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Abstract

High amplitude electrical muscle stimulation has been known to cause pain and
discomfort among those receiving long duration stimulation treatments to build muscle
strength. Recently, the use of prepulses in sensory tactile stimulation has been shown to
increase the pain threshold in human subjects. The use of prepulses in surface motor point
stimulation has not been tested or published in the literature. However, typical electrical
stimulator cannot output a prepulse and have limited recording capabilities.

This thesis presents the design and prototype of a novel muscle stimulator that can
output any type of prepulse shape and duration. The system is fully computer controlled
and provides muscle action potential recordings through a custom built electromyography
amplifier. The system was tested with a series of single subject pilot studies that also
looked at the merits of using ramped and rectangular prepulses during surface motor point
stimulation.

The results show that both ramped and rectangular prepulses are effective at
augmenting the M-wave response. By keeping the stimulus amplitude fixed, the prepulses
elicited M-waves responses that had much larger peak to peak amplitudes than those
elicited with the control stimulus (no prepulse). Those studies used a single stimulus to
elicit a response. A pulse train experiment was also conducted. Clinically, pulse trains are
used in a rehabilatory setting to build muscle strength. The pulse train experiment also
showed that both ramped and rectangular prepulses are effective at augmenting the M-

wave response. By lowering stimulus amplitude requirements, pain associated with high
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amplitude stimulation may be reduced. Further studies that include multiple subjects

should be carried out to evaluate the full merit of using prepulses for muscle stimulation.
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Chapter 1: Introduction

The use of electrical stimulation to build muscle has been in practice for decades.
However, most patients complain about the discomfort associated with stimulation
(Balogun, 1986). The main cause of this pain is the high amplitude stimulus used to elicit
muscle contractions which also stimulates sensory axons. Also, when stimulating
electrically, the motor nerve fibers are recruited in an opposite manner than when
recruited physiologically (Henneman, Somjen, & Carpenter, 1965). That is, large fibers
are recruited first when stimulating electrically (Fang & Mortimer, 1991a). In addition,
when stimulating using surface electrodes, nerves closer to the electrode are depolarized
first and these are cutaneous nerves that relay sensory information (Poletto & Van Doren,
2002).

In the last 20 years a number of studies have shown that reversing the order of neuron
recruitment is possible when stimulating nerves electrically (Baratta et al., 1989; Deurloo,
Holsheimer, & Bergveld, 2001; Fang & Mortimer, 1991b; Grill & Mortimer, 1997;
Hennings, Arendt-Nielsen, & Andersen, 2005; Poletto & Van Doren, 2002; van Bolhuis,
Holsheimer, & Savelberg, 2001). Most of these studies were carried out on the nerve
itself using cuff electrodes which requires invasive surgery. However, two studies were
carried out using surface stimulation. In one, only sensory fibers were stimulated and the
researchers showed that they could inhibit the afferent pain fibers and increase the pain
threshold (Poletto & Van Doren, 2002). In the other study, very long duration ramped

stimuli were used to reverse the order of motor unit recruitment (Hennings, Arendt-



M.A.Sc. Thesis - M.P. Willand McMaster University - Biomedical Engineering

Nielsen, & Andersen, 2005). Both of these studies had in common the usage of
depolarizing prepulses to either increase the pain threshold or reverse the order of neuron
recruitment. We wanted to take these ideas and apply them to peripheral nerve
stimulation to observe what effects prepulses would have on muscle recruitment.

The easiest way to test the usage of prepulses is to use a commercial muscle
stimulator. However, typical stimulators are not able to deliver long duration ramped or
rectangular prepulses and hence a new stimulator had to be designed and prototyped.
Previous stimulator designs have been created for prepulse delivery, however, they were
not suitable for our needs and further reinforced the fact that a new design was necessary
(Poletto & Van Doren, 1999). What is also important is to have a recording or
quantitative measure of the stimulating outcome. Certain clinical machines are built with
electromyography (EMG) amplifiers which record the resulting muscle action potential
(M-wave). Without relying on any commercial product and to keep the size of the design
small, we set out to design and build an EMG amplifier.

As with any medical device, safety is very important. Most of all, isolation from the
AC outlet is crucial. With this important fact, isolation of the stimulator needed to be
factored into the design. As well, the stimulator output has to be isolated from the EMG
amplifier input to avoid stimulus artifact and potential electronic damage.

This thesis outlines the design, development, and prototyping of a novel muscle
stimulator that can deliver prepulses and record M-waves. A short pilot study was also
conducted to look at the effects prepulses have on peripheral nerve stimulation. Varying

prepulse durations and stimulus amplitudes were delivered and M-wave recordings were
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made during each trial. A small investigation into pulse train stimulation was also carried
out.

The chapters of the thesis are organized in the following manner: Chapter 2 provides
background information on muscle structure and motor units. It also briefly covers
electrical muscle stimulation and various methods used to achieve the reversal of the
order of neuron recruitment. Chapter 3 describes the hardware development process from
the design requirements to the design implementation. In Chapter 4, the results from the
hardware testing of the stimulator are shown. As well, results from a small pilot study that
was carried out is presented. Finally, Chapter 5 concludes the thesis by summarizing the
work that was accomplished and provides a number of future directions and studies that

can be carried out with this stimulator.
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Chapter 2: Background

The purpose of this chapter is to outline the physiology of muscle from the
microscopic level of individual muscle fibrils to the macroscopic level of muscle groups
contracting. Furthermore, artificial contraction, or electrical stimulation of muscle, will be
explained and therapeutic uses explored. As this thesis provides only a brief overview of
the structure and physiology of muscle, more detail can be found by consulting a standard

physiology text (Guyton & Hall, 2006).

2.1 Structure of Muscle

Three types of muscle exist in the human body: smooth, cardiac, and skeletal muscle.
These muscle types primarily differ in terms of their morphology, location in the body,
method of control and contractile mechanism. For this thesis, only skeletal muscle will be
discussed as this type of muscle forms the structural basis of voluntary muscles and

accounts for all major body movements.

2.1.1 Skeletal Muscle

Skeletal muscle is made up of thousands of smaller units called muscle fibers (Figure
2-1). Each fiber, also known as a myocyte, is multinucleated and contains bundles of
filaments called myofibrils. These myofibrils are composed of longitudinally connected
units called sarcomeres which are made of filaments that form the basis for muscle
contraction. The filaments are further categorized into thick and thin. The thick filaments,

called myosin, and the thin filaments, called actin, are arranged in an overlapping fashion
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to allow a sliding movement when activated (Figure 2-2). During activation of a muscle,
the thick filaments, or myosin heads, attach to the thin filaments and move along them,
progressively pulling the thin filaments towards the center of the sarcomere or M line.
When millions of these myofibrils shorten, they produce a summative effect and hence

the macroscopic contraction that we see (Tortora & Grabowski, 2003).
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Figure 2-1 - Organization of skeletal muscle (Tortora & Grabowski, 2003)
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Figure 2-2 - The myofibril shown in a). A detailed illustration of the sarcomere
shown in b). (Tortora & Grabowski, 2003)

2.1.2 The Motor Unit

Each motor neuron connects to a few or many muscle fibers, and it is this collective
grouping that defines the motor unit. On average, a single motor neuron makes contact
with approximately 150 muscle fibers that all contract simultaneously. The varying
number of innervated muscle fibers largely depends on the function of the muscle. For
example, motor units in the larynx only have as few as 2 to 3 muscle fibers associated

with them. Motor units controlling eye movements have approximately 10 to 20 fibers,
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and motor units in large muscles, such as the biceps, have as many as 2000 to 3000 fibers
(Tortora & Grabowski, 2003). As the complexity or precision of the muscle action
increases, the number of muscle fibers associated with each motor unit decreases. On the
contrary, the larger the number of fibers associated with each motor unit, the greater the
force that unit can produce. The muscle fibers in each unit are not only associated with
that particular motor unit but also overlap to other units in bundles of 3 to 15 fibers. This
allows separate motor units to contract in a collaborative effort rather than in an
individualistic manner (Guyton & Hall, 2006).

Motor units and muscles in general can also be classified by their energy source.
Muscles with a smaller amount of motor units, such as ocular muscles, tend to require
rapid movements and primarily consist of fast-glycolytic (type-II) muscle fibers. These
fibers are also innervated by large motor neurons. Type-II fibers contain an extensive
sarcoplasmic reticulum to initiate rapid release of calcium ions for a fast contraction.
Energy in these fibers is primarily supplied by glycolytic enzymes. This allows for very
fast energy transfer rather than relying on mitochondria, myoglobin, and an extensive
blood supply. This also makes the muscle appear white when observed under a
microscope. Muscles with a large amount of motor units, such as the soleus muscle, are
classified as Type-I, or slow-oxidative fibers. This muscle type has a much slower
contraction time and is more fatigue resistant. The soleus in this case is used as a
stabilizing muscle for the body against gravity. Type-II fibers are innervated by smaller
motor neurons, have an extensive blood supply, and contain large amounts of

mitochondria to continuously supply the muscle with energy. The fibers also contain a
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protein called myoglobin. This protein binds and stores oxygen, greatly improving the

speed of oxygen transport to the mitochondria. Myoglobin also accounts for the red

colour of Type-II fibers. Figure 2-3 shows a comparison of the different contraction times

for fast, slow, and a mixture of oxidative fibers.
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Figure 2-3 — Comparison of contraction times for fast fibers (ocular muscle), slow
fibers (soleus), and fibers in between containing a mixture of both fast and slow
fibers (gastrocnemius) (Guyton & Hall, 2006).

