuit. A variable impedance was connected in series with each electrode 

resulting in a current divided across all connected electrodes based on the sum of the 

electrode/tissue impedance and the variable impedance. The electrodes were connected 

to either the forward or the return channel of a constant current pulse stimulator as 

illustrated in Figure 4.2. 

For a practical implementation, the electrode impedances apparent to the stimulation 

system were approximated as solely resistive without any reactive components. As a 

consequence, the current divider of the SSMPS system was implemented using variable 

resistances only without any inductive or capacitive elements. They were realised 
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using an eight channel decade resistor bank. For simplicity, an example of a five 

channel version of the decade resistor bank is illustrated in Figure 4.3. Each channel 

could be switched off or connected to the forward or return channel of the stimulator. 

The decades 104 Ω, 103 Ω, 102 Ω and 101 Ω could be set using rotary switches 

connected to resistors with a tolerance of 1 % (schematic drawing in Appendix F). The 

SSMPS system could generate a set of random stimulation currents through the 

forward and return electrodes as long as the sum of all forward currents matched the 

sum of all return currents. 

 

Figure 4.2: Example configuration of the SSMPS system. Electrodes 1, 3 and 5 are configured as forward 
electrodes with electrodes 2 and 4 as return electrodes. The tissue ground potential is a non-accessible 
potential not connected to the stimulator. 
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Figure 4.3: Schematic illustration of the SSMPS setup. A single current source can be switched to multiple 
electrodes while each electrode can only be used as either a forward or a return electrode. For the purpose 
of this study, reactive components of the electrode impedance were neglected and the variable impedances 
were implemented as variable resistances only. 

The resistor values required to achieve the desired current pattern were calculated 

based on the electrode current vector 𝒊𝑛 and the vector of electrode impedances 

𝒛𝑛 = �𝑧𝑛1 , 𝑧𝑛2 , … , 𝑧𝑛𝑚�
𝑇. The maximum voltage drop over an electrode in forward 

electrode configuration determined the total forward voltage drop between the 

forward channel of the stimulator and the virtual tissue ground: 

𝑣𝑓𝑓𝑑 = max (𝑖𝑛𝑝𝑧𝑛𝑝) 

Similarly, the return voltage drop between the return channel of the stimulator and the 

virtual tissue ground was determined by the minimum of the voltage drop over any 

electrode in return configuration provided the electrode current vector 𝒊𝑛 contained 

signed current values: 

𝑣𝑚𝑛𝑚 = min (𝑖𝑛𝑝𝑧𝑛𝑝) 

With these two values, the variable impedance bank settings 𝒛𝑎 = �𝑧𝑎1 , 𝑧𝑎2 , … , 𝑧𝑎𝑚�
𝑇 

were calculated: 
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𝑧𝑎𝑝 =

⎩
⎪
⎨

⎪
⎧
𝑣𝑓𝑓𝑑
𝑖𝑛𝑝

− 𝑧𝑛𝑝 , 𝑖𝑛𝑝 ≥ 0

𝑣𝑚𝑛𝑚
𝑖𝑛𝑝

− 𝑧𝑛𝑝 , 𝑖𝑛𝑝 < 0
 

The sign of the element 𝑖𝑛𝑝  of the electrode current vector determined whether the 

channel was connected in a forward or a return configuration. 

If sense resistors were used in the stimulation path, they were added to the electrode 

impedances prior to calculation of the variable impedance bank. The total stimulation 

current to be delivered by the current source was given by the sum of all positive 

elements of the electrode currents 𝑖𝑛𝑝 : 

𝑖𝑚𝑚𝑚𝑛𝑛 = sum
𝑝

(𝑖𝑛𝑝) , 𝑖𝑛𝑝 > 0 

As indicated above, SSMPS required the sum of the return currents to match the sum 

of the forward currents. 

4.2.3.1 SSMPS for focussed stimulation 

For the investigation of current focussing using SSMPS, the set electrode currents 𝑖𝑛 

were calculated based on the focussing technique by van den Honert and Kelsall (2007) 

as outlined in Section 4.1.1. Firstly, the maximum location 𝑞 and the minimum location 

𝑛 of the weights vector 𝒘𝑓 = �𝑤1,𝑓 ,𝑤2,𝑓, … ,𝑤𝑚,𝑓�
𝑇 of the desired FC 𝑓 were determined. 

𝑞 = 𝑖, 𝑤𝑖,𝑓 = max
𝑝

 (𝑤𝑝,𝑓) 

𝑛 = 𝑖, 𝑤𝑖,𝑓 = min
𝑝

 (𝑤𝑝,𝑓) 

The impedance bank settings 𝒛𝑎 = �𝑧𝑎1 , 𝑧𝑎2 , … , 𝑧𝑎𝑚�
𝑇 were then determined as a special 

case of the generic approach described in the previous section: 

𝑧𝑎𝑝 =

⎩
⎨

⎧𝑧𝑛𝑞
𝑤𝑞,𝑓

𝑤𝑝,𝑓
− 𝑧𝑛𝑝 , 𝑤𝑝,𝑓 ≥ 0

𝑧𝑛𝑚
𝑤𝑚,𝑓

𝑤𝑝,𝑓
− 𝑧𝑛𝑝 , 𝑤𝑝,𝑓 < 0

 

As for the generic case, the sign of the weight 𝑤𝑝,𝑓 determined the forward or return 

configuration of the respective channel. 
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To determine the total current that had to be delivered by the stimulator, the weights 

of the FC 𝑓 were multiplied by the target current of FC 𝒊𝑓 = �0, … ,0, 𝑖𝑓𝑓 , 0, … ,0�
𝑇

. The 

total current required was then given by 

𝑖𝑚𝑚𝑚𝑛𝑛 = ∑ 𝑤𝑝,𝑓𝑖𝑓𝑓𝑝 , 𝑤𝑝,𝑓 > 0. 

Any mismatch between forward and return currents from the focussing calculations 

was neglected for the purpose of this study. 

4.2.3.2 Evaluation of focussed stimulation 

The focussed stimulation using SSMPS was evaluated by accessing and recording the 

electrode potentials of interleaved electrode sites on the array. Instead of stimulating 

consecutive electrodes, only every second electrode was used for stimulation so that 

the focussing effect could be assessed by analysing the electrode potentials at the 

interleaved sites. Figure 4.4 illustrates the numbering and labelling system employed 

for this study. The numbered electrodes designate stimulation sites while the 

interleaved electrodes are referred to as first and second recording sites. Lower 

recording sites denote the interleaved electrodes in direction of decreasing stimulation 

electrode numbers and upper recording sites denote interleaved sites towards 

increasing stimulation electrode numbers. 

 

Figure 4.4: Schematic of the electrode numbering system used for the SSMPS analysis. Only electrodes 
numbered in black in the schematic were used for stimulation. The interleaved electrodes were used as 
recording sites. The schematic illustrates the nomenclature for FC 4 with the first (1U) and second upper 
(2U), and first (1L) and second lower (2L) interleaved recording sites. The recording site names are shifted 
for different FCs. 

The voltages were recorded with the identical setup used for transimpedance 

measurements (Figure 4.1) but interleaved electrodes were not connected to any 
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stimulation circuitry. Five consecutive recordings were averaged to reduce electrical 

noise of the recording system and any DC offset was subtracted that was present 

during the recording time prior to delivering the stimulus. 

The end-of-phase voltage of the first, cathodic stimulation pulse was extracted from the 

recordings from interleaved sites and further analysed. 

Identical recording techniques were used to acquire data from MP, TP and CG 

stimulation and to extract end-of-phase voltages. MP stimulation as a common clinical 

stimulation method was used as a baseline, and a voltage reduction metric was defined 

referencing the voltage reduction of focussed stimulation using SSMPS, as well as TP 

and CG stimulation to the MP configuration. The voltage reduction 𝜂𝑎 was defined as 

𝜂𝑎 = 1 − �
𝑣𝑚
𝑣𝑀𝑀

� 

with the end-of-phase voltage under test 𝑣𝑚 and the end-of-phase voltage of the MP 

recording 𝑣𝑀𝑀. 

4.2.4 Experiment control, data analysis and presentation 

Igor Pro 6.34A (Wavemetrics Inc., USA) was used to control the benchtop laboratory 

stimulation and the recording system (NI USB-6353, National Instruments Corp., 

USA). Voltage measurements were processed and analysed in Igor Pro and resultant 

graphs were generated in Igor Pro. SigmaPlot 12.0 (Systat Software Inc., USA) was 

used for statistical analyses. Normally distributed data was presented as means ± 

standard errors of the mean (SEMs). Paired t-tests, one-way analysis of variance 

(ANOVA), two-way ANOVA, one-way repeated measures (RM) ANOVA and two-

way RM ANOVA were carried out. If significant differences were found between 

groups, Holm-Sidak post-hoc comparisons were performed for further analysis. Type I 

error (α) was set to 0.05 unless otherwise stated. 
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4.3 Results 

4.3.1 Transimpedance measurement conditions 

As the underlying measurement for focussed stimulation, the measurement of the 

transimpedance matrix and the resulting weights of a FC were investigated. The 

influence of different measurement parameters on the focussing factors was analysed.  

4.3.1.1 Measurement of electrode impedance and transimpedance 

Electrode impedances and the transimpedances were part of the transimpedance 

measurement and were determined as the ratio of the end-of-phase voltage and 

current of a biphasic constant current pulse. Figure 4.5 shows the electrode voltages 

acquired with the black arrow denoting the time point of the end-of-phase voltage 

sampling. If the return electrode served as a reference electrode for the voltage 

measurements (Figure 4.5a) polarisation effects were observed for all voltages 

acquired. In the case where a separate reference electrode was used (Figure 4.5b), only 

the current carrying stimulation electrode showed polarisation effects. 
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Figure 4.5: Voltage recordings for the measurement of transimpedances. Examples of electrode voltages 
are shown for a transimpedance measurement with a combined return and reference electrode (a) and a 
separate reference electrode (b). The inset figure shows a magnified view of the non-stimulated electrode 
voltages during the first, cathodic phase. The black arrow indicates the sampling time point used to 
determine the electrode voltage for impedance calculations. 

The polarisation effects were responsible for an overestimation of the actual electrode 

impedance in the diagonal line of a measured transimpedance matrix (Figure 4.6a). 

Therefore, the electrode impedances were approximated using linear extrapolation in 

order to determine the final transimpedance matrix (Figure 4.6b) used as a basis for the 

calculation of the weights of the FCs (van den Honert & Kelsall, 2007). After 

normalisation to the value of the centre electrode of the FC, the resulting channel 

weights showed that the sign of the individual electrode currents was generally 

alternating. The biggest components of the compensation currents were carried by the 
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flanker electrodes adjacent to the centre electrode of the FC regardless of whether a 

symmetric or an asymmetric flanker configuration was used (Figure 4.6c, d). Due to the 

size of their contribution, the weight values of these electrodes were therefore analysed 

in order to determine the influence of the transimpedance measurement condition on 

the focussing parameters. The weight value at the next higher electrode location is 

referred to as the upper flanker and the weight value at the next lower location is the 

lower flanker (see Figure 4.6c). 

 

Figure 4.6: Transimpedance matrix and resulting current weights. The transimpedance matrix is shown 
before (a) and after (b) estimation of the electrode impedance. The resulting, normalised weights are 
shown in arbitrary units (a.u.) for FC 4 with a symmetric flanker count (c) and for FCs 3 and 5 with 
asymmetric flanker counts (d). The weights were normalised to the centre electrode of the FC. For all 
configurations the flankers adjacent to the centre electrode (upper and lower flankers) carried the largest 
compensation currents and were used for subsequent analysis of the transimpedance measurements. 
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4.3.1.2 Voltage averaging for noise reduction 

The effect of electrical noise in the recording equipment on the focussing parameters 

was analysed by varying the number of voltage recordings averaged for the 

measurement of the transimpedance matrix. The resulting transimpedance matrices 

were used to calculate the weights for FC 4 and the upper and lower flankers were 

analysed (Figure 4.7). 

