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Abstract

Magnetic nerve stimulation has proven to be an effective, non-invasive technique to excite
peripheral and central nervous systems. In this technique, the excitement of the neural tissue
depends on exposure to a transient magnetic field generated by passing a high pulse of current
through a coil. By positioning the coil in a specific orientation over the targeted tissue, the
transient magnetic field will induce an electric field in the conductive milieu of the body. If this
field reaches a certain threshold within a specific time period, neural depolarization is then
evident.

Recently, transcranial magnetic stimulation showed promise as a novel treatment for
mood disorder and other psychiatric illnesses. Considering that these sicknesses are currently one
of the largest causes of disability (with a cost sometimes exceeding that of diabetes, heart disease,
and hypertension) it is evident that pursuing this therapeutic approach is beneficial. However, as
magnetic stimulation is relatively new, many limitations and obstacle are to be addressed before
this innovative technology is approved for clinical applications.

The main limitations in applying magnetic nerve stimulation are poor field focality and
inadequate strength in deep tissues (targeted area). Thus, the excitation of these regions requires
very high coil currents to achieve a strong field that is capable of penetrating deep tissues.
However, these fields might activate adjacent tissues as well as the targeted area. Further, the high

currents will result in coil heating, especially for a high rate of repetition.
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Another limitation, especially in transcranial stimulation, is the lack of knowledge of
precisely which area of neural tissue is being affected since no immediate behavioral effects are
apparent. As well, current literature on the effects of current reversal in the coils and the virtual
cathode of the coil suggests conflicting results.

The primary objective of this thesis is the development and testing of new coil designs
that can focus the magnetic field more effectively. Two such coils have been built. The first coil
has an air core, while the other has a magnetic core. The magnetic fields of these coils, applied
to the human upper limb, have been determined theoretically, and the results compared to the
field generated by the most common commercial coil, the Figure-8 coil. To design these coils and
to test them experimentally, a current pulse generator has been designed and built. Further, a
novel measurement system using surface mount inductances and a computer based data
acquisition system has been designed and built. The experimental results confirm the theoretical
findings, that the air core coil is slightly better than the Figure-8, as far as field strength and
focality are concerned. In addition, the experimental results, prove that the coil with the
ferromagnetic core, is superior.

The second objective is to investigate the effect of stimulus waveforms theoretically,
experimentally, and through in vivo study. The goals of the study are to establish a quantitative
relationship among various waveforms and to investigate the effect of these waveforms in
determining the site of stimulation. Accordingly, a multi subject trial was conducted: a Figure-8
coil was applied to the median nerve of ten subjects at the upper limb. The motor responses of
the thenar muscle were then recorded. The study results show that the biphasic stimulating pulse

is more effective than the monophasic pulse, as has been concluded by other researchers.
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However, the effective stimulating point, or virtual cathode of the coil, was found to be not
simply 3 to 4 cm from the coil center as had been reported. In fact, the study shows that the site
of the virtual cathode is affected by the current amplitude and the degree of inhomogeneity of the
tissues surrounding the nerve. Furthermore, reversing the coil current direction results in a
different level of stimulation but does not affect the virtual cathode position.

In summary, the research presented in this thesis covers theoretical concepts, experimental
aspects, and human studies related to neuro magnetic stimulation. The results of the experiment
and the study are consistent with the theoretical analysis. The proposed coil design is novel and

offers promise for a better coil system for magnetic nerve stimulation.
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Chapter 1 Introduction

1.1 History Preview

By the end of the eighteenth century, the notion that animal tissue responds to
electricity was reasonably well established. As reviewed by Rattay [1], Galvani and Volta
demonstrated in thel790s that electric currents could affect the activities of muscles and
nerves. However, this knowledge was not used effectively in psychiatry until April 1938,
when Cerletti and Bini first described electroconvulsive therapy (ECT) [2].

In 1831 Michael Faraday described the magnetically induced current. Faraday
wound two coils on an iron ring and found that whenever the coil on one side was connected
or disconnected from a battery, an electrical current passed through the coil on the other side.
His theory was that the iron ring acted as a channel linking the magnetic field of both coils
such that any change in the magnetic field of the first coil would result in an induced current
in the second.

The earliest scientific attempts to use magnetic energy to alter brain activity were
conducted by D’ Arsonval in 1896 and Thompsen in 1910 [3]. Placing a large coil carrying
substantial alternating current near the head of a human volunteer, D'Arsonval stated that the
subject perceived bright spots, or "phosphenes” in the visual field [3].

Using currents with frequencies of 60Hz and 1kHz, Kolin et al. reported selective



nerve stimulation in 1959 [3]. The group achieved these stimulations by wrapping a frog
sciatic nerve around an electrical pole.

In 1965 Bickford and Freeming introduced magnetic nerve stimulation (MNS) by
discharging a capacitor into a skin-surface coil [3]. They applied this method to the
peripheral nerves of humans and animals.

In the late 1970s and early 1980s, Barker et al. conducted many experiments with the
objective of stimulating deep nerves [3]. This group reported their first success n
stimulating the human motor cortex in 1985 [4]. By this event the modern era of transcranial
magnetic stimulation(TMS) started. With the availability of equipment that can generate up
to 50 pulses per second, the therapeutic potential of repetitive transcranial magnetic
stimulation (rTMS) was introduced in the 1990s [5].

The concept of MNS is based on Faraday’s experiment with the stimulating coil
representing that connected to a power supply, the targeted nerve representing the second coil
and the tissues representing the medium linking the magnetic field between both coils [3].
Establishing an alternating current in the stimulating coil produces an alternating magnetic
field that links the two coils. This field results in an induced electric field in the nerve. If the

electric field gradient reaches a certain threshold, nerve stimulation becomes evident.

1.2 Clinical Applications of Magnetic Nerve Stimulation
The therapeutic potential of magnetic energy has been a subject of long debate in
both conventional and alternative medical practices. Numerous devices using magnetic

fields, ranging from the questionable to the truly innovative, have claimed a wide variety of



clinical benefits. Nevertheless, many of these devices proved to be effective in numerous
clinical applications and hold great promise for further advancements. These applications

cover several areas with the most critical listed below.

1. Diagnosing disease and mapping the upper motor neuron

Diagnosis of some neurological dysfunction, such as Amyotrophic Lateral Sclerosis
(ALS), depends on the evaluation of upper and lower motor neurons. While the lower motor
neuron involvement may be examined with electromyography (EMG), the involvement of
the upper motor neuron may be elusive and difficult to test. Studies conducted by Triggs et
al.[6] and Miscio et al. [7] investigated the effectiveness of TMS to identify abnormal upper
motor neurons in patients suffering from ALS. Both groups confirmed that TMS showed a
high sensitivity to any abnormality and improved the diagnosis. Further, both group findings
agreed that TMS provides important diagnostic information for an early prediction of ALS.

More investigations to evaluate the effectiveness of TMS as a diagnostic tool were
performed by Cicinelli et al. [8]. In their study, TMS was employed for mapping the motor
cortex of both ﬁemispheres. The conclusion of this study was: TMS can offer a new tool in
diagnosing neurological disorders that affect the central nervous system.

Although the above studies were applied to map upper motor neurons, it should be
noted that the measured responses were collected from the lower motor neurons. However,
if the lower motor neurons are severely dysfunctional, then quantifying the abnormality of
upper motor neurons will be complicated. In these cases, an alternative diagnostic tool, such

as an MRI, could be used to evaluate the brain and spinal cord conditions.



2. Rehabilitation and therapeutic freatments

In the past few years, functional magnetic stimulation (FMS) has been shown to be
an attractive and promising field for rehabilitation purposes. Recently, many researchers have
used this non-invasive technology as a new therapeutic tool to stimulate various organs such
as bladder, colon, abdominal and respiratory muscles.

By stimulating the sacral nerves within the suprapubic region, Lin etal.[9,10] studied
the effectiveness of FMS in activating bladder contraction and improving bowel movements
in patients suffering from spinal cord injury. For bladder stimulation, their results showed
that FMS can be helpful to patients with neurogenic bladders [9]. Further, this group was
successful in stimulating the colon and concluded that FMS reduces the total and segmental
colonic transit times [10]. By stimulating the roots of the sacral nerves, Yamanishi etal. [11]
and Fujishiro et al. [12] studied the feasibility of using FMS to control urinary incontinence.
Their conclusions found that FMS was effective in urethral closure and bladder inhibition,
and evidently as a treatment of urinary incontinence.

Another application of FMS is to improve respiratory pacing in patients unable to
activate the abdominal muscles due to spinal cord injury. Polkey et al. [13] and Singh et al.
[14], applied FMS to the spinal cord (between T8 and L5) with the aim of stimulating the
roots of the thoracic and lumbar nerves. They confirmed that FMS of the abdominal and
expiratory muscles can generate a substantially positive intra-abdominal and intrathoracic
pressures and consequently can enhance the expiratory pressures, volumes, and flow. Their
conclusions are: FMS can be a valuable technique for restoring cough in patients in critical

care or peri-operative settings.



3. Evaluation of motor pathways and monitoring neural surgeries

As magnetic fields have the capability of penetrating deep anatomical structures,
TMS can be used to excite neural fibers embedded within deep tissues or covered by bones.
From this perspective, TMS can be used to monitor the integrity of the spinal cord during

surgery [15]. Figure 1.1 displays various clinical applications for magnetic nerve stimulation.

Coil Current

Descending Descending
Nerve . )

Impulse ' T

(A) (B)

Stimulation of the spinal cord Transcranial magnetic stimulation (TMS)

Double Cone Coil

el ¥

Monitoring Instruments
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The use of magnetic stimulation in the operating room for monitoring purposes

Figure 1.1
Different clinical applications for magnetic nerve stimulation (taken from [15]).



4. Treatment of Mood Disorders

In most cases, the symptoms of mood disorders are controlled with pharmacological
treatment. However, despite the various types of medications available, there are many side
effects associated with their use. Pharmacological treatment, particularly among elderly
patients, is more complicated due to the medical comorbidity, polypharmacy, and patient’s
greater vulnerability to medication toxicity [16,17]. Further, large numbers of patients (as
many as 1 in 5 ) may not respond to any of the drugs (antidepressant medication-resistant
patients) [18]. An alternative to treat these patients is the use of electroconvulsive therapy
(ECT)[19]. However, despite the advantages of ECT, there are many cognitive side effects
as well as the problem of general anaesthesia, therefore, a new therapeutic approach is
needed. The new approach that was recently adopted by some members of the psychiatric
community is repetitive transcranial magnetic stimulation (rTMS). This novel non-invasive
technology has shown great promise as a treatment for depression, even in antidepressant
medication-resistant patients [20,21]. A detailed comparison between the mechanisms and
application aspects of ECT and rTMS can be found in Appendix A.

Since its early development as a new therapeutic tool, the possibility that rTMS may
replace ECT has been frequently suggested in the clinical research community [22,23].
Studies in animals indicate that rTMS can produce behavioral and biological effects which
are qualitatively similar to those seen after electroconvulsive shock (ECS) [24-26]. Grunhaus
et al. [27], and Pridmore et al. [28] have recently completed two well designed studies in
which patients were randomly assigned to ECT and rTMS with the objective of comparing

the effectiveness of rTMS to that of ECT. Both groups observed marked improvements in



non-psychotic patients. In agreement with the findings of references 27 and 28, other

researchers predict that rTMS therapy may ultimately find a crucial role in the list of

treatment options for patients suffering from major depression or other neuropsychiatric
illnesses [29,30]. However, before this materializes two critical issues must be clarified:

1. The outcomes of all the studies investigating rTMS have been realized despite the
fact that rTMS treatment settings are still not fully determined. Needless to say that
a better understanding of rTMS mechanisms and functionality combined with
improved instruments will accelerate the realization of its therapeutic potential.

2. Comparing results of trials in which rTMS was used for depression treatment, is
complicated due to the variations in r'TMS methodology, diagnostic heterogeneity,
the differences in equipment output, and lack of knowledge regarding dose-response
relationships. As has been suggested by many researchers, following precise and

well defined guidelines will simplify the task and ensure valid comparison.

1.3 Advantages and Current Limitations of MINS and rTMS

The potential advantages of MNS over electrical stimulation are:

1. Reduction or sometimes elimination of pain.
2. Access to tissues covered by poorly conductive structures.
3. Stimulation of neural tissues lying deep in the body without requiring an invasive

technique or high energy pulses [3,15].
As for rTMS when compared with ECT, the advantages are as follows:

1. Selectivity of discrete brain regions for stimulation in a more controlled manner [31].



2. Reduction of unwanted side effects associated with ECT such as seizures.

3. General anaesthesia is not required when applying rTMS [31].

4. From a cost perspective, rTMS treatment can be administered by a single operator in
an outpatient setting. This leads to tremendous savings when compared to the cost
of providing ECT.

Despite these advantages, the current clinical use of ’TTMS for treatment is considered
experimental and requires regulatory agency approval in Canada and the USA (see Appendix
B for more details regarding rTMS risks and safety guidelines).

In order to realize the full therapeutic potential of rTMS, the following key points
must be addressed.

1. Coil Design
The clinical coils currently used produce effective magnetic fields only for a limited

penetration depth of 1-2 cm into the brain {32,33]. At this level of penetration most regions
in the brain are not activated by magnetic stimulation. Some of these unaffected regions
include the basal ganglia, the cingulate gyrus, and the thalamus, all of which are believed to
be related to depression [34,35]. Accordingly, the stimulation of these deep structures
requires new coil designs with greater depths of penetration and improved field focality.

2. Pulse configuration, current direction, coil orientation, and stimulating site

It is well established that pulse shape influences the neurophysiological responses
during MNS [36-38]. Also, it has been shown that current reversal in the coils changes the
site of stimulation or stimulates other neural structures at the same site [39,40]. Further, it

has been demonstrated that coil position and orientation are critical factors [41].



Considerable controversy still exists regarding the stimulation site (position of the virtual
cathode) with respect to the coil, especially when stimulating inhomogeneous tissue
structures. These are significant issues for determining optimum cortical stimulation
strategies, yet no criteria have been established to define the most effective values for these
parameters.

3. Consistency in ¢oil placement

Coil positioning is an important but relatively unstudied issue. In most clinics, the
current practice is to place the coil on the head 5 cm anterior to the site of the motor cortex
for activation of the abductor pollicis brevis muscle, irrespective of the size and shape of the
subject's head. This technique results in coil positioning over widely different brain regions
across subjects with different head sizes. Recently, in a few advanced research facilities
digital cameras were utilized to ensure precise and consistent coil positioning. However, due
to the significant costs involved, these systems are limited to only a few research centers.
4. Other issues

The rate of repetition, the total number of pulses per session, and the relationship

between dose of stimulation and antidepressant response are still under investigation.

1.4 Justification and Scope of this Thesis

Mood disorder is currently one of the largest causes of disability with its cost
sometimes exceeding those of diabetes, heart disease, and hypertension [43,44]. Further, if
the symptoms are not managed effectively, the cost of the treatment increases tremendously.

For example, the mean cost of a well controlled patient suffering from Bipolar Disorder (BD)



per life-time is $11,720 US, yet this cost may rise precipitously to $624,785 US, when the
symptoms are not managed effectively [42].

The goal of the work presented in this thesis is to improve the current technology of
rTMS. From an engineering perspective, the following issues were addressed in this work:
1. Coil Design

The main limitations in using rTMS are poor field focality and inadequate strength
in deep tissues (targeted area). Excitation of these regions requires very high coil currents to
achieve a strong field that is capable of penetrating deep tissues, however, these fields might
activate adjacent tissues as well as the targeted area. Further, the high currents will result in
coil heating, especially for a high rate of repetition. In this work, two new coil designs are
proposed: air core and magnetic core coils. Both coils include a third vertical winding in
addition to the two horizontal windings. Adding a third winding will improve field focality
and will help control the depth of penetration. Moreover, the addition of the magnetic core
will enhance the field strength as well as the depth of penetration. This enhancement will
minimize the current required to generate the magnetic field, and consequently, reduces the
generated heat within the windings and improves the coil thermal performance. However,
there is concern that a more powerful coil could inadvertently induce seizures. It should be
noted that seizures have been intentionally induced in depressed patients with the advantage
of fewer cognitive side effects compared with ECT.

2. Pulse configuration, current direction. stimulating site and coil orientation

A number of studies have addressed the effectiveness of pulse configuration (mono-

phasic, bi-phasic) during magnetic stimulation. Using the compound muscle action potential
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(CMAPs) of a selected muscle, bi-phasic pulses appear to stimulate more motor neurons
than mono-phasic pulses with the same energy content.

In this thesis, the effectiveness of different waveforms and the reversal of current
direction will be quantified through simulations and experiments including a study in vivo.
As well, the site of stimulation (virtual cathode) will be investigated with the objective of

optimizing coil placement and its orientation precisely over the targeted area.

1.5 Thesis Structure

Chapter 1 presented a history preview of MNS, its advantages, and limitations. A
brief description of the state-of-the-art in the clinical use of MNS in diagnosing and
therapeutic applications was included with a special focus on rTMS in treating mood
disorders. The advantages of MNS and rTMS as well as the limitations of the latter
(compared to ECT) were outlined. The scope of this thesis and the justification for the work
were also addressed.

Chapter 2 provides background information regarding the neural system structure and
function as well as the relationship between nerve stimulation and an applied magnetic field.
A model representing a stimulated peripheral nerve axon (cable model) is mathematically
described and analyzed. A mathematical field analysis of nerve stimulation, Roth’s model,
is presented with the main focus on the static component of the induced electric field.

Chapter 3 addresses the outstanding problems associated with coil design such as the
lack of field focality and coil over-heating. The advantages and limitations of commercial

coils, new coils proposed by other researchers, and our coils are presented. With the
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objective of building a coil that is effective in rTMS, numerical simulations were performed
on the previously used coils (circular, figure-8) as well as the proposed coils (air core,
magnetic core). These simulations were conducted using the Finite Element Method in three
dimensions combined with a transient analysis. An outline describing the software that was
used to perform the simulations including problem description and post processing results
are presented. Key results from these simulations and the advantages of the proposed coil
designs are summarized.

Chapter 4 , which is divided into two sections, presents the hardware development
aspects of this thesis. The first section outlines design principles and component selection
that were implemented in building two magnetic stimulators (simple, advanced). The second
section describes a new technique used to evaluate the stimulating coils by measuring the
induced electric fields in three dimensions. In addition, this section covers the software and
hardware used to construct two measuring apparatuses. A brief overview of the previous
researchers’ work as well as the evaluation results from the new apparatus are presented.

Chapter 5 summarizes the experimental results of this work and groups them in two
parts. The first part covers the testing and evaluation of various coils (commercial vs.
proposed), while the second part addresses the effect of changing the medium, on the induced
electric field, during magnetic stimulation. The main objective of the second part is to test
and evaluate Roth’s hypothesis using different models with heterogeneous conductivities.

Chapter 6 addresses the effects of pulse configuration on stimulating lower motor
neurons by measuring the compound muscle action potential (CMAPs) of a specific muscle

(thenar muscle). It also covers the concept of action potential and its role in muscle
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excitation. The results of a study, investigating the effect of pulse configuration, are
presented and compared with that of other researchers.

Chapter 7 presents the conclusions that were drawn, recommendations, and an outline
for possible future work in this area. The suggested future work identifies problems that have
not been resolved and summarizes recommendations for further improvements to the current

rTMS technology.
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Chapter 2 Stimulation of Nerve Fibers

To facilitate a better understanding of nerve interaction with external magnetic fields,
a brief background of the nervous system physiology and functionality is presented in this
chapter. This includes an overview of the nerve anatomical structure and its functions with
an emphasis on peripheral nerves. Also, this chapter discusses the most accepted model, the
“cable model,” to represent the excited nerve fiber during magnetic stimulation. As well, a
numerical field analysis of nerve stimulation, Roth’s model, is discussed with the main focus

on the static component of the induced electric field.

2.1 Anatomy of the Nervous System

The basic unit of the nervous system anatomy is the neuron. The human nervous
system is a collection of about 10 ''*' neurons arranged in a highly structured manner [45].
The neurons are responsible for coding, transmitting, transforming, and decoding
information. The morphology of neurons varies greatly, however, they have certain common
features. Figure 2.1 shows the structure of a typical neuron including its major components:
a cell body (soma) which contains a nucleus, dendrites, and a long thread-like fibre called

an axon [45].



Myelin Sheath Nodes of Ranvier

{Schwann Cells)
Cell Nucleus Synapse
Der;rdritic Synapse \Nerve
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xon
Cell Body tree

Figure 2.1 (after {45])

A typical nerve cell (neuron) within the peripheral nervous system. The drawing is not to scale and the dashed
lines on the axon emphasize that the length of the axon is much greater than that of the cell body and may
extend for several tens of centimeters.

