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Abstract 

 Alzheimer’s disease causes a significant burden to both society and individuals.  As life 

expectancy increases worldwide, any potential mechanisms to help mitigate the effects of this 

disease will be highly desirable.  

This document presents a body of work relating to Repetitive Transcranial Magnetic 

Stimulation (rTMS) as a possible treatment for Alzheimer’s disease. The results of a pilot study 

investigating potential cognitive benefits of rTMS in this population are presented. The pilot study 

achieved statistically significant results using the Montreal Cognitive Assessment (MOCA), and a 

long term follow up study showed a generally slower decline than expected for participants 

receiving treatment. A review and discussion of possible confounding effects of simultaneous 

depression treatment is presented.  

Additionally, a simulated model of a standard TMS coil was analyzed to determine 

occupational safety limits from electromagnetic field (EMF) exposure for an operator while 

holding the coil to determine if this practice is safe. Using this model, published exposure 

guidelines are exceeded at 24.6 cm from the coil compared with 70 cm previously accepted. When 

an operator holds the coil, the electric field in the hand of an operator has an average strength of 

9.9 V/m and a peak strength of 88.5 V/m.  However, since the only known effects of EMF exposure 

in this frequency band are acute peripheral nerve stimulation, it is recommended that holding the 

coil during application should be considered safe.  

Finally, an investigation of potential improvements in energy efficiency in rTMS systems 

is presented using a simulated model. Various geometric parameters such as radius, width, 

thickness, and number of turns are varied and the results are discussed, along with square coil and 
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ferromagnetic core configurations. Coils are compared at fixed output strength by varying 

stimulator capacitance. Square coil configurations are found to be more efficient than round coils, 

ferromagnetic core coils can improve efficiency dramatically under certain configurations, and 

reductions in energy of at least 50% appear achievable. 

 



iv 

 

Acknowledgements 

 I would like to acknowledge the support and guidance of my supervisor, Dr. Zahra 

Moussavi, who has been extremely supportive and helpful in the development of this body of work. 

I would also like to acknowledge and thank my co-advisor, Prof. Brian Lithgow, and my committee 

members Dr. Brian Blakley and Dr. Greg Bridges, who have provided invaluable assistance to me 

throughout this process. I would like to thank Rebecca Gole for assistance with the initial literature 

review, Daniel Zen and Cameron MacGregor for assisting with data collection, and Dr. Colleen 

Millikin for assistance with ADAS-cog assessments. 

Financial support was received from the Natural Sciences and Engineering Council of 

Canada (NSERC), the University of Manitoba, and the Government of Manitoba. COMSOL 

software licenses were provided through a CMC microsystems subscription. 



v 

 

Dedication 

To my wife, Min Rou Zhou-Rutherford 

and my two sons, Tristan and Dylan Rutherford 



vi 

 

Contributions of Authors 

This thesis consists of four individual papers combined into a “sandwich thesis”. Two of 

these (Chapters 2 and 3) have been published in peer reviewed journals as of the time of writing 

(May 2018). The other two manuscripts (Chapters 4 and 5) will be submitted to peer-reviewed 

journals over the coming months. 

Mr. Grant Rutherford was the main contributor and first author of all the manuscripts 

presented in this thesis. Mr. Grant Rutherford’s contribution to this work includes developing the 

research questions, designing the studies, assisting with ethics approval, recruiting participants, 

performing treatments, gathering data, setting up the simulation models, conducting the analyses, 

writing all manuscripts, submitting the manuscripts, and responding to reviewers’ comments. Dr. 

Zahra Moussavi contributed to the conception and design of the studies, obtaining ethics approval, 

recruitment of participants, drafting of the papers, and help with the submission and review process.  

Prof. Brian Lithgow contributed with advice on the study design and drafting the papers. Ms. 

Rebecca Gole assisted with the literature review in Chapter 2 and helped with drafting that paper. 



vii 

 

Table of Contents 

Abstract ........................................................................................................................................... ii 

Acknowledgements ........................................................................................................................ iv 

Dedication ....................................................................................................................................... v 

Contributions of Authors ............................................................................................................... vi 

Table of Contents .......................................................................................................................... vii 

List of Tables ................................................................................................................................. xi 

List of Figures ............................................................................................................................... xii 

List of Abbreviations ................................................................................................................... xiv 

Chapter I – Introduction .................................................................................................................. 1 

Motivation ................................................................................................................................... 1 

Background ................................................................................................................................. 3 

Alzheimer's Disease ................................................................................................................ 3 

Repetitive Transcranial Magnetic Stimulation (rTMS) .......................................................... 6 

Possible mechanisms by which rTMS may impact Alzheimer’s Disease ............................ 13 

Goals and Objectives ................................................................................................................ 15 

Report Organization .................................................................................................................. 16 

References ................................................................................................................................. 16 

Chapter II – rTMS Treatment for Alzheimer’s Disease may also affect Comorbid Depression .. 22 

Synopsis .................................................................................................................................... 22 



viii 

 

Abstract ..................................................................................................................................... 22 

Introduction ............................................................................................................................... 23 

Similarities in rTMS Protocols for Treatment of Dementia and Depression............................ 24 

rTMS Study Protocols and Results ........................................................................................... 26 

Comorbidity of Depression and Dementia ............................................................................... 28 

Conclusion ................................................................................................................................ 32 

Acknowledgments..................................................................................................................... 33 

References ................................................................................................................................. 33 

Chapter III – rTMS as a Treatment for Alzheimer’s Disease ....................................................... 35 

Synopsis .................................................................................................................................... 35 

Abstract ..................................................................................................................................... 35 

Introduction ............................................................................................................................... 36 

Methods..................................................................................................................................... 40 

Patients .................................................................................................................................. 40 

Study Design ......................................................................................................................... 41 

Treatment Protocol................................................................................................................ 41 

Assessments .......................................................................................................................... 44 

Statistical Analysis ................................................................................................................ 47 

Results ....................................................................................................................................... 48 

Discussion ................................................................................................................................. 54 



ix 

 

Acknowledgement .................................................................................................................... 58 

References ................................................................................................................................. 58 

Chapter IV – rTMS Occupational Safety Concerns ..................................................................... 62 

Synopsis .................................................................................................................................... 62 

Abstract ..................................................................................................................................... 63 

Introduction ............................................................................................................................... 64 

Methods..................................................................................................................................... 65 

Results ....................................................................................................................................... 69 

Discussion ................................................................................................................................. 75 

Conclusion ................................................................................................................................ 81 

Acknowledgments..................................................................................................................... 81 

References ................................................................................................................................. 81 

Chapter V – Parameters Affecting rTMS Energy Efficiency ....................................................... 83 

Synopsis .................................................................................................................................... 83 

Abstract ..................................................................................................................................... 84 

Introduction ............................................................................................................................... 85 

Model ........................................................................................................................................ 86 

Air Coil Model ...................................................................................................................... 86 

Ferromagnetic Core Model ................................................................................................... 88 

Stimulator System Model ..................................................................................................... 92 



x 

 

Stimulation Target Model ..................................................................................................... 92 

Results ....................................................................................................................................... 93 

Stimulator Capacitance and Initial Charging Voltage .......................................................... 93 

Coil Radius............................................................................................................................ 97 

Coil Thickness ...................................................................................................................... 98 

Coil Width ........................................................................................................................... 100 

Coil Turns ........................................................................................................................... 102 

Coil Shape ........................................................................................................................... 104 

Core Type............................................................................................................................ 104 

Discussion ............................................................................................................................... 107 

Conclusion .............................................................................................................................. 112 

References ............................................................................................................................... 114 

Chapter VI – Conclusions ........................................................................................................... 116 

Summary of Findings .............................................................................................................. 116 

Recommendations for Future Work........................................................................................ 118 

Appendix A – Participant Information and Consent Form ......................................................... 121 

Appendix B – COMSOL Model Equations ................................................................................ 125 

Appendix C – Material Parameters ............................................................................................. 129 

References ............................................................................................................................... 131 



xi 

 

List of Tables 

Table II-1: Comparison of rTMS protocols for treatment of Alzheimer's disease. ...................... 31 

Table II-2: Comparison of rTMS applied to depression and Alzheimer's disease. ...................... 32 

Table III-1: Treatment and Assessment Schedule – First Stage ................................................... 46 

Table III-2: Treatment and Assessment Schedule – Second Stage............................................... 47 

Table III-3: Results of ADAS-cog, RMBC, Associative Mem., and Word-Image Association .. 49 

Table III-4: Annual decline rates .................................................................................................. 54 

Table IV-1: Summary of threshold distances along different directions. ..................................... 70 

Table V-1: Resistive coil losses at various coil thickness values. .............................................. 109 

Table V-2: Resistive coil losses at various coil thickness values. .............................................. 111 

Table C-1: Electrical conductivities of model materials. ............................................................ 129 

 



xii 

 

List of Figures 

Figure I-1: Typical design of a figure-8 coil. ................................................................................ 12 

Figure III-1: Illustration of the timing of images presented to the patients. ................................. 44 

Figure III-2: Change in MOCA Scores averaged among the patients .......................................... 51 

Figure III-3: Baseline ADAS-cog Scores ..................................................................................... 52 

Figure III-4: Change in MOCA Scores averaged among the “Early Stage” patients ................... 53 

Figure IV-1: Coil model internal geometry .................................................................................. 66 

Figure IV-2: Coil with insulation layer ......................................................................................... 67 

Figure IV-3: Coil with hand tissue model..................................................................................... 69 

Figure IV-4: Plot of induced electric field strength versus distance along the z-axis .................. 71 

Figure IV-5: Induced electric field strength in the hand tissue model .......................................... 72 

Figure IV-6: Electric field strength on the surface of the coil insulation ..................................... 73 

Figure IV-7: Plots of induced electric field magnitude versus time for various points ................ 74 

Figure IV-8: Plots of magnetic field strength versus time for various points ............................... 75 

Figure V-1: Round air coil model. ................................................................................................ 87 

Figure V-2: Square air core model................................................................................................ 88 

Figure V-3: Ferromagnetic coil model ......................................................................................... 89 

Figure V-4: Stimulator output strength and required energy as a function of capacitance .......... 94 

Figure V-5: Stimulator charging voltage and required energy as a function of capacitance ........ 95 

Figure V-6: Required energy versus maximum charging voltage for the standard coil ............... 96 

Figure V-7: Required energy and output strength of various coil radii ........................................ 97 

Figure V-8: Required energy versus coil radius with constant output strength. ........................... 98 

Figure V-9: Required energy and output strength of various coil thicknesses ............................. 99 



xiii 

 

Figure V-10: Required energy versus coil thickness with constant output strength. .................. 100 

Figure V-11: Required energy and output strength of various coil widths ................................. 101 

Figure V-12: Required energy versus coil width with constant output strength. ....................... 102 

Figure V-13: Required energy and output strength with various numbers of turns ................... 103 

Figure V-14: Required energy versus number of turns with constant output strength. .............. 104 

Figure V-15: Peak eddy current through various slices of the ferromagnetic core .................... 106 

Figure C-1: HB curve for electrical steel – full curve ................................................................ 130 

Figure C-2: HB curve for electrical steel – non-saturated region only ....................................... 131 



xiv 

 

List of Abbreviations 

ACC  Anterior Cingulate Cortex 

AD  Alzheimer’s Disease 

ADAS-Cog Alzheimer’s Disease Assessment Scale – Cognitive 

AMPA  α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid 

ANOVA Analysis of Variance 

APP  Amyloid Precursor Protein 

BDNF  Brain-Derived Neurotrophic Factor 

BFCC  Basal Forebrain Cholinergic Complex 

CDR  Clinical Dementia Rating 

DLPFC Dorsolateral Prefrontal Cortex 

EDS  Elevated Depressive Symptoms 

EMF  Electromagnetic Field 

fMRI  Functional Magnetic Resonance Imaging 

GDS  Geriatric Depression Scale 

HF  High Frequency 

IADL  Instrumental Daily Living Activity Scale 

ICNIRP International Commission on Non-Ionizing Radiation Protection 

LF  Low Frequency 

L-pSAC Left Parietal Somatosensory Association Cortex 

LTD  Long Term Depression 

LTP  Long Term Potentiation 

MADRS Montgomery–Åsberg Depression Rating Scale 

MCI  Mild Cognitive Impairment 

MMSI  Mini Mental State Exam 

MOCA Montreal Cognitive Assessment 

MRI  Magnetic Resonance Imaging 

MUMPS Multifrontal Massively Parallel Sparse Direct Solver 

NCI  No Cognitive Impairment 

NGF  Nerve Growth Factor 

NMDA N-methyl-D-aspartate 

NSERC Natural Science and Engineering Research Council 

PP-2A  Protein Phosphatase 2A 

RCI  Reversible Cognitive Impairment 

RLC  Resistor, Inductor, Capacitor 

RMBC  Revised Memory and Behaviour Checklist 

RMT  Resting Motor Threshold 

RMS  Root Mean Square 

R-pSAC Right Parietal Somatosensory Association Cortex 

rTMS  Repetitive Transcranial Magnetic Stimulation 

rTMS-COG Repetitive Transcranial Magnetic Stimulation with Cognitive Training 

tDCS  Transcranial Direct Current Stimulation 

TMS  Transcranial Magnetic Stimulation 



1 

 

Chapter I – Introduction 

Motivation 

 Globally Alzheimer's disease is a major concern.  There are approximately 26 million 

patients currently suffering from this condition, and as people worldwide continue to live longer, 

more and more people will be affected by this illness [1].  The cognitive decline experienced by 

people who suffer from Alzheimer's disease makes it a particularly difficult burden to bear; people 

who have been independent and capable for their entire lives suddenly find themselves relying on 

others for even basic mental tasks and daily living activities. 

 Despite the significant impact of this condition on patients as well as the family members 

and indirectly on the health care system from the huge cost of institutionalization, to date there is 

no cure; there are very few tools which claim to treat the symptoms of the disease, and no proven 

treatments to slow or prevent its progression [2].  Despite billions of dollars of research, even the 

best currently available therapeutic treatments show only small and temporary improvements to 

the symptoms of the disease [3].  While there are promising recent results in immunotherapy as a 

method of potentially affecting disease progression [4], effective treatments to slow or reverse the 

cognitive symptoms of Alzheimer’s are currently lacking.  Considering the current dearth of 

alternatives available to doctors and patients, any options for treatment that show the possibility to 

improve or slow the progression of Alzheimer's disease must be fully investigated. 

 Recently, repetitive Transcranial Magnetic Stimulation (rTMS) has emerged as a potential 

treatment for Alzheimer’s disease [5].  rTMS is a technique that has been successfully used to treat 

various neurological and psychiatric disorders [6], including depression, chronic pain, 
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schizophrenia, stroke, tinnitus, Parkinson’s disease [7], and many other conditions.  rTMS is a 

non-invasive, non-pharmacological and safe technique [8], which is quick to administer and 

relatively easy for patients to tolerate with no lasting side effects [8]. 

Most pharmacological treatments given to combat Alzheimer’s disease rely on 

acetylcholinesterase inhibitors to increase the excitability of cells which respond to acetylcholine. 

This is done because cholinergic cells are particularly susceptible to cellular death in Alzheimer’s 

disease.  Therefore, existing treatments seek to increase the excitability and activity of remaining 

cells to counteract the decline in brain function.  Other proposed treatments for Alzheimer’s 

disease aim to increase the level of activity in the brain, such as performing mental exercises to 

maintain cognitive abilities.  Since rTMS is able to stimulate activity and increase the excitability 

of neural tissue, we hypothesize that it may have a beneficial effect on patients. 

 This research has two major focuses. The first objective is to contribute to the body of 

literature investigating rTMS as a possible treatment for Alzheimer’s disease. To this end, we 

present a pilot study conducted in our rTMS lab on participants with Alzheimer’s disease and a 

review of comorbid depression in rTMS studies for Alzheimer’s disease assistive in interpreting 

our results. 

The second major focus is to address some of the practical issues of delivering rTMS 

treatment to elderly patients suffering from dementia. One issue specific to this population group 

is that individuals with dementia are often unable to follow directions to remain still during 

treatment. Therefore, it is necessary for the operator to hold the coil manually while delivering 

treatment.  The existing safety recommendations [8] recommend against this practice, but they are 

based on limited and outdated data, as well as guidelines which have since been updated to be less 
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restrictive [9, 10] in order to address the needs of the MRI community [11]. This thesis presents a 

realistic simulation based on our current TMS system to address this issue. 

Finally, since rTMS protocols involve dozens of treatments over multiple weeks, 

transportation to and from a central treatment site is often quite burdensome for elderly subjects 

and their caregivers.  Patients in remote locations or without full-time caregivers may be unable to 

receive treatment due to practical travel concerns. Therefore, development of a portable or home-

based rTMS system should be a priority.  Reducing the energy requirements of the system is an 

important first step in the development of such a system. This issue is addressed by simulating a 

variety of coil configurations with the goal of discovering which configurations are able to improve 

energy efficiency.  

Background 

Alzheimer's Disease 

Alzheimer's disease is a very complicated condition, which is characterized by the presence 

of extracellular amyloid plaques, intracellular neurofibrillary tangles, and the symptoms of 

dementia.  The exact causes of Alzheimer's disease are only known in a few cases, which have a 

clear genetic link and are referred to as familial Alzheimer's disease.  However, these represent 

only an extremely small portion of all cases, with the rest being referred to as sporadic Alzheimer's 

disease [12].  In addition, the nature of the relationship between plaques, tangles, and dementia is 

not entirely clear [13]. 

 Alzheimer's disease has many diverse symptoms that affect patients' cognitive abilities, 

psychiatric states, and ability to perform daily tasks.  One of the first symptoms that most people 
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notice is mild memory loss.  If detected, this will often result in a diagnosis of Mild Cognitive 

Impairment, or MCI.  At this stage, other symptoms may not be present and/or may not be 

noticeable by family members; people may stay in this stage for several years [14]. However, as 

the disease progresses to a full diagnosis, other symptoms become apparent.  Memory loss will 

worsen and difficulties with language and orientation may appear.  Other cognitive problems, such 

as losing the ability to plan and execute tasks, may develop.  Psychiatric and behavioral problems 

may occur, with patients suffering from depression, delusions, and anxiety.  Finally, patients 

gradually lose the ability to take care of themselves, and over time will need help with simple tasks 

such as dressing and eating.  People who suffer from Alzheimer's disease will eventually become 

bedridden and require constant care [14]. 

 A strong case can be made for the idea that the root cause of Alzheimer's Dementia is 

related to amyloid beta protein accumulation.  This concept is referred to as the amyloid hypothesis. 

Amyloid beta is formed when amyloid precursor protein (APP) is cleaved by ß-secretase and then 

by γ-secretase. The amyloid plaques characteristic to Alzheimer's disease are large formations of 

amyloid beta polymers. Since amyloid beta accumulates in the body as we age, it is likely that a 

threshold concentration is required before large plaques and further symptoms are developed, 

which would explain why Alzheimer’s disease is typically only seen in older patients [15]. 

 The mechanism by which amyloid beta contributes to the other symptoms of Alzheimer’s 

disease is not yet fully understood. However, it is likely linked to soluble oligomers of amyloid 

beta, which also exist in the extracellular space.  Oligomeric amyloid beta may also cause stress 

to the neurons by changing the amount of calcium ions in the cell [16]. 

 Another defining characteristic of Alzheimer’s disease is the accumulation of 

neurofibrillary tangles inside the neurons.  These tangles have been shown to be mostly composed 



5 

 

of tau proteins.  Tau, like many other proteins, is phosphorylated by proteins called kinases and 

dephosphorylated by other proteins called phosphatases.  The balance of activity by these two 

types of enzymes determines how phosphorylated the target molecules become. One of the major 

phosphatases, protein phosphatase 2A (PP-2A), has been shown to be 20-30% less active in 

Alzheimer's patients [17].  This means that with a steady rate of phosphorylation, phosphate groups 

will tend to accumulate on the tau protein, causing them to become hyperphosphorylated and 

sequester normally phosphorylated tau. The presence of tangles correlates very well with the level 

of dementia experienced by patients [18]. 