 

Figure 4.7: Influence of voltage averaging on flanker values. Normalised flanker values in arbitrary units 
(a.u.) are shown for transimpedance measurements with a varying number of repetitions for voltage 
averaging. The pulse width used for the measurements was 25 µs and the currents varied from 25 –
 400 µA. No stable flanker values were achieved with measurement currents below 100 µA (plotted with 
open symbols). Based on these results, transimpedance measurements were analysed using a minimum 
current of 200 µA. 

The upper and lower flankers were affected by electrical noise in the recording system 

and could not be determined reliably when small currents were used (25 – 50 µA, open 

symbols in Figure 4.7) even if the number of recordings averaged exceeded ten 
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repetitions. Consequently, the minimum measurement current employed for 

transimpedance analyses was set to 200 µA and five recordings were averaged for 

subsequent measurements in order to achieve a sufficiently high signal-to-noise ratio. 

4.3.1.3 Transimpedance measurement pulse 

Using the boundaries established in the previous section (minimum current of 200 µA, 

averaged over 5 repetitions), the influence of the pulse parameters used for 

transimpedance measurements on the resulting weights were investigated and their 

effect on the upper and lower flankers analysed. Values for the upper and lower 

flankers when measured with a polarised (a) and non-polarised (b) return electrode are 

shown in Figure 4.8. 

Plotted as a function of measurement current and pulse width, a decreasing trend in 

the diagonal direction from the top left corner (low charge) to the bottom right corner 

(high charge) was identified (Figure 4.8). Because values located on the intersecting 

diagonal represent measurement pulses with equal charges, it was hypothesised that 

the flankers were dependent on the charge per phase. Regrouped by charge as shown 

in Figure 4.9, the flanker values approached a stable value if measured with a high 

charge (> 40 nC). A one-way ANOVA of the flanker values with varying measurement 

charges revealed that only flankers measured with a small charge showed significant 

differences to the maximum charge case of 640 nC (denoted with open symbols in 

Figure 4.9, p < 0.05). If short pulses of a pulse width of 25 µs were used, it 

corresponded to a minimum measurement current of 1.6 mA while longer pulses 

required less current. 
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Figure 4.8: Flanker values for varying transimpedance measurement conditions. The graphs show the 
mean values of the normalised flankers in arbitrary units (a.u.) for different FCs under varying 
measurement conditions for a polarised (a) and a non-polarised (b) return electrode (n = 3). A trend was 
identified with the highest values occurring at short pulse widths and low currents while the lowest 
flanker values were associated with higher currents and longer pulses indicating a charge dependency of 
the flanker values. 
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Figure 4.9: Normalised flanker values grouped by charge. The resulting flanker values (in arbitrary units 
(a.u.), mean ± SEM) approached an asymptotic value for higher charges. Large errors and outliers 
(denoted with arrows) were observed, particularly when the transimpedance matrix was measured with a 
non-polarised reference electrode. Open symbols denote flanker values significantly different from the 
value resulting from measurement with 1.6 mA and 400 µs (p < 0.05). 

4.3.1.4 Return electrode configuration 

While the measured transimpedance values differed with a polarised reference 

electrode compared to an unpolarised reference, it was hypothesised that the 

calculation of the weights of a FC would be independent of the reference electrode. A 

paired t-test for both polarised versus unpolarised flanker values resulted in no 

significant difference between the two voltage reference configurations (lower flankers: 

p > 0.05, upper flankers: p > 0.3, n = 180). Figure 4.9 also shows that the polarised 

reference electrode generally resulted in a smaller error when small measurement 

charges were used. 



Chapter 4 

96 

 

 

Figure 4.10: Current and voltage recordings for SSMPS. a) Electrode currents for stimulation of FC 4 when 
stimulated with set currents resulting from the weight matrix and the desired current on the FC. b) 
Electrode voltages and voltages at upper and lower interleaved recording sites. The inset magnifies the 
voltage plots of the interleaved sites during the first, cathodic phase. Five recordings were averaged in 
order to improve the signal-to-noise ratio. The black arrow denotes the end-of-phase voltage analysed to 
determine the voltage reduction compared to MP stimulation. 

4.3.2 Electrode currents using single-source multipolar stimulation 

SSMPS was developed as a method to deliver stimulation currents via multiple 

electrodes of an electrode array simultaneously based on a passive current divider. 

Ideally, constant currents were delivered per electrode. However, non-resistive 

components of the electrode-tissue interface resulted in distorted current waveforms 

(Figure 4.10). In order to evaluate the current division, five recordings of the currents 

delivered were averaged for noise reduction, integrated over the first phase and 
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compared with the desired charges as defined by the set currents and the pulse width. 

The noise level was determined by delivering a current pulse with an amplitude of 

zero. After integration a charge noise of 40 ± 6 pC (mean ± SEM) resulted (n = 3). The 

noise floor for charge measurements was defined as the mean plus two standard 

deviations of the recorded charge noise in order to present charge measurements with 

a confidence level of 95 %. Figure 4.11 illustrates the delivered charges in comparison 

to the set charges for all the stimulation electrodes used. The delivered charges differed 

from the set charges with a trend towards delivered charges that exceeded the set 

charges, particularly for small charges. Although error prone, Figure 4.10 nevertheless 

shows that coarse shaping of the stimulation currents was achieved. 

 

Figure 4.11: Set charge and delivered charge per physical electrode during SSMPS. With the black line 
denoting the ideal case of a delivered current matching the set current, a mismatch between the desired 
and the actual current values can be noted. Charges below the noise floor level are not shown. 

4.3.3 Current focussing via single-source multipolar stimulation 

Aimed at the development of a method for current focussing, SSMPS was used for 

focussed multipolar stimulation despite the imperfections of the current division. 

4.3.3.1 Return current mismatch 

The balance of active and return stimulation currents is a prerequisite for the SSMPS 

technique due to the absence of a separate return electrode. For focussed multipolar 
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stimulation, this balance is directly dependent on the weights matrix and the resulting 

currents for a FC. The relative current mismatch 𝑛𝑐 for FC 𝑐 was calculated as 

𝑛𝑐 = �𝑤𝑝,𝑐
𝑝

 

with the electrode current weight 𝑤𝑝,𝑐. The current mismatch was calculated as 

1 ± 0.2 % (mean ± SEM, n = 81) and was deemed negligible with regard to the tolerance 

of current measurement resistors of 1 %. It was also in good agreement with previously 

published findings (van den Honert & Kelsall, 2007). 

4.3.3.2 Voltage reduction at interleaved recording sites 

With the requirement of matching forward and return currents satisfied, the focussing 

success was investigated by analysing the electrode voltages of recording sites situated 

between the central stimulation electrodes which were carrying the main stimulation 

currents. The end-of-phase voltage was determined at those interleaved recording sites 

1U, 2U, 1L and 2L and the voltage reduction 𝜂𝑎 with reference to MP stimulation was 

calculated (Figure 4.12). A value of 1 represents the ideal case of a reduction of 100 % 

while a value of zero indicates no reduction compared to MP stimulation. 

In the first step, the influence of the transimpedance measurement parameters on the 

voltage reduction was analysed for the FC 4 (blue labels in Figure 4.12). The measured 

transimpedance matrix and the resulting weights were used as a basis for stimulation 

with different stimulation or test pulse widths and currents. The effects of the 

transimpedance measurement conditions were assessed by a two-way RM ANOVA of 

the measurement current and the measurement pulse width. A significant effect on the 

voltage reduction could be determined for the transimpedance measurement current 

for all the interleaved recording sites (p < 0.001, n = 105). For the transimpedance 

measurement pulse width, there was also a highly significant effect for the sites 2U, 1L 

and 2L (p < 0.001, n = 105). 
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Figure 4.12: Voltage reduction for SSMPS compared to MP stimulation. The voltage reduction at 
interleaved recording sites is shown in arbitrary units (a.u.) when the FC 4 was stimulated using varying 
transimpedance measurement conditions and varying stimulation parameters. The blue labels indicate the 
transimpedance measurement parameters while the black labels denote the test parameters used for 
SSMPS. a) First upper interleaved recording site (1U). b) Second upper recording site (2U). c) First lower 
recording site (1L). d) Second lower recording site (2L). The plots show mean voltage reductions (n = 3). 

Based on the significant influence of the transimpedance measurement condition, it 

was hypothesised that the maximum voltage reduction would be achieved if the 

transimpedance measurement parameters matched the stimulation parameters. This 

hypothesis implied that when the transimpedance matrix was measured with a high 

charge pulse, the best voltage reduction would be achieved if a high charge stimulus 

was delivered. Similarly, if the transimpedance matrix was measured with a low 

charge pulse, the maximum voltage reduction was achieved in case of stimuli with low 

charges. An analysis of three independent samples of the nine transimpedance 

measurement conditions found only two cases that showed the maximum reduction 

when the transimpedance measurement parameters matched the stimulation 

parameters (Table 4.1). The resulting distributions were clearly distinct from the 
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expected distribution (as derived from H0) and no further statistical testing was 

performed. 

Table 4.1: Maximum voltage reduction for different parameter configurations. The table lists the number 
of cases where the maximum voltage reduction was achieved when the transimpedance measurement 
parameters were identical to the stimulation parameters (matching), and where the maximum voltage 
reduction occurred with transimpedance measurement parameters different to the stimulation parameters 
(not matching). The expected distribution was derived from the null hypothesis that the maximum voltage 
reduction occurred when matching parameters (current and pulse width) were used. The series contained 
nine different test conditions (n = 3). 

Parameter configuration Expected (H0) 2L 1L 1U 2U 
Matching 27 1 0 0 1 
Not matching 0 26 27 27 26 

Based on this finding, two sets of transimpedance measurement parameters were 

selected and used for further investigation where the effects of the test stimulus 

parameters were studied. The first set comprised a transimpedance measurement 

current of 1600 µA and a pulse width of 400 µs which represents the maximum charge 

case as determined in Section 4.3.1. While the best focussing success was expected for 

this case, the charge levels for this case exceeded perceptual limits (Tehovnik, 1996). A 

second case was therefore chosen with a measurement pulse at a subthreshold level 

based on the requirements of a clinical application (current of 400 µA, pulse width of 

25 µs). 

The effects of the test parameters were analysed via a two-way ANOVA over the test 

current and the test pulse width (n = 3). For the first case (maximum charge, 

1600 µA/400 µs), the stimulation pulse width had a significant effect on the mean 

voltage reduction at most recording sites (Table 4.2). Holm-Sidak post-hoc 

comparisons revealed significant differences mainly between a test pulse width of 

25 µs and 400 µs. While the test pulse width had a significant effect on the voltage 

reduction at most recording sites, a significant difference for different test currents was 

only found at a single recording site. 

The effect of the test parameters was also analysed for the clinically relevant case with 

a transimpedance measurement current of 400 µA and a pulse width of 25 µs. A two-
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way ANOVA over the test current and the test pulse width showed that the mean 

voltage reduction exhibited significant changes with a varying test pulse width at most 

interleaved recording sites (n = 3, Table 4.3). Comparable to the previous case, the 

mean voltage reduction was higher with longer test pulses and significant differences 

were found when performing Holm-Sidak post-hoc comparisons between several short 

and long pulse widths. No statistically significant effect was found for the influence of 

the test currents. 

Table 4.2: Effect of test parameters on voltage reduction (maximum charge case). A two-way ANOVA over 
the test parameters (current and pulse width) was used to analyse the effect on the voltage reduction at 
different interleaved recording sites when the transimpedance matrix was measured with maximum 
charge (1600 µA, 400 µs). Results for Holm-Sidak post-hoc comparisons are only shown where a 
significant effect was found (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, n = 3). 