Surrounding the neuron is a cell membrane, a boundary that separates the cytoplasm
intracellular fluid from the interstitial fluid. This boundary consists of a phospholipid bi-layer
in which transmembrane proteins are embedded [46]. Inputs to a neuron, which may vary
from one to thousands, occur at the cell body and the synaptic sites (which are scattered over
the surfaces of the dendrites). The axon of a neuron may reach a length of up to a meter and
can have diameters that range between0.3 pum and 20 pm (average 10 pm) [47,48]. Typically,
the axon terminates in branches (synapse) that connect with other neurons or with skeletai
muscle fibers as in the case of a motor unit.

Depending on the type of axons, the nerves can be divided into two major categories:
myelinated and unmyelinated. If the axon is surrounded by a layer of myelin sheath, the
nerve is called myelinated. In contrast, if the axon is bare the nerve is called unmyelinated
[46]. The focus for the remainder of this chapter is on the myelinated nerves, as the targeted

nerve considered in this thesis (for both modeling and experimenting) is the median nerve.
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A myelinated fibre consists of an axon sheathed by a cylindrical sleeve of myelin. At
regular intervals, the myelin sheath is segmented by 2.5 ;ym gaps called the Nodes of Ranvier
[45]. These gaps are the only points of contact which link the cell membrane with the
extracellular tissues. It is at the Nodes of Ranvier that the neuron signals are generated and
regenerated as they propagate down the length of the axon. The length of the segment
between the Nodes of Ranvier depends on the fiber size and is estimated to be 100 times the
fiber diameter [49]. Each of these segments, which may be referred to as internodal or
internode, is formed by a supporting cell. The supporting cells associated with the peripheral
nervous system are called Schwann cells. A variety of functions are ascribed to the
supporting cells, including providing mechanical support for neurons, buffering extracellular
solution composition, maintaining insulation for the electrical signal (as it propagates along
the axon) from the highly conductive extracellular fluid, guiding the migration of neurons
during development of the nervous system, nourishing neurons, participating in the formation
of the blood-brain barrier, and disposing of cellular waste [45}.

Most researchers agree that the axon internodes play a major role in peripheral nerve
stimulation as they have noted that larger fibers are more readily excited than smaller ones
[50,51]. Their interpretation is based on the fact that axons with larger diameters have longer
internodes which result in higher voltage gradients between adjacent nodes and consequently,

lower effective thresholds for nerve excitation.
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2.2 The Sodium-Potassium Pump

For nerve fibers, the concentration of ions in the extracellular fluids is different from
that in the cell internal cytoplasm. This difference in concentration generates an equilibrium
transmembrane potential ¥, which can be attributed to the contributions of the three most
significant ions: Potassium K*, Sodium Na*, and Chloride CI". The effects of these ions can
be modeled as DC voltage sources that supply ionic currents through their respective gates.
From a mathematical perspective, the transmembrane potential V,, can be calculated using
the Nernst relationship or the Goldman constant- field equation (equation 2.1), which is an

extension of the Nernst equation [52].

v - (RT) 1n( P, .[K,T + Py.[Na ] + P [CL7] on

F P KT + Py, .[Na;"] + Pey- [C1]

where V,, is the membrane potential, R is the gas constant, T is the absolute
temperature, F is the Faraday constant, and Py, Py,, P, are the membrane permeabilities of
the ions K+, Na*, Clrespectively.

Since the above ions have different concentrations across the cell membrane, their
influx and efflux are not in equilibrium. As Na* has a higher concentration outside the cell
while K" is higher inside the cell, the Na* will have the tendency to flow into the cell while
the K* will flow in the opposite direction. To maintain the balance in ion concentrations as
well as the cell resting potential, a set of proteins embedded within the cell membrane play
amajor role. These proteins, which can be defined as the Sodium-Potassium pump, force the

extra Na* from the cell interior to its exterior and pump the K™ in the opposite direction. As
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the process of moving ions against their concentration gradient requires energy to “fuel”the
Sodium-Potassium pump, chemical energy is supplied from cleaving adenosine triphosphate

molecules [46].

2.3 Mechanisms of Neuron Excitation

The concept of neuronal or axonal excitation involves the alteration of the
transmembrane potential (V,,) from its resting potential (approximately -90 mV) to a higher
level [46]. If V,, increases to -60 mV, the Sodium gates will open (increase their
conductance) allowing more Na* to flow into the cell. This will trigger an increase in the
transmembrane potential, hence increasing the flow of the Na*. The accumulated Na” inside
the cell will initiate positive feedback that will change the transmembrane potential from -60
mV to approximately 30 mV. This momentary change in the membrane potential is defined
as neuron excitation or firing and it can be considered as the initiation of the “Action
Potential” [46]. After the neuronal firing, the Sodium gates, which are time dependent, will
begin to close, blocking the influx of Na*. Simultaneously, the Potassium gates will open
allowing K* to flow from the cell interior to its exterior. This process will bring the cell
membrane back to its resting potential [46].

It is well accepted that the ionic activities described above can be modeled as an
electrical circuit representing the ionic currents and the membrane electrical properties. As
charges accumulate across the membrane due its dielectric property (phospholipid bilayer),
the membrane can be modeled as a capacitor. Further, depending on the gate’s ionic

permeability, these gates can be modeled as variable selective conductances. Figure 2.2 is
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a graphical interpretation of the above and it outlines an electric circuit model of a cell
membrane where: Ey, and Ej, represent the Na* and K* equilibrium potentials (“Nernst
Potentials™) respectively, gy, and g, denote the Sodium and Potassium conductances
respectively, while C,, and ¥, are the membrane capacitance and potential [53]. Although
the chloride ions were included in equation (2.1), they have been eliminated from the

equivalent circuit as they have a minute effect relative to the other currents.

External potential =0 V

¥
g Na -
ggl( g C _L..Vm
T (70mV)
e 2l '
| (85maV) T @y

0
Inside potential = ~90mV

Figure 2.2
A circuit model representing a unit area of a nerve cell membrane.

2.4 The Equivalent Circuit of the Myelinated Nerve

Many models have been developed over the last 50 years to represent the nervous
system and its physiological activities. In these models, it has been clearly established that
any neuron activity is the result of a sequence of chemical diffusions between the neuron and
its surroundings through the cell membrane. To model these effects, a simplified equivalent

circuit model, which consists of passive conductances and capacitances, was implemented.

19



Figure 2.3 illustrates a circuit model of the myelinated nerve axon and its associated elements

as it was originally formulated by McNeal [49].

Figure 2.3

Equivalent circuit model of a myelinated axon. The circuit is superimposed on the axial cross section of the
fiber in an attempt to relate the equivalent circuit components to the physical structure of the axon. The
parameters G,,, and C,, represent the conductance and the capacitance associated with the exposed section of
the membrane. As the cytoplasm is considered to be predominantly resistive, it is denoted by the conductance
G.. The term V, represents resting potential, while the terms ¥, V,, and V,, denote intracellular, extracellular,
and transmembrane potentials, respectively. The potentials ¥}, V,, and ¥, are discreet variables as they are
indexed by the parameter # which assigns a specific number for each Node of Ranvier. By applying
Kirchhoff’s voltage law, the transmembrane potential ¥, can be calculated using the relation V,, = V;-V, -V,
The axon shown above is assumed to extend in both directions.

The purpose of the above model is to relate the physical structure of the myelinated
axon to the equivalent circuit components. As was illustrated earlier, the Nodes of Ranvier
are the membrane’s only contact points with the extracellular environment as the intervening
areas between them are insulated by Schwann cells. Considering that Schwann cells have an
extremely high impedance relative to the bare membrane [45], it can be assumed that these
cells are effectively non-conducting. This assumption has been implemented in virtually all
models presented in the literature.

By applying Kirchhoff’s current law at the intracellular nodes, the currents flowing

from the nth node of Ranvier can be described by the following differential equation:
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dV_(n,t)
C, __%Em +G,_V_ (0,0 +G[[V,0-1,0+V (@0-1,n]-[V (0t +V (n,0]]

+G[[V,@+1L,) +V, 0+ 191 - [V b« V,@b]]= 0 (2.2)

Re-arranging the terms in equation (2.2) results:

dv_(n,t)
T +G V. (0,0 -G [V (-1, -2V (nt)+V (n+] ]

= GV (n-1,) -2V (0,0 +V (n+1,8)] (2.3)

In equations (2.2, 2.3), ¥, represents the transmembrane potential while ¥,, which
is a discrete term for each Node of Ranvier, denotes the node extracellular potential. The
terms G,, and G, are the conductances of the membrane and the cytoplasm respectively. The
parameter C,, tepresents the capacitance associated with the exposed section of the
membrane. It should be noted that the terms representing the extracellular and
transmembrane potentials in equations (2.2, 2.3) are functions of both the node position, as
indexed through the parameter n, and time represented by the variable .

To solve equation (2.3), the equivalent circuit components C,,, G, and G, must be
known. To compute these parameters is a simple task considering they are based on an
idealized geometry and linear electrical properties of the axon membrane and the cytoplasm.
The segmental capacitance C,, which represents the capacitance of the cell membrane

exposed to the extracellular medium at each node, can be calculated using equation (2.4)
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C, =c,ndd 2.4)

m

where ¢,, is the distributed capacitance per unit area of a cell membrane, 4 is the axon
diameter, and ¢ is the width of the Node of Ranvier. In a similar manner, equation (2.5) can

be used to calculate the membrane conductance G, at the Node of Ranvier.

G, =g,ndd 2.5)

where g,, is the distributed conductance per unit area of a cell membrane, d and d are
the same variables used in equation (2.4). Considering that the resistivity of the cytoplasm
p. is known, the calculation of the segmental axial conductance G,, can be implemented
using the following equation:
nd?

G, = 2.6
¢ 4p.Ax 26)

where p, is the cytoplasm resistivity (intracellular), 4x is the length from center to

center between adjacent Nodes of Ranvier, and 4 is the variable used in equations (2.4, 2.5).
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2.5 The Cable Equation

Equation (2.3) can be re-arranged as follows:

I G

Gm

Cm

dv_(n,t)
dt

c

[V (-1, -2V_(n,) +V, (0+1,0)]

i)

m

v

[V (n-1,0) -2V (n,0) +Ve(n+1,t)]1 (2.7)

m

Equation (2.7) can be analogously expressed in a continuous form as:

Y \Y
29 lm —rm?—»“l = 22 O

N 2.8)
%2 at ox

where ¢, is the electric field along the axon (x axis), 4 and 7, are the axon space and time

constants respectively and can be described by:

A G Cn (2.9)
= 3Ty = .
m Gm

Equation (2.8), also known as the “cable equation'”, represents a general formula for
the transfer of the action potential along the axon. This equation has been implemented by

many researchers, who modeled axonal fibers during magnetic stimulation, with the

1

This equation is called the “cable equation” due to its similarities with that solved first by
William Thompson (also known as Lord Kelvin) in 1855. The original equation was
describing a model of an Atlantic submarine cable to be used for intercontinental telegraphy.
The similarity here is the leaky jacket for that model relative to the leaky membrane [45].
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objective of defining the optimum parameters required to achieve nerve excitation.

2.6 Roth and Basser Cable Model

Roth and Basser modified the cable equation in order to calculate the threshold of the
magnetic field needed to achieve stimulation [54,55]. They defined the transmembrane
potential for a myelinated nerve (which is governed by the cable equation) and linked it with
the induced electric field (which results from the transient magnetic field) by the following

equation [55]:

IV v 3 (x,)
2 2
)\'mye -5;22 - Vi - Tmye _"é_tln_ = )\‘m}’e ;X (2.10)

where V,, is the transmembrane potential, 4,,, and t,, are the space and time
constants for the myelinated axon respectively, and ¢, is the electric field (V/m) induced in
the nerve (due to the transient magnetic field) with x being the direction of the axon. The

terms 4,,,, and 7,,,, can be represented as [55]:

mye
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where ¢, is the permittivity of vacuum (8.85 x 10® uF em™ ), K is the dielectric
constant of myelin (7), p,,,, is the resistivity of myelin (7.4 x 10° kQ cm), p, is the resistivity
of axoplasm (5.47 x 107 k€ cm), 4, is a variable that depends on the fiber size, and d,/d; 1s

the ratio of outer to inner axon diameter (1.333) [55].

24



It should be noted that equation (2.10) has been derived to calculate the threshold of
the electric field (resulting from magnetic stimulation) required to achieve nerve excitation
for a straight long axon. However, if the axon (at node #) is terminated or bent with respect
to the field lines, then the cable equation must be modified to accommodate these changes.

The modified equation is:

PV \Y% V (m,)-V (it
rznye L VAR d mo_ 7\‘2 d ( e( ) eG ))
ax2 ¢

(2.12)

m mye at mye

where d is a dimensional constant (1/m), j is the index of the node inducing the
stimulation due to its proximity to the n#h node, and ¢ is the shortest distance separating the
jth node from the nth node. Equation (2.12) shows that the excitation of a bent nerve does
not depend on the electric field’s first spatial derivative but rather on the electric field itself.

As indicated earlier, many researchers applied the cable equation to their models,
with the main objective of defining the threshold of the electric field required to induce nerve
excitation. Their key findings can be summarized as follows:

1. The term on the right hand side of the cable equations (2.8,2.10), represents the axial
component of the electric field gradient and they characterize the effect of the
induced electric field on the transmembrane potential along the axon. This analogous
“driving function” [56] can be considered equivalent to Rattay’s “activation
function”[1] during electrical stimulation.

2. Nerve excitation depends on the electric field first derivative along the nerve axis or

equivalently on the second spatial derivative of voltage. However, some researchers
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suggest that stimulation depends mainly on the electric field magnitude (peak) rather
than its spatial distribution [54-57]. This can be attributed to the high local electric
field resulting when the fiber is terminated or bent as the effect of this scenario is
parallel to that of a spatial derivative of the applied field (see equation 2.12).

3. With respect to the effect of nerve size, all researchers agree that nerve excitation
during magnetic stimulation is dependent on the axon diameter and length. Their
conclusions indicate that axons with larger diameters require lower thresholds to
reach excitation [55-57]. This is also applicable for short axons (less than 9 cm) [56].

4, In regard to defining the site of stimulation (virtual cathode), controversy still exists
due to the problem complexity which can be attributed to the variation in coil
parameters (shape, placement, orientation, current waveform), nerve parameters
(size, length, bent, termination), and the conductive tissue environment.

5. In addition to the variables included in the cable equation, another critical parameter
that should be considered is the rate of change of the generated magnetic field as it
defines the induced electric field. It has been confirmed by Nagarajan [56] and Reilly
[57], that bi-phasic waveforms (compared to mono-phasic) require lower thresholds
to stimulate nerve fibers. Interestingly, these findings contradict that of Gorman and
Mortimer [50], who reported a reduction in the thresholds when the waveform is
changed from bi-phasic to mono-phasic during electrical stimulation.

Finally, it should be noted, that there are more complex models to represent nerve
fibers. These models, which may include non-linear parameters, have not been considered

as they result in more complex problems, especially with the addition of the magnetic field.
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2.7 General Formulation for estimating the Electric Field during Magnetic Stimulation
It is well known that the electric field vector is governed by Maxwell’s equation [58]

and can be described as:

yxt--98 (2.13)
ot

where ¢ is the electric field, B is the magnetic flux density, and ¥ % is the curl
operator. In order to minimize the number of unknown variables and render more
manageable numerical calculations, it is customary to represent the magnetic field by a vector

potential [59]. Assume that the vector potential (4) was chosen, such that:

B=vVx4 (2.14)

However, equation (2.14) does not fully define (4), since a vector is uniquely defined
if and only if its curl, divergence, and value at one space point are known (Helmholiz

theorem). Substituting equation (2.14) into equation (2.13) results in:

vx@C+¥y-o0 (2.15)

Applying the vector theory (the curl of any gradient vanishes) to equation (2.15) results in:

VX v0 =0 (2.16)

where JRP represents electrostatic potential (electric scalar potential). By combining

equations (2.15, 2.16):
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- _yo -4 (2.17)
ot
Equation (2.17) presents a formula that can be used to estimate the electric field that
is generated by a magnetic field. It shows that the electric field generally consists of two

sources and can be written as:

C’Total = z(D + EA (218)

where {;,, is the total electric field, {, is the electrostatic potential (electric scalar
potential) that arises from fixed electric charges (- [&P), while {, represents the contribution
of the induced electric field due to the transient magnetic field (- 44/ &). It should be noted
that the effect of the ¢, component is critical as it opposes the {, component and

consequently decreases the total electric field induced.

2.8 Estimation of the Induced Electric Field - Roth’s Analysis
To estimate the electric field induced by magnetic stimulation, Roth et al. {60]
computed ¢, and §, and added their effects. Their analysis can be summarized as follows:
When a circular coil is placed above the skin in a vertical position (current is normal),
an electric field will be induced due to the coil transient current. This field will result in ion
movement in the tissue and ultimately charges build up along the electric lines. As the skin
conductivity is low, and the time required for the charge buildup is shorter than the rise time

of the coil current, these charges will accumulate and create the static component of the

28



electric field. Similar fields would be generated at the interfaces between regions with
different tissue conductivities.

To calculate &, it is essential to determine (- AP) first. However, this is a difficult
task as the source of @ (the accumulated charge) is not known. Roth et al. [60] determined

& by assuming that the tissue scalar potential obeys Poisson’s equation:

VD = 0 (2.19)

By applying the finite difference method (including suitable boundary conditions) equation
(2.19) was solved.

To calculate £, this group approximated the circular coil to a polygon shape and
summed the induced electric field produced by each line segment [60]. This was achieved
by using the coil geometry in conjunction with Amperes’ law and calculating the vector
potential 4 at one point in space:

RN T cal’
4n R

A =

(2.20)

where 4, is the permeability of free space and is equivalent to that of biological
tissues [58], IV is the number of coil turns, i is the coil current, dl”is a vector representing a
small length of the coil (pointing in the direction of the current), and R is the distance from
dI’to the point where A is calculated. The electric field resulting from the transient field

becomes:

oA HeN 5i pdl’
6= - s — - S

= 2.21
ot 4 gt R ( )
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For distances equivalent to the coil size, the integral in equation (2.20) was

approximated to one. Therefore, equation (2.21) can be represented as:

.y ko
Gl -N15 5 )

where {, is in V/m, k=1 and is in Wb/(A.t.m), and g/ is in A/us.

For the above analysis, a few critical points must be addressed:

1.

Despite the obvious influence of the static field component £, on the total field £p,,,
(see equation 2.18), a literature search surprisingly revealed that no study has been
conducted (in vitro or vivo) to measure the ¢, component or to quantify its
physiological effects. In fact, Roth’s paper was the primary document which
discussed this issue in detail and it has been referred to by all other publications with
no attempt to verify or contradict the findings.

Based on Roth’s model, the {, component becomes significant especially when a coil
is positioned normal to regions with different conductivities. Consequently, other
researchers assumed that this component could be neglected if the coil flat surface
is placed parallel and close to such regions [56,61,62]. This assumption applies for
both Figure-8 and circular coils.

Roth’s analysis showed that the static field ¢, has a subtractive effect on the total
field ¢, as it opposes the induced field {,. Subsequently, it can be concluded that,
if the region of interest is composed of conductively heterogenous tissues, the total

electric field will become rapidly weak as the magnetic lines penetrate each
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successive layer.

In conjunction with the point above, Roth et al. [63] illustrated that the contribution
of the static field {, is significant when the magnetic lines flow from a medium with
higher conductivity to one with lower conductivity and it is negligible when the
magnetic lines flow in the opposite direction.

Finally, it should be noted that equation (2.22) cannot be applied to calculate the
electric field generated by coils with more complex geometry. This is due to the
difficulties involved in solving the integral in equation (2.21). The alternative is to

apply a numerical method.

31



32

Chapter 3 Design Aspects and Computer Simulations for

Magnetic Coils

It is well established that the stimulating coil represents the main component in
magnetic stimulation as it determines field spatial distribution and consequently the resulting
stimulation. This chapter discusses the design aspects of two new proposed coils and
compares their performance to that of commercial coils. To provide the reader with a
background of the coils used for magnetic stimulation, a history preview is presented
covering a brief description of commercial coils as well as coils suggested by other
researchers. To evaluate the proposed coils two sets of computer simulations using the Finite
Flement Method (FEM) in three dimensions combined with a transient solver, were
implemented. The first set of simulations compared the proposed coils’ field focality, depth
of penetration, and strength to those of the commercial coils, while the second set quantified
the effects of changing pulse configurations (mono-phasic, bi-phasic). As the software
MagNet was used for these simulations, an outline describing the software, including
problem description and solver selection, is illustrated. The key results from the simulations,
including magnetic field densities and electric field gradients, are presented and discussed.
Finally, a comparison covering potentials and limitations, between the commercial coils,

coils suggested by other researchers, and the proposed coils, is provided.



