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ABSTRACT

Electrical neural stimulation has been receiving increasing attention during the past few years as

a safe, effective and easy to use method of controlling pain. The publication of the Melzack and

Wall gate control theory of pain and, its application by Shealy to treat chronic pain by using

electrical stimulation have been the starting point of a lot of research works targeted at

determining the best way of using this treatment technique as well as providing the appropriate

system to apply it. This theory proposed that the gate through which pain messages travel could

be opened and closed in response to certain safe artificial stimulation of the peripheral nervous

system. In fact electrical stimuli, when applied properly can interfere with the transmission of

pain sensations to a higher nervous center, thereby reducing the perception of pain.

The objective of this research project is to design and to implement an advanced full

programmable spinal cord stimulation (SCS) system, based on Melzack and Wall gate control

theory of pain. The system can be used as a treatment of choice for certain intractable chronic

pain not responding to conventional treatment. The system delivers controlled electrical stimuli

to some properly selected nerve fibers along the spinal cord. The stimulation of these nerve

fibers modulates pain messages being transmitted to the brain.

This thesis presents the design and implementation of the basic component of the system, which

is the dedicated microprocessor, as well as the other functional parts that have been integrated

together to get a miniaturized implantable device provided with appropriate programming and

operating tools.
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The spinal cord stimulation system described here is mainly composed of three parts: two

external units and a surgically implanted module. The first external part consists of a computer-

based system with completely graphical software and appropriate hardware interface, intended

for the physician to program and to adjust the internal part. The patient, in order to control

stimulation at his convenience, will use the second external unit. As for the implanted part, this

one is built around a powerful mixed-signal ASIC, which is mounted together with appropriate

demodulation and power recovery circuits, a memory (EEPROM), and a few peripheral discrete

components. Communication of power and data between external and internal parts is achieved

through a transdermal inductive link.

The system proposed is very user-friendly and unique in its way of operation, providing an

unlimited flexibility and complete external programmability. In fact, it is the only miniaturized

system providing the user with the possibility to get different stimulation algorithms

simultaneously making it more adaptable to the conditions and the state of the patient. It also

provides several original features that make it possible to perform a wide range of stimulation

algorithms and to generate an unlimited number of stimulus waveforms. As examples, we can

mention the possibility of using combined stimuli through simultaneous stimulation over two

channels, the possibility of generating complex current pulse shapes, and the access to a greater

number of stimulation parameters. Moreover, the device provides the possibility of randomizing

the amplitude and/or the frequency of the stimulus to prevent the nerve from getting habituated

to the stimulation, extending their efficiency and minimizing the physician interventions. All

these features make this original system an efficient device that better responds to the patient

needs as well as a powerful clinical research tool that can be used to perform further experiments
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to significantly increase the success rate of such system
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SOMMAIRE

L'utilisation des stimulations nerveuses s'est vue accorder une attention sans cesse croissante,

durant les demieres annees, comme une methode de traitement securitaire, efficace et facile a

utiliser pour controler la douleur. La publication par Melzack et Wall de la theorie du mecanisme

de controle de la douleur (Gate Control Theory of pain) et son application par Shealy pour trailer

la douleur chronique en utilisant les stimulations electriques, ont ete Ie point de depart de

plusieurs travaux de recherche visant a determiner la meilleure fa9on d'utiliser cette technique de

traitement et a concevoir Ie systeme approprie pour 1'appliquer. Cette theorie stipule que Ie

mecanisme qui gere les sensations de la douleur, peut etre controle a 1'aide de stimulations

artificielles du systeme peripherique. En effet, des stimulis electriques appliques convenablement

peuvent interferer avec les messages des sensations de la douleur transmise vers Ie centre

nerveux principal et ainsi reduire la perception de la douleur.

L'objectif de ce travail de recherche est de concevoir et implementer un systeme de stimulations

de la colonne vertebrale, tres avance et completement programmable, base sur la theorie du

mecanisme de controle de la douleur enoncee par Melzack et Wall. Le systeme peut etre utilise

comme un traitement de choix pour certaines douleurs chroniques rebelles qui ne peuvent etre

soignees par un traitement conventionnel. Ce systeme delivre des stimuli electriques controles a

un ensemble de fibres nerveuses de la colonne vertebrale selectionnees convenablement. La

stimulation de ces fibres module les messages de la douleur diriges vers Ie cerveau.
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Cette these presente alors, la conception et 1'implementation de la composante principale du

systeme, qui consiste en un microprocesseur dedie, ainsi que les autres parties fonctionnelles qui

ont ete integrees ensemble pour aboutir a un appareil miniature implantable muni des outils

necessaires a sa programmation.

Le systeme de stimulation de la colonne vertebrale decrit ici se compose principalement de trois

parties : deux unites extemes et un module implantable chirurgicalement. La premiere partie

exteme consiste en un ordinateur personnel muni d'un logiciel completement graphique et d'une

interface materielle appropriee, destinee a 1'usage du clinicien pour programmer et ajuster la

partie inteme. La deuxieme unite exteme sera utilisee par Ie patient pour controler les

stimulations a sa convenance. Quant a la partie implantee, elle est congue autour d'un circuit

integre a application specifique mixte tres puissant. Celui-ci est monte avec les circuits

appropries de demodulation et de recuperation de la puissance, une memoire (EEPROM) et

quelques composants discrets. La communication de la puissance et des donnees entre les parties

extemes et la partie inteme est accomplie a travers un lien inductif transdermal.

Le systeme propose est tres convivial est unique dans sa fagon d'etre opere, procurant une

flexibilite illimitee et une programmation complete de 1'exterieur. En effet, il est Ie seul systeme

miniature offrant a 1'usager la possibilite de disposer de plusieurs algorithmes de stimulation

simultanement. Ceci lui confere une meilleure adaptation aux conditions et a 1'etat du patient. II

possede aussi plusieurs caracteristiques originales permettant d'avoir un large spectre

d'algorithmes de stimulation et de generer un nombre illimite de formes d'onde de stimulus

differentes. A titre d'exemples, on peut citer la possibilite de creer des stimuli combines a Faide

de stimulations simultanees sur deux canaux, la possibilite de generer des formes d'impulsion de
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courant complexes, et 1'acces a un plus grand nombre de parametres de stimulation. En plus,

1'appareil permet de varier 1'amplitude et/ou la frequence du stimulus d'une fagon aleatoire pour

eviter que Ie nerf devienne habitue a la stimulation et ainsi augmenter 1'efficacite du systeme et

minimiser les interventions du clinicien. Toutes ces caracteristiques font de ce systeme original

un appareil efficace qui repond aux besoins des patients ainsi qu'un outil de recherche clinique

tres puissant qui peut etre utilise pour effectuer plus d'experimentations afin d'augmenter

significativement Ie taux de succes de tels systemes.
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1 INTRODUCTION

Pain signals begin in specialized nerve ends (called pain receptors) that are located through the

body. When pain receptors detect a damaging stimulus, they send an urgent signal to the brain.

This signal is carried over a nervous pathway in the form of electrical impulses. The signal

begins at the nerve ending and is carried through nerve fibers to the spinal cord. When the signal

reaches the spinal cord, it is transmitted to the brain for interpretation. Normally, the purpose of

this signal is to act as warning signal that protects the body from potential harm. When the cause

of the pain has stabilized and no additional injury or healing is occurring, at this point, pain no

longer serves the purpose of warning, and then it becomes the disease that needs treatment. Pain

can be very stubborn and disabling. It may not respond to drugs and other standard therapies.

One available therapy offering possible hope to a subset of chronic pain patients is spinal cord

stimulation (SCS) based on the gate control theory of pain [38, 53]. This therapy consists of

using programmable electrical impulses to trigger selected nerve fibers along the spinal cord.

The stimulation of these nerve fibers inhibits pain messages from being transmitted to the brain.

Since the publication of the gate control theory of pain a number of studies evaluated the use of

SCS as a method of pain control, for a variety of clinical pain syndromes. Examples of such pain

syndrome are reflex sympathetic dystrophy, phantom limb pain, cancer pain, osteoarthritis pain

and vascular disease [33, 16]. Studies by several investigators agree that SCS, when applied

appropriately, is an excellent means to relieve pain in 60% to 70% of all selected cases [8, 24,

31,34].

Nowadays, SCS is widely accepted as a valuable therapeutic alternative in treating of
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certain chronic pain, which has failed to respond to conventional methods [26, 48]. It has been

reported that more than 5400 stimulators are implanted every year in the world [14]. SCS was

approved for use in treating severe intractable pain by U.S. Food and Dmg Administration

(PDA) in 1979 and covered by Medicare ever since [30].

In this dissertation, we will present the development of a full programmable system for pain

control. This system is composed of three main parts, a surgically implanted module and two

different external parts. The internal part of the system is built around a powerful full custom

mixed-signal ASIC designed as a dedicated RISC architecture microprocessor that provides the

user with a wide range of capabilities and a large variety of programmable current waveforms.

This chip is mounted together with different satellite components on a hermetically housed

hybrid circuit provided with an appropriate electrode array. The first external part is intended for

the physician and consists of a computer-based system, hosting completely graphical software

and appropriate hardware interface. This user friendly and window driven application specific

software will be used during the rehabilitation phase to program the internal part. The treating

physician will be able to create the stimulation therapy algorithm and to modify or to find the

stimulation parameters and patterns that best respond to the patient needs. Upon setting the

desired specifications, the system automatically generates the corresponding micro-code of the

therapy program and dispatches it to be downloaded into the internal part through the

communication link. Once the setting of the device has been achieved and the best stimulus has

been determined and conveyed to the internal module, this computer-based part is no longer

needed. The second external module can then control the stimulation. The latter consists of a

simple switch to be used by the patient to start and stop stimulation at his convenience.



Communication between external parts and the internal module is achieved through a

transcutanous inductive link. The transmitted Radio frequency signal conveys both power and

data to the implanted part.

The system produces regular and irregular stimulation waveforms including controlled random

stimuli, ramp stimuli, combined stimuli, and control of nerve fatigue and excitation. The stimuli

can be delivered over two independently programmable output channels. This system concept

ensures an unlimited flexibility and offers the physician a valuable asset and an efficient tool to

establish the most effective stimulation patterns for each individual.

To describe this original system, we will present in chapter two the fundamentals of human nerve

system and the gate control theory to help the reader understanding how the electrical nerve

stimulation works and to introduce him/her to the targeted application

In chapter three the various stimulation parameters involved in the stimulation protocol will be

discussed as well as the electrode-tissue interface and the safe stimulation considerations. At the

end of this chapter we will introduce the basic design criteria of our system by pointing out the

particular features that the device should have. Chapter four will describe the dedicated

microprocessor design implementation. In this chapter, the different functional blocks and the

architecture of the chip will be detailed. Chapter five will deal with system integration by

presenting the whole system of the stimulator. This includes hardware parts and the application

software that will be used to program the device. Finally, in chapter six we will present some test

results proving the functionality of the system and showing the capabilities and the flexibility of

the resulting device.



2 THE NERVOUS SYSTEM

The nervous system is one of the most important systems of the human body. It serves basically

three brand functions: it senses changes within or around the body, interprets the changes, and

responds to the interpretation by initiating appropriate action in the form of muscular contraction

or glandular secretion. In this chapter the anatomy of the central nervous system will be briefly

reviewed. The manner by which noxious stimulus lead to electrical activity in the sensory nerve

ending and the actual mechanisms that allow the transfer of impulse from peripheral sensory

receptors to the central nervous system will be discussed. The gate control theory and descending

inhibitory mechanisms will also be presented to show how the electrical stimulation relieves

pain.

2.1 Organization of the nervous system

The nervous system may be divided into two principle divisions, the central nervous system

(CNS) and the peripheral nervous system (PNS). Figure 2.1 illustrates the organization of its

different parts.

2.1.1 The central nervous system

The central nervous system is usually divided into major divisions: the brain and the spinal cord.

All body sensations are relayed from receptors to the central nervous system to be interpreted

and acted on. Our discussion of the central nervous system will be limited to the spinal cord and

will focus on the relaying of the pain signals to the thalamus. This should explain why and how



the stimulation of some specific sites could produce pain relief.

CENTRAL
NERVOUS
SYSTEM
(CNS)

PERIPHERAL
NERVOUS
SYSTEM
(PNS)

BRAIN SPINAL CORD

AFFERENT (SENSORY)
SYSTEM: Conveys
information from the
receptors to the central
nervous system.

EFFERENT (MOTOR)
SYSTEM; Conveys
information from the
central nervous system
to muscles and glands.

SOMATIC
NERVOUS SYSTEM
(SNS): Conveys
information from the
central nervous system

AUTONOMIC NERVOUS
SYSTEM (ANS); Conveys
information from the central
nervous system to smooth
muscle, cardiac muscle, and
glands.

SYMPATHETIC
NERVOUS
SYSTEM

PARASYMPATH
ETIC NERVOUS
SYSTEM

ENTERIC
NERVOUS
SYSTEM

Figure 2.1 Organization of the nervous system

The spinal cord serves two functions; it conveys sensory impulses from the periphery to the brain

and conducts motor impulses from the brain to the periphery.