2.1.3 The Fiber Action Potential

A normal skeletal muscle contraction does not occur spontaneously. A signal, usually

derived from the brain or spinal cord, is needed to activate the muscle and initiate a

contraction. This signal is called the action potential. The action potential travels down a

motor nerve axon until it reaches its endpoint, the neuromuscular junction. It is akin to an

electrical signal travelling down a wire until it reaches its desired destination. At the
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neuromuscular junction, the action potential is converted into a chemical signal via the
use of neurotransmitters. These neurotransmitters are released from the end of the motor
nerve axon, called the synaptic end bulb. The neurotransmitters are released into an area
called the synaptic cleft and proceed to the other boundary called the motor end plate. The
motor end plate, which is part of the muscle fiber, contains receptors on its surface to
convert the chemical signal back into an electrical signal to allow the muscle to contract.
This new electrical signal, or action potential, is rapidly spread throughout the muscle
fiber by intricate pathways called T tubules. These tubules then pass the signal onto the
contractile filaments. The T tubules are of critical importance since without them the
action potential would not be able to produce a summative contraction (Tortora &

Grabowski, 2003). Figure 2-4 illustrates the entire process.
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Figure 2-4 - The muscle contraction from start to finish (Tortora & Grabowski,
2003).

2.2 Muscle Force Production

When a single impulse from a motor neuron propagates to its neuromuscular junction,
it causes a single muscle fiber action potential in all the muscle fibers with which it forms
synapses. The resultant contraction from a single action potential produces a much
smaller force, called a twitch, than the maximum force that the fiber is capable of
producing. This is because the total force that the fiber can produce is directly related to

the frequency of incoming action potentials. If we look at the contraction of an entire

10



M.A.Sc. Thesis - M.P. Willand McMaster University - Biomedical Engineering

muscle, the total force it can produce depends on the number of fibers contracting

simultaneously (Tortora & Grabowski, 2003).

2.2.1 Twitch to Tetanic Contractions

Twitch contractions arise from a single action potential activating its motor unit. When
the central nervous system outputs a weak signal to contract a muscle, the smaller motor
units react first, producing a small twitch. As the signal becomes stronger, larger motor
units are activated and thus an increase in force is observed - but this is still a twitch
contraction. This phenomenon is known as the size principle, and it occurs because
smaller motor units are driven by smaller motor neurons. In the spinal cord, smaller motor
neurons are more excitable than larger ones and hence become activated earlier.
However, the size principle only accounts for one of two summative effects that produce
stronger muscle contractions. The second summative effect is called tetanization.

Tetanization is the effect of a muscle being rapidly stimulated. When a subsequent
action potential arrives at the muscle, a new contraction occurs before the previous one
has finished, thus increasing the strength of the contraction slightly. During a single
twitch contraction, the series elastic components of the muscle dissipate most of the
twitch force. These elastic components are found primarily in the tendons. Figure 2-5
shows that as the frequency of incoming stimuli increases, the contractions start to fuse
and the entire muscle seems to undergo a smooth contraction. It is also evident that after
a certain frequency, in this figure approximately 50-60 stimuli a second (Hz), the strength

of the contraction does not increase further. This happens because enough calcium ions

11
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are maintained in the muscle allowing a full contractile state to be maintained without any

relaxation between the stimuli (Guyton & Hall, 2006).

Tetanization
I "J\_____ —

Strength of muscle contraction

1 1 1 1 1 1 1 1 1 T
9 10 15 20 25 30 35 40 45 50 55
Rate of stimulation (times per second)

Figure 2-5 — Frequency summation and tetanization (Guyton & Hall, 2006)

The frequency that tetanization occurs depends on the type of muscle that is being
stimulated. Postural muscles generally have longer twitch contraction times, from 40 to
200 milliseconds (ms). The individual motor units in postural muscles start to fuse at
approximately 6 - 8 Hz. On the contrary, muscles used for movement which requires
more speed or force, have much shorter twitch times, on the order of less than 35 ms to

begin fusion (Nelson et al., 1999).

2.2.2 Regulation of Muscle Force

Typically, not all motor units are stimulated to contract simultaneously. When some

motor units are contracting, others are relaxed. In isometric or slow contractions, motor
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units are recruited asynchronously producing a smooth constant force at the tendon,
resulting in individual motor unit firing rates much less than that required for tetanus.
This allows a muscle to be active much longer by delaying fatigue and even allowing
alternate contracting motor units to take over from one another. Activation of motor units
occurs in a fixed pattern. Low force, slow and fatigue resistant units are activated first.
These are called type S motor units. When demand for more force or for a quicker
contraction is required, type F motor units are activated. What is interesting, is that when
muscle is stimulated electrically — as discussed in the next section — type F motor units

are recruited first followed by type S motor units (Nelson et al., 1999).

2.3 Electrical Stimulation of Muscle and Nerves

Electric stimulation of motor nerves is not a new idea. It has been used as a medical
treatment over 2000 years ago when one of the first Roman physicians, Scribonius
Largus, recommended the use of torpedo fish, which provide electric shocks, to treat such
minor ailments as headaches and joint pain. It was not until 1791 when Luigi Galvani
stimulated the nerve of a frog to contract its muscle that research into electrotherapy and
its medical application took off (McNeal, 1977). Since then, numerous applications have
been discovered for electrically stimulating tissue, some of which include: building
muscle tissue (Banerjee, Caulfield, Crowe, & Clark, 2005), waking comatose patients
(Cooper, Jane, Alves, & Cooper, 1999), allowing quadriplegics to use their hands
(Prochazka, Gauthier, Wieler, & Kenwell, 1997), and improving blood supply to various

tissues of the body (Dobsak et al., 2006).
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Electrical stimulation of nerves typically targets the peripheral nervous system that
includes both afferent sensory axons and efferent motor axons. The basic premise behind
peripheral nerve stimulation is to create an electric field that will depolarize the nerve cell
membranes. If the depolarization reaches a certain level, called the threshold, an action
potential is generated that travels in both directions, towards the muscle, and towards the
spinal cord. Similarly, when stimulating muscle directly, the depolarization occurs at the
neuronal branches that end at the neuromuscular junction where the action potential
directly spreads throughout the muscle. Larger axons have smaller thresholds than smaller
axons when equidistant from the stimulus source. This is why when stimulating
electrically, large diameter fibers tend to be recruited before small diameter fibers, the

opposite of what happens physiologically (Nelson et al., 1999).

2.3.1 Stimulation Wave Shapes

The shape, duration, and frequency of the stimulus waveform play an important role in
electrical stimulation. The response that a stimulus elicits is directly controlled by these
parameters. Different wave shapes, shown in Figure 2-6, are used for a variety of

electrotherapeutic applications.
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Figure 2-6 — A variety of stimulus waveforms. DC current shown in a), Russian
current (2500 Hz bursts) shown in b), monophasic pulsed DC current shown in c),
and biphasic pulsed DC current shown in d).
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These waveforms can be placed into two categories, monophasic and biphasic, as shown

in Figure 2-7.

Monophasic
q, M A N N
=
=
g Biphasic
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0

Time (msec)

Figure 2-7 — Monophasic and biphasic pulses (Nelson, Hayes, & Currier, 1999).

DC waveforms, shown in Figure 2-6 a), where no change in polarity occurs, are used
for treatment of excessive sweating or subcutaneous drug delivery. High frequency wave
forms on the order of 2500 to 5000 Hz pulsed at 50 times per second or more are
classified as Russian currents, shown in Figure 2-6 b). Russian currents have been used
for regaining muscle force, improving joint range of motion and reducing chronic edema.
Pulsed DC, or rectangular wave pulses, shown in Figure 2-6 ¢) and d), are typically used
clinically to elicit muscle contractions. Their primary benefit over Russian currents is that
significantly less current amplitude is needed to elicit the same level of contraction,
making the stimulation more comfortable (Nelson et al., 1999).

In most applications of electrical nerve or muscle stimulation, the pulse duration,
frequency, and amplitude are what control the level of muscular contraction. The amount

of charge contained in each pulse depolarizes the nerve membrane and it is this value that
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directly affects the production of a muscular twitch or contraction. Long duration pulses
have a much higher charge level, and hence require lower amplitudes for contraction
production but produce electrochemical effects, such as burning or electrode corrosion, at
the electrode skin interface (Ward, 1980). In order to reduce these effects, an opposite
polarity pulse is delivered to produce a zero net charge. This is especially used in nerve
cuff stimulation to avoid charge buildup at the electrodes. The frequency of stimulation
controls the contraction strength by combining successive twitch contractions into one
fused long contraction. A frequency too low will cause a jerky movement of the
stimulated muscle. The maximum effective frequency of stimulation is approximately 30-
40 Hz. Pulses at higher frequencies than these would not have an effect on the
depolarization of the membrane since the muscle fibers are fully fused and can produce

no more force (Peckham & Knutson, 2005).

2.3.2 Pain Associated with Electrical Stimulation

When stimulating any type of peripheral nerve, recruitment or activation of various
types of nerve fibers takes place. Because a nerve bundle contains both sensory and motor
fibers, regular electrical stimulation of nerves would result in action potentials
propagating in all the stimulated axons, both sensory and motor. Therefore, when the goal
of electrical stimulation is to contract a muscle, painful or uncomfortable sensations
usually accompany the stimulus (Nelson et al., 1999). However, various factors are
involved in the perception of pain when stimulating nerves. A study published by Delitto
et al (Delitto, Strube, Shulman, & Minor, 1992), states that perception of amplitudes,

individual coping styles, and whether or not a muscle contraction was evoked, all play
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important roles in pain and discomfort. The size of the electrode is also important.
Smaller electrodes present a much higher resistance to a stimulator than larger electrodes
do, and hence a higher voltage is needed for smaller electrodes to elicit the same level of

contraction than when using a larger electrode (Alon, Kantor, & Ho, 1994).