 A direct and clear causal relationship between the various markers of Alzheimer's disease 

has not yet been proven.  However, there is significant evidence to support the amyloid hypothesis, 

which states that the accumulation of amyloid beta is the driving force behind the other symptoms, 

including neurofibrillary tangles, neuronal death, and the ensuing dementia.  Studies in transgenic 

mice with mutations in both APP and tau have shown that when the level of amyloid beta is 

changed, there are corresponding changes in both plaques and tangles [19].  This strongly suggests 

that amyloid beta is the trigger for abnormalities in tau phosphorylation in Alzheimer's disease. 

Further evidence in support of the amyloid hypothesis is given by genetic studies.  Various 

mutations of the gene encoding for APP [15] or the proteins that make up γ-secretase [20] can give 

rise to familial Alzheimer's disease. While these links are clear, it is important to note that early 

onset familial Alzheimer’s disease makes up only about 1% of all Alzheimer’s disease cases, and 

the factors causing the more common sporadic Alzheimer’s disease are not yet known. In 

comparison, mutations of the tau protein and related enzymes do not cause Alzheimer’s disease 

but rather tauopathies, which have neurofibrillary tangles without amyloid plaques. 
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 Although normal aging involves a steady atrophy in brain volume, in patients with 

Alzheimer's disease this atrophy is much faster.  In particular, the hippocampus shows an 

accelerating decrease in volume as the disease progresses, and the ventricles show an accelerating 

increase in volume [21].  The entorhinal cortex, which is near the hippocampus and also associated 

with memory, is also strongly affected in early stages of the disease [22].  Different regions of the 

brain are affected more or less as the disease progresses.  In general, the changes due to Alzheimer's 

disease begin in the medial temporal regions (hippocampus, entorhinal cortex), and progress to the 

cortical regions during later stages of the disease [23].  Evidence also exists that the spread of 

Alzheimer's disease throughout the brain, or at least the occurrence of the abnormal tau pathology, 

occurs through existing synaptic connections [24]. Finally, studies investigating the functional 

networks of the brain using fMRI have concluded that Alzheimer's disease changes the patterns of 

brain activity in regions connected to the dorsolateral prefrontal cortex (DLPFC) [25]. 

 Current treatment for Alzheimer's disease is typically the administration of cholinesterase 

inhibitors.  The effects of these drugs are to stabilize or improve patients for a short time, but 

eventually progression of the disease limits their effectiveness [15].  The most commonly-used 

medication, Donepezil, shows some benefit for 26-63% of patients [26], but a substantial and 

marked benefit for only 13% above placebo [27]. However, a long-term study showed no 

significant benefit compared to placebo for improving daily living functions of Alzheimer’s 

patients [28], and many patients discontinue it due to severe side effects [26, 27]. 

Repetitive Transcranial Magnetic Stimulation (rTMS) 

 rTMS involves applying a rapidly changing magnetic field to the outer surface of the brain 

[29].  This magnetic field is produced by running a strong electrical current through a conducting 

wire in a typically circular or figure-eight shaped coil.   The rapidly varying magnetic field 
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produced by this coil when it is positioned over the subject's skull induces electrical fields in the 

conductive brain tissue, which results in ion movements which can depolarize or hyperpolarize 

neurons. 

 The first step in the process is the production of a large, rapidly varying magnetic field.  

This is done by running a large current pulse through an inductive coil.  According to Ampère's 

circuital law, this will cause a large magnetic field pulse beneath the coil: 

∇ × 𝑩 =  𝜇0 (𝑱 +
𝜀0𝜕𝑬

𝜕𝑡
) (1) 

 In this equation, B is the magnetic field, J is the current density, and E is the electric field.  

µ0 represents the permeability of free space and ε0 the permittivity of free space.  ∇ × 𝑩 represents 

the curl of the magnetic field vector (this operator will be used again with other vectors in the 

following text). This magnetic field passes through biological tissue.  Varying magnetic fields 

induce electrical fields, as described by Faraday's law of induction: 

∇ × 𝑬 =  −
𝜕𝑩

𝜕𝑡
(2) 

 It is this electrical field that causes biological effects.  This distinction is important - it is 

not the magnetic field directly which stimulates neurons in rTMS, but rather the electrical field 

induced by a rapid change in the magnetic field.  It is widely believed that the induced electrical 

field causes ions to flow in the neural tissue, and that when these ions encounter a boundary, such 

as a cellular membrane, they produce a local electrical field sufficient to depolarize the neuron and 

trigger a propagation of an action potential which is similar to biologically activated neurons [29]. 

 To approximate the induced electrical field from various coil configurations, it is useful to 

employ the quasi-magnetostatic approximation [30].  This approximation is valid when the 
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minimum wavelength of the current waveform is much less than the largest dimension of the 

system [30].  In the case of rTMS applications, the typical pulse duration is between 10 and 1000 

microseconds, corresponding to a wavelength of at least 300 meters, which is much greater than 

any dimension used in an rTMS system.  This approximation allows us to ignore the second term 

of Ampère's circuital law, reducing it to: 

∇ × 𝑩 =  𝜇0𝑱 (3) 

 The use of the quasi-magnetostatic approximation also allows us to approximate the 

magnetic field produced by any arbitrary coil in free space using the Biot-Savart law:   

𝑩 =
𝜇0

4𝜋
∫

𝐼 𝑑𝒍 × 𝒓

|𝒓|3
𝐶

(4) 

 The new terms in the equation are:  I, the current in the coil, dl, an infinitesimally small 

length of the coil, C, the entire coil length, and r, the vector from the length dl to the point of 

interest. Assuming a uniform current throughout the coil and combining the Biot-Savart law with 

Faraday's law of induction gives [31]: 

𝑬 = −
𝜕𝐼

𝜕𝑡

𝜇0

4𝜋
∫

𝑑𝒍 

|𝒓|𝐶

(5) 

 Using this formula, we can calculate the relative electrical field intensity in free space at 

any point around a coil. Note that the strength of this electrical field decreases linearly with 

distance from the coil, meaning that in typical rTMS applications only the outermost 1 - 2 cm of 

neural tissue will be stimulated.  The focal region of a figure-8 coil is smaller than a circular coil, 

but still covers a fairly large area (typically a few centimeters, depending on depth).  
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 The assumption so far that the magnetic field is projecting through free space is, of course, 

not true.  In fact, these effects are occurring in neural tissue, which is an inhomogeneous 

conductive medium.  In a general sense, neural tissue can be described as a fluid filled with ions, 

whose movement is restricted by semi-permeable cellular membranes.  External electric fields, 

such as those produced by rTMS, cause these ions to move through the fluid.  Within neurons, 

however, the ions are trapped; they will build up at the boundaries of the cell, or at bends in the 

axon.  It is believed that neural stimulation occurs at these sites [32].  Interestingly, this means that 

the orientation of the electric field with respect to the cell is important in determining if the cell 

will reach the threshold required for an action potential.  Therefore, different orientations of the 

stimulating coil will likely stimulate different populations of neurons within the tissue. 

 In general, shorter pulses are preferable to longer pulses because the neural membrane is 

slightly permeable to ions, meaning that if the electric field builds up slowly, ions will slowly leak 

across the membrane, increasing the effective threshold required to cause an action potential [33].  

This property of neurons, known as the neural time constant, varies depending on the type of 

neuron, allowing for the possibility of selectively stimulating specific nerve types by varying the 

pulse duration [34]. 

 Single pulses of TMS to the motor cortex can produce spontaneous muscle activity, and 

repetitive pulses (rTMS) are able to affect the excitability of the stimulated region [35].  When 

pulses are applied at low-frequency (around 1 Hz) they generally decrease cortical excitability, 

while high-frequency pulses (10 – 20 Hz) increase cortical excitability in most subjects [35, 36].  

This change in excitability is thought to be due to Long-Term Potentiation/Depression (LTP/LTD) 

because the effects of rTMS are very similar to the features of LTP/LTD.  However, direct 
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evidence in humans that rTMS causes LTP/LTD is lacking [37].  Furthermore, the duration of 

these effects seems to be related to the duration of the rTMS stimulation [38]. 

 It should be noted that the effects or rTMS need not be limited to the local region directly 

stimulated by the coil.  Since most regions of the brain have abundant connections to other regions, 

the excitation or inhibition of one area may have some effect on distant regions as well. Multiple 

studies have confirmed that rTMS is able to affect activity in distant brain regions [39, 40], 

however, the specific effects (excitation vs inhibition) for different protocols, as well as the 

interaction with endogenous brain activity, is not yet fully understood. 

 In addition to the effect of the induced electric field on the neural membrane, this field also 

causes ionic currents to flow in the intercellular fluid.  These currents will themselves generate 

magnetic fields which will, in general, oppose the change in the magnetic field produced by the 

coil.  For this reason, analysis of the time-varying field produced by the coil in actual tissue is a 

complex problem which involves an iterative numerical process of refining a solution to fall within 

a defined error tolerance.  This process is further complicated when non-linear and anisotropic 

ferromagnetic materials are used.  For this reason, complex finite element models must be used to 

properly simulate the stimulation efficacy of any particular rTMS coil design. 

 There are typically two components to an rTMS machine.  The first component generates 

a very large pulse of current, while the second component is an inductive coil which converts the 

electrical energy in the current pulse to magnetic energy.  The current pulse is typically achieved 

by charging up large capacitors and then quickly discharging them.  Typical voltages range from 

0.4 to 4 kV, and produce currents from 5 to 50 kA [29].  The specific shape of the current pulse 

has been refined over time, but modern stimulators typically use an exponentially decaying 

biphasic pulse [29].  This is a large positive current produced by the initial capacitor discharge, 
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followed by a negative current pulse which partially recharges the capacitor.  Such a design strikes 

a balance between providing an effective stimulus and minimizing power dissipation [29]. 

 Similarly, there have been a number of designs proposed for the shape of the inductive coil.  

The two most common designs are the circular coil and the figure-8 coil. The shape of the coil 

affects the focality and the depth of the resulting electrical field. Circular coils are the simplest 

design; however, they stimulate all areas under the coil equally. This means that they are not very 

focal, and that the operator has no choice but to stimulate a large, circular region of the cortex.  

Figure-8 coils are the most commonly used coils today. Their main advantage is that they are able 

to stimulate a relatively small region at the intersection of the two loops.  The reason for this is 

that each loop can be visualized as creating a circular electric field underneath the loop, and the 

loops in a figure-8 coil are oriented so that their electric fields overlap at their intersection, 

producing approximately twice the electric field at this point as along the rest of the loops. 
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Figure I-1: Typical design of a figure-8 coil. Image credit Dr. Jerome Maller, used with permission. 

 

It is useful to compare rTMS to similar technologies, such as transcranial direct current 

stimulation (tDCS).  tDCS stimulates neurons by applying an external current to the tissue directly, 

using electrodes on the scalp.  It is thought that this occurs by changing the neuron's resting 

membrane potential, tonically reducing or increasing the threshold at which an action potential 

will be generated by spontaneous neural activity [41].  In contrast, rTMS induces currents within 

the brain itself, and while the effects are transient rather than tonal, neurons can be activated 

regardless of whether or not spontaneous neural activity is present.  This feature makes rTMS more 

suitable for the treatment of Alzheimer's disease, where synaptic loss may severely reduce 

spontaneous neural activity. 
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Possible mechanisms by which rTMS may impact Alzheimer’s Disease 

The application of rTMS likely has numerous effects on neurological tissue. Possible 

mechanisms by which rTMS may modify brain behavior in the short and long term include 

LTP/LTD, neurotransmitter release, changes in gene expression, synaptic growth, changes to 

endocrine systems, neurotrophic factor release, and effects on glial cells [42]. For example, rTMS 

has been found to increase levels of dopamine [43] and modulate the presence of serotonin 

receptors [44] in the brain. Changes to gene expression, specifically c-Fos and zif268, have been 

measured [45], which may account for some of the longer-term effects of rTMS. In addition, 

epigenetic effects on histone acetylation have been observed [46]. In mouse brains, rTMS may be 

able increase the size of small dendritic spines [47], and even promote neurogenesis in rats [48]. 

An excellent review of the current research on the effects of rTMS on the brain can be found in 

[42]. 

When investigating rTMS as a possible treatment for Alzheimer’s disease, three potential 

mechanisms seem to be particularly relevant. The first mechanism is long term potentiation (LTP). 

Lenz et al have demonstrated in vitro that high frequency rTMS can increase synaptic strength 

[49]. They were able to show that this increased strength was dependent on calcium ion activity 

and corresponded to an increase in AMPA receptors [49]. They speculate that this mechanism may 

be caused by the simultaneous activation of the pre-synaptic neuron, which will then release 

glutamate, with the back-propagation of an action potential in the post-synaptic neuron. Since 

rTMS will activate both neurons at the same time, this causes the glutamate to enter the synapse 

at the same time as the magnesium block is removed from the NMDA receptors on the post-

synaptic neuron by the back-propagating action potential [49]. This could explain why rTMS is 

able to cause LTP at lower frequencies than electrical stimulation (~10 Hz vs ~100 Hz) [49]. 
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Since Alzheimer’s disease involves a loss of neurons, and a subsequent decline in brain 

function, it is likely that increasing the activity of the remaining neurons through LTP is able to 

partially compensate for the decline. While this mechanism should have no effect on the overall 

progression of the disease, it is possible it would be able to ameliorate some of the symptoms. 

The second mechanism by which rTMS may be able to serve as a treatment for Alzheimer’s 

disease is through the release of neurotrophic factors. It has been shown in rat models that rTMS 

is able to increase the levels of brain-derived neurotrophic factor (BDNF), an important 

neuroprotective chemical, in the cortex [50]. Additional studies have demonstrated that rTMS 

treatment has a significant neuroprotective effect [51], which could help protect cells from 

neuronal death which occurs in both healthy aging and Alzheimer’s disease. One study looked 

specifically at the effect of rTMS on a rat model of Alzheimer’s disease, and found that it was able 

to reverse the decrease in nerve growth factor (NGF) and BDNF neurotrophins after amyloid beta 

injection, and was able to improve the spatial memory abilities of the rats [52]. While these results 

have yet to be demonstrated in humans, they are particularly compelling. A neuroprotective 

mechanism could indicate that rTMS may be able to slow the progression of Alzheimer’s disease. 

If true, this would be a remarkable achievement in the treatment of this terrible disease. 

Finally, the third mechanism by which rTMS may be able to affect the symptoms of 

Alzheimer’s disease is through modification of functional brain networks.  As part of the attention 

system of the brain, the DLPFC has functional links to the anterior cingulate cortex (ACC) [53], 

the thalamus [25], and the insular cortex [53], as well as many other regions.  The thalamus 

functional connection has been shown to be impacted in MCI [25], and there are also functional 

links between the thalamus and the hippocampus [54].  The thalamus and hippocamps are also 

both part of the “rich club” of central nodes in the brain, with extensive functional connections to 
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other regions [55].  The ACC also connects to the entorhinal cortex, and through that to the 

hippocampus [56], both of which are strongly impacted by Alzheimer’s disease [22].  Finally, the 

cingulate and insular regions have connections to the nucleus basalis, which is a major cholinergic 

center in the basal forebrain and may be a therapeutic target for deep brain stimulation in dementia 

due to its link to memory functions [57]. 

Goals and Objectives 

The overall goals of this study are to investigate the potential use of rTMS as a treatment 

for Alzheimer’s disease, and to address some of the practical considerations of delivering rTMS 

treatments to an elderly population. 

The specific objectives of this study are: 

 Discuss potential confounding issues when investigating rTMS as a treatment for 

Alzheimer’s disease, with a focus on the fact that comorbid depression is quite common in 

this population group and the protocols for treatment for major depression and Alzheimer’s 

disease are very similar (Chapter 2).  At the time of writing, there were only three other 

groups who had applied rTMS to participants with Alzheimer’s disease.  To find a suitable 

protocol for our own study, we did a literature review of these studies and well established 

depression protocols. 

 Report the results of a pilot study on the effect of rTMS treatment on participants with 

Alzheimer's disease (Chapter 3).  This study involved 10 volunteers and consisted of two 

stages – a short term crossover study and a long term open label study. 
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 Investigate the safety of allowing operators to hold the TMS coil during treatment by 

simulating a typical electric field distribution in the space around the coil, as well as 

discussing whether potential acute effects of electric field exposure should even be a 

concern for trained rTMS operators (Chapter 4).  This is important because individuals 

with dementia often move suddenly during treatment, so having the operator hold the coil 

is often the only way to safely and effectively deliver treatment. 

 Analyze and discuss rTMS design parameters with a focus on increasing energy efficiency 

in the hopes of contributing to the future design of a portable or home-based rTMS system 

(Chapter 5). 

Report Organization  

This document is composed of six chapters. This first chapter has introduced the key 

concepts, motivations, and objectives of the thesis.  The following chapters consist of individual 

manuscripts including two published papers in peer reviewed journals (Chapters 2 and 3) and two 

manuscripts which will shortly be submitted for publication (Chapters 4 and 5).  Chapter 6 is a 

summary of the four papers and their results, as well as a discussion of possible future projects 

related to this work. 
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Chapter II – rTMS Treatment for Alzheimer’s Disease may also affect 

Comorbid Depression 

 

rTMS as a Treatment of Alzheimer’s Disease with and without 

Comorbidity of Depression: A Review 

Synopsis 

 This chapter discusses potential confounding issues when investigating rTMS as a 

treatment for Alzheimer’s disease. Specifically, it compares existing rTMS treatment protocols for 

Alzheimer’s disease in the literature with standard treatment protocols for major depression. The 

motivation for this work was to establish possible concurrent depression treatment as a potential 

confounding factor in studies of rTMS as a treatment for Alzheimer’s disease, as well as to 

complete a literature review of existing research in this area. The results of this literature review 

were used when planning the pilot study that is presented in Chapter 3. This review was published 

in Neuroscience Journal, 2013 Jan, Article ID 679389, 5 pages, Authors: Grant Rutherford, 

Rebecca Gole, and Zahra Moussavi, DOI: http://dx.doi.org/10.1155/2013/679389. 

Abstract 

With an ever-increasing population of Alzheimer’s disease (AD) patients worldwide, a non-

invasive treatment for AD is needed.  In this article, the application of Repetitive Transcranial 

Magnetic Stimulation (rTMS) as a treatment for patients with probable AD is compared to the 

http://dx.doi.org/10.1155/2013/679389
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application of rTMS as a treatment for depression.  Comorbidity of depression and dementia is 

discussed, as well as possible links between the two diseases.  The possible confounding anti-

depressant effects of rTMS on cognitive improvements in AD patients are discussed.  

Introduction 

 In 2010, there were an estimated 35.6 million people in the world suffering from dementia 

[1].  This is an increasing problem; 65.7 million dementia cases are expected by 2030, and 115.4 

million by 2050.  The cause of 50%-75% of dementia cases is Alzheimer’s disease (AD).  This 

growing problem presents a pressing need for AD treatments. Repetitive Transcranial Magnetic 

Stimulation (rTMS) is a non-invasive technique that has been used as a treatment for several major 

neurological and psychotic disorders such as Parkinson’s disease, depression and schizophrenia in 

the last decade [2]; it is currently being investigated as a treatment for AD.  

 The process of applying rTMS involves a rapidly varying magnetic field, which can be 

used to modulate the firing of neurons on the outer surface of the brain [3].   It has been shown 

that rTMS can either stimulate or inhibit cortical areas within the focal area of the coil [4, 5]. Often, 

rTMS treatments can be separated into two groups: high-frequency rTMS (10-20 Hz), and low-

frequency rTMS (1Hz) [5].  The high-frequency rTMS is generally considered to be more 

excitatory, while the low-frequency rTMS is inhibitory, although this may vary between 

individuals [6].  The mechanism through which rTMS affects the brain is thought to be Long-Term 

Potentiation/Depression (LTP/LTD) [7]. 

 There have been a number of studies investigating rTMS as a treatment for cognitive 

decline in AD.  A comprehensive review of these studies can be found in [8] and [9].  These papers 
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conclude that there is promise for the use of rTMS to treat AD, but that further study is required.  

Specifically, action and object naming has been shown to improve during rTMS treatments [10, 

11], auditory sentence comprehension is improved up to eight weeks after rTMS treatment [12], 

high-frequency rTMS can improve cognitive skills in patients for up to 3 months [13], and rTMS 

combined with cognitive training produces long-lasting improvements in a variety of cognitive 

measures [14].  While these results are promising, they are still preliminary, and much further 

research is needed to confirm their results. 