The spinal cord is a series of 31 segments, each giving rise to a pair of spinal nerves. The 31

pairs of spinal nerves are named and numbered according to the region and level of the spinal

cord from which they emerge as illustrated in figure 2.2.



Alias (dfst
cervical vertcbra)

CERVICAL PLEXUS

Cervical enlargemenl

Axillary ner/e

Radial nerve

BRACHIAL I MuSculoculaneous.
PLEXUS \ / nen/e

Median nerve

.INTERCOSTAL (THORACIC)
NERVES

Lumbar enlargement

Conus mcdulla

Femoral nerve

Filum lerminale

Figure 2.2 Spinal cord and spinal nerves [47].

Each spinal nerve has two roots; dorsal (or posterior) and ventral (or anterior), which merge to

form the nerve itself figure 2.3. The spinal nerves exit from the vertebral column through spaces

between adjacent vertebrae. There are eight paired cervical nerves (C1-C8), twelve thoracic
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(Tl- T12), five lumbar (L1-L5), five sacral (S1-S5), and one coccygeal (Col).

Dorsal Columns
DorsalRoot ^^~ \ ]rj 'J>^Dorsal Horn
Entry Zone ,^X(^ \|/ ^^^orticospinal Tract

Dorsal Root -^//' ;(' ';^^TJK'^ \ "<^ Dorsa, Roo,
, Dorsal Root

Ganglion

'^entral7T~~~~=^"^~ 7
Ventral ftoot <,^l10^Z^^Y?ntral Root Spinal Nerwe

lamic

Figure 2.3 Cross-section of the spinal cord.

The white matter of the cord surrounds the gray matter, and consists of tracts going to and

coming from the brain. These include:

1. The corticospinal tracts located in the lateral regions of the cord. These tracts carry motor

commands down from the brain.

2. The dorsal columns located in the posterior region of the cord. These tracts carry sensory input

as touch, and proprioception (position sense) up to the brain.

3. The spinothalamic tracts located in the anterior regions of the cord. These tracts carry pain and

temperature sensation up to the brain.

The gray matter is located in the center of the cord, in a pattern shaped somewhat like the letter

H. The posterior projections of the H (the dorsal horns) contain cell bodies of sensory neurons.

The anterior projections (ventral horns) contain cell bodies of motor neurons. The gray matter is



divided into several laminae numbered according to their depth in the dorsal horn from I to X as

illustrated in figure 2.4a.

>SG

Figure 2.4 a - Typical organization oflamina with gray matter of the spinal cord.

b - A schematic representation of primary afferent fiber projections into dorsal horn.

Our discussion will be focused on the dorsal horn lamina, which contain sensory intemeurons

involved in pain sensation mechanism. These laminae are those numbered from I to V. Lamina I

consists of a thin layer of neurons capping the posterior horn. It receives some pain and tem-

perature afferent fibers from the dorsal roots. This population of neurons responds to intense

cutaneous and muscle stimulation [52]. Lamina II corresponds to the substantia gelatinosa. It

receives input for pain from both dorsal root afferent fibers and descending pathways. Neurons

of lamina II synapse with cells in laminae I, IV and V. Laminae III and IV are similar to lamina

II. They receive a larger amount of afferent fibers for pain, temperature and touch. These laminae

have a large number of synopses with dendrites of the large neurons in lamina V, which give rise

to the fibers of the contralateral spinothalamic tract. The last one, lamina V, receives some



primary afferent fibers as well as descending fibers of corticospinal tract. Axons from some of

the cells of this lamina ascend in the contralateral spinothalamic tract.

Numerous primary afferent fibers project to the dorsal horn as shown in figure 2.4. Within the

dorsal horn, there are intemeurons that transfer impulses to other intemeurons or to the

ascending neurons. These neurons can be either inhibitory or excitatory. In other words, when

some of the neurons are stimulated, they can reduce the activity of the neuron to which they

synapse and then are called inhibitory neurons. Other intemeurons, when excited, can increase

the activity of the neurons on which they synapse. These are called excitatory neurons. There are

a significant population of these intemeurons in laminae II and III and this region is collectively

called the substantia gelatinosa (SG).

2.1.2 The peripheral nervous system (PNS)

The peripheral nervous system (PNS) is the body's communication network. It includes the

nerves and the sense organs. Nerves are bundles of fibers that carry signals to and from the CNS.

Different kinds of sensory receptors respond to different kinds of stimuli, which may originate

either inside or outside the body. In addition to the familiar five senses (vision, hearing, smell,

taste, and touch) there are also receptors for other stimuli such as pain, temperature, and position.

The peripheral nervous system can be divided into an afferent system and an efferent system.

The first one consists of nerve cells called afferent (sensory) neurons, which convey information

from receptors in the periphery of the body to the central nervous system (figure 2.1). The

second one consists of nerve cells called efferent (motor) neurons that convey information from

the central nervous system to muscles and glands. The efferent system is subdivided into a



somatic nervous system and an autonomic nervous system. The somatic nervous system consists

of efferent neurons that conduct impulses from the central nervous system to the skeletal muscle

tissue. It is under conscious control and therefore voluntary. The autonomic nervous system

contains efferent neurons that convey impulses from the central nervous system to deal with the

body internal environment and can be further subdivided into sympathetic, parasympathetic and

enteric. The sympathetic nervous system participates in the response of the body to stress,

especially during emergencies or sudden environment changes. For example, a situation that

results in rage or fear may produce a rapid increase in blood pressure, pulse rate, cardiac output,

sweating and blood sugar. The parasympathetic nervous system is concerned with the initiation

and maintaining of a number of specific functions, such as digest, intermediate metabolism of

food, basal heart rate, respiration and excretion. The enteric nervous system controls the function

of smooth muscles of the gut such as gastrointestmal trace, the pancreas, and the gall bladder.

2.2 The neural structure of the nervous system

The structural unit of the nervous system is the nerve cell or neuron. This is responsible for con-

dueling nervous impulses from one part of the body to another. The neuron, which is also called

the nerve fiber, is composed of three distinct portions: the cell body, the dendrites, and the axon

(figure 2.5). The cell body provides nutrients to the cell.
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Figure 2.5 Structure of a typical neuron (motor) [12]

The function of the dendrites is to conduct an impulse toward the cell body. As for the axon it is

a single, highly specialized, long, thin process that conducts impulses away from the cell body to

another neuron or tissue. Along the course of an axon, there may be side branches called axon

collateral. The axon and its collateral's terminate by many fine filaments called axon terminals.

The distal ends of axon terminals are expanded into bulb like structures, called synaptic end
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bulbs, which are important in nerve impulse conduction from one neuron to another and from a

neuron to a muscle or a glandular tissue. Some axons and dendrites are sheathed in a fatty

material called myelin, which acts as an insulator. Myelinated fibers can conduct nerve impulses

much more rapidly than unmyelinated fibers.

Neurons can be classified in three categories, based on the direction in which they transmit

impulses. The first category is composed of sensory neurons (afferent neurons) which transmit

impulses from receptors in the skin, sense organs, and viscera to the brain and spinal cord as

shown in figure 2.6(a). The second one is composed of motor neurons (efferent neurons) which

convey impulses from the brain and spinal cord to effectors that may be either muscles or glands

as shown in figure 2.5. The third one is composed of association neurons (connecting or

intemeuron) which carry impulses from sensory neurons to motors neurons and are located in the

brain and spinal cord as shown in figure 2.6(b).

2.3 The transmission of nervous impulses

A nervous impulse is a result of temporary change in electrical charges around the membrane of

the nerve fiber when it is exited by a stimulus above a certain threshold level. Once a stimulus is

above the threshold value, no matter how strong it is, there will be no corresponding increase in

the strength of the impulse transmitted by the nerve cell. But as the intensity of the stimulus is

increased, the frequency of the nervous impulses does increase up to a maximum. In addition,

different neurons in the same nerve have different thresholds of excitation, so that stimulus of

different strengths will provoke a different number of neurons to fire. Thus, the individual

neuron exhibits an all-or-nothing response. However, their collective action shows a graded
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nerve response to stimuli. A neuron may receive stimuli from a number of other neurons

simultaneously. Even if the stimuli are all weak individually, they may work together to build up

a local excitation in a neuron, prompting it to fire. In addition a nervous impulse retains its

strength no matter how far it must travel, it is continually being renewed as it passes along the

nerve fibers [12].

(a) (b)

Figure 2.6 a- A typical afferent (sensory) neuron, b- Association (connecting) neurons [12].
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2.3.1 The membrane potentials

In a resting neuron (one that is not conducting an impulse), there is a difference in electrical

charges between both sides of the membrane. This difference is partly the result of an unequal

distribution of potassium (K+) ions and sodium (Na+) ions on either side of the membrane. In

resting neurons, the K+ ion concentration inside the cell is about 28 to 30 times greater than it is

outside. The Na+ ion concentration outside is about 14 times greater than inside. Another

significant factor for the charge difference, is the presence of a large number of non-diffusible

negatively charged ions trapped in the cell. Most of them are proteins. The unequal distribution

of the ions is maintained through a metabolic driven pump (sodium-potassium pump) as shown

on figure 2.7(a). The active transport of Na+ and K+ ions is unequal; that is, three Na+ ions are

actively transported out for every two K+ ions actively transported in. This results in a charge

difference between both sides of the membrane (positive outside and negative inside). This

charge difference in a resting neuron is called the membrane (resting) potential and such a mem-

brane is said to be polarized (figure 2.7(b)). Electrical measurements of a polarized membrane

indicate a voltage of about 70 millivolts (mV).

2.3.2 The excitability and the nervous conduction

The excitability is defined as the ability of nerve cells to respond to stimuli (heat, cold, electrical

stimulation, mechanical damage and various chemicals) and to convert them into nervous

impulses. If a stimulus of adequate strength (above threshold stimuli) is applied to a polarized

membrane, the membrane's permeability to Na+ ions greatly increases at the point of stimulation

(figure 2.8(b)).
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Figure 2.7 Development of the membrane (resting) potential [12]

As a result, sodium channels open and permit the influx ofNa+ ions by diffusion. The movement

of Na+ ions inward also results from the attraction of Na+ ions by the negative ions located

inside the membrane, and since there are more Na+ ions entering than leaving, the electrical

potential of the membrane begins to change. At first, the membrane's potential shifts from -70mv

toward 0 and then to a positive value, this loss of polarization is called depolarization. The Na+

ions continue to msh inside until the membrane's potential is reversed (the inside of the

membrane becomes positive and the outside negative). As Na+ ions continue to move inward,

depolarization increases. Once the events of depolarization have occurred, we say that an action

potential (nerve impulse) is initiated. The stimulated, negatively charged point on the outside of

the membrane together with the positive point (still polarized) adjacent to it generate a local

electrical current flow (figure 2.8(d)). This local current causes the adjacent part of the

membrane to reverse its potential. The reversal repeats itself over and over until the nerve

impulse is conducted along the neuron.
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Figure 2.8 Initiation and conduction of a nervous impulse [12].

By the time an impulse has traveled from one point on the membrane to the next, the previous

point becomes repolarized (its resting potential is restored). Repolarization results from a new

series of changes in membrane permeability. The outward movement ofK+ ions occurs through

potassium channels because of the high concentration of K+ ions inside the membrane (figure

2.8(c)). As the K+ ions move through the open potassium channels, the outer surface of the

membrane becomes electrically positive (figure 2.8(d)).

16



The heavy loss of positive ions leaves the inner surface of the membrane negative again. Until

repolarization occurs, the neuron cannot conduct another impulse. The period of time during

which the neuron cannot generate another action potential is called the refractory period. K+ ions

that have leaked to the outside of the membrane and Na+ ions that have leaked to the inside of

the membrane must be restored to their original sides of the membrane. Ultimately, this is

accomplished by the sodium-potassium pump, by which extra K+ ions on the outside are

pumped back in and extra Na+ ions on the inside are pumped back out. However, the pump is

not required for the initial repolarization of the membrane after each nerve impulse. This is

accomplished by the outward diffusion of K+ ions through the potassium channels. The sodium-

potassium pump goes into operation only after thousands of nerve impulses have caused a

massive shift of ions. A record of the electrical changes associated with a nerve impulse is

illustrated in Figure 2.8 (e).

In myelinated fibers, the mechanism of impulse conduction is somewhat different. Ions can't

pass freely through the thick myeline sheath, but they can flow through the neurofibral nodes

(nodes of Ranvier). A nervous impulse is propagated from node to node rather than continuously

along the fiber. This means that the electrical current flows through the surrounding extracellular

fluids, exciting each successive node in turn (figure 2.9). Thus, the impulse jumps from node to

node. This type of impulse conduction, characteristic of myelinated fibers, is called saltatory

conduction. Since the impulse jumps long intervals when moving from one node to the next, the

speed of propagation is much faster than step-by-step depolarization process involved in an

unmyelinated fiber of equal diameter.
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Figure 2.9 Saltatory conduction along a myelinated nerve fiber [47].

2.3.3 The conduction across svnapses

Impulses are conducted from one neuron to another across intemeuronal junctions called syn-

apses. Synapses occur between different neurons predominantly through contact with dendrites.