2.3.3 Reversing the Order of Motor Unit Recruitment

Some interesting work has been published on the effect of reversing the order of
neuron or motor unit recruitment when stimulating nerves electrically (Grill & Mortimer,
1997; Hennings, Arendt-Nielsen, & Andersen, 2005; Hennings, Arendt-Nielsen,
Christensen, & Andersen, 2005; van Bolhuis et al., 2001). These studies showed that
along with the reversal order in terms of size, neurons located distal from the electrode
were recruited before neurons located close to the electrode. The strategies employed in
these papers may be used to avoid recruitment of small pain fibers close to the electrode,
thus limiting perceived pain associated with stimulation. There are a few techniques used
to reverse the order of recruitment: direct current blocking and high frequency
stimulation, anodal block and subthreshold prepulses.

Direct current blocking (Sassen & Zimmermann, 1973) and high-frequency
stimulation (Baratta et al., 1989) both involve the use of a stimulating electrode pair and a
blocking electrode pair. The idea behind this method is to have the blocking electrode
pair, distal, or a short distance away from the stimulating pair. By delivering either a long
DC stimulus or a burst of high frequency waves, different motor units can be blocked.
Figure 2-8 shows the standard setup for both the stimulating electrode (FR) and the

blocking electrode (R).
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Figure 2-8 - Typical setup for tripolar cuff stimulation. FR is the stimulating
electrode. R is the blocking electrode (Baratta, Ichie, Hwang, & Solomonow,
1989).

To control the recruitment, a depolarizing stimulus at suprathreshold amplitudes was
used and its rate was also controlled, this constituted the firing rate stimulus. The
recruitment or blocking stimulus consisted of a high frequency (600 Hz) amplitude
modulated waveform. Initially, the recruitment stimulus is at suprathreshold amplitudes
and no neurons are recruited. As the amplitude is decreased, smaller diameter neurons are
recruited first. By ramping down the recruitment stimulus an orderly activation of
neurons can take place. The use of high frequency stimulation waveforms was shown by
Tanner to block muscle contraction (Tanner, 1962). Figure 2-9 shows the stimulus

parameters employed by Baratta et al as described above.
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Figure 2-9 - Stimulating waveform, left, and blocking waveform, right (Baratta et
al., 1989).

Anodal blocking is very similar to DC current and high frequency blocking. It involves
hyperpolarization of the membrane to stop a propagating action potential but in this case,
anodal blocking only utilizes a single tripolar cuff electrode (Fang & Mortimer, 1991a).
Figure 2-10 shows the setup used for anodal blocking. The two anodes or positive

terminals are connected and create an inward bound electric field when the stimulus is

delivered.

Figure 2-10 — Single tripolar cuff electrode. Dimensions are in millimeters.
Quasitrapezoidal waveform intialliy hyperpolarizes the anodes (+) and the
exponential decline allows smaller nerves to be recruited first. Waveform is shown
on top of the electrode (Fang & Mortimer, 1991b).
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The use of a quasitrapezoidal shaped stimulus pulse allows for the reversal of recruitment.
This wave shape once again takes advantage of the fact that larger neurons have much
lower firing thresholds and hence the initial high amplitude portion of the stimulus
hyperpolarizes the membranes. This hyperpolarization is followed by an exponential
trailing phase similar to the modulated high frequency wave form used by Baratta. The
exponential phase is what selectively recruits smaller before larger neurons.

The techniques outlined above have been proven to selectively block neurons of
various diameters, but the negative aspects of these methods are that they are highly
invasive. The use of cuff electrodes requires surgery and is suitable for functional
electrical stimulation (FES) of paralyzed muscle, but not for general muscle
strengthening.

The last method to be discussed is the use of subthreshold prepulses. In this method, a
long duration pulse, with an amplitude below firing threshold, precedes a short duration
stimulus pulse. Published results have shown, both in theory and in practice, that the use
of a subthreshold prepulse can inactivate fibers lying close to the electrode while
maintaining excitability of nerve fibers distant from the stimulating electrode (Deurloo et
al., 2001; Grill & Mortimer, 1997; Hennings, Arendt-Nielsen, & Andersen, 2005; van
Bolhuis et al., 2001). It was hypothesized that fibers closest to the electrode had their
sodium channels inactivated by the prepulse, putting the fibers into a refractory state
(Grill & Mortimer, 1997). Subthreshold prepulses have also been used to increase the
pain threshold in humans when stimulating sensory fibers in the distal periphery (Poletto

& Van Doren, 2002). However, the results presented in this thesis show that prepulses
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place the fibers much closer to their firing threshold and a subsequent short duration
stimulus pulse can elicit the firing of the neuron. The amplitude of the stimulus pulse
needed to elicit an action potential is much lower when preceded by a prepulse than when

delivered on its own.

2.3.4 Strengthening Muscles using Electrical Stimulation

The use of electrical stimulation to build muscle strength is not new, and is an
effective method for those individuals who have weak or atrophied muscle (Neder et al.,
2002). It has also been shown to improve strength and aerobic capacity in normal
individuals who do not have an active lifestyle (Banerjee et al., 2005). There are two
protocols used for strengthening: stimulation of the peripheral nerve or stimulation of the
muscle itself. The latter method is used more often as activation of both sensory and
motor nerves takes place when stimulating in the periphery. However, when stimulating
the muscle directly, the stimulating current dissipates, and only some of the motor axons
are activated and not all muscle fibers will be recruited. Consequently, the maximum
induced force is approximately 30-50% of an individual’s maximum voluntary
contraction (Lieber, Silva, & Daniel, 1996). Overall, when muscle is strongly stimulated
electrically over a number of weeks, it provides many positive results, such as: an
increase in muscle strength, fiber hypertrophy, and an increase in muscle cross-sectional
diameter (Laufer, Ries, Leininger, & Alon, 2001; McMiken, Todd-Smith, & Thompson,
1983; Quittan et al., 1999).

Two methods exist to quantify the level of contraction: the muscle action potential or

M-wave response, and mechanical force measurements (Nelson, Hayes, & Currier, 1999).
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Mechanical force measurements are accomplished by placing a dynamometer or force
transducer near the end of the joint. By varying the stimulation amplitude, a different
force level can be produced and hence the level of contraction can be quantified.

The M-wave response is measured by placing electrodes directly on the muscle and
observing the action potential following an electrical stimulus. Once all motor units are
recruited the M-wave response is considered to be at a maximum level. Studies have
shown that to build muscle strength using electrical stimulation, the intensity of the
stimulus should elicit a contraction with at least 30 to 50 percent of the maximum force
elicited by a voluntary contraction (Currier & Mann, 1983; Laughman, Youdas, Garrett,

& Chao, 1983; Selkowitz, 1985).
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Chapter 3: System Development

Clinical electrical stimulation devices have been around for quite some time. Devices
specifically for stimulating nerves to elicit muscle contractions or obtain nerve
conduction velocities are plentiful and typically found in physiotherapy and neurology
clinics. However, these devices are very specifically designed in terms of what they can
do. Some devices cannot change the shape of their pulses or only output a fixed set of
pulse durations. Others do not include any means for observing the muscle response,
either using a force transducer or looking at the M-wave. Most of all, these devices are
proprietary and not open to modification.

In order to look at methods to decrease pain using prepulse inhibition techniques, we
had to design and build a new stimulator that can output long duration prepulses and short
but high intensity stimulus pulses. The stimulator also incorporates an electromyography
(EMG) amplifier to observe muscle action potentials (M-waves). It also features
extensive isolation without the need for a large isolation transformer, thus making the
device smaller and more portable.

Custom written software has been designed to control the stimulator in both a pulse
train and single stimulus fashion, and record and save M-wave responses.

This chapter outlines the design requirements, the approach we took to meet our

requirements, and test results for our prototype.
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3.1 System Design Requirements

A number of design requirements were needed before proceeding to the prototyping
stage. These are high level requirements for our system to ensure flexible human testing
and different research objectives.

1. Ability to output a pre stimulus pulse of various durations (at least 5 ms,
maximum 500 ms) and amplitudes.

2. Ability to change the shape of the pre stimulus waveform.

3. Ability to select either pulse train output or single stimulus output and be able to
control settings (amplitude, train frequency) of each.

4. Ability to monitor the level of stimulation using M-wave responses.

5. Ensure adequate isolation exists between patient and stimulator and between
recording equipment and stimulator.

6. Ensure design is modular in the case future upgrades or changes need to be made

7. Ensure design is portable

3.1.1 Prepulse Output Requirements

The need to output a prepulse is essential in order to test the hypothesis of pain
reduction during electrical stimulation. As mentioned in the previous chapter,
subthreshold prepulses have been used to increase the pain threshold in humans when
stimulating sensory fibers (Poletto & Van Doren, 2002). However, the shape of the
prepulse has been debated (Hennings, Arendt-Nielsen, & Andersen, 2005), and we chose

to implement both rectangular and ramped prepulses. The duration of the prepulse for
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maximal inhibition is also highly debated and not well established. Various durations,
from 5 ms up to 500 ms, have been used to change the order of motor unit recruitment
(Grill & Mortimer, 1997; Hennings, Arendt-Nielsen, & Andersen, 2005; van Bolhuis et
al., 2001). The reason for these various durations is that the amplitudes used in each study
varied. For long duration prepulses, very low amplitudes were used. For shorter duration
prepulses much higher amplitudes were used. This follows the strength duration curve,
where longer but lower amplitude stimuli can elicit the same axonal excitation that
shorter but higher amplitude stimuli can. In order to test the various parameters used, we

designed our stimulator to output prepulses ranging from zero to a maximum of 1 second.