 The purpose of this paper is to discuss the issues arising from the possible treatment of 

comorbid depression while investigating of rTMS as a treatment for AD.  The prevalence of 

comorbid depression among dementia patients has been reported as 19% in one study [15] and up 

to 68% in another [16]. While some previous studies explicitly excluded depressed patients [10, 

11, 12], others did not [13, 14] perhaps due to lack of subjects excluding of the comorbid 

syndrome.  In order to properly understand the effects of rTMS on AD patients, it is important to 

consider the possibility that comorbid depression is also being treated. 

Similarities in rTMS Protocols for Treatment of Dementia and Depression 

In the studies of rTMS treatments for AD patients, the dorsolateral prefrontal cortex 

(DLPFC) has been commonly used as the stimulation site [10, 11, 12, 13], although at least one 

study also stimulated other brain regions [13, 14].  Due to its interconnectedness with other brain 

regions, the DLPFC plays an important role in executive functions of the brain.  This region 

coordinates functions with the rest of the brain, knows where specific information is stored, and 

can assess when information is needed.  The DLPFC also helps to shift between tasks, and 

therefore has a role in working memory.  Further, it has a role in choice and decision-making.  In 
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early dementia, there are often problems with both working memory and adaptive decision-

making, leading to the conclusion that the DLPFC is affected by dementia [17].   

The most common application of rTMS clinically is for treatment of major depression. As 

with AD, the DLPFC is often targeted in the treatment of depression. This is because in depressed 

patients, there is often a decrease in glucose-uptake and blood flow in the left DLPFC, and by 

stimulating the left side or inhibiting the right side, the activity on both sides of the brain is 

equalized, producing antidepressant effects [18]. 

A review published in 2011 suggested the optimal specifications for the use of rTMS as a 

treatment for depression [19]. These specifications are very similar to those used in the rTMS 

studies to treat AD (see Table 2). The motor threshold intensities used to treat dementia vary from 

90%-110%, similar to the suggested 90%-120% intensity range for depression. The suggested 

frequency for depression treatment is 5-20 Hz, and frequencies of 10 Hz [14] and 20 Hz [10, 11, 

12, 13], have been used for dementia treatment. For depression, 5 treatments per week for 2-9 

weeks are recommended [19]. The studies for dementia have implemented similar treatment 

schedules, including 5 sessions per week for one week [13], 2-4 weeks [12], and 6 weeks [14], 

occasionally with maintenance treatments [14] and follow-up assessments [12, 13]. Due to similar 

rTMS treatment protocols, antidepressant effects may be expected in dementia patients undergoing 

rTMS. For instance, in a comparative study of high-frequency and low-frequency rTMS for AD 

patients [13], high-frequency rTMS yielded significant improvements in the Geriatric Depression 

Scale, in addition to improvements in the Mini Mental State Examination and Instrumental Daily 

Living Activity Scale.  

In three of the five studies considered in this paper [10, 11, 12], patients with major 

depression were excluded, and therefore the positive effects were likely not caused by the 
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antidepressant nature of the treatments. In a study that incorporated cognitive training [14], 6 of 

the 8 patients had comorbid depression. These cases were mild and controlled by medication, and 

4 of these patients were in remission from their depression. A comparative study between high-

frequency and low-frequency rTMS as a treatment for AD [13] did not specify the inclusion or 

exclusion of depressed patients, but the authors noted that approximately 40% of AD patients 

experienced depressive symptoms.  Furthermore, one of the rating scales used for that study was 

the Geriatric Depression Scale (GDS), and the patients improved in the GDS as a result of 

treatments [13]. 

rTMS Study Protocols and Results 

Five studies which apply rTMS to patients with Alzheimer’s disease have been conducted 

[10, 11, 12, 13, 14], and are described below.  The first studies [10, 11] considered the effects of 

rTMS on action and object naming, while the third [12] considered the effects on language 

production and comprehension.  Another study [14] aimed to treat AD using rTMS combined with 

cognitive training, and the fifth study [13] investigated the cognitive improvements associated with 

rTMS. 

In a study in 2006 [10], rTMS was applied to 15 patients with mild to moderate cognitive 

decline (probable dementia), and the effects were assessed by testing object and action naming 

during stimulation.  Depressed patients were excluded from this study.  The results showed that 

action naming performance was better during both left and right DLPFC stimulation compared to 

the sham stimulation. There was no significant increase in the performance seen for object naming.  

In a follow up study in 2008 by the same group, rTMS was applied to 24 AD patients: 12 with 

moderate to severe AD, and 12 with mild AD [11].  The experimental protocol was kept the same, 
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and depressed patients were still excluded.  The results showed that rTMS application to the 

DLPFC improved both action and object naming for moderate and severe AD patients, but 

improved only action naming for mild AD patients. 

The same group conducted a further study [12] to assess whether rTMS caused cognitive 

improvements in language production and/or comprehension in AD patients, and also to observe 

whether or not the improvements persisted after stimulation.  Ten patients with probable moderate 

AD, and without major depression, were recruited and separated into two groups: one receiving 2 

weeks of treatment and the other receiving 4 weeks of treatment.  Subjects were assessed 8 weeks 

after treatment.  The results showed a significant effect of rTMS treatment on auditory sentence 

comprehension.  The improved naming performance demonstrated in the two previous studies was 

not observed.  This result suggests that rTMS treatments improve naming performance only during 

treatments.  The study also found that the patients with 4 weeks of treatment did not show 

significantly higher improvements than patients with 2 weeks of treatment.   

In a recent study [14], high-frequency rTMS was applied in conjunction with cognitive 

training (COG), with the goal of treating AD patients. This treatment (rTMS-COG) was applied 

to 8 patients with probable early or moderate AD. The trial consisted of daily treatments (5 days 

per week) for 6 weeks, followed by maintenance sessions (2 days per week) for 3 months. Six 

brain regions were stimulated: Broca and Wenicke, right and left DLPFC, and right and left parietal 

somatosensory association cortex (R-pSAC, L-pSAC).  The brain areas were stimulated 

separately, 3 regions per day, every other day.  The results showed a significant improvement in 

AD Assessment Scale – Cognitive (ADAS-cog) scores after the 6 weeks of treatments.  After an 

additional 3 months of maintenance, the improvements were still evident.  Only 7 patients 

completed the entire 4.5 months of the study.  It should be noted that patients continued taking 
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their prescribed medications during the trial.  It should also be noted that 6 of the 8 patients had a 

history of depression, although 4 of these were in remission. 

In another recent study, another group carried out a comparison of high-frequency (20 Hz) 

and low-frequency (1 Hz) rTMS in probable AD patients applied bilaterally over the DLPFC [13].  

Forty-five patients diagnosed with probable AD (32 mild to moderate, 13 severe) were randomly 

separated into 3 groups: 15 patients received high-frequency treatments (20 Hz), 15 patients 

received low-frequency treatments (1 Hz), and 15 received sham treatments.  Depressed patients 

were not explicitly excluded; however measures of depression were evaluated during the study.  

Patients underwent daily rTMS sessions for 5 days.  Assessments took place before and after the 

treatment plan, in addition to 1 month and 3 months after the last session. The results showed a 

significant improvement in the Mini Mental State Examination (MMSE), Instrumental Daily 

Living Activity Scale (IADL), and Geriatric Depression Scale (GDS) for high-frequency 

treatments with moderate to mild AD patients. No such improvement was observed with severe 

AD patients. The high-frequency rTMS treatment yielded significantly more improvement in all 

rating scales compared to the low-frequency rTMS treatment and sham treatment. These 

improvements were still identified at the 3-month follow-up assessment.   

A comparison summary of the rTMS protocols for the five aforementioned studies can be 

found in Table 1. 

Comorbidity of Depression and Dementia 

There is some concern that the beneficial results observed in AD patients undergoing rTMS 

treatments are due to the antidepressant effects of rTMS. As outlined in the previous section, the 
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use of rTMS to treat depression is very similar to the protocol used to treat AD. Therefore, it is 

likely that for patients with comorbid depression the depression was treated during rTMS sessions. 

However, some of the aforementioned studies excluded patients with major depression [10, 11, 

12], which may address this concern. 

Several studies have considered the frequency of comorbid depression and dementia, and 

the relationship between the two symptoms. A recent study conducted in Dutch psychogeriatric 

nursing home wards [15] found that out of 496 psychogeriatric residents, 96 (or 19%) were found 

to have comorbid depression and dementia (Stages 2-6). Another study followed 670 outpatients 

with probable AD [20] and found that 26% of the patients had major depression, 26% had minor 

depression, and 48% were not depressed. A comparison of depression patients with reversible 

cognitive impairment (RCI) and with no cognitive impairment (NCI) [21] found that within 5-7 

years, 71.4% of the RCI group developed dementia, compared to only 18.2% of the NCI 

individuals. (RCI describes depressed patients who are first diagnosed with dementia, but upon 

treating for depression, show significant cognitive improvement [22].)  This may suggest that 

patients with RCI are in a prodromal phase for dementia. The authors suggest that chronic 

depression may lead to dementia because of its effects on the brain (vascular effects, excessive 

release of corticosteroids, and hippocampal deterioration). Another study [23] following 1,239 

older individuals (baseline age 55.5±18.8 years) found that the risk of developing dementia 

increased by 87% for participants who had experienced 1 episode of elevated depressive symptoms 

(EDS) over the years of follow up (median of 24.7 years), and nearly doubled for participants who 

had experienced 2 or more EDS. As noted by the authors, these results support the hypothesis that 

in some cases of major depression, there is an excessive release of glucocorticoid (a type of 

corticosteroid), causing overstimulation of hippocampal glucocorticoid receptors, leading to the 
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death of neurons in the hippocampus. Further, a study of 949 Framingham Heart Study participants 

[24] found that over a 17-year follow-up period, 164 participants developed dementia (136 cases 

of AD). Among those depressed at baseline, 21.6% had developed dementia, compared to 16.6% 

of the participants who were not depressed at the baseline. These results suggest that depression 

may increase the risk of developing dementia. The authors propose that chronic inflammatory 

changes associated with depression may increase the likelihood of developing dementia and AD. 

Vascular factors may also play a role, as well as lifestyle factors associated with depression.   
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Table II-1: Comparison of rTMS protocols for treatment of Alzheimer's disease. 

Paper Title Number of 

Participants 

Depression Participant 

Age (Mean 

± SD) 

Level of 

Dementia (AD) 

Stimulation Site Frequency Intensity Length of 

Trial 

Effect of Transcranial 

Magnetic Stimulation on 

Action Naming in Patients 

With Alzheimer Disease [10] 

 

15  

 

Excluded 76.6 ± 6 Mild-moderate 

cognitive 

decline, 

probable AD 

Right and left 

DLPFC, sham 

20 Hz 90%  

Transcranial magnetic 

stimulation improves naming 

in Alzheimer disease patients 

at different stages of 

cognitive decline [11] 

24  

 

Excluded Moderate-

severe AD: 

77.6 ± 5.8 

Mild AD:  

75 ± 6.2 

 

12 moderate-

severe AD, 12 

mild AD 

Right and left 

DLPFC, sham 

20 Hz 90%  

Improved language 

performance in Alzheimer 

disease following brain 

stimulation [12] 

10 (5 real-real 

stimulation, 5 

placebo-real 

stimulation) 

 

Excluded 74.4 ± 3.8 Probable 

moderate AD 

Left DLPFC 20 Hz 100% 2 weeks 

(5/week) real or 

placebo, 

followed by 2 

weeks all real 

Beneficial effect of repetitive 

transcranial magnetic 

stimulation combined with 

cognitive training for the 

treatment of Alzheimer’s 

disease: a proof of concept 

study [14] 

8  

 

6/8 had history of 

depression 

75.4 ± 4.4 Probable early-

moderate AD 

(Clinical 

Dementia 

Rating of 1) 

6 regions (3 per day, 

every other day) 

-Broca, Wernicke 

and right DLPFC 

-left DLPFC, right 

and left parietal 

somatosensory 

association cortex 

(pSAC) 

10 Hz 90% for 

Broca and 

DLPFC, 

110% for 

Wernicke 

and pSAC 

6 weeks 

(5/week), 

followed by 

maintenance 

(2/week) for 3 

months 

Effects of low versus high 

frequencies of repetitive 

transcranial magnetic 

stimulation and functional 

excitability in Alzheimer’s 

dementia [13] 

 

45 (15 HF 

stimulation, 15 LF 

stimulation, 15 

sham stimulation) 

 

Depression not 

excluded.  

Assessment of 

patient depression 

improved with 

rTMS. 

68.4 

(SD not 

specified) 

32 probable 

mild-moderate 

AD, 13 

probable severe 

AD  

Right and left 

DLPFC (right, then 

left hemisphere 

consecutively 

stimulated) 

HF: 20 Hz 

LF: 1 Hz 

HF: 90% 

LF: 100% 

5 days 
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Table II-2: Comparison of rTMS applied to depression and Alzheimer's disease. 

 Common 

Stimulation 

Site 

Frequency Intensity of 

Motor 

Threshold 

Sessions 

per week 

Number 

of weeks 

Depression DLPFC (often 

left) 

5-20 Hz 90%-120% 5 2-9 

Alzheimer’s 

Disease 

DLPFC (left or 

bilateral), 

Broca, 

Wernicke, 

pSAC 

10 Hz,  

20 Hz  

90%-110% 5 1-6  

Conclusion 

From the five studies that have applied rTMS to AD patients, it seems clear that high-

frequency rTMS applied to the DLPFC presents a possible treatment tool for AD.  More studies 

should be conducted with larger populations to verify the results of these studies, and take into 

consideration the antidepressant effects of rTMS and how they may be causing the observed 

cognitive improvements.  In particular, care should be taken in all future studies to separate the 

results from patients with depression or a history of depression from other results.  This will ensure 

that any confounding factors relating to cognitive improvements from the treatment of depression 

are fully understood. 

In addition, it seems likely that some cases of depression may lead to dementia later in life.  

Depression with reversible cognitive impairment may be a prodromal phase for dementia.   

Positive results have been found using rTMS as a treatment for both depression and dementia 

patients with similar application techniques.  Therefore, treating dementia patients with rTMS may 

not only improve cognitive abilities, but also have antidepressant effects for those who are 

suffering comorbid depression.  In addition, it is possible that by also treating the depressive 

symptoms of dementia patients, further damage to the brain from depressive effects could be 
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slowed.  In order for these exciting possibilities to be explored, we should ensure that we fully 

understand both the cognitive and antidepressant potential of rTMS. 
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Chapter III – rTMS as a Treatment for Alzheimer’s Disease 

 

Short and Long-term Effects of rTMS Treatment on Alzheimer’s 

Disease at Different Stages: A Pilot Study 

Synopsis 

 This chapter reports the results of a pilot study on the effect of rTMS treatment on 

participants with Alzheimer's disease.  While this study did not have many volunteers, the results 

were positive. The first stage of the study had statistically significant results which may indicate 

that rTMS can be used to alleviate some of the burdens of Alzheimer’s disease. The second stage 

of the study did not have enough participants for statistically relevant conclusions, but the 

generally positive trends hint that rTMS may possibly able to affect the progress of the disease. 

The existing literature on this topic, which was reviewed in the previous chapter, was used as a 

starting point when designing our study protocol. This study was published in the Journal of 

Experimental Neuroscience, 2015 Apr, 9:43-51, JEN-S24004, Authors: Grant Rutherford, Brian 

Lithgow, and Zahra Moussavi, DOI: https://doi.org/10.4137/JEN.S24004. 

Abstract 

Repetitive Transcranial Magnetic Stimulation (rTMS) uses a magnetic coil to induce an electric 

field in brain tissue.  As a pilot study, we investigated the effect of rTMS treatment on 10 

volunteers with Alzheimer's disease in a two stage study.  The first stage consisted of a double 

https://doi.org/10.4137/JEN.S24004
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blind crossover study with real and sham treatments.  Each treatment block consisted of 13 sessions 

over 4 weeks.  During each session, 2000 TMS pulses at 90-100% of resting motor threshold 

(RMT) were applied to dorsolateral prefrontal cortex (DLPFC) bilaterally, and the patients were 

kept cognitively active by object/action naming during the treatment.  In the second stage of the 

study, the same treatments were performed in two week blocks (10 sessions) approximately every 

3 months as follow up treatments on 6 of the volunteers who completed the first stage of the study.  

Primary outcome measures were: Montreal Cognitive Assessment (MOCA) and Alzheimer's 

disease Assessment Scale-cognitive subscale (ADAS-cog). The secondary outcome measures 

were Revised Memory and Behaviour Checklist (RMBC) as well as our team’s custom designed 

cognitive assessments.  The results showed a noticeably stronger improvement on all assessments 

during the real treatment as compared to the sham treatment. The changes in MOCA scores as well 

as our designed cognitive assessment were found to be statistically significant, with particularly 

strong results in the 6 volunteers who were in the early stages of the disease.  The long term trends 

observed in the second stage of the study also showed generally less decline than would be 

expected for their condition.  It appears that rTMS can be an effective tool for improving the 

cognitive abilities of patients with early to moderate stages of Alzheimer's disease.  However, the 

positive effects of rTMS may persist for only up to 2-3 weeks. Specific skills being practiced 

during rTMS treatment may retain their improvement for longer periods.  

Introduction 

Dementia, and specifically Alzheimer's disease (AD), is a growing problem in our society 

as life expectancy increases.  Current treatments for Alzheimer's disease are unable to cure or halt 

the progress of the disease, and have only mixed results in alleviating the symptoms.  The most 
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commonly-used medication, Donepezil, shows some benefit for 20-60% of patients [1], but a 

substantial and marked benefit for only 13% in excess of placebo [2]. However, a long-term study 

showed no significant benefit compared to placebo for improving daily living functions of 

Alzheimer’s patients [3], and many patients discontinue it due to severe side effects [1, 2]. This 

study investigates a new protocol on the use of repetitive Transcranial Magnetic Stimulation 

(rTMS) as a potential treatment for AD.  rTMS is a technique that has been successfully used to 

treat the symptoms of various neurological and psychiatric disorders, including depression, 

schizophrenia, and Parkinson’s disease [4].  It is a non-invasive, non-pharmacological technique 

which is quick to administer and relatively easy for patients to tolerate with no lasting side effects. 

 rTMS involves applying a rapidly changing magnetic field to the outer surface of the brain 

[5].  This magnetic field is produced by running a strong electrical current through a conducting 

wire in a circular or figure-eight shaped coil.   The rapidly varying magnetic field produced by this 

coil when it is positioned over the subject's skull is able to induce electrical fields in the conductive 

brain tissue, which results in ion movements which can depolarize or hyperpolarize neurons.  

Single pulses of TMS to the motor cortex are able to elicit muscle activity, and repetitive pulses 

(rTMS) have been shown [6] to affect the excitability of the stimulated region, depending on the 

frequency of the pulses.  Specifically, low-frequency pulses (around 1 Hz) seem to decrease 

cortical excitability, while high-frequency pulses (10 – 20 Hz) seem to increase cortical excitability 

in most subjects [6, 7].  The mechanism by which this happens is thought to be Long-Term 

Potentiation/Depression (LTP/LTD) due to the similarity of the effects of rTMS to the features of 

LTP/LTD, although direct evidence of a causal link for LTP/LTD as a result of rTMS is lacking 

[8]. 
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 Alzheimer's disease (AD) is characterized by neuronal death and increased characteristic 

markers such as -amyloid plaques and neurofibrillary tangles.  In order to counteract the effects 

of neuronal death, and the particular susceptibility of cholinergic cells in AD, most 

pharmacological treatments rely on acetylcholinesterase inhibitors to increase the excitability of 

cells which respond to acetylcholine.  Thus, the goal of current treatments is to increase the 

excitability and activity of remaining cells in order to counteract the decline in brain function.  

Other proposed treatments for AD, such as mental exercises, also aim to increase the level of 

activity in the brain.  Since rTMS has been shown to be able to both stimulate activity and to 

increase excitability of neural tissue, we hypothesize that it will have a beneficial effect on patients 

for the same reasons as acetylcholinesterase inhibitors and mental exercises are useful. 