Test parameter Post-hoc comparison 2L 1L 1U 2U 
Current  − * − − 

 400 µA vs 25 µA − * − − 

 200 µA vs 25 µA − * − − 

      

Pulse width  ** − *** * 

 400 µs vs 25 µs ** − *** * 

 200 µs vs 25 µs − − * − 

      

Table 4.3: Effect of test parameters on voltage reduction (clinically relevant charge case). A two-way 
ANOVA over the test parameters (current and pulse width) was used to analyse the effect on the voltage 
reduction at different interleaved recording sites when the transimpedance matrix was measured with a 
clinically relevant charge (400 µA, 25 µs). Results for Holm-Sidak post-hoc comparisons are only shown 
where a significant effect was found (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, n = 3). 

Test parameter Post-hoc comparison 2L 1L 1U 2U 
Current  − − − − 

 No pairwise significance     

      

Pulse width  ** *** *** − 

 400 µs vs 25 µs * *** * − 

 400 µs vs 50 µs * *** ** − 

 400 µs vs 100 µs − − ** − 

 200 µs vs 25 µs − ** − − 

 200 µs vs 50 µs − * − − 
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Overall, a significant effect of the pulse width was found for SSMPS, with a longer 

pulse width leading to a higher voltage reduction while the test current had only a 

minor effect on the voltage reduction and therefore focussing success. The post-hoc 

tests corroborated this trend and statistically significant effects were determined for the 

comparisons between the shorter pulses (lower voltage reductions) and longer pulses 

(higher voltage reductions). 

The voltage reduction was also analysed for stimulation in TP (Figure 4.13) and in CG 

(Figure 4.14) mode with the same test currents and pulse widths in order to compare 

the SSMPS results to clinically established stimulation protocols. 

  

   

Figure 4.13: Voltage reduction for TP stimulation compared to MP stimulation. The voltage reduction at 
interleaved recording sites is shown in arbitrary units (a.u.). The labels denote the test parameters used for 
TP stimulation. a) First upper interleaved recording site (1U). b) Second upper recording site (2U). c) First 
lower recording site (1L). d) Second lower recording site (2L). 

When TP stimulation was investigated, a statistically significant effect of the test pulse 

width was shown for all interleaved recording sites by performing a two-way ANOVA 

over the test current and the test pulse widths (n = 3, Table 4.4). Post-hoc comparisons 

showed significant differences between longer pulse widths and shorter pulse widths, 
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particularly for the recording sites 1L and 1U. The test current did not have a 

significant effect on the mean voltage reduction. 

Table 4.4: Effect of test parameters on voltage reduction for TP stimulation. A two-way ANOVA over the 
test parameters (current and pulse width) was used to analyse the effect on the voltage reduction at 
different interleaved recording sites when TP stimulation was used. Results for Holm-Sidak post-hoc 
comparisons are only shown where a significant effect was found (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, 
n = 3). 

Test parameter Post-hoc comparison 2L 1L 1U 2U 
Current  − − − − 

 No pairwise significance     

      

Pulse width  *** *** *** * 

 400 µs vs 25 µs *** *** *** * 

 400 µs vs 50 µs ** *** *** − 

 400 µs vs 100 µs − ** − − 

 200 µs vs 25 µs ** *** *** − 

 200 µs vs 50 µs − *** *** − 

 200 µs vs 100 µs − * − − 

 100 µs vs 25 µs − *** *** − 

 100 µs vs 50 µs − * * − 

 50 µs vs 25 µs − ** − − 

Lastly, CG stimulation was analysed for effects of the test parameters. Similar to 

SSMPS and TP stimulation, a two-way ANOVA over the test currents and test pulse 

widths indicated that the test pulse width significantly affected the resulting voltage 

reduction at most of the recording sites (n = 3, Table 4.5). Comparable to the results 

from the TP mode, the recording sites closest to the centre electrode (1L and 1U) 

showed significant differences of the voltage reduction as revealed by the Holm-Sidak 

post-hoc comparisons. The pulse width did not have any effect on the voltage 

reduction at the site 2U. A significant effect of the test current on the voltage reductions 

could not be determined for any of the recording sites. 
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Figure 4.14: Voltage reduction for CG stimulation compared to MP stimulation. The voltage reduction at 
interleaved recording sites is shown in arbitrary units (a.u.). The labels denote the test parameters used for 
CG stimulation. a) First upper interleaved recording site (1U). b) Second upper recording site (2U) c) First 
lower recording site (1L). d) Second lower recording site (2L). 

For both TP and CG stimulation, the voltage reduction was significantly affected by the 

pulse width of the stimulus but no influence of the current was determined. These 

findings were in good agreement with the results for SSMPS. 

Finally, the different stimulation modes were compared to each other in order to 

establish if an improved current focussing effect was achieved by using SSMPS (Figure 

4.15). Therefore, a one-way RM ANOVA was performed over the two transimpedance 

measurement conditions used for SSMPS (400 µA/25 µs and 1600 µA/400 µs), TP and 

CG stimulation. All methods showed a mean voltage reduction compared to MP 

stimulation in excess of 85 % (n = 105). If the transimpedance was measured with a 

measurement current of 1600 µA and a pulse width of 400 µs, a significantly higher 

voltage reduction was achieved compared to TP and CG stimulation (p < 0.001). In the 

case of a clinically more viable set of measurement parameters (400 µA/25 µs), a 

significant reduction could be shown for all interleaved recording sites except 2U. 
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Table 4.5: Effect of test parameters on voltage reduction for CG stimulation. A two-way ANOVA over the 
test parameters (current and pulse width) was used to analyse the effect on the voltage reduction at 
different interleaved recording sites when CG stimulation was used. Results for Holm-Sidak post-hoc 
comparisons are only shown where a significant effect was found (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, 
n = 3). 

Test parameter Post-hoc comparison 2L 1L 1U 2U 
Current  − − − − 

 No pairwise significance     

      

Pulse width  * *** *** − 

 400 µs vs 25 µs * *** *** − 

 400 µs vs 50 µs − *** *** − 

 400 µs vs 100 µs − *** ** − 

 400 µs vs 200 µs − * − − 

 200 µs vs 25 µs − *** *** − 

 200 µs vs 50 µs − *** *** − 

 200 µs vs 100 µs − ** * − 

 100 µs vs 25 µs − *** *** − 

 100 µs vs 50 µs − *** * − 

 50 µs vs 25 µs − *** * − 

All results presented in this section were obtained from the analysis of the FC 4. 

Identical analyses were performed for FCs 3 and 5. The findings for the FCs 3 and 5 

were in good agreement with the outcomes of the analysis of FC 4. 
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Figure 4.15: Comparison of the voltage reduction for SSMPS, TP and CG. The means ± SEMs of the voltage 
reduction at the interleaved recording sites for the SSMPS, TP and CG modes are shown as relative values 
in arbitrary units (a.u.) with reference to MP stimulation. Two different pulse parameter sets were used to 
measure the transimpedance matrix. With the exception of recording site 2U for transimpedance 
measurements at 400 µA and 25 µs, SSMPS resulted in a significantly higher voltage reduction compared 
to TP and CG stimulation. Statistical significance is shown for means different from the SSMPS values only 
(* p < 0.05, ** p < 0.01, *** p < 0.001, n = 105). 

4.4 Discussion 

This chapter has introduced SSMPS as a method to perform multipolar stimulation. 

The concept of SSMPS relies on the principle of passive current division thereby 

removing the need for multiple current sources for multipolar stimulation. While the 

passive impedance divider adds a degree of complexity in terms of practical 

implementation, the reduced number of current sources required has the potential to 

simplify the overall complexity of the stimulation circuitry, and depending on the 

design of the current source, to reduce the overall power requirements. The concept of 

SSMPS guarantees an overall charge balance within the scope of the stimulation 

electrode array at a theoretical level. Further investigations into the safety due to the 

lack of control over the charge injection at the level of individual electrodes will be 

required. However, the concept is comparable to CG stimulation, a clinically accepted 

protocol, where the return current is distributed over the non-active electrodes without 

control over the currents at the level of individual electrodes (Seligman & Shepherd, 
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2004). In the presented form, the measurement of the transimpedance matrix relies on 

an external return electrode not required for the actual neural stimulation. Additional 

investigation is needed to evaluate if an electrode that is part of the stimulation array 

but not used for a particular transimpedance measurement can be used as a return 

electrode. Eliminating the need for an external return electrode would further simplify 

practical implementation. 

Careful consideration is also required if SSMPS is to be implemented for clinical 

application. Impedance changes caused by tissue growth or failure mode of the 

leadwire or electrode array affect the current divider and as a consequence the 

resulting electrode currents. If the changing electrode currents suddenly exceed the 

safe charge injection limit, non-reversible electrochemical reactions can be caused at the 

electrode-tissue interface generating potentially harmful reaction products in the tissue 

surrounding the electrode interface. The lack of control over the currents in general, 

and potentially aggravated by a changing electrode impedance, can also affect the 

charge balance per electrode, resulting in a net DC injection at individual electrodes 

posing an additional safety concern (Huang et al., 1999). However, as noted above, this 

is also the case for CG stimulation that has a good clinical safety record. A clinical 

device implementing SSMPS must therefore exhibit a monitoring strategy for electrode 

impedances and the electrochemical safety at the electrode level needs to be studied 

further in order to guarantee safe operation. 

SSMPS was investigated in three different stages. In a first step, the measurement 

conditions of the transimpedance matrix were evaluated by measuring the 

transimpedance, calculating the weights matrix and analysing the upper and lower 

flankers. While it was assumed that the upper and lower flankers represented a valid 

measure for the assessment of the transimpedance matrix measurement, the analysis 

could be further refined by developing a metric taking into account all the weights of a 

FC. The development of this metric would need to allow for the spatial location of the 

electrode associated with a weight value in order to adjust its contribution to the 

overall focussing performance. 
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With the upper and lower flankers as a measure, the transimpedance measurement 

conditions were analysed. Averaging over five repetitions and a minimum 

measurement current of 200 µA were determined as suitable boundaries in order to 

obtain a low-noise recording when a measurement pulse width of 25 µs was used. 

Upper and lower flankers were then measured and calculated over this parameter 

range leading to the finding that the flanker values were dependent on the charge 

injected during the measurement. The flanker values approached a stable value with 

increasing measurement charges and a minimum charge value of 40 nC was 

determined for transimpedance measurements. The stabilisation of the flanker values 

with increasing charges was in good agreement with the previous findings of van den 

Honert and Kelsall (2007) who selected measurement parameters so that the electrode 

voltage plateaued in order to get stable measurements. It could also be shown that no 

additional reference electrode was required in order to reliably measure the 

transimpedance matrix providing an advantage for simple clinical implementations. 

Although these experiments determined a range of measurement parameters, care 

must be taken when translating them to an in vivo scenario. The measurement in 

conductive saline solution resulted in small voltages. Performing the measurements in 

a real tissue environment with different electrical conductivity distributions could lead 

to increased voltages measured which would further reduce the amount of charge 

needed to measure transimpedance values. Further investigations will be required in 

order to determine the minimum charge required, aiming at measuring below 

perceptual thresholds for the optimisation of clinical protocols. 

The second part of the investigation examined the characteristics of SSMPS as a 

method to perform multipolar stimulation. When analysing the electrode currents 

generated by SSMPS, changes of the individual electrode currents over the pulse 

duration were noticed to deviate from the ideal constant currents. It was assumed that 

they were caused by polarisation effects associated with the non-linear nature of the 

electrode interface. The resistive current divider was implemented based on a real 

approximation of the electrode impedances. Even though current shaping was 

achieved, a future improvement of the current divider could include capacitive 
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elements allowing for the compensation of the imaginary components of the electrode 

impedances. 

The shortcomings of the presented implementation of SSMPS were acceptable for this 

study with regard to the main aim of the study, current focussing which was 

investigated in a third step. The theoretical mismatch between forward and return 

currents was analysed in order to fulfil the requirement of equal forward and return 

current when using SSMPS. The mismatch was identified as small which was in good 

agreement with previous reports (van den Honert & Kelsall, 2007). However, no 

formal validation was performed and further investigation into the validity of this 

assumption is required. 

In a clinical scenario, electrodes may fail due to a leadwire fracture rendering them 

unavailable for stimulation and recording. As a consequence, the transimpedance 

matrix is no longer fully populated and adjustments to the transimpedance or weights 

matrix might be required in order to interpolate over the missing values. The effects of 

this estimation will need further investigation. Also, the requirement of matching 

currents has to be readdressed. 