3.1 Introduction

Magnetic nerve stimulation is a non-invasive technique that can be used to excite
both the peripheral and central nervous systems [3]. The major limitation in this technique
is the lack of a focused field. At sufficiently high magnetic pulses the field diffuses
stimulating the target population of neurons as well as adjacent tissues. This diffusion
reduces the efficiency of the transferred energy from the stimulating coil to the targeted nerve
and makes controlling the field inside the body extremely difficult. To compensate for this
diffusion, excessively high amplitude currents are required to supply the coil with adequate
energy to excite deep tissues, as is the case in transcranial magnetic stimulation (TMS).
These high currents result in excessive heating of the stimulating coils especially inrepetitive
transcranial magnetic stimulation (fTMS). Considering the above limitations, this thesis
presents two new coil designs with the objective of enhancing field focalty, increasing the

depth of penetration, and improving the coil thermal performance.

3.2 Previous Coil Designs

The first practical coil used for transcranial magnetic stimulation (TMS), a circular
coil, was developed by Barker at the University of Shefffield [4]. Ueno et al. joined pairs of
circular coils to form the “Figure-8” coil (also known as the “butterfly”coil) [64]. Compared
to the circular coil, the advantages of the Figure-8 coil include an increase in the coupling
of energy between the coil and the tissue as well as an enhancement in the field focality
below the coil joint. Based on these advantages, and with an attempt to stimulate the heart,

Mouchawar et al. and Hosono et al. developed and tested large Figure-8 coils that were
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capable of delivering several Kilo joules per pulse [65,66].

Epstein et al. constructed a quadruple-loop coil with the objective of precise
stimulation of upper motor units [32]. Their coil consisted of four loops which were curved
to adopt the shape of the skull. The four loops were united at a central segment resulting in
a stronger field below this segment (similar to that of the Figure-8 or butterfly coil). In
conjunction with an MRI machine, three coils with various central segment lengths were
superimposed on MRI images to map the stimulation sites within the brain. Assuming that
the coils can produce the same electric field at one point, the site of stimulation was defined
as the intersection of the electric fields generated by the three coils.

To improve field focality, Roth et al. suggested a four leaf magnetic coil [67] which
consisted of four sets of (nearly) circular windings. According to their hypothesis, this coil
provides a well defined site of stimulation under the coil center (the junction of the
windings). This hypothesis was confirmed by in vitro experiments in which mammalian
peripheral nerves were stimulated [68].

In the mid 1990's some researchers attempted further improvements to the
conventional coils. Ren et al. modified the Figure-8 coil producing the “slinky” coil which
consisted of multiple circular loops joined together at one point [69]. Using different
numbers of loops (3,5,7), several versions of the slinky coil were constructed and tested with
the objective of determining the most effective (focal) coil. In a similar effort to enhance the
field focality, Knaulein and Weyh decentralized the turns of the butterfly coil producing an
“eccentric coil” [70].

In the past two years the efforts of designing new coils resulted in magnetic core coils
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and coils consisting of multiple loops placed in different orientations.

With respect to the magnetic core coils, Davey and Epstein proposed a half toroid
magnetic core coil made of Supermendur material {71]. They suggested that the introduction
of the magnetic material improved field strength, focality and consequently enhanced the coil
performance during TMS. In parallel, Carbunaru and Durand proposed a coil with a full
toroid core made of Supermendur material [72]. According to their theory, the immersion
of the coil in a conducting medium, which is in contact with the skin, results in induced
electric fields both perpendicular and parallel to the skin.

Regarding coils with multiple loops, Lin et al. constructed various versions of the
slinky coil [73]. In an effort to achieve maximum field focality during functional magnetic
stimulation (FMS), this group varied the coil turns number, distribution, orientation, and
shape. Further improvements to the coils used in FMS were attempted by Hsiao and Lin as
they proposed and constructed the spiral coil which they used to improve the stimulation of
expiratory muscles [74].

Recently, Hsu and Durand proposed a novel coil with the objective of improving the
localization of magnetic stimulation [75]. Their coil consisted of five loops: two loops,
resembling a butterfly coil, were positioned in one plane, a third loop was positioned normal
to the joint of the butterfly coil, while the fourth and fifth loops were placed on each side of
the third loop. The addition of the central normal loop enhances field depth of penetration
while the combination of the fourth and fifth normal loops (one on each side) minimizes the
stimulating field outside the region of interest.

Figure 3.1 illustrates the various coils described above.
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Spiral coil (taken from 74) Magnetic core coil (taken from 71)
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Full toroid core coil (taken from 72) Multiple loops ceil (taken from 75)

Figure 3.1
Various types of magnetic stimulation coils.

37



3.3 The Proposed Coils

In previous work two types of stimulating coils were proposed: an air core and a
magnetic core [76]. The primary objective of the proposed coils was to obtain a focused
magnetic field which can be adjusted according to the nerve depth and the required level of

excitation. Figures 3.2 and 3.3 show the proposed coils.

Third coil

First coil
Second coil

Plastic
casing

Figure 3.2
The proposed air core coil.

First Set

Figure 3.3
The proposed magnetic core coil.
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The design aspects of the proposed coils were based on modifying Ren et al.’s slinky
coil [69]. The modifications were introduced in three stages. First, the number of coil turns
was increased to14 turns, which were divided into two sets and uniformly distributed along
an arc. Second, a third set of windings was added and positioned normal to the plane of
interest. Third, a core with magnetic properties was introduced to the coil. The combination
of the first and second modifications resulted in the proposed air core coil, while the
combination of all three modifications created the proposed magnetic core coil. Other than
the difference in the core material, both coils are similar in shape, size, number of turns, and
type of conductors.

At this stage, it is critical to discuss the theoretical aspects, implications, and
contributions of the above modifications to the proposed coils. These can be summarized by
the following:

L. As has been suggested by Ren et al. [69] and confirmed by Lin et al. [73], increasing
the number of loops in the slinky coil resulted in improving the field strength. This
is based on the concept that the summation of magnetic lines for a tightly wound coil
is higher than that of a coil with split windings (due to the subtractive cross field).
Accordingly, for the slinky coil, a stronger field is expected below its joint
(assuming it to be the region of interest) and a weaker field elsewhere. In a similar
manner, and with the objective of increasing the effect of the cross field in the
proposed coils, it was decided to increase the number of windings to 14. This
number was selected to meet two objectives. First, to generate uniform flux density

within both coils which consequently enhance their performance and minimize the
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(hysteresis) losses associated with the magnetic core coil. Second, to ensure that the
resultant inductances of both coils are within the range of standard stimulating coils
(10-30,H). More details regarding the role of the coil inductance are outlined in the
following section and in Chapter 4.

The addition of the third set of windings was deduced on the basis of work by
previous researchers investigating the impact of coil orientation [61,77,78]. When
supplied by a separate source of current, which can be independently varied, the third
set of windings provides the flexibility to control the level of field penetration.
Further, the placement of this set normal to the joint of the other windings will
maximize the field below the joint (across the targeted nerve) and weaken it
elsewhere as the flux lines generated by the third set cancel that of other windings.
The introduction of the magnetic core to the coil creates an enclosed path within the
coil for the magnetic lines to follow resulting in a more controlled (focused) field.
The forms of control include directing the field to the region of interest and
minimizing its diffusion within the surrounding tissues. In addition, the magnetic
core minimizes the pulsing currents needed to achieve the required stimulations. This
reduction in currents will decrease heat build up and consequently will improve coil

thermal performance.
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3.4 Modeling the Proposed Coils

When modeling the proposed coils the following key points were addressed:

A. Coil conductor: type, layout, and number of tums

The coil conductor considered for the simulations was a solid, square copper wire
(size 12) with a conductivity of 5.7 x 107 S/m. For each modeled coil, three sets of windings
were defined for a total of 17 turns (7 turns per set for each side and 3 turns for the
perpendicular set). The three sets were considered to be connected in parallel with the side
turns distributed across arcs of -15° to 75° and 105° to 195° respectively (15° separation
between consecutive turns) with the perpendicular turns tightly wound. This winding
arrangement generates the required field strength and results in an acceptable coil inductance
(12 to 15 yH for an air core coil and 20 to 25 . H for a magnetic core coil). It should be noted
that the coil inductance represents an extremely critical parameter in magnetic stimulation

as it determines coil current peak and defines pulse configuration (see details in Chapter 4).

B. Magnetic core geometry

It is evident that the field distribution for an air core coil is defined by the geometric
layout of its conductors while the core shape of a magnetic coil determines its field
distribution. Based on this concept, it was decided to model the magnetic core such that it
intensifies the field within the targeted area while maintaining the flux density below core
saturation. To meet the above criteria the following adjustments were incorporated:

1. Since a large number of turns covers the middle section of the core (higher current
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density), this section was designed wider than the remainder of the core.

2. The distance between the two core ends was designed to be the shortest distance
between each end and any point on its opposite side. This critical length will ensure
that the flux lines will travel through a well defined path (starting from one core end
through the target area and ending at the other core end).

3. Due to the air gap between the core ends, these ends were modeled to be the
narrowest sections of the core. This increases the flux density delivered to the target

and subsequently improves the volumetric coupled magnetic energy.

C. Magnetic core material

The coils currently used for magnetic stimulation are primarily air core coils (circular,
Figure-8, butterfly) which are capable of producing high magnetic pulses (1-2.5 Tesla) with
short duration (200,,s-1ms) [15]. For a magnetic core coil, a Supermendur material (which
operates linearly with a flux density up to 2.2 Tesla) represents an excellent choice for this
application [71]. Other materials that can be considered for this application, although costly,
are cobalt alloys (which operate with a maximum linear range of 1.8-1.95 Tesla) [76]. It
should be stated that severe magnetic losses (eddy currents losses) will result if the above
materials were fabricated from standard laminations (200 to 400 ;;m). This is due to the fact
that the magnetic losses associated with these materials increase tremendously as the
operating frequency increases. To overcome this problem, thin laminations (25 to 50,m)

must be used when fabricating the core.
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3.5 Estimation of the Induced Electric Field using a Numerical Method
In magnetic stimulation, the calculation (estimation) of the electric field induced

within the tissue is critical as it determines the stimulation area and the level of excitation.
However, for the proposed coils, this estimation is not an easy task due to many constraints
and difficulties which include: coil complex shapes, the non-linear behavior of the magnetic
core, the transient state of the supply, and the heterogenous nature of tissues. Considering
these factors, it becomes difficult to solve this problem with precise results using an
analytical method. Alternatively, a numerical method is recommended. There are various
numerical methods available with the most commonly being: finite difference, integral
formulation, circuit models, and finite elements. From these options, the finite element
method (FEM)was selected to solve this problem as:

L. FEM can be applied to a problem with complex geometry that may include various
types of boundaries. This problem has a complex shape and is composed of many
boundaries.

2. FEM can be applied to a problem that consists of regions with heterogeneous
electrical characteristics, as is applicable to this problem.

3. In FEM, the mesh (grid) can be refined according to the solution requirements. This
is compatible with this problem as the area of interest (the nerve) is very small

relative to the remainder of the region.

To have a tractable FEM solution, it is necessary to introduce the following

assumptions and approximations:

43



As the operating frequency for magnetic stimulation ranges between 2-10 kHz, the
corresponding wave lengths are much longer than any distance associated with the
human body. Accordingly, it can be assumed that the associated fields are primarily
governed by their first time derivative and are independent of the second derivative.
The skin depth effect is negligible as the magnetic field produced by the induced
current in the tissue is much smaller than that produced by the coil current.

At a frequency of 10 kHz, the capacitive effect of all tissues can be neglected and
they can be considered purely resistive (see appendix A for more details).

The targeted tissues are homogeneous, isotropic and have volume conductors with
simple geometry. This is the least valid assumption, since all biclogical tissues are
quite inhomogeneous and many are anisotropic. However, this assumption has been

accepted for modeling and calculating electromagnetic fields of this type.

44



3.6 Calculations of the Magnetic Vector Potential A

Recalling equation (2.18):
zTotal = th + zA

From the above equation, considering that the effect of ¢, is minimal and can be
neglected (details in Chapter 5), the total electric field ({r,,,,) can be determined using ¢, only.
To calculate £, the software MagNet (which is based on the FEM) will be used [79].

Since‘the function responsible for stimulation is transient, a time stepping procedure,
such as the Crank- Nicolson scheme, is required to obtain the value of the magnetic vector
potential over different periods of time. When applying this technique, it is assumed that the
initial value of the magnetic vector potential to be 4, while the new value 4; can be
calculated after a short time step. As time progresses, the value 4, is defined according to
the field instantaneous value as well as the value of 4, , from the previous time step. The
advantage in using the Crank-Nicolson method for this analysis is that it provides a solution
with unconditional stability [80]'. However, during the initial time steps, an oscillation may
occur within the calculations. The amplitude of this oscillation depends on the size of the
element, the time step, the material properties and the calculations’ initial step. To reduce
the severity of this oscillation, it is critical to select a small element size and a short time

step.

1

Unconditional stability may be taken to mean that if the magnetic vector potential
distribution at time ¢ is transformed to the frequency domain using a Fourier transform,
the amplification for every frequency component decays with time.
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3.7 Problem Definition and Simulations

The analyses conducted in this study, with the objective of evaluating the proposed
coils, used the median nerve as the targeted area. Since the median nerve is well defined, a
model with distinctive boundaries that represents it can be developed. The alternative choice
is a model that represents the cranial region. However, using a cranial model results in a
problem that is difficult to solve or requires tremendous simplifications which leads to
unrealistic results. The simulations applied to model the median nerve, using the software
MagNet, involves pre-processing of the problem, solving the problem, and post processing
of the results. A summary of the steps followed in these simulations is listed below.

1. Describing and constructing the problem geometry

The process of assembling the problem geometry involves two steps. In the first step
the problem is defined within a set of two dimensional planes, while in the second step, the
two dimensional planes are combined creating a three dimensional model. Figure 3.4

illustrates a simplified model representing the median nerve within the upper limb.

Figure 3.4
A model representing a cross section of the upper limb at the junction of the
proximal and middle thirds of the humerus (outside diameter 10cm, length 20cm).

46



Figures 3.5 and 3.6 illustrate a combination of the upper limb with the Figure-8 and the

magnetic core coil respectively.

Figure 3.5
A model representing a Figure-8 coil projected above a section of the
upper limb. The outer diameter of this coil, 10cm (X-axis), was
implemented based on the size of a clinical coil (Dantec Company).

Figure 3.6
A model representing a magnetic core coil projected above a section of the upper
limb. The thickness (depth-Z axis) of this coil is Sem.
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2. Introducing nodes/elements to create a suitable mesh

For this problem, careful mesh distribution was considered. To ensure minimum error

when estimating the field, high node densities were applied especially across the nerve region

and at the coil- arm interface. Using the mesh tool box provided by MagNet, the total mesh

generated for these analyses included 101,805 nodes and 175,070 elements.

3. Defining the regions (materials) properties

After applying the mesh, the electrical conductivities of the heterogeneous tissues

included in this model were assigned according to Table 3.1 [81]. For the magnetic

characteristics, the relative permeabilities of the various regions were considered to be

similar or equal to that of free space(y,=1) [58].

Tissue Transverse Conductivity ¢, S/m | Longitudinal Conductivity 6, S/m
Skin 0.5 0.5
Fat 0.045 0.045
Muscle 0.085 0.55
l{ Bone 0.013 0.013
Nerve 0.05 0.5
Blood 0.68 0.68

4. Implementing appropriate boundary conditions

Table 3.1

Tissue conductivities at 10 kHz (after 81)

The boundary in the XY-plane for this problem was defined as a circle with a radius

of 50 cm from the center of the arm, while the boundary in the Z-axis (depth) was defined
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20 cm away from the front and the back cross sections of the arm. Assuming that the
magnetic flux diminishes at the boundary, Dirichlet’s boundary conditions were considered.

5. Applying the forcing function (voltages. currents)

An algorithm was written, using the software Matlab to generate the pulsing currents
(forcing function) required to supply the coils. Figure 3.7 shows a bi-phasic decayed sinusoid
wave (which will be referred to in this thesis as a pulse) generated to supply Figure-8, air

core, and magnetic core coils (for details regarding the circuit parameters, see Appendix C).
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Figure 3.7

Bi-phasic current pulses generated to supply Figure-8, air core, and magnetic core coils.

The corresponding current, for the Figure-8 coil, is divided into two equal parts,

while the currents for the proposed coils are divided into three equal parts: two parts were
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divided among 14 turns, while the third part was divided among the 3 windings of the third
perpendicular set. Two key points must be stated regarding the above waveforms: first, these
waveforms were constructed based on monitoring the current pulses generated by a
commercial system (Dantec Magpro), second, as the Figure-8 and air core coils have the
same inductance (13, H), the same current waveform was applied to each of them.

6. Solver selection

The primary objective of the computer simulations is to determine the most effective
parameters that govern the proposed coils, such as, coil configuration, size, shape, number
of turns and windings distribution. To simplify the evaluation process of these parameters,
a static solver was used in the preliminary simulations. Due to its simplicity and short
running time, this solver can be used as a quick evaluation for any change in the problem
parameters and consequently, improve the designs within a relatively short period of time.
As the problem critical parameters were established, a transient solver was applied to
evaluate the proposed coils. After a few trials using the transient solver, it was concluded that
a time step which ranges between 2-5,s is a practical choice for this problem as it provides
solution stability and enables reasonable execution time. Considering that the longest pulse
period is 350, it was decided to define the duration of the time window for all analyses to
be equal to 400ys.

7. Post processing the data

The post processor stage in MagNet, which is based on a stack mechanism, is
responsible for extracting the variables of interest from the results. Three stacks are included

in this stage: the field stack which stores the geometry and the solution , the curve stack
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which stores field values along a contour defined over the solution, and the numeric stack
which stores simple numbers or constants. These stacks provide the user with all the
functions needed (mathematical and algebraic) to calculate various variables such as: flux

density, current density, inductance, stored energy, forces, torque, etc.

3.8 Results

Figure 3.8 shows the magnetic flux density along the Y-axis (see Figure 3.4) starting
from the coil interface with the arm and penetrating through the tissues to the bone center.
Figure 3.9 shows the magnetic flux density along the perimeter of a cylinder having a radius
of 3.75 cm (X-axis). With its center defined at the center of the arm, the cylinder radius
represents the distance between the center of the arm and that of the nerve (= [x* + y*]°°).

Figure 3.10 illustrates the magnetic flux density along the Z-axis of the above cylinder.
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Magnetic flux density along the Y-axis (depth of field penetration).
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Magnetic flux density along the X-axis (field focality).
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From Figure 3.10, it can be seen that the magnetic field gradient (along the Z-axis)
of the air core coil is higher than that of the Figure-8, hence better stimulation is expected.
Also, from the above figures, it can be seen that the flux density and the field gradients
produced by the magnetic core coil are higher than those generated by the air core or Figure-8
coil (almost double). These findings agree with the work done by Ren et al.[69], Davey et
al. [71], and Lin et al.[73] and are consistent with the previous 2-dimensional analysis [76].
However, the advantage in using the 3-dimensional analysis is that it generates a more

realistic magnetic field distribution for the stimulating coil and the surrounding regions.
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Figure 3.11
The induced electric fields resulting from the application of bi-phasic current pulses.

Figure 3.11 shows the electric fields induced in the nerve as produced by the three

coils. From this figure it can be seen that the air core coil generated an electric field that was
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twice as high as the Figure-8 coil. This result agrees with the work done by Lin et al.[73] as
they confirmed that this type of windings distribution enhances both field focality and
strength. From the same figure, it can be seen that the magnetic core coil generated an
electric field five times higher than that of the air core coil. This result was expected as the
energy coupled between the arm and the magnetic core coil is higher than the energy coupled
by the other two coils. Also, these findings agree with Davey et al. [71] who suggested that

the introduction of a magnetic core improves field strength.