 A few groups have already investigated the effect of rTMS on specific aspects of cognitive 

functioning in AD patients in small samples [9-15].  Reviews of these studies can be found in [16-

19].  Some promising results include:  an improvement in object and action naming tasks during 

application of rTMS [9, 10], an improvement in sentence comprehension for up to eight weeks 

after treatment [11], and improvements in various cognitive measures over periods of up to 3 

months [12].  A promising recent study showed that 18 weeks of rTMS application plus cognitive 

training provided during the same session of treatment (6 weeks every day with maintenance 

treatments of 2 days/week for 12 more months) provided significant cognitive benefits measured 

by Alzheimer's Disease Assessment Scale-cognitive subscale (ADAS-cog) assessment compared 

to that of placebo group [14].  Another recent study showed some improvement in certain language 

tasks which was maintained for 4 weeks post-treatment [15].   

The most important parameters of an rTMS treatment are the choices of frequency and 

which brain region should be stimulated. All previous studies of rTMS treatment applying to 
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Alzheimer’s have used high-frequency (HF: 10-20 Hz) stimulation to DLPFC brain region 

(bilaterally) in order to increase cortical excitability. DLPFC plays an important role in executive 

function of the brain such as decision-making; it is involved with coordinating activities of the rest 

of the brain, including storage and retrieval of information, and therefore has a role in working 

memory. Dementia is characterised by problems in working memory and adaptive decision-

making. Thus, it is concluded that the DLPFC is affected by dementia [20]. In the Alzheimer’s 

brain, there is profound impairment of metabolic interactions with astrocytes due to an abnormal 

glutamate–glutamine (Glx) cycle [21].  Application of HF-rTMS to the left DLPFC area has been 

shown to increase Glx levels and restore the Glx cycle to normal [22]; it also increases cerebral 

blood flow and glucose metabolism in stimulated and remote brain regions [23], as well as 

reducing intracortical inhibition [24]. On the other hand, HF-rTMS application to the right DLPFC 

area has been shown to alleviate anxiety symptoms [25], which are shown to be significantly higher 

in Alzheimer’s patients at mild to moderate stages [26, 27]. Enhanced synaptic plasticity has been 

suggested as a potential mechanism for the effect of HF-rTMS [8]. For the above reasons, similar 

to all other relevant research, we chose to apply HF-rTMS bilaterally to the DLPFC. 

This paper presents the results of our two-stage study investigating the effect of HF-rTMS 

treatment on AD patients applied bilaterally to the DLPFC. In the first stage patients were treated 

for 13 sessions in 4 weeks, and the duration of any positive effects was investigated. In addition, 

we investigated whether additional follow-up treatment every 3 months would improve or stabilize 

the patient’s cognitive state.  
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Methods 

Patients 

 Eleven volunteer patients (7 females) in age range of 57 to 87 years old participated in this 

study.  Out of the eleven patients, ten of them finished the entire protocol of the study, and one 

female discontinued because her method of transportation to treatment sessions was no longer 

available to her.  All patients and also their primary care giver signed an informed consent form 

approved by the Biomedical Ethics Board of the University of Manitoba prior to the experiments.  

 The inclusion criteria for our study were to meet all the following conditions: 1) a  diagnosis 

of probable AD from their neuropsychiatrist or neurologist, 2) an initial MOCA score between 5 

and 26 (out of 30), 3) no history of seizures and no metal in their body (safety reasons related to 

the use of rTMS), 4) between age of 40 to 90 years, 5) taking a stable dose of any medications 

used to treat Alzheimer's disease for at least 3 months prior to the study and have no plans to 

change medication for the duration of the study, and 6) being English-speaking, and be able to 

arrange their own transportation to the treatment site accompanied by the help of their caregivers. 

Volunteers were deemed ineligible for the study if they had a diagnosis of any other type of 

dementia, a diagnosis of any other neurological condition, any major injury or surgery to the head 

or moderate to severe depression.   

 All volunteers were tested for depression using the Montgomery–Åsberg Depression 

Rating Scale (MADRS) and disqualified from the study if this test indicated moderate or severe 

depression (a score of 20 or higher).  Only one of the selected patients (patient P2) was determined 

to have mild depression using the MADRS scale, all others were found to have no depressive 
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symptoms.  This was done because it is possible that rTMS would treat the symptoms of depression 

and confound the investigation into the effects of rTMS on the symptoms of Alzheimer's [18]. 

 Volunteers were monitored during treatment for symptoms of discomfort or seizure.  A 

few volunteers described minor discomfort, which occasionally caused us to pause treatment for 

few minutes.  Minor headaches were occasionally described, but not considered to be an issue by 

the volunteers or their caregivers.  No symptoms of seizure were observed. 

Study Design 

 The study design included a double-blind and placebo-controlled Stage I and an open-label 

follow up Stage II of HF-rTMS treatment. In Stage I, to have a measure for placebo we made it to 

be a cross over design due to lack of resources and the small number of recruited patients at the 

time. The patients were randomly assigned to two groups: one group (S-R) receiving sham 

treatment and then real treatment, and the second group (R-S) receiving real treatment and then 

sham treatment. Out of the ten patients who finished the study, 4 were in S-R group and 6 in the 

R-S group. As for the sham treatment, a 2-cm thick wooden block is inserted between the coil and 

the patient; this attenuates the strength of the induced electrical field in the brain tissue well below 

the threshold required to stimulate neurons without affecting the sound or tactile experience of the 

treatment.  None of the patients noticed any changes between sham and real treatment.  

Treatment Protocol 

In this study we had a 4-week block of double blind treatment (Stage 1) followed by 2-

weeks of open-label maintenance treatments repeated approximately every 3 months (Stage 2).  

In order to design and test an optimal rTMS protocol for the treatment of AD, we reviewed 

various studies investigating the cognitive benefits of rTMS on AD [18].  Most of the beneficial 
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effects observed so far have resulted from stimulating both the left and right dorsolateral prefrontal 

cortex at a frequency of 20 Hz and an intensity of 90-100% of the pulse strength required to evoke 

a visible motor response over the motor cortex [18].  A study [11] indicated that four weeks of 

treatment did not significantly improve results over two weeks of treatment.  Thus, we selected a 

treatment schedule of 5 visits per week for 2 weeks with 3 additional maintenance visits for a 

further 2 weeks (13 treatment sessions in total).  To investigate the placebo effect, given the small 

sample size, we designed the study as a cross-over study with a two-block treatment protocol, in 

which one of the blocks involved treatment with a real coil and the other with a sham coil.  Neither 

the patients, their family members, nor the trained cognitive evaluators performing the ADAS-cog 

assessments were aware of the patient’s assignment to real-then-sham or sham-then-real treatment 

order blocks. There was a 4 week washout period between the two blocks of treatment. See Table 

1 for a summary of the treatment schedule. 

 Following completion of the first stage of the study, all patients regardless of their initial 

group assignment were invited to continue with an open-label long-term follow up study.  Six of 

the patients selected to do so, and they received 2 weeks (5 days/week) of real rTMS treatments 

approximately every 3 months.  However, due to scheduling issues, the actual time interval 

between follow up visits varied from a minimum of 2 months to a maximum of 7 months.  The 

stimulation parameters of the follow-up treatment were identical to the first stage of the study.  

Partial assessments were done at the beginning of every week, and a detailed assessment was done 

on the Monday following the final treatment of the block.   

 In both stages of the study, the magnitude of the rTMS pulses was set to between 90% and 

100% of the resting motor threshold intensity (RMT), the intensity required to produce a visible 

movement when single pulses were applied to the motor cortex.  This level of intensity was chosen 
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in order to provide maximum stimulation while adhering to safety recommendations [28], as well 

as avoiding participant discomfort.  The RMT of patients were measured by applying single pulses 

over the C3 area of the motor cortex (from a 10-20 EEG System) on each session prior to applying 

the rTMS. The position of the coil was adjusted slightly until 3 consecutive finger movements 

were observed, and then the intensity was decreased in 5% steps until no finger motion could be 

seen.  The lowest intensity at which finger motion could be evoked consistently was considered to 

be the RMT. 

 During each treatment session, rTMS was applied over both the left and right dorsolateral 

prefrontal cortex (DLPFC), which was located using measurements from fixed anatomical 

positions [29].  Pulses were given in 2 second bursts at 20 Hz (40 pulses per burst) with 5 sec inter-

train intervals between the bursts.  Fifty bursts were applied to each side of the brain, for a total of 

2000 pulses to each of the right and left sides per session.   

 During the 5 second delay between the bursts, an image was presented for one second on 

a projection screen in front of the patient (Figure 1).  The patient was asked to name the object or 

action depicted in the image as quickly as possible.  The purpose of this task was to keep the patient 

cognitively active while rTMS was being applied.  Patient performance on this task was not 

evaluated. 
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Figure III-1: Illustration of the timing of images presented to the patients. 

 

Assessments 

 In the first stage of the study, patients were evaluated before the first treatment session 

(baseline) and four weeks later after the final treatment session (see Table 1).  Since all patients 

were given two treatment blocks, one real and one sham, a separate baseline and final assessment 

were done for each treatment block.  In the second stage of the study, full assessments were done 

on the Monday following the final treatment day (see Table 2).   

Various forms of assessment were administered.  The ADAS-cog test [30] was assessed by 

a trained clinical psychologist, who was blind to the real-sham group assignment.  This test 

evaluates the patient's memory, language, attention, and other cognitive abilities. A different form 

of the ADAS-cog, with different lists for word list recall and recognition, was administered at each 

test session to avoid practice effect.  The Revised Memory and Behaviour Checklist (RMBC) [31] 

was given to caregivers, who were also blind to real-sham group assignment, to assess how the 

patient’s behaviour was affecting their daily lives.  The Montreal Cognitive Assessment (MOCA) 

test [32] was administered to patients on the first visit of every week during treatment, during both 

stages of the study.  This assessment measures visual, language, memory, and cognitive skills. It 
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should be noted that unlike the ADAS-cog assessor, the MOCA assessor was not able to be blind 

to the real-sham group assignment.  All patients were also evaluated using two of our designed 

online brain exercises [33] every 4 weeks during the first stage of the study.  These exercises 

included associative memory tasks, as well as word-image association.  It should be mentioned 

that all patients were encouraged to use those brain exercises at home; however, only two of them 

(P1 and P3) did so consistently.  Please see Tables 1 and 2 for a summary of the protocol of rTMS 

and cognitive assessments. 
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Table III-1: Treatment and Assessment Schedule – First Stage 

 Week Assessments (Mondays) # of Treatments 

 

 

1st 

Treatment 

Block 

(Real or 

Sham) 

0 

(Baseline) 

ADAS-cog, RMBC, spatial awareness, word-

image association, associative memory, MOCA 

5 – Monday to Friday 

1 MOCA 

 

5 – Monday to Friday 

2 MOCA 2 – Monday and 

Wednesday 

3 MOCA 

 

1 – Monday 

4 ADAS-cog, RMBC, spatial awareness, word-

image association, associative memory, MOCA 

None 

Washout Minimum 

4 weeks 

None 

 

None 

 

 

2nd 

Treatment 

Block 

(Real or 

Sham) 

8 

(Baseline) 

ADAS-cog, RMBC, spatial awareness, word-

image association, associative memory, MOCA 

5 – Monday to Friday 

9 MOCA 

 

5 – Monday to Friday 

10 MOCA 2 – Monday and 

Wednesday 

11 MOCA 

 

1 – Monday 

12 ADAS-cog, RMBC, spatial awareness, word-

image association, associative memory, MOCA 

None 
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Table III-2: Treatment and Assessment Schedule – Second Stage 

Week Assessments (Mondays) # of Treatments 

0 MOCA 5 – Monday to Friday 

 

1 MOCA 

 

5 – Monday to Friday 

2 ADAS-cog, MOCA None 

2 – 7 month intervals 

between blocks 

None 

 

None 

 

Statistical Analysis 

The first stage of the study was analyzed using repeated measures two-factor Analysis of 

Variance (ANOVA), with time as the repeated factor and group assignment as the between subjects 

factor.  The data for the S-R group was reordered so that the real and sham treatments lined up 

with the corresponding treatments in the R-S group.  Tests were done to determine if there were 

significant differences between the two groups, which would indicate that the order of the 

treatment had a significant effect (S-R vs R-S).  Tests were also done to determine if there were 

significant effects among the real and sham treatments weeks.  The Huynh-Feldt correction for 

sphericity was used.  All ANOVA calculations were done in SPSS 14.0.  Following successful 

ANOVA results, two tailed paired t-tests were used to compare each week with the corresponding 

sham week and determine which showed significant improvement with the real treatment.   In case 

of missing values, mean imputation was used.  All results passed a test for normality using 

skewness and kurtosis [34].  In all instances, a p-value of 0.05 or less was considered significant. 

The second stage of the study was analyzed by calculating a linear regression slope from 

all of the data available from the subject (from both stages), and comparing the result to the 
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expected age-adjusted decline rate of Alzheimer’s patients, which was derived from [35].  No 

formal statistical tests were done on the second stage due to the low number of data points (N=6).   

Results 

 The ANOVA analysis of the ADAS-cog data from the first stage of the study showed a 

lack of significance for the between group effects and also no significant effect due to treatment 

type or week.  The changes of ADAS-cog scores from baseline are shown in Table 3.  Note that 

the ADAS-cog assessment scale measures errors, and RMBC measures the distress level of the 

caregiver of the patient; thus, a decrease in score of either of ADAS-cog and RMBC indicates an 

improvement in cognitive ability. The missing data were due to scheduling issues (unavailability 

of the patients on the scheduled day due to non-related illness), which certainly contributed to our 

non-significant results.  As can be seen in Table 3, on average ADAS-cog and RMBC scores show 

more improvement after the real treatment compared to those of the sham treatment, however these 

changes were not statistically significant. Nevertheless, the observed power of ADAS-Cog test 

was only 38%, which indicates there is a need for many more study subjects to have reliable 

statistical results. 
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Table III-3: Results of ADAS-cog, RMBC, Associative Memory, and Word-Image Association 

(Changes from Baseline).  Star indicates significant difference using paired t-tests. 

 ADAS-cog Change RMBC Change Associative Memory Word-Image Assoc. * 

Patient Real Sham Real Sham Real Sham Real Sham 

P1 -1 -2 -7 -7 -0.07 0.00 -3 -6 

P2 -1 -1 -5 -9 0.80 -0.40 34 5 

P3 0 3 -3 0 0.60 -0.40 35 9 

P4 NA -2 NA -13 0.00 -0.18 19 -7 

P5 NA -3 -3 -2 NA NA NA 0 

P6 NA 3 -5 -10 0.67 NA 11 NA 

P7 

P8 

-6 

NA 

-8 

2 

-16 

-17 

7 

6 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

P9 -6 3 15 -15 NA 0.00 NA 15 

P10 -10 -6 -11 NA 0.00 0.00 NA -16 

Average -4.00 -1.10 -5.78 -4.78 0.33 -0.16 19.20 0.00 

Std Err 1.61 1.23 3.13 2.66 0.16 0.08 7.17 4.00 

 

For those patients who were able to complete mental exercises on a computer, their ability 

to perform these tasks was evaluated.  Two tasks were presented:  (1) an associative memory 

problem which involved learning associations between shapes and animals and (2) a word-image 

association task which involved remembering sequences of words and responding with the correct 

sequence of corresponding images.  For a description of these tasks, please see [33].  The change 

in score for these methods of evaluation before and after treatment is also given in Table 3.  For 

both of these tasks, an increase in score indicates an improvement in the ability.  For both tasks, a 

greater average improvement was seen following real rTMS as compared to sham, but these 

differences were only statistically significant for the word-image association task  (p = 0.156 for 

associative memory and p = 0.040  for word-image association). 
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  In contrast to other methods of evaluation, which were only performed before and after 

each treatment, the MOCA assessment was done every week.  This allowed a comparison of 

cognitive ability at various points during and after the treatment.  The ANOVA analysis of the 

MOCA data showed no significant effect due to treatment order (S-R vs R-S), which confirms that 

the washout period of four weeks was adequate for our purpose (p = 0.897).  However, there was 

a significant effect due to week (p = 0.019), with the measurements on week 2 and week 3 of the 

real treatment showing strong differences when compared to baseline (p = 0.021 and p = 0.017 

respectively).  The observed power of the ANOVA week effect test was 90%, and the observed 

power for the comparisons to baseline was 71% for week 2 and 74% for week 3.  In contrast, none 

of the sham weeks showed any significant difference from baseline. 

In order to further analyze these results, the baseline value at the beginning of each 

treatment session was subtracted, and all real treatments and all sham treatments were compared 

regardless of real-then-sham or sham-then-real order (Figure 2).  These results showed a 

significant difference between real and sham treatments using paired t-tests on week 2 (p = 0.0132).  

Data of the patients with missing values were dropped from the paired t-tests.  This happened for 

two patients in week 1, four patients in week 2, and two patients in week 4. 
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Figure III-2: Change in MOCA Scores averaged among the patients; the dotted and dashed lines 

show the scores of real and sham treatments, respectively. The bars show standard errors.  Stars 

indicate significant differences using paired t-tests. 

 

Based on the ADAS-cog scores of our study participants, they were clearly in two different 

stages of Alzheimer’s (Figure 3).  Six patients had ADAS-cog scores under 25 (Early Stage) and 

four had ADAS-cog scores over 30 (Advanced Stage). Thus, in order to investigate the difference 

in treatment between different stages of the disease, the results were compared and analyzed for 

the Early and Advanced patients separately. 
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Figure III-3: Baseline ADAS-cog Scores.  Two distinct levels of ability were identified in our 

patients: Six “Early Stage” patients and four “Advanced Stage” patients.  “Early Stage” patients 

performed significantly better on the ADAS-cog assessment at baseline. 

 

 When the “Early Stage” and “Advanced Stage” patients were separated in the analysis, it 

became clear that the improvement during real treatments was greater for the “Early Stage” group 

than the “Advanced Stage” group.  This indicates a difference in the response to the treatment 

between these two groups.  When only the “Early Stage” patients’ data were analyzed, the 

difference between the real and sham treatments was much stronger (Figure 4).  For the “Early 

Stage” patients, the improvement of the real treatment as compared to sham was also significant 

using paired t-tests in week 3 (p = 0.0057). 
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Figure III-4: Change in MOCA Scores averaged among the “Early Stage” patients (6 patients); the 

dotted and dashed lines show the scores of real and sham treatments, respectively. The bars show 

standard errors.  Stars indicate significant differences using paired t-tests. 

 

The second stage of the study involved long term measurements of 6 patients; they received 

two weeks of treatment every 2 – 7 months, with MOCA assessments every Monday and an 

ADAS-Cog assessment following treatment (Table 2). These patients have been participating for 

a minimum of 10 months, and a maximum of 19 months.  The assessment results of these patients 

on the second follow-up stage were analyzed by fitting regression lines to patients’ scores over 

time.  It should be noted that the volunteers who continued to this stage of this study were those 

who were most satisfied with the treatment in the first stage of the stage of the study, so they cannot 

be considered a random sample.  As there was no control group for this part of the study, no formal 
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statistical tests are presented; however, we derived decline rates of AD patients from [35] as a 

point of comparison.  Both MOCA and ADAS-cog scores were collected for this study, and 

MOCA scores were converted to MMSE equivalents using the method provided in [36] so that 

they could be compared to the published long-term decline rates for AD in [35].  These results are 

summarized in Table 4.  Note that all decline rates of our study patients were better than the 

expected rate, with the exception of the ADAS-cog scores for patients P5 and P8. 

 

Table III-4: Annual decline rates, measured using regression fits to observed data (MOCA 

converted to MMSE scores).  Expected values calculated based on patient’s age using data from 

[35] 

  
ADAS-Cog MMSE (converted) 

Subject Age Measured Expected Measured Expected 

P1 79 2.71 3.74 -0.06 -1.68 

P3 86 -0.99 2.66 1.50 -0.65 

P4 69 2.05 5.29 -0.09 -3.15 

P5 78 3.95 3.90 0.15 -1.82 

P8 57 7.72 7.15 -2.41 -4.91 

P10 62 3.72 6.38 -1.29 -4.18 

 

Discussion 

 The results of the MOCA assessments are quite compelling, particularly for the “Early 

Stage” patients.  In week 2 (full group) and 3 (“Early Stage”) of treatment, there was a strong and 

statistically significant difference between real and sham responses to the MOCA test.  While no 

other groups have used this particular measure for tracking change in cognition, this is consistent 
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with improvements in language abilities [11, 15] and general cognitive abilities [12, 14] found in 

other studies.  It should be noted that, in previous studies, these cognitive improvements have been 

found to persist for multiple weeks post-treatment [12] or during lengthy periods of bi-weekly 

maintenance treatments [14], while our results were only significant for a short time following the 

two weeks of intense treatment.  Also, studies of rTMS in Parkinson’s disease showed 

improvements that lasted for at least one month [37].  While our results at the 4-week assessment 

were not strong enough to be statistically significant, there was still a noticeable improvement in 

all assessed values at this stage, which may indicate that with more data a continuing improvement 

would be seen.  