The analysis of the focussing success was based on the measured voltage at interleaved 

recording sites and the reduction thereof compared to the effect of a MP stimulus. 

While this approach yielded a quantitative result, possible clinical outcomes have to be 

assessed with the consideration that the voltage reduction was determined at an 

electrode site rather than the location of neural activation. Further electrophysiological 

studies are required to determine the success of current focussing using SSMPS in vivo 

(see Chapter 5). 

When the influence of the transimpedance measurement parameters on the voltage 

reduction was analysed, both current and pulse width affected the focussing success 

significantly. However, the maximum voltage reduction, i.e. the best focussing success, 

was not achieved when the transimpedance measurement pulse and stimulation pulse 

parameters were matching. Hypothesising that the focussing success might be 

dependent on the quality of the transimpedance measurement as determined in a 
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previous step, it was concluded that a set of transimpedance measurement parameters 

could be chosen for all test currents and pulse widths of the SSMPS evaluation. Hence, 

two sets of transimpedance measurement parameters were selected reflecting the 

presumed ideal scenario and a scenario that was deemed clinically viable. The 

focussing success was assessed and the results compared with TP and CG stimulation, 

two clinically established stimulation methods. For SSMPS, the pulse width of the test 

stimulus had a significant effect on the voltage reduction while the current had only a 

marginal influence. 

Compared with TP and CG stimulation, current focussing using SSMPS performed 

better in terms of voltage reduction. The difference that was observed between the 

focussing results when using the two different transimpedance measurement 

parameter sets was potentially linked to the quality of the transimpedance 

measurement. The clinically relevant case that was chosen comprised a 

transimpedance measurement charge that was below the minimum charge limit of 

40 nC that was established in a previous step. Nevertheless, the focussing was 

improved compared to TP and CG stimulation. 

The encouraging results from the in vitro study will need to be confirmed in an in vivo 

setting taking into consideration the various caveats described above. 

In summary, a method for multipolar stimulation was introduced and its performance 

when utilised for current focussing was investigated. A minimum charge per pulse 

was identified in order to obtain a reliable measurement of the transimpedance matrix. 

Current focussing using SSMPS was then demonstrated and improved focussing 

performance could be shown compared to TP or CG stimulation. These results 

demonstrate a successful proof of principle under in vitro conditions and suggest that 

this stimulation strategy is a candidate for increasing the selectivity of activation of a 

peripheral nerve in an in vivo scenario. 
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  Chapter 5
 

Dynamic range of single-source 
multipolar stimulation in vivo 

5.1 Introduction 
The ongoing trend towards less invasive surgery in peripheral nerve stimulation (PNS) 

led to the development of percutaneous electrode implantation techniques. Omitting 

an open exposure of the target nerve, surgeons rely on intraoperative imaging 

techniques for the electrode placement. Fluoroscopic guidance was first applied to 

occipital (Weiner & Reed, 1999; Johnson & Burchiel, 2004) and trigeminal (Dunteman, 

2002; Slavin & Wess, 2005) nerve stimulation where the electrode was placed 

subcutaneously in regions with low mobility. Later the technique was extended to 

deeper electrode locations (Goroszeniuk et al., 2007). Alternatively, ultrasound-guided 

electrode placement was developed as a method to facilitate percutaneous electrode 

implantation (Huntoon & Burgher, 2009; Narouze et al., 2009). While these methods 

eliminate the need for open exposure, they are prone to small errors in placement 

between the electrode array and the target nerve due to the limited resolution of the 

visual information. As introduced in Chapter 4, current focussing of the electrical 

stimulus has the potential to mitigate the effect of these positional errors by affording 

greater control over the spatial location and extent of the neural activation. 
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Furthermore, it was reported in Chapter 3 that the average dynamic range for bipolar 

(BP) stimulation of transverse and longitudinal electrode pairs was negative when two 

electrode arrays were used that were placed parallel to the nerve trunk, that is, the 

neural threshold was on average higher than the unwanted muscle activation 

threshold. Current focussing could also increase the effective dynamic range by 

recruiting smaller functional groups compared to the large neural populations 

recruited with a stimulus of low selectivity. 

Further to the in vitro findings of Chapter 4, this chapter presents the investigation of 

single-source multipolar stimulation (SSMPS) as a method to increase the selectivity of 

stimulation in an in vivo setting. The effect of the dynamic range (as introduced in 

Chapter 3) was analysed and compared to monopolar (MP), BP, tripolar (TP) and 

common ground (CG) stimulation. It was hypothesised that current focussing via 

SSMPS would increase the achievable dynamic range due to enhanced selectivity of 

stimulation. 

5.2 Materials and methods 

5.2.1 Experimental animals 

Four Dunkin-Hartley guinea pigs (n = 4, 500 – 1100 g, 6 weeks – 5 months) were used 

for electrophysiological recordings during acute, terminal experiments. They were 

bred at the Biological Resource Centre of the Royal Victorian Eye and Ear Hospital 

(RVEEH) in East Melbourne, Australia. All experimental procedures were performed 

with approval from and under the oversight of the Bionics Institute Animal Research 

Ethics Committee (previously RVEEH Animal Research Ethics Committee) in 

accordance with the Australian code for the care and use of animals for scientific purposes 

(NHMRC, 2013). 

5.2.2 Anaesthesia and animal care 

Anaesthesia and animal care were performed as documented in Section 3.2.2 of 

Chapter 3. 
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5.2.3 Acute electrophysiological recordings 

Acute electrophysiological recordings were performed using the surgical access and 

recording setup described in Section 3.2.3 of Chapter 3. 

To replicate a range of relative electrode-nerve separations, a stimulation electrode 

array was positioned orthogonally to the sciatic nerve so that the nerve was in contact 

with the electrode array between electrodes three and four. The electrode array was 

identical to the type used in Chapter 3 (see Coco et al., 2007). During the 

electrophysiological recordings, the stimulation array was covered with saline solution 

(sodium chloride in deionised water, 0.9 % w/v). Additionally, a platinum (Pt) ball 

electrode (diameter d = 1.5 mm) was placed under a skin flap medial of the incision 

and proximal to the negative recording electrode and was used as a MP return 

electrode (Figure 5.1). The tissue pocket was closed during stimulation in order to 

mimic clinical conditions. 

 

Figure 5.1: Electrode configuration for acute electrophysiological experiments. A stimulation electrode 
array was positioned orthogonally to the sciatic nerve so that the nerve was in contact with the electrode 
array between electrodes 3 and 4. A large Pt ball electrode served as a return electrode for stimulation in 
MP mode. The positive recording electrode (RE+) was placed adjacent to the peroneal nerve distal to the 
branching point of the sciatic nerve into peroneal and tibial nerve. The negative recording electrode (RE−) 
was located in a closed tissue pocket medial of the incision. A hypodermic needle was used as a reference 
electrode for the recordings and placed in the lower abdominal region (not shown). 
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Using the stimulating electrode array, electrical stimulation was delivered in different 

modes for this study. The delivery of BP, TP and CG stimuli did not require additional 

electrodes. For MP stimulation, the MP return ball electrode was used. In addition to 

these established modes, SSMPS was investigated. In brief, the transimpedance matrix 

was determined by delivering a test stimulus in MP mode. A biphasic current pulse 

with an amplitude of 400 µA, a pulse width of 25 µs and an interphase gap of 8 µs was 

used as a stimulus to measure the transimpedance values. For each electrode, the end-

of-phase voltage, as evoked by the cathodic first phase of the test pulse, was digitised 

using a NI USB-6353 (National Instruments Corp., USA) data acquisition interface. Five 

measurements were averaged for noise reduction. Based on the electrode voltage 

measurements, the transimpedance matrix, channel weights and impedance bank 

settings were calculated. The impedance bank settings were selected on an in-house 

manufactured decade resistor bank (see Appendix F) that was serially connected to a 

laboratory stimulator and the electrode array for the delivery of focussed stimuli. 

Chapter 4 presents the detailed description of SSMPS. 

All electrical stimulation was performed using charge-balanced biphasic current pulses 

with a cathodic (negative) phase delivered to the active electrode first. SSMPS, MP, and 

TP stimulation used the designated electrode of the stimulation array as the active 

electrode. Bipolar electrode pairs were named with the active electrode first followed 

by the return electrode. Due to technical limitations of the experimental setup, 

electrode 1 could not be used in TP, and electrode 8 could not be used in MP, TP and 

SSMPS modes. The analysis was therefore limited to electrodes 2 – 7. The current 

pulses were 25 µs per phase with an interphase gap of 8 µs delivered at a rate of 3 Hz. 

Ten recordings were averaged for noise reduction. 

5.2.4 Experimental control, data acquisition and analysis 

All experimental control, data acquisition and analysis were implemented and 

performed using Igor Pro (Wavemetrics Inc., USA) which was also used for plotting of 

the results. Statistical tests were conducted using SigmaPlot 13.0 (Systat Software Inc., 

USA). Type I error (α) was set to 0.05. 
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5.3 Results 

In order to evaluate SSMPS in vivo and compare it to different stimulation modes, 

growth functions were recorded using MP, SSMPS, TP, CG and BP stimulation. Figure 

5.2 shows examples when stimuli were delivered in MP (Figure 5.2a), SSMPS mode 

(Figure 5.2b), TP mode (Figure 5.2c) and BP mode (Figure 5.2d). For all modes, the 

neural activation threshold was observed either below (e.g. Figure 5.2a) or above (e.g. 

Figure 5.2b, c and d) the motor response threshold leading to a positive or negative 

dynamic range, respectively. In certain cases, no suprathreshold stimulation for neural 

or motor activation could be achieved and the data point was excluded from the 

analysis. The CG mode, in particular, did not result in any measurable neural or motor 

activity for most of the experimental subjects. In only one subject could a small motor 

response be measured at very high current levels (> 2 mA) using this electrode 

configuration. 

Based on the recorded growth functions, the neural activation thresholds 𝑇𝑛𝑛𝑛𝑚𝑛𝑛 and 

the motor activation thresholds 𝑇𝑚𝑚𝑚𝑚𝑚 were determined and the dynamic range 𝐷 was 

calculated: 

𝐷 = 20 ∙ log �
𝑇𝑚𝑚𝑚𝑚𝑚

𝑇𝑛𝑛𝑛𝑚𝑛𝑛
� 

Figure 5.3a shows the resulting dynamic ranges plotted against the associated 

stimulation electrode. BP stimuli were delivered to adjacent electrodes and plotted in 

between those electrode numbers. As shown in the figure, most dynamic range values 

were obtained for recordings when using the stimulation electrodes 3 and 4. This 

coincided with the intersecting point of the sciatic nerve with the stimulation array that 

was placed approximately orthogonally to the nerve. In addition, Figure 5.3b shows 

the neural activation thresholds 𝑇𝑛𝑛𝑛𝑚𝑛𝑛 used for the calculation of the dynamic ranges. 

Again, an accumulation of response thresholds was observed at the location of 

electrodes 3 and 4. Based on the nerve location relative to the stimulating array and the 

accumulation of results at those locations, the dynamic range and neural threshold 

results for the MP, SSMPS, TP and CG modes were further analysed for stimulating 
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electrodes 3 and 4 only. In addition, the usage of electrodes 3 and 4 in BP mode was 

included in the analysis. 