3.9 The Effects of Pulse Configuration

To investigate the effects of pulse configuration (bi-phasic vs mono-phasic), it was
decided to run another set of simulations using a mono-phasic pulse with its initial phase
identical to that of bi-phasic (see Appendix C). These simulations were conducted by
implementing the same problems described in the previous section (Figure-8 coil and the two
proposed coils). As the current waveform is the only difference between the two sets of
simulations, an algorithm was written using the software MatLab to generate the current
pulses required. Figure 3.12 shows the mono-phasic current pulses generated to supply the
Figure-8, air core, and magnetic coils (for more details regarding the waveform and the
circuit parameters listed in this figure, see Chapter 4 and Appendix C). The simulations for
this section were conducted by following the same steps outlined in the previous section.
Figure 3.13 illustrates the electric fields induced at the nerve by the three coils when using
a mono-phasic pulse. With respect to the flux densities, linearly proportional results

comparable to that described in the previous section were obtained.
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Figure 3.12
Mono-phasic current pulses used to supply Figure-8, air core, and magnetic core coils.
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Figure 3.13
The induced electric fields resulting from the application of mono-phasic current pulses.
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From Figure 3.13, distortions can be noticed in the induced electric field waveforms
as they change polarity from negative to positive. These irregularities are attributed to the
instantaneous change in the current damping ratio (see Appendix C). To minimize this effect,
a smaller time step (less than 2 s) must be adopted by the transient solver. However, the
use of such a small time step was avoided as it results in a tremendous increase in the time
required by the solver to accomplish its task.

Comparing the waveform in Figure 3.13 to that in Figure 3.11, it is obvious that the
induced electric fields for bi-phasic waveforms are higher than mono-phasic ones. Also, it
can be noted, from both figures, that the area under the curve of the proposed magnetic core

coil is larger than that for the other two coils due to the energy stored in the magnetic core.

In conclusion, the results obtained from both analyses clearly indicate that a bi-phasic

waveform is more effective than a mono-phasic waveform.

3.10 A Comparison between the Proposed Coils and Other Coils
Thus far, it is critical to compare the proposed coils with those described earlier. In
addition to being used in many clinical applications, the coils considered for the comparison
were selected due to the similarity of their designs with that of the proposed coils.
L. Figure-8 coil (Uno etal. [64]): It is well established that the Figure-8 coil is the most
commonly used in clinical applications due to its field focality, practical size and

relatively light weight. Compared to this coil, the simulation results revealed that

both proposed coils provide higher induced electric fields as well as better focality.
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From a practical perspective, the only limitation in replacing the Figure-8 coil is the
additional weight introduced by the magnetic core material.

Slinky coil (Ren et al. [69]): It has been shown that the performance of the slinky coil
(field focality and strength) is better than that of Figure-8 [69]. Lin et al. confirmed
these findings and suggested the use of this coil for Functional Magnetic Stimulation
(FMS) [73]. When comparing the induced field of the proposed air coil (slinky-type)
to that of Figure-8, the simulation results show an agreement with the above
investigations as the air coil generated higher and more focused induced fields.

Half toroid magnetic core coil (Davey et al. [71]): The simulation results showed that

the magnetic core material enhances the coil performance. These results agree with
the conclusions of Davey et al. who recently added magnetic material (partial toroid
core) to the stimulating coil[71]. According to their design, which was implemented
commercially by Neotonus Inc., the addition of the magnetic material improved field
strength and focality. The main difference between their design and the proposed
magnetic coil is its unique core geometry which adapts and controls the flux lines
more effectively. Further, the suggested core shape results in minimum magnetic
reluctance (losses) as well as an acceptable coil’s size and weight.

Multi-loop coil (Hsu et al. [75]): Although this coil is not readily used commercially,
it has been included in this comparison due to its similarity to the proposed air coil.
The main difference between this coil and the air coil (assuming that the first, second
and third loops of both coils are matching each other as they generate the same field

pattern) is the introduction of the fourth and fifth loop. Nevertheless, in the proposed
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air core coil, the function of the fourth and fifth loops (generating cross field*) was
accommodated through the distribution of the multi-side turns.

In addition, comparing this coil to the magnetic core coil, the introduction of the
magnetic core minimizes the field outside the region of interest which consequently

enhances the field focality.

In summary, the simulation results in conjunction with the above comparison confirm
that the design of the proposed coils enhances the induced field strength and focality.
Clearly, the use of the ferromagnetic material plays a major role in improving the field
delivered by the stimulating coil to the targeted area. Further, the addition of the third set of
windings provides flexibility in delivering the required stimulus. For instance, if deep

- penetration is required, the current supplied to the first and second coils should be higher
than the third (perpendicular) coil. However, if the target is not deep, effective stimulation
can be achieved by supplying current to the third coil only [76].

Finally, it is critical to mention that the design of the proposed coils was suggested

[76] prior to and in parallel with the work published by other researchers (see history

preview).

2

Due to insulation, placement, etc; gaps occur between the coil turns. These gaps result in
a variation in the magnetic field around each coil turn when compared to other turns.
Consequently, non-linear field, current, and voltage distributions across the coil turns are
expected.
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Chapter 4 Design and Construction of Magnetic

Stimulators and Measuring Apparatus

This chapter covers the design and fabrication procedures for the systems used during
the experimental phase of this thesis. These systems have been grouped into two sections.
In the first section the general guidelines for designing and constructing a magnetic
stimulator are presented. These guidelines cover theoretical concepts, hardware aspects and
components required to build a stimulator. The critical points discussed in this section are
based on key findings and difficulties encountered during the process of building two units.
Some suggestions to improve future designs are also provided.

There is a discussion in the second section of this chapter of coil testing apparatuses
used by previous researchers as well as two new prototypes developed for this thesis. In both
prototypes the induced voltages are measured and subsequently mapped to their respective
electric fields. The first prototype maps the induced fields within a spherical volume
(resembling the head), while the second captures the fields within a two dimensional plane.

Finally, the advantages of using the proposed measuring apparatuses are outlined.



4.1 The Design and Construction of a Magnetic Stimulator

To effectively compare the performance of the proposed coils to coils that are
currently used, a stimulator capable of withstanding a range of testing conditions is required.
Because such a device is not available, modification of an existing system or acquiring a
custom built unit were identified as two possible options. However, modified or custom built
clinical equipment are extremely expensive in terms of capital cost and maintenance and
have limited warranties. Hence, it was decided to build a new system that can be used for the

experimental phase of this work.

4.1.1 The Selection of Main Components

Magnetic stimulators employ two main elements: a pulse generator and a stimulating
coil that couples the energy to the target nerve via a magnetic field. A typical pulse generator
used in these systems consists of a high voltage power supply and a capacitor. Using
switching circuitry, the capacitor is usually charged to a high voltage and discharged into the
stimulating coil. Figure 4.1 illustrates this concept.

———— 00—

Charging Discharging
Switch Switch

Equivalent
Z Resistance (R)

[HighVoltage ] = Capacitance
DC Supply 7 [ (C)

MagneticCail
inductance (L)

Figure 4.1
A simple equivalent circuit of a magnetic stimulator.
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In Figure 4.1, L is the inductance of the stimulating coil, R and C are the discharging
circuit resistance and capacitance respectively. These three elements are the main parameters
that determine the current pulse during magnetic stimulation. To achieve the required
stimulation, this current pulse should have sufficient magnitude and duration. For such a
pulse, the amplitude is defined by the electric field required to initiate neuro-excitation while
its duration is bounded by the nerve depolarization time and the fundamental law of
excitation embodied in the strength duration relation (S-D curve)'. The peak of typical
current pulses ranges between | and 10 kA. The rate of change varies from 30 to150 A/ysec.

As the time required for nerve depolarization ranges between 0.1-0.5msec, the circuit
components (L, R, C) should be selected carefully to ensure an operating frequency that
ranges between 2-10 kHz. Of the three components, the coil inductance L cannot be changed
as its value is predetermined by the coil design. Typical values of commercial coil
inductances range between 10-30,H.

To realize the desired output (high pulsing current) while maintaining minimum
losses, the circuit equivalent resistance R should be kept low. Nevertheless, an external
resistance may be added to the discharging circuit with the objective of generating a mono-
phasic waveform (see Appendix C). An alternative to the above is to increase the circuit
capacitance, however, due to the weight, size, and cost of these capacitors, the addition of
resistance is preferable. In addition, this option is practical since mono- phasic stimulation

requires limited energy consumption as it is primarily used for single-pulse investigation and

! An S-D curve represents the relationship between the threshold amplitude of a

stimulus and the first phase duration for which that stimulus must be applied to
elicit a tissue response [82].
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rarely for repetitive stimulation. Typical values of R range between 0.1-0.2 €.

The charging capacitor C'is a pulse charge-discharge type capacitor that is especially
designed for such applications and it is relatively expensive when compared to typical ac or
dc capacitors with equivalent ratings. This capacitor represents the main component that can
be used to vary the circuit current and operating frequency. For instance, if the capacitor
value is increased, then the pulsing frequency will decrease. This decreases the rate of flux
change in the stimulating coil to a point where it may not be able to excite the nerve.
Conversely, decreasing the capacitor increases the pulsing frequency to a point where the
excitation field is faster than the depolarization time constant of the neuron. Equation (4.1)
can be used to calculate the (approximate) value of the capacitor required for the stimulating

system (assuming the equivalent circuit resistance R is negligible):

C - 1

N 4.1
LQnf)? 1

where: C is the circuit capacitance, L is the coil inductance, and f'is the circuit
pulsing frequency. Considering the range of operating frequencies listed above (2-10 kHz),

typical values for the capacitor vary between 50-400,F with rated voltages up to 3kV.

4.1.2 Construction of an Advanced Stimulator
From the previous section, it can be concluded, that a magnetic stimulator is
comparable to a current pulse generator. The criteria defining such a pulse are: pulse type,

peak value, duty cycle, rise and fall times, and rate of repetition. Based on these criteria, a
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magnetic stimulator was designed and constructed to test and evaluate the proposed coils.
This stimulator is considered to be an “advanced” system as it can be driven by a computer
and includes all the functions required for a clinical system. Figure 4.2 shows a block

diagram representing the different stages of this system.

Step-up

Input Stage Inverter High Voltage

dc frequency
_..ll N Voltage -' j

ac Voltage

—
o

Rectification
filtering
conditioning
protection

High

Control output
acVoltage

/ |

B -

Output High \
Load Pulse - output
Interface Switching dc Voltage  Rectification
Stage filtering

Figure 4.2
A block diagram of the different stages of a magnetic stimulator.

The stages in the above figure can be grouped into the following clusters:
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A. Input stage

This stage provides the system with the DC biases and the driving voltage that
supplies the inverter stage. In addition to system protection, other functions are handled by
this stage such as: rectification, filtering, and conditioning of the input voltages. For the
advanced system, a custom built 3k VA transformer with 4 kV isolation, was constructed to
supply the input stage. Using an optional input voltage of 120 or 240V, this transformer
supplies the following voltages: 17V, 25V, 400V. These voltages are rectified and filtered

to generate the system biases (£35V, £12V, £15V) as well as the main driving voltage (400V).

B. Inverter stage

The inverter stage converts the DC voltage (provided by the input stage) to a high
frequency AC voltage. The advantages of switching to a high frequency are: decreasing the
charging time of the high voltage capacitor and reducing the size and weight of the step up
transformer (which is supplied by this stage). In the advanced system, this stage is
implemented by four MOSFETs resembling an H-bridge with an operating frequency of 100

kHz.

C. Step-up voltage stage

The main component of this stage is a high frequency step-up transformer. Due to its
high operating frequency (100 kHz) the core of this transformer should be constructed from
a ferrite material. Furthermore, compared to conventional 60Hz transformers, special

considerations should be given to the design and fabrication process. For instance, in addition
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to the typical parameters that are normally addressed (volts/turn ratings, layer to layer
insulating ratings, type of insulating material, and thermal dissipation), careful attention
should be given to leakage flux, winding geometry, and parasitic leakage capacitance.

For the advanced system, a 1kVA step-up transformer was fabricated using a “U”
shape ferrite core. With 4kV isolation, the turns ratio of this transformer is set to 1:5 while
its input voltage is rated for 400V. The primary coil (input) of this transformer is connected
across the H-bridge arms while its secondary (output) is directed to the high voltage stage.
To minimize the leakage capacitance between the transformer windings (resulting from the
high frequency), multi strand wires were used. It should be noted that constructing this

transformer was challenging due to its transient voltages.

D. High voltage stage

The input of this stage is a high frequency AC voltage supplied by the step-up
transformer while its output (after rectification and filtering) is a DC voltage used to charge
the high voltage capacitor (200F rated for 3kV). Through opto-coupling feedback circuitry,
the capacitor voltage is continuously monitored and ultimately regulated by the control stage.
This regulation process is based on acquiring the capacitor voltage by the control stage and
comparing it to the desired voltage (set by the user). A charge/discharge command is then
sent to the capacitor to adjust its voltage (energy). In both constructed systems, a readout of
the high voltage is displayed on the front panel via an LCD (that operates on a 9 volt battery).
To ensure full isolation and to avoid any voltage breakdown (arcing), all the components of

this stage are isolated.
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E. High voltage switching circuit

The primary objective of this stage is to deliver the DC voltage stored in the main
capacitor to the stimulating coil. For practical purposes (pulse ratings and device cost), an
SCR represents an excellent choice to deliver the required pulses. When selecting an SCR
for such an application, its rated peak reverse voltage must be twice the system maximum
high voltage and its rushing current must be 10 kA or higher. For the advanced system, the
SCR used was rated for 4 kV peak reverse voltage and 15kA rushing current. These ratings
are higher than the system maximum ratings and consequently ensure safe SCR operation.

In addition to choosing the proper SCR, selecting a suitable triggering device (a pulse
transformer or a photo-trigger circuit) is critical. This device must ensure complete isolation
between this stage and the control stage. For the advanced system, the triggering circuit is
implemented using a combination of opto-coupler and fiber optic cable. The fiber optic cable
(which carries the triggering signal) was implemented to provide adequate distance between

the high voltage stage and the control stage.

F. Load interface

This stage, which represents the interface between the unit and the coil assembly,
provides the control stage with various feedback signals such as verifying coil connection
and monitoring coil temperature. For the advanced system, two micro-switches are used to
ensure proper connection between the coil terminal and the unit. With respect to the coil
temperature, a small thermistor is embedded in the coil assembly to monitor its temperature.

If the coil is not connected properly or its temperature exceeds the desired limit the
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associated warning lights, which are attached to the system front panel, are activated.

G. Control stage

The control stage, which may range from a few ICs to a microprocessor, represents
the link to all of the above stages. This stage handles various tasks such as: system
monitoring, decision making, and displaying the variables of interest. The performance of
this stage is based on acquiring various variables (pulse intensity, duration, configuration,
and rate of repetition) and comparing them to the desired settings (defined by the user).
Depending on the system status and the desired output, a corresponding command is issued

by this stage. Figure 4.3 displays the advanced system.

Figure 4.3
An Advanced Magnetic Stimulator.
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4.1.3 Construction of a Simple Stimulator

Although, the structure of the advanced system was completed successfully, hardware
constraints prevented its use in a fully experimental setting. These constraints are primarily
attributed to the high frequency step up transformer which was manually constructed. Despite
passing a 4 kV isolation test, arcs were noticed across the transformer windings when fast
repetitive rate or high stimulation intensity was applied (higher than 15 Hz or 70% of the
system output). The arcing, which is a result of the transient signals discharging, could not
be rectified despite all of the attempts in rewinding and re-fabricating the transformer.
Accordingly, it was decided to replace the advanced system (due to safety concerns) with a
simple unit to complete the experimental phase of this thesis within the time constraints.
Figures 4.4 displays the simple system. More details regarding this system can be found in

Appendix D.

Figure 4.4
A Simple Magnetic Stimulator.
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4.1.4 Critical Issues, Safety Considerations and Future Designs

1)

2)

3)

For a magnetic stimulator, preventing noise from interfering with the signals
processed by the control stage represents the most critical issue. This noise is the
result of high di/dt and dv/dt created during switching. For such an application, the
best approach to reduce the noise is to have a resonant switching topology. This can
be achieved by adding inductors to the input of the stages that handle high power
signals. For the advanced system various inductors have been designed, constructed,
and added to the stimulator. The values and types of these inductors were calculated
to provide the required AC and DC filtering and to meet the circuit ratings (current
and voltage). Two software packages (supplied by Micrometals Inc. and Magnetics
Inc.) were used to define and calculate the inductor parameters (core type and size,
number of turns, thermal dissipation and losses, etc.). In addition, good shielding
practices (for both components and wires) and maintaining a low ripple on the bias
voltage are implemented in both systems. The latter was accomplished by adding
filtering capacitors and maintaining proper references (grounds).

As there are many feedback circuits utilized by a stimulator (such as current and
potential transformers, shunt and voltage divider resistors) reliable isolation is
essential to ensure a safe operating system. To meet the above criteria in both
systems, opto-couplers and transformers are used to separate the high voltage
circuitry from the low voltage. These opto-couplers and transformers are rated/tested
and approved for 4kV isolation.

As described earlier, magnetic stimulation (mainly repetitive) results in heat build up
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5)

6)

within the coil and the system components. Typically, this thermal accumulation
affects the system performance (resulting in the use of more than one coil per
session) and in extreme cases, causes coil or system failure. Accordingly, continuous
thermal dissipation and monitoring of the system are essential for safe operation. In
the advanced system, heat sinks combined with fans and thermal fuses were used to
ensure proper thermal dissipation. In addition, thermistors were embedded in the coil
windings to monitor and maintain the coil temperature within a range of 15-50°C.
An LED graph bar, displaying the coil temperature, is attached to the unit front panel.
When applying rﬁagnetic stimulation, patient and operator safety are critical concerns
due to the high energy transferred by the system. In particular, coil failure is the main
concern due to the coil proximity to both the patient and the operator. Therefore,
when designing these coils special attention should be given to electrical hazards
(coil malfunctioning). It should be noted that the coils constructed for this work are
intended for experimental use only and not for clinical studies.

When selecting subjects/patients for stimulation, special attention must be given to
those with implants (pacemaker, metal pins) as unexpected responses may occur.
These conditions were followed in the study conducted for this work (see Chapter 6).
Suggestions for future designs include: using a variable capacitor (capacitor bank)
as it provides better control of the waveform shape and energy, and adding a micro

processor which translates to a software driven system that is easily upgraded.
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4.2 Measuring the Induced Electrical Fields in 3-Dimensions

The induced electric fields during magnetic stimulation are critical variables in
evaluating and quantifying the effectiveness of the equipment. A precise measure of these
fields in three dimensions is the first step to map and define their spatial distributions.
However, measuring these fields is a tedious task due to the field transient pattern and
dependence on many variables such as: coil type, pulse configuration, media conductivity,
and target shape. Further, these fields are extremely sensitive to coil position and orientation
especially within biological tissues. In this section, a practical approach is presented to map

the induced electrical fields in three dimensions within spherical and cartesian volumes.

4.2.1 Previous Studies

Previous researchers conducted many experiments to measure and map the electrical
fields in both homogeneous and inhomogeneous media. Their measuring apparatus generally
consisted of: a positioning device, a tank of saline solution, various types of probes, and an
oscilloscope. Figures 4.5 and 4.6 illustrate some of these experiment setups. Based on these
setups, the voltage gradients between the probe(s) tips, assuming that the distance between
the tips is negligible, was approximated to represent the electric field as a point source.
However, the experimental procedures were time consuming and required considerable
attention to ensure valid measurements. Further, the collected data could not be retrieved
since they were captured only by a multi channel oscilloscope and not stored on a computer.
As well, most of the experiments utilized flat surfaces and did not accurately model

transcranial stimulation which requires spherical volume. Weissman et al. [83] conducted
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a study using multi spherical targets; however, their measurements were limited to specific

points and did not map the induced fields throughout the entire targeted region.

Four orthogonal

probes used to record

the electric field

within the tank

Cylinderical tank filled
with isotonic saline

X \ " Ly 12cm
-Y + X
30 cm
A right-angle Figure-8 coil under
recording probe the cylinderical tank
Figure 4.5

Experiment set up by Maccabee et al. (taken from [37]).

Magnetic stimulator

=

Figure 4.6
The measurement apparatus used by Lin et al. (taken from [73]).
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4.2.2 Design of 2 Measurement Apparatus

Considering the previous work, two experimental prototypes were designed to map
the induced electric fields. The first prototype was constructed to measure the induced
voltages within a spherical volume while the second was assembled to capture the voltages
within a cartesian volume.