Figure 2.10 shows that within synapses, there is a minute gap (about 20 nm across) called the

synaptic cleft. A presynaptic neuron is a neuron located before a synapse. A postsynaptic neuron

is located after a synapse. At a synapse, there is only one-way impulse conduction from a

presynaptic axon to dendrites, cell body, or an axon hillock of a postsynaptic neuron.
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Figure 2.10 Impulse conduction at synopses [12].

Whether an impulse is conducted or not across a synapse, depends on the presence of chemicals

called neuro-transmitters made by the neuron. Following its production and transportation to the

synaptic end bulbs, the neurotransmitter is stored in the end bulbs in small membrane-enclosed

sacs called synaptic vesicles (figure 2.10). When these chemicals are released, they diffuse

through extracellular fluid in the synapse until they reach the surface of the postsynaptic neuron.

There, they are promptly bound to specific receptor sites, called cholinoreceptors. This

mechanism is not yet entirely understood. The binding of ocetylcholine to the cholinoreceptors

produces an increase in the permeability of the membrane to sodium ions, which rush into the

cell and spark a spreading wave of depolarization in the postsynaptic neuron. Thus, the impulse

is transmitted from one neuron to another. The transmission across the synapse is a far slower

process than the conduction of an impulse along a single neuron. It takes about half a

millisecond. Some neurons act to inhibit the neurons with which they synapse rather than exiting
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them to fire in turn. They act to prevent the excitation of the postsynaptic neurons. Such

inhibitory neurons also release neurotransmitter chemicals into the synapse.

2.3.4 The types of nervous fibers and the speed of nervous impulse

Nervous fibers can be classified according to their diameter, the presence or the absence of

myelin, and the conduction velocity. Myelinated nerve fibers are called A fibers. They are the

largest in diameter and conduct impulses at the highest rate. The A fibers are further divided by

their decreasing sizes into alpha, beta, gamma and delta fibers. The unmyelinated fibers are

called C fibers and have the smallest diameter. They also have the lowest rate of impulse

conduction velocity. Table 2.1 lists the different nerve fibers and their conduction velocities.

Nerve Fiber

A-alpha

A-beta

A-gamma

A-delta

c

Fiber Diameter
(in microns)

10-21

05-12

2.5-6.5

01-05

0.3-1.3

Myelination

+

+

+

+

Conduction Velocity
(m/sec)

50-100

30-70

10-40

12-30

0.5-2.3

+ Presence ofmyelin (covered with fatty sheet).
- absence of myelin.

Table 2.1 Different nerve fibers and their conduction velocities [42]
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2.4 The pain pathways and mechanism

Pain is a sensation caused by injury, disease or inflammation resulting from tissue damage. This

causes the release of a variety of chemical mediators such as Bradykinin, Histamine, Serotonin

and Substance P. Those chemicals activate the nociceptors (receptors of pain) by depolarizing

the membrane of their sensory endings causing them to generate electrical impulses. The

mechanism by which diverse chemical, thermal, and mechanical noxious stimuli depolarize free

sensory endings and trigger an action potential are still unknown [22]. The pain impulses travel

to the central nervous system through primary afferent neurons of both types of fibers. The A

fibers transmit impulses quickly and then carry the sensation of sharp and localized pain. The C

fibers, transmitting impulses more slowly, carry the sensation of dull and longer lasting pain that

may be difficult to localize. The primary afferent neurons synapse with second-order neurons at

the dorsal horn of the spinal cord as illustrated in figure 2.11. There are also intemeurons located

in the dorsal horn that may become involved in the process since they synapse with the second-

order neurons. Once the impulses have been passed to the second-order neurons, they are carried

to the thalamus where awareness of pain occurs. The impulses are finally relayed to the cerebral

cortex by third-order neurons, where pain is localized and its type and intensity are recognized.

Once the pain has been detected and determined, it is modulated by the descending inhibitory

system, which originates in the sensory cortex and terminates in the dorsal horn. The modulation

occurs at synapses in the dorsal horn by releasing different chemicals as Enkephalin and

Norepinephrine, which inhibit the activity of neurons that give rise to fibers found in the

spinothalamic tract. These phenomena have been studied by Melzack and Wall [38, 53] and

presented in a model describing the pain modulation mechanism known as the "gate control
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theory of pain".
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Figure 2.11 Sensory pathway for pain and temperature [47].

2.4.1 The eate control theor/ of pain

The gate control theory of pain can be considered as the foundation of all further clinical

experimental trails for pain modulation. According to this theory, noxious stimuli from the

nociceptors are carried to the spinal cord through two types of fibers, myelinated fibers (A-beta

fibers and A-delta fibers) and unmyelinated C fibers. Figure 2.12 depicts a schematic diagram of

the gate control system. The theory postulates that there is a physiologic "gate" composed of

inhibitory cells located in laminae II and III (Substantia Gelatinosa (SG)) and, transmission cells
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(T cells) located in lamina V of the dorsal horn. Pain transmission is regulated through this gate

by a balance between the firing of small-diameter neurons (A-delta, C fibers) and large diameter

ones (A-beta fibers).

The inputs of the system come from large (L) and small (S) afferent fibers. These fast and slow

fibers have connections with the SG and with the T cells that send the modulated output of the

gate to the brain structures. The fast fibers (A-beta) have also a direct connection to the thalamus

in the brain, which can in turn send information back to the gate control system in the spinal

cord. The output of the gate control system is modulated by the neural activity of both fast and

slow fibers allowing the excitation or inhibition of the activity of the SG and the T cells. In fact,

the neural activity of the T cells is increased when the fast and small fibers are firing, while the

neural activity of the SG is excited by the fast fibers firing and inhibited by the slow fibers

activity. On the other hand, the neural activity occurring in the SG has an inhibitory action on the

T cells. Hence, although the large afferent nerves excite directly the T cells, they also produce an

inhibitory action on them through their excitation of the SG.

The final output of the gate control system is the result of the neural activity of large and small

fibers. If the small fibers activity are greater than large fibers one, the gate is opened and the

transmission of pain impulses occurs. On the other hand, if the activity of the large fibers is

greater than that of the small fibers, the gate is closed and transmission of afferent pain impulses

is inhibited. However, because of direct connection of the large fibers to the T cells, this may

result in a trausitory pain sensation before its inhibition through their connection to the SG. In

other words, if a stimulus activates only small fibers, it generates a direct excitatory effect on the

T cells and inhibitory effect on the SG preventing its inhibitory action on the T cells. This results
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in T cells firing giving raise to pain sensation. In the other case, if a stimulus activates only large

fibers, it generates a direct excitatory effect on the T cells and the SG. The latter generates an

inhibitory action on T cells canceling their excitation and therefore no transmission of pain

sensation. In the case of a stimulus that activates both small and large fibers, a combined action

on the T cells results in moderated pain sensation.

L

Input

s

central
control

gate control ayatmn

T
0<('
_L

action
system

Figure 2.12 The gate control theory of pain [40].

The gate control system output is also affected by descending controls from the brain. In fact, the

input from the large afferent fibers feeds directly into the higher brain activating a cognitive

control which can affect the gate control system operation by acting through the inhibitory SG
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cells. This is called the central control trigger. Its effect may be either inhibitory by sensitizing

the gate to A-beta fibers activity, or excitatory by sensitizing the gate to C fibers activity. This

phenomenon is directly related to the psychological state of the individual. This means that

emotional state and mental condition can play an important role in pain sensation [54]. From

there, one can explain the case that anticipation of pain is sufficient to raise the level of anxiety

and thereby the intensity of perceived pain [15]. Table 2.2 lists some conditions that may

contribute to open or to close the gate.

Physical
conditions

Emotional
Conditions

Mental
Conditions

Conditions that open the gate

Extent of the injury
inappropriate activity
level

Anxiety or worry
Tension
Depression

Focusing on the pain
Boredom

Conditions that close the gate

Medication
Counterstimulation,

Positive emotions
Relaxation
Rest

Intense concentration or
distraction
Involvement and interest in
life activities

Table 2.2 Condition that open or close the gate.

The gate control theory got an added boost by discovering that the excitatory state of an

individual T cell is influenced by chemical substances, such as Enkeptialins and Endorphins,

released from adjacent nervous endings [10]. The nervous endings, which release these chemical

substances, belong to different places in the nervous system. The effect of those chemicals

relieves pain. Thus any technique, which increases their activity, reduces pain. In the spinal cord

they inhibit the forward transmission of pain impulses. In the brain they reduce the sensation of
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pain. Rubbing and scratching itching skin or aching joint might also activate Endorphins. The

effect of Endorphins is specific to the pain, unlike local anesthesia which blocks nerves carrying

normal touch and movement control.

2.5 Conclusion

In this chapter the fundamentals of the human nervous system have been presented and focused

on the parts responsible for the pain sensation mechanism. The latter has been also explained and

described using the gate control theory. Nervous impulses travel through the nervous pathways

by electrical and chemical (neurotransmitters) means. Pain impulses are conveyed from the

periphery to the dorsal horn of the spinal cord before reaching the brain to be interpreted. An

acute pain generates nervous impulses that are conveyed through small myelinated A fibers (A-

delta) while chronic pain is conveyed through nonmyelinated C fibers. The gate control theory

suggests that pain messages coming into the cord on C fiber can be blocked in the spinal cord if

there is high activation of A fibers. This activity triggers the release of neurotransmitters

(endorphins and ankephalins) which inhibit transfer of pain impulse arriving via the slow

transmitting nerves before it is relayed to the brain.
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3 ELECTRICAL STIMULATION AND SYSTEM'S DESIGN CRETERIA.

Nowadays, it's a well established fact that electrical stimulation can be used in many medical

applications to artificially excite a nerve or a muscle in order to create or to modulate an activity

that can no longer be performed naturally by the human body. During the last years, new

technological developments have raised growing interests in using this technique. In fact, the

high degree of integration that can be achieved today on electronic components and devices

makes it possible to design portable or implantable modules that can be used without disturbing

the patient's daily activities. Consequently, many specialists in different fields such as material

sciences, electronics and microelectronics, rehabilitation, surgery, and many others, are joining

their efforts to design these systems and to enhance their performances so that they respond to

the patient's needs correctly and safely. Different studies have been achieved and many others

are being conducted by different research groups to determine the consideration to be taken into

account to bring out an efficient device. These involve the stimulus waveform parameters as well

as the specific features of the device depending on the targeted application. In this chapter we

will discuss and report various criteria and variables that have been studied to perform successful

electrical stimulation. The discussion will be particularly focused on our subject that is spinal

cord electrical stimulation used for pain control in order to justify the design criteria of our

original system.

Due to the success of electrical stimulation for pain control, there are growing interests in

implantable stimulators among the medical community [4, 7]. Few commercial implants have

27



been designed for pain control [35, 36, 37]. They have been designed to deliver fixed patterns of

waveforms and have a lack of full range of parameter programmability; they deliver the basic

feature of the stimulation parameters such as pulse amplitude, duration and pulse rate. Present

parameters for stimulation may be somewhat limiting and do not allow the therapist to adjust

current characteristics for each individual. There are different variables in electrical stimulation

that can be adjusted in order to relieve pain. In this chapter we will discuss various criteria to

enhance the targeted stimulator to allow the therapist the greatest degree of freedom in adjusting

current characteristic [19, 20].

3.1 Spinal cord electrical stimulation for pain control

The concept of the gate control theory for pain modulation has been supported by both

experimental and clinical evidence [14, 18, 23, 41, 46]. Shealey and coworkers first utilized the

concept in 1967 by placing stimulating electrodes over the dorsal column of the spinal cord via

laminectomy, to treat refractory chronic pain [44]. Dooley simplified this method by proposing

percutaneous implantation of electrodes in the dorsal epidural space [9]. In this technique,

electrodes are positioned percutaneously, under local anesthesia, in a position that results in

paresthesia in the area of pain. Then clinical tests are performed through external apparatus to

determine the stimulation parameters and the stimulus waveforms that provide adequate pain

relief for each individual. Today, many clinical experiments are still performed in that way and

most of researches are focused on the stimulation sites to be used for specific pain sensation and

the stimulus waveform shape and parameters that should be used to lead to an efficient pain

relief.
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A significant volume of studies has been reported to support the efficiency of spinal cord

electrical stimulation to treat a wide variety of painful conditions with good to excellent clinical

results ranging from 50% to 75% in properly selected patients [8, 24, 31, 34]. One can say, that

electrical stimulation technique is now well established as a means to treat intractable chronic

pain and has reached a robust childhood state. Unfortunately, despite these encouraging results,

very few portable systems, if not only one, have been designed to make it possible to receive the

treatment during normal daily activities. Moreover, these systems still suffer from some

weaknesses and a lack of flexibility, limiting their efficiency and making them hardly suitable

for different pathologies.

3.2 Stimulation Sites

The most common sites of electrical stimulation applied for pain control are located along the

spinal cord where sensory fibers are conveniently segregated from motor fibers [22]. In addition

most of the messages coming from and going to the various parts of the body travel through that

region of the nervous system. One can therefore affect many different nerve tracts by

strategically placing electrodes in the spinal cord. The electrode placement over the spinal cord

depends on the pain site. Figure 3.1 indicates the stimulation sites that can be used for different

pain locations.
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Figure 3.1 Target stimulation sites for different pain location [32, 51].