 

Figure 5.2: Examples of growth functions for the different stimulation modes. a) Growth function acquired 
when stimulating in MP mode. A neural threshold of 150 µA and below the motor threshold of 250 µA 
resulted in a positive dynamic range. b) Growth function when using SSMPS showing a neural threshold 
(1150 µA) that was larger than the motor threshold (1100 µA) resulting in a negative dynamic range. c) 
Growth function when using the TP mode. d) Growth function when using the BP mode. Note the 
different current ranges used in the different subfigures a – d. 
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Figure 5.3: Dynamic ranges and neural thresholds for different stimulation modes. The dynamic ranges (a) 
and the neural activation threshold currents (b) of the MP, SSMPS, TP and CG modes are shown at the 
corresponding electrode location. A higher dynamic range corresponded to a greater separation between 
the neural activation threshold and the unwanted motor activation threshold and represented a preferred 
outcome. Dynamic ranges and neural thresholds of BP stimulation of adjacent electrodes were plotted 
between those two electrodes. The nerve was located between electrodes 3 and 4, where most of the 
dynamic ranges were recorded. Due to technical limitations of the experimental setup, electrode 1 could 
not be used in TP, and electrode 8 could not be used in MP, TP and SSMPS modes. The analysis was 
therefore limited to electrodes 2 – 7. 

The mean values of the dynamic range across all four subjects are shown in Figure 5.4a 

for each of the tested stimulation modes. No data is shown for the CG mode due to the 

lack of any measurable responses as indicated above. A one-way repeated measures 

(RM) analysis of variance (ANOVA) was performed with the combination of electrode 

and stimulation mode as the independent variable. No significant differences between 
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the groups were found. For the same groups, the neural response thresholds are shown 

in Figure 5.4b. A one-way RM ANOVA revealed a significant difference between the 

threshold values for the different groups shown (p ≤ 0.01, n = 4). A Holm-Sidak 

pairwise comparison, however, only showed a significant difference between the 

threshold current of 1560 ± 350 µA for the SSMPS mode and 460 ± 190 µA for the MP 

mode, both of electrode 4 (all means ± standard errors of the mean (SEMs), p < 0.05).  

 

Figure 5.4: Dynamic ranges and neural response thresholds for the best electrodes. The average dynamic 
ranges (a) and neural response thresholds (b) for the electrodes 3 and 4 (corresponding to the nerve 
location) are shown (means ± SEMs). No significant differences could be found between the dynamic 
ranges for the different stimulation modes. The neural response thresholds varied significantly depending 
on the stimulation mode in combination with the electrode (p ≤ 0.01). Pairwise comparisons, however, 
only revealed a significant difference between the MP and the SSMPS modes of electrode 4. The threshold 
currents of SSMPS comprise the sum of all positive stimulation currents, i.e. the current of the centre 
electrode plus the positive focussing currents of off-centre flanker electrodes in order to reflect the total 
stimulation current required from the stimulator. (One-way RM ANOVA [stimulation mode & electrode], 
* p < 0.05, n = 4.) 

5.4 Discussion 
The overall aim of this chapter was to investigate the in vivo performance of SSMPS 

when applied to PNS. It was tested by evaluating the dynamic range of stimulation as 

defined in Chapter 3. The dynamic range was introduced as a quantifiable metric for 

the achievable therapeutic window, i.e. the current range available for neural 

stimulation while not producing any unwanted motor activation. In order to assess the 

performance of SSMPS, the dynamic range results of SSMPS were compared to results 

from MP, TP, CG and BP stimulation. 



Dynamic range of single-source multipolar stimulation in vivo 

119 

In contrast to the study presented in Chapter 3, only a single electrode array was used 

that was implanted orthogonally to the sciatic nerve. While the electrode positioning 

utilised in Chapter 3 posed an ideal scenario that offered the possibility to stimulate in 

transverse and longitudinal directions, the orthogonal orientation was chosen for the 

present study to mimic the positioning of a stimulation array in a clinical situation. The 

trend towards less invasive surgical techniques led to the development of 

percutaneous, ultrasound-guided electrode implantation (Huntoon & Burgher, 2009; 

Narouze et al., 2009). Using this surgical approach, the final electrode position may be 

up to 2 mm away from the nerve trunk (Huntoon et al., 2008a; Huntoon et al., 2008b). 

The orthogonal orientation is beneficial because it allows for potential electrode 

migration (Huntoon et al., 2008a) and it minimises the risk of surgical complications 

(Chan et al., 2010). The electrode orientation of these reports was matched by the 

experimental setup of this study, that is, the electrode was perpendicular to the target 

nerve. The distance between the nerve and the electrode, however, differed. While 

Huntoon et al. (2008b) reported a spacing of up to 2 mm when using a percutaneous 

implantation technique for their cadaver study, the open surgical approach of this 

work resulted in direct contact between the electrode array and the nerve. It was 

anticipated that a reduction of activation thresholds resulted compared to a placement 

with a layer of connective tissue between the nerve and the electrode array. However, 

the electrode array was covered with saline solution during the electrophysiological 

recordings in order to mimic physiological conditions. The conductive nature of the 

saline solution was likely to cause current shunting that would have been less 

pronounced than that due to connective tissue growth in a chronically implanted 

situation. The current shunting potentially mitigated the lowered activation thresholds 

due to the close proximity of electrode and nerve. 

Based on this setup, the dynamic range results were obtained and plotted against the 

active electrode. An accumulation of results around electrodes 3 and 4 was observed, 

which coincided with the location where the electrode array intersected with the nerve 

trunk. It was expected that the closer proximity to the nerve would result in lower 

activation thresholds that translated to measurable dynamic ranges. The sparse density 
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of dynamic range results at other electrode locations, especially for SSMPS, led to the 

reduction of the data set to the central two electrodes only. Ideally, the dataset with 

two independent variables were then analysed with a two-way RM ANOVA. 

However, the inclusion of the BP mode in the reduced data set prevented the analysis 

using a two-way RM ANOVA with the stimulation mode and the electrode as 

independent factors because the single electrode combination of electrodes 3 and 4 did 

not correspond with the two different electrodes tested for all other modes. It was 

therefore decided to combine the factors stimulation mode and electrode into a single 

combined factor stimulation mode & electrode in order to perform a one-way RM 

ANOVA. This precluded the test from detecting any effects of a single factor only, that 

is, the effect of the stimulation mode only could not be identified. As a consequence, 

the statistical results have to be interpreted with caution. 

Taking the above caveat into account, it was hypothesised that SSMPS would increase 

the achievable dynamic range due to the cancellation of off-centre voltages and the 

associated focussing of the stimulation current. However, a one-way RM ANOVA did 

not result in any significant differences between the different stimulation modes. 

Rather, although not significant, electrode 4 exhibited a trend to a higher dynamic 

range when using the MP mode compared to SSMPS. In the context of the 

aforementioned caveat, the null hypothesis of an increased dynamic range due to 

focussing could therefore be rejected. In other areas of neuromodulation via electrical 

stimulation, functional benefits of current focussing have been reported with the 

spatial limitation of neural activation by focussed multipolar stimulation of the cochlea 

in a cat model when compared to MP stimulation (George et al., 2014). Similarly, an 

increased spectral resolution was found when focussed stimulation was compared to 

MP stimulation in human cochlear implant recipients (Smith et al., 2013). The different 

outcomes can likely be explained by the different anatomy and physiology of the 

targeted neural tissue. In the cochlea, the sensory cells are organised tonotopically, that 

is, the receptors responsive to an auditory stimulus of a particular frequency are 

located along the basilar membrane in order of decreasing frequency from the base to 

the apex of the cochlea. As a consequence, an electrode contact of an array inserted into 
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the scala tympani of the cochlea is collocated with cells responsive to an auditory 

stimulus of a particular frequency. In contrast, the different functional groups of a 

peripheral nerve are distributed over the cross section of the nerve, that is, all neural 

fibres of the nerve are located closest to one or two electrodes of the stimulation 

electrode array. The electrodes do not map the different target populations. 

Consequently, a focussed stimulus delivered to one of those electrodes still targets a 

large fraction of the cross section of the peripheral nerve. Furthermore, in the cochlea, 

the electrode array is surrounded by perilymph, an extracellular fluid with a high ionic 

concentration (Murray & Potts, 1961). The environment of the electrode can therefore 

be approximated as isotropically conductive. A peripheral nerve on the other hand 

must be regarded as highly anisotropic tissue when predicting local, electrical field 

distributions (Butson et al., 2011). Simulation of SSMPS in conjunction with an 

established model of a peripheral nerve could provide further insight into the 

activation characteristics. 

Interestingly, there were no differences between MP and TP stimulation. Previous 

modelling results have suggested that MP stimulation resulted in steep recruitment 

curves and that the selectivity was inferior to longitudinal or transverse BP or TP 

stimulation (Deurloo et al., 2003). Although not including MP stimulation in their 

study, Nielsen et al. (2011) have shown in vivo that a transverse TP electrode 

arrangement exhibits a better selectivity than a longitudinal TP configuration. This 

contrasts the results from Chapter 3, whereby longitudinal BP configurations resulted 

in larger dynamic ranges than transverse configurations. Nielsen et al., however, used 

a selectivity index as their metric, which was based on the recruitment of different 

branches distal to the stimulation site. The present study, though, did not aim at the 

selective recruitment of a particular branch, but rather at the recruitment of large 

sensory neurons without the unwanted activation of motor neurons. Nielsen et al. also 

obtained their results using an insulating nerve cuff as an electrode carrier in contrast 

to the unshielded electrode array used in this study and the study in Chapter 3. Further 

work exploring the influence of the insulating electrode substrate, both via modelling 

and via in vivo studies, is therefore needed. In addition to the nerve cuff design and the 
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cylindrical electrode array used in this study, the effects of the stimulation 

configuration when using paddle electrode arrays with an insulating electrode carrier 

should be investigated. Contrary to the cylindrical array with its rotationally 

symmetric design, a paddle electrode features a unidirectional electrode geometry that 

affects the current shunting properties. This is likely to influence the selectivity and 

threshold properties of a stimulation electrode array. Furthermore, a design 

comparable to paddle electrodes is used for visual prosthesis where retinal electrode 

designs have multiple disc-shaped electrodes mounted on an insulating carrier (e.g. 

Villalobos et al., 2013). When comparing MP with hexagonal and CG return electrode 

configurations, Cicione et al. (2012) have reported that lower charges were required 

using a MP return electrode in order to elicit comparable cortical responses in 

normally-sighted cats. Looking at the influence of the return configuration on the 

selectivity of stimulation, an increase in the retinal selectivity was found. However, this 

did not translate to enhanced cortical selectivity in the visual cortex. Further studies 

using paddle electrodes might therefore reveal translatable findings and could benefit 

both fields using this type of electrode arrays. A better understanding of the cylindrical 

and the paddle arrays is of particular importance in light of the current clinical trend in 

the field of PNS for pain management, where the focus has shifted away from nerve 

cuffs towards arrays requiring a less invasive surgical procedure, which was simulated 

in the present study. 

The investigated setup mostly failed to produce measureable neural and motor 

responses in the CG mode. It was presumed that the surroundings of the stimulation 

electrode array were more conductive than the targeted neural tissue and current 

shunting occurred that prevented successful activation. In contrast to MP stimulation, 

the shunting effect was likely to be more predominant if the electrodes adjacent to the 

stimulation electrode were used as return electrodes. 

While no significant differences between the dynamic ranges were found, the neural 

activation threshold of SSMPS was significantly higher compared to MP stimulation 

for electrode 4. Although not significant, a trend to higher thresholds for SSMPS 

compared to MP stimulation was also observed for electrode 3. This threshold shift 
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was consistent with observations in cochlear stimulation, where a significantly higher 

threshold for focussed multipolar stimulation compared to MP stimulation has been 

reported (George et al., 2014). 

In addition to the differences between the MP and SSMPS modes, a non-significant 

trend was found when comparing MP to TP stimulation. The higher mean thresholds 

of the latter group were again consistent with previous reports. Tarler and Mortimer 

(2003) reported lower thresholds for MP compared to TP stimulation when they 

investigated the ankle torque produced by muscle activation using multipolar cuff 

electrodes. Although the cuff design was different to the electrode setup used for the 

present study, it corroborated the general observation of elevated threshold levels of 

TP compared to MP stimulation. A high stimulation threshold is one of the causes 

reported leading to rapid battery depletion in stimulation systems with primary cells 

(e.g. Lambru et al., 2014; Sharan et al., 2014). Without any functional benefit, the lower 

efficiency does not justify a clinical application of SSMPS for PNS in combination with 

the used electrode setup. MP stimulation performed functionally equivalent while 

exhibiting the lowest neural activation thresholds. Furthermore, a large far-field return 

electrode would have a lower electrode impedance in comparison to an electrode 

contact of the stimulation array as used for BP and TP stimulation. A lower impedance 

would reduce the voltage compliance required which would simplify the stimulation 

circuitry and potentially result in additional power savings. 