Resembling the size and shape of the head, the first model consists of three nested
bell jars, stacked inside each other with adjustable rings to align their position (Figure 4.7).
Three arrays of surface mount inductors (LQS66C3R3M04 - muRata company) were
assembled and positioned inside the jars. Each array, which consists of five pairs of
orthogonal inductors separated by equal distances of 2cm, was placed from the sphere center
to its perimeter. Further, the array was attached to a ribbon cable with each pair of inductors
soldered to three wires (one wire per inductor and the third is common for both). The ribbon
cables, which extend outside the jars, are terminated by 15 pin connectors. These connectors
are the interface between the measuring apparatus and the data acquisition card. Considering
the distance between the inductors is known and by measuring the induced voltages, the
electric field and its spatial (axial) distribution can be determined. More details regarding the
measuring apparatus and the mapped electric field can be found in Chapter 5.

The second prototype is based on the same concept of the previous one; however, the
volume of interest is a set of two dimensional planes (Figure 4.8). It should be noted that the
main advantage of assembling the inductors in this arrangement is the ability to readily
improve the spatial resolution of the measured data. For instance, the resolution can be

doubled by shifting the entire assembly 1 centimeter from its original position.
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Figure 4.7
Experiment setup - spherical volume.

L
Figure 4.8
Experiment setup - cartesian volume.
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4.2.3 Experimental Hardware and Software

The influence of coil type, coil current rate of change, current direction, and media
conductivity were examined for different stimuli intensities. A magnetic stimulator (Dantec
MagPro) with a Figure-8 coil (outer diameter 10cm with 2x10 windings) and a circular coil
(outer diameter 12cm with 13 windings) were used for this study [84]. The stimulus
intensities were increased in steps of 10% from 20 t0100% of the maximum system output.
For each step, ten consecutive signals were collected and averaged. To ensure that the same
energy was supplied for all stimuli within one step the di/d¢ value, displayed on the front
panel, was monitored throughout the experiment. The induced voltages were captured in two
dimensions and their resultants were calculated from the orthogonal data. These resultants
vary between 0.2 and 1.5 V (V) corresponding to 20-100% of the stimulation intensity.
All measurements were taken directly from the inductors (no filtering was required) and
collected by a data acquisition board guaranteed for 200 kS/sec (PCI-6024E a 12-bit data
acquisition board - National Instruments). The common mode rejection ratio (CMMR) of
the board is 85 dB for a gain of 100. The captured voltages, from a two dimensional plane,
were sampled at 100 kHz and acquired by a stand-alone algorithm created using LabVIEW
software (ver. 5.1 National Instruments) and Matlab software (ver. 5.2 Math Works Inc.)
The algorithm enables the user to acquire a train of signals, calculate the area and the peak
to peak amplitude of each pulse, and store the data in ASCII and spreadsheet formats. The
algorithm also allows the user to retrieve or re-read the data from the stored files, average

and post-process the data. Figure 4.9 captures the software front panel.
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4.2.4 Evaluating the Testing Apparatus

To evaluate the accuracy and precision of the testing apparatus, experiments were
conducted. Using circular and Figure-8 coils, it was determined that the induced voltage
waveforms were similar in shape, while their amplitudes were dependent on the position of
the measuring coil. For the circular coil, the maximum induced voltage was measured above
the coil edge, while for the Figure-8, it was measured above the coil center. Figures 4.10 and
4.11 show the induced voltages generated by a circular coil for bi-phasic and mono-phasic
pulses respectively. Figure 4.12 shows a comparison between the induced voltages for
circular and Figure-8 coils with the amplitudes normalized to the maximum bi-phasic voltage
generated by each coil. For the figures below, the data were captured in two dimensions with

the measuring device positioned at the sites generating maximum induced voltages.
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, Figure 4.10
Induced voltages generated by a circular coil when using bi-phasic waveforms.
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Induced voltages generated by a circular coil when using mono-phasic waveforms.
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Figure 4.12
The areas of the induced voltages for circular and Figure-8 coils using two waveforms.
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4.2.5 Discussion of the Experimental Results

From the experiments conducted to evaluate the measuring apparatuses, the following

key findings can be extracted.

1.

The results shown above are identical to the findings of Nichaus et al. [85] and
Kammer et al. [40] in which a “pick up coil” was used to measure the waveform of
a Dantec MagPro stimulator. However, the proposed apparatus provides additional
advantages as the size of the measuring device (surface mounted inductor) is
relatively small, which allows for a higher resolution and minimum interruption in
the field pattern. In addition to the efficient process and minimum effort when using
the proposed apparatus, this system consists of standard components that can be
easily modified to accommodate various experimental set-ups.

Bi-phasic stimuli are more effective and result in higher induced fields when
compared to mono-phasic. Further, the areas and the peaks of the induced voltage for
both types of waveforms are linearly proportional to the coil current rate of change
(didy).

The maximum induced voltages generated by the circular and Figure-8 coils are
similar in shape and are slightly different in amplitude (less than 5% variation with
the circular coil generating higher induced voltages). This applies to both pulse
configurations and for all stimulation intensities.

All the results presented in the previous figures were collected using empty spheres.
The addition of saline solutions with different concentration levels (0.9% NaCl,

1.8% NaCL) increased the electric field gradient (for more details see Chapter 5).
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These results agree with Maccabee et al. findings [37] in which various saline
solutions were used.

With respect to coil current direction, it was found that reversing the current direction
has no effect on the measurements. This was an expected result since the experiment
was conducted using linear hardware within a homogeneous media.

It is important to reiterate that the measured results are very sensitive to the coil
position and orientation. When the coil is properly positioned and maintained, the
proposed prototypes ensure minimal movement, consistency in position and
orientation of the measuring inductors, and consequently accurate measurements can

be achieved.
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Chapter S Experimental Results

This chapter covers the experiments conducted to evaluate the theoretical aspects of
this thesis and presents the results in two sections. The first section covers the testing and
evaluation of various coils (commercial vs. proposed), while the second addresses the effects
of coil orientation and media conductivities on the induced electric field generated by
magnetic stimulation. The main objective of the second section is to evaluate and discuss

Roth’s hypothesis by using various coils positioned in different orientations.

5.1 Calculating the Induced electric field

As outlined in Chapter 3, the proposed coils consist of windings embedded in planes
which are non-horizontal to the region of interest. Thus, the effect of the normal magnetic
field component is to be considered and included in the simulation process as well as the
experimental measurements.

Based on the discussion presented in Chapter 2, the effect of the normal component
can be determined through the static field component ({,). To calculate £, the starting point

is Maxwell’s equation that governs the magnetic field:

gxH = J+ 92 (5.1)
ot



where H is the magnetic field, J is the electric current density, D is the electric flux
density, and px is the curl operator. Considering that the region of interest (biological
tissues) is a conducting medium and the current density is J = ¢E, equation (5.1) can be

modified to:

vxH - oE+§§ (52)

where o is the tissue conductivity and E is the electric field intensity. Figure 5.1
illustrates the interaction between the applied magnetic field and the resultant induced
electric field. From this figure it can be seen that the magnetic field traveling along the x axis

toward the region of interest induces an electric field along the y axis (H normal to E).

)

EY
Conducting Medium
Z® >
H, X
Figure 5.1

Plane wave entering conducting medium at normal incidence.

By substituting the vector (D= gE), equation (5.2) reduces to the following scalar equation:
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E
I = oE +&-% (5.3)
ot

where ¢ is electrical permittivity. Considering that E, is a time harmonic variable and

can be represented as E, = E, ¢, equation (5.3) becomes:

oH, _
T = ok +joek, (5.4)

where o is radian frequency. Equation (5.4) is defined in terms of current density
where oF, and jweE, represent the conduction and displacement current densities
respectively. As the parameters in equation (5.4) pertain to a wide range of media, it can be
seen that this equation can be applied to dielectric, quasi conductor or conductor problems.
For magnetic stimulation, the operating frequency ranges between 2-10 kHz [86]. The
conductivity of the tissues varies between 0.01-1 Siemens, while the relative permittivity of
the tissues ranges from 1-7 [81]. Accordingly, the term representing the displacement current
density (jweE,) adds less than 0.1%. Thus, this term can be eliminated from equation (5.4)
and the problem can be simplified.

The above argument can also be analyzed in terms of which part of the magnetic
waveform is responsible for initiating neural excitation. Based on initial investigations
conducted by Barker et al. [87], it was believed that the stimulation response depends on the
current pulse rate of change within the first quarter of the waveform (rising edge). However,
as suggested by Maccabbee et al. [38] and discussed in Chapter 4, the effects of the stimuli

depend primarily on the current pulse rate of change within the second and third quarters and
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not the first. This means that charge accumulation during the pulse initial phase, is not
applicable. This simplification leads to an elimination of the static field component, as the
conduction time is negligible compared to that required for charge build up. Therefore,
equation (2.17) can be simplified to:

- Ty (5.5)

5.2 Measuring the Induced electric field

Figure 5.2 illustrates a model using a surface mount inductor to measure the electric
field'. In this model, which is a simplistic representation of the measuring apparatus, the
electric field E,, 4, and magnetic field B, 4, have transverse components that vary along the

direction normal to both fields (y-axis).

Figure 5.2
A model illustrating the measurement of electric field using an inductor.

1

For this model, axis orientations were defined to match that of the median nerve
computer model (see Chapter 3).
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For the above model, the measured induced voltage is found from the time rate of

change of the flux linking the inductor and the stimulating coil, thus:

oo an
V. = kw dy (5.6)
d gt

where V, is the induced voltage, k is a scaling factor that depends on the inductor
value, w is the inductor length, and d is the approximate distance separating the inductor
from the stimulating coil (as the inductor thickness is negligible compared to the distance 4).
However, according to Maxwell’s equation, the electric field is related to magnetic flux
density by:

gxE = - 9B (5.7)
ot

According to the discussion related to Figure 5.2, equation (5.7) can be simplified to:

E B
A (5.8)
gy ot

By substituting equation (5.8) in equation (5.6) and integrating both sides, the
induced voltage in the inductor can be represented in terms of E and B. Assuming that the
flux density (B,) and the induced voltage (¥;) diminish at distant regions (infinity) from the

targeted area, the electric field measured by the inductor can be represented as:

V.
E - (5.9)
W
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Equation (5.9) illustrates the calculation of the induced field in one direction (z axis)
and for a specific depth (d). Ultimately, by measuring the field at the same depth for another
direction (x axis), the induced field within a two dimensional plane can be calculated

(Chapter 4).

5.3 Testing and Evaluating the Stimulating Coils

As described in Chapter 3, the parameters for the proposed and standard coils were
defined and implemented using computer models. To verify the simulation results and
confirm the coils’ effectiveness, a set of coils (Figure-8, circular, and proposed the coils) was
assembled. Using a magnetic stimulator system combined with a measuring apparatus, the
constructed coils were tested. The resulting induced voltages, within the targeted region,
were measured and mapped to their respective electric fields. It should be noted that the
stimulator used was the simple type while the measuring apparatus was the prototype that
captures the field in a two dimensional plane (see Chapter 4 for more details). All coils were
fabricated from solid square copper wire (AWG #12) with their total DC resistances varying
from 15 mQ to 22 mQ, while their inductances varied from 12,H to 25,4H. The voltage
used to test these coils was set to 500V during the entire experiment while the capacitor bank
implemented was 200 4 F. This translates to an energy of 25 joules per pulse.

Figure 5.3 displays the constructed coils. This figure clearly illustrates the similarities
between the air core and the slinky coils proposed by Lin et al.[73] and the resemblance
between the magnetic core with that of Davey et al. [71] (see Chapter 3 for details). Also, it

can be seen that the turns of the proposed coils are rectangular since this presumably
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improves the induced electric field gradient. This assumption was based on the experimental
results of Lin et al. [73] in which they show that the electric field produced by a rectangular

coil is higher (approximately 18%) than the electric field produced by a round coil.

10 Cm

(a) (b)
Figure-8 coil

Basic circular coil

i)

(d)

Air core coil (similar shape for magnetic) The embedded magnetic core

Figure 5.3
Various types of assembled coils.

87



5.4 Experimental Results

With the objectives of evaluating the fabricated coils, an experiment similar to that
outlined in Chapter 4 was conducted. During this experiment, the coils were placed below
the testing apparatus with their axes projected against the transducer plane. To collect
reliable and consistent data, the coils were manually maintained in their positions as precisely
as possible. Further, to ensure that the same energy per pulse was supplied for all stimuli
within one step, the high voltage of the discharging capacitor, displayed at the front panel,
was maintained at 400V (£1%) throughout the experiment.

For each transducer, five consecutive pulses were applied and their induced voltages
were collected, sampled, and averaged. As there are five transducers on each axis, a total of
nine steps are needed to capture the field within one quadrant. To ensure high accuracy (10
usec) for the measured data, a sampling rate of 100kS/sec was used. For more details
regarding the measurement procedure see Chapter 4.

The coils evaluated for this experiment were: Figure-8, air core, and magnetic core
coils. Figure 5.4 shows the waveforms of the induced fields generated by the three coils.
From this figure it can be seen that the waveform duration of the magnetic core is longer than
the other two coils. This is an expected result since the inductance of this coil is higher than
that of the other two (due to the magnetic core). On the other hand, the pulse generated in the
air core coil is lower than the Figure-8 indicating that the inductance of the former is lower
than that of the latter. This result is different from that of the simulations in which air core

and Figure-8 coils have equivalent inductances (approximately 12, H).
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Figure 5.4
Induced fields generated by various coils captured at 2cm below the coil centers.

Figures 5.5, 5.6, and 5.7 show the measured electric field in three dimensions for the
Figure-8, air core, and magnetic core coils.
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Figure 8.5
The measured electric field (normalized) along the X-axis (field focality).
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The measured electric field along the Y-axis {(depth of field penetration).
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Figure 5.7
The measured electric field along the Z-axis (field focality).
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5.5 Discussion of the Experimental Results

From Figure 5.4 it can be seen that the area below the waveform of the magnetic core
coil is larger than for either of the other two coils. This is an indication that the energy stored
by the magnetic core (and coupled to the targeted area) is higher than that in the other two
coils. On the other hand, the waveform generated by the air core coil covers less area (shorter
duration) and its associated field collapses faster. This indicates that the inductance of this
coil is lower than the other coils which results in lower stored (and coupled) energy. To
overcome this limitation, more coil turns could be added to increase the inductance of the
air core coil, and thus improve its performance (field strength and coupled energy).

With respect to the electric field spatial distribution, the most critical criteria are the
level of penetration( ¥-axis) and its focality in the longitudinal direction (Z-axis). Figure 5.6,
which illustrates the field level of penetration, shows that the magnetic core has the highest
field gradient in the ¥ direction. This improvement can be utilized in rTMS as the current
coils provide only 1-2cm of field penetration into the brain [32,33]. With respect to coil
focality, Figure 5.7 illustrates the enhancement in field strength when using the magnetic
core coil. This enhancement can be effectively implemented with the use of lower pulse
energy (lower pulsing currents) to achieve the required stimulation. The reduction in energy
and currents will decrease heat build up and consequently improve coil thermal performance.

In conclusion, despite the few errors in the collected data (Figure 5.6-magnetic core
at 2 centimeter, Figure 5.7- air core at | centimeter), the experimental results confirmed that
the magnetic core coil provides a tremendous improvement in field strength, penetration,

distribution, and focality.
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5.6 Measuring the Induced electric field within various media

With the objectives of investigating the impact of coil orientation (Roth’s hypothesis)
and the effect of media conductivity, an experiment similar to that outlined in Chapter 4 was
performed. Using a Dantec magnetic stimulator combined with Figure-8 and circular coils
[84], the induced electric fields were measured within various domains. The type of materials
implemented to create these domains (targeted regions) were: air, saline, oil, and a mixture
of saline-oil. Utilizing different combinations of these substances, target regions of both
homogeneous and heterogeneous conductivities were created. The homogeneous set- up was
created by covering an array of orthogonal inductors with a pool of one of the above
materials, while the heterogeneous was developed by immersing an assembled probe into a
similar pool. The probe was assembled from a pair of orthogonal inductors, placed in a

sealed medium that is different from that of the pool. Figure 5.8 shows the probe.

Figure 5.8
Twe probes insulated and enclosed by a medium.
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Figure 5.9 illustrates the experimental set up for homogeneous and heterogeneous

media with the circular coil normal to the surface of the dominant media.

Figure 5.9
Experiment setup - Top: homogeneous medium, Bottom: heterogeneous medium.
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Some assumptions were considered for this experiment include:

1. The surface of the medium is planar and infinite in extent.
2. The media are uniform, isotropic volume conductors.
3. A quasi-static approximation is made when analyzing the electric field.

It should be noted that changing any of the above conditions may change the induced

field pattern both horizontally and vertically.

5.7 Method and Results

During this experiment, the coils were positioned in two orientations (normal and
horizontal) with respect to the targeted area. For each step, five consecutive pulses of a bi-
phasic waveform with a 50% intensity were applied. The induced voltages were captured in
two dimensions and their resultants were calculated from the orthogonal data. All
measurements were taken directly from the inductors (no filtering was required) and
collected by a data acquisition board guaranteed for 200 kS/sec (PCI-6024E a 12-bit data
acquisition board - National Instruments). The captured voltages were sampled at 100 kHz
and acquired by a stand alone algorithm created using LabVIEW software (ver. 5.1 National
Instruments) and Matlab sofiware (ver. 5.2 Math Works Inc.)

For each step, the measured voltages were normalized to the maximum collected
voltage (see Chapter 4 for details). Figure 5.10 shows the normalized induced fields
generated by a circular coil placed perpendicular to the pool surface with the inductors’ leads
insulated. For the same coil orientation and non-insulated inductors, Figures 5.11 and 5.12

show the normalized induced fields generated within homogenous and heterogeneous
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volumes respectively. For the heterogeneous volumes, the measuring probe (the inductor
assembly) was covered with oil while the media of the dominant region (pool) was
alternated.

The procedure described above was repeated with the circular coil positioned
horizontally. Next, the same steps were applied to the Figure-8 coil both in horizontal and
vertical orientation. Since the focus of this part of the work was to determine the field
distribution for a coil normal to the surface, the results of these steps are not presented.

However, some of the key findings are qualitatively discussed at the end of this chapter.

1.1
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Figure 5.10
Normalized electric fields captured by insulated inductors (circular coil normal to the surface).
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Figure 5.11
Normalized electric fields captured in homégeneous medium (circular coil normal to the surface).
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Figure 5.12
Normalized electric fields captured in heterogeneous medium {circular coil normal to the surface).
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With respect to the above figures, some key points should be clarified:

1. The calculation of the induced voltages was based on the averaged area below the
curves of the second and third quarters of the waveform (Chapter 4), while the
calculation for the electric fields was based on the derived formula presented in the
previous section.

2. When using the area or the slope to calculate the induced voltages for the previous
point, the results were slightly different (< 5% variation with higher values resulting
from calculating the area). This was expected as it was proved in Chapter 4.

3. Although not listed, it is critical to mention that the highest induced fields (non
normalized) were measured in a pool of oil. These fields were not influenced by the

type of medium filling the probe assembly.

5.8 Discussion of the Experimental Results
From the above experiment, the following key findings can be extracted.

1. Coils placed in a horizontal orientation with respect to the targeted area generate
higher voltages (electric field) compared to those produced by coils in a normal
orientation. These results agree with the published literature. Tofts [78] calculated
the current densities resulting from coils placed in both directions (parallel, normal)*.

Based on his findings, he suggested that nerve fibers running parallel to the skin

2

His model consisted of a one-turn 10cm diameter coil which was placed parallel to the
target and spaced 1cm from its surface. The target was modeled as a tissue with a
conductivity of 0.2 Siemens. By applying a pulse with a current rate of change =10%A/s,
the calculated current densities were J g u = 6.8A/m* While J porpensicutar = 4.1 A/,
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surface are more likely to be stimulated than those running obliquely. Accordingly,
he concluded that it is extremely difficult to stimulate nerve fibers running
perpendicularly. Subsequently, coils in normal positions have been implemented in
rTMS therapy as an option for sham treatment’.

The maximum voltages for the circular coil in horizontal and normal positions were
measured above its outer edge. For the Figure-8 in a horizontal position the
maximum voltage was measured above its center while in a normal position it was
measured above its edge. With respect to depth, the maximum induced voltages,
regardless of coil type or orientation, are located at the surface of the targeted region.
Increased conductivity of the dominant medium within the targeted region results in
an increase in the electric field gradient. For the collected data, the highest gradient
was obtained using a pool of saline solution. This applies for both coils regardless of
orientation (data not shown due to its large size).

The question that might arise at this point: what is the validity of Roth’s hypothesis
and what is the impact of media conductivity on his model?

Recalling from Chapter 2, Roth’s approach [60,63] states that the static field
component will appear due to ion accumulation between the surface separating the
two media (regions). However, there was no explanation for the source of these ions.

