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ABSTRACT 

 

More than a decade has passed since theta burst stimulation (TBS) has been adapted in 

humans. TBS is a modified form of repetitive transcranial magnetic stimulation (rTMS) which 

has the ability to change cortical activity in humans. The rapid induction of modulatory 

effects of TBS has attracted its use both in research and clinical trials, and the vast majority 

of the studies have been conducted in the motor cortex. Despite its benefits, wide adoption 

of this technique in the treatment of various psychiatric disorders has been limited due to 

the lack of understanding of its effects when it is applied in brain regions such as the 

prefrontal cortex which are most relevant to the treatment of psychiatric disorders. 

Furthermore, little is known about the effect of different stimulation parameters in this 

cortical area. The broad aim of this thesis was to develop optimal methods of TBS 

application and to understand the mechanisms underlying TBS-induced changes in the 

prefrontal cortex. 

 

Five studies have been completed. The first study demonstrated the efficacy of TBS in 

changing corticospinal excitability in humans. Meta-analysis was performed to investigate 

the effects of two most commonly used TBS paradigms, intermittent and continuous TBS 

(iTBS and cTBS), in modulating motor evoked potentials (MEPs). Factors such as the number 

of pulses, frequency of stimulation and genetics contributed to the magnitude of the 

change. 
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Study two explored whether plastic changes following prefrontal application of TBS could be 

probed using concurrent TMS and electroencephalography (TMS-EEG). Single- and paired-

pulse paradigms were used to measure cortical reactivity and cortical inhibition, 

respectively, via TMS-evoked potentials (TEPs) and TMS-evoked oscillations. Short-term 

plastic changes such the change in amplitude of N100 and TMS-evoked theta power were 

observed, which validated the utility of TMS-EEG in tracking TBS-induced changes, 

particularly following iTBS. 

 

In study three, four and five, effects of different stimulation parameters of iTBS were 

investigated in the prefrontal cortex. These included intensity (study three), repeated 

application (study four) and frequency of iTBS (study five). Cortical reactivity was measured 

via TMS-EEG and working memory performance was used as a behavioural marker of 

neurophysiological changes.  

 

In study three, prominent changes were observed in TMS-evoked activity, particularly in 

N100, and the magnitude of the changes were dependent on the intensity of stimulation, 

whereby intermediate intensity (75% individual’s resting motor threshold (rMT)) resulted in 

the maximum increase rather than iTBS at 50% or 100% rMT. 

 

In study four, both single and repeated iTBS with 15-min interval demonstrated a significant 

change in N100 compared to sham stimulation. However, repeated iTBS did show any 

significant difference in TEPs or working memory performance compared to a single block of 
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iTBS, which could potentially be explained by the homeostatic mechanism in healthy 

individuals. 

 

Study five demonstrated the importance of the frequency of stimulation in determining the 

effect of iTBS in the prefrontal cortex. Two most commonly used methods of iTBS, bursts of 

30 Hz and 50 Hz at 5 – 6 Hz, were compared with individualised frequency of stimulation 

developed via theta-gamma coupling during a memory task. Largest change in TMS-evoked 

activity, P60 in particular, was found following individualised iTBS, whereas conventional 

methods resulted in a large inter-individual variability. The neurophysiological changes 

showed close association to the behavioural correlate and mood changes, which 

demonstrated its potential use in both research and clinical trials. 

 

This thesis describes the detailed investigation of TBS in order to optimise its use in the 

prefrontal cortex of healthy subjects. The findings demonstrate that TBS is able to exert 

plastic changes in the prefrontal cortex measured via TMS-EEG, and parameters of 

stimulation such as intensity and frequency of stimulation are important factors 

determining the magnitude of the neurophysiological changes. Moreover, TBS-induced 

changes assessed using TMS-EEG provide insight into the mechanisms of TBS in the 

prefrontal cortex. These findings have significant implications for the development of a 

more robust TBS protocol and our knowledge of the impact of different stimulation 

parameters in the prefrontal cortex which may facilitate a widespread use of TBS in clinical 

settings. 
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CHAPTER ONE 

General introduction and overview 

 

Introduction 

 

The human brain has the capacity to change both structurally and functionally in response 

to environmental demands. This adaptation, often termed neuroplasticity, involves activity-

dependent changes in strength or efficacy of pre-existing synaptic connections, and plays an 

important role in early development of neural circuits and encoding of new information 

(Citri and Malenka, 2008). Impairments in the mechanisms involved in neuroplastic 

processes can result in a wide variety of neuropsychiatric disorders (Pittenger, 2013). For 

these reasons, a large body of research has focused on elucidating the mechanisms 

underlying physiologically relevant synaptic plasticity both in animal and humans (Hara, 

2015; Johansson, 2011; Kolb and Whishaw, 1998; Ohl and Scheich, 2005; Voss et al., 2013). 

In humans, brain plasticity can be explored relatively safely using non-invasive brain 

stimulation (NIBS) techniques (Bashir et al., 2014).  

Over the last two decades, much progress has been made in the understanding of human 

brain function and dysfunction using NIBS. NIBS can be used as an investigative tool to 

explore behavioural correlates of neurophysiological changes following stimulation. For 

example, NIBS is used to understand the mechanisms underlying cognitive functions by 

inducing changes in the activity of a specific region of the brain which may result in altered 

behavioural task performance such as in working memory (Miniussi and Ruzzoli, 2013). In 
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addition, it can also act as a therapeutic tool in a number of neurological and psychiatric 

disorders characterised by brain network dysfunction (Rossini and Rossi, 2007).  

The most commonly used forms of NIBS are transcranial magnetic stimulation (TMS) and 

transcranial direct current stimulation (tDCS). By stimulating the brain through the intact 

scalp, these techniques can generate temporary changes in the neural activity in the 

targeted region and in the distant interconnected network throughout the brain (Liew et al., 

2014). In particular, TMS uses an electromagnetic induction to produce weak electric 

currents via rapid changes in magnetic field and triggers depolarisation of the neurons 

under the coil. When TMS is applied repetitively (repetitive TMS: rTMS), the excitability of 

stimulated cortical region can be altered, outlasting the duration of the stimulation (Maeda 

et al., 2000). This characteristic is particularly beneficial from a clinical perspective. Hence, 

rTMS is being extensively investigated for the treatment of psychiatric disorders and has 

been approved in the treatment of depression (George et al., 2013; Padberg and George, 

2009), where prefrontal cortex is the main target for treatment. Recently, a modified form 

of rTMS known as theta-burst stimulation (TBS) has been investigated as a potential 

therapeutic tool (Duprat et al., 2016; Li et al., 2014) owing to its rapid induction of plastic 

changes compared to conventional rTMS (Huang et al., 2005). However, the vast majority of 

studies exploring the effects of TBS have been conducted in the motor cortex, and its effect 

is largely unexplored in the prefrontal cortex where the physiological effects of stimulation 

may not be the same. The investigation into physiological effects of brain stimulation in 

non-motor regions has recently become viable by combining TMS with 

electroencephalography (TMS-EEG) (Ilmoniemi and Kicic, 2010). With the help of this 

technique, it is possible to systematically explore the effect of TBS in the prefrontal cortex. 
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Establishing the optimal TBS parameters for prefrontal stimulation would facilitate the 

transition of TBS into clinical settings. 

 

 

Thesis overview 

 

This thesis consists of 12 chapters including seven manuscripts (four published, three in 

submission). In chapter 1, a brief introduction and overview of the thesis are provided. 

 

Chapter 2 presents an overview of the background on TMS, TBS and TMS-EEG. 

  

Chapter 3 is a published review on the use of TBS as a potential treatment for depression. In 

this review, the effectiveness of current treatment strategies for depression is discussed and 

the use of TMS in clinical settings is introduced. The effects of TBS both in motor and non-

motor region, and the mechanisms involved in this technique are presented. Finally, the 

insights gained from recent studies of TBS in depression for the viability and safety of the 

method in clinical settings are discussed. 

 

Chapter 4 contains a second published review on the use of TMS-EEG as a tool to measure 

neuromodulatory changes induced by different brain stimulation techniques. In this review, 

the four most commonly used neuromodulatory techniques are introduced. How cortical 

properties can be assessed using TMS-EEG and how these measures complement the 
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information gained from MEPs are then outlined. Finally, the existing studies that have used 

this technique to assess changes in cortical properties resulting from neuromodulatory 

paradigms both in motor and non-motor regions are reviewed. 

 

Chapter 5 contains a brief introduction to working memory and its use as a behavioural 

marker. 

 

Chapter 6 contains the summary of literature review, research objectives and aims of the 

study. 

 

Chapter 7 contains a published systematic review and meta-analysis on the use of TBS in 

changing corticospinal excitability in humans. In this paper, the efficacy of two most 

commonly used TBS paradigms (iTBS and cTBS) in altering corticospinal excitability, short-

interval intracortical inhibition (SICI) and intracortical facilitation (ICF) in the motor cortex 

are evaluated. The presence of publication bias is also examined. Finally, factors affecting 

the after-effects of TBS, such as stimulation parameters and genetics are discussed.  

 

Chapter 8 contains the first published empirical paper which demonstrates TBS-induced 

plasticity in the left dorsolateral prefrontal cortex using TMS-EEG technique. In this paper, 

the effects of iTBS and cTBS are examined in the DLPFC using single- and paired-pulse 

paradigms. The change in cortical plastic is measured via TMS-evoked potentials, 

particularly in N100, and TMS-evoked oscillations. The utility of TMS-EEG in tracking TBS-
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induced changes in DLPFC is discussed, together with a potential link between TMS-evoked 

N100 and cortical inhibition. 

 

In Chapter 9, a second published paper presents the impact of different intensities of iTBS 

on cortical properties using TMS-EEG. In this paper, the importance of the intensity of 

prefrontal iTBS is demonstrated using three different intensities, 50%, 75% and 100% of 

individuals’ resting motor threshold. The effect of iTBS on the working memory performance 

is also examined, and whether the intensity of iTBS has any effect on the behavioural 

outcome. Finally, potential clinical implications are discussed. 

 

In Chapter 10, a third accepted manuscript, describes the effect of single and repeated 

application of left prefrontal iTBS. The change in cortical reactivity measured via TMS-EEG is 

compared to investigate whether a greater effect is achieved by a repeated stimulation. 

iTBS-induced change in the working memory task is also examined for the presence of any 

linear accumulative behavioural effect. Finally, the link between neurophysiological and 

behavioural changes are discussed. 

 

Chapter 11 contains the final empirical paper, currently in submission, which compares 

individualised frequency of stimulation to two most commonly used iTBS methods (30 Hz 

and 50 Hz). In this study, the individualised frequency of stimulation is determined by theta-

gamma coupling during a memory task. Neurophysiological changes are obtained via TMS-

EEG and mood rating is compared between conditions. The working memory performance is 



 

6 

 

employed as a potential behavioural marker of neurophysiological changes following iTBS. 

The benefit of a more tailored stimulation is discussed. 

 

Chapter 12 contains the summary of the experimental chapters and the implications of the 

results. In addition, limitations and future directions are included in this section. The thesis 

closes with a brief conclusion. 

  



 

7 

 

CHAPTER TWO 

Overview of brain stimulation 

 

Non-invasive brain stimulation (NIBS) 

 

The past decade has seen remarkable progress in our understanding of human brain using 

NIBS techniques, particularly in elucidating the neural mechanisms underlying cortical 

reorganisation and establishing the link between synaptic plasticity and behaviour. 

Providing an effective means of modulating brain activity at local and distributed networks, 

NIBS allows the control of neural activity in a semi-controlled manner (Wagner et al., 2007). 

There is evidence suggesting that NIBS is capable of altering brain activity in a beneficial way 

both in healthy and neuropsychiatric populations, enhancing cognitive function and acting 

as a therapeutic agent for patients (Clark and Parasuraman, 2014; Fitzgerald et al., 2002a; 

Miniussi et al., 2008; Vicario and Nitsche, 2013). However, more recent studies have 

revealed large neurophysiological and behavioural variability in response to NIBS (Hamada 

et al., 2013; Hinder et al., 2014; Hordacre et al., 2017; Lopez-Alonso et al., 2014; Strube et 

al., 2015; Vallence et al., 2015), contradicting early robust findings. In addition, the 

mechanism of its effects on brain activity remains incompletely understood. The rapid 

increase in the interest and the demand of these techniques have surpassed our knowledge 

about NIBS, leaving a large gap in our understanding of basic mechanisms of action, and 

thus delaying the progress in more effective stimulation methods. 
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Transcranial magnetic stimulation 

 

The first report of stimulating the human cerebral cortex through intact scalp was in 1980 

(Merton and Morton, 1980) using transcranial electrical stimulation. However, the wide use 

of this technique was limited due to the pain elicited by the stimulation. In 1985, Barker and 

colleagues introduced an alternative method known as transcranial magnetic stimulation 

(TMS) (Barker et al., 1985). TMS relies on the principle of electromagnetic induction that 

was proposed by Michael Faraday in 1832 (Faraday, 1832). Using an insulated coil of wire 

placed over the scalp, a brief electric current (110 µs) is passed through the coil which 

induces a time-varying magnetic field of approximately 1 – 4 tesla in strength with a 

duration of approximately 1 ms (Wagner et al., 2007). Due to the low impedance property 

of the skull to magnetic fields, these pass through the skull and induce eddy currents in the 

brain. The capacity of this current to have an impact on the underlying nerve cells depends 

on the amplitude, direction and the duration of the current. It should be noted that the 

effect of TMS is achieved by the induced electric field, and not the direct effect of the 

applied magnetic field which acts only as a vehicle. By acting on the transmembrane 

potential, charges move across the neuronal membrane and when sufficient, these currents 

can depolarize cortical neurons and generate action potentials (Siebner and Rothwell, 

2003).  