Although no functional benefits were found in the present study, there is scope for 

further investigation using SSMPS to stimulate peripheral nerves. Firstly, the 

determination of the transimpedance matrix could be refined. In particular, the 

estimation of the diagonal, i.e. the electrode impedances that cannot be measured due 

to polarisation effects, has not been tailored to the present application. For this study, 

the linear estimator as presented by van den Honert and Kelsall (2007) was used. A 

modified estimation method modelling the physiological environment might improve 

the focussing outcome. 
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SSMPS as a focussing method could also prove successful in other areas of 

neuromodulation where the anatomical locations of functional groups of neurons are 

collocated with individual electrodes of a stimulation array. A potential candidate is 

cochlear stimulation, as the original application for which focussed stimulation was 

proposed (van den Honert & Kelsall, 2007), or retinal prostheses (Eiber et al., 2013). 

Successful results when using multiple current sources for the delivery of stimuli are 

encouraging that SSMPS could produce similar effects (George et al., 2014). In addition, 

modelling studies have suggested the efficacy of current steering for deep brain 

stimulation (Chaturvedi et al., 2012). SSMPS could be tested as an alternative to the 

proposed stimulation system based on multiple current sources. 

In summary, SSMPS was tested in vivo using an electrode setup mimicking a clinical 

scenario with imperfect electrode placement, as would likely occur following 

implantation under ultrasound-guidance. No functional benefits regarding the 

dynamic range were identified but the neural response thresholds were significantly 

higher when compared to MP stimulation. It was concluded that MP stimulation is the 

preferable configuration for a clinical application because it exhibited a high efficiency 

due to low neural activation thresholds and reduced voltage compliance requirements, 

and involves a simple screening procedure with a limited number of electrode 

combinations to test. 
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  Chapter 6
 

General discussion 

Peripheral nerve stimulation (PNS) as a treatment option for chronic neuropathic pain 

has been an area of ongoing research activities for nearly fifty years (Slavin, 2011a). 

Although considerable progress has been achieved, various challenges continue to 

limit the wide-spread application of this therapy. The key challenges include a limited 

understanding of the detailed mechanism of action, low predictability of success and 

hardware-related complications (Stanton-Hicks et al., 2011; Freeman & Trentman, 

2013). In combination, they have resulted in limited reports of systematic evidence of 

clinical efficacy. As a consequence, the medical device industry appears to have been 

hesitant to invest in the development of customised hardware for PNS. Rather, 

commercially available spinal cord stimulation (SCS) devices are typically used for 

PNS in an off-label manner (Goroszeniuk & Pang, 2014). 

In order to address the need for tailored devices for PNS, the work presented in this 

thesis aimed at contributing to the development of a PNS system for research 

applications. Ultimately, the system will be taken to a clinical trial in order to gain a 

deeper insight into the underlying principles of PNS for pain management, as well as 

to create additional knowledge supporting the development of customised, fully 

implantable PNS devices for improved patient outcomes. 
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6.1 Recapitulation of the results 

In the first phase of the project, a wearable, battery-powered neural stimulator PNS-01 

was developed (Chapter 2). Based on a flexible, modular design using off-the-shelf 

components and a remote control for patient use, it was designed for use during a 

short-term clinical trial using a percutaneous leadwire system. 

After the design of the stimulator, the focus was shifted to the investigation of design 

features of the electrode array. Chapter 3 presents the electrophysiological study of the 

dynamic range of PNS when evoking neural activity without generating unwanted 

muscle activation using a setup with two linear electrodes. It was found that 

longitudinal pairs of one array performed significantly better than transverse 

configurations upon stimulation in bipolar (BP) mode. Nevertheless, it was found that 

the mean dynamic range of all tested BP pairs was negative, meaning the therapeutic 

window was very small. 

Single-source multipolar stimulation (SSMPS) was investigated as a method for 

enhancing the achievable dynamic range via focussing of the stimuli for spatial 

limitation of the neural activation. Chapter 4 documents the method and the 

investigation of the focussing performance in vitro. A significant focussing of the 

stimulation was observed for SSMPS relative to the monopolar (MP) mode. The 

effectiveness of tripolar (TP) and common ground (CG) stimulation was also 

evaluated. Despite the advantages of SSMPS demonstrated in vitro, no functional 

benefits were measured when testing SSMPS in vivo utilising a single array mimicking 

a clinical electrode placement and comparing it to MP, TP, CG and BP stimulation 

(Chapter 5). In fact, SSMPS resulted in higher neural activation thresholds than MP 

stimulation. 

6.2 Clinical implications 
In the context of the overarching aim of the research project (i.e. the advancement of 

knowledge towards a clinical PNS system with improved patient outcomes) the clinical 
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implications of the outcomes and findings of this thesis can be grouped in three 

thematic areas. 

6.2.1 Stimulation system for short-term clinical trials 

The peripheral nerve stimulation system PNS-01 as presented in Chapter 2 was 

developed around design principles that would allow for the system to be used in a 

safe and efficient manner in a clinical setting. 

The safety of the PNS-01 system was achieved by basing it on pulsatile stimulation 

with a constant current output. In combination with precise control over the timing of 

the stimulator operation, these features afforded control over charges delivered to 

stimulation electrodes and tissue (see Merrill et al., 2005). As a result, the 

characterisation of net direct current (DC) produced by the stimulator resulted in 

values that were well within the safe limits as determined by Huang et al. (1999). The 

safety of the PNS-01 system was an important outcome in order for the system to be 

suited for human use. 

The implementation of the stimulator allowed for flexible programming with various 

electrode configurations (e.g. MP, BP, TP and CG) and a wide parameter range that 

could be used to define stimulation presets with monophasic, biphasic and triphasic 

stimuli. This flexibility, in combination with the compliance voltage of 25 V, makes the 

PNS-01 system an ideal platform for testing of novel electrode arrays and stimulation 

paradigms. The large compliance is able to address elevated thresholds and electrode 

impedances due to tissue reactions or imperfect placement of the electrode array via 

percutaneous techniques (e.g. Goroszeniuk et al., 2007; Huntoon & Burgher, 2009; 

Narouze et al., 2009). 

With a form factor and weight in a similar range to previously reported systems, the 

stimulator also has potential to be used for preclinical testing (Fallon et al., 2009; 

Nayagam et al., 2014). This implies that the stimulation system can be used throughout 

the entire testing process from the preclinical safety assessment stage to a clinical trial. 
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The stimulator electronics were implemented in a modular way based on different 

functional circuit blocks and divided up into two separate printed circuit boards 

(PCBs). This approach ensured that modifications based on future research needs can 

be easily implemented. A potential implementation of SSMPS would be reduced to the 

design of a custom stimulator board replacing the PNS-01 stimulation board while the 

system board with power supply and remote control functionality could be reused. 

The PNS-01 system has been designed for application in a clinical setting. However, its 

usage is limited to short-term trials due to the requirement of a percutaneous leadwire. 

Moreover, any clinical trial requires careful planning of the post-study period. 

Explantation of the electrode array under investigation after the study can be 

considered as well as the permanent replacement with a commercial electrode array 

and implantable pulse generator (IPG). 

Furthermore, the PNS-01 system is limited to well established, constant-current 

pulsatile stimulation. The aim of the study to advance rapidly towards a clinical trial of 

a pain management device imposed the use of safe and efficacious stimuli (Shepherd et 

al., 2014). Consequently, promising new stimulation concepts, such as voltage-

controlled capacitive discharge stimulation (Rosellini et al., 2011), are not available 

with the PNS-01 system. As mentioned above, however, the modular design of the 

PNS-01 system facilitates future implementation of novel concepts while leveraging of 

the basic functionality including power supply and patient remote control. 

It is anticipated that the PNS-01 system will benefit future clinical trials of advanced 

PNS systems with improved safety and efficacy. It will address the need for improved 

clinical tools and devices, as outlined in a perspective about the future of PNS 

(Stanton-Hicks et al., 2011). 

6.2.2 Efficiency of intra- and postoperative electrode screening 

Chapter 3 examined the dynamic range of neural activation without unwanted motor 

activation when stimulating a peripheral nerve. The study used a clinically inspired 

electrode setup with two linear arrays placed in parallel to and on opposite sides of the 

nerve trunk. The setup offered the flexibility of stimulation with longitudinal and 
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transverse electrode pairs. In a clinical setting, it would also avoid adverse effects 

caused by constriction of the nerve (Krarup et al., 1989) and it would be easily 

explantable in the event of revision surgery, which is one of the most commonly 

reported adverse events in clinical practice (Sharan et al., 2014). 

Stimulation was performed in BP mode as the most predominant mode applied 

clinically for PNS in pain management (e.g. Huntoon & Burgher, 2009; Chan et al., 

2010; Reverberi et al., 2014). Using two arrays with eight electrodes each, there are 120 

different BP electrode combinations. As a result, the identification of the most 

efficacious electrode pair can turn into a lengthy process. The findings from Chapter 3 

suggested that longitudinal electrode pairs performed better than transverse 

combinations and that the screening process can be designed to prioritise the 

longitudinal pairings, or even limit it to this group, resulting in a substantial time 

reduction. It must be noted though, that the analysis was based on the dynamic range 

as a metric of the range of the stimulation currents that produce neural activation 

without evoking unwanted motor activity. This metric defines a theoretical window 

available and further investigation is required in order to validate the translatability of 

the dynamic range to a therapeutic window for pain management.  

6.2.3 Current focussing for improved selective activation 

It was hypothesised that more selective neural activation would result in better 

tunability of therapeutic devices and lead to improved clinical outcomes. SSMPS was 

therefore developed as a method to perform focussed stimulation for increased 

selectivity. 

In the first step, SSMPS was investigated in vitro. An analysis of the quality of the 

transimpedance measurement found that the electrode current weights approached an 

asymptotic value with increased measurement charges. A minimum pulse charge was 

identified that was sufficient to determine reliable stimulation parameters not 

significantly different from ideal values measured at maximum charge. Although 

measured in the context of a detailed investigation about SSMPS, these results also 

translate to focussed multipolar stimulation based on multiple current sources (van 
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den Honert & Kelsall, 2007). The findings offer additional insight into the measurement 

of the transimpedance matrix with regard to the design of stimulation protocols for 

preclinical (George et al., 2014) and clinical (Smith et al., 2013; Long et al., 2014) 

application of focussed stimulation. 

The performance of SSMPS as a method to deliver the focussed stimuli was assessed in 

vitro based on the voltage reduction at interleaved recording sites in comparison to MP 

stimulation. It was found that the electrode voltages of non-centre electrodes were 

reduced in excess of 70 %. Furthermore, a significantly higher voltage reduction was 

found for SSMPS when compared to TP and CG stimulation. However, these 

promising results from the in vitro study did not translate to in vivo results. Using the 

dynamic range of neural activation without any motor activation as a metric, no 

functional benefit of SSMPS was found when stimulating a peripheral nerve with a 

linear electrode array that was placed approximately orthogonally to the nerve trunk. 

It was found, though, that the MP mode resulted in lower activation thresholds and it 

was concluded that it is not advisable to implement SSMPS in a clinical device with the 

tested electrode configuration. 

Although SSMPS did not prove beneficial in the investigated configuration, the 

technique has potential for application for PNS when using different electrode arrays. 

Considering that current focussing is based on the cancellation of voltages at all off-

centre electrodes, promising electrode arrays would have multiple electrodes that are 

in direct contact with different neural populations. The transverse intrafascicular 

multichannel electrode (TIME) array with multiple electrode contacts is a potential 

candidate (Boretius et al., 2010). However, this electrode type is still at an early 

development stage and has not yet reached a clinical status (Harreby et al., 2014). The 

chronic safety and reliability need to be addressed first before it can be considered for a 

clinical application in pain management. 