3.1.2 Stimulus Control Requirements

The control of the stimulus output would be handled by software routines written in
LabVIEW. These routines would control the various parameters such as prepulse and

stimulus amplitudes and durations, train or single stimulus settings and wave shapes.

3.1.3 M-Wave Recording Requirements

To observe the M-waves elicited by electrical stimulation, two approaches can be
taken. The first, is to use an existing commercial EMG amplifier. The second is to design
our own amplifier. While using an existing amplifier is an easy solution, these amplifiers
are usually part of a larger system, both in size and complexity, and have general purpose
filters. To meet our last requirement, portable design, we would have to design our own

amplifier.
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The normal EMG signal frequency range is from approximately 10 Hz to 4 KHz but
when using surface electrodes to measure the response, the signal rarely has frequency
components above 500 Hz (Kamen & Caldwell, 1996). Given these numbers, we would
band limit our amplifier to approximately 500 Hz.

Typical EMG amplifiers have variable gain controls and this is something that we kept
in mind. With EMG signals being in the microvolt to millivolt range, we decided on
having the following gains: 250, 500, 1000, 1500, and 2000. This would span a much
larger range than is required for EMG signals but gives us flexibility in the case that

higher gains are required.

3.1.4 Isolation Requirements

The purpose of isolation is to ensure that there are no common current paths or loops.
Methods of isolation include the use of light, radio waves, and magnet coupling (Prutchi
& Norris, 2005). Our system needs to be isolated on a number of fronts. First, the
stimulator must be isolated from the patient. We satisfy this requirement by using DC/DC
converters with built in isolation to provide the high stimulation voltage. We also need to
protect our recording equipment and isolate the EMG amplifier from the stimulator. To
isolate the EMG amplifier, the use of mini DC/DC converters to supply power to the
circuit will be used. However, if the output of the EMG amplifier is directly connected to
a computer for recording, it would reference the EMG circuit to ground since the
computer itself is not isolated. To accommodate for this, an isolation amplifier is placed
on the output of the EMG amplifier circuit. The control stimulus is also isolated from the

computer via the use of an opto-isolator circuit.
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3.2 Hardware Design Implementation

Before an overall system design could be developed, the stimulator output type had to
be chosen to be either of the constant voltage or constant current variety.

Constant voltage stimulators are very easy to implement as they are primarily based on
transformer circuit designs. Figure 3-1 shows a typical transformer output circuit used for

low rate, high energy stimulations such as cardiac defibrillation.

OUTPUT CAPACITANCE
CHARGE RESISTOR  OUTPUT SWITCH |———C= sTMuLATION ELECTRODE

]_ STIMULATE
- BATTERY 8
-|- .._'L" REFERENCE ELECTRODE
+ OUTPUT TRANSFORMER
TANK CAPACITOR

Figure 3-1 — Typical transformer output stimulation circuit (Prutchi & Norris, 2005)

A battery charges a capacitor to a desired level and when an output switch is pressed, the
capacitor discharges through an output transformer. The output transformer must have
step up ratios so that the voltage that is delivered to the electrodes is high enough to
stimulate the tissue. The problem with this type of stimulator is that a constant voltage
output will not always produce a constant response in the patient. Variables such as skin
impedance, electrode size, and electrode positioning may alter the response over time. To
rectify one of these problems, self adhesive electrodes can be used. This would ensure

that electrode positioning is maintained over time. However, skin impedance will still
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change over time. To counter this problem, the output of the stimulator must be changed
to a constant current type.

Constant current stimulators, as the name suggests, provide a constant current
regardless of the load impedance. There is one limitation however, and it is the maximum
voltage the constant current source can supply. This is known as the compliance voltage
(Horowitz & Hill, 1989). From Ohms law, the compliance voltage would set the
impedance range that the stimulator can function over. The maximum current that the
stimulator can output would be 100 mA (FDA regulation). A compliance voltage of 200
V would then allow us to maintain maximum stimulation levels at impedances below 2
KQ.

Many constant current designs exist but not all are designed to deliver current at levels
up to 100 mA. The major design for constant current sources comes from a voltage to
current converter. The simplest design comes from an op-amp based voltage to current

converter as shown in Figure 3-2.
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Iout = Vin iHSm

REense

Figure 3-2 — Simple op-amp based voltage to current converter (Prutchi & Norris,
2005)

The output waveform is a current representation of the input voltage waveform. In this
simple design the load is floated — not connected to ground — as this offers the optimal
performance for constant current sources (Prutchi & Norris, 2005). Another design

topology is the Howland current pump, as shown in Figure 3-3.

RSense Iout
Rin b ;
g™
— T'||F_'.I.I'.I. RE
Iout = - - =
RSense Rin ;

Figure 3-3 — Howland current pump implementation (Prutchi & Norris, 2005)
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The problem with both of these implementations is that the voltage compliance is limited
by power supply voltages for the op amps. For high stimulation currents in resistive loads
of 1 KQ, these power supply voltages must be at least 100V. This would dictate the op-
amps be of high voltage variety.

Another output stage is the op-amp bridge as shown in Figure 3-4. By connecting the
op-amps in a bridge configuration, the output voltage swings are twice that of one op-
amp. This makes it possible to increase the compliance voltage of stimulation especially
if previous designs had their op-amps operating near their maximum levels. However, the
use of high stimulation currents once again limits the usage of normal op-amps and calls
for the high voltage variety. It is actually this type of design that Poletto and van Doren
used in their studies on increasing pain thresholds in humans (Poletto & Van Doren,
1999). Although this design works well, high voltage operational amplifiers are very

costly and hence we did not pursue this type of design.

RSense

+VSupply

Elave

= Master v
Compliance = +f'2vﬁupply

Figure 3-4 — Op-amp bridge design based on modified Howland current pump
(Prutchi & Norris, 2005)
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Transistor based current sources have also been used quite frequently, especially at the
microelectronic level where very small currents, on the order of microamperes, are

needed. Figure 3-5 shows a typical transistor current source.

+Vee

L

load

Vg 4| ‘

Figure 3-5 — Transistor based current source (Horowitz & Hill, 1989)

When a voltage greater than 0.6 is applied to Vg it causes a current to flow from V¢
down through the load, the transistor, Rg and out to ground. The current that flows
through the load is known as the collector current of the transistor, or I¢, and its
magnitude is approximately equal to (Vg — 0.6) / Rg. Since there is no feedback circuitry
to monitor the output current a few problems arise and need to be discussed. First, the
output current varies with temperature. The current gain, or B value of the transistor,
along with the base-emitter voltage (Vgg) vary with temperature. Typically Vgg varies
approximately 2 mV/°C (Horowitz & Hill, 1989). To address this issue, a simple
modification of the above circuit is needed. By placing an op-amp before the base of the
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transistor, as shown in Figure 3-6, and connecting a feedback line, detrimental effects due
to varying base-emitter voltages can be eliminated. The output current is then equal to the
input voltage, Vi, divided by the sense resistor. A minor error is present due to the small
base current but in our case is negligible with the high currents we will be using. It is this

simple design that we utilized for our constant current output stage.

Vv

1

LOAD lLoaD

+5

VIN
Q2

Figure 3-6 — Constant current source used in stimulator design

3.2.1 Overall System Design

With the stimulator output type chosen, an overall system design could be put
together. The system is split up into a number of modules in case future upgrades need to
be made. Figure 3-7 depicts a block diagram view of our system design. The goal of our
design is to implement a single channel and have the stimulator ready for future
modification when more channels can be added with ease. The next few sections will

detail the design of each module.
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Figure 3-7 - Overall system design block diagram

EMG Amplifier

3.2.2 Power Supply Module and DC/DC Converter

The power supply module provides power to each separate module in the system and
hence had to be selected according to the total power that the rest of the system demands.
The module that requires the most power is the DC/DC converter. The DC/DC converter
takes in a DC voltage and steps it up to a desired high voltage level. Details on how
DC/DC converters work can be found in various electronic design textbooks. Our
required output voltage was 200 V. To calculate the maximum power that the DC/DC
converter would require we needed to set some constraints on our stimulus output
parameters. The highest amplitude stimulus we would output would be 100 mA at a
maximum duration of 200 microseconds. Maximum power would be drawn during pulse

train stimulation where a maximum of 30 pulses per second can be delivered. The
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formula for calculating power output is given by P = VI (?), where V is the voltage, |

is the current, PW is the pulse width , and 7 is the period of stimulation. Putting in the
values for our stimulus pulse we obtain a power output of 0.12 W. With such short
duration pulses it is not surprising that the power output is minimal. On the other hand,
the prepulse with its long duration will consume considerably more power. A 500 ms
prepulse delivered 2 times a second with a maximum amplitude of 25 mA (more than
enough to elicit a strong contraction) will consume 5 watts of power. However, typical
prepulse durations if used to elicit muscle contractions in the 20-30 Hz range would be
from 5-20 ms. At 20 ms, 30 Hz, and 25 mA of stimulus current, the power consumption
would be 3 W. Adding the stimulus pulse power we have a combined power output of
3.12 W. Adding a small safety margin, we can safely assume that a 4 W DC/DC
converter will meet our requirements. If we assume that the remainder of the circuitry
(consisting of op-amps and transistors) consumes no more than a few watts, we can
approximate our total power consumption per channel at 6 W. Rounding each channel to
10 W allows us to add any extra circuitry without worrying about excessive power being
drawn. Therefore, our power supply module must supply at least 10 W of power per
channel. To allow for extra channels in the future, we chose to use a 60 W medical grade
power supply. Medical grade power supplies are tested and certified to meet medical

standards for leakage currents.