The focal point of activation is in the area of the brain where the induced electrical field is at 

its maximum (Thielscher and Kammer, 2004) which depends on the shape and design of the 

coil. Modelling including the conductive properties of tissue in the head has provided 

mapping of the induced electric field distributions generated by different types of coils that 

are commercially available (Deng et al., 2013; Epstein and Davey, 2002; Salinas et al., 2007), 
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and has shown that the ability to stimulate deeper brain regions can be obtained at the 

expense of wider electric field distribution (Deng et al., 2013). In general, figure-of-eight 

coils provide higher focality than circular coils which may activate neurons within 5 cm2 

(Deng et al., 2013). Due to higher impedance of grey matter compared to white matter and 

the exponential decay of the magnetic field over distance, electrical currents are weaker in 

subcortical structures of the brain, and therefore they are not activated by TMS (Klomjai et 

al., 2015).  

TMS can activate different types of neural elements which can generate a mixture of both 

excitatory and inhibitory effects both locally and in distant but interconnected regions of the 

cortex (Siebner and Rothwell, 2003). TMS was originally developed as a diagnostic tool to 

study brain function, particularly in motor pathways (Keck et al., 1998). TMS preferentially 

activates horizontally aligned neurons that are parallel to the coil and the brain surface, 

which are believed to be cortical interneurons perpendicular to the central sulcus (Di 

Lazzaro et al., 1998). When applied to the motor cortex, TMS evokes descending volleys in 

the pyramidal tract which were observed via epidural recording from the spinal cord 

(Nakamura et al., 1996). The early volley is called a direct wave (D-wave) and subsequent 

volleys are called indirect waves (I-wave). The D-wave results from direct stimulation of 

pyramidal tract axons, while I-waves are caused by trans-synaptic activation of the same 

pyramidal tract neurons (Kernell and Chien-Ping, 1967). Depending on the orientation of the 

coil, the direction of the current and the intensity of the stimulation, TMS recruits different 

descending corticospinal waves, suggesting different populations of cortical neurons are 

activated (Di Lazzaro et al., 2001). The activation of motor neurons in response to 

corticospinal waves elicited by TMS can result in motor evoked potentials (MEPs) obtained 

from a relaxed hand muscle of the contralateral site (Rossini et al., 2015), and measuring the 
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amplitude and the latency of the evoked responses can be used to assess the excitability 

and transduction time of the corticospinal system. Such measures can act an index of 

corticospinal pathway dysfunction in patients with multiple sclerosis (Jones et al., 1991; 

Jorgensen et al., 2005), spinal cord injury (Ellaway et al., 2007; Raffaele, 2015) and stroke 

(Boniface, 2001; Cortes et al., 2012). Beyond the motor system, TMS is also used to 

investigate cognitive functions, such as attention (Rushworth and Taylor, 2006; Zaman, 

2016), learning (Baldassarre et al., 2016; Walsh et al., 1998) and memory (Gagnon et al., 

2011; Kirschen et al., 2006; Osaka et al., 2007). For example, a single-TMS pulse can 

temporarily disrupt the information processing of underlying cortex. Such transient ‘virtual 

lesion’ of a specific area of the cortex provides insight to brain – behaviour relationships in a 

non-invasive way (Pascual-Leone et al., 1999). TMS, therefore, has become widely adopted 

in the field of neuroscience.  

When TMS was first introduced in the 1980s, TMS machines were only able to trigger 1 

stimulus every ~4 s (~0.25 Hz) (Suppa et al., 2016). Advances in technology allowed for 

repetitive application of TMS at a higher frequency and conventional rTMS paradigms 

typically range from <1 Hz to 20 Hz (Caparelli et al., 2012; Filipovic et al., 2010; Li et al., 

2017). Depending on the length, intensity or frequency of stimulation, rTMS has been 

shown to transiently alter cortical excitability beyond the stimulation duration of up to 

approximately 60 mins (Iyer et al., 2003; Klomjai et al., 2015). The underlying mechanism of 

rTMS has been explained through animal studies of activity-dependent synaptic plasticity 

where repetitive electrical stimulation led to NMDA-receptor dependent long-term 

potentiation and depression (LTP/LTD; increase/decrease in synaptic strength) (Bliss and 

Lomo, 1973; Dudek and Bear, 1993). This unique property has led to a wide variety of 

applications of TMS in both research and potential new therapeutic areas (Fitzgerald et al., 
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2002a). In-depth investigation of neuroplasticity has become feasible in humans using TMS 

whereby neuroimaging techniques such as functional magnetic resonance imaging (fMRI) 

and electroencephalography (EEG) are measured before and after plasticity-inducing 

protocols, and the change in neural activity is quantified by assessing changes in the 

outcome measure. Such combination of rTMS with brain imaging techniques allows for the 

investigation of mechanisms underlying plasticity (Hallett, 1996a, b; Russmann et al., 2009) 

and provides additional information on the functional correlates to the plastic changes 

(Bestmann et al., 2003; Esser et al., 2006; Ferreri and Rossini, 2013; Roberts et al., 2010). 

Furthermore, behavioural changes can also be assessed following rTMS and these changes 

can be linked to the changes in neurophysiology (Cowey and Walsh, 2001; Pascual-Leone et 

al., 1999; Walsh and Cowey, 2000). 

In addition to experimental and diagnostic use, rTMS is utilised in clinical trials. From a 

therapeutic perspective, the long-lasting influences of rTMS on the brain is appealing 

because disorganised neural circuity is often observed in neurological and psychiatric 

disorders, which can lead to secondary dysfunction in synaptic strength (Kobayashi and 

Pascual-Leone, 2003; Machado et al., 2013; Paes et al., 2011). Over the last 15 years, a large 

number of studies have been conducted using rTMS in the treatment of disorders such as 

major depressive disorder and schizophrenia (George et al., 2010; Machado et al., 2013) 

where prefrontal cortex is the main target area. Early studies of the antidepressant efficacy 

of rTMS showed clear therapeutic benefits (Fitzgerald et al., 2006; Fitzgerald et al., 2003), 

and a series of meta-analyses corroborates the outcome of these studies (Gaynes et al., 

2014; Leggett et al., 2015; Schutter, 2009). The efficacy of rTMS treatment has also been 

supported by two large multisite studies, both of which demonstrated efficacy greater than 
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placebo. However, the overall response rates in these trials were modest (George et al., 

2010; O'Reardon et al., 2007b). 

Despite a large number of studies conducted with TMS in recent years, significant 

uncertainties remain about its mechanism of action. Although TMS pulses can directly excite 

neurons, different neuronal populations are thought to undergo depolarisation depending 

on the stimulation intensity (Siebner et al., 2009). Stimulation at lower intensities is believed 

to preferentially activate interneurons with indirect effects on projecting pyramidal 

neurons, whereas at higher intensities, direct depolarisation of these neurons is thought to 

occur (Reis et al., 2008). 

In addition, varying frequency of stimulation pulses can lead to different after-effects. For 

example, high-frequency rTMS (5 – 20 Hz) tends to increase cortical excitability (Pascual-

Leone et al., 1994) while low-frequency stimulation (~1 Hz) generally produces a reduction 

in cortical excitability (Chen et al., 1997). However, although these changes in cortical 

excitability can be observed at a group level, they are not always seen within individuals and 

instead, different rTMS frequencies can result in divergent modulatory effects on cortical 

excitability (Maeda et al., 2000). Such inter-individual variability may be a significant factor 

in limiting response to the therapeutic use of rTMS.  

 

Theta burst stimulation 

 

In response to some of these limitations, researchers have investigated more effective ways 

of modifying brain activity using TMS methods. Some of these approaches have attempted 

to replicate forms of stimulation that are believed to more closely mimic the way neurons 
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fire in animal models (Capocchi et al., 1992; Larson et al., 1986; Staubli and Lynch, 1987), 

known as theta burst stimulation (TBS). TBS adopts two characteristics of hippocampal 

physiology, one of which is the complex-spike discharges of the pyramidal neurons (Douglas 

and Goddard, 1975) and the other is the hippocampal excitability that is phase-locked to the 

theta rhythm (~6 Hz) (Rudell et al., 1980). The effect of high-frequency stimulation pattern 

mimicking the complex-discharges (a burst of 8 pulses at 400 Hz) alone induced an LTP in 

rats (Douglas, 1977; Douglas and Goddard, 1975), however with limited efficacy. When 

combined within a theta rhythm, however, these high-frequency bursts resulted in a robust 

and reliable LTP in the CA1 region of hippocampal slices (Larson et al., 1986). In animal 

studies, a four-pulse burst at 100 Hz was used to mimic the high-frequency discharges 

repeated every 5 Hz. The repetition frequency was found to be an important factor as 

frequencies lower or higher than 5 Hz resulted in less effective induction of LTP (Larson and 

Lynch, 1986). One of the possible mechanisms behind the frequency-dependent modulation 

is the multi-step induction mechanism (Larson and Munkacsy, 2015). A single burst of TBS is 

not able to induce LTP on its own due to the activation of both excitatory and inhibitory 

circuits, leading to no net effect. However, the first burst primes the subsequent burst that 

arrives 200 ms later and induces LTP. A feed-forward postsynaptic GABAB-mediated 

inhibition is activated following a burst that blocks excitatory postsynaptic potentials (EPSPs) 

evoked by the current burst and the subsequent burst within 100 – 150 ms. This feed-

forward inhibition also becomes suppressed after its own activation via GABAB 

autoreceptor-mediated disinhibition (Davies et al., 1990), termed disinhibition. The second 

burst at 200 ms is thought to evoke maximal postsynaptic depolarisation in the pyramidal 

neuron, as NMDA receptor activation at excitatory synapses is enhanced during this period 

of disinhibition (Davies and Collingridge, 1996). 
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In 2005, Huang and colleagues (Huang et al., 2005) adopted this technique in humans, using 

a slightly different pattern – pulses were applied in bursts of three at high frequency (50 Hz) 

with an inter-burst interval at low frequency (5 Hz) for a total number of 600 pulses. Two 

types of TBS have been developed which are now widely used. Intermittent TBS (iTBS) 

involves applying TBS in 2 s trains every 10 s and has been shown to have an LTP-like plastic 

effect up to about 15 mins. An opposite outcome (LTD-like effect) was obtained following 

continuous TBS (cTBS), which involves either 20 or 40 s of TBS without any interruption and 

the after-effect lasted up to 20 or 60 mins respectively (Huang et al., 2005). Since its first 

adaptation in humans, a large number of studies have used this technique and it is now 

generally accepted that iTBS increases excitability up to about 30 mins while cTBS decreases 

up to about 60 mins (Wischnewski and Schutter, 2015). However, more recent studies have 

shown substantial inter-subject variability (Hamada et al., 2013; Hinder et al., 2014; Lopez-

Alonso et al., 2014). In order to enhance the efficacy of TBS in the motor cortex, several 

studies have modified the parameter of stimulation such as intensity (McAllister et al., 

2009), number of pulses (Gamboa et al., 2011; Goldsworthy et al., 2012a) and frequency 

(Goldsworthy et al., 2012b; Wu et al., 2012a), however, with inconsistent results. These 

studies suggest that parameters of stimulation can impact the outcome of stimulation to a 

certain extent. One major difference between these TBS approaches and standard rTMS is in 

the duration of administration. A typical rTMS protocol takes between 20 and 45 min 

whereas these TBS paradigms can achieve similar results within 1 to 3 min (Huang et al., 

2005). TBS is also well-tolerated and does not appear to be associated with a significant rate 

of adverse events in healthy or patient populations (Chistyakov et al., 2010; Hong et al., 

2015; Oberman et al., 2011; Wu et al., 2012b). 
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Despite the emerging evidence for the potential value of TBS, its use has not yet 

substantially spread into clinical applications. One of the major reasons for this delay is that 

the vast majority of studies exploring the effects of TBS have been conducted in the motor 

cortex. However, the treatment of disorders such as depression involves stimulation of the 

prefrontal cortex where the physiological effects of stimulation may not be the same. It is, 

therefore, important to systematically explore the effects of TBS applied to non-motor brain 

region to try and better establish the basis for clinical applications of this technique.  In the 

next section, we review the clinical prospects of TMS and TBS in detail.  
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CHAPTER THREE 

TMS, TBS and depression 

 

Chung SW, Hoy KE, Fitzgerald PB. 2015a. Theta-burst stimulation: a new form of TMS 

treatment for depression? Depression & Anxiety. 32(3):182-92. 