In addition to applications in the area of PNS, SSMPS might offer functional benefits in 

the area of cochlear stimulation where successful limitation of the neural activation has 

been reported (George et al., 2014; Long et al., 2014). Furthermore, current focussing 
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has been proposed for deep brain stimulation (DBS) as a method to improve the spatial 

selectivity based on a modelling study (Chaturvedi et al., 2012). Similar to cochlear 

stimulation, it can be envisaged that focussed stimulation based on SSMPS offers 

potential benefits for more localised activation in DBS, thereby reducing the risk of 

ectopic stimulation that may result in adverse effects. 

Lastly, the study of SSMPS in vivo as a technique for an advanced PNS device for pain 

management led to the conclusion that the MP mode is the most beneficial approach 

for a clinical device if a percutaneous, linear array is used in the investigated 

configuration. No significant differences were found when assessing the dynamic 

range of neural stimulation without unwanted motor activation. The MP mode 

exhibited the lowest neural activation thresholds though. Depending on the stimulator 

design this implies a reduced power requirement and prolonged battery life of an IPG. 

A large MP return electrode also exhibits a lower electrode impedance compared to a 

return electrode of a BP pair resulting in a reduced voltage compliance requirement. 

The reduced voltage compliance offers additional scope for a further reduction of the 

power requirement and further simplification of the stimulation circuitry. Although 

various current clinical devices offer a MP stimulation mode, this mode has not been 

applied widely and BP stimulation prevails in clinical reports. 

Stimulation in MP mode also offers benefits with regard to intra- and postoperative 

testing and customisation procedures. The number of possible electrodes to test is 

considerably smaller compared to BP combinations, which results in substantial time 

savings in the clinical practice. 

6.3 Future considerations 

In order to advance towards a clinical trial of a PNS device for the management of 

chronic neuropathic pain, further work is required. Future activities will need to focus 

on the development of an electrode array designed for implantation with minimal 

trauma and anchoring at the peripheral nerve site. The design of the array also has to 

take into account the requirement of a remote MP return electrode as concluded in the 

previous section. 
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A modelling study could provide further insight into the neural activation 

characteristics of the different stimulation modes and electrode geometries, and why 

lower thresholds were observed with a MP electrode configuration. For example, 

Butson et al. (2011) have shown based on a histologically derived model of a peripheral 

nerve, that the longitudinal spacing of BP electrodes in relation to the separation of the 

nodes of Ranvier affected the recruitment characteristics. Another group reported from 

their clinical experience that paddle electrodes were associated with lower thresholds 

compared to percutaneous arrays in an occipital nerve stimulation application (Oh et 

al., 2004). Similar findings from an extended simulation study could aid the design of a 

customised peripheral nerve electrode array providing superior performance to an off-

label SCS array. 

The custom developed electrode array will then require preclinical testing in order to 

establish the chronic safety before proceeding to a clinical trial. As discussed above, the 

PNS-01 system can facilitate preclinical safety testing in an animal model. Furthermore, 

the dynamic range metric could be validated against an established animal model of 

neuropathic pain. Once validated, it could substitute for the need of such animal 

models. This way, the PNS-01 system and the dynamic range metric could provide a 

platform for integrated safety and efficacy testing. 

Complementing the design of an electrode array is the development of a dedicated 

pulse generator for PNS. The power and communication requirements of a fully 

implantable system are different compared to a stimulator connecting to a 

percutaneous leadwire like the PNS-01 system. A fully implantable stimulator will 

therefore require the design of an application-specific integrated circuit (ASIC). The 

ideal IPG would then be implanted in close proximity to the site of the electrode array, 

thus avoiding the need for extensive leadwire tunnelling and crossing of joints. Using a 

BP stimulation strategy, this has recently been reported for a clinical series where the 

IPG was implanted adjacent to the electrode location (Reverberi et al., 2014). However, 

the authors have not reported details about the nature of complications and their 

incidence associated with this novel IPG implant site. Without any prohibitive reasons, 

a similar location could be envisaged for a PNS system based on the MP mode using 
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the enclosure of an IPG as a remote MP return electrode. Although close to the site of 

neural activation, the IPG location can still be considered in the far-field compared to 

the distance between the electrode contacts and the nerve. 

Additionally, although the small-sized IPG of the previous example can produce a 

constant-current as well as a constant-voltage output, the voltage mode was trialled 

only (Reverberi et al., 2014). This is representative for a majority of clinical reports that 

mainly consider voltage-mode stimulation and BP electrode configurations. Numerous 

clinical reports omit the technical details of the neuromodulation systems completely. 

Based on the findings of Chapter 5, it is recommended that future studies consider MP 

stimulation with constant current pulses – particularly if current clinical devices used 

in off-label manner provide these settings. Furthermore, technical details should be 

included in clinical reports in order to compile supporting data that can be used to 

generate the much sought-after evidence about the efficacy of PNS for pain 

management (e.g. Stanton-Hicks et al., 2011; Deogaonkar & Slavin, 2014; Goroszeniuk 

& Pang, 2014; Petersen & Slavin, 2014). 

6.4 Conclusions 

In summary, the work presented in this thesis addressed several topics with respect to 

the advancement towards a clinical trial of a purpose designed and built peripheral 

nerve stimulation system for the treatment of chronic neuropathic pain. A stimulation 

platform was developed in order to facilitate preclinical and short-term clinical trials. 

Strategies to select the best electrode pair for BP stimulation were developed and a 

novel stimulation strategy, SSMPS, was developed as a new method for delivering 

focussed stimuli. While successful under in vitro conditions, no benefits were achieved 

during in vivo testing. Rather, the MP mode was identified as a favourable method of 

stimulation for peripheral nerves when using linear electrode arrays, despite the fact 

that this mode has not been widely considered and/or reported in the clinical literature 

to date. Additionally, the findings about the transimpedance measurement are 

translatable to current focussing when performed with multiple current sources. 
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It can be concluded that key requirements for an advanced PNS system for pain 

management are system reliability, efficiency and the reduction of the associated 

surgical trauma. Meeting these needs will ensure the prevention of frequent failure 

modes that are a common reason for the lack of clinical success of PNS for the 

treatment of chronic neuropathic pain. A simple, reliable PNS system based on MP 

stimulation is a promising candidate for future applications. 

Applying the findings of this thesis, electrode arrays can be designed and developed 

that address various needs of advanced PNS systems. Firstly, the need for minimised 

surgical trauma will be addressed. Improved electrode fixation methods will reduce 

electrode migration. Better reliability will reduce the occurrence of leadwire fractures. 

Lastly, the need to improve the stimulation strategies will be met in order to optimise 

the therapeutic effect. All these improvements will contribute towards the overall aim 

of developing an advanced PNS system for better patient outcomes when treating 

chronic neuropathic pain. 
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Appendix A  
 

PNS-01 stimulation system 

This appendix shows the detailed circuit diagrams and component lists of the PNS-01 

system: 

• System board 

• Stimulation board 

• Interface breakout board 
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Appendix B  
 

Data structure for pulse train 
definition 

This appendix presents an excerpt from the source code of the firmware of the 

stimulation board. The data type definitions shown are used to specify a single pulse 

train and the stimulation presets for the PNS-01 system as introduced in Chapter 2. 

Byte swaps required for the linear memory readout due to the little endianness are 

indicated, as well as the active high and active low electrode switch settings. 

// single triphasic stimulation pulse 
typedef struct stim_pulse { 
 unsigned int electrode_conf_p4x; // electrode configuration, port P4x 
 unsigned int electrode_conf_pCx; // electrode configuration, port PCx 
 unsigned int t_p1; // pulse width, phase 1 
 unsigned int i_p1; // current amplitude, phase 1, 
   // bits 12-15: ignored 
   // current value must be byte swapped 
   // (due to little endian storage) 
 unsigned int t_g1; // interphase gap after phase 1 
 unsigned int t_p2; // pulse width, phase 2 
 unsigned int i_p2; // current amplitude, phase 2 
   // bits 12-15: ignored 
   // current value must be byte swapped 
   // (due to little endian storage) 
 unsigned int t_g2; // interphase gap after phase 2 
 unsigned int t_p3; // pulse width, phase 3 
 unsigned int i_p3; // current amplitude, phase 3 
   // bits 12-15: ignored 
   // current value must be byte swapped 
   // (due to little endian storage) 
 unsigned int t_g3; // interPULSE gap after phase 3 
} type_stim_pulse; 
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/* electrode configuration values: 
 *  
 * FWD ELECTRODES (control line A on ADG5213 switch) 
 * bit set = electrode activated, bit clear: electrode disconnected 
 * 
 * RET ELECTRODES (control line B on ADG5213 switch) 
 * bit set = electrode disconnected, bit clear: electrode activated 
 * 
 * electrode_conf_p4x bit 15: e_fwd_04 
 *    bit 14: e_ret_04 
 *    bit 13: e_ret_03 
 *    bit 12: e_fwd_03 
 *    bit 11: e_fwd_02 
 *    bit 10: e_ret_02 
 *    bit 9: e_ret_01 
 *    bit 8: e_fwd_01 
 * 
 *    bits 0-7 are "don't care" bits but are required 
 *   because the compiler assigns an integer space 
 *   in the memory and the value is stored in 
 *   little endian format. 
 * 
 * electrode_conf_pCx bit 15: e_fwd_12 
 *    bit 14: e_ret_12 
 *    bit 13: e_ret_11 
 *    bit 12: e_fwd_11 
 *    bit 11: e_fwd_10 
 *    bit 10: e_ret_10 
 *    bit 9: e_ret_09 
 *    bit 8: e_fwd_09 
 *    bit 7: e_fwd_08 
 *    bit 6: e_ret_08 
 *    bit 5: e_ret_07 
 *    bit 4: e_fwd_07 
 *    bit 3: e_fwd_06 
 *    bit 2: e_ret_06 
 *    bit 1: e_ret_05 
 *    bit 0: e_fwd_05 
 */ 
 
/* data type for stimulation presets (period of pulse trains, train length, and 
 * pulse train [array of stimulation pulses]) 
 * pulse number per train is fixed to avoid dynamic typing issues 
 */ 
typedef struct { 
 unsigned int period; // pulse train period (reciprocal of 
   // stimulation frequency) 
 unsigned int train_length; // number of pulses in current pulse train 
 type_stim_pulse pulse[16]; // array of stimulation pulses for pulse train 
   // of current program 
} type_stim_prog; 
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Board-to-board communication 
protocol 

The following commands are defined for the board-to-board communication protocol 

between the system board and the stimulation board: 

• The system board requests a stimulation preset change up (PROG UP1). 

• The system board requests a stimulation preset change down (PROG DOWN1). 

• The stimulation board responds to a preset change (up or down) request with a 

confirmation message containing the current preset number and the stimulation 

period (CONF PROG1). 

• The system board requests the current stimulation period (GET PRD). 

• The stimulation board responds to a stimulation period request with a 

confirmation message containing the current preset number and the stimulation 

period. This message is the cue for the system board to start the stimulation 

trigger (CONF PRD). 

• The system board requests the enabling of the external trigger line (TRIG ON). 

• The system board requests the disabling of the external trigger line (TRIG OFF). 

                                                      
1 The term preset to refer to a set of predefined stimulator settings has superseded the term 
program. For the mnemonics, however, PROG was kept for compatibility reasons. 
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• The stimulation board responds to a trigger state change request with a 

confirmation message containing the state of the external trigger line (CONF 

TRIG). 

Table C.1 lists the packet definitions including the payload specification. Do Not Care 

(DNC) values are commonly set to 0x0. 

Table C.1: Packet definition for the board-to-board communication protocol. Do Not Care (DNC) values 
are commonly set to 0x0. 