3.3 The electrode-tissue interface

The success of the electric stimulation with implanted metal electrodes depends in part on the

understanding of the electrochemical mechanisms controlling the charge transfer across the

metal-tissue interface. A successful stimulation should be able to achieve activation effect

without causing damage to the neurons or the surrounding tissue [1]. This can be achieved by

considering different factors such as electrode material, electrode size and the parameters of the

stimulating waveform. The most widely used noble metal is platinum and its alloys with iridium

because of their resistance to corrosion [1, 5]. However, even the noble metals corrode under

some specific conditions of electrical stimulation. On the other hand, injecting electrical charges

into biological tissues will produce different electrochemical processes that should be controlled

to ensure their safety by keeping them harmless.
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The basic principle of electrical stimulation consists of transferring an electrical charge from a

metallic conductor (electrode) to an ionic conductor (biologic saline). There are two conduction

mechanisms that can take place depending on the charge quantity. For small charges, the process

can be purely capacitive (charging and discharging of a charge double layer present at the metal

electrolyte interface) but at functional charge densities, the mechanism will be faradic. The

capacitive mechanism works like a parallel plate capacitor. Opposing charges are built up on

either side of the interface. Between these two charge layers, a third one is formed by oriented

water molecules, absorbed on the metal surface, to act as a dielectric. The capacitive mechanism

involves altemation and repulsion of ions in the tissue fluid in response to changes in

electrostatic charges on the metal surface, that is, the charging or discharging of the electrode

layer. There is no electron transfer across the electrode-electrolyte interface. Charging or

discharging the double layer capacitance is an ideal mechanism of charge injection because no

chemical changes can occur in the tissue. However, charge densities in excess of the charge that

can be injected by double layer charging lead to the equivalent of dielectric breakdown and the

onset of chemical reactions resulting from the faradic mechanism. This one involves electron

transfer across the electrode-tissue interface and therefore necessitates that some chemical

species be either oxidized or reduced. The faradic charge injection processes are divided into two

groups, reversible and irreversible, depending on whether the oxidation-reduction reaction

introduces new chemical species or not. Reversible faradic reaction involves species that remain

bound to the electrode surface. These processes produce no new chemical species in the bulk of

the solution and can be quantitatively reversed by passing charges in the opposite direction.

Examples of reversible faradic charge injection processes are oxide formation and H-atom
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plating reaction on platinum that can be expressed by:

Pt + HiO <-> PtO + 2H+ + 2e " Oxide formation"

Pt+H++e" <^ Pt-H "H-atom plating"

Other faradic reactions involving species that do not remain bound to the electrode surface will

be at least partially irreversible, because some of the products will escape from the electrode

surface into the surrounding fluid. Irreversible processes include reactions that lead to electrode

corrosion, electrolysis of water to form Hi or 02 , or oxidation of chloride ion to form chlorine or

oxychloride species, as expressed respectively by:

Pt + 4C1- -> [PtCli]"2 + 2e

2H20 + 2e -^ HzT + 20H

2H2 -^ Oz T + 4 H+ + 4e

2C1- -^ C\2 T + 2e-

Cl -^ C10 + 2H+ + 2e

where the symbol (T) indicates gas evolution.

All of these irreversible processes are undesirable for charge injection because they alter the

chemical composition of the tissue fluid, produce biologically toxic products, or generate

extremes of alkalinity or acidity.
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3.4 Charge density for safe electrochemical processes

For safety consideration it is important to determine the acceptable charge injection limits and

the electrical stimulation protocols in terms of chemical reversibility of the corresponding

electrochemical processes. For a given electrode material, there is a limit to the charge that can

be injected. This charge per pulse is also called reversible charge injection limit and is expressed

as a charge density referred to real or geometric surface area of the electrode. In order to ensure

chemical reversibility, the charges must be reversed before this limit is reached. In this way, it is

unlikely that a stimulation electrode may fail either because the active metal area "dissolves", or

because electrolysis by-products "poisons" the surrounding neural tissue

3.5 Stimulation modes

There are two basic modes that are used in electrical stimulation depending on the charge

distribution to be generated and therefore on the targeted application. The first one, called

monopolar mode, consists of using an active electrode as a source while the return of charges is

made through a reference electrode placed relatively far from the stimulation site. This mode is

usually used to spread the charge over a large area and then facilitates the stimulation of deeper

tissue. In that case, current density is usually maximal at the interface between tissue and

electrodes and tends to decrease with distance from the electrode as the flow spreads out. In the

second mode, closely spaced electrodes are used, configuring one of them as a charge source and

the other as a charge sink. This makes the effective area of stimulation localized and concentrates

the charge distribution in proximal tissues.
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3.6 The stimulus waveform

The criteria of choosing the nature, the shape and the parameters of the stimulus waveform are

among the most important issues to perform successful stimulation pain control. The choices are

based on the rules of producing desired clinical effect, and the safety considerations of the

electrode-tissue interface.

It has been widely recognized that controlled current stimuli are preferable compared to

controlled voltage stimuli in any application requiring maximum protection of the neural

substrate and the electrode itself [1]. The constant current stimulator holds the intensity constant

at the desired level by dynamically adjusting the voltage between electrodes to match the

changing impedance. The injected charge quantity can then be well defined by setting the

duration of the current pulse as desired. Constant voltage stimulator maintains the voltage

between the two electrodes constant. The current delivered to the tissue will then fluctuate

inversely with impedance. This will make the control of the injected charge quantity very hard

since the tissue impedance may change depending on the physiological conditions or on the

general state of the patient.

Taking into account all of these considerations, the pattern of the stimulating waveform that

seems the most adequate for neural stimulation, is a biphasic one with no net DC current to

ensure net charge balancing at the electrode site [1,5]. Such a waveform will be applied to a pair

of electrodes in bipolar mode and consists of a current pulse flow in one direction until the

desired quantity of charges is reached, and then reverses as a mirror image in the opposite

direction. The resulting quantity of charge is equal in both phases. A waveform, of a typical
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biphasic pulse, is shown in Figure 3.2, where A is its amplitude, W is its width.
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Figure 3.2 Typical biphasic stimulating waveform

3.6.1 Strength of stimuli

To bring the nerve to critical excitation (depolarization), the injected charges must be of

sufficient strength. The strength of the stimulus has to be bounded by the lower perception

threshold and the upper discomfort one. The intensity of stimulation can be changed by varying

pulse amplitude [17]. Because of large variation in threshold of pain among individuals and since

the electrode insertion may differ from one case to another, the perception and discomfort

thresholds as well as the appropriate level of stimulation should be determined during clinical

trials. Figure 3.3 shows the perception threshold (P) and the discomfort threshold (D) as a

function of the distance (d) between electrode and spinal cord. The applied stimuli have to be

maintained between (P) and (D) [17].
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Figure 3.3 Stimulation window depending on the distance between electrodes and spinal cord.

3.6.2 Current Amplitude

The current amplitude is an important parameter for individual excitation and adjustment of the

stimulus waveform. As the amplitude (A) rises the fibers closest to the electrode are excited first,

and among them, fibres of large diameter are affected before small ones [29]. Figure 3.4(a)

depicts a cross section of a nerve and shows the particular population of fibres excited by a

current pulse of just adequate amplitude and duration above threshold, which excite the closest

and largest fiber. Increasing the current amplitude, as shown in Figure 3.4(b), results in the

excitation of small fibers as well as other fibers farther away.
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Figure 3.4 a -A pulse at an amplitude just above threshold, b- A pulse with increased

3.6.3 Pulse Width

Since, the level of excitation depends on the quantity of charge injected into the nerve fibers,

maintaining constant amplitude and adjusting the pulse width can control the excitation. The

greater the pulse width, the lower the current required to excite the nerve. However, there are

some pulse widths, which are so short that, no matter how high the current, the nerve will not be

excited.

3.7 Efficiency considerations

In the previous paragraphs, the basic principle of electrical stimulation has been described.

However many experiments have been performed in order to enhance the stimulation results and

to get a better control over the stimulus effect and therefore to increase the efficiency of such

technique. Some of the researchers have introduced the pulse rate as stimulation parameter that

may be used to prevent the saturation of the nerve fibers while using the same stimulus strength

[21]. This means that instead of using a simple biphasic pulse, we may use a train of pulses and

then divide the same charge quantity over a number of current pulses. On the other hand, it has
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been reported that the threshold difference between different nerve fiber would be dependent on

pulse width and the delay between the primary stimulating phase and the secondary charge

balancing phase [30, 39]. Short pulse widths increase the threshold difference between different

diametefneh^ fibers. The effect becomes greatest as the delay between secondary and primary

^

pulses approaches zero. Short pulse width should be used for neural stimulation when maximal

selectivity among nerve fibers is desired because they improve the ability to activate discrete

groups of nerve fibers. Figure 3.5 determines the difference in threshold between 10 and 20

micrometer diameter myelin fibers for various pulse widths (25, 50, 100 and 200 micro-second)

and delay times (0, 20, 40 and 80 micro-seconds) when using a symmetric rectangular biphasic

pulse [39]. All the stimuli are rectangular biphasic pulses and the minimum separation between

nerve and electrode is 1 mm.

0 25 uSEC

Z0 40 BE 80
DELAY (uSEC)

Figure 3.5 Difference in threshold between 10 and 20 (im fibers for various pulse width and delay.

From another viewpoint, the brief delay between stimulation and charge balancing pulses allow

more efficient stimulation of smaller axons [39]. If the delay between the primary stimulating
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pulse and secondary charge balancing pulse is too small, the nerve may repolarize prior to

developing an action potential. A longer delay allows the nerve to develop an action potential

and may help postpone nerve fatigue [48, 50]. This delay should be less than the time allowed

for reversible charge limit which protects the tissue and electrode material [11]. Figure 3.6a

illustrates a symmetrical biphasic waveform with no delay, which allows direct reversal of

chemical reactions. Figure 3.6b illustrates a symmetrical biphasic waveform with delay tg before

reversal of chemical reaction. The last phenomenon that has been noted during experimental

trials, which limits the efficiency of electrical stimulation, is the adaptation of the nerve to

regular pattern of stimulation [45]. It has been noted that if sensory level stimulation at

frequencies greater than 15 PPS is maintained for a prolonged period of time, there is a gradual

reduction in the ability to sense the stimulation (adaptation) [43]. A possible method to overcome

this phenomenon is by varying the frequency, such that the nervous system would not be able to

predict the timing of the stimulation.
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Figure 3.6 a. symmetrical biphasic pulses with no delay, b. Symmetric biphasic pulses with delay ts.
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3.8 System design criteria

The results that have been reported in the previous section are generally obtained by using

external apparatus. In fact, the device that gives access to a sufficient degree of flexibility to

apply these considerations or perform further research is still unavailable. Thus, the system

targeted in this work consists of a miniaturized device that will be surgically implanted and fully

externally programmable to respond to clinical needs. This device will be appropriate for

clinicians to conduct further research as well as for patients to perform more efficient pain relief

and to benefit from future developments by being easily upgradable over time. Hence, the system

will include all of the established considerations resulting from the experience gained by

different research project in SCS. Also the system will include other features that should enhance

the results of electrical stimulation used for pain control and provide an efficient device as well

as a powerful research tool to perform more experiments. The following sections describe the

basic design criteria used to reach our goal

3.8.1 Electrode confi gurati

Managing pain by electrical stimulation requires exact placement of electrodes to obtain pain

relief. The contacts that give best results are usually selected empirically. Different electrode

configurations ultimately allow rapid selection of optimal electrode placement for a specific pair

without extensive empirical testing. Lead tip migration also is the most common problem in

spinal cord stimulation. It causes paresthesias in areas not associated with the pain and

consequently leads to lack of pain relief [28]. Therefore programmability of electrode

configuration will be one of the major features of the device to find the best electrode selection
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and to avoid surgical manipulation of stimulation sites to compensate for lead migration or

malposition. Figure 3.7 shows different possibilities of electrode configurations of four

electrodes.

The four available electrodes

First possible configuration

Second possible configuration

Third possible configuration

Fourth possible configuration

Fifth possible configuration

Sixth possible configuration

0000
0 0

0 0
0 0

0 0
Figure 3.7 Possible configuration for four stimulation electrodes.

3^8.2 Independently controlled channels

Independently controlled channels make it possible to deliver two separately programmed

arrangements of impulses. Although theoretically, a pair of electrodes should be sufficient for

pain relief, since we already provide four electrodes, the activation of the other pair may result in

a beneficial charge distribution. In fact, the combined effect of two active channels will result in

charge distribution that can not be obtained by a single channel and then will increase the

flexibility of the system by giving access to a greater degree of artificial nervous influx
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modulation. As a simple example we can consider the third electrode configuration of figure 3.6

combined with the fourth configuration to increase the charge density in the central region.