 

Preamble to review paper 

 

The following published paper provides a review of theta burst stimulation as a potential 

treatment for depression. This review provides an overview of TMS and TBS, and the 

neurobiological mechanisms including long-term potentiation and depression (LTP/LTD) – 

like processes as well as the involvement of GABAergic inhibitory transmission. In addition, 

the use of TBS in treating major depressive disorder and its safety are reviewed. 
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CHAPTER FOUR 

TMS-EEG and its utility in tracking neuromodulatory changes 

 

Chung SW, Rogasch NC, Hoy KE, Fitzgerald PB. 2015b. Measuring Brain Stimulation Induced 

Changes in Cortical Properties Using TMS-EEG. Brain Stimulation. 8(6):1010-20. 

 

Preamble to review paper 

 

In the previous chapter (Chapter 3), TBS and its potential use in the treatment of depression 

were introduced. The constraints in the wide use of this technique in clinical settings are 

due in part to the limited knowledge of the effect of TBS in the prefrontal cortex. Advances 

in methodological techniques, such as TMS-EEG, have recently allowed for in-depth 

exploration of the effect of NIBS in non-motor brain regions. In the following published 

review paper, an overview is provided of the cortical properties that can be assessed using 

TMS-EEG. The review also discusses studies to date that have used this technique to probe 

the changes resulting from different neuromodulatory paradigms to examine the utility of 

the method and to predict anticipated outcomes. 
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CHAPTER FIVE 

Working memory as a behavioural marker 

 

Working memory has a close association with one’s ability to learn and perform complex 

cognitive tasks (Cowan et al., 2005) and hence been regarded as an important part of 

cognitive processing. Working memory refers to temporary storage of information while 

simultaneously manipulating and processing the same or other input prior to the execution 

of cognitive decision (Baddeley, 2010). The effectiveness of working memory is affected by 

cognitive load and/or distraction which ultimately can lead to loss of information due to the 

limitation in its capacity (Jeneson and Squire, 2012). The n-back task is one of many 

measurements of working memory which requires participants to respond to stimuli that 

have been presented n trials earlier (Meule, 2017).  

Evidence suggests that NIBS is able to increase the activity of DLPFC and consequently 

improve working memory performance (Pascual-Leone A., 2012). Such improvement has 

been observed in healthy subjects (Fregni et al., 2005; Hoy et al., 2016; Zaehle et al., 2011) 

as well as in clinical populations (Birba et al., 2017; Tortella et al., 2014). A recent meta-

analysis supports these findings and demonstrated superior improvement in clinical cohorts 

compared to healthy individuals (Brunoni and Vanderhasselt, 2014). More recently, there 

has been a growing interest in using TBS as a cognitive enhancer (Demeter, 2016a) and a 

limited number of studies have shown modulation of working memory performance 

following TBS (Hoy et al., 2016; Schicktanz et al., 2015). In addition, these studies provided a 

strong rationale in measuring neurophysiological changes as a behavioural correlate.  
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Neuroimaging studies have shown that the frontal and parietal cortical regions are activated 

during the n-back task (Jansma et al., 2000; Jonides et al., 1993; Owen et al., 2005) and the 

magnitude of the activation is associated with the memory load (Braver et al., 1997). The 

use of EEG allows for the measurement of spectral characteristics of n-back task 

performance (Gevins et al., 1997). For example, midline frontal theta (5 – 7 Hz) frequency 

increases with increasing task load, which is related to attention and sustained 

concentration (Miyata et al., 2015). Therefore, the performance measures during the n-back 

task, such as accuracy and accurate reaction time, can be utilised as behavioural markers of 

neurophysiological changes. 
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CHAPTER SIX 

Objectives and aims 

 

Summary of the literature review 

 

In summary, NIBS provides an exciting opportunity to investigate neurophysiological 

applications in humans. In particular, TBS is a promising method of neuromodulatory 

stimulation which may be applicable to a wide variety of psychiatric and neurological 

disorders. Its application is highly rapid and efficient compared to conventional rTMS 

protocols. However, optimal methods of producing cortical after-effects in the prefrontal 

brain regions have not been well defined. Combining neuroimaging techniques with TMS 

has allowed researchers to probe cortical activity beyond the motor area. TMS-EEG studies 

have shown changes in cortical responses to different NIBS techniques. 

 

Research objectives 

 

In the current study, TMS-EEG methods are primarily used to study the responses to a 

variety of modifications of TBS paradigms and to identify optimal ways of application in the 

prefrontal cortex. Elucidating the neurobiological effects of TBS and the impact of different 

stimulation parameters would ultimately improve the protocols for illnesses such as 

depression. In addition to neurophysiological changes, cognitive assessments are conducted 

as a secondary measure acting as a behavioural marker because cognitive impairment is one 

of the key endophenotypes observed in patients with major depression (Hasler et al., 2004). 
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Study aims 

 

The goal of this thesis was to better understand the mechanisms of TBS in the prefrontal 

cortex and to identify optimal stimulation parameters for changing the activity in this brain 

region. To achieve these goals, five specific aims were developed: 

 

Aim 1 was to evaluate the efficacy of TBS in altering corticospinal excitability, and to identify 

potential stimulation parameters to be investigated in the prefrontal cortex. 

Aim 2 was to explore the utility of TMS-EEG in tracking plasticity changes following TBS in 

the prefrontal cortex. 

Aim 3: Having established the validity of the method, the third aim was to examine the 

effects of different stimulation intensities of iTBS in the prefrontal cortex. 

Aim 4 was to examine the effects of repeated application of prefrontal iTBS. 

Aim 5 was to examine the effects of frequency of iTBS in the prefrontal cortex. 

 

To achieve these aims, five studies have been completed: 

1. A detailed examination of the effects of iTBS and cTBS on the corticospinal 

excitability and inhibition, and identification of parameters affecting the after-effects 

such the frequency and the number of pulses of stimulation. 

2. A validation of TMS-EEG as a method of tracking TBS-induced changes in the 

reactivity of prefrontal cortex of healthy individuals via TMS-evoked potentials (TEPs) 

and TMS-evoked oscillations, and establishment of indices of measurement. 
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3. A comparison of different stimulation intensities of iTBS to determine the optimal 

stimulation intensity and to be used in subsequent studies. iTBS-induced changes 

were assessed using TMS-EEG and working memory performance in healthy 

individuals. 

4. A comparison between single and repeated application of iTBS on TMS-EEG and 

working memory performance outcomes in healthy individuals. 

5. A comparison between the two most commonly applied stimulation methods (30 Hz 

and 50 Hz) and a new method for individualising the frequency of iTBS in the 

prefrontal cortex on TMS-EEG, mood and working memory performance outcomes 

in healthy individuals. 
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CHAPTER SEVEN 

Efficacy of TBS and factors affecting TBS-induced corticospinal excitability 

 

Chung SW, Hill AT, Rogasch NC, Hoy KE, Fitzgerald PB. 2016. Use of theta-burst stimulation 

in changing excitability of motor cortex: A systematic review and meta-analysis. 

Neuroscience & Biobehavioural Reviews. 63(4):43-64. 

 

Preamble to systematic review and meta-analysis 

 

As discussed in Chapter 4, TMS-EEG provides a direct measure of cortical properties via 

TMS-evoked potentials and oscillations. This technique is particularly useful in non-motor 

regions where direct physiological responses resulting from neural activation are not 

available. Furthermore, TMS-EEG allows researchers to probe plastic changes following 

neuromodulatory paradigms such as theta burst stimulation. Until recently, a vast majority 

of the studies investigating plasticity following TBS has been conducted in the motor cortex 

due to technical limitations. Even though TBS has shown great promise in modulating 

corticospinal excitability in human since its first induction in 2005 (Huang et al., 2005), 

recent studies with larger sample sizes have shown substantial variability in response to TBS 

(Hamada et al., 2013; Hinder et al., 2014). In order to enhance the effect of TBS, several 

studies have identified beneficial modifications in stimulation parameters such as the 

frequency at which pulses are given (Goldsworthy et al., 2012b) and repeated applications 

of the standard TBS protocols following gaps of 10 – 15 mins (Goldsworthy et al., 2012a; 

Nettekoven et al., 2014). However, the current literature lacks a systematic and collective 
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comparison of the after-effects of TBS in regards to different stimulation parameters. In this 

published paper, overall effects of iTBS and cTBS in altering corticospinal excitability were 

evaluated. In addition, subgroup analyses were conducted on the impact of variables such 

as stimulation parameters and genetics. A detailed examination of publication bias, a 

suggestive sign of overestimated effects of TBS in the literature was also provided. 
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CHAPTER EIGHT 

Effects of TBS in the prefrontal cortex 

 

Chung SW, Lewis BP, Rogasch NC, Saeki T, Thomson RH, Hoy KE, Bailey NW, Fitzgerald PB. 

2017. Demonstration of short-term plasticity in the dorsolateral prefrontal cortex with theta 

burst stimulation: A TMS-EEG study. Clinical Neurophysiology. 128(7):1117-26. 

 

Preamble to empirical paper 

 

In Chapter 7, it was demonstrated that TBS has overall effects in changing corticospinal 

excitability, with iTBS increasing and cTBS decreasing the size of MEPs. Despite 

overestimated effect sizes in the literature, TBS does indeed have a modulatory capacity in 

the motor cortex. In addition, changes in stimulation parameters such as frequency of 

stimulation and repeated applications can result in more robust changes in MEPs. 

In the prefrontal cortex, the physiological measure such as MEPs is not available. The 

methods for directly assessing plastic changes following TBS in the prefrontal cortex has not 

been established, and therefore it was necessary to first investigate whether TMS-EEG could 

be utilised to measure TBS-induced changes prior to investing the effect of different 

stimulation parameters in this cortical region. A limited number of studies have investigated 

TBS-induced changes using TMS-EEG (Casula et al., 2016b; Harrington and Hammond-Tooke, 

2015; Vernet et al., 2013), however, none in the prefrontal region. Furthermore, these 

studies demonstrated inconsistent results partly due to differences in stimulation parameter 

and analysis method. The following chapter provides a detailed examination of cortical 
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reactivity and cortical inhibition following iTBS and cTBS over the left prefrontal cortex. 

Importantly, the evidence is provided on the utility of TMS-EEG as a tracking tool for 

modulatory changes following prefrontal TBS. This study also demonstrates polarity-specific 

changes of TBS in a similar manner observed in the motor cortex (Huang et al., 2005), 

establishing the indices of measurement for protocol optimisation. 
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CHAPTER NINE 

Effects of intensity of iTBS in the prefrontal cortex  

 

Chung SW, Rogasch NC, Hoy KE, Sullivan CM, Cash RFH, Fitzgerald PB. 2017. Impact of 

different intensities of intermittent theta burst stimulation on the cortical properties during 

TMS-EEG and working memory performance. 

 

Preamble to empirical paper 

 

Having established the utility of TMS-EEG in probing TBS-induced changes and the indices of 

measurement in the prefrontal cortex such as changes in TMS-evoked N100 and TMS-

evoked theta power, first optimisation of the stimulation protocol proceeded. Conventional 

method of applying TBS in the motor cortex uses intensity of 70 – 80% motor threshold 

(Goldsworthy et al., 2012a; Huang et al., 2005), and a vast majority of the studies has 

adopted this method of application (Chung et al., 2016; Wischnewski and Schutter, 2015). 

However, recent reports of the stimulation intensity used in prefrontal TBS for therapeutic 

intervention have varied quite substantially, some using sub-threshold intensities (Li et al., 

2014; Plewnia et al., 2014; Prasser et al., 2015) and others using supra-threshold (Bakker et 

al., 2015; Desmyter et al., 2016; Duprat et al., 2016). While the optimal intensity of 

stimulation in the prefrontal cortex remains unknown, it is an important factor to consider 

(Cardenas-Morales et al., 2010) as changing the intensity of the intervention could change 

the outcomes of stimulation. In the following paper, the effect of three different intensities 

of iTBS (50, 75 and 100% of individual resting motor threshold) was examined in the left 
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prefrontal cortex using TMS-EEG. In addition, the impact of these stimulation conditions on 

working memory performance and neural activity during working memory was explored. 

Measurement of improvement in working memory as a behavioural marker of stimulation. 