 One question raised by these results is why a significant effect was seen in the MOCA 

scores but not as much in the ADAS-cog or RMBC scores.   It is important to note that a test like 

ADAS-cog also depends on the mood of the patient. It is quite possible (as indeed it was the case 

for 3 patients in this study) that on the day of ADAS-cog assessment, the patient was not in their 

best mood. It is also notable that the positive effects observed for MOCA scores had largely 

disappeared by the final week of treatment, which was when the ADAS-cog and RMBC scores 

were assessed.  This suggests that general cognitive skills are improved during treatment, but the 

effect may not last longer than a week or two.  However, as discussed, this would not be consistent 

with previous studies documenting relatively long-lasting cognitive benefits.  This could be 

explained by the fact that one of the previous studies had used the Mini-Mental State Examination 

(MMSE) (a similar and simpler version of the MOCA test) rather than the ADAS-cog for 

assessment [12].  Also, in that study there may have been a confounding effect due to some of the 

volunteers suffering from depression, which can also be treated using rTMS and may explain some 

of their positive results [12].  Another study that did use the ADAS-cog for assessment was using 
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rTMS along with cognitive training at the site and also had a much longer treatment period (6 

weeks) [14]. 

It is worth of noting that our patients, particularly those at early to moderate stages, and 

their primary care givers (their spouses) were expressing positive and significant improvement 

during the course of treatment to the extent that they requested the study to be repeated and 

continued. The fact that this subjective but very positive feedback is not reflected as much on the 

ADAS-cog and RMBC measures may pose a question on the adequacy of these standard 

questionnaires as outcome measures. Most of our patients showed a great reluctance to perform 

the ADAS-cog assessments, perhaps because the length of the assessment and the type of questions 

were making them tired or frustrated; thus they might have performed poorer than their true 

capability. Also the spouses were expressing that the questions of RMBC questionnaire do not 

allow them to reflect the changes that they had observed in their patients. Thus, there is probably 

a need to either develop new outcome measures or modify the current standard ones by reassessing 

their adequacy for Alzheimer’s population.  

One may question that the difference between the real and sham MOCA improvements 

was due to practice effects.  Since we performed the MOCA test weekly, it is possible that even 

patients with memory problems such as Alzheimer’s patients would learn to perform better over 

time.  However, we performed MOCA tests in the same manner for both sham and real treatments;  

thus, one may speculate that this learning due to practice effect was somehow facilitated by real 

rTMS treatment. Nevertheless, even with this plausible scenario, the fact that Alzheimer’s patients 

learned and remembered a task is a positive outcome.  For reference, the average test-retest 

improvement in MOCA scores was measured to be 0.9 points over an average period of 35 days 

[32].  In comparison, our peak difference in MOCA scores between real and sham treatments 
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occurred in the “Early Stage” group on week 3 of treatment, and was measured to be 4.0 points.  

This conclusion would also be supported by the significantly greater improvement during real 

treatment as compared to sham of the word-image association task.  Since two of the six patients 

were practicing this task at home, it is plausible that this difference is a result of rTMS having a 

facilitating effect on this practice.  This conclusion is also supported by the results of a recent study 

by Rabey et al [14] which concludes that, when rTMS is applied together with cognitive training, 

the cognitive benefits are greater than using rTMS or cognitive training alone. 

The results of the second stage of our study were quite promising, and suggest that in 

addition to the short term benefits observed in the first stage, rTMS may also slow the progression 

of the disease over time.  Possible mechanisms for this effect are neurogenesis or anti-apoptotic 

effects.  Neurogenesis has been demonstrated in rats which are exposed to high frequency rTMS 

[38], and anti-apoptotic effects were seen when high frequency rTMS was applied to a rat model 

of ischemic stroke [39].  Although we were not able to include a control group at Stage II (the 

open-label follow up treatments), the fact that all six of our patients had much slower decline rates 

on the MOCA measurement than expected for their age is quite encouraging.  It should be noted 

that two of the six patients actually improved over time on their MOCA assessments.  Additionally, 

four of six patients did better than expected on the ADAS-cog assessments. 

Application of rTMS over the DLPFC likely activates the basal forebrain cholinergic 

complex (BFCC). The BFCC projects over most of the cortex, and also provides connectivity via 

GABAergic inputs to the midbrain regions. As a consequence, a release from inhibition may allow 

for increased metabolism in these midbrain regions, which are known as major sources of 

cholinergic, serotonergic and norepinephrinergic inputs to many regions of the brain. This may 

provide a pathway for therapeutic intervention. 
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 Overall, the results of this study support a growing pool of evidence that rTMS can be used 

as a treatment to mitigate some of the degenerative effects of AD.  It appears that rTMS may be 

more effective for patients in the early stages of the disease.  While the general cognitive benefits 

were not shown to persist for longer than a few weeks after the cessation of a treatment schedule 

in this study, it is also possible that rTMS has a facilitating effect on the training of tasks being 

practiced during a period of regular rTMS treatment.  Given that the positive effect of treatment 

lasts only a few weeks, we suggest repeating the rTMS treatment every 2 or 3 months for two 

weeks every day. Further research is needed to evaluate the clinical significance of observed 

cognitive changes.  Although rTMS requires specialized equipment, it is simple to administer and 

non-invasive.  With more research it could become a useful tool, along with mental exercises and 

pharmacological interventions, for improving the lives of people who suffer from AD. 
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Chapter IV – rTMS Occupational Safety Concerns 

 

Transcranial Magnetic Stimulation Safety from Operator Exposure 

Perspective 

Synopsis 

 The motivation for this chapter came from the experience of applying rTMS treatments to 

study participants with Alzheimer’s disease in the previous chapter. Soon after the start of the trial, 

we noticed that many participants, and particularly those with severe dementia, would forget the 

instruction to remain still in the chair. As a result, they would move their heads often and would 

require that the operator frequently reposition the coil. The operators quickly discovered that it 

was far more practical to hold the coil manually than to use the mechanical arm, and by doing this 

they were able to more accurately target the correct region of the participant’s brain. 

 While existing safety recommendations suggest that operators should remain at least 70 

cm away from the coil during its operation [1], this chapter presents evidence that this distance is 

no longer relevant, and that the appropriate distance based on the current guidelines is much closer 

(24.6 cm). It also presents an argument that operators should be able to safely hold the coil despite 

electric field strength exceeding guidelines. This reasoning is based on the fact that there are no 

known chronic health risks from electromagnetic fields in this frequency range, and rTMS 

operators are likely to be familiar with the sensations of peripheral nerve stimulation, thereby 

reducing the impact of transient, acute stimulation while applying treatment. 
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 This study will be submitted to Brain Stimulation. The authors are Grant Rutherford, Brian 

Lithgow, and Zahra Moussavi. 

Abstract 

Background: Transcranial magnetic stimulation (TMS) is a commonly used technique to modulate 

neural excitability.  

Objective: A simulated model of a commercial TMS coil is presented and analyzed to determine 

electromagnetic field (EMF) exposure for an operator while holding or adjusting the coil.  

Methods: Induced EMF strengths are calculated using a commercial figure-8 coil geometry and 

pulse configuration, with geometrical representations of the subject's head and the operator's head, 

torso, and hand. Exposure levels are compared to experimental results in the literature and 

international guidelines for occupational EMF exposure limits.  

Results: Exposure limit guidelines of 0.8 V/m rms (1.13 V/m peak) are determined to be exceeded 

at approximately 24.6 cm from the coil for the torso model and at 20.3 cm for the head model 

along the z-axis (perpendicular to the plane of the coil). In the plane of the coil, the operator can 

approach closer without exceeding guidelines, up to 8.1 cm for the head or 12.3 cm for the torso 

when approaching from the top or bottom of the coil. The results in the hand model along the edge 

of the coil give 9.9 V/m and 88.5 V/m for average and peak field strength, respectively. These 

results are valid only for the particular coil and stimulator settings being modelled, and only for 

the particular body model and positions investigated. 

Conclusion: A discussion of the potential consequences of operator exposure to fields exceeding 

published guidelines concludes that since the guidelines are only concerned with acute effects and 
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do not suggest any potential chronic effects, occupational exposure in the context of delivering 

TMS treatment may be considered reasonable.  

Introduction 

Transcranial Magnetic Stimulation (TMS) is a technique that is commonly used in research 

and clinical settings to modulate the excitability of neuronal tissues. It is noninvasive, 

nonpharmacological, and relatively easy for patients to tolerate. The technique involves applying 

a rapidly changing magnetic field to the outer surface of the brain which induces electrical fields 

in the conductive brain tissue and can depolarize or hyperpolarize neurons. It is generally agreed 

to be a safe technique when applied to patients and study participants when appropriate precautions 

are taken [1].  

To date little research has been done into operator exposure to electromagnetic fields 

during TMS application as a treatment. The safety guidelines established by Rossi et al. in The 

Safety of TMS Consensus Group [1] concede that more research is necessary but recommend that 

operators maintain a distance of 70 cm from the coil. To arrive at this recommendation, the authors 

refer to the guidelines set forth by the International Commission on Non-Ionizing Radiation 

Protection (ICNIRP) in 2003 [2], a Directive from the European Parliament in 2004 [3], and a 

single study by Karlström et al. [4] which determines that the specified reference levels are 

exceeded at a distance of 70 cm. However, both the guidelines and the directive have been updated 

since the publication of these results; thus, revisiting this topic is warranted. 

In addition, it remains common practice in laboratory settings to perform manual 

adjustments while the coil is in operation, or even to hold the coil directly during treatment [5]. In 
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fact, some populations who receive TMS treatment, such as people with dementia, have difficulty 

remaining still and require constant tracking and adjusting the coil to the target. Under these 

conditions, use of a mechanical arm to hold the coil during operation is not practical. Also, during 

measurement of resting motor threshold (RMT), the coil is often held manually while searching 

for the most sensitive position. Therefore, an analysis of the possible risks of exceeding the 

ICNIRP guidelines by TMS operators in clinical and research settings is also necessary. This paper 

reports the results of simulating the magnitude of the electric field strength along the edge of a 

common TMS coil, and discusses the operator exposure effects. 

The guidelines set by the ICNIRP are internationally recognized as the authority on 

exposure to time-varying electric and magnetic fields in the frequency range used by TMS 

stimulators. The most recent publication of these guidelines in 2010 gives a maximum electric 

field in tissue of 0.8 V/m (rms) or 1.13 V/m (peak) at frequencies between 0.4 and 3 kHz [6]. The 

previous guidelines used in the study by Karlström et al. specified a limit in terms of the time 

derivative of the magnetic flux density, at approximately 1 T/s [2][4]. It should be noted that the 

guidelines specify that these values should not be time-averaged, meaning that any instantaneous 

peaks from even a single TMS pulse should not exceed these values. Spatial averaging is allowed 

over a volume of 2 mm × 2 mm × 2 mm. The most recent Directive from the European Parliament 

in 2013 [7] aligns with the more recent ICNIRP guidelines by requiring that exposure in this 

frequency range be limited to 1.1 V/m (peak). 

Methods 

To investigate the field intensities produced by a typical TMS coil during operation, a 

COMSOL model of a Magstim Double 70 mm Air Cooled Coil was created (Fig. 1). A direct 
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MUMPS solver was used with the magnetic fields interface of the AC/DC COMSOL module to 

solve for the induced electric field in the model volume. The coil geometry and stimulator 

parameters were based on specifications provided by the manufacturer. The coil material was 

assumed to be copper and was modelled as having 11 homogenous turns, with 0.1 mm of insulation 

between each turn. The height of the coil is 6 mm, and the inner and outer radii are 2.265 cm and 

4.3 cm respectively. Exterior insulation with a thickness of 2.54 mm was applied (Fig. 2). The 

stimulator voltage was set to 1650 V, which corresponds to the maximum output of the Magstim 

Rapid2 stimulator.  The system capacitance was set to 185 µF, giving a pulse length of 368 µs 

using the simulated coil. 

 

Figure IV-1: Coil model internal geometry.  Coil material is modelled as copper, and is based on 

specifications provided by Magstim. 
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Figure IV-2: Coil with insulation layer (coil interior shown in blue). Insulation was assumed to be 

2.54 mm thick, and to have the same material properties as air. 

 

The model included approximations of the heads of both the subject and the operator. The 

subject’s outer head and brain were modelled using spheres of radius 8.75 cm and 8.00 cm 

respectively [8], located immediately in front of the center of the coil. The skull layer of the subject 

model was given a conductivity of 0.01 S/m [9], whereas the brain was given a conductivity of 

0.33 S/m [9]. 

The body of the operator was modelled using three different methods. First, a sphere of 

radius 8.75 cm was placed at various distances from coil to model possible positions of the 

operator’s head. The measurement of electric field intensities within this sphere as it is moved 

along the z-axis would correspond to the measurements taken by Karlström et al. [4], and this 

direction would represent a worst case in terms of field exposures. Measurements were also taken 
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of intensities along the other two axes. This process was also repeated with a cylinder with a radius 

of 15 cm and a height of 30 cm to represent the torso of the operator.  The axis of this cylinder was 

oriented parallel to the y-axis for measurements of distance along the z-axis and the x-axis, and 

parallel to the z-axis for the measurement of distance along the y-axis. All operator tissues were 

given a conductivity of 0.2 S/m, matching the value used by a similar analysis for MRI gradient 

coils [10].  

Finally, a simple model of an operator’s hand was created using geometrical elements. This 

hand model was positioned in such a way that it would be holding the edge of the coil, which is a 

configuration commonly used to stabilize the coil on the subject’s head (Fig. 3). While it is possible 

to hold the coil manually using many different configurations, this particular configuration was 

chosen for the model because it allows the operator to be in contact with the coil and the subject’s 

head at the same time. If the subject moves suddenly during treatment, this configuration allows 

the operator to immediately feel this movement and adjust the coil to compensate. The fingers and 

hand of this model have a thickness of 1.6 cm (0.8 cm radii), the length of the straight fingers is 6 

cm, and the curved finger and thumb together consist of a 160° arc of a torus around the coil edge. 

The palm of the hand measures 7 cm x 6.7 cm, with some volume removed where it intersects with 

the torus. 
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Figure IV-3: Coil with hand tissue model (shown in blue). Coil insulation layer not shown. 

 

Although it has been shown that the maximum moment of neural stimulation during a TMS 

pulse occurs during the second phase of the pulse cycle (when the electric field has reversed from 

its original direction) [11], the ICNIRP guidelines are concerned only with the peak electric field 

value [6].  This peak value occurs at the very beginning of the pulse, near the moment when the 

capacitor is initially connected to the coil circuit.  In our simulations, the peak measurement 

typically occurred within the first few microseconds of each pulse. 

Results 

First, validation of the coil model by comparison with the results given by Karlström et al. 

[4] was performed. This model exceeded the reference level of 1 T/s at a distance of 54.4 cm along 
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the z-axis for both the sphere and the cylinder models, which roughly corresponds to their value 

of 70 cm. The minor discrepancy may be due to differences in the coil or stimulator designs. 

Next, measurements were performed along the z-axis using the simulated head model to 

determine where the threshold of 1.13 V/m specified in the latest guidelines was exceeded. This 

model exceeded the new threshold at a distance of 20.3 cm along the z-axis. When approaching 

from the y-axis (above and below the coil), the threshold was exceeded at a distance of 8.1 cm, 

and when approaching along the x-axis (the side of the coil), the threshold was exceeded at a 

distance of 13.8 cm.  

The same process was repeated using the cylindrical torso model. In this configuration, the 

threshold was exceeded at a distance of 24.6 cm along the z-axis. Along the y-axis the threshold 

was exceeded at a distance of 12.3 cm, and along the x-axis the threshold was exceeded at a 

distance of 17.8 cm.  Please see Table 1 for a summary of these results.  A graph of induced electric 

field versus distance for the cylindrical torso model along the z-axis is given in Figure 4.  The 

overall shape of this graph is a good representation of the relationship between field strength and 

distance for all configurations tested, although specific distances vary by configuration. 

 

Table IV-1: Summary of threshold distances along different directions. 

Direction Head Model (Sphere) Torso Model (Cylinder) 

Z 20.3 cm 24.6 cm 

X 13.8 cm 17.8 cm 

Y 8.1 cm 12.3 cm 
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Figure IV-4: Plot of induced electric field strength in the cylindrical operator torso model versus 

distance along the z-axis. The ICNIRP maximum value of 1.13 V/m is shown for comparison (red 

dashed line).  This maximum is exceeded at distances below 24.6 cm. 

 

When analyzing the model of the operator’s hand holding the coil, electric field intensity 

values exceeded guidelines. The peak value in this region was found to be 88.5 V/m, and the 

average field strength was 9.9 V/m (Fig. 5). In order to go beyond the guidelines for this frequency 

range and ensure that tissue heating is not a concern at this distance, calculations of joule heating 

from eddy currents were also done in this region. These calculations gave an average energy of 

0.00416 J/kg during the entire 368 µs TMS pulse. Assuming a 20 Hz rTMS stimulation pattern, 

this becomes 0.0833 W/kg during continuous treatment, which is well below ICNIRP occupational 

guidelines for microwave frequency fields of 20 W/kg [12]. 
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Figure IV-5: Induced electric field strength in the hand tissue model (coil insulation not shown). 

Average field strength in the hand tissue is approximately 9.9 V/m. a) Slice through center of the 

hand model. b) Surface of hand facing away from the subject’s head. c) Surface of hand facing 

towards the subject’s head. 
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Figure IV-6: Electric field strength on the surface of the coil insulation. 

 

Finally, for comparison with the electric fields experienced by the subject receiving the 

TMS pulses, a plot of the electric field strength vs time was generated for four points in the model 

(Fig. 7). The first point is near the surface of the subject’s head (1 mm below the air-skull 

boundary), the second point is near the surface of the subject’s brain (1 mm below the brain-skull 

boundary), the third point is on the edge of the coil insulation at the focal point of the two coils, 

and the final point is the outside edge of the coil insulation on the side, where an operator would 

presumably hold it. The center of the coil has the strongest field, followed by the head surface, the 

brain surface, and finally the outside edge of the coil, which experiences only 58% of the electric 

field at the center of the coil (Fig. 6).  A plot of the magnetic field through each of these points is 

also provided in Figure 8. 
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Figure IV-7: Plots of induced electric field magnitude versus time for the surface of the subject’s 

brain, the surface of the subject’s head, the edge of the coil at the point of stimulation, and the edge 

of the coil on the side where the operator would hold it. Exposure is 51% stronger for the subject 

than the operator (head surface vs side of coil). 
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Figure IV-8: Plots of magnetic field strength versus time for the surface of the subject’s brain, the 

surface of the subject’s head, the edge of the coil at the point of stimulation, and the edge of the 

coil on the side where the operator would hold it. 

Discussion 

The new guidelines produced by the ICNIRP [6] are somewhat less conservative than 

previous guidelines. Using the new threshold, operators can approach up to 24.6 cm away from 

the coil in any direction without exceeding recommended electric field strength levels. When using 

this same model with the previous guidelines of 1 T/s (as measured by Karlström et al. [4]) the 

limit was exceeded at 54.4 cm.  This indicates that this reduction in distance is entirely due to the 

difference between the old and new ICNIRP guidelines. The 15.6 cm difference between our 
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measurement and the 70 cm limit measured by Karlström et al. [4] is almost certainly due to 

differences in coil and stimulator technology. 

The field strength calculated in the region where the operator’s hand would hold the coil 

still exceeds threshold values. Therefore, if strict adherence to the ICNIRP guidelines or the 

Directive from the European Parliament is required, then manual adjustment of the coil position 

and the practice of holding the coil during treatment should be avoided. 