3.8.3 Stimulus timing options

As mentioned before, there are three time variables that must be taken into account to set the

stimulus waveform. The system should provide a complete control over the pulse width, the

delay between anodic and cathodic phases of the pulse and the stimulation frequency. More over,

it should be possible to vary the stimulus frequency in order to prevent the nerve from getting

habituated to the stimulation timing. This will be performed by providing a randomization option

that may be used if desired. It consists of varying the stimulus frequency randomly around the

nominal value specified by the user. The resulting random distribution will keep the central

frequency value statistically constant. Figure 3.8 shows a typical randomly distributed frequency

waveform.

Amplitude
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Figure 3.8 Randomly distributed frequency waveform.
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3.8.4 Stimulus amplitude control

The amplitude of the current waveform is an important parameter to set the desired charge

quantity to be injected to the nerve. Moreover, this parameter may be used to modulate the

injected charge distribution, which may affect the nerve response or the pain control. In some

cases, gradually increased stimulus amplitude will be preferred to a prompt rising edge stimulus

to prevent the nerve from uncomfortable shocking. For these reasons, the system should be able

to generate any pulse shape, so that it can provide ramping amplitude or an approximation of any

desired analog pulse by multi-segment sampling of its amplitude. Figure 3.9 shows an example

of a multi-segment pulse approximation of a triangular shape.

Am

Figure 3.9 Eleven-segment pulse.

On the other hand, varying the pulse amplitude may be used as another possible method to

prevent the nerve from adaptation to a fixed pattern electrical stimulation. Thus, in the same

manner as for the stimulus frequency, the system will be provided with a randomization option

for the pulse amplitude. It consists of varying the amplitude of each segment randomly within a
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range of the stimulation window around the specified nominal value. The resulting random

distribution will keep the central value statistically constant. Figure 3.10 shows a typical pulse

with random amplitude.

Amplitude

BiAl
IA

\1/

u
A2 W A3 ;A4 ffi-

ij u
IA

^
u

A6
-^. time

Figure 3.10 A typical pulse with random amplitude.

3.9 Conclusion

In this chapter we have discussed different aspects of electrode by focusing on those related to

pain control. The electrochemical phenomena at the electrode-tissue interface have been

discussed to introduce the safety consideration, one of the major aspects of this technique. We

have also reported different research that has been undertaken to increase the efficiency of spinal

cord electrical stimulation. The investigation results have been used to set the basic design

criteria of our system as described at the end of this chapter. In the following chapters we will

describe our system and detail its technical characteristics as dictated by these design criteria.
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4 MICROSTIMULATOR DESIGN AND IMPLEMENTATION

As described in the previous chapter, there is no doubt that SCS is an efficient technique for

chronic pain treatment. Many experimental results have been reported to support that.

Unfortunately, very few portable systems have been designed to perform such treatment.

Moreover, available portable systems still rely on the basic principle of electrical stimulation as

it has been determined since the first experiments performed in the field. This means that they

can generate only a simple fixed pattern stimulus giving access to a limited control of stimulation

parameters. This makes them hardly suitable for different pathologies, limits their efficiency and

may even make them inefficient after a short period of use. Clinical research has reported many

discoveries that should be included in the stimulation algorithms to significantly increase the

efficiency of such device. However, this can not be performed by simple modifications on

existing systems and necessitates the design of completely new ones. The system described here

consists of a very advanced one including all of those considerations and more. In fact, from a

therapeutic viewpoint, its unlimited flexibility and complete external programmability, make of

it a sophisticated device that responds to clinical needs by being easily adjustable to suit different

pathologies. On the other hand, from an investigational viewpoint, it can be seen as a powerful

research tool to discover better stimulation strategies that may be implemented on the system to

upgrade it without having recourse to surgery.

The core of the system that will ensure and provide its basic features, is the microstimulator. This

one has been designed as a dedicated RISC architecture microprocessor according to the general
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design criteria described in the previous chapter. In the following section we will detail the

architecture of this main component of the system and describe the technical specification that

dictated its design. We will also discuss the different operations that can be performed with the

resulting integrated circuit and give some examples of original stimulus waveforms that can not

be performed by other devices.

4.1 Microstimulator Architecture:

The microstimulator is the most important component that ensures the flexibility of the system to

implement any stimulation algorithm. In our application, we should be able to generate stimuli

over one or two stimulation channels using various combinations between four independent

outputs. The stimulus should be a current waveform whose parameters are fully adjustable. We

should have complete freedom to generate on each stimulation channel a simple or multisegment

biphasic pulse shape, and get full control over its timing such as the duration of each amplitude

segment, the delay between the anodic and cathodic phases and the frequency of pulses.

Moreover, we should have the options to start with a cathodic or anodic current and to randomize

the amplitude and/or the frequency of the pulses. All these features will give access to an

unlimited number of therapy programs that may be built up and stored into an external memory

interfacing the integrated circuit. This memory would contain one or more therapy program that

may be selectable by the user at his convenience.

To achieve these goals, the microstimulator has been designed as a microprocessor executing a

set of command words to perform desired operations. These command words will be received

serially since the data will be coded and transmitted from outside through an inductive link.
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There will be two categories of command words. The first one will be used as an operating

system for the chip to deal with the memory and the execution of the programs. It includes

instructions to select or to run the therapy program or to reset the system. The second category

includes the instruction set that will be used to build up a therapy program and therefore to

describe a stimulus waveform or stimulation algorithm.

Fig (4.1) shows a simplified block diagram of the whole chip. The various blocks of the

processor communicate between each other over a 13-bit bus. The latter is used to carry both

data and addresses. The chip uses an 8-bit address to communicate with the memory, and several

control lines to synchronize the operations between its various parts. The basic operations of the

chip consist of storing a therapy program into the memory and then executing it. As mentioned

before, many therapy programs may be stored at the same time. Thus, the microstimulator can be

instructed to execute any of them. The following sections will describe the different blocks of the

chip and will give details on how the basic operations of the microstimulator are performed.
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Figure 4.1 The simplified block diagram of the microprocessor.
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4.1.1 The Manchester decoder

The command word dispatched from outside are coded in Manchester format. The idea behind

using this kind of encoding in our design is that the code is a self-clocking one. The predictable

transition during each bit time serves as a clocking mechanism and as a data bit. A low-to-high

transition represents a logic "1" and a high-to-low transition represents a logic "O". The

Manchester decoder block receives coded data and recovers the data and the clock separately. A

block diagram of the Manchester decoder is presented in Figure 4.2a. The timing delay is

produced by the externally connected RC circuit and is generally taken to be 3T/4 so that the

duty ratio of the extracted clock is T/4. Figure 4.2b shows an example of a Manchester code

representing the binary sequence (001100)2 and the timing diagram of the resulting input/output

signals of the decoder.
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Figure 4.2 a- Manchester decoder.
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Figure 4.2 b- Clock and data realization.

4.1.2 The Receiver block.

The receiver block is responsible for receiving and validating the incoming data from the

Manchester decoder. Its simplified block diagram is shown in figure 4.3. The incoming data

message is first presented to a command detector block. Upon detection of the proper three-bit

header (Oil) 2 indicating that a meaningful command word has been received, the next 13 bits

are clocked serially into a shift register. When the 13-bit frame of data has been captured, it is

latched in parallel into a received vector register to be dispatched through the bus. At the same

time the 4-bit op-code is presented to the command decoder block to identify if the command

word is an operating system one to be executed or a therapy program data to be stored into the

memory. The command decoder block will then generate the appropriate control signals for the
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control unit to take the appropriate actions.
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Figure 4.3 Receiver block diagram.

4.1.3 The instruction set

As mentioned before the microstimulator has a microprocessor executing a set of command

words that will be either transmitted serially from outside or read-out from the interfacing

memory after being stored in. The command words are 13-bits long and should be proceeded by

a 3-bit header, when transmitted from external, to be recognized by the microstimulator. Figure

4.4 shows the command word structure and its transmission direction when received from

outside. It contains a 4-bit field for the op-code and a 9-bit field to specify the appropriate

arguments depending on the instruction to be used.
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Figure 4.4 Command word structure

The different possible operations of the microstimulator can be achieved using a set of eleven

instructions. These instructions are divided into two categories. The first category involves three

instructions intended for the operating system. These are the START, RUN, and RESET

instructions. The START instruction will be used to indicate the memory address from which the

therapy program will be stored. This address will be specified by an 8-bit argument (Ay-Ao) in

the command word. The RUN instruction will be used to execute a specific therapy program

already stored in the memory. The therapy program location will be indicated by the address

contained in an 8-bit argument (Ay-Ao) of the command word. The last instruction in this

category is RESET and will be used to reset the microstimulator by clearing all critical registers

and bringing the system to a well known initial state. This instruction can be used as the first

command in the beginning of a stimulation session. Figure 4.5 shows the specific structure
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of these three operating system command words.
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Figure 4.5. Operating system command word structures.

The second category of instructions is composed of the remaining 8 instructions that are intended

to build-up a therapy program to be stored into the memory and executed when desired by

reading it out from its memory location. If any one of these instructions is transmitted from the

external, it is automatically stored into the memory. The microstimulator will execute these

instructions only when they are retrieved from the memory. Thus, this category of instructions

deals with the generation of the stimulus waveform and the control of the currents to bring-out

the desired stimulation strategy. The MC instruction will be used to set the desired current

magnitude to be delivered to the nerve. This instruction has three arguments. These are the

polarity, the stimulation channel address and the current magnitude. The polarity is specified by

one bit (P) to be either anodic or cathodic. The stimulation channel can be formed by any pair of

electrodes and then will involve two output stages. Since we have 4 output stages, any

combination between them can be considered as a stimulation channel (0-1, 0-2, 0-3, 1-2, 1-3, 2-

3). Hence, 4 bits (C3-CO) specify the channel address. The first two bits (€3, €2) will specify the

first output stage and the second two bits (Ci, Co) will be used for the second output stage

address. As for the current magnitude, it is specified over 3-bits (M2-Mo) providing 8
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current levels. The MC instruction will only prepare the concerned output stages by writing the

data into their respective memories. Another instruction called OSS will be used to fire the

stimulus by connecting the electrodes to the output stages. This instruction can be used to

activate or deactivate any electrode addresses in its argument. In fact, the OSS instruction has a

4-bit argument (Es-Eo) assigning one bit to each electrode. If any bit is high, then the

corresponding electrode is active, otherwise it is set floating. Once an electrode has been

activated at a specific current level, it will maintain this state until the data is changed by another

instruction. To adjust the required time interval between two instructions, we can use the NOP

instruction. This one has a 9-bit argument, which will be used to adjust the number of cycles to

be wasted during its execution. Hence this instruction can be used to adjust any time parameter

of the waveform such as the pulse duration, the delay between anodic and cathodic phases, the

pulse rate and the stimulation frequency. It is understood that this instruction may be repeated, as

many times as needed if the required delay is more than the maximum one that can be generated

by one NOP instruction. By using these three instructions, the user can describe any biphasic

multisegment current pulse, however if any mismatch between anodic and cathodic current

sources occurs in the fabrication process, there may be a net dc current that will be created. To

ensure the reliability of the microstimulator and avoid such net dc current, the stimulus will be

injected through serial capacitors connected to the outputs. If there is any difference between the

quantity of changes of the anodic phase and the cathodic phase, the serial capacitors will

accumulate this difference. Hence to establish the charge equilibrium the electrodes should be

grounded after each biphasic phase to discharge the capacitors and eliminate any net dc current.

To do that, the instruction GR will be used. As for OSS instruction, this one has a 4-bit argument

(Es-Eo) to address the electrodes. If any bit is high, the corresponding electrode is connected to

54



ground. When a stimulus period has been well defined, the GOTO instruction will be used to

obtain a periodical waveform. This instruction has an 8-bit argument specifying the starting

memory address of the stimulus period. The three remaining instructions are dealing with

randomization options provided to avoid habituation of the nerve to the stimulation waveform.

The instruction FR will be used to order a randomization of the stimulation frequency around the

nominal value specified by the therapy program. This instruction will automatically generate

random stimulus periods with a maximum deviation of about ±25% while keeping the central

frequency value statistically constant and equal to the nominal value. The MCR instruction will

be used to order a randomization of the current magnitude. This instruction will be used instead

of the MC instruction when the randomization is needed. Hence, it is used in the same manner as

the MC instruction by specifying the nominal value of the desired current magnitude in the 3-bit

argument (M2-Mo). This instruction will then automatically generate random current amplitudes

around the nominal value with a maximum deviation of ± 20 % of the current step while keeping

the central value statistically constant and equal to the nominal value. To preserve the charge

balancing when this instruction is used, the differences between the generated current amplitudes

and the nominal amplitude are stored in LIFO stack to be used in the opposite direction in the

second phase of the pulse. To retrieve these values the instruction POP will be used instead of

MCR instruction to build up the second phase of the pulse. Therefore, this instruction is used in

the same manner as the MC instruction by specifying the nominal value of the desired current

magnitude in the 3-bit argument (M2-Mo) which will be adjusted with the values popped out

from the LEFO stack. Figure 4.6 shows the specific structures of the therapy program command

words.
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Figure 4.6 Therapy program command words structure

4.1.4 The control unit block

The control unit is the central part of the microstimulator, which supervises all the operations by

issuing control signals to the various blocks and synchronize the timing of each function. It is

built around a 4-bit state machine subdivided into execution loops depending on the instruction

type and source. Fig 4.7 shows the state diagram describing the execution sequence of the

different instructions.
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Figure 4.7 The control unit state diagram.