It was anticipated that the efficacy of iTBS would increase with increasing intensity which 

would be reflected in the N100 amplitude. In addition, TMS-evoked oscillations were 

examined in more detail by examining both total power and evoked power of activity. Total 

power of activity was computed via converting each epoch (TEPs / ERPs) into the frequency 

domain prior to averaging. Evoked activity, however, involved averaging the epochs prior to 

the conversion into the frequency domain. The rationale for the analysis was to explore 

whether changes in evoked (phase-locked) or induced (non phase-locked) oscillations were 

driving the changes in total power. iTBS was chosen as more robust changes were observed 

using TMS-EEG in the previous study (Chapter 8), and due to its beneficial effect on memory 

performance (Hoy et al., 2016) and in clinical settings (Duprat et al., 2016; Li et al., 2014). 
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Correlational analyses between ∆ gamma and ∆ TEPs 

A recent study using prefrontal-parietal paired associative stimulation (PAS) protocol demonstrated 

increased cortical responses to TMS-induced plastic effects in subjects with higher gamma power 

(Casula et al., 2016a), and we explored whether observed gamma power had any relationship with 

each peak of interest. Spearman’s rank correlation revealed significant correlations between ∆ 

gamma and ∆ P60 (T5: r = 0.353, p = 0.014) (Fig S2A) and ∆ N100 (T5: r = -0.347, p = 0.016; T30: r = -

0.326, p = 0.024) (Fig S1B & C), and between ∆ theta and ∆ P200 (T5: r = 0.597, p = 0.001) (Fig S1D), 

but not with ∆ N45 (all p > 0.05). These findings indicate increased amplitude of multiple peaks are 

associated with stronger oscillatory activity in either theta or gamma range. This is in agreement 

with previous findings for PAS, but also demonstrates the specificity to theta and gamma for iTBS. 

 

 

Figure S1. Correlation between iTBS-induced changes in TMS-evoked gamma power and TMS-

evoked potentials (TEPs) (A) P60 at T5, (B) N100 at T5 and (C) N100 at T30, and (D) between TMS-

evoked theta power and TEP P200.
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Neurophysiology of different working memory load  

Event-related potentials (ERPs) 

In order to establish the effect of memory load on the ERPs in our dataset, each task performed 

before iTBS (BL) was combined across sessions (n = 45) and the amplitude of ERPs during 2-back and 

3-back tasks were compared. Visual representations during 2-back and 3-back tasks resulted in a 

series of consistent negative [N100 (~90 ms) – associated with discrimination processing (Itier and 

Taylor, 2004); N200 (~215 ms) – attention and inhibition (Coull, 1998; Kopp et al., 1996)] and 

positive peaks [P150 (~145 ms) – associated with perceptual priming mechanism (Gosling et al., 

2016); P300 (~350 ms) – availability of processing resources (McEvoy et al., 1998)] at FCz electrode 

(Fig S2A). Cluster-based statistics across space revealed significant differences around these peaks 

[N100 (3-back < 2-back) over left fronto-temporal (p = 0.002) and right posterior sensors (p = 0.002); 

P150 (3-back > 2-back) over anterior (p = 0.0004) and posterior sensors (p = 0.002); N200 (3-back > 

2-back) over anterior (p = 0.002) and posterior sensors (p = 0.016); P300 (3-back < 2-back) over 

fronto-central sensors (p = 0.003)] (Fig S2A). 

 

Event-related oscillations 

To test if the power of these frequencies differed based on memory load, BL measures were again 

combined across sessions (n = 45) and the power of theta and gamma bands was compared 

between 2-back and 3-back task. As N-back task involves continuous mix of encoding, updating and 

maintaining of the letters, we divided each trial into two blocks – during letter presentation (50 – 

450 ms: encoding) and after letter presentation (550 – 950 ms: maintenance). 

During letter presentation, cluster-based permutation tests revealed an increase in theta power over 

left frontal sensors (p = 0.024), and in gamma power over frontal (p = 0.0004) and posterior sensors 

(p = 0.0004) in 3-back compared to 2-back conditions (Fig S2B). After letter presentation, more 

prominent increases were observed in theta power (p = 0.022, left frontal; p = 0.002, posterior) in 3-

back conditions, whereas less pronounced increases were also observed in gamma power (p = 0.030, 

right frontal; p = 0.038, left posterior) (Fig S2B). 
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Figure S2. Comparison of event-related potentials and oscillations between different memory loads 

during working memory tasks at baseline (BL). (A) Grand average ERP waveforms at FCz electrode 

and (B) differences in theta and gamma power between 2-back (blue) and 3-back (red) tasks before 

iTBS, with significant differences across the scalp illustrated in topoplots. Asterisks and ‘X’s on 

topoplots indicate significant clusters between comparisons (cluster-based statistics, *p < 0.01, Xp < 

0.05).
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CHAPTER TEN 

Effect of repeated application of iTBS in the prefrontal cortex  

 

Chung SW, Rogasch NC, Hoy KE, Fitzgerald PB. 2017. The effect of single and repeated 

prefrontal intermittent theta burst stimulation on cortical reactivity and working memory. 

 

Preamble to empirical paper 

 

The results from Chapter 9 provide the evidence that more may not always be better, with 

intermediate stimulation intensity of iTBS (75% resting motor threshold) showing the 

strongest physiological changes in the prefrontal cortex, and improved accurate reaction 

time in the 3-back task compared to sham stimulation. In particular, changes in TMS-evoked 

N100, TMS-evoked theta and gamma power were differentially modulated by the intensity 

of stimulation, supporting the results of the previous study (Chapter 8) that these indices 

are useful in determining the efficacy of stimulation. However, only a marginal differences 

in working memory performance was observed between active stimulation conditions 

possibly due to a ceiling effect in healthy individuals. Having established the optimal 

intensity of stimulation for the subsequent studies, second optimisation step of repeated 

application of iTBS followed. Studies in the motor cortex have demonstrated a more robust 

change in MEPs of TBS following repeated applications (cTBS (Goldsworthy et al., 2012a), 

iTBS (Nettekoven et al., 2014)), however, these findings have been contradicted by others 

(Gamboa et al., 2010; Murakami et al., 2012). In clinical settings, prefrontal TBS is often 

delivered in multiple blocks (Bakker et al., 2015; Desmyter et al., 2016; Duprat et al., 2016) 
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with the assumption that more pulses will lead to greater efficacy. A systematic comparison 

of single and repeated application of iTBS in the prefrontal cortex has not been conducted in 

either healthy or clinical population. In the following paper, the same method of measuring 

iTBS-induced changes in TMS-evoked activity and working memory performance was 

adopted as Chapter 9. It was predicted that the repeated application of iTBS would result in 

greater changes in the electrophysiological measures, particularly in N100 amplitude. It was 

also anticipated that such changes would lead to improved working memory performance 

surpassing sham and a single iTBS application. 
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Supplementary Material 

Methods 

1. EEG recording 

EEG was recorded using 48 TMS-compatible Ag/AgCl electrodes on a 64-channel EEG cap (AF3, AF4, 

F7, F5, F3, F1, Fz, F2, F4, F6, F8, FC5, FC3, FC1, FCz, FC2, FC4, FC6, T7, C5, C3, C1, Cz, C2, C4, C6, T8, 

CP5, CP3, CP1, CP2, CP4, CP6, P7, P5, P3, P1, Pz, P2, P4, P6, P8, PO3, POz, PO4, O1, Oz, O2), which 

were referenced to CPz and grounded to FPz. Electro-ocular activity was recorded by placing 

electrodes to left and right of each eye (outer canthus, referenced to each other), and one above 

and one below the left eye. EEG signals were amplified (1000 x) and low pass filtered (DC – 2000 Hz) 

using a high acquisition rate at 10,000 Hz (± 200 mV operating range) for TMS-EEG data, while EEG 

recordings during N-back task was filtered (0.05 – 200 Hz) and sampled at 1000 Hz with an operating 

window of ± 950 µV. Electrode impedance levels were regularly checked to maintain below 5 kΩ 

throughout the experiment. During single-pulse TMS, subjects listened to white noise through intra-

auricular earphones (Etymotic Research, ER3-14A, USA) to minimise the influence of the auditory 

processing of the TMS click. The level of the sound was adjusted individually until TMS click was 

sufficiently blocked. 

 

2. EEG data preprocessing 

Offline analyses of EEG data were performed using EEGLAB (Delorme and Makeig, 2004), FieldTrip 

(Oostenveld et al., 2011), TESA (Rogasch et al., 2017) and custom scripts on the MATLAB platform 

(R2015b, The MathWorks, USA).  

TMS-EEG data: Data were epoched around the TMS pulse (-1000 to 1000 ms) and baseline corrected 

(-500 to -50 ms). The large magnetic artefact from TMS pulse was removed and interpolated (-5 to 

10 ms), and data were concatenated across epochs from three time points (BL, T5, T30) to avoid bias 

in component rejection. Data were downsampled to 1000 Hz and were visually inspected for 

removal of epochs containing bursts of muscle activity and/or disconnected electrodes. An average 

of 48.9 ± 1.2 (range: 45 – 50) trials were included in SH+SH condition, 49.2 ± 1.2 (range: 44 – 50) 

trials in the SH+iTBS condition and 48.6 ± 2.8 (range: 34 – 50) trials in the iTBS+iTBS condition across 

each time point. An initial round of independent component analysis (FastICA, ‘tanh’ contrast) was 

used to remove the remainder of large muscle artefacts using semi-automated component 

classification algorithm (classified if the component was 8 times larger than mean absolute 
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amplitude across the entire epoch; tesa_compselect function) (Rogasch et al., 2017). Data were 

bandpass filtered between 1 and 80 Hz (Butterworth, second-order, zero-phase) and bandstop 

filtered between 48 and 52 Hz to remove 50 Hz line noise. The second round of FastICA was applied 

to the data to remove non-neural signals using TESA toolbox (Rogasch et al., 2017) such as eye blinks 

and saccades (mean absolute z scores of two electrodes larger than 2.5), muscle activity (high 

frequency power above 60% of total power) and other noise-related signals (one or more electrode 

with an absolute z score of 4).  

N-back EEG data: The use of appropriate high-pass filter (≤ 0.1 Hz) is important for slow components 

such as P300 in the ERP research (Duncan et al., 2009; Kappenman and Luck, 2010). It is also 

recommended that high-pass filter is applied to continuous EEG data (Tanner et al., 2015). However, 

the drift in 0.1 Hz filtered data is not favourable for ICA (Debener and De Vos, 2011). To address 

these issues, steps were taken for the analysis of EEG during the N-back task:  

1) All data (continuous) were bandpass filtered between 0.1 Hz and 80 Hz (Butterworth, second-

order, zero-phase), bandstop filtered between 48 and 52 Hz, epoched around the correctly encoded 

and maintained trials (-1450 to 1990 ms) and baseline corrected (-350 to -50 ms). Data were 

concatenated across epochs from three time points (BL, T15, T40) and two N-back tasks, and stored.  

2) The original data (continuous) were bandpass filtered between 1 Hz and 80 Hz, bandstop filtered, 

epoched, baseline corrected and concatenated as described in step 1. The data then underwent 

preprocessing as described for TMS-EEG data (Rejection of epochs and/or channels with excessive 

noise, only one round of FastICA for the removal of non-neural artefact).  

3) The ICA weight matrix and the information on the epoch and/or channel rejections from step 2 

were then applied to the data in step 1. 

The average number of trials included in each condition were: SH+SH = 68.7 ± 18.2 (range: 33 – 107) 

for 2-back, 74.8 ± 20.7 (range: 32 – 109) for 3-back; SH+iTBS = 70.8 ± 15.2 (range: 33 – 102) for 2-

back, 73.2 ± 19.9 (range: 29 – 105) for 3-back; and iTBS+iTBS = 69.5 ± 16.7 (range: 30 – 101) for 2-

back, 72.1 ± 20.8 (range: 31 – 110) for 3-back tasks. The large range is driven by four subjects, two of 

whom had below average performance while the other two subjects exhibited above average 

performance. 

For all EEG data (both TMS-EEG and the N-back EEG), any removed channels were interpolated and 

data were re-referenced to common average reference. Concatenated data were split into time 

point blocks (BL, T5 or T15, T30 or T40), and/or tasks (2-back, 3-back). Split epochs were then 

averaged for each condition/time point. 
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3. Source estimation 

To estimate the cortical sources underlying the peaks in the EEG sensor data, the depth-weighted 

minimum norm estimation (MNE) approach was applied using the Brainstorm software, which is 

documented and freely available for download online under the GNU general public licence 

(http://neuroimage.usc.edu/brainstorm/). Due to the unavailability of individual anatomical MRI 

scans, a template model (ICBM 152) from the software was used. The symmetric Boundary Element 

Method implemented in OpenMEEG software was used for the forward model, and dipole 

orientations were constrained to be normal to the cortex for the inverse model. 