35



M.A.Sc. Thesis - M.P. Willand McMaster University - Biomedical Engineering

3.2.3 Voltage to Current Converter

The heart of the stimulator is the voltage to current converter. This module provides
the constant current that is used to stimulate the tissue. As mentioned previously, the
constant current source we chose is based on an op-amp transistor design. However, we
modified the design slightly to provide an added safety measure as shown in Figure 3-8.
On the high end we added a gating transistor controlled by an optocoupler. This transistor
would prevent any stray currents from passing through the patient when the stimulator

output is set to zero.

Vv
Isolation Barrier I
1
Optocoupler Q1
I
LOAD lLoaD
+5
VIN
Q2
*R
g Set
vV

Figure 3-8 — VVoltage to current converter with high end gating

3.2.4 Electromyography Amplifier

To record the M-wave responses a custom designed EMG amplifier was developed.

Figure 3-9 shows a block diagram outline of this module. An input signal is first provided
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to the instrumentation amplifier (INA 126) with a gain of 10. Keeping this first stage at
low gain helps eliminate unwanted noise levels. Subsequent gain stages are used to
further amplify the signal for processing in an analog to digital converter. The second
stage is a passive high pass filter with a cutoff of 1.6 Hz. This is used to eliminate any DC
offsets that might be present in the signal. EMG signals do not have valuable information
at DC levels and hence these are removed with passive filtering (Prutchi & Norris, 2005).
The third stage is an active low pass filter (LM358). This filter sets our desired bandwidth
with a cutoff frequency of 500 Hz. This stage also gains our signal by 10 providing a total
gain of 100 before being passed into our final gain stage. The last stage is a simple non-
inverting op-amp configured to provide variable gains. Overall output gains of 250, 500,
1000, 1500, and 2000 were chosen.

The power for the EMG module is supplied by a mini Texas Instruments DC/DC
converter (DCHO010505DP) which is powered by the power supply module. This DC/DC
converter receives a 5 V input and converts it to a + 5 V signal. Since EMG signals are
bipolar, a negative voltage was needed for the op-amps. The DC/DC converter also
provides inherent isolation from other circuitry in the system. However, when the output
of the EMG module is connected to a computer based data acquisition device, the ground
plane in the EMG circuit would be referenced to the ground plane in the computer and
hence isolation would be broken. To truly make this EMG module a standalone
completely isolated device, one more form of isolation was needed on the output. This is
provided by a mini isolation amplifier (AD202) that isolates the output EMG signal from

the data acquisition device. The AD202 requires +15V to operate and this higher voltage
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is derived from another mini DC/DC converter (DCHO010515). However, the input and
output ground pins are connected on this DC/DC converter, thus removing the inherent
isolation. The AD202 provides its own isolated power supply; hence the DC/DC
converter is not used to provide isolation, but is only used to boost the voltage from +5V

to +15V. A complete circuit schematic can be found in Figure A- 3.
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Figure 3-9 — Low level block diagram of EMG module
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3.2.5 Opto Isolator

The opto isolator is used to isolate the voltage to current converter control signal. The
signal is provided via LabVIEW’s data acquisition board. Since this signal is derived
from the computer, it is referenced to ground. To remedy that we pass the signal through
an analog opto isolator that isolates the computer ground plane from the stimulator
ground plane. Most optical isolators are used for digital signals where the input is either
high (5V) or low (0V). However our system required an analog isolator. An interesting
circuit was found which uses a high linearity optocoupler (HCNR201) to achieve this
(Prutchi & Norris, 2005). This circuit takes the input voltage and converts it to a current
which lights an LED in the optocoupler. The optocoupler has a photodiode which
receives the input from the LED and this signal is then fed to a current to voltage
converter to reconstruct the original input signal. A block diagram of this module is

shown in Figure 3-10. The circuit schematic for this module is found in Figure A- 2.

+5V

+5V ISO
ﬁ) ﬁ) Vout
Voltage to Current Optocoupler Current to Voltage
Converter (HCNR201) Converter

S 1
O

Figure 3-10 — Block diagram of opto isolator
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3.3 Software Design Implementation

To control the stimulator output and visualize the EMG data, a National Instruments
data acquisition board (PCI-6024E) was used in conjunction with custom written

software. Two versions of the software were designed: a single stimulus version and a

pulse train version.

3.3.1 Single Stimulus Program

The single stimulus version, shown in Figure 3-11, provides user controllable prepulse

amplitude, prepulse duration, stimulus amplitude, and stimulus width.
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Figure 3-11 — Front panel of single stimulus program
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An extra feature in this program is the ability to run a number of trials for each data set. If
for example we wanted to average 5 responses at each stimulation level we can adjust the
number of trials to 5 and have the program automatically send 5 stimuli with an inter-
stimulus interval of 1 second. This allows for more accurate results without the extra time
added if stimulating manually. A flow diagram of how this particular program works is
shown in Figure 3-12. Once the user has started the program the software waits for an
event to occur. Two events have been defined, saving the displayed EMG data or
proceeding with the stimulation. If the user chooses to begin the stimulation, the program
checks to see if multi-trial stimulation single stimulus output should occur. Both multi-
trial and single stimulus function the same manner. The output function receives the
relevant stimulation parameters from the front panel and generates 1 second worth of
output data. The data input is triggered with the data output so that EMG data can be
recorded while stimulation is taking place. The input is completely handled by LabVIEW
and receives 500 ms worth of data. Details of output generation are shown in Figure 3-13.
The output is generated by a separate function (a subVI) to minimize programming
clutter. The VI works by taking in the various stimulation parameters and then the
computer generates a prepulse with the desired shape and a stimulus pulse. The two
waveforms are then added and returned as a single waveform to the main program to

output. Full LabVIEW block diagrams are found in the appendix.
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Figure 3-13 — Block diagram of pulse output VI

3.3.2 Pulse Train Program

The pulse train program has a very similar front panel to the single stimulus version
with the addition of pulse train settings (ramp up time, ramp down time, plateau time, off
time, and stimulation frequency). The front panel is shown in Figure 3-14. The pulse train
settings add major differences in terms of program flow when compared to the single
stimulus version. In order to accommodate for the different pulse train settings, the
program was designed in a state machine manner. The state machine diagram is shown in

Figure 3-15.
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Figure 3-14 — LabVIEW Front panel for pulse train program

Once the program is started the first state it enters is the data acquisition setup state. This
sets up the timing of both the input and output channels and also synchronizes the two.
The next state is the initialize state. This state initializes all variables and graphs visible in
the front panel. It also waits for an event, the stimulate button being pressed, to take
place. Once this has occurred, the program jumps into the ramp up state where the
stimulus is ramped up from zero amplitude to specified level. The next few states
(plateau, ramp down, and off) are essentially the same as the ramp up stage in terms of
function. One important feature to have is a stop button. If this button is pressed at any

time the stop state is elicited. This state ensures that the stimulator is set to zero output
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before stopping the program, otherwise a stimulus amplitude could be present

indefinitely.

HSetup Data Acquisitior)
Start Program
Initialize

[Wait for Stimulate button to be pressed

Stop has been pressed

Stop has been pressed

Set output to zero

Stop Program

Figure 3-15 — State machine diagram for pulse train program

To generate the waveforms a separate VI was made. This VI takes in the relevant
parameters from the front panel and creates the ramped or plateau waveforms. A block
diagram of the ramp up VI is shown in Figure 3-16. When this VI is first executed it
receives the value of the prepulse amplitude from the front panel and then proceeds to
calculate the incremental step value over the ramp time duration using the equation step
value = ramp up time + stimulation frequency. This value is then added to a prepulse

feedback value which is initially — on the first run of the program — set to zero. This total
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value is compared to the maximum prepulse amplitude. If the total value is greater than or
equal to the maximum value then the prepulse has been fully ramped up to the desired
level and the next state can begin. If not, the prepulse is incremented by the step value

and the prepulse feedback value is adjusted accordingly. The next state will still be the

ramp up state as the prepulse has not yet reached the desired maximum level.
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Figure 3-16 — Block diagram for ramp up VI
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The other VIs that control the ramp down and plateau portions of the stimulation function
in a similar manner to the ramp up VI. Full LabVIEW wiring diagrams are found in the

appendix.

3.4 Design Prototype and Testing

With the design requirements and implementation finalized, a prototype of the
stimulator was built. The stimulator was placed in a plastic enclosure as shown in Figure

3-17.