When the instructions are received from external, the control unit executes the operations using

the first loop (GO, Sl, S2, S3) and recovers its waiting state after each execution (GO). All the

received instructions that belong to the therapy program category are automatically stored into

the memory. If the received instruction is RUN, the control unit is brought into the second loop

and proceeds to fetch and execute the instructions from the memory. There is no waiting state in

this loop. The control unit should remain running in this loop indefinitely unless a reset

instruction is sent.
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4.1.5 The program counter block

The program counter (PC) acts as an address pointer to the memory location to be accessed

during memory operation. It will be loaded by the address specified in the argument of the

START, RUN and GOTO instruction and will be automatically incremented by 1 after every

memory operation.

4.1.6 The instruction register block

The instruction register is responsible for holding the instruction during the fetch cycle. When a

RUN instruction is transmitted to execute a therapy program, the program counter is loaded by

the starting address of the program, then the instructions are read from the memory and loaded in

the instruction register. The data remains in this register until the control unit finishes performing

the appropriate actions and returns to the state S3 to read the next instruction.

4.1.7 The frequency randoimzer block

The frequency randomization will be used to keep the nerve from getting adapted to a fixed

stimulus through a long-term therapy. The frequency randomizer block will be used to vary

randomly the timing at which the current pulse should occur. This block will be responsible of

distributing the inter-pulse delay randomly within an interval of ± 25% around the specified

nominal value. In fact, the instruction that will bring this block to act is PR. This one has to

follow an NOP instruction to make the frequency randomization take effect according to the

inter-pulse delay specified by that NOP instruction argument. Fig 4.8 shows a simplified block

diagram of the frequency randomizer. As can be seen on this figure, the nominal number of the

clock cycles to be seen on this figure, the nominal number of the clock cycles to be
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wasted during the inter-pulse delay is captured in to a 9-bit shift register.
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Figure 4.8 Simplified block diagram of the frequency randomizer.

The 7 most significant bits are then latched into a 7-bit shift register to obtain a value less or

equal 25% of the nominal number. Then a signed 3-bit random number is generated to get the

number of right-shifts to be performed on this 7-bit number in order to generate proportional

random values smaller than 25% of the 9-bit nominal number. These random values will then be

signed and added to the nominal value to get a random distribution within an interval of ± 25%

of this value. It should be mentioned that the content of the 7-bit shift register is reset to its initial

value after each addition to avoid accumulation of shifts and therefore to keep the interval's

central value unchanged.
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4.1.8 The NOP counter blocks

The NOP counter block is a 9-bit down counter, which acts as a timer to adjust the timing

parameters of the stimulus that are the pulse width, the biphasic delay and the inter-pulse

interval. This is achieved by placing the 9-bit argument of the NOP instruction specifying the

number of clock cycles to be wasted in the NOP counter, and keep decrementing it by 1 until it

reaches zero. When the counting is finished a built-in test flag is set, indicating to the control unit

that the time is expired in order to resume fetching and executing the subsequent commands of

the program.

4.1.9 The amplitude randomizer block

The microstimulastor will be able to generate 8 current levels with a current step of 125|LiA. It

will also be able to randomize the current amplitude around each selected level within an interval

of ± 20% of the current step size. This option is offered for the same reason as the frequency

randomization that means to prevent the nerve from being habituated to a fixed pattern stimulus.

The nominal current magnitude is specified by the argument of the instructions MCR as

explained before. The amplitude randomizer block will be responsible, in both normal and

random modes, of adjusting the current amplitude to get the desired level by controlling the input

of the D/A converter that will be used to drive the output stage. In fact, the D/A converter has an

8-bit input with corresponding weights, respectively from most significant bit to least significant

bit, of 500 |^A, 250 |^A, 125 pA, 100 ^lA, 25.5 |LiA, 14 ^lA, 7 [lA and 3.5 |.xA. The three most

significant bits of the D/A converter input are those specified in the instruction argument and the

amplitude randomizer block generates the five least significant bits. In normal mode, the latter
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generates a 5-bit constant value of (11000)2. This results in eight possible current levels ranging

from 125 pA to 1000 \iA with a step-size of 125 |^A, according to the specified 3-bit argument.

In random mode, the four least significant bits of the amplitude randomizer block output are

generated randomly. In that way, each selected current level may vary around its nominal value

within an interval of ± 25 [tA with a step size of 3.5 pA. Figure 4.9 shows how the 8-bit D/A

converter input is obtained to set the desired current amplitude.

4-bit random number
generator

MC or MCR argument

11 R31 R2 I Rl I RO

Amplitude randomizer
block.

-bit Current magnitude register

8 bits

To output stage

Figure 4.9 Simplified block diagram of current magnitude generator
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4.1.10 The stack block (LIFO)

This block consists of a stack that will be used to store the random numbers generated by the

amplitude randomizer block in order to preserve the charge balancing for each current pulse. In

fact, as explained in the previous chapter, all the charges injected during the first phase of the

pulse must be withdrawn during the second phase. This means that the current pulse should be

symmetrical. Hence, to preserve the waveform symmetry in random mode, all the current levels

used in the first phase should be stored and used to generate the second phase. Therefore, each

time the MCR instruction is used, the random number generated for the amplitude will be

automatically pushed in the stack. In this way, when the POP instruction will be used to generate

the second phase of the pulse, the random number will be popped out of the stack to get the same

current amplitude flowing in the opposite direction. Since the current pulse may have a multi-

segment shape, the stack has a UFO structure and can hold up to 15 values making it possible to

create up to 15 segments per pulse in the random mode.

4.1.11 The output stage block

The microstimulator has an output stage for each electrode. The output stage block is responsible

for controlling the corresponding current source to set its appropriate state and parameters. It

includes a local memory to store the corresponding data of each electrode. Thus data are the

magnitude of the current to be delivered when it is the case, the polarity of the current, the

addressed channel selection bits, and the grounded electrode selection bit. Any one of the

electrodes may be used as a current source or current sink and may be grounded or configured in

a high impedance state. Thus, the output stage block receives the different control signals
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depending on the instruction that has been executed and acts consequently by generating 16-bits

of data. These data consist of 8 signals for the N-type transistors and 8 other signals for the P-

type transistors of a combined D/A converter and current source. Figure 4.10 shows a simplified

block diagram of an output stage.

Current magnitude Polarity Channel selection Ground electrode selection

r̂ ^ ^
Memory

Control signals

t

?ut configuration

^ bits ^ 8 bits

r

N-type transistor P-type transistor

Figure 4.10 Simplified block diagram of the output stage block

4.1.12 The current source

A current source module under control of the output stage generates the stimulation current that

will be delivered to the nerve. Each electrode has its own output stage and current source

module. The structure of this module consists of an D/A converter combined with on-off single

transistor current sources. This makes it possible to generate the desired current level by

minimizing the analog part and keeping the circuit as simple as possible to facilitate its

63



integration. Figure 4.11 shows the circuit of the current source module. The transistors have been

designed to generate the different weights of the current magnitude 8 bits, which are,

respectively from the most significant bit to the least significant bit, 500 ^lA, 250 |jA, 125 [iA,

100 ^lA, 25.5 ^A, 14 ^lA, 7 ^lA, and 3.5 ^A.

CP7

W/L= 234.6^1.4(1 W/L= ii7.3pm.4ti

1254A
W/L= 58.8p/21.4l

1 Vdd

lOOttA
W/L=47.1tl/21.4H

—d cp6 —d CP5 —Q CP4 —Q CP3 —Q CP2 —Q CP1 —Q CR) —Q

24.5A
W/L= 12H/21.4H

14UA
W/L=6.1n/21.4tl

7UA
W/L= 3.1^21.4^

3.5|lA
W/I/s 1.7p/21.4n

CN7

|500^A
|W/L= 190.9^66^

CN6

[250HA
^/IL= 95.6^66^1

CN5

|125(lA
|W/L= 49.9p/66n

CN4

IIOO^A
^V/L= 38.4p/66^

CN3-

|W/L= 9.8tl/66tl

CN2

IHtlA
y/iL= 5n/66ti

|7(lA

CN1 CNO

|3.5»lA
|W/L= 1.4p/66tl

Figure 4.11 The current source module.

Depending on the data presented on the gates of the transistors, the circuit can be used to

configure the electrode in different states. When the electrode has to be configured in high

impedance state, applying logic ones on their gates turns off the P-type transistors and the N-type

transistors are also turned off by applying logic zeros on their gates. If the electrode has to be

grounded, the P-type transistors are turned off and all of the N-type transistors are turned on by

applying logic ones on their gates resulting in very low equivalent impedance, which sinks any

current below the maximum value. On the other hand, as already mentioned, the microstimulator

outputs will be used in pairs to form different stimulation channels. Any stimulation channel is

then composed of a current source and a current sink. To perform that, the electrode sourcing the

current will have its corresponding N-type transistors turned off and its corresponding P-
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type transistors turned on according to the 8-bit data presented on their gates to generate the

desired current level. As for the electrode sinking the current, this one will have its

corresponding P-type transistors turned off and its corresponding N-type transistors turned on

according to the 8-bit data presented on their gates to sink the desired current level. It is

understood that these configurations will be inverted when generating the second phase of the

pulse to achieve charge balancing. We should recall that in normal mode, the smallest 3

transistors are maintained off while the next two transistors are maintained on and the largest 3

transistors are controlled by the 3-bit amplitude argument to set the desired current level. In the

random mode, the largest 4 transistors are controlled in the same manner as just mentioned;

however the generated 4-bit random number controls the smallest 4 transistors.

4.2 The chip implementation

The design of the microprocessor chip has been performed by using Synopsys and Cadence tools

[6]. The digital part of the microprocessor (figure 4.1) has been coded in VHDL so that the

design can be modified and migrated to other technologies easily. The VHDL design has been

simulated using Synopsys tools to verify its correct functionality and timing synchronization.

Extensive tests were performed for all instructions to ensure correct operation. To achieve that, a

memory model has been added to the VHDL code to emulate the interfacing memory that holds

the therapy program. Figure 4.12 gives an example of logic simulation results of the digital part,

showing the timing diagram of input and output signals. The signal DATA_IN is the input signal

that consists of the transmitted command words including the therapy program followed by a

RUN instruction, The figure shows only the last frames of input data.
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Figure 4.12 The logic simulation of the microprocessor.

Table 4.1 gives all the instructions, which have been used in that example and explains the

expected operation of each one. The other signals of figure 4.12 are the output signals of the

digital part, which will be presented, to the D/A converter to drive the current source. As already

mentioned, each current source module is composed of eight PMOS transistors and eight NMOS

transistors. Therefore, the PMOS_TRANi(7:0) and the NMOS_TRANi(7:0) signals represent

respectively the 8-bit data activating the PMOS transistors and the 8-bit data activating the

NMOS transistors of current source module i. As can be seen on the figure, the D/A converters

input signals obtained by the simulation are generated simultaneously for both channels fanned

by (electrodeO and electrode3) and (electrodel and electorde2). The two channels will have two

different current amplitudes that will vary randomly. It also can be noted that after each current

pulse the electrodes are grounded and afterwards configured in high impedance mode. On the

other hand the time delay between pulses determining the stimulation frequency has varied

randomly.
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Command Word
arguments

RESET A

START A

ORE

MCR P,C,M

MCR P,C,M

OSSE

POPP,C,M

POP P,C,M

OSSE

NOPD

ORE

NOPD

PR

GOTOA

RUN A

Binary representations

01lOOOOxxxxxxxxx

0110001x00000000

0110101000000000

011100110011x011

011100100110x100

01101lOxxxxxl111

011101010011x011

011101000110x100

01101lOxxxxxl 11 1

0110111000000010

01lOlOlxxxxxl111

011011 1000001100

011lOOOxxxxxxxxx

011001 1x00000000

0110010x00000000

Comments

Reset all critical registers and set the
microstimulator in initial state

Store the therapy program in the memory
starting from memory location (0)io

Remove electrodes from ground.

Prepare first channel formed by electrodes 0
and 3 with the current level 3 that will be
anodic with randomized amplitude.

Prepare second channel formed by electrodes
1 and 2 with the current level 4 that will be
cathodic with randomized amplitude.

Release currents on all electrodes as prepared.

Prepare first channel to deliver the second
phase of current pulse in the same conditions
as the first phase.

Prepare second channel to deliver the second
phase of current pulse in the same conditions
as the first phase.

Release currents on all electrodes as prepared.

Wait (2)io additional cycles to balance the
charges.

Ground all electrodes to remove any parasitic
net DC current.

Wait (12) 10 to set the stimulation frequency.