Further, the experimental results presented in this chapter clearly show that the

For rTMS sham protocol, a typical procedure is to apply stimulation with the coil positioned
perpendicular to the head. This practice normally gives the patient the impression of
receiving a genuine treatment yet in reality no cortical stimulation is taking place.
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conductivity of the media (dominating the region of interest during magnetic
stimulation) is the primary factor in improving the stimulation efficacy (increasing
the electric field gradient). This concept was also observed during the in vivo study

(Chapter 6).
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Chapter 6 Magnetic Stimulation: The Effects of Pulse

Conﬁguration

6.1 Introduction

When applying magnetic stimulation two types of pulses are utilized: bi-phasic and
mono-phasic. The former are used for therapeutic purposes and usually applied to nerves
lying deep or with high thresholds of depolarization, while the latter are mostly used in the
diagnosis of peripheral nerves. Despite the fact that both waves are implemented in various
clinical applications, many key questions related to their effects are still not answered. For
instance, there is still controversy regarding the impact of the pulse shape in defining the site
of stimulation [38-41]. Also, to our knowledge, there isn’t a well established method
(especially with cranial stimulation) which quantifies the effects of waveform shapes and
their responses.

Considering the above and after reviewing previous studies [36-41], it was decided
to conduct a study with the objectives of determining the stimulation site and establishing
a quantitative relation between pulse configuration and the resulting neurological responses.
Subsequently, the study findings will be implemented to improve rTMS technique in treating
neuropsychiatric illness.

Although the primary focus of this chapter is the design aspects and the results of this



study, it also includes a brief background of skeletal muscles’ electro-physiology and their

behavior during stimulation as well as a short review of other related studies.

6.2 The Organization and Function of Skeletal Muscle Tissues

Skeletal muscle fibers are single threadlike cells with diameters that range between
50-100 pm and lengths that vary from a few millimeters to tens of centimeters. The activities
of these muscles are controlled by bundles of axons which extend from the spinal cord and
include descending motor axons and ascending sensory axons (peripheral nerve). Each motor
axon is part of a motor neuron (nerve cell) that is connected to a number of muscle fibers.
The combination of the motor neuron and the muscle fibers is called a motor unit. Figure 6.1
illustrates a motor unit consisting of a neuron cell body, a long conductive axon, and a group

of muscle fibers innervated by axonal branches.

Cross Section of
the Spinal Cord

Figure 6.1
An anatomical structure of a motor unit.
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It should be noted that motor units have different sizes (within each muscle), and the
number of muscle fibers in a motor unit is dependent on the type of activity assigned to that
muscle. For instance, to achieve fine control for eye movement, the number of muscle fibers
in a single motor unit could be in the order of tens of fibers. However, for a large muscle,
such as the biceps brachii, this number may increase to several thousand fibers driven by a
single motor neuron.

When recruited by the motor neuron, the muscle fibers contract as a group. The
contraction process starts with the motor neuron initiating an electrical signal that propagates
along the nerve fiber or axon. When this signal reaches the end of the neuron branch, a
neurotransmitter, acetylcholine, is released into the synaptic cleft (a region between the pre
synaptic neuron membrane and the muscle fiber post synaptic membrane). Proceeding
toward the muscle fiber membrane under the branch terminus, the neurotransmitter binds
with a group of protein receptors activating gates and allowing the flow of Sodium ions into
the cell. By activating a sufficient number of protein gates, the muscle fibers are recruited
and an electrical action potential propagates down the length of the muscle. The recorded
amplitude of the motor unit action potential (which depends on the motor unit size and its
distance from the electrodes) is in the order of hundreds of ;,V and increases for larger motor
units.

The arrival of the action potential at the muscle fiber starts a chain of activities, such
as the release of calcium ions from the sarcoplasmic reticulum into the cell interior. The
release of these ions initiates forces of attraction between the actin and myosin (muscle fiber

filaments) and ultimately results in muscle contraction which may last for several hundred
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milliseconds. Following the contraction, the calcium ions are then pumped back into the
sarcoplasmic reticulum and remain there until the arrival of another action potential.
Studies have revealed that the time required for a muscle fiber to contract and relax
varies from a few milliseconds to approximately 200 milliseconds [48,88]. While the
potential developed by a motor unit takes 5 to12 milliseconds, the recorded potentials from
individual fibers is approximately 1 to 2 milliseconds. The significant difference between
these two durations is attributed to the fact that the sites of the axon innervation are spatially
distributed (scattered) and there are different distances between the fibers and the recording

electrode.

6.3 Modeling the M-wave
In order to model the M-wave, which is the sum of the motor unit action potentials,

and discuss its properties, it is essential to consider the following assumptions.

1. The region between the motor unit and recording electrodes is homogeneous,
isotropic, and purely resistive.

2. The duration of the action potential is shorter than the time required for its
propagation along the axon. Hence, the action potential can be implemented as a
Dirac Delta function (6(8)).

3. The recorded motor unit action potentials are different in shape, duration, and
amplitude. These differences are dependent on: the size of the motor unit, the spatial
dispersion of the axon branches within the innervation zone, as well as the distance

and orientation of the muscle fibers relative to the recording electrodes. To ensure
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that the recorded signals are independent of electrode positions, all the above effects
are incorporated in the transfer function A,(7).
Based on the above assumptions, the neuron action potential(d,(z)) that arrives at the

muscle fiber n, can be defined as:

8,(1) = 8t ~ tygym) (6.1)

where 7 4,4, .y 1S the time delay resulting from the traveled distance.
The convolution of the motor unit impulse response (h;) with the delayed delta function

(from equation (6.2)) results in:

m, (1) = By (t -ty ) (6.2)

where m, (1) represents the motor unit action potentials recorded by the electrodes.
By summing the action potentials of all the activated individual motor units, the

resultant is an M-wave that can be represented as:

M(t) = Iy By (t-te o) (6.3)

where M({#) is the summation of the motor unit responses as a result of nerve
excitation/stimulation.

Figure 6.2 is a graphical model illustrating the generation of the M-wave (adapted

from [88]).
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6.4 The Effect of Pulse Shape on Neural Stimulation

Many researchers have investigated the effect of pulse configuration during magnetic
stimulation. Their studies addressed the following critical issues:
1. Evaluating the neurological responses resulting from changing pulse configuration

To our knowledge, the first group to investigate the effects of pulse configuration
during magnetic stimulation was McRobbie et al. [36]. They suggested that a “damped
sinusoid” pulse (bi-phasic) is more effective than a pulse with a “slow decay” (mono-phasic)
and that the threshold of stimuli increased with decreased rate of pulse decay. Maccabee et
al. [38] used a special magnetic stimulator (Cadwell laboratories) which generated mono-
phasic and poly-phasic pulses with identical initial phases and different rates of decay. Their
results showed that, both in vivo (median nerve) and in vitro (mammalian phrenic nerve),
poly-phasic pulses can elicit higher responses than those produced by mono-phasic pulses
regardless of the initial polarity of the pulse waveform. Furthermore, this group confirmed
that both in vivo and in vitro the maximum elicited response was achieved from the pulse
with the highest rate of change. Recently, Nichaus et al. [85], and Kammer et al. [40]
investigated motor threshold amplitudes of M-waves for different stimulus intensities. Their
findings agreed with that of previous groups.

2. The roles of pulse configuration and coil current direction in defining the site of

stimulation (virtual cathode)

Nilsson et al. [39] investigated the relation between electrical and magnetic
stimulations of the median nerve at the cubital fossa using mono-phasic electrical and bi-

phasic magnetic pulses. They determined, using latency and amplitude measurements, that
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the virtual cathode (believed to be the site of greatest neuronal activation) for a Figure-8 coil
was approximately 3 ¢cm from the coil center junction. Maccabee et al. [38] also noticed a
similar shift of stimulus site in their study. However, Mathis et al. [89] noticed different
shifts when stimulating the median or ulnar nerves just proximal to the wrist. Their
conclusion indicated that tissue in-homogeneity plays a major factor in determining the
induced electrical field. Contrary to Mathis et al. findings, Niehaus et al. [85] showed no
significant effect for current direction on the virtual cathode position when stimulating the
median nerve at the cubital fossa. Further, when stimulating the motor cortex, this group
found no difference in latency of the M-wave for the First Dorsal Interosseus (FDI) muscle.

The effect of reversing coil current direction on the virtual cathode position was
investigated by Nilsson et al. [39], Kammer et al.[40] and Niehaus et al. [85]. The findings
of these groups contradict each other. While Nilsson and Kammer observed changes,
Neihaus did not report any. In conjunction with these studies, Maccabbee et al. [38]
investigated the effect of current reversal both in vivo and in vitro. Their results showed
significant differences in the neural responses when reversing current direction. It should be
noted that although there is some agreement regarding the shift in the virtual cathode
position, it is only conceptual and not quantitative as the reported shifts varied.

In summary, the results from the above studies agree that bi-phasic pulses are more
effective in stimulating both the motor cortex and peripheral nerves. However, considerable
controversy still exists regarding the effect of reversing current direction, the position of the
virtual cathode (especially within inhomogeneous tissues), and its dependency on the

waveform configuration.
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6.5 Experimental Study

Given the conflicting results mentioned above, a study was conducted to investigate
the influence of pulse configuration and current direction when applying magnetic
stimulation. This study was approved by the ethics committee at St. Joseph’s Hospital
(Hamilton, Ontario). Ten healthy subjects (8 males and 2 females ages ranging between 19
and 46 years with a mean age of 27.7) were recruited and gave informed consent. The

hypotheses considered for this study were:

L. Bi-phasic waveforms are more effective than mono-phasic waveforms.

2. The stimulus site is not at the junction of the two coils (Figure-8).

3. Coil orientation is critical in neurophysiological responses.

4. Current reversal alters the population of the excited neurons but doesn’t introduce

any shift to the stimulus site.

The study objectives can be summarized by the following:

1. To quantify the effectiveness of different waveform configurations during magnetic
stimulation.

2. To determine the stimulus site (virtual cathode) using different waveforms and coils.

3. To determine the most effective coil (field) orientation.

4. To determine the effects of current reversal when using different coils.

As the median nerve is well defined, easy to access and its response is simple to
evaluate, it was chosen as the targeted area for this experiment. The variables considered for
this study were: pulse shape (mono-phasic and bi-phasic), coil current rate of change (di/df),

coil type (Figure-8 and circular coils), and coil current direction.
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6.6 Experiment Hardware and Software

In this study, the median nerve of each subject was stimulated at the wrist and cubital
fossa using electric followed by magnetic stimulation. For electric stimulation, an electrical
stimulator (Dantec-Cantata Inc.) was used to produce single pulses of 200 ysec. The
stimulating pulses were delivered by a pair of 8 mm diameter silver electrodes mounted 2.5
cm apart on a plastic bar. To collect the EMG data, pre-gelled disposable surface electrodes
were used (Medtronic Inc.). The first electrode was positioned over the thenar eminence
crossing the first metacarpal bone perpendicularly at the junction of its proximal and middle
thirds. The second electrode was attached over the proximal phalanx of the thumb while the
third was attached to the dorsum of the hand. Figure 6.3 illustrates the positions of the three

electrodes as well as the sites of stimulation.

Figure 6.3
The positions of the recording electrodes and the sites of stimulation.

For magnetic stimulation, a magnetic stimulator (Dantec MagPro) combined with a
Figure-8 coil (outer diameter 10 cm consisting of 2x10 windings) and a circular coil (outer

diameter 13 cm consisting of 10 windings) was used [84]. The advantage in using the Dantec
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system is the flexibility in changing the current direction by a switch located at the front
panel, without rotating the coil.

The measured M-waves were amplified to a gain of 2mv/div, bandpass filtered
between 20 Hz and 2 kHz, sampled at 10 kHz, and collected via a data acquisition board
(PCI-6024E, a 12-bit board guaranteed for 200kS/sec-National Instruments). To ensure high
precision (s 10 ysec) for the M-wave latency studies, the data were also sampled at 100 kHz.
All the signals were captured by a stand alone algorithm created using LabVIEW software
(National Instruments) and Matlab software (Math Works Inc.). The algorithm enables the
user to acquire a train of signals, calculate the area and the peak to peak amplitude of each
pulse, and store the data in ASCII and spreadsheet formats. It also allows the user to retrieve

or re-read the data from the stored files, average, and post-process the data (see Figure 6.4).

~laixl

-

Figure 6-4
Front panel display of the software capturing the M-wave of a subject.
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6.7 Method

The subjects were comfortably seated with their arms fully extended and supported
by foam and sand bags. Considering that each session lasted one to two hours, it was crucial
that the subject be relaxed throughout the experiment to ensure successful and reliable
recorded data.

Following a few trials, it was concluded that defining the coil’s most effective
position and maintaining it throughout the experiment were critical factors during magnetic
stimulation. To precisely determine these positions, it was decided to perform electric
stimulation prior to magnetic stimulation.

During electric stimulation, at both the elbow and the wrist, the most effective
position of the stimulating electrodes was defined according to the cathode placement that
gave the lowest stimulus threshold of the thenar muscle [39]. Next, the optimum cathode
position was marked at each stimulating site and the distance between the two positions,
along the forearm, was measured. Using the measured distance and the difference in the
latencies of the captured M-wave, the nerve conduction velocity was calculated. This value
was used during magnetic stimulation to define the stimulation site (the position of the
virtual cathode) and to calculate any shift in its location. A self adhesive tape was used to
mark the exact placement of the cathode (cross mark). In addition to defining the cathode
sites, the electric stimulation was utilized to map the path of the median nerve at the elbow.

During magnetic stimulation, the coils were superimposed over the marked cathode
while their axes were oriented to generate maximum stimulation for a given current. This

was done, with the help of a laser pen projecting the marked electrical cathode position on
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the internal perimeter of the circular coil and the center of the Figure-8 coil. The handles for
both coils were pointed toward the subject’s shoulder and aligned along the mapped median

nerve. With the aim of collecting reliable measurements, the coil positions were manually

maintained as precisely as possible throughout the experiment.

6.8 Results

1. Determining stimulation site

Electric stimulation was applied to the median nerve at two sites: wrist and cubital
fossa. Five pulses were applied at each site and their recruited M-waves were measured and

averaged. Figure 6.5 shows the averaged M-waves when electrical stimulation was applied

to the median nerve at the elbow and the wrist of a subject.
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M-wave responses using electrical stimulation.
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2. The effect of pulse configuration

Using Figure-8 and circular coils, magnetic stimulation was applied to the median
nerve at two sites: wrist and cubital fossa. The influence of pulse configuration (bi-phasic,
mono-phasic) was investigated for different stimulus intensities. The intensities were varied
from 30% to 80% of the maximum stimulator output with a 10% step increase. At each step,
ten consecutive stimuli were applied and their responses were collected, sampled at 10kHz,
and averaged. To ensure that the same energy was supplied for all stimuli within one step,
the di/dt value, displayed at the front panel, was monitored throughout the experiment.
Figures 6.6 and 6.7 show M-wave responses of bi-phasic and mono-phasic waveforms

respectively, when placing a Figure-8 coil at the elbow of a subject.
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Figure 6.6
M-wave responses for bi-phasic pulses using a Figure-8 coil at the elbow. The starting
point of the time axis was selected to accommodate the figure size.
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Figure 6.7
M-wave responses for mono-phasic pulses using a Figure-8 coil at the elbow. The
starting point of the time axis was selected to accommodate the figure size.

From Figures 6.6 and 6.7, it is apparent that bi-phasic stimuli result in higher
responses compared to that of mono-phasic. Further, Figure 6.6 clearly shows that the rate
of change of the M-waves decreases at higher stimulating intensities (an indication that the
number of motor units recruited approaches its maximum at these intensities). It should be
noted that the responses obtained from stimulating the nerve at the wrist resulted in lower

(amplitude) responses with shorter latencies.

3. The effect of changing current direction

In this section, the procedure outlined above was repeated using normal and reversed

stimulating current pulses. The variables considered in this section are: stimulus intensities
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(50% , 60%), pulse configuration (bi-phasic, mono-phasic), coil type (Figure-8, circular), and
stimulating sites (wrist and cubital fossa). These variables were applied for both normal and
reverse current directions. For each subject, the procedure starts with normal bi-phasic
stimulation at the elbow using the Figure-8 coil. Five consecutive stimuli were applied for
each intensity (50%, 60%) and their responses were collected and averaged. To ensure that
the same energy was supplied for all stimuli within one step, the di/d¢ value, displayed at the
front panel, was monitored constantly. While maintaining the coil position, the current
direction was reversed and the stimulation was repeated (at the elbow) for both intensities.
Next, mono-phasic stimulation was applied using 50% and 60% for both current directions.
Five consecutive stimuli were applied for each intensity and their responses were collected
and averaged. Figure 6.8 shows M-wave responses of normal and reversed current pulses

when placing a Figure-8 coil at the elbow of a subject.
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-¢—-Mono-50%-Rev
-4~ Moneo-50%-Nor
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Q 1 2 3 4 5 ] 7 8 9 10 1 12 13 14 15
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Figure 6.8
M-wave responses for various waveforms and current directions using a Figure-8 coil.

115



The above steps were also performed at the wrist and the entire procedure was
repeated using the circular coil.

It is important to clarify a few critical points related to the results presented in this
section. First, all the latencies were calculated using the peak of the M-waves and not the
initial point of their rising edge. This procedure was foliowed to minimize the effect of the
artifact which is dominant at the M-wave base line. Second, the data for the “normal” current
direction were collected while the coil was placed along the arm with its handle pointing
toward the subject’s shoulder. Third, the “normal” direction represents the default output of
the Dantec MagPro stimultor, while “reverse” direction should be set by the user. Fourth, to
ensure high precision (& 10 ysec) when measuring the M-wave latencies, the collected data

in this section (also used in the next section) were sampled at a rate of 100kS/sec.

4. The effects of pulse configuration and current direction on the M-wave latency

In this study, the shift in the virtual cathode position (the site of stimulation) was
determined using precise measurements of the M-wave latencies (at the wrist and the elbow)
combined with the nerve conduction velocity (calculated from electric stimulation).

During electrical stimulation, the difference between the M-wave latencies (elbow

vs wrist) was calculated for each subject using the following formula:

|55 G - @)
K

e

Latency(n) = (6.4)

where s and i are notations for the subject and electric pulses respectively, K, is the
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total number of applied pulses, 7.y, and 7, are the M-wave latencies when stimulating the
elbow and the wrist respectively. Considering that the distance between the two stimulating
positions is known, the nerve conduction velocity (CV) can be calculated for each subject
using:

_ delbow(n) B dwrist(n)
V@) - Latency(n) (6)

where d,;,,,and d,,,,, are the distances between the measuring electrodes and the sites
of electrical stimulation at the elbow and wrist respectively.
The calculated conduction velocity was implemented during magnetic stimulation to

determine the shift in cathode placement using the following equation:

K .
Zi =K11 1‘.magnetic(l)
K

m

Shift(n) = CV(n) x - Tgectricl) (6.6)

where nand i are notations for the subject and magnetic pulses respectively, K,, is the
total number of magnetic pulses applied (using the same stimulation intensity), T,ggnese and
T aT€ the latencies due to magnetic and electric stimulation respectively. Using equation
6.6, if the calculated shift is positive it implies cathode movement toward the shoulder,
however, if it is negative it indicates cathode shift toward the hand.

Finally, to calculate the average shift for all of the subjects (V) the following equation

was used:

hot Shifi(n) |
N

Average Shift = (6.7)
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6.9 Analyses of the Results

1. The effect of pulse configuration

Table 6.1 illustrates the averaged M-waves resulting from stimulating the cubital
fossa by various coils. It should be noted that prior to averaging the presented data they were

normalized (per subject) to their maximum responses (bi-phasic stimuli at 80% intensity).

Table 6.1
Summary of the M-waves resulting from using different coils at the elbow
Stimulus Average Figure-8 coil Circular coil
Intensity (di/df) Peak + s.d.(normalized) Peak =+ s.d.(normalized)
% of Max.O/P | (A/us) . )
Bi Mono Bi Mono

30% 46.3 0.05+0.04 | 0.03+£0.02 | 0.08+0.06 | 0.02+0.04

40% 62.5 0.18+0.19 | 0.04+0.04 | 0.16:0.14 | 0.06+0.08

50% 77.7 0394025 | 0.12+0.07 | 0.24+0.16 0.08+ 0.10

60% 90.8 064024 | 0.26+0.17 | 0.47£0.27 0.10+£0.14

70% 106.6 0.86:0.12 | 043028 | 0.65+0.57 0.12 +0.16

80% 121.5 1.00+000 | 0.62+036 | 1.00+0.00 | 0.16+0.22

To determine if the above results have any statistical significance with respect to the
effect of pulse configuration, the software Statistica was used (StatSoft Inc., ver. 5.5).
Considering an alpha of 0.01, coil type and phase as independent variables, M-wave peaks
as the dependent variable, and the stimulus intensity as the repeated measure, the analysis
conducted was repeated measures ANOVA (Analysis of variance) combined with the
Bonferroni test. The advantage of applying this protocol is that it prevents any over-

correction that might result when comparing the variables of interest more than once [90].
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The results of the analysis indicated significant statistical relation between stimulation
intensity vs M-wave amplitude (p=0.00003) as well as a significant phase effect (p=0.0046).