 

4. Individual’s resting motor threshold  

Table S1. Individual’s resting motor threshold at each session (% maximum output of MagVentre 

stimulator) 

Subjects  SH+SH SH+iTBS iTBS+iTBS  Average (within-subject) SD 

S01  58 58 59  58.33 0.58 

S02  47 47 47  47 0 

S03  67 68 68  67.67 0.58 

S04  60 59 59  59.33 0.58 

S05  48 49 47  48 1 

S06  57 56 54  55.67 1.53 

S07  63 64 64  63.67 0.58 

S08  49 50 52  50.33 1.53 

S09  48 48 46  47.33 1.15 

S10  55 55 56  55.33 0.58 

S11  50 50 50  50 0 

S12  48 47 47  47.33 0.58 

S13  62 62 62  62 0 

S14  55 55 55  55 0 

S15  52 54 54  53.33 1.15 

S16  62 62 63  62.33 0.58 

S17  47 47 47  47 0 

S18  49 48 48  48.33 0.58 

        

Average (within-session)  54.28 54.39 54.33    

SD  6.5 6.6 6.9    
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2. Power analysis of ∆N100 and ∆P200 

A power analysis was performed on ∆N100 and ∆P200 to determine if the current study was 

powered to detect differences between stimulation conditions using G*Power software (Faul et al., 

2007). A large effect size was required for the detection of differences, which was not present in the 

comparison between active conditions (Fig S1).  

 

Figure S1. Power analysis on TMS-evoked (A) ∆N100 and (B) ∆P200 between intermittent theta-

burst stimulation (iTBS) conditions (SH+iTBS, iTBS+iTBS and SH+SH) at T5 and T30. Graphs are 

plotted using the average 3 fronto-central electrodes (FC1, FCz and FC2). 
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Figure S3 illustrates normalised data (∆ N100 and ∆ P200) for each subject. The majority of the subjects 

responded in one direction (i.e. increased amplitude) following active iTBS conditions whereas such specific 

directional change was not present in sham condition (Table S3). 

 

 

Figure S3. Normalised transcranial magnetic stimulation-evoked potential (TEPs) for each subject in each 

intermittent theta-burst stimulation (iTBS) condition (SH+iTBS, iTBS+iTBS and SH+SH) at T5 and T30. (A–C) ∆ 

N100 and (D-F) ∆ P200. Data averaged across subjects for (G) ∆ N100 and (H) ∆ P200. Error bars indicate 

standard error of the mean (SEM). Asterisks indicate significant differences (based on cluster-based 

permutation statistics described in Section 3.3). Graphs are plotted using the average 3 fronto-central 

electrodes (FC1, FCz and FC2). 

 

Table S3. Number of subjects (out of 18) in which TEPs increased/decreased relative to baseline. 

  N100    P200   

  SH+SH SH+iTBS iTBS+iTBS  SH+SH SH+iTBS iTBS+iTBS 
         

T5 ↑↑↑↑ 7 17 16  12 12 14 

 ↓↓↓↓ 11 1 2  6 6 4 
         

T30 ↑↑↑↑ 9 16 15  8 12 14 

 ↓↓↓↓ 9 2 3  10 6 4 

*Significant changes from baseline highlighted in bold
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5. Link between TMS-evoked activity and neurophysiology during the 3-back task 

Studies indicate an involvement of inhibitory mechanism in the TMS-evoked N100 (Chung et al., 

2017; Rogasch et al., 2015) and visual cognitive task-related N200 (Aron, 2007; Kopp et al., 1996; 

Sasaki et al., 1989), and therefore, correlation analysis was conducted between TMS-evoked ∆ N100 

and ERP ∆ N200 during 3-back task using the average of 3 fronto-central electrodes (FC1, FCz and 

FC2). These electrodes were close to the site of stimulation and commonly showed significant iTBS-

induced changes in two different measures. Pearson’s correlation revealed significant correlations 

between TMS-evoked ∆ N100 at and ERP ∆ N200 during 3-back task in SH+iTBS condition at both 

time points (Post 1, T5 for TEP, T15 for ERP – r = 0.663, p = 0.003; Post 2, T30 for TEP, T40 for ERP – r 

= 0.607, p = 0.008; Fig S5A). Only a trend towards significance was observed following iTBS+iTBS 

condition at Post 1 time point (r = 0.430, p = 0.075; Fig S5B), and no correlations in sham stimulation 

(Fig S5C). Positive correlations suggest that these peaks share similar mechanism which can be 

modulated by iTBS. 

 

 

Figure S5. Correlations between iTBS-induced changes in TMS-evoked N100 amplitude (TEP ∆ N100) 

and 3-back task related N200 amplitude (ERP ∆ 200) in (A) SH+iTBS, (B) iTBS+iTBS and (C) SH+SH 

conditions. Top rows: early time point (T5 for TMS-EEG, T15 for 3-back task), bottom rows: late time 

point (T30 for TMS-EEG, T40 for 3-back task). 
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6. Working memory performance following iTBS 

The effect of iTBS on working memory performance is shown in Table S4 measured via d’ (accuracy) 

and accurate reaction time (in ms). 

 

Table S4. Mean (SD) d’ and accurate reaction time (ms) of 2-back and 3-back after different 

stimulation conditions, and statistical tests. Asterisks (*) represent significant main effect. 

   2-back    3-back   

   BL  T15 T40  BL  T15 T40 

d’ (SD)         

 SH+SH  3.18 (0.92) 3.31 (0.89) 3.25 (1.05)  2.48 (1.02) 2.71 (1.14) 2.63 (1.01) 

 SH+iTBS  3.15 (0.87) 3.24 (0.94) 3.53 (0.84)  2.44 (1.03) 2.60 (0.96) 2.76 (1.02) 

 iTBS+iTBS  3.26 (1.07) 3.45 (0.88) 3.44 (0.87)  2.41 (0.98) 2.56 (1.01) 2.65 (1.10) 

Two-way 

ANOVA 

(3x3) 

 Condition Time Interaction  Condition Time Interaction 

 F2,34 = 0.648,  

p = 0.529 

F2,34 = 4.100,  

p = 0.025* 

F4,68 = 0.970,  

p = 0.430 

 F2,34 = 0.263,  

p = 0.770 

F2,34 = 5.375,  

p = 0.009* 

F4,64 = 0.606,  

p = 0.659 

          

Reaction  

time (SD) 

        

 SH+SH  473.07 (76.82) 459.75 (106.60) 482.16 (88.24)  514.95 (115.98) 530.93 (154.74) 515.02 (134.26) 

 SH+iTBS  477.84 (109.54) 463.47 (106.99) 465.55 (91.63)  514.07 (139.13) 522.27 (124.49) 526.23 (133.99) 

 iTBS+iTBS  473.45 (89.40) 466.43 (81.99) 477.02 (119.26)  506.74 (94.19) 543.04 (128.90) 515.93 (108.75) 

Two-way 

ANOVA 

(3x3) 

 Condition Time Interaction  Condition Time Interaction 

 F2,34 = 0.025,  

p = 0.975 

F2,32 = 0.762,  

p = 0.474 

F4,64 = 0.351,  

p = 0.482 

 F2,32 = 0.010,  

p = 0.990 

F2,32 = 1.304,  

p = 0.285 

F4,64 = 0.565,  

p = 0.689 

          

 

In light of recent meta-analysis of the working memory improvement with non-invasive brain 

stimulation of the dorsolateral prefrontal cortex (Brunoni and Vanderhasselt, 2014), we calculated 

Hedges’ g (Hedges, 1985) for the measure of effect size compared to sham stimulation in the change 

in d’ (∆ d’) in a similar manner to be comparable to the meta-analysis. We found a moderate size 

improvement in accuracy following SH+iTBS compared to sham stimulation only at T40 in both 2-

back and 3-back tasks. iTBS+iTBS condition showed a small size improvement, again only at T40 in 

both 2-back and 3-back tasks (Table S5). 
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Table S5. Effect sizes from comparison between active iTBS vs sham stimulation in accuracy (d’) 

  2-back ∆ d’  3-back  ∆ d’ 

  T15 T40  T15 T40 

SMD (95% CI) 

 

    

SH+iTBS  

vs SH+SH 

 -0.06 (-0.71  0.59) 0.48 (-0.18  1.15)  -0.11 (-0.76  0.55) 0.43 (-0.23  1.09) 

iTBS+iTBS  

vs SH+SH 

 0.13 (-0.53  0.78) 0.25 (-0.41  0.90)  -0.11 (-0.76  0.55) 0.18 (-0.48  0.83) 

 

 

7. Alertness level following iTBS 

 

We also examined if iTBS had any effect on attention via alertness rating (0: Alert – 10: Vague) (Table 

S6). One-way repeated measures ANOVA showed no significant main effect of condition (F2,34 = 

0.056, p = 0.946), time (F1,17 = 0.399, p = 0.536), nor interaction (F2,34 = 0.764, p = 0.474). We next 

explored if the alertness level had any influence on the working memory performance using 

correlational analyses between ∆ d’ and ∆ alertness. However, no relationship was observed in any 

condition at any time point (all p > 0.05). 

 

Table S6. Effect sizes from comparison between active iTBS vs sham stimulation in accuracy (d’) 

 

  0: Alert – 10: Vague 

 

 

  BL T40  

Alertness (SD) 

 

  

SH+SH  3.00 (2.32) 3.10 (2.33)  

SH+iTBS  3.09 (2.60) 2.74 (2.42)  

iTBS+iTBS  3.21 (1.96) 2.88 (2.63)  

 

 

 

 

8. The link between physiological changes and behavioural outcome 

To examine if above correlated physiological changes, namely iTBS-induced changes in TMS-evoked 

N100 (TEP ∆ N100) and 3-back task related N200 (ERP ∆ N200), had any influence in the 

improvement of accuracy during 3-back task, correlation analyses were performed against iTBS-

induced change in 3-back d’ with the same datasets used for TEP ∆ N100 and ERP ∆ N200 correlation 

(average of 3 fronto-central electrodes: FC1, FCz, FC2). Pearson’s correlation revealed significant 
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correlations between TEP ∆ N100 and 3-back ∆ d’ in the SH+iTBS condition at both time points (Post 

1, T5 for TEP, T15 for d’ – r = -0.495, p = 0.037; Post 2, T30 for TEP, T40 for d’ – r = -0.607, p = 0.008; 

Fig S6A). However, such correlations were not present in the iTBS+iTBS and SH+SH conditions at any 

time point (all p > 0.05; Fig S6B & S6C). Significant correlations found in the SH+iTBS condition 

indicate that increased TEP N100 amplitude may relate to improved accuracy in working memory 

performance following a single application of iTBS. 

 

Figure S6. Correlations between intermittent theta burst stimulation (iTBS)-induced changes in 

transcranial magnetic stimulation (TMS)-evoked N100 amplitude (TEP ∆ N100) and accuracy during 

3-back task (∆ d’) in (A) SH+iTBS (B) iTBS+iTBS and (C) SH+SH conditions. Top rows: early time point 

(T5 for TEP, T15 for the 3-back task), bottom rows: late time point (T30 for TEP, T40 for the 3-back 

task). 

 

Similar correlations were observed between ERP ∆ N200 and 3-back ∆ d’ in these stimulation 

conditions. There were significant correlations in SH+iTBS condition at both time points (Post 1, T15 

for ERP and d’ – r = -0.591, p = 0.010; Post 2, T40 for ERP and d’ – r = -0.515, p = 0.029; Fig S7A), but 

such correlations were absent in iTBS+iTBS or SH+SH condition (all p > 0.05; Fig S7B & S7C). Similarly, 

significant correlations found in SH+iTBS condition suggest that increased ERP N200 amplitude may 

predict improved accuracy in working memory performance following a single application of iTBS. 
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Figure S7. Correlations between intermittent theta burst stimulation (iTBS)-induced changes in 3-

back task related N200 amplitude (ERP ∆ 200)  and accuracy during 3-back task (∆ d’) in (A) SH+iTBS 

(B) iTBS+iTBS and (C) SH+SH conditions. Top rows: early time point (T15), bottom rows: late time 

point (T40). 
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CHAPTER ELEVEN 

Effects of frequency of iTBS in the prefrontal cortex  

 

Chung SW, Sullivan MC, Rogasch NC, Hoy KE, Bailey NW, Cash RFH, Fitzgerald PB. 2017. The 

effects of individualised intermittent theta burst stimulation in the prefrontal cortex: a TMS-

EEG study. 

 

Preamble to empirical paper 

 

In Chapter 10, repeated application of iTBS in the prefrontal cortex did not result in a linear 

accumulative effect in either the electrophysiological or behavioural measures. In addition, 

active stimulation conditions failed to outperform sham stimulation in working memory 

performance. Previous chapters showed a reliable and replicable electrophysiological metric 

of iTBS-induced changes in the prefrontal cortex such as TMS-evoked N100, however, 

effects of iTBS on working memory performance remained elusive.  