Randomize the frequency

Repeat the program from the address (0)io

Run the therapy program stored from address
(0)io

Table 4.1 The command words used in the simulation example given in figure 4.12
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Once the correct functionality of the digital part has been proven by simulation, the VHDL

design has been synthesized into a netlist of logical gates based on the cell library of Nortel's 0.8

micron BICMOS technology, and transferred to the Cadence environment. As for the analog part

of the chip, this one has been implemented using the same technology, directly in the Cadence

environment. The design of this part has been started from the schematic view that has been

simulated with H-spice using the Analog Artist tool of Cadence. When its correct functionality

has been proven, the layout of a current source module has been performed manually using

Virtuso. From that point, having all the microstimulator constituents, the whole chip layout has

been created with the Cell Ensemble P&R and then checked using DIVA and Dracula design

rules. When these verifications have been performed successfully, the chip has been verified a

last time using the Layout versus Schematic (LVS) comparison. Although, the minimum feature

size of the fabrication process was 0.8 micrometer, many traces have been enlarged to ensure

reliable long-term operation. The final layout has then been submitted and fabricated by Nortel

Company through the Canadian Microelectronics Corporation University programs. Figure 4.13

shows the resulting layout of the integrated circuit die, whose dimensions are approximately

3600 ^m X 3600 ^m.
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Figure 4.13 Microprocessor layout
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4.3 The microstimulator programming

To generate the stimulus waveform, the user needs to describe one complete period by using the

instruction set provided for the microstimulator. Usually, the microstimulator programming starts

by the RESET instruction followed by the START instruction to specify the memory address

from which the therapy program will be stored. Multiple therapy programs can be stored in the

memory. The execution of one or another will be started when a RUN instruction is set to the

microstimulator by specifying the first address of its location in the memory. It is understood that

each therapy program represents one complete period of the stimulus followed by a GOTO

instruction to be repeated periodically.

The microstimulator can generate a single-segment (figure 4.14) or a multi-segment (figure

4.15) pulse shape. To describe such current pulse, the user should proceed as described in the

following steps.

Magnitude(M)
L Polarity(P)

A
td | |

-^ —h^-

ts I I
I

L — _1

time

w

Figure 4.14 Typical rectangular biphasic waveform.
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Figure 4.15 Multi-segment biphasic waveform example.

1- Use the instruction START to specify the starting address where the program will be stored

in the memory. The address is specified in the 8-bit field A.

START I

2- Use the instruction MC for normal amplitude or the instruction MCR for random amplitude,

to prepare the desired stimulation channel with the desired nominal current amplitude and

polarity. The polarity bit P is set to 1 or 0 to specify if the current is respectively anodic or

cathodic. The stimulation channel is specified in the field C by using the least significant two

bits to address one electrode and the most significant two bits to address the other electrode.

The current level is specified in the 3-bit field M.

MC

MCR

0

1

1

0

0

0

0

1

•EH M2

M2

Ml

Ml

NO

MO
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3- Repeat step 2 for the second channel in the case of simultaneous stimulation.

4- Use the instruction OSS to activate the affected electrodes as prepared, by setting the

corresponding bit of each electrode, in field E, to 1.

oss

5- Use the instruction NOP to set the segment duration of the pulse by specifying the equivalent

number of clock cycles in the field D.

NOPl

6- Repeat from step 2 to step 5 for each segment of the pulse.

7- Use the instruction OSS to stop the anodic current by configuring the affected electrodes in

high impedance state. Setting the corresponding bit of each electrode, in field E, to 0

performs this.

8- Use the instruction NOP to set the biphasic delay between the two phases of the pulse, if it is

the case, by specifying the equivalent number of clock cycles in the field D.

9- Use the instruction POP to prepare the same channel at the same current level with the

opposite polarity, to generate the cathodic phase of the pulse. This instruction has the same

arguments as the MC and MCR instructions with the 1-bit polarity field P, the 4-bit channel

address field C, and the 3-bit current magnitude field M.

POP
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10- Repeat step 9 for the second channel in the case of simultaneous stimulation.

11-Use the instruction OSS to activate the affected electrodes as prepared, by setting the

corresponding bit of each electrode, in field E, to 1.

12- Use the instruction NOP to set the segment duration of the pulse by specifying the equivalent

number of clock cycles in the field D.

13- Repeat from step 9 to step 12 for each segment of pulse.

14- Use the instruction OSS to stop the cathodic current by configuring the affected electrodes in

high impedance state. As mentioned before, setting the corresponding bit of each electrode,

in field E, to 0 performs this.

15-The instruction OSS in step 14 can be followed or replaced by the instruction GR to

discharge the output serial capacitor removing any parasitic net DC current. Setting the

corresponding bit of each electrode, in field E, to 1 performs this.

GR

16-Use the instruction NOP to set the inter-pulse delay by specifying the equivalent number of

clock cycles in the field D.

17-Use the instruction PR to randomize the frequency if desired.

MM• ~0- T -0- T ii^iii MM ::2Cii ;3S:::: E3 E2 El EO

PR ^ I ^I^S^^ii^fii^ii^^i^sli^iii^iiLi^ff

18- Use the instruction GOTO to repeat the execution of the different instructions from step 2, by
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specifying the starting address that has been used in step 1, in the field A.

GOTOl

19-Use the instruction RUN to execute the therapy program (from step 2 to step 18) by

specifying its starting address in the field A.

RUN

It should be mentioned that in the case of simultaneous stimulation, the user could synchronize

the stimulation channels differently. In fact, although the steps mentioned above are considering

the same timing for both channels, the user has only to describe them with respect to their

respective temporal events in the same manner by following those basic steps.

4.4 Conclusion

There is no doubt that effective stimulation for chronic pain treatment will greatly benefit from a

fully programmable stimulator. This dedicated microprocessor of the implant has been designed

to provide a wide range of stimulation parameters and waveforms with a maximum flexibility

and programmability. The processor has been implemented with BICMOS 0.8 |^m technology.

Its instruction set has been chosen to generate complex pulse patterns with programmable pulse

amplitude, pulse duration, inter-phase delay, frequency randomization, and amplitude

randomization. These features make it possible to generate easily charge balanced biphasic

pulses or to approximate any analog waveform.
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5 SYSTEM DESIGN AND IMPLEMENTATION

This chapter describes the design and integration of the whole system of the pain controller. The

main part of the system remains the microstimulator described in the previous chapter. Hence,

the other parts should complete the system by preserving its flexibility and full programmability

to facilitate its use by the physician and the patient. A special attention should be paid to its

easiness and user-frendliness, as well as to its size to minimize its dimensions to be discretly

worn by patients.

5.1 System overview

The spinal cord stimulation system is mainly composed of three parts: two external modules and

a surgically implanted unit. Communication between external and internal parts is performed

through a transdermal inductive link. Figure 5.1 shows a simplified block diagram of the whole

system. The first external part consists of a computer-based system provided with completely

graphical application software and an appropriate hardware interface. This part is intended for

the treating physician to program the internal part as well as to modify or to find the stimulation

parameters and patterns that best fit the patient needs. Upon setting the desired specifications of

the stimulation algorithm to be used, the micro-code describing the therapy program is

automatically generated and dispatched to the internal part through the inductive link.
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Figure 5.1 Simplified block diagram of the whole pain controller system.

After achieving the adaptation of the device to the patient and finding the appropriate stimulation

parameters that relieve his pain, the use of the computer-based parts is no longer needed. This
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means that once the best stimulus has been determined and the corresponding data have been

conveyed to the internal part memory, the stimulation can be controlled by the second external

unit. This one consists of a simple switch to be used by the patient in order to start and stop

stimulation at his convenience. The output data of both external parts are coded in Manchester

format and transmitted using ASK modulation. An AM modulator using a 20 MHz carrier

performs this.

The implanted part of the system is built around the stimulator described in the previous chapter.

It includes an AM demodulator to extract the data from the received RF signal dispatched by the

external modules, an AC/DC converter to recover the power supply of the circuit, a memory

(EEPROM) to store the therapy programs, and a few peripheral discrete components. In the next

sections, we will describe the main functional parts that are specifically designed for the pain

controller system. The other common parts that are already proven by other systems developed

by our research group such as the patient switch, the AM modulator, the electrodes and the final

packaging of the different modules, will not be discussed.

5.2 The computer-based external part

The Computer-based external part consists of a personal computer executing application specific

clinical software and provided with an interfacing card to link the software output to the system's

communication hardware. The latter consists of an ASK modulator that provides to the external

coil of the inductive link a 20 MHz amplitude modulated sine wave carrying the appropriate data

generated by the clinical software and coded in Manchester format. Once the real time tests have

been performed and the effective stimulation parameters and algorithms that respond to the
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patient needs have been determined, the same interfacing card can be used to convey the therapy

programs to the patient external unit. This one consists of a microcontroller based small circuit

provided with the same ASK modulator and different external switches to be used by the patient

in order to turn the system ON and OFF or to select a specific pre-stored therapy program.

5.2.1 The application specific clinical software

The clinical software is provided to facilitate the tedious task of writing the assembler program

of the implant and to make it transparent to the physician. The various parameters of the stimulus

waveform and the stimulator configuration are entered through a series of graphical windows.

Then the software uses them to build the required micro-code that should be transmitted to the

implant. The software is programmed in an error-proof way. In fact, to ensure its reliability, a

warning message appears if any stimulation parameter is wrong or missing, or if the settings risk

generating an inconceivable stimulation algorithm or configuration. On the other hand, the same

software will be used to build a database for the patients and the treatment settings of each

clinical session. In that way, the physician can perform a better follow-up of the patients and can

load any existing setup to modify it instead of creating a new one each time.

The clinical software tool has been developed on Microsoft Windows platform, using object-

oriented programming. On starting the software a window entitled "NERVE STEVIULATOR"

appears (Figure 5.2). This window is used to assign a folder number to a patient or to open any

existing patient folder.
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(a)

(b)

Figure 5.2 The clinical software starting window.

The latter is used to store the different treatments that have been used for the patient. The button

Patient invokes another window called "New folder creation" to create a new patient folder and

to attach to it the personal information of the patient (Figure 5.3). Once the patient folder has

been created or opened, the user gives a name for the treatment to be defined or may choose any
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Figure 5.3 The patient personal information window.

existing treatment to be opened from the folder. Then, he/she should press the button Treatment

to continue. This invokes a new window called "Implant configuration" (figure 5.4) where the

different settings of the device are entered.

Figure 5.4 Device configuration and treatment setting window.
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The left side of this window is used to set the implant configuration and the general feature of the

stimulus. The user has the possibility to select either one or two stimulation channels to be used

as well as the combination of electrodes that will be invoked in the stimulation. He/She has also

to specify if the unused electrodes should be grounded or kept in high impedance state. As for

the stimulus waveform, the user has the possibility to specify whether the amplitude and/or the

frequency to be randomized or not and whether the second phase of the pulses will be generated

in reversed segment order or not. Moreover the user has to choose the polarity of each active

stimulation channel and has to describe its stimulus appearances. A stimulus period is composed

of an on-time interval and an off time interval. The user has to specify the number of pulses to be

used during the on time interval and the duration of the off time interval. Once these data are

entered, the user defines the pulses that will be used during the on-time interval of each channel

by clicking on its associated graphical area placed in the right bottom comer of the window. This

will pop up a new window called "Segment configuration" (Figure 5.5).

Figure 5.5 Stimulus period on-time settlings.

To understand the different settings of this window. Figure 5.6 shows how a stimulus period has
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been considered. The on-time interval of the period may contain several pulses separated by a

delay called sleep time. Each pulse may be composed of several segments and may include a

delay between the first phase and the reversed phase (inter-phase delay). To verify the validity of

the data used to define the pulse, the user has to confirm the expected remaining time of the

interval dedicated to the pulse (Impulse time). Each time the user wants to validate a new entry,

he/she has to press the A;dd button. Once the stimulus has been defined, the user returns to the

"implant configuration" window by pressing the button OK. From this point, the user may use

the different function buttons given in the right up comer. When the button Graphic is pressed,

the stimulus waveform of each channel is displayed on its associated graphical area as it has been

Inter-phase delay

Impulse time7"
Inter-phase delay

Off-time

Figure 5.6 Stimulus period parameters.

defined. The button Read and compile is used to generate the micro-code of the therapy

program according to the data and settings that have been entered. For the purpose of invitro

tests a window has been provided to display the resulting code (Figure 5.7). This window will

not be activated in the final version. The buttons, Transmit, Execute, and Stop execution are

used respectively to load the therapy program in the system memory, to execute the defined
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therapy program in real time, or to stop its execution. The window "Implant configuration" is

also provided with two menus. The menu File contains the functions Save for the defined

treatment and the function Close to end the session. The second menu Tools contains the same

functions provided by the five function buttons Graphic, Read and compile, Transmit,

Execute, and Stop execution. In this version of the software, the physician can erase the system

memory by loading and transmitting a special treatment file provided for that purpose. However,

it is worth adding a function button to perform that in the next version.

Figure 5.7 Therapy program micro-code window.