However, it is interesting to note that there is an apparent discrepancy between the 

theoretical results and the observed effects on operators holding the coil during treatment. Since 

the average field strength in the hand model is approximately 9.9 V/m, it exceeds the threshold in 

the guidelines by a factor of almost 10. However, holding the coil or making manual adjustments 

during operation is a reasonably common practice, and operators generally report either no 

sensation or a very mild involuntary muscle contraction. Since the ICNIRP threshold is based on 

experimental results measuring sensation, this calls into question the validity of these results. 

However, there are several reasons why the ICNIRP threshold may not be an accurate estimator 

of sensation for this particular situation. 

In order to determine the threshold for peripheral nerve stimulation, the ICNIRP guidelines 

have referred to a number of studies which report thresholds for sensation between 2 and 6 V/m 

[13][14]. They chose the lower range of the more accurate model [14] at 4 V/m, and applied a 

safety factor of 5. However, it is important to note that the study that they are basing this threshold 

on is reporting rheobase levels, which is the field strength required to stimulate the nerve at a 

theoretical infinite pulse duration. For short duration pulses, the chronaxie value is required to 

modify the threshold according to the following formula [14]: 
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widthpulse

chronaxie
rheobasethreshold 1        (1) 

Although the measured peak value of the electric field happens during the first quarter of 

the TMS pulse (Fig. 7), it is well known that the actual stimulation occurs during the second phase 

[11], so a conservative estimation of the pulse width in this model would be 200 µs. Using 

published chronaxie values for peripheral nerves [14] of approximately 360 µs, this would increase 

the reported threshold levels by a factor of 2.8. Furthermore, the reported thresholds are based on 

MRI gradient pulses, which are monophasic and rectangular. TMS pulses, on the other hand, 

approximate a biphasic sinusoid, which will likely increase the intensity required to achieve 

stimulation. 

When the safety factor is removed, and the correct threshold is applied using the rheobase 

and chronaxie values, the experimental threshold used by the guidelines (4 V/m) rises to 11.2 V/m. 

The calculated average value in the model of 9.9 V/m is now under the threshold, while the 

maximum value of 88.5 V/m still exceeds the threshold.  The ICNIRP guidelines allow spatial 

averaging inside of a volume of 2 mm × 2 mm × 2 mm, but as the peak electric field values occur 

in a localized region close to the coil (Fig. 5), there will certainly be volumes of this size where 

the average field strength exceeds 11.2 V/m. 

 However, very mild muscle contractions have occasionally been reported by some 

operators at the stimulation level modelled here (100% of maximum machine output). The 

remaining discrepancy can likely be attributed to the use of sensation thresholds rather than muscle 

contractions, the difference in pulse shape mentioned above, coil orientation with respect to 

peripheral nerves in this body region, and inter-individual variability. 
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Given that the ICNIRP guidelines are certainly exceeded when holding a coil during 

treatment, and that peripheral nerve stimulation can occur under these conditions, it is necessary 

to evaluate what risks the operator may be taking to their health if they hold the coil by hand. It 

should be noted that the ICNIRP have stated in their latest guidelines that there is no compelling 

evidence that low-frequency electromagnetic field (EMF) exposure causes any chronic conditions 

[6]. Therefore, their recommendations are based solely on the desire to entirely avoid the acute 

effect of peripheral nerve stimulation. This means that the effects of exposure are limited to the 

sensations and responses experienced during exposure, and there is no consideration of lasting 

effects on the operator once the treatment is concluded. With this in mind, it is worth discussing 

whether the absolute avoidance of peripheral nerve stimulation is necessary for operators of TMS 

equipment. 

It should be noted that the subject of the TMS treatment, i.e. a patient or study volunteer, 

experiences much stronger electric fields on the outside of their head than the operator would 

receive on the edge of the coil. Specifically, in this model the subject experiences a field strength 

approximately 51% stronger than that at the edge of the coil (Fig. 7). Although most recipients of 

TMS treatment consider the experience of receiving pulses as uncomfortable but tolerable, very 

few describe it as painful. Overall, TMS is considered to be safe for patients and healthy study 

volunteers. It is difficult to align the supposition that certain levels of peripheral nerve stimulation 

are unsafe for operators with the accepted assumption that much stronger levels of stimulation are 

safe for subjects. 

Secondly, although the ICNIRP guidelines stress that time-averaging is not permitted, it 

should be noted that TMS pulses have a very short duty cycle. Even high frequency standard 

repetitive TMS (rTMS) treatment rarely uses pulse trains faster than 20 Hz, which would give a 
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0.8% duty cycle (assuming a 400 µs pulse). In addition, pulse trains are typically 2 s or shorter in 

high frequency rTMS with long (~30 s) pauses between trains to prevent seizures and to allow for 

the coil to cool. Even if an operator were applying treatments full time, they would only be 

experiencing peripheral nerve stimulation for a tiny fraction of their day. A sensation can be 

uncomfortable if applied continuously but can be quite acceptable if applied in short bursts. 

While the ICNIRP guidelines do not consider any chronic EMF exposure effects worth 

acting on [6], it should be noted that this is due to a lack of evidence for adverse chronic effects 

rather than significant evidence demonstrating that such effects do not exist.  Since TMS operators 

holding a coil will be presumably be exposed to suprathreshold EMF levels over a longer period 

of time than patients, it is important to calculate the total duration of their potential exposure.  As 

noted above, most rTMS protocols involve long pauses between short trains of pulses.  Assuming 

a typical 2 second pulse is applied every 30 seconds, this means that while applying treatment an 

operator would be delivering pulses approximately 6.67% of the time.  Assuming further that an 

operator spends 6 hours a day treating patients, this would correspond to 24 minutes per day of 

active treatment.  If we further apply the 0.8% duty cycle of 20 Hz rTMS, this is reduced to only 

11.52 seconds of EMF exposure per day.  Finally, it should also be noted that this level of 

stimulation would only be present in the fingers holding the coil, and not the entire body.  This 

should be compared to other low frequency occupational exposure situations, such as MRI 

technicians working near gradient fields or workers in high-voltage electrical environments, where 

the fields are applied with much higher duty cycles.  However, the frequency and intensity of EMF 

exposure in TMS is different than in other situations, so additional studies should be performed to 

exclude the possibility of chronic occupational exposure effects. 
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Finally, unlike members of the public or workers in other occupations, TMS operators 

would be expected to understand peripheral nerve stimulation quite well. Whereas most employees 

in other occupations would likely be quite alarmed to experience an involuntary muscle contraction, 

TMS operators routinely cause involuntary muscle contractions in their subjects during the 

measurement of the resting motor threshold. The field associated with a TMS coil is spatially quite 

localized, so an operator is easily able to move away from the coil or pause the treatment if they 

experience a sensation that they feel to be unpleasant. It would seem to make more sense to allow 

operators to judge their own comfort with minor peripheral nerve stimulation rather than mandate 

procedures that they may find inconvenient or impossible to follow. 

There is some precedent for this kind of occupational exception. When the earlier version 

of the Directive from the European Parliament was released in 2004 [3], which was based on the 

earlier ICNIRP guidelines, it was noticed by a few groups that the strict thresholds defined in the 

regulations would drastically impede standard MRI procedures. They determined that it would 

limit research and clinical use of MRI machines [10]. In response to this concern, both the ICNIRP 

and the European Parliament revised their guidelines [15]. 

If for any reason a TMS operator does hold a coil during operation, a few safety concerns 

specific to this situation should be considered. If the operator has any sort of injury which could 

be exacerbated by an involuntary muscle contraction, this practice should be strictly avoided. Also, 

although sound levels from TMS coils are below occupational safety guidelines for brief exposures 

[16], hearing protection should be considered when high pulse strengths are used. 
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Conclusion 

Using a model of a standard figure-8 coil, distance limits for compliance with ICNIRP 

guidelines were found to be approximately 24.6 cm from the coil. However, it seems to be 

reasonable to allow TMS operators to exceed these guidelines in order to permit accurate position 

tracking on certain subject populations, as well as facilitating accurate evaluation of resting motor 

thresholds by holding the coil manually. The ICNIRP guidelines cover acute peripheral nerve 

stimulation only, and do not suggest any chronic effects from TMS exposure are likely. 
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Chapter V – Parameters Affecting rTMS Energy Efficiency 

 

rTMS Energy Efficiency as a Function of Selected Systems 

Parameters 

Synopsis 

 Applying rTMS to patients with chronic conditions, such as Alzheimer’s disease, can be 

quite burdensome on patients and their caregivers due to its demanding protocol of attending 

treatment every day for a month or so. Since rTMS systems are currently not portable, patients 

must make daily trips to treatment centers while undergoing treatment. Due to the generally 

positive results presented in Chapter 3, it is possible that rTMS may be a treatment option for 

people with Alzheimer’s disease. However, challenges in finding transportation to and from 

treatment clinics may make rTMS impractical for many. 

 This chapter presents an investigation of rTMS system design factors which influence 

system efficiency. One of the major obstacles to making a portable rTMS system is the high energy 

requirements. Existing commercial systems are quite large and heavy, and often require 

specialized power supplies. Reducing power requirements could help decrease the size and weight 

of future rTMS systems. The goal of this research is to provide a tool for future coil optimization 

in the design of a portable or home-based rTMS system. 

 This study will be submitted to Brain Stimulation. The authors are Grant Rutherford, Brian 

Lithgow, and Zahra Moussavi. 
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Abstract 

Background: Repetitive Transcranial magnetic stimulation (rTMS) is a neuromodulation 

technique that has become widely used in both clinical and research settings. Improvements in 

energy efficiency would assist in making a portable rTMS system feasible.  

Objective: A simulated model of a commercial figure-8 rTMS coil is presented and analyzed by 

varying geometric parameters such as radius, width, thickness, and number of turns. A square coil 

and a ferromagnetic core are also compared.  

Methods: A finite element model is created and output strengths are calculated using a leaky 

capacitor model for the neuron. Coils are compared based on both fixed stimulator settings and 

fixed output strength by varying stimulator capacitance.  

Results: Optimal values are found for each of the investigated parameters while keeping the other 

parameters constant. Square coil configurations are found to be more energy efficient than round 

coils.  Adding a ferromagnetic core improves energy efficiency, and with minor optimizations 

these ferromagnetic coils can reduce energy requirements by over 50% as compared to the standard 

coil.  

Conclusion: Various ways to improve the energy efficiency of a standard figure-8 coil are found 

with reductions in required energy of up to 10.9% when reducing coil width, and up to 29.1% 

when switching to a square coil. Ferromagnetic core coils can improve energy efficiency by at 

least 52.7% if modifications are made to reduce inductance and increase current density to similar 

levels as air core coils. 
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Introduction 

Repetitive transcranial magnetic stimulation (rTMS) is a safe and non-invasive technique 

for modulating neural activity in the brain.  As rTMS becomes more widespread in clinical and 

research use, interesting new possibilities for the treatment of neurological and psychological 

conditions are found. Given the positive outcomes of rTMS applications entering mainstream use, 

there is a pressing need for portable TMS systems to be used in home treatment programs and 

clinical studies.  One of the major limitations in the development of a portable TMS system is its 

high power requirement whilst delivering trains of high frequency pulses.  To this end, it is 

constructive to investigate the design principles that can be used to maximize the energy transfer 

efficiency of rTMS systems. 

 A few existing studies have approached this problem in different ways.  Hsu et al. looked 

at a large number of different air-core coil configurations and described some general principles 

for optimizing coil parameters for efficient operation [1].  Davey et al. performed an analytical 

analysis to determine optimal inductance and capacitance of both air and ferromagnetic core rTMS 

systems in terms of fixed voltage, frequency, and reluctance values [2], and in a later study 

considered coil design to optimize energy and coil size [3].  However, their coil design analysis 

focuses primarily on peripheral nerve stimulation, and they neglected to include eddy currents in 

their analysis of ferromagnetic cores.  In this paper, we will show how eddy currents contribute 

significantly to energy losses in these types of coils.  Koponen et al. used an analytical model to 

find a minimum energy solution to achieve a particular degree of focality at a target site, but their 

analysis did not consider resistive losses or the effects of varying pulse duration [4]. 
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 A common limitation of all the above studies is that their energy metric assumes that the 

full charge of the capacitor is consumed in each pulse.  In other words, they measured the amount 

of energy required to produce a single pulse from a system which began with a depleted capacitor.  

However, modern rTMS systems use biphasic pulses, which allow some of the energy to be 

recovered from each pulse and used to recharge the capacitor.  A better metric of energy 

consumption would take this into account, and only measure the losses in the system.  This can be 

done by subtracting the energy in the capacitor at the end of a pulse from the energy at the 

beginning of the pulse to get a measurement of the actual energy required to recharge the capacitor 

for the next pulse. 

 In this this study, we used a finite element model to provide a description of the 

relationships between various coil design parameters and energy consumed during a biphasic 

rTMS pulse, with the goal of improving overall energy efficiency of the system during long trains 

of pulses. 

Model 

Air Coil Model 

 A finite element model of the system was created in COMSOL Multiphysics™.  The coil 

windings were modelled using two cylindrical shells, as shown in Figure 1.  The current 

distribution was assumed to be uniformly distributed within this volume.  Coil resistance was 

calculated based on the geometry of the conducting volume and assuming that the entire volume 

was composed of copper windings with 0.1 mm of insulation between the windings.  The external 

insulation and supporting materials were not modelled explicitly and were assumed to have 

electromagnetic properties similar to air.  The distance between the target surface and the coil was 
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set to 2.54 mm to allow for this external insulation.  The wires connecting the coil to the stimulator, 

and the single connector connecting the two loops of the coil to each other in the figure-8 

configuration were not explicitly modelled as we expect that they should not have a significant 

impact on the resulting magnetic field.  A direct MUMPS solver was used with the magnetic fields 

interface of the AC/DC COMSOL module to solve for the induced electric field in the target. 

 

Figure V-1: Round air coil model. 

 

Measurements were obtained from the manufacturer for a Magstim Double 70 mm Air 

Cooled Coil (Fig. 1). The coil material was assumed to be copper and was modelled as having 11 

homogenous turns. The height of the coil is 6 mm, and the inner and outer radii are 2.265 cm and 

4.3 cm respectively. This standard configuration was used as a metric by which variations in coil 
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geometry could be compared.  Each of these parameters were varied one at a time in the simulation 

to determine their effects on the system efficiency. 

 A square coil was also investigated (Figure 2).  This coil was compared to the standard coil 

with the side length matching the diameter of the round coil.  This will serve to increase the overall 

path length somewhat.  The square coil was given a fillet on the corners (radius scaled to 20% of 

outside edge length) to reduce the complexity of the finite element model.  

 

 

Figure V-2: Square air core model. 

 

Ferromagnetic Core Model 

 In another comparison, a ferromagnetic core was added to the square coil configuration 

(Figure 3).  The square configuration was chosen as it has been shown to be more efficient in 



89 

 

previous studies [1, 5], and to accommodate efficient manufacturing techniques for laminated 

materials.  The material chosen was grain oriented electrical steel with 2 mm thick laminations 

and a stacking factor of 0.95, which matches the material used by the experimental coil in [5].  The 

non-linear effects of saturation were included in the model using an HB curve obtained from [6].  

The core was assumed to fill the space inside of the coil windings with a separation of 1 mm 

between the coil and the core material. 

 

Figure V-3: Ferromagnetic coil model – ferromagnetic material shown in blue, copper windings 

shown in grey. 

 

 One major drawback of using a ferromagnetic core is loss due to the induction of eddy 

currents within the core material.  Laminations are used to minimize these losses, but they are not 

able to eliminate eddy currents completely.  In applications such as these, where very strong 
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magnetic fields are switched on and off very quickly, these losses will be significant.  Practical 

limitations on the mesh size in finite element models prevent eddy currents from being explicitly 

modelled from the geometric configuration of the laminations.  However, the resulting currents 

can be approximated quite well by substituting the laminated material with a homogeneous 

material that has an anisotropic conductivity and permeability [7, 8]. 

Ziske et al. evaluated at a few different options for approximating the equivalent 

anisotropic conductivity and permeability [7, 8], and found that the method proposed by Wang et 

al. [9] was able to predict the losses better when there were differences between the magnetization 

direction and the lamination plane.  Thus, the method proposed in [9] was used in our study to set 

the orthotropic values of conductivity in the laminated steel material.  This method involves 

reducing the conductivity of the material by the stacking factor, and then reducing the conductivity 

of the material in the direction normal to the laminations by 

𝜎𝑦 =  (
𝑑

𝑎
)

2

𝜎 (1) 

where d is the lamination thickness, a is the smallest width of the material in the plane of the 

laminations, σ is the conductivity in the plane of the lamination, and σy is the equivalent 

conductivity normal to the lamination plane.  In our model, the laminations were oriented along 

the XZ plane (Figure 3).  

The anisotropic permeability properties due to the spacing between the laminations were 

modelled using the method described in [10].  This involved modifying the HB curve so that H 

was no longer a function of the magnitude of B, but rather the magnitude of 
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|𝐵𝑒𝑓𝑓| = √(
𝐵𝑥

𝐹
)

2

+  𝐵𝑦
2 + (

𝐵𝑧

𝐹
)

2

(2) 

where F is the stacking factor (0.95 in our study), and B is the magnetic flux density.  The x and z 

components of the resulting H field were unmodified; however, the y component of the H field 

was assigned the following value: 

𝐻𝑦𝑚𝑜𝑑 =
(1 − 𝐹)𝐵𝑦

𝜇0
+ 𝐹𝐻𝑦 (3) 

where Hy is the unmodified y component of the field strength, and Hymod is the field strength after 

correcting for the anisotropic laminations. 

 The inherent anisotropic properties of grain oriented electrical steel were not modelled 

(aside from the laminations, the material was assumed to be isotropic).  The losses due to hysteresis 

were not explicitly modelled but are addressed in the discussion. 

Due to the non-linear nature of the ferromagnetic core model, the finite element solver had 

some difficulty converging to a solution when the conductivity of air was set to a realistically low 

value.  In order to resolve this issue, the conductivity of air was set to 0.001 S/m for the 

ferromagnetic core model, and the relative tolerance of the simulation was set to 0.1%.  In 

comparison, the air core model used values of 0.0001 S/m and 0.01%, respectively.  Applying 

these changes to the square coil configuration as an approximation of their impact resulted in a 

change of 0.59% to the observed strength and 0.25% to the energy consumption.  When comparing 

the ferromagnetic core results to air core results, both models were configured to use the more 

lenient settings. 
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Stimulator System Model 

 The stimulator system was modelled as a simple RLC circuit.  The stimulator itself is 

composed of a capacitor with capacitance C which was charged to an initial voltage Vi.  At time 

t0, this capacitor is discharged through both the resistor Ri and the coil model in the finite element 

analysis.  Ri represents the internal resistance of the stimulator as well as the connector and cable, 

which was set to 50 mΩ based on information provided by the manufacturer. 

The stimulator parameters were also based on specifications provided by the manufacturer. 

The stimulator voltage was set to 1650 V, which corresponds to the maximum output of the 

Magstim Rapid2 stimulator.  The system capacitance was set to 185 µF, giving a pulse length of 

367 µs using the simulated coil.  

In order to exploit symmetries in the model geometry, the two sides of the figure-8 coil 

were assumed to be identical, and an equivalent circuit was modelled to drive a single side of the 

coil.  Assuming identical electrical properties between the two sides of the coil, this will not affect 

the resulting waveform. 

Stimulation Target Model 

 The target head was modelled using two concentric spheres.  The brain model was given a 

radius of 8 cm [11], and assumed to have an electrical conductivity of 0.33 S/m [12].  The skull 

was modelled as a shell with a thickness of 0.75 cm surrounding the brain [11] and was given a 

conductivity of 0.01 S/m [12].  The dura mater, pia mater, cerebral spinal fluid, and other thin 

layers were not modelled in order to reduce the complexity of the model. The coil was positioned 

2.54 mm away from the head in order to accommodate insulation.  The stimulation strength was 

measured at a point directly under the center of the coil at a depth of 2 mm into the brain. 
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 As Barker showed in [13], the ability of a magnetic pulse to activate a neuron is related to 

both the strength and the duration of the induced electrical field.  Specifically, the neural membrane 

can be modelled as a leaky capacitor using a low pass RC filter.  The most important parameter of 

this model is the time constant, which they experimentally determined to be approximately 150 µs 

in the cortex [13].   