As shown in the meta-analysis of TBS in the motor cortex (Chapter 7), the most commonly 

used frequency setting for TBS is 50 Hz burst every 5 Hz, followed by a substantially smaller 

number of studies using 30 Hz burst at 5 – 6 Hz stimulation. While 30 Hz iTBS has shown a 

similar effect to 50 Hz stimulation in the motor cortex (Pedapati et al., 2015; Wu et al., 

2012a), a direct comparison has not been made. One study reported superiority of 30 Hz 

stimulation in a comparison study, however, it was done so using cTBS in the motor cortex 

(Goldsworthy et al., 2012b). In addition, the ‘one-size-fits-all’ approach may not be most 

optimal in plasticity induction, and more tailored approach may improve the efficacy of 
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stimulation. As such, a new method for determining individual iTBS frequencies was 

developed by measuring theta-gamma coupling during a working memory task in 

participants prior to iTBS. 

In the final empirical paper of this thesis, the effects of different frequency of iTBS (30/6 Hz, 

50/5Hz and individualised Hz) were compared using TMS-EEG and its impact on mood and 

working memory performance were investigated. It was hypothesised that individualised 

iTBS would result in the greatest change in TMS-evoked P60 and N100 amplitude, followed 

by 30Hz and 50 Hz. Improvement in mood and working memory performance were also 

anticipated in the same order.
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Abstract 

Introduction: Recent studies have highlighted neurophysiological and behavioural variability in 

response to theta burst stimulation (TBS) in humans. The TBS paradigm was originally developed in 

rodents to mimic gamma bursts coupled with theta rhythms, and was shown to elicit long-term 

potentiation. The protocol was subsequently adapted for humans using a standardised frequency of 

stimulation. However, each individual has different rhythmic firing pattern. The present study sought 

to explore whether individualised intermittent TBS (Ind iTBS) could outperform the 

neurophysiological and behavioural (mood and working memory) effects of two other iTBS variants.   

 

Methods: 20 healthy volunteers received iTBS over left prefrontal cortex using 30 Hz at 6 Hz, 50 Hz 

at 5 Hz, or individualised (Ind) frequency in separate sessions. Ind iTBS was determined using theta-

gamma coupling during the 3-back task. Concurrent use of transcranial magnetic stimulation and 

electroencephalography (TMS-EEG) was used to track changes in cortical plasticity. We also utilised 

mood ratings using a visual analogue scale and assessed working memory via the 3-back task before 

and after stimulation. 

 

Results: No group-level effect was observed following either 30 Hz or 50 Hz iTBS in TMS-EEG. Ind 

iTBS significantly increased the amplitude of the TMS-evoked P60, and decreased N100 and P200 

amplitudes. A significant positive correlation between neurophysiological change and change in 

mood rating was also observed. Improved accuracy in the 3-back task was observed following both 

50 Hz and Ind iTBS conditions. 

 

Conclusions: These findings highlight the critical importance of frequency in the parameter space of 

iTBS. Tailored stimulation parameters appears more efficacious than standard paradigms in 

neurophysiological and mood changes. This novel approach presents a promising option and 

benefits may extend to clinical applications. 

 

Keywords: Theta burst stimulation (TBS); theta-gamma coupling; TMS-EEG; prefrontal cortex; 

working memory; mood 
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1. Introduction 

Theta burst stimulation (TBS) is a modified form of repetitive transcranial magnetic stimulation 

(rTMS) which is able to modulate brain activity beyond the time of stimulation in humans (Huang et 

al., 2005). TBS was originally developed from the observation of patterned neuronal firing that 

occurred in rats during exploratory behaviour (Larson and Munkacsy, 2015). The stimulation pattern 

mimicking such bursts of neuronal firing, i.e. the combination of the complex-spike pattern (gamma 

frequency at 100 Hz) with a theta frequency (~5 Hz) repetition rate, resulted in robust long-term 

potentiation (LTP) in the hippocampal slices (Larson et al., 1986). This patterned stimulation protocol 

was adapted in humans using similar frequency parameters to animal models and has been widely 

used for over a decade. Typically, TBS in humans involves the application of high-frequency bursts (3 

pulses at 50Hz) at low-frequency interval (5 Hz) using a total of 600 pulses at 70 – 80% of 

active/resting motor threshold (a/rMT). When applied continuously (cTBS) for 40 s, TBS has shown 

to decrease corticospinal excitability measured via motor-evoked potentials (MEPs) for up to 60 

mins. When applied intermittently (iTBS; 2 s on, 8 s off) for 192 s, an opposite effect was observed 

up to 30 mins (Huang et al., 2005).  

Despite early reports of robust changes in the size of MEPs beyond the stimulation duration (Di 

Lazzaro et al., 2008; Huang et al., 2005), studies of TBS have shown large variability in recent years. 

Studies with larger sample sizes have shown no overall effects of TBS (Hamada et al., 2013; Lopez-

Alonso et al., 2014), and a recent meta-analysis has found evidence that the effect sizes in the 

literature may be overestimated (Chung et al., 2016). One possible reason for the large variability in 

responses to TBS may be due to the direct adaptation of the method used in the animal studies. The 

peak frequency of theta oscillations not only differs between rodents and humans (Jacobs, 2014; 

Watrous et al., 2013), but also between subjects and within subjects at different time points 

(Klimesch et al., 1996). Some studies have modified the frequency of TBS (30 Hz at 6 Hz) and found 

more robust effects in the motor region (Goldsworthy et al., 2012) and frontal eye fields (FEF)  
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(Nyffeler et al., 2006a, b). While it remains unknown which frequency is responsible for the 

enhanced outcome, targeting the centre frequency of the intrinsic rhythm, i.e. 6 Hz in theta (4 – 8 

Hz), may have played an important role. More recently, Brownjohn and colleagues (Brownjohn et al., 

2014) investigated whether applying TBS at individual theta peak would result in larger effects in the 

motor cortex, however, improved effects were not obtained compared to conventional TBS. It is 

possible that the interaction between modulating (theta) and modulated (gamma) signals is more 

important for improving the effect of TBS. The relationship between theta and gamma, also known 

as theta-gamma coupling (TGC), plays a key role in cognitive processing and communication 

between brain regions (Lisman, 2010; Lisman and Jensen, 2013; Schack et al., 2002; Tort et al., 

2009). In humans, TGC has been observed during working memory tasks in hippocampal intracranial 

(Chaieb et al., 2015) and electroencephalography (EEG) recordings (Friese et al., 2013; Koster et al., 

2014; Park et al., 2013). Given that the theta-gamma relationship is variable between subjects, TGC 

may hold the key to improving the effects of TBS using more physiologically derived parameters. 

The optimisation of TBS by tailoring the protocol at individual level would have potential clinical 

importance as TBS is increasingly being investigated as an alternative to conventional rTMS in 

various clinical populations due to its short application time and low intensity requirement 

(Desmyter et al., 2016; Prasser et al., 2015; Turriziani et al., 2012). The variability in 

neurophysiological and behavioural outcomes present therapeutic limitations, an obstacle that 

needs to be addressed. In particular, research should address this issue examining clinically relevant 

areas such as the prefrontal cortex, the focus of investigation for psychiatric and cognitive disorders. 

Advances in technology have facilitated the measurement of plastic changes following 

neuromodulation in non-motor regions using concurrent recording of TMS and EEG (TMS-EEG) 

(Casula et al., 2016; Chung et al., 2017a; Chung et al., 2015; Hill et al., 2017). Measuring TMS-evoked 

responses before and after neuromodulatory paradigms provides a metric of neural plasticity at the 

cortical level. For instance, a positive peak at a latency of 60 ms (P60) may provide a marker of 
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excitability in motor and prefrontal regions (Cash et al., 2017b; Hill et al., 2017), whereas a negative 

peak at a latency of 100 ms (N100) may be associated with inhibitory mechanisms [in motor regions 

(Bonnard et al., 2009; Premoli et al., 2014b; Rogasch et al., 2013a); in prefrontal regions (Chung et 

al., 2017a; Rogasch et al., 2015)]. Consequently, the balance in the relationship between the P60 and 

N100 has been proposed to relate to the balance of neural excitation and inhibition in humans 

(Noda et al., 2017c). 

In the present study, we investigated the effects of different frequencies of iTBS (30 Hz at 6 Hz, 50 Hz 

at 5 Hz and individualised frequency) on neurophysiological measures using TMS-EEG. We also 

measured mood on a visual analogue scale (VAS) and working memory performance via 3-back task 

following iTBS to investigate relationship between the neurobiological effects of iTBS and the change 

in behaviour. We hypothesized that individualised iTBS would produce the strongest change in P60 

and N100, followed by 30 Hz and 50 Hz stimulation. 
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1. Material and methods 

1.1. Participants 

Twenty right-handed healthy subjects (26.0 ± 9.2 years, 13 female) volunteered in the study. The 

average years of education were 16.5 ± 3.0 years. All participants were screened with Mini 

International Neuropsychiatric Interview to confirm no history of psychiatric illness (Sheehan et al., 

1998) and written informed consent was obtained prior to the experiment. Ethics approval for the 

study was obtained from the Alfred Hospital and Monash University Human Research and Ethics 

Committee. 

 

1.2. Procedure 

Figure 1 depicts the overview of the experimental design. Each participant attended 3 sessions 

(pseudorandomised) with each session at least 72 hours apart to avoid any potential carry-over 

effects. The experimental procedures comprised concurrent recording of EEG during 75 single TMS 

pulses at baseline (BL), 5-min post (T5) and 30-min post (T30) iTBS over the left prefrontal cortex. 

Volunteers received iTBS at varying frequency; either (1) 30 Hz bursts repeated at 6 Hz (30 Hz iTBS), 

(2) 50 Hz bursts repeated at 5 Hz (50 Hz iTBS), or (3) individualised frequency (Ind iTBS) in each 

session. Subjects also performed the 3-back working memory task at BL, 20-min post (T20) and 45-

min post (T45) iTBS while EEG was recording. Participants rated their current mood on visual 

analogue scales (VAS) at BL and 60-min post (T60) iTBS. During the resting period at BL, theta-

gamma coupling (TGC) from the EEG data during the 3-back task was analysed off-line to determine 

individualised iTBS stimulation frequencies (see below for details).  

 

Insert Figure 1 Here 
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1.3. EEG recordings 

EEG recordings were obtained from 50 TMS-compatible Ag/AgCl electrodes on a 64-channel EEG cap 

(FP1, FP2, AF3, AF4, F7, F5, F3, F1, Fz, F2, F4, F6, F8, FC5, FC3, FC1, FCz, FC2, FC4, FC6, T7, C5, C3, C1, 

Cz, C2, C4, C6, T8, CP5, CP3, CP1, CP2, CP4, CP6, P7, P5, P3, P1, Pz, P2, P4, P6, P8, PO3, POz, PO4, O1, 

Oz, O2) via Synamps2 amplifier onto Neuroscan Acquire software (Compumedics, Melbourne, 

Australia). Electrodes were on-line referenced to CPz and grounded to FPz. For TMS-EEG recordings, 

EEG signals were amplified (1,000 x) and low-pass filtered (DC – 2,000 Hz) with a high acquisition 

rate of 10,000 Hz using a large operating window (± 200 mV). For EEG recordings during the 3-back 

task, EEG signals were filtered (0.05 – 200 Hz) and sampled at 1,000 Hz with an operating range of ± 

950 µV. During TMS-EEG recordings, participants listened to white noise through intra-auricular 

earphones (Etymotic Research, ER3-14A, USA) to limit the contamination of the EEG signals 

produced by the TMS click sound (Nikouline et al., 1999; Rogasch et al., 2014). The sound level was 

adjusted individually until single TMS pulses at 120% rMT were adequately blocked. 

 

1.4. Transcranial magnetic stimulation 

Both single-pulse TMS and iTBS were delivered using a figure-of-eight MagVenture B-65 fluid-cooled 

coil (MagVenture A/S, Denmark) in a biphasic mode. Stimuli were applied to the left hemisphere 

with the coil positioned at 45° angle relative to midline (handle pointing posterior). Resting motor 

threshold (rMT) was determined as the minimum stimulus intensity required to elicit at least 3 out 

of 6 motor evoked potentials (MEPs) > 0.05 mV in amplitude (Conforto et al., 2004) in the relaxed 

first dorsal interosseous muscles. Prefrontal TMS was administered over F1 electrode as previously 

described (Chung et al., 2017b). The edge of the coil was marked on the cap for consistent re-

positioning of the coil. This has shown accuracy to within 5 mm when neuronavigation is not 

available (Rogasch et al., 2013b). A thin plastic template was mounted on the EEG cap to ensure 45° 

angle and tangential placement of coil to further improve the consistency within and between 
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sessions (Supplementary Material, Section 1). Subjects received 75 single pulses to left prefrontal at 

120% rMT before and after different iTBS conditions; (1) 30 Hz bursts repeated at 6 Hz (Goldsworthy 

et al., 2012), (2) 50 Hz bursts repeated at 5 Hz (Huang et al., 2005), (3) individualised frequency. Each 

iTBS block consisted of a burst of 3 pulses repeated 10 times with an 8 s break for a total of 600 

pulses. The intensity of stimulation was adjusted to 75% of individuals’ rMT. This intensity was 

selected as our previous study demonstrated more robust cortical effects following iTBS compared 

to 50% or 100% rMT (Chung et al., 2017b). The average intensity for each condition was as follows 

(mean ± SD): 30 Hz iTBS = 51.6 ± 6.5 %; 50 Hz iTBS = 51.6 ± 6.4 %; Ind iTBS = 51.6 ± 6.4 %.  