Figure 3-17 — Stimulator prototype in plastic enclosure casing

The front panel of the stimulator utilized standard BNC connectors and had a variable
switch to control the gain settings. Switches are used to control the high voltage source

and the main 5V power supply to the system. The front panel is shown in Figure 3-18.
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Figure 3-18 — Front panel of stimulator prototype

A photo of the opened enclosure is shown in Figure 3-19. All cables are twisted pairs to
reduce noise and connect between modules with the use of 2 pin molex headers. Each
module, with the exception of the isolation amplifier, was implemented on a printed
circuit board. Standard creepage spacing was used between the system ground plane and
the isolated ground plane. Figure 3-20 shows the printed circuit board for the main
stimulator circuit. All inputs and outputs are connected through the use of 2 pin molex
headers. The 5V regulator (LM7508) was heatsinked since the input power supply was a
12V 60W source. This created a large amount of heat and in future designs the power
supply may need to be dropped down in terms of power output. The control transistor on
the high end is also heatsinked since this transistor holds off the stimulating voltage pulse
until a positive signal is received at its base through the optocoupler. The isolated power

supply used by the control circuitry is provided by a mini DC/DC converter
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(DCHO010505) located at the top of the circuit board. The other isolation barriers are

provided by the optocoupler and the large 12V to 200V DC/DC converter.

Isolation
EMG circuit amplifier

12V power supply Main control circuit

Figure 3-19 — Inside view of the stimulator enclosure. All modules are shown here.
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Figure 3-20 — Main circuit board prototype

The optoisolator circuit prototype is shown in Figure 3-21. As mentioned in the
previous section, this design is a standard application from the HCNR201 datasheet and
was also featured in Design and Development of Medical Electronic Instrumentation
(Prutchi & Norris, 2005). The physical separation of the ground planes is evident beneath
the main optocoupling chip (HCNR201). All connections were again provided via 2 pin
molex headers. LEDs on the board provide visual notification that the isolated or non-

isolated side of the board is receiving power.
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Figure 3-21 — Optocoupler prototype.

The last module is the electromyography amplifier. This is shown in Figure 3-22. The
isolation amplifier on the output stage of the EMG amplifier was created on a regular
perforated prototyping board and not on a printed circuit board. The output of the EMG
amplifier is connected to the isolation amplifier through the use of a twisted cable pair.
The different gain stages are highlighted in the figure. Isolated power is again provided
through the use of mini DC/DC converters (DCHO010505). However, the mini DC/DC
converter used to power the isolation amplifier (DCHO010515) is not used in an isolated
fashion since the input power of the isolation amplifier must be referenced to system
ground, as per the AD202 datasheet ("Data sheet for AD202: Low Cost, Miniature

Isolation Amplifier Powered Directly From a +15 V DC Supply ").
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Figure 3-22 Electromyography amplifier and isolation amplifier prototype

To test the stimulating hardware, a resistive load, comprising several resistors, for a
total of 2480 ohms was used. We tested both high and low amplitude long duration
prepulses. High level prepulses would not be used in physiological testing as passing
large DC currents to the body can induce electrochemical effects at the skin electrode
interface. Using large currents can also increase the probability of burning sensations
underneath the stimulating electrode (Nelson et al., 1999). Therefore, high prepulse
currents were only used to test the stimulator output.

Figure 3-23 to 3-26 show the typical outputs that the stimulator produces. Each
measurement was taken across a 560 ohm resistor in series with the remaining resistors.
The waveforms were recorded using an Agilent 54621A oscilloscope and formatted using

Matlab. The measurements showed that our stimulator functioned as desired and, that if
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needed, the stimulator could output high current levels to large loads. Typical electrode
skin impedances vary with the size of the electrode (Geddes, 1972). When stimulating
large muscle groups, such as the quadriceps, patients who are less mobile than the
average person tend to have much more subcutaneous fat. This fat presents a much higher

resistance to the stimulator and hence a higher voltage is necessary to elicit the same level

of stimulation.
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Figure 3-23 - Low amplitude 5 ms prepulse at 2 mA, stimulus pulse at 20 mA
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Figure 3-24 - Low amplitude 10 ms prepulse at 2 mA, stimulus pulse at 20 mA
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Figure 3-25 - High amplitude 5 ms prepulse at 25 mA, stimulus pulse at 50 mA
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Figure 3-26 - High amplitude 10 ms prepulse at 25 mA, stimulus pulse at 50 mA
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Chapter 4: Physiological Testing and Results

Ultimately the main purpose of designing the stimulator was to use it on humans to
test whether or not prepulses can reduce the painful sensations elicited by high
stimulation levels. This chapter presents the physiological responses elicited by the
stimulator, methods employed to reduce 60 Hz noise in the recordings, and results from

our pilot study on the effects of prepulse stimulation.

4.1 Physiological Testing

To test our EMG amplifier, a simple low amplitude sinusoidal wave could be used but
we instead opted to use a physiological response elicited by a stimulus pulse that was
delivered by our stimulator. All of our physiological testing, including the pilot studies
conducted to observe prepulse effects on the M-wave, were conducted on the median
nerve of a 63 year old male subject with recording electrodes placed on the thenar muscle.
We chose to do our studies on the median nerve since stimulation setup is fairly simple
with the median nerve being easy to locate on almost any individual. It is also prudent to
note that the median nerve in the area we are stimulating includes both small diameter
sensory nerve fibers and large diameter motor nerve fibers. Figure 4-1 shows the typical
setup employed. The stimulating bar electrode was first placed over the medial portion of
the forearm. An initial stimulus is given to determine if the placement of the bar is
adequate. If a response, a muscle twitch, is not present, the bar is moved around until a
response is elicited. Once the bar placement is set, a wrist strap is used to secure the bar in

place. This ensures that subsequent stimuli are depolarizing the nerve in the same place.
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Recording electrodes are placed on the thenar muscle as shown in Figure 4-1. The ground

or reference electrode is placed on the posterior side of the hand. All the electrodes were

Recording
Electrodes

Median Nerve

Figure 4-1 — Stimulation and recording electrode placement setup. Illustration
modified from (Netter, Craig, & Perkins, 2002).

made from disposable self adhesive ECG electrodes (Product No: 30807732, Tyco
Healthcare Group, Manstfield, MA). The recording electrodes were constructed by cutting
the original ECG electrode in half. The smaller electrode size is much more conducive to
thenar muscle recording where two electrodes are placed within a very small distance to
one another and have to span a small muscle.

A single stimulus with a 28 mA amplitude was delivered as a test stimulus. This
amplitude produced a maximum M-wave response and the response is shown in Figure

4-2. The recording shows a stimulus artifact and an M-wave response, however, large 60
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Hz noise is seen to contaminate the signal and hence signal processing measures had to be

employed.
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Figure 4-2 — Raw EMG recording showing signal contaminated with 60 Hz noise.

4.2 60 Hz Noise Removal

60 Hz noise is present in almost every room in today’s modern society. All electronic
items are powered from a 60 Hz, 120 V, alternating current supply. When measuring any
sort of biopotential signal, our bodies act like an antenna via capacitive coupling,
gathering 60 Hz noise emitted from computers, light sources, and various electronic

devices. The raw EMG recording shown in Figure 4-2 is an example of how the 60 Hz
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noise signal contaminates our signal of interest. The noise is especially large in this case
because the electrode cables were unshielded and the subject was close to all the
electronic equipment. A simple solution to this problem may is the use of a notch filter,
however, EMG signals contain valuable information in this frequency range and the use
of a notch filter would distort our EMG signal.

One of the easiest methods to remove 60 Hz noise is through the use of a coherent
detection and elimination filter. This type of filtering is done after the raw signal has been
recorded. Since the noise in our case has a fundamental frequency of 60 Hz without any
complex variations, simply generating an equal amplitude 60 Hz wave with a phase shift
180° from the original signal and adding this to our raw recording would remove the 60
Hz contamination. Figure 4-3 shows the effect of this type of filter on our raw EMG
recording. The filter was developed in Matlab and a description of the functionality

follows.

Amplitude (mv)
Amplitude {mv)

0 20 40 0 80 100 0 20 40 B0 80 100
Time {ms) Time {ms)

Figure 4-3 — Raw EMG recording (left), filtered version using coherent detection
and elimination filter (right).
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The first step in the coherence and elimination filter is to find a consistent stationary
60 Hz signal. The LabVIEW software used to control and record signals acquires 1
second worth of EMG data. The signal of interest is actually very short, approximately 25
ms in duration. The rest of the signal, from 25 ms onwards, is a clean 60 Hz noise source.
The filter first takes the raw signal as an input and time inverts it so that the last sample in
the raw signal is now the first sample in the processed signal. 100 ms of data is then
stored in a vector; this vector contains our raw 60 Hz noise. The raw noise is, however,
not perfectly smooth and in order to accurately detect the phase, some smoothing is
necessary. The data is smoothed using an averaging window of 2.5 ms. Once the data is
smoothed, a peak detection algorithm is used to determine the location and values of the
peaks and troughs of the signal. The average peak to peak amplitude of the smoothed
signal is calculated and this is used as the amplitude of the new generated reverse phase
60 Hz wave. The final step is to calculate the phase of the smoothed data. This is carried
out by first creating a new 60 Hz wave with zero phase and comparing the time difference
between the first peak in the new 60 Hz wave with that of the smoothed 60 Hz wave. This
time difference is the phase between the generated signal and the raw smoothed data. The
phase is then added to the generated signal and this signal is subtracted from the original
unprocessed EMG signal. Figure 4-4 shows the results of the phase shift portion of the
filter. The zero phase generated signal is shown in red and the green signal is the
smoothed version of the raw EMG 60 Hz noise. Once the phase is detected both

waveforms would be superimposed on one another.
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Figure 4-4 — Result before phase detection portion of filtering code. In red is the
generated signal. In green is the smoothed 60 Hz input data.
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4.3 Pilot Study

A number of different single subject pilot studies were carried out to determine the
effectiveness of prepulses. The experiments included: looking at the effects of 5 and 10
ms prepulses while increasing stimulus amplitude, observing the effects of increased
prepulse duration while keeping the stimulus amplitude constant, and observing the

effects of prepulses during pulse train stimulation.