The specific threshold required to activate a particular neuron is quite variable and is 

dependent on a complex relationship between the membrane shape and field orientation, as well 

as the geometry of the surrounding brain regions.  As this study aimed to be generalizable to any 

cortical stimulation target, the output of the various coil configurations was compared solely based 

on their ability to accumulate charge on a leaky capacitor model with a time constant of 150 µs.  

In practice this is measured by sampling the electric field produced by the finite element model at 

a rate of 1 MHz, passing these discrete values through an infinite impulse response filter with a 

time constant of 150 µs, and measuring the peak output of the filter.  It is assumed that the 

commercial coil configuration as described above is capable of activating a suitable population of 

neurons for practical use, and other coil configurations are compared to the output of this model 

based on this metric. 

Results 

Stimulator Capacitance and Initial Charging Voltage 

The first relationship investigated was the effect on system efficiency and output from 

changes to the stimulator capacitance and initial charging voltage.  Figure 4 shows a plot of the 

relative output strength and the required energy for a range of capacitance values.  It is apparent 
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that both strength and required energy increase with capacitance, but also that the required energy 

rises much quicker than the output strength. 

 

 

Figure V-4: Stimulator output strength and required energy as a function of capacitance on the 

standard coil.  This plot assumes constant initial charging voltage. 

 

The objective of this study is to investigate coil energy efficiency, and to do so we must be 

able to compare coils at similar output strengths. It is not helpful to describe a system that uses 

very little energy if it is not able to produce physiologically relevant stimulation, and conversely a 

system that is able to produce stronger stimulation than a commercial coil can have stimulator 

settings such as voltage or capacitance reduced so that it will require less energy.  Therefore, we 

define the output stimulation level in the standard commercial configuration, as measured by the 
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peak membrane voltage, as a reference output level. By modifying either the initial charging 

voltage or the capacitance of the system, we will be able to compare system configurations at 

constant output strengths. 

 

 

Figure V-5: Stimulator charging voltage and required energy as a function of capacitance on the 

standard coil at constant output strength. 

 

 By modifying the initial charging voltage of the capacitor, a constant output strength can 

be achieved for various capacitance values.  This relationship is shown in Figure 5.  This plot 

shows that smaller capacitances are much more efficient; however, they require higher voltages.  

The relationship between charging voltage and required energy is shown more clearly in Figure 6, 

which is a different visualization of the same data.  The resulting curve confirms that higher 

voltages are more efficient, but that there are diminishing returns at very high voltages. 
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 In a practical design, component limitations and insulation requirements will limit the 

maximum voltage of the system. Therefore, while it appears that the system efficiency can be 

made arbitrarily high by increasing charging voltage, in practice there will be a fixed constraint on 

this value which will be set by other design considerations.  For the purpose of this study, all 

further analysis assumes that the initial charging voltage of the commercial coil (1650 V) is a 

constraint that cannot be exceeded.  Output strength was varied by modifying the system 

capacitance, which follows a curve similar to that in Figure 4. 

  

Figure V-6: Required energy versus maximum charging voltage for the standard coil with constant 

output strength. 
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Coil Radius 

A complex relationship exists between coil radius and the system efficiency.  Two methods 

were used to explore this relationship – the coil radius was varied while keeping the stimulator 

properties constant (Figure 7), and the coil radius was varied while keeping the output stimulation 

level constant (Figure 8).  Both of these approaches used a constant coil width (i.e.., the difference 

between the inner and outer radii). 

Figure 7 illustrates that increasing the coil radius with fixed stimulator properties results in 

a lower energy requirement within the range of values tested.  However, the relationship between 

output strength and coil radius has a maximum with an inner radius of around 2.25 cm. 

 

 

Figure V-7: Required energy and output strength of various coil radii with constant stimulator 

properties. 
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At constant output field strength (Figure 8), it appears that an inner coil radius of about 2.5 

cm is optimal for these particular coil parameters.  Very small and very large coil radii can require 

very high energy. 

 

 

Figure V-8: Required energy versus coil radius with constant output strength. 

 

Coil Thickness 

 As the coil thickness is varied, a clear optimum value can be found.  Figure 9 shows that a 

thickness of around 0.4 cm produces the maximum output strength using the standard stimulator 

settings, and that a thickness of around 1.0 cm produces a minimum energy requirement. Figure 

10 illustrates that at constant output strength, an optimal coil thickness exists at around 0.5 cm. 
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Figure V-9: Required energy and output strength of various coil thicknesses with constant 

stimulator properties. 
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Figure V-10: Required energy versus coil thickness with constant output strength. 

 

Coil Width 

 The response of the system to changes in the coil width is shown in Figure 11 and Figure 

12.  It can be seen from Figure 11 that increasing the coil width decreases the energy required 

while using constant stimulator settings over this range of values.  As well, there is a decrease in 

output strength for both very narrow and very wide coils.  When the output level is held constant, 

as in Figure 12, there appears to be an optimal width of around 1.25 cm, which corresponds to a 

reduction in the required energy by 10.9%. 
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Figure V-11: Required energy and output strength of various coil widths with constant stimulator 

properties. 
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Figure V-12: Required energy versus coil width with constant output strength. 

 

Coil Turns 

 As the number of coil turns increases with constant stimulation settings, the energy 

required decreases over the range of values tested (Figure 13).  The stimulation strength shows an 

overall trend of decreasing strength with very small or large numbers of turns, and maximum 

strength with about 13 turns. However, there is also a local minimum of the output strength at 7 

turns.  At constant output stimulation level, there is a clear minimum value of the required energy 

which occurs at around 14 turns (Figure 14). 
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Figure V-13: Required energy and output strength with various numbers of turns and constant 

stimulator properties. 
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Figure V-14: Required energy versus number of turns with constant output strength. 

 

Coil Shape 

 The square coil configuration decreased the required energy by 2.14% and increased the 

output stimulation strength by 7.61% when the standard stimulator settings were used.  When the 

capacitance was reduced to match the standard output strength, the same result was achieved with 

a 29.1% reduction in required energy. 

Core Type 
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of the system is reduced to match the output strength, the ferromagnetic coil produces the same 

output as the standard system while consuming 29.6% less energy. 

 Of the 120.6 J of losses in the output-matched system, 67.9 J (56.3%) are due to eddy 

currents in the ferromagnetic material, 44.6 J (36.9%) are due to resistive losses in the stimulator, 

connector and cable (Ri), and 8.2 J (6.8%) are due to resistive losses in the coil itself.  Coil current 

levels are very low compared to the standard coil – the output-matched ferromagnetic coil has a 

peak current of 2.61 kA while the standard coil has a peak current of 4.59 kA. 

 Due to the fact that the inductance increased dramatically when the ferromagnetic material 

was added (inductance of the ferromagnetic core coil was approximately 2 times higher than the 

air core coil), a second ferromagnetic core coil was tested with different geometric parameters in 

order to reduce the inductance to a reasonable value and to reduce the cross-sectional area of the 

windings (due to the lower current density).  In this coil design, the number of turns was reduced 

to 8, the coil thickness was reduced to 0.2 cm, and the coil width (difference between the inner and 

outer radii) was reduced to 1.0 cm.  For this coil design, the required energy increased by 27.0% 

and the strength increased by 33.9% with identical stimulation parameters to the standard coil.  

When the capacitance was reduced to match the output strength of the two coils, the modified 

ferromagnetic core coil was able to produce the same membrane voltage using only 47.3% of the 

energy (52.7% reduction). 

There were only 81.0 J of losses in the partially optimized output-matched system. Of these, 

35.4 J (43.8%) are explained by eddy currents, 30.1 J (37.2%) are a result of resistive losses in the 

stimulator, connector and cable (Ri), and 15.5 J (19.1%) are due to resistive losses in the coil itself.  

The peak coil current in this design is similar to the unoptimized ferromagnetic core coil (2.66 kA 

vs 2.61 kA), however the pulse length is significantly shorter (255 µs vs 405 µs). 
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The eddy current losses are primarily due to current flow in the X and Z directions (inside 

the plane of the laminations).  These will be due to components of the magnetic field that are 

normal to this plane (along the Y axis).  This is illustrated in Figure 15 (note the scale difference 

between the diagrams). 

 

Figure V-15: Peak eddy current in amperes per square meter through various slices of the 

ferromagnetic core (partially-optimized model at matched output strength). a) X direction only, b) 

Y direction only, c) Z direction only, and d) Total eddy current. Please note that the scale of the Y 

direction current is 50 times smaller than the other diagrams (note exponents in legend). 
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Discussion 

 The results of this simulation study highlight a number of important relationships and 

design principles that should be considered when optimizing a coil for energy efficiency.  The 

relationship between stimulator capacitance, charging voltage, and output strength clearly 

indicates that the maximum possible charging voltage should be used for any coil configuration.  

This is because while increases to charging voltage and capacitance both increase the output of the 

system, voltage changes do this by increasing the intensity of the stimulation while capacitance 

changes increase the pulse duration.  Due to the leaky capacitor model of the neuron, shorter pulse 

durations are always more energy efficient than long ones [13].  These results agree with multiple 

similar conclusions in the literature [1, 2, 13, 14]. 

 The optimization of coil radius is much more complex.  First of all, a larger radius involves 

a longer path length, which increases the resistance of the coil.  However, the coil resistance in the 

standard design (7.2 mΩ) is much smaller than the system resistance Ri (50 mΩ).  This means that 

in the standard design, coil resistance is not a significant source of resistive loss as compared to 

resistive losses in the stimulator, connector and cable.  Therefore, the effect of increasing the 

resistance with a larger radius is minimal. 

 Another effect of a larger radius is a larger inductance value of the coil.  This serves to 

increase the pulse length, which makes the stimulation pulse less efficient.  However, this larger 

inductance also means that a greater magnetic field is created, increasing the stimulation strength 

and reducing the required capacitance, which ends up making the pulse length shorter.  Finally, 

there is a complex relationship between the coupling of the magnetic field and the target region of 

the brain that depends heavily on the coil radius.  This relationship will produce an optimal radius 
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for a particular target depth [3].  The interaction of all of these factors determine the overall 

efficiency of the system for a particular radius, and the result will largely be determined by 

whichever factor happens to be dominant for a particular configuration. 

 The coil thickness, on the other hand, is much easier to analyze.  A thinner coil trades a 

higher resistance, and therefore greater resistive losses, for a current profile that is closer to the 

surface of the head.  As proven analytically in [4], current profiles that are as close as possible to 

the head surface will always be more energy efficient than those further away.  Intuitively, this 

makes sense, as moving any part of the current away from the head would increase the effective 

distance to the target.  Due to the interaction between these two effects, an optimal solution for 

energy efficiency exists where the extra losses due to the increased resistance are matched by the 

increase in strength due to the compressed current profile. 

 It is important to note that the optimal coil thickness will be heavily influenced by the 

resistance of the stimulator, connector and cable.  A high value of Ri will mean that the system 

will benefit more from better coupling of the magnetic field due to lower current requirements, 

while a low value of Ri will mean that the resistive losses in the coil will have a larger proportional 

effect.  Therefore, it is important to consider coil design constraints when choosing stimulator 

components. 

 One additional design constraint to consider when choosing a coil thickness is that the 

resistive losses in the coil contribute to coil heating, while the resistive losses in the stimulator, 

connector and cable do not.  The coil losses per pulse multiplied by the pulse frequency will 

determine the amount of heat that will need to be dissipated by the chosen cooling method.  Thinner 

wires will cause more heat to be generated (Table 1), and this design consideration will likely 

constrain coil thickness and other related parameters to a minimum value. 
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Table V-1: Resistive coil losses at various coil thickness values. 

Coil Thickness (cm) Coil Resistance (mΩ) Peak Current (A) Coil Losses (J) 

0.2 21.6 4423 63.2 

0.3 14.4 4363 39.8 

0.4 10.8 4407 30.1 

0.5 8.6 4485 24.8 

0.6 7.2 4586 21.7 

0.8 5.4 4815 18.0 

1.0 4.3 5062 16.1 

1.2 3.6 5338 15.2 

1.4 3.1 5633 14.8 

 

 The response of the system to changes in coil width seems straightforward; however, in 

reality there are many factors influencing this result.  On one hand, a narrower core reduces the 

cross-sectional area of the windings, and therefore increases the resistive losses in the same way 

as making the core thinner.  On the other hand, increasing the core width also serves to increase 

the effective radius of the coil. Thus, all of the same effects observed in relation to the coil radius 

will also apply.  This makes coil width a complicated property to optimize, as it combines the same 

interactions as these other two properties. 

 Similarly, the number of turns is also a difficult parameter to optimize.  As the number of 

turns increases within a constant volume, the cross-sectional area of the wire will decrease, the 

length of wire will increase, and the overall resistance will go up significantly.  However, the 

inductance will also increase which will reduce the overall current through the system, reducing 

resistive losses in the stimulator, connector and cable.  This tradeoff is similar to that encountered 

with coil thickness, and in a similar way the chosen design may also be constrained by coil heating 

considerations. 

 It is interesting to note that there is a local minimum of the output strength versus number 

of turns. The output strength of 7 turns is slightly less than that of both 6 and 8 turns (Figure 13). 
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There are many competing factors influencing the strength at this point. The cross-sectional area 

of the wires decreases with more turns, which decreases the overall output strength due to greater 

coil losses. The pulse length increases with more turns, causing a reduction in efficiency due to 

longer pulses. The higher inductance from more turns results in a much lower overall peak current, 

which reduces coil losses. However, the reason for this local minimum is that with very few turns 

the system has a set of conditions (short pulses and high losses) which causes the first phase of the 

biphasic pulse to create the peak stimulus. It is generally accepted that the peak stimulus occurs in 

the second phase, however, in extreme conditions such as this model with 7 or fewer turns, this is 

not the case. 

 Modifying the shape of the coil from round to square increases the overall efficiency of the 

system by a considerable amount.  This is a result of the fact that the wires in the center of the coil 

design are all parallel, and therefore produce a slightly larger local magnetic field.  In addition, the 

square design has a slightly longer wire length, which will impact the efficiency in a similar way 

as increasing the coil radius. 

 As predicted by previous studies [5, 15, 16], ferromagnetic cores were able to improve 

energy efficiency to a significant degree.  These designs trade additional losses in the core due to 

eddy currents for much lower overall currents due to improved inductance, which results in 

significantly less resistive loss in the coil and stimulator.  However, this increase in inductance 

also serves to lengthen the pulse duration, which reduces the efficiency of the pulse.  This can be 

compensated for by reducing the number of windings in the coil.  They also have the advantage of 

better coupling the coil to the brain by forcing most of the magnetic flux to go directly between 

the two coil surfaces rather than looping around the other edges of the coil.  On the other hand, 

they would also add considerable weight to the coil, and would be more expensive to manufacture. 
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 To understand some of the advantages that the partially optimized ferromagnetic core coil 

has over the standard coil design, it is useful to compare coil resistance, pulse length, and the 

distribution of losses between eddy currents, stimulator losses (represented by Ri), and coil losses 

(Table 2).  A few things become clear when analyzing this information.  First, despite the dramatic 

increase in coil resistance, the overall coil losses are lower in the ferromagnetic core designs than 

the air core design. This is because the ferromagnetic core designs have a much lower peak current, 

and in the case of the partially optimized design, a much shorter overall pulse length. The 

advantage of this reduction in overall current is even more apparent when looking at the stimulator 

losses, which go down by a factor of 5 between the air core coil and the partially optimized 

ferromagnetic design. The tradeoff for this improvement is that there are now eddy current losses 

in the ferromagnetic material; however, these losses are smaller than the gains that are achieved 

due to lower overall currents. It should be noted that the eddy current losses will be highly 

dependent on the overall volume of ferromagnetic material present, which is one of the reasons 

the partially optimized design performs better.  The reduced width of the coil allows the 

ferromagnetic material to cover a smaller radius, significantly reducing its volume. 

Table V-2: Resistive coil losses at various coil thickness values. 

Coil Type 

Coil 

Resistance 

Pulse 

Length 

Coil Losses (J) 

Eddy Stim. Coil Total 

Standard Figure-8 Air Core 7.2 mΩ 367 µs NA 150.7 21.7 171.3 

Unoptimized FM Core 9.2 mΩ 405 µs 67.9 44.5 8.2 120.6 

Partially Optimized FM Core 25.7 mΩ 255 µs 35.4 30.1 15.5 81.0 

 

 It should be pointed out that the initial ferromagnetic core examined here is not really a fair 

analysis of the potential of ferromagnetic core designs.  Since the standard coil model used in this 

study was based on a commercial air core, it has been optimized to perform well with the 
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assumption that the core is non-magnetic.  Simply inserting a ferromagnetic material into a near-

optimal design increases the inductance of the system to impractical levels, and therefore the result 

is a relatively inefficient design.  When reasonable changes were made to the coil design to bring 

it closer to an optimal configuration, the ferromagnetic core coil performed much better than the 

air core coil, with less than half the energy required to produce the same output. 

 Our model did not include losses in the ferromagnetic core due to hysteresis; however, it 

can easily be shown that this will have a negligible effect on the overall energy consumption.  

Commercial electrical steel datasheets list the total core loss (including hysteresis and eddy 

currents) when exited to 1.7 T at 50 Hz to be between 0.8 and 1.6 W/kg [17].  Therefore, an upper 

bound on the hysteresis loss for a single pulse is 32 mJ/kg.  Since the overall loss in the output 

matched, partially optimized ferromagnetic core coil is 81.0 J, the contribution from hysteresis 

will be negligible. 

Conclusion 

 This study presents several ways to optimize coil design for minimal energy consumption.  

It also presents a thorough discussion of how the various system and coil parameters influence 

efficiency.  The square core configuration is able to reduce energy consumption per pulse by 29.1% 

compared to that required by the standard coil design without increasing the initial charging 

voltage of the stimulator.  Alternatively, decreasing the width of the coil to 1.25 cm can reduce 

energy consumption by approximately 10.9%.  The ferromagnetic core coil is able to reduce power 

consumption by 29.6% in the initial configuration (which was similar to the air core coil); however, 

when a few coil parameters were changed to reduce the inductance and the cross-sectional area of 
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the windings, the ferromagnetic core coil required less than half the energy as compared to the 

standard coil. 

 The results presented here agree with the existing literature on a number of important points.  

The result that thinner coils which lie closer to the head are generally more efficient is consistent 

with the results from previous studies [1, 4].  The conclusion that square coils are more efficient 

than round coils is in agreement with previous comparisons of single-loop coils [1].  These results 

also agree with previous studies [5, 15, 16] which conclude that ferromagnetic materials are able 

to improve energy efficiency of stimulation.  While specific results for individual parameters differ 

due to differences in target depth, axonal model, efficiency metric, and system constraints, the 

generalizable results of this study are consistent with previous work in the field. 

 It may seem possible to combine the benefits from each of these optimizations; however, 

it should be noted that many of these optimizations are actually improving the system in the same 

way.  An important source of optimization is the fact the standard coil has a very high resistive 

loss in the stimulator (Ri), but relatively low resistive losses in the coil itself.  Therefore, by making 

changes to the coil thickness, coil width, or number of turns, the overall current can be reduced at 

the expense of increasing coil losses.  The problem of choosing a globally optimal coil design for 

a given stimulator is a complex one, which is beyond the scope of this paper.  This is because there 

are many interactions between the coil parameters, and there will be many local minima in the 

efficiency metric.  It should also be noted  that the specific graphs and gains reported here depend 

on the starting point chosen in the parameters of the standard coil design. 

 Overall, this study has shown that designs optimized for energy efficiency will likely use 

a square coil configuration with a ferromagnetic core.  Energy efficiency gains of at least a factor 

of two are be attainable. 
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Chapter VI – Conclusions 

Summary of Findings 

The review of literature for the treatment of Alzheimer’s disease using rTMS indicates that 

it is important to take into consideration the antidepressant effects of rTMS when evaluating study 

results. It is possible that in some cases the ability of rTMS to treat depression may be causing the 

observed cognitive improvements. We recommend that all future studies in this area take care to 

either exclude participants with severe depression, or to separate their results in the analysis. These 

measures will help ensure that any confounding factors are better understood. 

 In the pilot study of rTMS as a treatment for Alzheimer’s disease presented here, the results 

of the MOCA assessments indicate a statistically significant improvement in symptoms compared 

to sham treatment. These results are particularly encouraging for the “Early Stage” patients. The 

results peaked in the second and third weeks of treatment, and while the improvement was not 

significant on the fourth week of treatment, it was still noticeable. 