 

1.5. Working memory task 

Each participant performed 5 mins of the 3-back task before (BL) and after (T20 & T45) iTBS. A 

randomised series of white letters (A to J) were presented consecutively on a black screen for 500 

ms followed by 1500 ms of a blank screen. Participants were instructed to remember each stimulus 

and press a button when the presented letter corresponded to the one that appeared three letters 

earlier (3-back) (Fig 1B). The task contained 25% target trials out of 130 letters in total. Working 

memory performance was evaluated using the d prime sensitivity (d’; z-transformed values of hit-

rate minus false-alarm rate) and accurate reaction time (Haatveit et al., 2010). 

 

1.6. Mood rating  

The mood rating was assessed via self-rated visual analogue scale (VAS) (Ahearn, 1997), which has 

been used to evaluate the mood state in both clinical (Le-Niculescu et al., 2009) and healthy 

populations (Robinson et al., 2010; Robinson and Sahakian, 2009). Subjects drew a line on a 100 mm 

VAS to indicate their current mood compared to saddest subject has ever felt (0) and happiest 

subject has ever felt (100) (Fig 1C). 
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1.7. Manipulation of the pulse intervals 

For a flexible and rapid manipulation of pulse intervals for iTBS, the Arduino open-source 

microcontroller platform was used (https://www.arduino.cc/). The Arduino is an inexpensive, low-

level microcontroller which has an excellent temporal resolution owing to its property of bypassing 

the hardware and software environments of modern operating systems (D'Ausilio, 2012). Several 

studies have shown that the Arduino is able to measure signals with less than 1 ms variability 

(D'Ausilio, 2012; Schubert et al., 2013; Schultz and van Vugt, 2016), making it an ideal low-cost lab 

equipment. A customised script allowed for an instantaneous manipulation of pulses at desired 

theta and gamma frequencies. This process reduced the waiting period for the manual programming 

of MagVenture machine and ensured subject blinding and consistent procedural steps across 

different conditions. A comparison example between the MagVenture and Arduino programmed 

stimuli (50 Hz iTBS) can be found in the Supplementary Material, which shows no difference 

between the two techniques in TBS trigger timing, Fig S2.  

 

1.8. Selection of individualised frequencies of iTBS based on theta-gamma coupling 

The individualised frequency for Ind iTBS was determined by the phase-amplitude cross-frequency 

coupling (PAC) between frontal theta (phase) and parietal gamma (amplitude) oscillations during the 

3-back task. Detailed information can be found in Supplementary Material, Section 3. Briefly, ten 

correct trials were selected by randomly ordering the epochs and using the first 10 epochs after 

shuffling for TGC (45 s in length; Fig 2A). The raw signals were filtered at the respective frequencies; 

3 – 9 Hz for theta (Fz electrode) and 20 – 70 Hz for gamma (Pz electrode). Data were subjected to 

Hilbert transform and theta-filtered gamma amplitude envelope was then extracted prior to PAC 

estimation (Fig 2B). Phase-amplitude coupling between theta and gamma was calculated using a 

general linear model (GLM) (Penny et al., 2008) and performed at every filter step to produce a 

comodulogram matrix. The peak of the comodulogram matrix was used to infer the specific 
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frequencies within the theta (4 – 8 Hz) and gamma (30 – 60 Hz) bands at which the highest coupling 

occurred, yielding individual theta and gamma frequencies for iTBS (Fig 2C shows examples from two 

participants, maximum value indicated by black asterisks). Participants’ individualised frequency of 

stimulation are plotted in figure 2D, with an average of gamma frequency at 41.90 ± 7.7 Hz and 

theta frequency at 5.97 ± 1.0 Hz. This procedure was performed for every condition to be consistent 

across different sessions and thereby minimising any potential differences in total duration of the 

experiment. 

 

Insert Figure 2 Here 

 

 

1.9. EEG data preprocessing 

TMS-EEG data were analysed offline using EEGLAB (Delorme and Makeig, 2004), TESA (Rogasch et 

al., 2017), FieldTrip (Oostenveld et al., 2011) toolboxes and custom scripts within the MATLAB 

platform (R2015b, The MathWorks, USA). Preprocessing steps of EEG data followed previously 

description (Chung et al., 2017a). Data were epoched around the TMS pulse (-1,000 to 1,000 ms), 

baseline corrected (-500 to -50 ms) and the large magnetic pulses were removed and interpolated (-

5 to -15 ms). The epoched data were concatenated across three time points (BL, T5 and T30) to 

avoid bias in component rejection from the independent component analysis (ICA). Data were 

downsampled to 1,000 Hz and manual inspection was performed to remove epochs containing 

excessive noise (i.e. burst of muscle activity) and/or disconnected electrodes. The average number 

of epochs included in the analyses for each condition was as follows (mean ± SD): 30 Hz iTBS = 73.0 ± 

3.2; 50 Hz iTBS = 72.4 ± 3.6; Ind iTBS = 73.5 ± 2.1. Two rounds of ICA (FastICA, ‘tanh’ contrast) were 

performed for the artefact rejection using semi-automated component classification algorithm 
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(tesa_compselect function (Rogasch et al., 2017)). The first ICA was used to remove the remaining 

tail of TMS-evoked muscle artefacts (Rogasch et al., 2014) which was identified if the component 

time course was 8 times larger than the mean absolute amplitude across the entire time course. All 

data were band-pass (Butterworth, second-order, zero-phase, 1 – 80 Hz) and band-stop filtered (line 

noise removal, 49 – 51 Hz), and epochs were visually inspected again to remove any anomalous 

activity in the EEG data. The second round of ICA was performed to remove other non-neural 

artefacts including eye blinks and saccadic movement (mean absolute z score of two frontal 

electrodes FP1 and FP2 > 2.5), persistent muscle activity (high frequency power > 60% of total 

power), decay artefact and electrode noises (absolute z score of an electrode(s) > 4. Removed 

channels were interpolated and FP1 and FP2 were removed from all the datasets as these channels 

were generally contaminated by artefacts. Finally, data were re-referenced to common average and 

were segregated into original time point blocks (BL, T5 and T30) and epochs averaged. 

For the EEG data during the 3-back task, continuous EEG data were band-pass (Butterworth, second-

order, zero-phase, 0.1 – 80 Hz) and band-stop (49 – 51 Hz) filtered. Data were then epoched around 

the correctly responded trial (-7,000 ms to 1,000 ms) which contained a correct probe (e.g. first ‘H’ 

in Fig 2A), correct holds (correctly not responded; e.g. ‘D’ and ‘E’ in Fig 2A), and a correct response 

(e.g. ‘H’ with an arrow above in Fig 2A). This epoch was chosen for having all sequence of items 

leading to a correct response. Data were baseline corrected to the entire trial, visually inspected to 

remove any epochs containing a burst of muscle activity and underwent one round of ICA. The same 

component rejection was performed as the second round of ICA of TMS-EEG data. Any removed 

channels were then interpolated, FP1 and FP2 removed as mentioned above, and data were re-

referenced to common average. 
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1.10. TMS-evoked potentials (TEPs) 

Graphical representation of the waveforms was produced using the average of three fronto-central 

electrodes (FC1, FCz and FC2) for the close proximity of the stimulation site (F1 electrode), while F1 

was omitted to avoid introducing TMS coil contact related noise to the waveform (Rogasch et al., 

2013a). Statistical analyses were conducted on TEPs using cluster-based permutation tests at a 

global scalp level. Comparisons were made using the averaged amplitude values of pre-defined time 

windows for the peaks of interest; N45 (40 – 55 ms), P60 (55 – 85 ms), N100 (95 – 135 ms) and P200 

(160 – 240 ms). These peaks are commonly observed following prefrontal stimulation (Chung et al., 

2017a; Hill et al., 2017; Rogasch et al., 2014). Extraction of TEP values (for graphical representation 

and statistical / correlational analyses) was performed using the averaged signal ± 5 ms of maximum 

(for positive peaks) and minimum (for negative peaks) values within the range window as above, 

consistent with previous studies (Chung et al., 2017a; Hill et al., 2017; Opie et al., 2017). Exploratory 

analyses were performed regarding the relationship between iTBS-induced change in P60 and N100 

amplitudes in order to examine whether significant differences in any of the iTBS conditions could 

reflect altered inhibitory / excitatory balances (Noda et al., 2017c).  

 

1.11.  Source estimation 

All estimation of the cortical source was performed using Brainstorm (Tadel et al., 2011) which is 

documented and freely available for download online under the GNU general public licence 

(http://neuroimage.usc.edu/brainstorm/). Individual magnetic resonance imaging scans were 

unavailable, and hence EEG data were co-registered with the template model (ICBM 152). The 

forward model used the Symmetric Boundary Element Method implemented in OpenMEEG software 

(Gramfort et al., 2010) and the inverse model used the computation of minimum norm estimations 

(MNEs) with dipole orientations constrained to be normal to the cortex (Lin et al., 2006). Differences 

in estimation were calculated using absolute subtraction.
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1.12.  Statistical analyses 

All statistical analyses were performed in SPSS (IBM Corp, Armonk, Ny; Version 22), MATLAB, and 

Fieldtrip. Analyses of TEPs were conducted using non-parametric cluster-based permutation 

statistics which provides a model-free method that does not run the risk of violating the 

assumptions of parametric tests and is an effective method of controlling for multiple comparisons 

across space (EEG channels) and time (Oostenveld et al., 2011). It is therefore commonly used in the 

analysis of TMS-EEG, EEG, MEG and MRI research (Casula et al., 2016; Maris and Oostenveld, 2007; 

Opie et al., 2017; Premoli et al., 2017). Comparisons were first made across time point for each iTBS 

condition (within-comparison; between BL and T5 / T30). Between-condition comparisons were 

performed using change-from-baseline scores (post – pre; ∆). Monte Carlo p-values were calculated 

on 2,500 random permutations and clusters were defined as more than 2 neighbouring electrodes 

with a p-value of < 0.05, controlling for multiple comparisons across space (p < 0.025; two-tailed 

test).  

For mood rating, one-way repeated measure analysis of variance (ANOVAs) were computed 

between conditions using Δ values (post-pre). For the 3-back task, two-way repeated measure 

analysis of variance (ANOVAs) was used to investigate working memory performance 3 [stimulation 

conditions (30 Hz, 50 Hz and Ind iTBS)] x3 [time (BL, T20 and T45)]. Post-hoc pairwise comparisons 

were performed using Bonferroni corrections to further explore the significant main effects, while 

significant interactions were examined using one-way ANOVAs and paired t-tests.  

For variability and correlational analyses, data were extracted from the average of 6 prefrontal 

electrodes (F1, Fz, F2, FC1, FCz and FC2). The TEP peaks were detected within the pre-defined time 

window as stated in Section 2.10 [N45 (40 – 55 ms), P60 (55 – 85 ms), N100 (95 – 135 ms) and P200 

(160 – 240 ms)] and the amplitude was calculated by averaging the signal between ± 5 ms of the 

selected peak latency as previously described (Chung et al., 2017a). Pearson’s correlations were used 

to examine the relationship between the change in physiological measures (e.g. ∆ N100) and the 
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change in behavioural outcome (e.g. ∆ mood). The ratio between ∆ N100 and ∆ P60 resulted in 

extreme outliers. The data were tested for normality (Shapiro-Wilk test) and outliers were 

winsorised by setting extreme values to the corresponding adjacent 5th and 95th percentile value 

(Wilcox, 1997). 

 

2. Results 

2.1. Baseline single-pulse TMS 

Single-pulse TMS over left prefrontal cortex resulted in a series of negative and positive peaks 

including N45, P60, N100 and P200 (Fig 3A). Consistent with other TMS-EEG studies in the prefrontal 

cortex (Chung et al., 2017a; Hill et al., 2017; Rogasch et al., 2014), each peak showed a distinctive 

pattern in scalp topography (Fig 3B) and source estimation (Fig 3C). 