4.3.1 5 ms Prepulse Experiment

For our first experiment, we followed a similar protocol to the one used in the Poletto
study (Poletto & Van Doren, 2002). The prepulse amplitude was kept at 10% of the
stimulating pulse amplitude. The protocol consisted of first obtaining the stimulus
amplitude where a maximum M-wave is elicited with no prepulse. Once the maximum
amplitude was found, the study began at a low amplitude where three successive stimuli
were delivered (no prepulse, ramped prepulse, and rectangular prepulse). The stimulus
amplitude would then be increased in 1 mA increments until the amplitude that elicited
the maximum M-wave response is reached. In our experiment the subject obtained a
maximum M-wave response at 28 mA of stimulus amplitude. With the prepulse set to 10
% of the stimulus amplitude, the maximum prepulse amplitude was then 2.8 mA. Figure
4-5 and 4-6 show the results from the experiment. The control signal in each case is the
stimulus with no prepulse (shown in blue). The ramped stimulus is shown with a dotted
black line and the rectangular prepulse stimulus is shown with a red line. The first

stimulus was delivered at 11 mA and no response was elicited. At approximately 50-60%
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of the maximal M-wave response, the prepulses have a very large effect. The rectangular
prepulse had the largest effect creating a maximum 42 % increase in peak to peak
amplitude. The ramped prepulse also had augmenting effect on the M-wave response. At
best, the ramped prepulse provided a 33 % increase in peak to peak M-wave response
over the control (no prepulse stimulus). Although we had first determined that the
maximum M-wave had occurred for a 28 mA single stimulus, Figures 4-5 and 4-6 show
that the maximum M-wave was already reached at 18 mA. The current pathways could
have changed during the course of the experiment because of increased ion concentration
or the electrode could have moved slightly. At any rate, the prepulse had no effect on the
signal from 18 mA to 25 mA of stimulus amplitude because all motor units had already
been recruited. At 26 mA the rectangular prepulse started to recruit the muscle and this is
evident by the early M-wave activity when compared to the control response. Also, with
the early activation comes a decrease in peak to peak amplitude since those motor units
have already fired and are in a refractory state when the stimulus pulse arrives.

A stimulus duration curve, shown in Figure 4-7, provides an easy visualization of the
differences between the ramped, rectangular and control stimuli. This graph was

smoothed using a 3 span moving average window.
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Figure 4-5 — Results from the 5 ms prepulse experiment. The blue line represents the
control signal (no prepulse). Dotted line is the ramped prepulse and red line is the
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rectangular prepulse.
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Figure 4-6 — Continuation of the 5 ms prepulse experiment.
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Figure 4-7 — Stimulus response curve for the 5 ms prepulse experiment.

We also experimented with a 5 ms prepulse at an amplitude of 20 % of the stimulus
amplitude. The problem with this was that at 20 % of the amplitude, high prepulse levels
would recruit the motor units before the stimulus pulse could. This would then cause a
lower peak to peak M-wave response along with a bimodal waveform. It is obvious that
these levels are much too high for any useful purpose. Figure 4-8 shows the results at
approximately 60 % of maximal M-wave response. It shows that at this level, the ramped
prepulse is still not recruiting motor units and augments the response nicely. However,
the rectangular prepulse is already recruiting motor units as seen by its early response and
lower peak to peak amplitude. At even higher levels both the rectangular and ramped
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prepulses recruit motor units themselves. This is shown in Figure 4-9. A stimulus
response curve was plotted for this experiment and is shown in Figure 4-10. The graph
shows that at approximately 60 % of maximal M-wave response the rectangular prepulse
start to recruit motor units itself. The ramped prepulse starts to recruit motor units at

amplitudes near the maximal M-wave response.

Response for 20mA Stimulus, Prepulse at 20% (4mA) of Stimulus Response
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Figure 4-8 — Response for 60 % of maximal M-wave response using a 5 ms prepulse
at 20% of the stimulus amplitude.
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Response for 29mA Stimulus, Prepulse at 20% (5.8mA) of Stimulus Response
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Figure 4-9 — Reponse for near maximum M-wave using a 5 ms prepulse at 20% of
the stimulus amplitude
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Figure 4-10 — Stimulus duration curve for 5 ms prepulses at 20 % of the stimulus
amplitude.

4.3.2 10 ms Prepulse Experiment

We conducted a study similar to the 5 ms prepulse experiment but instead utilized 10
ms prepulses at 10% of the stimulus amplitude. A stimulus duration curve is shown in
Figure 4-12. When using 10 ms prepulses we ran into the same problem that occurred
when using 5 ms 20% prepulses in that the motor units would be recruited by the prepulse
itself rather than by the stimulus pulse. A burning sensation also occurred with the longer

duration prepulses at higher levels. However, the augmenting effect was much larger at
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60 % of maximal M-wave response when compared to the 5 ms experiment. The ramped
prepulse augmented the M-wave by approximately 51 %. The rectangular prepulse
augmented the M-wave by 64 %. Clearly the 10 ms prepulse is much more effective than

the 5 ms prepulse. Individual results for the experiment are shown in Figure 4-12.

—%— no prepulse
- -0- - ramped prepulse b
—— rectangular prepulse

M-wave Peak to Peak Amplitude

10 15 20 25 30 35 40 45
Stimulus Amplitude (mA)

Figure 4-11 - Stimulus duration curve for 10 ms prepulse experiment
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Figure 4-12 - Results from the 10 ms prepulse experiment. Prepulse amplitude set at
10 % of the stimulus amplitude.
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As with the 5 ms experiment, we also carried out a 10 ms 20 %, prepulse experiment.
The results were not favorable as very low levels of stimulation caused the prepulse to
directly recruit motor units. Although there is an augmenting effect at these low levels,
the prepulse itself causes some of the recruitment. Figure 4-13 shows one such event at
low stimulus amplitudes. As the amplitudes increased, the M-wave became distorted as
the motor units were almost entirely being recruited by the prepulse. Figure 4-14 shows a

result at higher amplitude levels.

Response for 7mA Stimulus, Prepulse at 20% (1.4mA) of Stimulus Response
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Figure 4-13 — Response for 7 mA stimulus, less than 40% of maximal M-wave
response. Prepulse at 10ms duration and 20% of stimulus amplitude
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Response for 20mA Stimulus, Prepulse at 20% (4mA) of Stimulus Response
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Figure 4-14 — Response for 20 mA stimulus at near maximal M-wave response.
Prepulse at 10 ms duration and 20% of stimulus amplitude.

4.3.3 Prepulse Duration Study

Our next experiment focused on finding what prepulse duration produces the most
augmenting effect on the M-wave. From the first two experiments we realized that the
prepulses have the most pronounced effect at levels about 50 — 60 % of the maximum M-
wave response. We also noted that longer duration prepulses have a much more
augmenting effect but also tend to recruit motor units themselves. This was also true
when the prepulse was set to 20% of the stimulus amplitude. This experiment then
focused on the prepulse duration only. We kept the stimulus amplitude fixed at 15 mA

which produced an M-wave at 60 % of its maximal level when stimulated with no
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prepulse. The prepulse duration was then varied from 0 ms to 20 ms while keeping the
prepulse amplitude fixed at 10% of the stimulus amplitude which in this case was 1.5
mA. The protocol consisted of once again delivering three stimuli at each level. First the
control stimulus was given which consisted of no prepulse. Then a ramped prepulse at the
the set duration and finally a rectangular prepulse was delivered. The results are shown in
Figure 4-15. The maximum prepulse effect occurs at around 12 ms of duration. The
rectangular prepulse provided a peak to peak amplitude over 2 times more than the
control, whereas the ramped prepulse provided a peak to peak amplitude of under 2 times
that of the control stimulus. At longer durations, past 12 ms, the rectangular prepulse
normalized amplitude started to diminish. However, this was not due to early motor unit
recruitment by the prepulse. By looking at the individual responses, it was evident that no
early recruitment was taking place at prepulse durations past 12 ms. It may be that the
prepulse is inhibiting larger motor units and the order of nerve recruitment could be
changing. Hennings et al. reported that very long duration ramped prepulses (500 ms)
could change the order of recruitment (Hennings, Arendt-Nielsen, & Andersen, 2005).
We noted that rectangular prepulses can accomplish what a ramped prepulse can in terms
of augmentation but at lower amplitude levels. This makes sense since a rectangular pulse
contains twice as much energy as a ramped pulse. By looking at Figure 4-15, the ramped
prepulse normalized amplitude does not decrease at these durations. It seems to be
stabilizing at a level about 1.8 times larger than the control stimulus. At durations under 5

ms the ramped prepulse performed much better producing peak to peak amplitudes about
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1.2 — 1.4 times larger than the control stimulus. Full results for each prepulse duration are

shown in Figure 4-16 and 4-17.