Mnemonic1 Command Payload 1 
(low) 

Payload 1 
(high) 

Payload 2 
(low) 

Payload 2 
(high) 

Status 

PROG UP 0x0c DNC DNC DNC DNC 0x01 
PROG DOWN 0x03 DNC DNC DNC DNC 0x01 
CONF PROG 0xd0 Preset no 

(low) 
Preset no 
(high) 

Stimulation 
period (low) 

Stimulation 
period (high) 

0x01 

GET PRD 0x0f DNC DNC DNC DNC 0x01 
CONF PRD 0xf0 Preset no 

(low) 
Preset no 
(high) 

Stimulation 
period (low) 

Stimulation 
period (high) 

0x01 

TRIG ON 0x06 DNC DNC DNC DNC 0x01 
TRIG OFF 0x07 DNC DNC DNC DNC 0x01 
CONF TRIG 0x60 Trigger 

state (low) 
Trigger 
state (high) 

DNC DNC 0x01 

 

                                                      
1 The term preset to refer to a set of predefined stimulator settings has superseded the term 
program. For the mnemonics, however, PROG was kept for compatibility reasons. 
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Remote control communication 
protocol 

The following commands are defined for the wireless remote control communication 

protocol between the remote control and the stimulator of the PNS-01 system: 

• The remote control requests a stimulation preset change up (PROG UP1). 

• The remote control requests a stimulation preset change down (PROG DOWN1). 

• The system board responds to a preset change (up or down) request with a 

confirmation message containing the current preset number and the status of the 

stimulation (CONF PROG1). 

• The remote control requests enabling of the stimulation (ENABLE). 

• The system board responds to a stimulation enable request with a confirmation 

message containing the current preset number and the status of the stimulation 

(CONF EN). 

• The remote control requests the enabling of the external trigger line (TRIG ON). 

• The remote control requests the disabling of the external trigger line (TRIG OFF). 

• The system board responds to a trigger state change request with a confirmation 

message containing the state of the external trigger line (CONF TRIG). 

                                                      
1 The term preset to refer to a set of predefined stimulator settings has superseded the term 
program. For the mnemonics, however, PROG was kept for compatibility reasons. 
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Table D.1: Packet definition for the remote control communication protocol. Do Not Care (DNC) values 
are commonly set to 0x0. 

Mnemonic1 Ad-
dress 

Com-
mand 

Payload 1 
(low) 

Payload 1 
(high) 

Payload 2 
(low) 

Payload 2 
(high) 

Status 

PROG UP  0x0c DNC DNC DNC DNC 0x01 

PROG DOWN  0x03 DNC DNC DNC DNC 0x01 
CONF PROG  0xd0 Preset no 

(low) 
Preset no 
(high) 

Stimulation 
enabled 
(low) 

Stimulation 
enabled 
(high) 

0x01 

ENABLE  0x0a DNC DNC DNC DNC 0x01 
CONF EN  0xa0 Preset no 

(low) 
Preset no 
(high) 

Stimulation 
enabled 
(low) 

Stimulation 
enabled 
(high) 

0x01 

TRIG ON  0x06 DNC DNC DNC DNC 0x01 
TRIG OFF  0x07 DNC DNC DNC DNC 0x01 
CONF TRIG  0x60 Trigger 

state (low) 
Trigger 
state (high) 

DNC DNC 0x01 

                                                      
1 The term preset to refer to a set of predefined stimulator settings has superseded the term 
program. For the mnemonics, however, PROG was kept for compatibility reasons. 
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Test procedure 

This section describes the full test procedure that is applied to a stimulator in order to 

ensure safe and effective operation according to the design specifications. 

Unless otherwise indicated in this test procedure, the following conditions and 

configurations are used for all the tests: 

• The tests use a stimulator unit with DC block capacitors. 

• The measurements will be taken using a cochlear electrode array immersed in 

0.9 % (w/v) saline solution. 

• The pulse generation is externally triggered from the recording system via the 

isolated trigger input. The trigger period is 100 ms. 

The pulse timing is abbreviated for biphasic and triphasic pulses: 

• Biphasic: PH1/G/PH2 with phase time 1 (PH1), interphase gap (G), and phase 

time 2 (PH2). 

• Triphasic: PH1/G1/PH2/G2/PH3 with phase time 1 (PH1), interphase gap 1 (G1), 

phase time 2 (PH2), interphase gap 2 (G2), and phase time 3 (PH3). 
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E.1 Shorting 

The shorting test confirms the proper shorting of electrodes in the unused state as a 

safety feature. 

For the test, the resistance between the following channels is measured using a digital 

multimeter: 

1-2 / 1-3 / 1-4 / 1-5 / 1-6 / 1-7 / 1-8 / 1-9 / 1-10 / 1-11 / 1-12 

The shorting test is passed when the measured resistance is smaller than 400 Ω (based 

on conservative estimation of the on-resistance of switch IC ADG5213, 𝑅𝑚𝑛 = 200 Ω) for 

each of the electrode combinations. 

E.2 Electrode switch matrix 

The electrode switch matrix test confirms that the electrode switch matrix operates 

correctly, i.e. the correct electrode channels are selected as forward and return 

electrode channels. 

A single biphasic pulse (100/50/100 µs) is employed for this test. Each of the following 

electrode configurations is tested with an output current of 500 µA. 

The following matrix details the configurations of a full (F) and reduced (R) test. In a 

reduced test set, every electrode channel is used as a forward electrode channel and as 

a return electrode channel at minimum once each. The reduced configuration has been 

designed so that the measurements setup does not have to be rewired for different 

tests. The full set tests every electrode channel in combination with every possible 

return channel and is used for extended functional testing. 

The numbers Pxx in the table correspond to the stimulator presets used for the test. 
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Forward 
electrode 

Return electrode 
1 2 3 4 5 6 7 8 9 10 11 12 

1  F F F F F F F F F F 
R, F 
P1 

2 F  F F F F F F F F F 
R, F 
P2 

3 F F  F F F F F F F F R, F 
P3 

4 F F F  F F F F F F F R, F 
P4 

5 F F F F  F F F F F F 
R, F 
P5 

6 F F F F F  F F F F F 
R, F 
P6 

7 F F F F F F  F F F F R, F 
P7 

8 F F F F F F F  F F F R, F 
P8 

9 F F F F F F F F  F F 
R, F 
P9 

10 F F F F F F F F F  F 
R, F 
P10 

11 F F F F F F F F F F  R, F 
P11 

12 R, F 
P12 

R, F 
P13 

R, F 
P14 

R, F 
P15 

R, F 
P16 

R, F 
P17 

R, F 
P18 

R, F 
P19 

R, F 
P20 

R, F 
P21 

R, F 
P22 

 

 

The electrode switch matrix test is passed when the desired pulse forms are measured 

on the selected electrode channels. 

E.3 Cross talk 

The cross talk test asserts that only the selected electrode channels deliver charge 

during the stimulation pulse generation. 

As part of the electrode switch matrix measurements, currents and electrode voltages 

on all electrode channels are recorded. Cross talk is analysed from these 

measurements. 

The cross talk test is passed when all electrode channels that are not selected as either 

forward or return channel do not show any measureable current in a visual analysis of 

the recorded waveforms. 
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E.4 Waveform verification 

The waveform verification test demonstrates the proper operation of the common rail 

switches (CRA and CRB) and it evaluates the accuracy of the pulse timing and current 

output. The following parameters are evaluated: 

• current during phase 1 

• phase time 1 

• interphase gap time 1 (if applicable) 

• current during phase 2 (if applicable) 

• phase time 2 (if applicable) 

• interphase gap time 2 (if applicable) 

• phase time 3 (if applicable) 

• interpulse gap time (if applicable) 

• stimulation frequency 

All parameters are tested for monophasic, biphasic, and triphasic pulses. A single 

electrode pair is sufficient per pulse form. 

Table E.1: Stimulation presets used for waveform verification 

Preset Pulse form Pulse timing (µs) Current 
(µA) 

Electrodes Interpulse 
gap (µs) 

Period 
(µs) 

P23 Monophasic 100 500 1-2 n/a 25 000 
P24 Monophasic 2 100 1000 3-4 300 40 000 
P25 Biphasic 80/8/40 200/400 5-6 n/a 100 000 
P26 Biphasic 2 80/8/40 400/800 7-8 250 5 000 
P27 Triphasic 200/20/300/10/100 600/800/1200 9-10 n/a 250 000 
P28 Triphasic 2 200/20/300/10/100 600/800/1200 11-12 5 000 80 000 

The test aims at characterising the programmable timing and current parameters. Five 

measurements are taken from five different recordings and the accuracy and precision 

are determined. 

E.5 Output impedance 

The output impedance characterises how the output of the current source is affected by 

different load impedances. 
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The output currents are measured for resistive loads of 560 Ω, 1 kΩ, 5.6 kΩ, 10 kΩ, 

15 kΩ, 22 kΩ, 27 kΩ and 33 kΩ. The stimulator preset P29 with a set output current of 

1 mA and a biphasic pulse (500/100/500) is used for this test. 

The output impedance is a characterisation without a pass/fail criterion. 

E.6 Voltage compliance 

The voltage compliance characterises the stimulator’s ability to deliver the desired 

current to varying loads. It depends on the stimulation parameters. 

𝑉𝑐,𝑛𝑓𝑓 = 𝑉𝑐,𝑛𝑚𝑚 − 2𝑉𝑏𝑓,𝐶𝐶 − 2𝑉𝑏𝑓,𝐸 − 2𝑉𝑐𝑛𝑝 

𝑉𝑐,𝑛𝑓𝑓 = 𝑉𝑐,𝑛𝑚𝑚 − 2𝑅𝑚𝑛𝐼𝑏𝑚𝑖𝑚 − 2𝑅𝑚𝑛𝐼𝑏𝑚𝑖𝑚 − 2
𝐼𝑏𝑚𝑖𝑚𝑑𝑝ℎ𝑛𝑏𝑛

𝐶
=  𝑉𝑐,𝑛𝑚𝑚 − 2𝐼𝑏𝑚𝑖𝑚 �2𝑅𝑚𝑛 +

𝑑𝑝ℎ𝑛𝑏𝑛
𝐶

� 

𝑉𝑐,𝑛𝑓𝑓 Effective compliance voltage 
𝑉𝑐,𝑛𝑚𝑚 Nominal compliance voltage, 𝑉𝑐,𝑛𝑚𝑚 = 25 V for PNS-01 
𝑉𝑏𝑓,𝐶𝐶 Voltage drop across common rail switch 
𝑉𝑏𝑓,𝐸 Voltage drop across electrode switch 
𝑉𝑐𝑛𝑝 Voltage drop across DC blocking capacitor 
𝐶 DC block capacitor 
𝑅𝑚𝑛 On-resistance of common rail and electrode switches, 𝑅𝑚𝑛 = 200 Ω is a 

conservative estimation for the IC used in the PNS-01. 
𝐼𝑏𝑚𝑖𝑚 Stimulation current 
𝑑𝑝ℎ𝑛𝑏𝑛 Phase time 

The voltage compliance was characterised using biphasic pulses of 500/100/500 with 

varying currents (200 – 2000 µA, in steps of 200 µA; P30-P39; resistive load 22 kΩ) and 

with a fixed current of 2000 µA and a varying phase time (100 – 1000 µs, in steps of 

100 µs and fixed interphase gap of 100 µs; P40 – P49; resistive load 11 kΩ). The 

stimulation current was measured at the end of phase 1. Clipping of the current 

waveform (i.e. the set stimulation current is higher than the measured stimulation 

current) indicates saturation and reaching of the compliance limit. 

The voltage compliance test is passed if the effective compliance voltages for the 

measured cases are in good agreement with the predicted values. 

E.7 DC test 

The DC test characterises the residual DC delivered due to stimulation action. 
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All tests were performed using biphasic pulse forms (500/100/500, 500 µA and 

2000 µA) with a stimulation trigger frequency of 1 kHz. 

For clinical applications, the DC test is passed if the residual DC level of the stimulator 

with DC block capacitors is < 100 nA. 
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Schematic drawing of SSMPS system 
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Figure F.1: Schematic drawing of a single channel of the SSMPS system. Each actively stimulated channel 
was connected to a dedicated variable resistance channel. The stimulator forward and return channels 
were shared between all SSMPS channels. 
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