Figure 6.9 shows the effect of pulse configuration at different stimulation intensities.
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Figure 6.9
Normalized M-wave amplitudes (mean + S.D.) for bi and mono pulses (10 subjects, Figure-8 coil, elbow).

During the post-hoc testing, pre-planned paired t-tests were used with the Bonferroni
correction to compare the effects of pulse configuration at different stimulation intensities
(30% and 40%). For these intensities, the difference between the means was not statistically
significant (p=0.17 and p=0.07 respectively). However, for stimulation intensities at or above
50% the results show significant mean differences between the effect of bi-phasic and mono-
phasic waveforms (all p<0.01). This conclusion is also applicable when using a circular coil.

2. The virtual cathode position

Both Figure-8 and circular coils were used to investigate the shift in the virtual
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cathode position, however, the collected measurements from the latter were not considered
for statistical analysis as they showed large variances. The results for the circular coil
confirm the theoretical aspects of the unfocused magnetic field generated by this coil. Table
6.2 shows the effects of changing pulse configuration on the virtual cathode position when

using a Figure-8 coil at the elbow.

Table 6.2
Summary of the shift in the virtual cathode position
IF
Stimulus Intensity Average Bi-phasic Mono-phasic
% of Max. O/P di/dt (Als) Shift + s.d.(cm) Shift + s.d.(cm)
30% 46.3 1.93+5.59 1.45+4.39
40% 62.5 1.40 +4.33 1.98 = 3.64
50% 77.7 0.43 £ 4.45 1.20+2.28
60% 90.8 -0.31 £ 4.69 0.49 +£2.43
l 70% 106.6 -0.64 £4.52 -0.67 +2.24
80% 121.5 -0.98 + 4.44 -1.12 £ 2.66

To determine if the above results have any statistical significance, the software
Statistica was used. Considering an alpha of 0.01, the analysis conducted was repeated
measures ANOVA combined with the Bonferroni test. The analysis results showed that there
is no significant shift (p>0.05) in the virtual cathode position when changing pulse
configuration. However, the results indicate a significant relationship between the level of
stimulation and the shift in the virtual cathode position (p<0.01). As well, when applying
paired t-tests, a consistent shift in the virtual cathode (toward the hand) was noticed when

increasing the stimulation level. This shift applies to both waveforms and for all intensities.

120



11

‘BJEp PAINSESL AT UI SIOLIS IO J00JJ PIOYSIY) UOTBAWNS 0} S0P Y51 APUeoyIuSIs 018 SHNSAT PIYIEU oY, ¢
“gJep Po10R][0d AU} UI JOLIS UB O} ONp SISATeUR SIY} WO PIPNIOXD Sea 103[qns 9Uo ‘3[qe) 9A0qE oY) Ul UMOYS SV

0" 000 80 780 80 S0C {3 [ ory- 8Tt LT | 9T qaL
so'1- so'r- co'1- 99°¢ ILy 1Ly LS'T SO'1 60'C 9¢C 9T 99'¢ NS
Lre 601~ €91 08¢ 08¢ 1294 9’1~ 611~ 9L°0" 8¢0 ST Ie¢ Wi

€T L9l L9'1 Il L9l L9'1 9¢°0 000 €T 000 9¢°0 L9l VN

19°0 19°0 19°0 19°0 19°0 19°0 £8'1- - 19°0- 000 19°0 :0€°L NWr
L9t ore 1 €S0 OF'8 L9t Sle- ore ore- LT €9°C- £9°C- ir
LSO~ 14N L6'E LSO LSO LGS0 8¢ LTC LT 148 0L’ 1~ LTC ur
0s v~ 00t~ 051~ 050~ 00°0 050~ 00T 0s'1- 001~ 050~ 000 0¢'s 0
89y~ 91y~ cre- re- 89y~ 89~ LS 0T's- 91v- ares 91y 9L9 HD
%08 | IN%0L | TN%09 | TN%0S | N%0F | IN%0E | 9%08 | d%0L| %09 | d%0S| d%0¥ | 4%0¢ algng

(moqpe o e 1102 g-21n31] ‘s3109[qQns 6)
sospnd orseyd-ouow pue oiseyd-1q SuTSn USYM SPOYIED [BILIFOS[D YY) WO (SIAJUWHUD ur) opoyied fenlia Yl Jo YIys
£9°lqel

*SonISUSJUI PJoy J0YSIY 18 paje[nIuns oq [[IM SOPOU [BISIP 2I0W

2ous Pa3oadxa S1 puo) SIY} ‘UOHBNUINS [2oL03]9 0 S|qereduio) $100{qns SUIU 10§ SPOYIEd [NIIIA ST JO YIYS 1) syuasaxd ¢-9 2[qBL



Figure 6.10 shows the effect of pulse configuration on the virtual cathode position

when using a Figure-8 coil at various stimulation intensities.
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Figure 6.10
Shift (mean + S.D.) in the virtual eathode due to bi and mono waveforms (9 subjects, Figure-8 coil, elbow).

3. The effect of changing current direction

Table 6.4 shows averaged M-wave amplitudes resulting from stimulating the elbow
and wrist with Figure-8 and circular coils. Sampled at a rate of 100kS/sec, the data was
collected for both normal and reverse current directions using 50% and 60% intensities.
Table 6.5 summarizes averaged shifts in the virtual cathode position for these experimental
conditions. It should be noted that prior to averaging the results presented in Table 6.4 they

were normalized (per subject) to their maximum responses (biphasic stimuli, 80% intensity).
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Table 6.4
Averaged M-wave responses (normalized) as a function of current direction (Fig8,elbow)

Site Stimulation Bi-phasic Mono-phasic
Coil type Peak + s.d.{normalized) Peak + s.d.(normalized)
Intensity (%)
Normal Reverse Normal Reverse
Wrist 50% 027+0.19 | 021+0.16 | 0.16+0.13 | 0.27+0.18
Figure-8
60% 048 +£0.26 | 034+025 | 0.23+£0.18 | 0.39+0.24
Wrist 50% 0.18+0.20 | 0.07+0.05 | 0.07+0.08 | 0.22+0.32
Circular
60% 033+0.38 | 0.16+0.19 | 0.17+0.19 | 0.33%£0.35
Elbow 50% 0.50+0.28 | 0.27+0.12 | 0.05+0.04 | 0.17+0.07
Figure-8
60% 0.66+028 | 050017 | 0.12+£0.07 | 0.42£0.18
Elbow 50% 025+0.19 | 0.18+0.18 | 0.09+0.14 | 0.06 +0.09
Circular '
60% 0.48£0.28 | 0.31+0.19 | 0.09+£0.08 | 0.16+0.16
Table 6.5
Averaged shifts of the virtual cathode (in centimeters) as a function of current direction
I Site Stimulation Bi-phasic Mono-phasic
Coil type
Intensity (%) Normal Reverse Normal Reverse
Wrist 50% 3.79 +£2.45 5514246 | 5.11£3.04 | 559+3.83
Figure-8
1BuTe 60% 403248 | 5174273 | 5.17£3.06 | 532+2.79
Wrist 50% 9.02 +£3.91 794304 | 8.17+4.48 | 7.98+2.95
Circul
e 60% 889091 | 6.81+4.05 | 8.83+3.89 | 8.51+£3.00
Elbow 50% 021+284 | 093+£295 | 0.53+3.53 | 1.21£3.05
Figure-8
| 1gure 60% 0594254 | 046+3.14 | 043£333 | 0.51+3.23
Elbow 50% 2.15+5.71 269+981 | 2.57+583 | 400+7.78
Circul
|- 60% | 3.36+10.50 | 2.96+10.05 | 1.16+5.00 | 137+4.89
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To determine if the data presented in Table 6.4 has any statistical significance, a
paired t-test (defined by Statistica software as “t-test for dependent samples”) was applied.
For the cubital fossa, the results of the analysis show a significant difference in the effects
of pulse configuration on the M-wave amplitudes (p<0.05). This conclusion is applicable for
both current directions and coil types. However, for the wrist, no significant differences were
found in the responses. This can be attributed to tissue in-homogeneity and the measurements
are less precise because of the large artifacts embedded in the measured signals (especially
with mono-phasic stimulation). These artifacts are due to the coil proximity to the measuring
electrodes.

With respect to the shift in the virtual cathode, the analysis results show no
significant effect when changing current directions. This holds true for both the cubital fossa

and wrist stimulation.

6.10 Discussion
The key findings of this study can be summarized by the following:

I Using the same stimulating intensity, bi-phasic stimuli result in higher M-wave
amplitudes than those achieved with mono-phasic. This holds especially true for high
stimulus intensities (at or above 50%) and applies for both coils. The different
responses can be explained by either the nerve hyperpolarization-depolarization
phenomena [91] or by the difference in current rate of change within the second and
third phases of the two waveforms [38].

With respect to the first explanation, it is well established that the reversal of Na*
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inactivation (through initial hyerpolarization) results in an increased number of the
Na" channels available for the subsequent depolarization phase [91]. This translates
to an increase in fiber excitation as well as a decrease in the stimulation threshold
required for activation. This mechanism was suggested by Maccabee et al. as a
possible reason for the different pulse effects {38}
The second explanation, which is based on the outward charge transfer, depends
primarily on the area (integration) of the stimulus depolarizing phase (second and
third quarter of the pulse waveform). As well, this concept was adopted Ey Maccabee
et al. with an attempt to explain the different effects due to pulse type [38].
From our perspectives and based on the findings of this study, the second suggestion
is preferable as it has been proved both theoretically through computer simulations
(Figures 3.11, 3.13) and experimentally (Figure 4.12). In fact, it is interesting to see
that the results are quantitatively comparable to that of the clinical study (Figure 6.9).
2. The shift in position between the virtual and electrical cathodes is complicated as it
depends on many variables. The variables include tissue in-homogeneity, distance of
median nerve from the coil, median nerve pathway geometry, pulse intensity as well
as coil type, position, and orientation. Although not included in the data, the
experimental results qualitatively indicate that coil orientation has a tremendous
influence on the elicited responses *. Some differences emerged when comparing the

findings of this study with that of other researchers who defined the shift in the

3

It must be stressed that the Figure-8 coil axis was positioned as parallel as possible to the
median nerve axis.
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virtual cathode position as a fixed distance (ranging between 3 and 4cm) [38-41].
These differences can be attributed to the following. First, the outcomes of these
experiments depended on the interaction of many complex variables which are not
uniform including hardware (systems, coils), experimental protocols, and subject
variability. Second, the studies presented in the literature (including this one) have
quantified the stimulation responses based on measuring the electrical signal
generated by muscles. Although this technique is not a direct precise measure for a
single nerve fiber excitation, it is the only viable in vivo approach. Third, the
mechanism for magnetic stimulation is not yet fully understood, and “the
neurophysiology is still largely unknown” [92]. A confounding factor in all studies
is the precise orientation of the median nerve with respect to the coil axis. Although
considerable effort was made to map the median nerve at the elbow, its direction
changes widely within the area of magnetically induced activation.

In conjunction with the above, an attempt was made in this study to accommodate
subjects’ variability by determining the median nerve conduction velocity for each
subject independently. However, it should be noted that a slight variation within each
subject still exits and can’t be avoided. For instance, at threshold stimulation the
tendency is to stimulate only large axons (greater inter nodal distance) which have
a faster conduction velocity than the average. Conversely, with higher levels, smaller
axons with a slower conduction velocity will also be excited. Thus, M-wave latencies
and subsequently shifts in the virtual cathode position may vary depending on the

average fiber size of the activated axons.
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The study showed no significant effect either to the pulse type or the current direction
in defining the position of the virtual cathode. This result agrees with Niehaus et al.
findings [85] and disagrees with that of Kammer et al. [40]. Further, the study
showed that the shift in the virtual cathode was substantial at the wrist compared to
the elbow. This significant shift can be attributed to tissue in-homogeneity, large
embedded artifacts, or other unknown factors. However, the contribution of any of
these sources is difficult to assess from the experimental data.

With respect to tissue in-homogeneity, unique responses were observed in two
particular subjects who had higher subcutaneous fat at the cubital fossa (TB in Table
6.3 and another subject whose results were rejected due to measurement error). It was
noticed that the averaged M-wave responses in both subjects were lower and had a
longer latency when compared to the group. These observations can be attributed to
the increased distance of the median nerve from the coil and/or to tissue in-
homogeneity in that region.

Changing current direction results in different responses for both pulse configurations
with bi-phasic stimuli generating higher M-wave amplitudes than those achieved
with mono-phasic. The outcomes of current reversal may be attributed to the change
in the excited neuron population. This can be confirmed by reviewing the responses
of each subject and comparing them to that of the group. The collected data (not
presented due to its size) clearly indicates that the effects of changing current
direction are not comparable within the group as each subject responds differently.

The main reason for the different responses is the subjects’ variability which may
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result in potential miss-alignment between the median nerve and the coil axis.
For both pulse configurations, regardless of coil type or current direction, the increase
of stimulus intensity (di/dt )results in non-linear increases in the M-wave responses.

This is expected as the same is true for electrical stimulation.
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Chapter 7 Conclusions and Future Investigation

7.1 Conclusions

The primary objective of this thesis was to present new coil designs which can be
implemented in magnetic nerve stimulation. Using computer simulations, the Finite Element
Method in three dimensions combined with a transient analysis was applied to evaluate the
proposed coils. The simulation results showed that the proposed coils improved the strength
and focality of the induced fields. To verify these results, a set of coils (Figure-8, circular,
and the proposed coils) was assembled based on specifications established with the aid of
computer models. The findings of an experiment conducted to evaluate the constructed coils
agree with the results of the simulations, confirming the advantages of the proposed coils.

The second objective of this work was to investigate the effect of different stimulus
waveforms both theoretically and empirically. This was realized through computer
simulations, performing an experiment, and conducting a study on stimulating lower motor
neurons. With respect to the study, the goals were to establish a quantitative relation between
the stimuli waveform parameters vs the responses and to investigate the effect of pulse
configuration in determining the stimulation site.

Considering the above objectives, the key findings of this thesis can be summarized

by the following conclusions.



Conclusion #1
The simulation results confirm that the proposed coils enhance the field strength and
focality within the targeted area. This improvement was achieved through better turn
distribution as well as the addition of a third set of windings. Equally important is the
introduction of the ferromagnetic core with its unique shape, which is determined so
as to accommodate the width and depth of the target region. When evaluating the
performance of various coils, the simulation results indicate that the coil with the
magnetic core was superior. Further, when compared to the Figure-8 coil, the
experimental results showed a 200% improvement in the induced electric field
generated by the coil with the magnetic core. However, some of the advantages in
using this coil might be offset by its weight, considering that the coil is manually

placed and held.

Ceonclusion #2
Based on the simulation results, the combination of the three sets of windings
provides flexibility in delivering the required stimulus as it enhances the coil
selectivity in stimulating one group of nerves whilst leaving another unaffected. For
instance, if deep stimulation is required, the current supplied to the first and second
sets of coils should be higher than the third (perpendicular) coil. However, if the
targeted region is close to the skin surface, effective stimulation can be achieved by
supplying current to the third coil only [76]. Although the measured induced fields

are lower than those estimated by the simulations (one fold vs one order in
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magnitude), the final outcome of the proposed coils can still be considered an

improvement to current technology.

Conclusion #3

In this work it has been shown, both mathematically and experimentally, that the first
spatial derivative of the induced electric field is directly proportional to the
conductivity of the medium dominating the region of interest. Subsequently, if the
region of interest is heterogenous with subcutaneous fatty tissues, the electric field
gradient will be lower than that within a region of highly conductive tissues (muscle,
nerve fiber). This holds true regardless of coil orientation with respect to the targeted
area (horizontal, normal).

However, this outcome doesn’t totally agree with Roth’s widely accepted model [60]
which indicates that the total electric field ({r..;) is dependant on both transient
magnetic field ({,) and the electrostatic potential ({,) with the latter depending on

coil orientation.

Conclusion #4
Bi-phasic stimuli result in higher responses than those achieved with mono-phasic.
This conclusion is based on computer simulations (Figures 3.11, 3.13), experimental
work (Figure 4.12), and a clinical study (Figure 6.9). In fact, it is interesting to see
that the results of the three approaches are quantitatively comparable. This outcome

qualitatively agrees with the findings of other researchers [36-41]. However, the
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approach introduced to minimize the effects of subjects’ variability provides a critical
enhancement to realize more reliable results from in-vivo studies.

Corresponding to the above, it is important to discuss the mechanism utilized by
magnetic stimulators in displaying current rates of change. Typically, these systems
capture the waveform rate of change at the first quarter (rising edge). Thus, the
displayed reading is the same for mono-phasic and bi-phasic waveforms. However,
as have been outlined in Chapters 4 and 6, neural excitation is defined primarily by
the current rate of change within the pulse second and third quarters. Thus, capturing
and displaying this rate of change, as an indication for pulse effectiveness, is more

logical and informative.

Conclusion #5
Defining the site of stimulation (virtual cathode) during magnetic stimulation is
complicated as it depends on many variables. The variables include tissue in-
homogeneity, distance between the nerve and the coil, pulse intensity as well as coil
type, position, and orientation. Some differences emerged when comparing this
conclusion to that of other researchers who defined the shift in virtual cathode as a
fixed distance (ranging between 3 and 4cm) [38-41]. These differences can be
attributed to the following. First, the outcomes of this type of experiment depend on
the interaction of many complex variables that are not uniform such as hardware
(systems, coils), protocols, and subject variability. Second, the studies presented in

the literature (including the one presented in this thesis) have quantified the
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stimulation responses based on measuring the electrical signal generated by muscles.
Although, this technique may not give a precise estimate of a single nerve fiber
excitation, it is the only viable approach in in vivo studies. Third, the mechanism for
magnetic stimulation is not yet fully understood, and “the neurophysiology is still

largely unknown” [92].

Conclusion #6
The measuring apparatuses designed for this study proved to be effective as the
collected data is comparable to that published in the literature [37,40,73,85]. While
the attempts by other researchers to measure the electric field are not to be
minimized, it may be said that the novel approach introduced in the proposed
apparatus provides additional advantages. The main advantage is the reductionin the
size of the measuring device (surface mounted inductor) which subsequently results
in higher resolution and minimum distortion to the field pattern. As well, the
proposed measuring apparatuses can be used as the basis for the development of an
automated system to determine the coil’s most effective position and orientation

within a three dimensional volume.
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7.2 Future Investigations
1) Designing coils for animal studies

Studies in animals indicate that rTMS can produce behavioral and biological effects
which are qualitatively similar to those seen after electroconvulsive shock (70-72).
Nevertheless, there are several issues that have to be addressed in order to achieve
meaningful results. For instance, standard coils are currently used to stimulate the brain of
a rat which consequently stimulate the targeted area (left frontal region) as well as the entire
body. Considering the importance of animal models in elucidating the potential mechanisms
and optimizing stimulus parameters for r”TMS, it is critical to design suitable coils for these
types of studies. Recently, Post and Keck (157) have developed and tested a 5.7 cm circular
coil for their studies and concluded that it can provide the expected focal stimulation of a rat
brain. However, even this relatively small coil is still too large for this type of investigations.

In a continuation to this research, a coil prototype will be designed and constructed
to be used on animals. As the effectiveness of magnetic stimulation depends on the brain/coil
size ratio, the target size of this coil will not exceed 2cm diameter. However, designing such
a coil poses many challenges such as large stimulating currents and high accumulated

thermal energy (due to coil compact size).

2) Head and Coil Positioning System (Frameless stereotactic system}
Despite the critical implication of coil positioning, it has not been throughly

investigated. For rTMS, the current practice is to place the coil on the head 5 cm anterior to
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the site on the motor cortex for activation of the abductor pollicis brevis muscle, irrespective
of the size and shape of the subject's head. This technique potentially results in a coil
placement over widely different brain regions across subjects with different head sizes.