2.5

““““

-~ ramped prepulse
—=&— rectangular prepulse

15

Normalized Peak to Peak Amplitude

L
0 5 10 15 20
Prepulse Duration (ms)

Figure 4-15 — Stimulus response curve for increasing prepulse duration. Peak to
peak amplitude was normalized by the control at each prepulse duration.
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10ms.
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Figure 4-17 — Prepulse duration experiment results continued.
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4.3.4 Pulse Train Study

The last study that was carried out was an experiment to look at the effect of prepulses
on pulse train stimulation. The previous studies we carried out all utilized a single
stimulus followed by a recording and a second stimulus a few seconds later. In pulse train
stimulation each subsequent pulse must be delivered at a rate fast enough to elicit a
smooth contraction rather than just a twitch. The reason to use pulse trains is that it
resembles a natural physiological contraction and can be used to build muscle in patients
with atrophy (Banerjee et al., 2005). The use of a single stimulus is more for
physiological research rather than rehabilitory purposes. The purpose of conducting this
experiment was not only to see the effect of prepulses in train stimulation, but also to see
if it was possible to stimulate in a pulse train fashion and record M-waves between
stimuli. Normal electrophysiological instrumentation used in the clinic does not provide
train stimulation and is used for nerve conduction velocity tests where a single stimulus is
delivered. Typical uses of pulse train stimulation arise in a physiotherapy clinic, but again
no M-wave recordings are made. Ideally, the minimization of pain during train
stimulation would provide the most clinical benefit and restore muscular strength to
patients much more comfortably than traditional stimulation.

The protocol we used was to stimulate the motor nerve using 100 psec pulses 20 times
per second. This would provide a constant contraction at the muscle. The 5 ms prepulse
was kept at 10 % of the stimulus amplitude since this is deemed the most comfortable.
The stimulus amplitude was varied from 5 to 14 mA with the maximum eliciting an M-

wave that was 60 % of the maximal response. The stimulus was first ramped up for 1
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second to the desired amplitude and then held for 2 seconds and finally ramped down for
1 second to zero amplitude. A recording of the control stimulus at 14 mA is shown in

Figure 4-18. This shows that our ramp up and down functions work very well.

14 mA pulse train, no prepulse
8 T T T T
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Figure 4-18 — Result from 14 mA pulse train stimulation with no prepulse. The
modulated waveform in bold blue is an image artifact and is not present when the
data is viewed with a smaller time base

Observing M-waves during train stimulation at lower levels was problematic. Significant
noise of the 60 Hz variety was present during the recording but had a varying baseline.

Removal of this baseline was difficult since simple filtering techniques would also
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corrupt the EMG signal of interest. The baseline was contributed by motion artifact
arising from the contractile movement of the thenar muscle. A 20 Hz high pass filter may
be used to remove the varying baseline followed by 60 Hz removal technique. Better skin
preparation under the recording electrodes and longer shielded cables should attenuate
most of the 60 Hz. It was decided to use results where a high signal to noise ratio was
present. This occurred at higher amplitudes where the M-wave was much larger than the
stimulus artifact. An example of the corrupted data is shown in Figure 4-19. This
recording was taken at 9 mA of stimulus amplitude. The stimulus artifact is much larger
than the M-wave and overshadows it. The M-wave itself is corrupted by the 60 Hz noise.

A closer look at the corrupted M-wave is shown in Figure 4-20.

Low level stimultion (9mA)
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Figure 4-19 — Pulse train recording at 9 mA of stimulus intensity with no prepulse.
Large 60 Hz noise corrupts the EMG signal. Note the varying baseline of the noise.
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Closer look at low level stimulaton
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Figure 4-20 — Closer look at low level stimulation recording. The stimulus artifact is
quite large compared to the M-wave which is drowned out by 60 Hz.

With low amplitude results being corrupted by noise, our viable data came from higher
amplitudes used. The results, shown in Figure 4-21, come from our maximum stimulus
amplitude used, which was 14 mA. The entire recording is not shown since the M-wave
would be difficult to distinguish with the large time base. Instead, a small portion of the
recording, approximately 200 ms, is shown. These results show that using prepulses
during train stimulation can affect the M-wave response. The ramped prepulse, shown by
the dotted line, produced an average M-wave response approximately 20 % greater than

the control stimulus, shown in blue. The rectangular prepulse, shown in red, had an even
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greater effect. The average M-wave peak to peak response was approximately 38 %
greater than the control stimulus. When compared to the prepulse augmentation levels in
our single stimulus experiments, the pulse train study showed decreased levels of
augmentation. This is due to the fact that we were stimulating at greater amplitudes with
most of the motor units already being activated by the stimulation pulse only case. Only a

much smaller number were available for augmentation by the prepulse.

Pulse train stimulation with and without prepulses
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Figure 4-21 — Results from 14 mA pulse train stimulation with and without
prepulses.
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Another important fact is the minimal stimulus artifact present. Depending on the
placement of the stimulating and recording electrodes, small stimulus artifact can be
obtained. This also proves that our isolation circuitry is working properly, isolating the

EMG amplifier from the stimulation circuit.
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Chapter 5: Conclusions

The goal of this thesis project was to design and develop a novel muscle stimulator
that can deliver prepulses. We also set out to perform some physiological tests with the
stimulator to determine the merits of prepulse stimulation. In terms of hardware design,
the stimulator that was prototyped met all our design requirements. It could deliver
prepulses of various durations and two shapes: rectangular and ramped. With the
stimulator being controlled by a computer, any waveform could be programmed in and
delivered to the patient. A fully working LabVIEW interface was developed that was user
friendly and customizable. It controlled the various parameters associated with
stimulation and recording: amplitude, duration, frequency, and sampling rates. The
stimulator delivered constant current pulses and was verified using resistive loads and a
small pilot study.

The pilot study that was carried out was used to both test the stimulator and look at the
merits of prepulse stimulation. Some interesting data were collected and analyzed. It
showed that the maximum benefit when using prepulses occurs at durations around 12
ms. However, at these durations, an increased sensation was felt underneath the
stimulating electrode. This could be due to the amplitudes we were using and not due to
the duration. We found that prepulses could lower the firing threshold of motor units and
hence, for the same stimulus amplitude, a much larger M-wave can be elicited. Our
results showed that during single stimulus events, an increase of 42 % can be achieved
using 5 ms rectangular prepulses, and an increase of 33 % can be achieved using 5 ms

ramped prepulses. With the duration increased to 10 ms, a 64 % increase could be seen in
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the M-wave when using rectangular prepulses. Ramped prepulses produced a 51 %
increase at 10 ms durations. For our subject, the most comforting stimuli occurred with 5
ms prepulses. In terms of energy delivered for each stimulus, the ramped prepulse has
half the energy of the rectangular prepulse. However, the M-wave responses elicited by
ramped prepulses augment the peak to peak response by more than 50 % of the
augmentation of the rectangular pulse. This makes the ramped prepulse much more
efficient in terms of augmenting the M-wave.

The most clinically relevant result came from pulse train stimulation. If amplitude
requirements could be lowered during pulse train stimulation then perhaps perceived pain
could also be lowered. Our results showed that using 5 ms rectangular prepulses the peak
to peak M-wave response could be increased almost 40 %. When ramped prepulses were
used an increase of almost 20 % was achieved.

Using prepulses to lower amplitude requirements during muscle stimulation could be a
method to lower the pain perceived by patients. This thesis outlined the design of a
stimulator to deliver the prepulses, and with our preliminary data we showed significant

peak to peak M-wave increases with the use of both ramped and rectangular prepulses.

5.1 Future Work

With the stimulator designed and , many physiological tests can now be undertaken.
First, a much larger sample size is needed to verify the preliminary results we obtained. A
detailed study should be conducted to look at the effects of prepulse amplitude without
any stimulus pulse present. We only carried out studies that varied the prepulse duration

and kept the prepulse amplitude fixed to 10 or 20 % of the stimulus amplitude. In order to
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observe the amplitude effects of the prepulse, a study should be carried out that varies the
amplitude of the prepulse while keeping the duration fixed and observing for any M-
waves. Once this study is carried out, a pulse train study can be undertaken. However, on
the signal processing front, a more elaborate method to remove 60 Hz noise during train
stimulation would be necessary. This study would have the most interesting results in
terms of clinical benefit. The pulse train study should be tied together with a pain
perception study. A look at whether or not prepulses can increase the pain threshold is
very important. If in fact, as we hypothesize, that pain arises from high stimulus
amplitudes, the lowering of amplitude requirements would decrease pain perception.
Different prepulse waveforms should also be tested since the stimulator design allows for
any waveform to be programmed in.

Currently the stimulator is controlled by LabVIEW and data input and output is passed
through a National Instruments data acquisition board that resides inside a desktop PC. In
order to make the system much more portable and remove the bulky desktop PC, a new
design for the control system should be looked at. With the advent of USB enabled
microcontrollers, perhaps a total data acquisition and output solution can be implemented
in a microcontroller. This would allow a laptop to control all the stimulus parameters and

make the system much more hospital friendly.
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Appendix 2 — LabVIEW Wiring Diagrams

Remove DC Offset

M
M
| |OK message + warnings |

H [1] "Stim Button'; Value Change

Reinit To Default

M True 'E

fStim Butten

3| =B =

Eat =
= -

Figure A- 4 — Single Stimulus wiring diagram. Shows the case where only a single
stimulus is elicited, no trials.
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Figure A- 5 — Single Stimulus wiring diagram, multi trial section. After each trial

the data is saved to a file.
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Figure A- 15 — Pulse train wiring diagram showing data acquisition closure stage,
notice the zero amplitude square waveforms used to ensure output is set to zero

when no stimulation is taking place
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Figure A- 16 — Pulse train wiring diagram showing file saving stage
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Figure A- 17 — Ramp up VI wiring diagram

107