On the other hand, the ADAS-cog and RMBC scores did not show a significant 

improvement between real and sham treatments. It is possible that this was due to timing, since 

these tests were administered on the fourth week of treatment, after the MOCA scores had declined 

somewhat. In addition, these tests were not administered by the same assessor throughout the study; 

the assessor’s variability could be a contributing factor here. It is worth noting that while these 

assessments did not reach significance, both measures appeared to improve more with real 

treatment than with sham treatment. 
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The second stage of this study which followed 6 volunteers over a period of up to 19 

months was also promising, and hints at the possibility of affecting the progression of the disease 

over time.  While we did not have enough participants in this stage to do a statistical analysis, all 

six participants declined less than predicted when evaluated using the MOCA assessment, and four 

of them declined less than expected on the ADAS-cog assessment.  In addition, two of the six 

participants improved their MOCA scores over the course of the study. 

Overall, the results of the pilot study support the premise that rTMS may be effective as a 

treatment for the cognitive symptoms of Alzheimer’s disease, particularly at early stages of the 

disease. While the number of participants in this study is not enough to reach a definite conclusion, 

the results are promising. In addition, none of our participants showed an adverse effect due to 

rTMS treatment and all found it relatively easily to tolerate. 

The results of our operator exposure study indicate that the existing safety recommendation 

of 70 cm is far too conservative.  Our measurements indicate that ICNIRP guidelines are exceeded 

at a distance of 24.6 cm on the axis directly perpendicular to the coil plane (z axis in Figure IV-2).  

Approaching from within the plane of the coil (x or y axis in Figure IV-2) allows even closer 

distances. Additionally, we present an argument that the safety guidelines given by the ICNIRP 

should not apply to rTMS operators as they are concerned with acute sensations only and suggest 

no long-term health effects.  We conclude that allowing rTMS operators to hold the coil to ensure 

accurate treatment delivery is unlikely to cause any long term harm. 

Finally, the analysis of various rTMS coils with the goal of improving energy efficiency 

gave rise to many useful results. A large gain in efficiency come from using a square core 

configuration, which reduced energy requirements by 29.1% in our model as compared to a 

standard coil design. The ferromagnetic core coil improved efficiency by 29.6% when directly 
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substituted into the standard coil geometry; however, when minor changes were made to the 

winding geometry to accommodate the lower current and increased inductance of these coils, 

energy requirements were reduced to 47.3% of the standard air core coil. 

Recommendations for Future Work 

 The pilot study of rTMS as a treatment for Alzheimer’s disease is promising enough to 

merit further investigation.  In fact, a large clinical study has been funded and already begun which 

was mainly motivated by these positive results.  Hopefully, with a large number of volunteers 

completing a double-blind clinical study, the question of whether or not rTMS is effective at 

improving the lives of people with Alzheimer’s disease will be conclusively answered. 

 In addition, there is also merit in investigating alternative treatment protocols.  Most of the 

rTMS parameters such as pulse frequency, timing, and treatment schedule which were used in this 

study have been chosen to be consistent with other research in the field.  However, in the long run 

it would be very beneficial to investigate variations in these parameters to see if an improvement 

in treatment efficacy can be achieved.  Specifically, the effect of treatment dose (number of pulses 

per treatment session, as well as number and schedule of treatment sessions administered) would 

be very interesting.  Finally, it is possible that treatment of other brain regions than the DLPFC 

could be beneficial. 

 The long-term stage of the pilot study also suggests future investigation.  Recruiting a 

significant number of participants to take part in a multi-year study to observe decline rates with 

and without rTMS treatment would allow us to explore whether rTMS is truly able to affect the 

rate of progression of Alzheimer’s disease.  While the results of the pilot study are inconclusive, 
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any ability to modify disease progression would have a huge impact on the lives of people suffering 

from this disease. 

 There is also considerable work to be done on the question of operator exposure.  An 

obvious next step would be to measure induced electric fields around an existing commercial coil 

to verify the accuracy of the simulation.  To address the fundamental question even more directly, 

a number of volunteers could be recruited to hold the coil while performing treatments at various 

stimulation intensities, and their ability to perceive peripheral nerve stimulation could be assessed. 

 Also, to further investigate the need to manually hold the coil, a study could be performed 

to compare the accuracy of stimulation using various postures to the accuracy of stimulation using 

a mechanical arm.  Ideally, this would be done by both experienced and inexperienced operators, 

and with both healthy subjects and those that suffer from dementia. 

 The efficiency analysis presented here also suggests many avenues of future research.  First 

of all, although this manuscript thoroughly explored the design space for circular figure-8 coils, a 

similar analysis should be done for square coil configurations and especially for ferromagnetic 

core configurations.  In particular, it is likely that the efficiency impacts of geometrical parameters 

of the ferromagnetic core coil are different than that of the air core coil, primarily due to the impact 

of the eddy currents and their relationship to the pulse waveform and the size and geometry of the 

ferromagnetic core.  Also, there are additional design considerations specific to ferromagnetic 

cores, such as material choice, lamination direction and thickness, stacking factor, and core 

geometry. 

 Additionally, it would be interesting to compare standard figure-8 core configurations to 

other more exotic designs.  Such an analysis could include circular coils, eccentric coils, Hesed 
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coils (which have wires strictly parallel to the brain surface to improve depth of stimulation), 

cloverleaf coils, slinky coils, and butterfly coils.  While many of these coil types are unlikely to 

compete with a standard figure-8 coil on an efficiency metric (many of them are designed for depth 

or focality), it would be interesting to see how they compare in this area. 

Once the design considerations of square and ferromagnetic cores have been adequately 

studied, a true optimization exercise to identify a coil design which requires minimal energy to 

stimulate the brain should be undertaken.  Such a study would involve selecting an optimization 

algorithm to adequately search the complete design space for a globally local minimum energy.  

However, since the non-linear ferromagnetic core simulation requires considerable computational 

resources, such optimization would take a considerable amount of time if it were to include 

ferromagnetic cores. 

If an optimal coil design could be identified, constructing and testing a prototype would be 

a useful next step towards the development of a portable or home-based rTMS system. 

  



121 

 

Appendix A – Participant Information and Consent Form 

RESEARCH PARTICIPANT INFORMATION AND CONSENT FORM 

Title of Study: "Transcranial Magnetic Stimulation as a treatment for Alzheimer’s disease" 

Protocol Version: “Ver 2 – May 2013” 

 

Principal Investigator: “Dr. Zahra Moussavi, Biomedical Engineering, University of Manitoba, 204-474-7023 ” 

Co-Investigator: “Dr. Lena Galimova, Riverview Health Centre, Winnipeg, Canada” 

Co-Investigator: “Dr. Barry Campbell, Health Sciences Centre, Winnipeg, Canada” 

Sponsor: Natural Sciences and Engineering Research Council of Canada (NSERC) 

  

You are being asked to participate in a Clinical Trial (a human research study).  Please take your time to 
review this consent form and discuss any questions you may have with the study staff. You may take your 
time to make your decision about participating in this clinical trial and you may discuss it with your regular 
doctor, friends and family before you make your decision. This consent form may contain words that you 
do not understand. Please ask the study doctor or study staff to explain any words or information that 
you do not clearly understand. 

This cost of this study is supported by Natural Sciences and Engineering Research Council of Canada.  

 

Purpose of Study 

This research is being conducted to study whether rTMS (repetitive Transcranial Magnetic 
Stimulation) could be potentially used as a treatment for Alzheimer’s disease. rTMS is a technique 
that stimulates the brain by rapidly switching a magnetic field in a coil placed over your head.  
Prior to rTMS, single pulse TMS will be used to localize the specific brain region that we are 
interested in.  

Study Procedures 

Procedures for this study will include single pulse TMS, rTMS, and computer games.  If you agree 
to participate, you will be asked to participate in thirteen sessions; each treatment session lasts 
about 25 minutes but on the sessions with assessments (once/week) lasts approximately an hour.  
In the first session, you will be interviewed by a researcher associated with the study to assess 
your general health and aspects of your mood, anxiety, memory, personality traits, and your 
ability to carry out everyday activities.   

The treatment sessions are: 5 days/week for two weeks followed by 2 days a week for 1 week, 
followed by once a week for 1 week (total of 13 treatments), 4 weeks of no treatment and then 
another 13 sessions of treatment with the same pattern. One of these two sets of treatment will 
be sham and one will be real. You will be randomly assigned to sham-real or real-sham sets of 
treatment. The purpose of sham treatment is to investigate the placebo effect. During the rTMS 
application you may play a virtual reality navigational (VRN) game. The particular VRN game to 
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use is the “virtual house” in which you will navigate inside a square building and find a target 
room.  There will be clear instructions on how to play the game.  

Your cognitive improvement will be assessed at the beginning of each week and also at the end 
of the treatment with the additional assessments at 4 and 8 weeks after the final treatment 
session.  These assessments involve some questionnaires and games.  

The results of the study will be provided to you upon your request. 

Benefits 

This is a pilot study in finding a treatment for memory decline. We anticipate that you may 
experience a better memory after a period of treatment. Other possible benefits include 
contributing to a better understanding of brain activity. We cannot guarantee or promise that 
you will receive any benefits from this project. You will receive a $30 gift card as reimbursement 
for your transportation costs to participate in this study. 

Costs 

All clinic and professional fees, diagnostic and laboratory tests which will be performed as part 
of this study are provided at no cost to you. There will be no cost for the study treatment that 
you will receive. 

Risks and Discomforts 

There are no physical risks of performing the computer tasks. You may find some of the tasks dull 
or tiring.  The TMS procedure used in this study is considered to be of minimal risk to most people.  
There is however a risk of seizure from TMS in people with history of epilepsy or in people who 
have an increased risk of getting seizures.  If you or someone on your family has a history of 
seizure, you should not participate in this study.  You will be asked some questions regarding your 
or your family’s medical history and will be excluded from the study, if you have certain 
conditions.  Please respond completely and accurately to these questions for your safety.  Since 
the TMS device is an investigational instrument, there may be some other minor risks that are 
unknown. 

You may have a mild headache following rTMS.  This is believed to be due to muscle tension.  In 
the case of a headache you may take acetaminophen, which in all prior cases of headaches 
induced by rTMS, have promptly resolved the discomfort.  Eye, scalp and neck mild pain and 
toothaches are known as common, mild and temporary side effects of treatments. 

 

Confidentiality  

Information gathered in this research study may be published or presented in public forums; 
however your name and other identifying information will not be used or revealed. Medical 
records that contain your identity will be treated as confidential in accordance with the Personal 
Health Information Act of Manitoba.  Despite efforts to keep your personal information 
confidential, absolute confidentiality cannot be guaranteed. Your personal information may be 
disclosed if required by law. 
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The University of Manitoba Biomedical Research Ethics Board may review research-related 
records for quality assurance purposes.  All records will be kept in a locked secure area and only 
those persons identified will have access to these records.  If any of your medical/research 
records need to be copied to any of the above, your name and all identifying information will be 
removed.  No information revealing any personal information such as your name, address or 
telephone number will leave the Riverview Health Centre. In case of any publication of results of 
this study, information will be provided in such a way that you cannot be identified.   

 With your permission your Family Physician (GP) will be notified about your participation in this study. 

Voluntary Participation/Withdrawal From the Study 

Your decision to take part in this study is voluntary. You may refuse to participate or you may 
withdraw from the study at any time. Your decision not to participate or to withdraw from the 
study will not affect your other medical care at this site. If your study doctor feels that it is in your 
best interest to withdraw you from the study, your study doctor will remove you without your 
consent. 

We will tell you about any new information that may affect your health, welfare, or willingness 
to stay in this study. 

Results of the Project 

All participants have the option of receiving a lay summary of group findings.  If you wish to be 
informed of the results of this project, please inform the research staff at the time of your 
participation or you may contact the principle investigator of this study, Dr. Zahra Moussavi by 
email (Zahra.Moussavi@ad.umanitoba.ca). 

Questions 

If you require further information or if you have any problems concerning this project (for 
example, any side effects), you can contact the researchers Dr. Zahra Moussavi (474-7023). For 
questions about your rights as a research participant, you may contact the University of Manitoba 
Biomedical Research Ethics Board at 204-789-3389. 

Statement of Consent 

I have read this consent form. I have had the opportunity to discuss this research study with Dr. 
Zahra Moussavi and/or her study staff. I have had my questions answered by them in language I 
understand. The risks and benefits have been explained to me.  I believe that I have not been 
unduly influenced by any study team member to participate in the research study by any 
statement or implied statements.  Any relationship (such as employee, student or family member) 
I may have with the study team has not affected my decision to participate. I understand that I 
will be given a copy of this consent form after signing it. I understand that my participation in this 
clinical trial is voluntary and that I may choose to withdraw at any time. I freely agree to 
participate in this research study. 

I understand that information regarding my personal identity will be kept confidential, but that 
confidentiality is not guaranteed. I authorize the inspection of my medical records by the 
University of Manitoba Biomedical Research Ethics Board.   
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By signing this consent form, I have not waived any of the legal rights that I have as a participant 
in a research study. 

I agree to being contacted in relation to this study. Yes      No  

I agree to my family physician being notified of my participation in this study.  Yes     No  

Participant signature_________________________ Date ___________________ 

   (day/month/year) 

Participant printed name: ________________________     Date of Birth: _________________ 

 

Contact Number: ________________________      Email: ________________________________ 

In cases where a legal representative gives consent on behalf of participant: 

Legal representative’s signature ______________________Date _______________ 

                                                                                                     (day/month/year) 

Legal representative’s printed name: ______________________ 

 

********************************************************************************** 

The study coordinator Part 

I, the undersigned, have fully explained the relevant details of this research study to the participant named 
above and believe that the participant has understood and has knowingly given their consent 

Printed Name: _________________________ Date ___________________ 

   (day/month/year) 

Signature: ____________________________ 

 

Role in the study: ____________________________[This must be done by an authorized/qualified 
member of the research team i.e. investigator, study nurse, etc.] 

 

Relationship to study team members:__________________[eg. supervisor, teacher/professor or family 
member.] 

 

Assigned Code: _________________ 
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Appendix B – COMSOL Model Equations 

The starting points for the equations being solved in the magnetic fields interface of 

COMSOL’s AC/DC module are Ampère's circuital law (1) and Faraday's law of induction (2): 

∇ × 𝑩 =  𝜇0 (𝑱 +
𝜀0𝜕𝑬

𝜕𝑡
) (1) 

∇ × 𝑬 =  −
𝜕𝑩

𝜕𝑡
(2) 

In these equations, B is the magnetic field, J is the current density, and E is the electric 

field.  µ0 represents the permeability of free space and ε0 the permittivity of free space. Since the 

frequency of rTMS pulses is in the kHz range, the wavelength of the pulses is greater than 300 m, 

and the magnetostatic approximation can be used. This means that the second term on the left hand 

side of (1) can be disregarded: 

∇ × 𝑩 =  𝜇0𝑱 (3) 

If we only consider free currents (Jf) (ie, only macroscopic currents and not current from 

the magnetization of the material), we can rewrite equation (3) as: 

∇ × 𝑯 =  𝑱𝒇 (4) 

Where H is also the magnetic field, but without including the magnetization of the material.  

In free space, B and H are related by: 

𝑩 =  𝜇0𝑯 (5) 
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We can consider the current density Jf as being composed of two parts. Some portion of 

this current will be due to external sources (Je), and some portion of the current will be due to the 

electric fields (E) that are induced by equation (2). 

𝑱𝒇 =  𝑱𝒆 + 𝜎𝑬 (6)  

Here, σ represents the electrical conductivity of the material. Note that in the general case 

this will be anisotropic. In our model, the source of the external current Je will be the coil. 

We will now define two potentials, A and V, which we will call the magnetic vector 

potential and the electric potential respectively. The definitions for these potentials is as follows: 

𝑩 =  ∇ × 𝑨 (7) 

𝑬 =  −∇V −
𝜕𝑨

𝜕𝑡
(8) 

We can now substitute equation (6) and (8) into equation (4), giving: 

∇ × 𝑯 =  𝑱𝒆 +  𝜎(−∇V −
𝜕𝑨

𝜕𝑡
) (9) 

We must now define a relationship between B and H that is valid at all points in our model.  

In linear materials (ie, non-ferromagnetic materials), this relationship can be described as: 

𝑩 =  𝜇𝑯 (10) 

Where µ is the magnetic permeability of the material. In this case, we can use equations 

(7), (9) and (10) to produce: 

 𝜎∇V + 𝜎
𝜕𝑨

𝜕𝑡
+ ∇ × (

∇ × 𝑨

𝜇
) =  𝑱𝒆 (11) 
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In the more general case where the material is ferromagnetic, it is convenient to define the 

relationship between H and B as a function. The reason for this is that the permeability of the 

material will change as the magnetic field increases and the material approaches saturation. 

Therefore we define a function F(B) such that: 

𝑯 =  𝑭(𝑩) (12) 

This function will be material-dependent and will be, in general, anisotropic. In our model, 

we will use interpolated values from an experimentally derived table (see Appendix C) to define 

this function.  Please see Chapter 5 for a description of how anisotropy has been incorporated into 

this function. 

When using equation (12) in place of equation (10), equation (11) becomes: 

 𝜎∇V + 𝜎
𝜕𝑨

𝜕𝑡
+ ∇ × (𝑭(∇ × 𝑨)) =  𝑱𝒆 (13) 

Since we are assuming a low frequency model for our solution, we assume that there is no 

instantaneous buildup of charge anywhere in the model.  This means that me must enforce the 

requirement that: 

∇ ∙ 𝑱𝒇 =  0 (14) 

The meaning of this equation is that the free current flowing into every point must equal 

the free current flowing out of the point (zero divergence).  Substituting equations (6) and (8) into 

this gives: 

∇ ∙ (−𝜎∇V − 𝜎
𝜕𝑨

𝜕𝑡
+ 𝑱𝒆) =  0 (15) 
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There is one final simplification that can be made to the above equations.  The electric and 

magnetic potentials (A and V) are not uniquely defined by the physical fields, and can be changed 

through the use of a gauge transformation. This allows us to restrict the range of these values in 

such a way as to simplify our equations. It is possible to select a gauge such that V = 0, which 

means that only the magnetic vector potential A needs to be considered. Doing so reduces 

equations (11), (13), and (15) to: 

 𝜎
𝜕𝑨

𝜕𝑡
+ ∇ × (

∇ × 𝑨

𝜇
) =  𝑱𝒆 (16) 

 𝜎
𝜕𝑨

𝜕𝑡
+ ∇ × (𝑭(∇ × 𝑨)) =  𝑱𝒆 (17) 

∇ ∙ (−𝜎
𝜕𝑨

𝜕𝑡
+ 𝑱𝒆) =  0 (18) 

These equations can be solved by a finite element model for the magnetic vector potential 

A in terms of the input current Je for any point in the model.  Equations (16) and (18) are used for 

linear materials while equations (17) and (18) are used for non-linear materials. 
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Appendix C – Material Parameters 

The relevant electrical property of the model materials is the electrical conductivity, which 

is given in Table 1. The magnetic properties of all materials were assumed to be the same as free 

space (ie, relative permeability of 1), with the exception of the ferromagnetic electrical steel. For 

the electrical steel, the non-linear curve which was used for the relationship between H and B is 

shown in Figures 1 and 2. 

 

Table C-1: Electrical conductivities of model materials. 

Material Electrical Conductivity 

Air (linear models) 0.0001 S/m 

Air (non-linear, ferromagnetic core models)1 0.001 S/m 

Copper 5.998 x 107 S/m 

Bone 0.01 S/m [1] 

Brain 0.33 S/m [1] 

Operator Body Tissue 0.2 S/m [2] 

Electrical Steel 2083333.333 S/m [3] 

1 Please see explanation in Chapter 5 for while this value differs from other models. 
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Figure C-1: HB curve for electrical steel – full curve. [3] 
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Figure C-2: HB curve for electrical steel – non-saturated region only. [3] 

  

Please note that the anisotropic properties of the steel due to the laminations are not 

incorporated into these graphs.  The formulas used to modify the HB curve and the electrical 

conductivity to be anisotropic are given in Chapter 5. 
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