The few studies analyzing the effect of coil placement have shown that coil position
(including tilting and orientation [41]) plays a major role in neurophysiology responses
[93,94]. Also, these studies confirmed that maintaining coil position, especially in extended
clinical trials, is essential to achieve consistence results. Accordingly, a more precise
mechanism (stereotactic system) is needed even for CMAP studies. However, the current
clinical stereotactic frameless systems are prohibitively expensive, costing from $50,000 to
over $100,000. Also, these systems are over-designed for the relatively simple task of
monitoring the position of the cranium and the coil during rTMS.

As part of future investigations, a project has been proposed to design and build an
inexpensive frameless stereotactic system. The system will allow the operator to place the
coil on the target and accurately maintain its position. Furthermore, the system will store the

target information for each patient as well as the parameters for each treatment session.

3) Improving coil thermal performance

One of the problems related to rTMS is heat accumulation within the coil. This heat
buildup, which is proportional to stimulation intensity and rate of repetition, results in using
the coil for limited length of time. Thus, more than one coil is required during each treatment
session which subsequently results in a coil shifting position from the targeted area.

To overcome heat buildup within the coil, manufactures adapted various solutions
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including the circulation of water for cooling or filling the enclosure with gel to absorb
generated heat. These solutions, however, add complexity and excessive weight to the coil
assembly, therefore, a more practical solution is needed. Such a solution can be implemented

by fabricating the enclosure with a special insulting material with high thermal conductivity.

4) Investigating the effect of pulse configuration by applying cranial stimulation

In this thesis a study was conducted to investigate the effect of pulse configuration
when stimulating lower motor neurons. Proceeding with the same objectives, a new study
examining the effect of pulse configuration on upper motor neurons should be conducted
with special consideration given to coil orientation. The outcomes of both studies can then

be analyzed and compared.

136



Lel

uonediseall I0pun [[US pue paulyep Afny jou are syrod osoy) 10 siojoureled oul (OION

DAdICT 198U oy uo duruonisod [109 1sa83ns sorps
109991 ‘ToAMOY (DA TC) X109 [eyuoy-o1d jeIore]
[esIop 19 oy} aaoqe pauonisod Ajrrewriad s1 1100 o)

juouuredunn AJOWOUI J9JB0IT Sasned
g 9A13e arow Ajqeqord st IHYH [BIIR[Iq ‘pesn

e | aae Suruonisod sponsle JeIdR[IUN pUR [EISR[IG Yloq

suoyisod
102 pus
SOPOLIISNF

109130 op1s Jo} g x1puaddy 295
MHSUOISSIS SIALLT

Jojpue yusunyeas; [eoidojooereyd sopnjoul soUBUIUIRIL
HSHooM -]
JO 12101 ® 10J Joom Jad syusumess ¢ ST 9Fesop jusuneor
sgumes juenedino w parpdde Auewarid

PAAI] pauIoys 2q Aewr

ey s309py0 ounadeIsy) Yum JUSWIBI) SAIS[NAUOD-TOU

yuoumTedw Jo $SO] 2ARTUZ00

e | /KIOWOW puE ‘BOSNEU ‘SAYOEPRAY SPN[OUI SJ09JO SPIS

SuoISsas [ Io/pue

e | Juouneon [eoiSojoovuneyd SOPNOUI  OUBULIUTEUN

sYooMm p-¢ JO

e | 1101 © J0] Moam 1od sjusuneasy ¢-g ST 93esop Jotmean
e | swonedino o1 Ajfeuonpuos pue syuonedul 0y porjdde

S}09J3°

e | ounoderoy pPoAl] MOUS M JUSWIIESN SAIS[NAUOD

spadsy
[LS 10

siopIosIp omeryoAsdoinou
oyio pue uoissardop ofewr jeon o) ‘ygn pue
epeue)) ur [eaoidde LousFe ArojenSar sonmbax yorgm
‘S0661 A11ee oyl ur popes Adeioy) oANBSISOAUL MOU B

voissaxdop Surean u , pIepuels p[os,, 8 parspISuod
[us st 1 pue eruasydoziyos se [[om Se ‘OSBOSIp
S UoSUD[Ed ‘BIUOEIEO ‘BIUBUY JBAI) O} pasn sem JI

® | ‘uoyy cows ‘g¢g T ur payre)s Aderoy) paysiqeIss [[em e

AJO3ISTH

SOINZIOS SQONPUL JOU BISAYISOBUR
axnbax jou s20p 1oy} JUSWIEaN [eoIFojooruLeyd-UoU B

RISOU}SOBUR JOPUN SAINZISS JO UONONPUI 21BIOqI[P

e | Sy uo paseq SI Jey) juswean) [eordojooeureyd-uou e

syoadsy
[BIOUIS)

SIALLA

LOH

punoxsdyoeg

=1

e

a[qes oy UM ‘[66-$6°F8°1 €G] 9pRIoUL YOI ‘Sa0USIRIRL 9} 1ST] O) 10U PIPLOSP SEM
11 ‘sdepaoA0 vIEp STY) JO Swos sy uoissardep Suneen ur SINLI 01 1DF Sunredwrod uo snooj xipuadde siyy Ul UOBULIOJUI PUE Bl SY L

v xipuaddy



8¢l

“arosnu s1asiq s1arjjod 10300pge

91} JO UONBANOR 10T X9)I00 JOJOW 3] UC IS oY) 0] Jouajue

wo ¢ peay oy uo [100 oyl oveld 03 st sopoeid vowIOd Y]
(IL6] woay uaxey) 7'y 2andig

‘Ie 30 Aepi[[eH=/, ‘Tourjiey] pue ojeysedwi=9 |8 10
MIIPUVON=C ‘[[SUYoLIg PUR U UIZ=p "I2]SBOUR[={
SBIMA=T  ‘BIH.p=] ‘Jelodumiomong=1J XoMoA
ot Je Suroq apo1os]e FOUSIBYSI YD YIM SIPONINR
[exorequn Jo juowooejd SNOLEA JO UOURLSH[] UY

([s6] woay warjey) 1"y 24n3Ly

suopisod
[10d pue
SIPOIINH

SIALLA

104




6¢1

T s)nsax
Suistooxd oyeorpur saipmys Areurwnjord ‘paystjqeIse
[0/ 10U 212 SINLLY O simewered wnwmdo syy ySnoye
uone[Nwns

Jo Ayoyoeds Teneds 1oreei8 ur Jurnsal [Bo0) dI0W
[100 Y1 WIOL] SOUB]SIP

oy o1 10adsar yum Ajenuouodxs s9sBAISD PIRI]
onsudew oy se uopoun{ AJIym-A218 oy} pue X8)I00
a() 0] pajrw] pue Mmo] Ajeaneral st uonenauad yo yidap

SIALLY 03 paredwod uaym Jouadns s
pue s[qe[TeAr Jjusurjeay) Juessardoprue justod 1sow sy}

Pasnooy ssof A[eAne]al
soouepadur anssy

Sununys Jo 3nso1 € S UlRIq YY) MOY3noIy} A3ISusp
jussmo y31y oy 03 anp uone[nwmns Jadoap AJaaneal

A3edgJe pue
“Ayedoy
‘ypdop
uonemuny

SUOLIEO0] [100 JUDIRJIP 8 Ajureprooun

QIOWI SOAJOAUL PUR J03JJ6 SUNBINIIIS SY) JO SINSLaul
osooxd e juosord 3.uso0p YOIYM Pploysalyl (JHN)
Tenuelod padOAS JOJOUL UO PIseq St AJISUSIUL Snjniumns
SIALLE [

Iomoj AJ[enueisqns st urelq sy} Ul AJISUap JuoLmo yead
o3ueyo JO 9381 JUALIND SB [[oM SB
uonisod pue uoneIusLIo ‘odeys 1100 uo puadap sanssy
[eIMOU UT SJULIND PIONPUT ) S[IYMm PIaY onouSeur
ot} 0} UOTBNUSYE OU SANGLIUOD SINIINLS [BIURIO )
Py onoudewr jusisuen e guisn
100 opeuSew © vlA JueLmd Suronpui uo paseq I SN LI

uonenwns opmms 03 Jurod-pus JUBAS[AI PUE JB3[0 € SI
[OoIgA UOIONPUT 2INZIAS UO PIseq ST AJISUSIUL Sn[nuIls
I1OH ynm 191e01s Affenuelsqns

SI urelq 9y} ul paonpul Ajsusp juoxmnd yead

yrermno Supemuys oy uo Ajurewrud Surpusdap
asuodsor [eInau oY) Yrm SInssiy oY) 01 sassed juonnd
2y} Jo uonoryy B ATuo ‘ANansisal Y3y [mfs ayp 01 onp
90INOS JUSLIND JUBISUOD B

Sursn sopo13o9]9 BlA JusLIND Junosfur uo paseq st 1Y

SWISTUBYOIU
Sunenuwng

SILLA

1Od

e e S

spoadsy
[eo130]01sAY

J




orl1

‘([66] 3oy) n1seyq
OUON={] OISeUJIfg=V ‘SIALLT Ul posn SHLIOJaARM JUSISINI(

"V sandg

"(I1¢] Toue) aspnd Jouq enn=(y ‘osind Jouq =) ‘0ABM
surs [erped=g ‘oABM QUIS=Y {7 Ul PIST SULIOJSABM JUISIFI(T

€'V 2an3Lg
Caae) aoayy
$HEEB3EEE32E20E82serEny .
- B L
JISEYLOUON H\ m.Mw n m
=
SUr$0-10 A 7
—
FEHYBHBEEEES2TFERERen gy o "
. £ .
dseudia - sw 7-6°0 SW €°§
v adeys aspng
spoadsy
SI.1LL LOd [BOIUYIB L

I




vl

098g-C"() U9aM19q Sa3Uel UofjeInp urel} as[n

2980 -Z"( Ueam1aq saguel uoneinp uren osind ®
STy 0§ 1 S9O1AOP 2WIOS IO} onfeaA 10s01d € 5B y§') Ym
-0 ueamIaq saduel (Jp/1p) o8ueyd JO ayel Juarmo ospnd V 8°0-SS°0 uoamiaq seuer spmyjduwe jueimo asind e
Ddd1q we1 01 perjdde (zH o7) Aouenbayy SOOIAID
43y pue ‘O4d1d WSu o) parpdde (zp1) Aouanbaiy owos 10J onjea jesaxd v se ZH Q6 Ylm ZH 06-0F
M0] YIm ZHOE-1 Ueomiaq soBuer Aouonboy o uosmieq aduel swslsAs [DH isow 10] Aouonbayy oy) e
(+'v 231 99s) orseyd-ouowr oy}
Jo ey uey) uoneanp ur a8uoj Suraq osynd oiseyd-1q oy (¢'v am3i4 29s) swp'z-5'0 Jo
JO A310U0 SAIIOIYJD SY} UM SW]-7'() UOM]dq Saduel o8ue1 ©osn 03 ST 2011081 JUSLIND O} “UONBIIXS S1B1IUI sisjotuesed
pue wolsks 0] WIASAS W0l salrea Wpm asind oy Aewr swz 0-1°0 JO Wpim osind 2A1309J30 Uk Y3noylie e aspnd
SoABM 2UIS AQ
orseyd-ouowr 03 paredwod usym £9eo1jJe Y31y paxmbai jey 03 pareduod A31ous JomMO] YIIm 2INZIOS B uoneIn3dyuod
119} 03 anp pasn AJueuriiop a1 suuojosem diseyd-iq ojenul Aetr A9} sk pasn Ajuowtuoo axe sesind asenbs o as[ng
[ syoodsy
SIALLE LOH [BORIYO9 I,




142

Appendix B

rTMS: Risks and Safety Guidelines

Despite its potential benefits, 'TMS may produce undesirable and serious side effects

with the most critical listed below.

1. Seizure induction

Although rTMS is a non-convulsive therapy, it should be noted that it has the
potential to introduce epileptic seizures [100]. This side effect requires significant attention
even though the systems currently available appear to be capable of producing seizures only
when safety guidelines are exceeded. In contrast to single-pulse TMS, where seizures have
not been reported in healthy individuals, at least eight seizures have been reported during
rTMS [101]. Based on these events and some additional studies, guidelines have been
established to ensure safe practice when applying TMS or rTMS. For single pulse TMS, the
guidelines are given in the International Federation of Clinical Neurophsyology publication
[102]. The guidelines for rTMS have been developed by the International Society of
Transcranial Magnetic Stimulation (ISTS) [101,103]. These guidelines include stimulation
intensity, train duration-frequency, and the interval between stimulation trains (see tables at
the end of this appendix).

To minimize or eliminate the possibility of seizures, subjects with a history of



seizures should not be treated, drugs that lower the seizure threshold should be discontinued
and stimulus-dose guidelines should be considered [101-103].

2. Cognitive side effects

Recent studies suggest that rTMS may have long-wearing deleterious effects on
cognition (at least 1-2 hours following stimulation) [according to 101]. Although, there are
many critical parameters which influence this side effect, they are either unknown or not
fully understood. For instance, the stimulation threshold that produces cognitive effects is
not known and the causes of these side effects and their potential are not fully determined.
Nonetheless, in order to prevent cognitive side effects during rTMS, it is critical to avoid (as
often as possible) protocols with high stimulating intensities [101].

3. Health effects of long-term exposure to magnetic fields

The American National Research Council (1996) has stated that there are no proven
health risks associated with long term exposure to low-intensity low-frequency magnetic
fields such as those produced by 60 Hz sources [quoted in 101]. The same conclusions were
extended covering people, such as MRI technicians, who are exposed to high-intensity low-
frequency magnetic fields. With respect to TMS safety, these affirmations are somewhat
reassuring considering that magnetic stimulators produce field peaks comparable to the static
fields of MRI machines.

Histological studies in animals' [ 104] and specimans of two humans® [105] following

Using Cadwell MES-10 stimulator and a Scm circular coil, the stimulation was
delivered at: 100% intensity, 1,000 stimuli per week for a period of 4-12 months.

Using Cadwell stimulator and an 11cm circular coil, the stimulation was delivered
at: 60% intensity for a total of ~2,000 stimuli.
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TMS exposure have failed to show any pathological changes. Additionally, Nahas etal. [106]
presented images from MRI scans obtained from patients before and after rTMS sessions
which showed no changes. In summary, the conclusions of the animal studies suggest that
even with prolonged exposure to high intensities of magnetic stimulation, there is very little
likelihood of structural brain damage [101]. Nonetheless, the long-term adverse effects of
rTMS, especially on staff regularly administrating it, are extremely important and can not be
fully defined until large and systematic studies are undertaken.

4. Frequency effects

The frequencies associated with rTMS can be clustered into two sections: stimulating
frequency which can be adjusted by the operator, and the stimulator ringing frequency which
is fixed and defined by the system hardware.

With regard to the stimulating frequency, studies showed that high frequency rTMS
(5-20 Hz) temporarily increases the excitability of the motor cortex [107,108], whereas low-
frequency rTMS (1 Hz or less) appears to temporarily decrease corticospinal excitability
[109]. The conclusion of these studies is that frequency plays a critical role in 1TMS
outcomes with its most distinct impact evident in two complementary effects: “kindling” (as
aresult of high frequency) and “quenching” (as a result of low frequency) [110]. Though the
kindling phenomenon has not been described in humans, animal studies suggest that high
frequency magnetic pulses could induce a seizure [101]. Fortunately, the frequency required
to induce kindling is approximately 60Hz which is higher than the operating frequency
(typically10-20 Hz) currently used during rTMS [101].

With respect to the ringing frequency, which varies between 2 and10 kHz depending
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on the system hardware [86], the resultant effects other than tissue stimulation are primarily
related to tissue heating. As will be discussed in chapter two, a multi-cellular tissue can be
modeled as a combination of resistors and capacitors in parallel. These circuit elements yield

an overall tissue impedance with a resistive to reactance ratio of:

2nfe, ¢
R %% (B.1)
X G

[

where g, is the dielectric constant for a vacuum, 8.85 x 10" F/m, ¢, is the tissue
relative dielectric constant, and o is the tissue conductance S/m. At a frequency of 10 kHz,
the relative dielectric constant of many tissues is in the order of 10* while the average
conductivity is 0.5 S/m [81]. Accordingly, the ratio of resistive to capacitive parts of the
tissue impedance is approximately 0.01. This implies that the tissue can be considered purely
resistive with resulting chmic heating due to the induced currents within the tissue. However,
these currents are extremely low [31] and their heating effect can be considered of no
significant hazard [111].
5. Cardiac effects

To evaluate the effects of rTMS on cardiac activities, many studies were conducted
with the most important conducted by Foerster et al. [112]. By monitoring blood pressure,
pulse, and electrocardiograms while delivering rTMS, this group reported clear physiological
responses with no significant cardiovascular side effects. The results of the other studies
agree with that of [112] as they found no significant cardiovascular effects during rTMS

[101,113].
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6. Headaches

Depending on the stimulation intensity, frequency, and duration, subjects under rTMS
treatment may experience mild headaches and local pain especially at the front of the head.
This pain could be the result of muscle tension which may be triggered by stimulating
peripheral facial and scalp nerves.
7. Hearing damage

The loud clicking noise generated by the magnetic stimulator may cause an increase
in the auditory threshold or even hearing damage. Using foam ear plugs, for both the subject
and the operator, are essential to prevent any hearing damage [113,114].
8. Burns

Due to the magnetic transient field, eddy currents are induced in the metal surface
EEG electrodes located near the stimulating coil [115]. These currents may cause heat build
up which could theoretically result in minor burns. However, studies in our TMS laboratory
showed very low heat accumulation within the electrodes even at high stimulation intensity.
Nonetheless, reduction of eddy currents (and thermal accumulation) can be achieved either

by notching the electrodes or using conductive plastic electrodes.
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Appendix C

Mono-phasic and Bi-phasic Pulses in Magnetic Stimulation

C.1 The effect of L, R, C on current pulse configuration

The current pulse in a magnetic stimulator is governed by three elements: coil
inductance (L), circuit equivalent resistance (R), and circuit discharging capacitance (C). For
an LRC circuit with the three elements in series, the inductance and the capacitance
determine the pulse current magnitude (peak) and duration while the inductance combined
with the resistance sets the pulse damping rate. Depending on the values of L, R, and C,
three types of pulse currents can be generated: over damped, under damped, and critically

‘damped [117]. These pulse configurations can be defined as:

if a>, i(t) = Ales‘t + Azeszt over damped (C.1H)
ifa=0, iry = (4, + Azt)es‘t critically damped (C.2)
if a<awm, i() = (A,cosw t + A,sinw,t)e ™ under damped  (C.3)

where i(#) is the coil current, 4, and A, are constants that can be determined from the
initial conditions, a is a damping factor, s; and s, are two quadratic roots, w, and @, are the

resonant and ringing frequencies respectively. The above variables can be defined as:



5.8, =-0 = J&? - o) over damped (C.4)

§,=8,=-0 critically damped (C.5)

S,8,= -0+ jo under damped (C.6)

19

R ' 1 2 p)
where a= — , @, = ,| — , ©, = ®,° - @ C.7
2L 0 LC " 0 ©7)

C.2 The current pulses during magnetic stimulation
When applying magnetic stimulation, the three pulses described above result in two
primary waveforms: bi-phasic and mono-phasic. To illustrate the process of generating these

waveforms a circuit model of a typical magnetic stimulator is illustrated in Figure C.1.

Vi

Figure C.1
A circuit model of a typical magnetic stimulator.
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From Figure C.1, R represents the pathway resistance of the current which flows from
the capacitor to the coil while R, is the pathway resistance of the current that flows from the
coil to the capacitor. For a bi-phasic waveform the current damping ratio is defined by the coil
inductance and R, (R, is treated as a short circuit). For a mono-phasic, the damping ratio of
the current pulse first half is defined by the coil inductance and R while the currént damping
ratio of the second half is defined by the coil inductance and the summation of R,and R, It
should be noted that these waveforms as well as the described components are based on
measurements conducted using a Dantec stimulator (MagPro).

Based on the circuit components included in Figure C.1, two Matlab algorithms were
written to generate the pulses required for Magnet (see chapter 3). Figure C.2 shows the
current pulses (bi-phasic, mono-phasic) generated to supply Figure-8 and air core coils while
Figure C.3 shows the current pulses generated to supply the magnetic core coil. Both figures
also include the current rate of change for each waveform respectively. It can be noticed that
the circuit capacitance and its initial charging voltage have been modified in Figure C.3 from
that used in Figure C.2. This modification compensates for the increased inductance of the
magnetic core coil (compared to that of Figure-8 and air core coils) and ensures an equivalent

energy per pulse.
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Figure C.2
Waveforms generated for Figure-8 and air core coils.
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Figure C.3
Waveforms generated for a magnetic core coil.
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