5.2.2 The PC interfacing card

The interfacing card is a printed circuit board that will be plugged into the ISA bus slot of the

personal computer motherboard. Its main function consists of encoding and serializing the

micro-code generated by the software to get the appropriate data that will be transmitted to the

implant. This card is designed around a 3030A Xilinx FPGA and includes a parallel in - serial
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out shift register, an address decoder, a controller, and a Manchester encoder. The output data

reference clock is generated independently from the personal computer internal clock to be

adjustable giving more freedom on the choice of the implant's clock and making it possible to

use the card for other similar applications. Figure 5.8 depicts a simplified block diagram of the

interfacing card. As already mentioned the clinical software includes the appropriate code

establishing the communication protocol with the interfacing hardware to supervise the operation

of transferring the micro-code to the card and therefore the appropriate data to other modules.

Data

Encoded data in
Manchester
Format

Receiving register

Manchester
encoder

1Z
Shift register

Reference
clock

Addres

Address
decoder

-̂^ Controller
Control
lines

Figure 5.8 Simplified block diagram of the interfacing card.

84



5.3 The implanted part

The implant includes the secondary coil of the communication inductive link with the

appropriate receiving circuit of the externally transmitted RF signal. The latter is used to provide

both data and power to the implant part. It consists of a 20 MHz sine wave, which will be

amplitude modulated during the data transfer, either when programming the device or whenever

an external control command is set through the patient unit. Figure 5.9 shows the whole

electronic circuit of the implant. The captured RF signal is first presented to a voltage doubler

(Ct, Dt, Dr, and Cr) whose output signal is fed to a step-down voltage regulator (Rz, Dz and Tz).

The DC output voltage is then stabilized (Cen) to provide the power supply of the implant. An

envelope detector (Td and Rd) is used to recover the data signal encoded in Manchester format

and to provide it to the microprocessor. An external RC network (Rm and Cm) being a part of the

on-chip Manchester decoder, is connected to the appropriate pads. The other I/O pads of the chip

are connected to the interfacing memory and to the serial output capacitors. The memory used is

AT28BV16 EEPROM , it is software erasable and has a 16K capacity.
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Figure 5.9 The electronic circuit of the implanted part.
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5.3.1 The hybrid circuit of the implant

To bring out a functional prototype of the implant, the thick film hybrid technology has been

used since it was available through the University microelectronics facilities. The resulting

prototype is mounted on a double face substrate having 1-inch X 1-inch dimensions. It has been

performed using two metal layers and one dielectric layer in a 10 mils technology. It should be

mentioned that the two 8-bit EEPROMS (AT28BV16) that have been used are in a TSOP

package because it was impossible to get their dies in a limited quantity. Figure 5.10(a) and

5.10(b) show the thick film hybrid circuit layouts of the implant. Although we succeeded to

fabricate such prototype with a reasonable size, it is possible to get much enhanced results and

more integrated product by using appropriate components and other fabrication technologies. In

fact, new surface mount technologies are more appropriate for via fabrication and gives the

possibility of using thinner metal traces while being able to use components in dies.
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Figure 5.10(a) layout of the first substrate face of the implant.

Hlfc-1m

Figure 5.10(b) layout of the second substrate face of the implant.
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5.4 Conclusion

This chapter reported the design and implementation of the spinal cord stimulation system for

pain control. The system has been integrated into a reduced size. The fabricated prototype of the

system includes the internal parts, the external part and the application programs. The latter is

used through a very friendly graphical interface to set up the stimulation parameters quickly and

easily. Some of the technical specification of the final prototype can be summarized as shown on

table 5.1.

Programming software

Communication between external and internal parts

Implant size

Supply voltage

Die size of the Microstimulator

Number of electrodes

Number of stimulation channels

Output current amplitude

Number of segments per pulse

Stimulation parameters

Options

Completely graphical

Inductive link using 20 MHz ASK modulation

25.4mmX25.4mm

3.3V

3600 urn X 3600 ^im

4

6, by regrouping electrodes in pairs.

0 -1 mA in, 125 ^lA step size

Unlimited for normal mode. Up to 15 for random

amplitudes.

Amplitude, inter pulse delay, pulse width, pulse rate,

stimulation frequency.

Random amplitude and random frequency.

Table 5.1 Technical specifications of pain controller system.
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6 TEST RESULTS AND FUTURE IMPROVEMENTS

The fabricated Microstimulator and system prototype has passed through intensive invitro tests

to provide their expected functionality. Results of some basic tests are gathered in this chapter to

show the basic features of the system as well as advanced capabilities that may be useful for new

clinical treatments. First, the basic functionality of the Microstimulator and the system prototype

will be presented to show that the system responds to basic clinical needs as any other system.

Afterwards, the original capabilities included in our system will be presented to prove that it

offers many solutions to the limitations of available systems. Finally, advanced functions proving

the flexibility and complete programmability of the system will be discussed. This will

demonstrate that the system can be used as an advanced clinical research tool and then may be

upgraded over time. The final section will deal with possible future improvements that may

enhance the system.

6.1 Microstimulator test results

Twenty packaged prototypes of the chip and twenty dies have been received from the Canadian

Microelectronics Corporation. All of the packaged prototypes have been tested by using a

dedicated test-bench which including a test board, a power supply, a data generator, a data

analyzer, an Oscilloscope and a multimeter. The first part of the chip that has been tested is the

Manchester decoder. To perform this test, an external RC network being a part of the on-chip

decoder has been calculated and plugged. A 3-V power supply and an operating frequency of

100 kHz have been used in this test. However, it is worth mentioning that the frequency may be
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different and the system may operate with other values by simply modifying the external RC

network value accordingly. The test consists of generating a Manchester code by the data

generator to be fed into the chip. The output data and clock are communicated to external word

through two output pads provided on the chip. Figure 6.1 shows the different waveforms

obtained in this test. The data vector used is (OD2C4)H and its Manchester code consists of

representing the high logic level by a clock period (01) and the low logic level by an inverted

clock period (10). Figure 6. la) shows the Manchester code with the external capacitor voltage.

Figure 6.1b) and 6.1c) shows the same Manchester code with the extracted data and clock

respectively.
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Figure 6.1 Manchester decoder test results.
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The second test consists of using an external memory to program the Microstimulator in order to

generate the different expected levels of the current amplitude. A 1KQ. resistor has been

connected between the electrodeO output and the electrodel output. The Microstimulator has

been programmed to generate a cathodic current decreasing from the high level to zero and then

increasing in the opposite direction (anodic) from zero to the high level.

PMS300A

ch.1

^hT% 500n
5PPr

v=^

y=,

'-2S

,M7

Z-T

rop~
E?1,Qi >n?s, ^,.0?,r is,<?h 1,4;

Figure 6.2 The output current ramping through all 8 programmable levels in both directions.

Figure 6.2 shows the load resistor voltage that has been obtained. As can be seen on the figure,

the output current amplitude can be varied up to a maximum value of about 1.1mA using eight

different levels distributed in a linear way with a constant current step size. This test confirms the

good linearity of the current sources, which is a basic feature of the system. This demonstrates

that the current sources present high output impedance with respect to the 1K Q. resistor, which

is comparable to the biological tissue impedance. Although, this test has been performed by

using the nominal power supply voltage of 3 V, the Microstimulator may be operated with

slightly different values. Hence, it should be mentioned that the maximum output current is
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closely dependent of the power supply voltage.

Figure 6.3 shows the variation of the maximum output current value as a function of the power

supply voltage value. It is understood that the eight current levels will always be distributed

linearly inside the current's interval.

'2 2.5 3 3.5 4 4.5 5 5.5

Figure 6.3 The output current versus VDD.

6.2 System test results

Once the microstimulator has passed the functionality tests, the whole system has been

assembled. For this point all the other tests have been performed through the clinical software as

described in the previous chapter. One of the first tests that have been made to verify the system

assembly consists of being sure that the inductive communication link and its related circuits

convey the data signal appropriately. Figure 6.4 depicts the results of this test, showing the

received RF signal that consists of ASK modulated sine wave carrying the Manchester code, and

the AM demodulator output.
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PM^ffOA

Figure 6.4 The received ASK RF signal and the AM demodulator output.

As mentioned before the system testing has been performed in different steps from the simplest

case to the more advanced ones. The first step consists to verify that the system may at least be

used as any other existing system. This means that it is capable of generating a basic biphasic

pulse train with adjustable amplitude and pulse width. Figures 6.5 to 6.7 show the results of

some tests. Figure 6.5 depicts a typical simple stimulation waveform. Figure 6.6 shows that the

pulse amplitude is adjustable and may be set to one of eight current levels. On figure 6.7, we

fired several biphasic pulses with different widths. Besides these waveform parameters, the

system can be used to generate an inter-phase delay. This parameter is also programmable.

Figure 6.8 shows some test results where we have programmed different values of the delay time

between anodic and cathodic phase.
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Figure 6.8 Different inter-phase delays.

The second set of tests deals with stimulus features that have been added to overcome the

available systems' limitations. These features may be summarized in being able to vary the

stimulus parameters randomly and to generate different pulse shapes. Figure 6.9 shows the test

results with random current amplitude and Figure 6.10 depicts the test results of frequency

randomization. As for the pulse shape, figure 6.11 and figure 6.12 show some pulse shape among

97



unlimited possibilities. These figures represent multi-segment pulses generated in different

menus. The user may choose to increase or to decrease the stimulation current in the second

phase of the pulse or may use an irregular arrangement of several pulses within a stimulus

period.
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Figure 6.9 Random current amplitude test result.
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6.3 Future capability of the system

The different test results shown in the previous section demonstrated the flexibility and the

complete programmability of the system making it possible to generate easily any pulse train

stimulus waveform. Moreover, the system may be used to generate more complex stimuli such as

amplitude-modulated pulses or frequency modulated pulses as well as any analog waveform that

may be quantized in different current levels. Figure 6.13 shows some examples of approximated

analog waveforms that have been generated by our system.
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6.4 Future improvements

Although significant advances have been made during this research work resulting in an original

and very advanced system, further improvements would be useful for the system.

First of all, since the speed of the microprocessor is not important in this application, the chip

can be interfaced by a serial memory. This will minimize the number of I/O pads of the chip and

then will reduce its size and power consumption. On the other hand, it will make it possible to

use a memory with reduced dimensions making the internal part circuit much easier to route.

This will certainly lead to a more integrated circuit with lower overall power consumption.

Hence one can think about powering the internal part with a long duration implanted battery to

make the system much less cumbersome.

From another viewpoint, the system has a unidirectional inductive link, where signals are sent

from external parts to internal parts. It would be advantageous to use a bi-directional link for

many reasons. This will ensure more reliable data transmission by using hand shaking and make

it possible to collect internal data such as the impedance between electrodes or the implemented

cell voltage level. It is understood that the Microstimulator should be modified to include these

features.

Finally, the number of independent channels may be easily increased to get more combinations

in the same array of electrodes or to use more electrode bundles to perform parallel treatments

for different pain sources.
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6.5 Conclusion

The system passed an extensive lab test and operates as expected. The test results that have been

presented show that all the microprocessor instructions operate properly. The whole system

including the related software and hardware parts has been used. There is no doubt that the

system has unlimited flexibility and a complete programmability. Many tests showed that it is

capable of generating stimulus waveforms that have been proven in clinical research but cannot

be offered by any other available system. Moreover it has many practical features that make of it

a powerful clinical research tool that may be used for further experiments.
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CONCLUSION

In this dissertation we have described the design and implementation of a versatile four channel

programmable stimulator with salient features. In this work all the design goals were met to

realize the proposed system. The latter has clearly demonstrated that it is capable of creating a

wide range of stimulus output and provides absolute control of different stimulation parameters.

This gives the pain specialists and researchers a broad range of capabilities in treating patients

with complex therapies and to meet the needs of the experiments for further research

The core of the system is the microprocessor that has been designed, fabricated and tested. It

consists of powerful custom mixed-signal ASIC having RISC microprocessor architecture. It

provides a wide range of capabilities including controlled random stimuli, ramping stimuli,

combined stimuli, and control of nerve fatigue and excitation. This concept ensures the

flexibility of the whole system and offers the physician a valuable asset and an efficient tool

upgradauble over the time to establish the most effective stimulation pattern for each pathology.

The other parts completing the system are also designed in a manner to preserve the full

flexibility and external programmability of the device by keeping its use and setup very easy. In

fact, the internal part that is built around the microprocessor is controlled through an inductive

link, by a computer based external part. This one is mainly composed of a very user-friendly

graphical interface that relieves the user from the tedious task of writing assembly programs. On

the other hand, the system is designed to be programmed by different stimulation algorithms

simultaneously. Hence, besides being able to stop and resume the stimulation at his convenience,
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the patient will get the possibility to select by himself/herself any one of the stored therapy

programs depending of his/her conditions. The system that has been designed is the only one that

offers this feature and more. In summary, the spinal cord stimulation system that has been

designed offers various features that makes it noticeably practical in clinical applications from a

therapeutic viewpoint as well as from an investigation viewpoint.

Finally although it is intended for pain control, the system proposed can be used as it is for other

applications in the field of neural prostheses or may be used as a basis to design other systems. In

fact, the basic hardware parts of the system such as the Microstimulator or the computer-

interfacing card may be easily modified or migrated to other technologies. Since the major

concepts of these parts are almost digital, they have been designed in VHDL code, which can be

easily modified as required.
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