 

Insert Figure 3 Here 

 

2.2. Plastic effects of iTBS on TMS-evoked potentials (TEPs) 

We first performed comparisons on the amplitude of TEPs between stimulation conditions at BL, and 

found no significant differences (all p > 0.025; two-tailed test). We next assessed the iTBS-induced 

effects on the amplitude of TEPs within each stimulation condition over time (T5 vs BL and T30 vs 

BL). Testing for an effect in each peak of interest in pre-defined latency range (refer to Section 2.8), 

the cluster-based permutation tests revealed no significant differences between baseline (BL) and 

any of post-iTBS (T5 and T30) following both 30 Hz (Fig 4A) and 50 Hz (Fig 4B) iTBS at any peak (all p 

> 0.025). 
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However, Ind iTBS showed significant differences between BL and T5 for the P60 (increase, p = 

0.021, frontal), N100 (decrease, p = 0.014, fronto-central) and P200 (decrease, p = 0.012, fronto-

central; p = 0.009, posterior), and between T30 and BL for the P60 (increase, p = 0.020, posterior) 

and N100 (decrease, p = 0.008, fronto-central) (Fig 4C).  

 

Insert Figure 4 Here 

 

Examination of the response to each iTBS condition in TEPs demonstrated large inter-individual 

variability following both 30 Hz and 50 Hz iTBS (see Table 1). More in-depth exploration of inter-

individual variability can be found in Supplementary Material, Section 5. 

Table 1. Percentage of subjects in which TEPs increased/decreased relative to baseline. 

  P60    N100    P200   

  30Hz 50Hz Ind  30Hz 50Hz Ind  30Hz 50Hz Ind 
             

T5 ↑↑↑↑ 50 % 45 % 80 %  60 % 45 % 50 %  55 % 50 % 35 % 

 ↓↓↓↓ 50 % 55 % 20 %  40 % 55 % 50 %  45 % 50 % 65 % 
             

T30 ↑↑↑↑ 55 % 40 % 75 %  45 % 45 % 30 %  55 % 45 % 45 % 

 ↓↓↓↓ 45 % 60 % 25 %  55 % 55 % 70 %  45 % 55 % 55 % 

*Significant changes highlighted in bold (based on cluster-based statistics) 

 

We next conducted across-condition comparisons using the change-from-baseline scores (∆) 

obtained from subtracting pre-signals (BL) from post-signals (T5 and T30). We found that ∆ P60 was 

significantly larger following Ind iTBS compared to 30 Hz iTBS at T30 (p = 0.018, frontal) (Fig 5D), and 

compared to 50 Hz iTBS at T5 (p = 0.021, frontal; p = 0.015, posterior) and T30 (p = 0.022, posterior) 

(Fig 5E). Source estimation of P60 largely corroborated the results of the sensor-level analysis 

whereby Ind iTBS showed increased current density at the site of stimulation (Fig 5A) while minimal 

changes were seen following 30 Hz (Fig 5B) or 50 Hz (Fig 5C) iTBS. iTBS-induced change in other 

peaks (∆ N45, ∆ N100 and ∆ P200) yielded in no significant differences in these comparisons (all p > 
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0.025). In addition, no significant differences in iTBS-induced change were found between 30 Hz and 

50 Hz iTBS in any peak at any time point (all p > 0.025).  

To validate the statistical method used for the comparison of TEPs in this study (nonparametric 

cluster-based permutation statistics), 3 (iTBS condition) x 3 (time) repeated measures ANOVA was 

performed using the data extracted from 6 frontal electrodes (F1, Fz, F2, FC1, FCz and FC2) as 

described in section 2.12. The results corroborated the outcomes following cluster-based statistics 

(Supplementary Materials, Section 6). 

 

Insert Figure 5 Here 

 

2.3. Effects of iTBS on the relationship between P60 and N100 

Previous research has demonstrated relationship between P60 and N100 (Noda et al., 2017c). We 

explored whether there was an association in changes in the amplitude of these peaks following 

iTBS. For this analysis, electrodes were chosen to ensure that changes in P60 and N100 were 

captured across individuals and comprised F1, Fz, F2, FC1, FCz and FC2 electrodes. While Pearson’s 

correlations revealed no significant correlations following 30 Hz iTBS at any time point (T5 – r = -

0.371, p = 0.108; T30 – r = 0.298, p = 202) (Fig 6A), strong negative correlations were found following 

50 Hz iTBS at both time points (T5 – r = -0.700, p = 0.001; T30 – r = -0.615, p = 0.004) (Fig 6B) 

indicating that increased P60 amplitude (more positive) was related to increased N100 amplitude 

(more negative) following iTBS. Even though this correlation was absent at T5 following Ind iTBS (r = 

0.072, p = 0.763), it was present at T30 (r = -0.710, p = 0.001) (Fig 6C).  

 

Insert Figure 6 Here 
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2.4. The effect of different frequency of iTBS on mood rating 

We examined the effects of different iTBS conditions on mood and the relationship between 

neurophysiological changes and mood changes. The average mood rating before and after each 

stimulation condition was as follows (BL & T60; mean ± SD; rating out of 100 on VAS, see methods): 

30 Hz iTBS = 77.3 ± 13.3 & 78.2 ± 13.7; 50 Hz iTBS = 76.4 ± 12.6 & 77.4 ± 14.9; Ind iTBS = 75.6 ± 13.0 

& 81.4 ± 11.6. There were no significant differences between conditions at baseline. One-way 

repeated measures ANOVA for ∆ mood rating yielded a significant main effect of condition (F2,38 = 

5.495, p = 0.008). Post-hoc pairwise comparison revealed that ∆ mood was significantly larger 

following Ind iTBS compared to both 30 Hz (p = 0.024) and 50 Hz (p = 0.046) iTBS (Fig 7A). No 

significant difference was found between 30 Hz and 50 Hz iTBS (p = 1.000).  

We next explored which neurophysiological changes, namely P60, N100 and P200, corresponded to 

the changes in mood using the combined dataset (n = 60). Using the same data from above 

correlations (average of 6 fronto-central electrodes), Pearson’s correlations revealed a significant 

positive correlation between ∆ mood and ∆ P60 at T5 (r = 0.293, p = 0.023) (Fig 7B) but not at T30 (r 

= 0.055, p = 0.674). No significant correlation was found between ∆ mood and ∆ N100 at T5 (r = 

0.203, p = 0.119), but showed a significant positive correlation at T30 (r = 350, p = 0.006) (Fig 7C). No 

significant correlation was found between ∆ mood and ∆ P200 (r = -0.049, p = 0.713) (Fig 7D). A 

significant positive correlation indicates increased P60 (more positive) / decreased N100 (less 

negative) corresponds to higher mood rating.  

 

Insert Figure 7 Here 

 

2.5. The effect of different frequency of iTBS on working memory performance
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Order effect analysis was first conducted on the working memory performance at baseline across 

different stimulation conditions. One-way repeated measures ANOVA resulted in no significant 

session order effect in either accuracy (F2,38 = 0.146, p = 0.865) or accurate reaction time (F2,38 = 

0.563, p = 0.574), confirming the effectiveness of the counter balancing. 

Figure 8 illustrates working memory performance assessed via accuracy (d’) and accurate reaction 

time (in ms) in different stimulation conditions over time. Two-way repeated measures ANOVA for d’ 

demonstrated a significant interaction between Condition and Time (F4,76 = 4.534, p = 0.002). A 

series of one-way ANOVAs was performed to further explore the interaction effect. Within condition 

comparisons resulted no significant main effect of time in the 30 Hz iTBS condition (F2,38 = 0.138, p = 

0.871), but a significant main effect of time in the 50 Hz iTBS condition (F2,38 = 5.905, p = 0.006), and 

a significant main effect of time in the Ind iTBS condition (F2,38 = 7.173, p = 0.002). Post-hoc pairwise 

comparisons in 50 Hz iTBS condition revealed that d’ was significantly higher at T20 compared to BL 

(p = 0.028) and T45 (p = 0.044). No significant difference was found between BL and T45 (p = 0.100). 

For Ind iTBS condition, d’ was significantly higher at T45 compared to both BL (p = 0.029) and T20 (p 

= 0.039). No significant difference was found between T0 and T20 (p = 0.100). 

Between condition comparisons showed no significant main effect at BL (F2,38 = 0.407, p = 0.669), but 

a significant main effect at T20 (F2,38 = 4.360, p = 0.020) and a trend toward significance at T45 (F2,38 = 

2.688, p = 0.081). Post-hoc pairwise comparisons in the main effect at T20 revealed that d’ was 

significantly higher following 50 Hz iTBS compared to Ind iTBS (p = 0.015), and non-significantly 

higher compared to 30 Hz iTBS (p = 0.079). No significant differences were found between Ind iTBS 

and 30 Hz iTBS (p = 1.000). 

For accurate reaction time, two-way repeated measures ANOVA yielded no significant main effect of 

condition (F2,38 = 0.783, p = 0.464) and no significant interaction effect (F2,38 = 0.493, p = 0.741), but a 

significant main effect of time (F2,38 = 4.299, p = 0.021). 
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Insert Figure 8 Here 

 

We also explored if iTBS-induced changes in d’ (∆ d’) had any association with ∆ P60 and ∆ N100, but 

no significant correlations were found (p > 0.05). We sought to determine if the ratio between ∆ 

N100 and ∆ P60 (∆ N100/∆ P60) had any influence on the improvement in d’. The ratio resulted in 

outliers which were winsorised to fit normal distribution (2 data points each for 30 Hz iTBS T5 and 

T30, and Ind iTBS T30). Pearson’s correlations revealed no significant correlations in 30 Hz iTBS 

condition either at early (r = 0.197, p = 0.405) or late time point (r = -0.150, p = 0.541) (Fig 9A). In 50 

Hz iTBS condition, a significant correlation was observed at early time point (r = 0.512, p = 0.021), 

but not at late time point (r = 0.280, p = 0.232) (Fig 9B). For Ind iTBS, a significant correlation was 

found at late time point (r = 0.610, p = 0.004) but not at early time point (r = 0.364, p = 0.115) (Fig 

9C).  

 

Insert Figure 9 Here 

 

 

2.6. Secondary analyses of sham condition 

Secondary analyses of sham condition (data collected from a previous study) revealed no significant 

changes in TEPs, mood or working memory performance over time (Details in Supplementary 

Material, Section 7).
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3. Discussion 

In this study, we examined the neurophysiological effects of iTBS applied at varying frequency in the 

prefrontal cortex and the association to LTP-like plasticity. We also investigated whether there was a 

relationship between iTBS-induced changes in neurophysiology and mood and working memory 

performance. The data indicate large variability in response to iTBS following both 30 Hz and 50 Hz 

iTBS. However, individualised iTBS resulted in more robust changes in neurophysiology and mood 

compared to standard paradigms. We also demonstrated that working memory may provide a 

possible behavioural marker of neurophysiological changes following iTBS. The data suggest the 

frequency of stimulation is an important parameter of iTBS, and a more tailored stimulation protocol 

may increase the efficacy, and hence could have implications for its therapeutic application. 

 

3.1. Effect of individualised iTBS on plastic effects in the prefrontal cortex 

Individualised iTBS modulated the amplitude of P60, N100 and P200. The increased P60 amplitude 

was initially localised around the stimulated area, and later also detected at parieto-occipital 

sensors. This may represent the propagation of activity across interconnected regions of the cortex 

over time, a conjecture which is supported by the source localisation (Fig 5C). Such an increase in 

network level of activity following iTBS has been described during working memory performance 

(Hoy et al., 2016) and TMS-EEG (Chung et al., 2017b). A similar increase in fronto-parietal P60 has 

also been observed following a facilitatory neuromodulatory technique, anodal transcranial direct 

current stimulation (tDCS), in the prefrontal cortex (Hill et al., 2017). A growing body of evidence 

suggests P60 may provide a marker of cortical excitability. In the motor cortex, P60 amplitude 

positively correlated with MEP amplitude (Rogasch et al., 2013a), and the amplitude was reduced 

following short-latency afferent inhibition (SAI), an MEP suppression paradigm (Ferreri et al., 2012). 

In addition, P60 amplitude was attenuated with short-interval intracortical inhibition (SICI) and 

increased with intracortical facilitation (ICF) in motor cortex (Cash et al., 2017b), concurrent with 
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changes in MEPs. In the prefrontal cortex, SAI resulted in a reduction of this component (Noda et al., 

2017b). SICI reduced and ICF increased the amplitude of P60 (Cash et al., 2017b), supporting the 

findings from the motor cortex. Therefore, it is possible that increased P60 amplitude following Ind 

iTBS reflects enhanced cortical excitability in the prefrontal cortex. The ∆ P60 following Ind iTBS was 

larger compared to either 30 Hz or 50 Hz iTBS, particularly around the stimulated region, supported 

by the cortical activation map. 

Individualised stimulation decreased the amplitude of both N100 and P200. While the origin of TMS-

evoked P200 is still largely unknown, the physiological property of N100 is more well-defined than 

other TEPs. The N100 is regarded as the most robust component in TMS-EEG recordings (Noda et al., 

2016) with excellent reproducibility (Lioumis et al., 2009) and signal to noise ratio (Chung et al., 

2017a). In addition, the N100 deflection is considered to have a high sensitivity to small changes in 

cortical excitability compared to other TEPs (Nikulin et al., 2003), making it an ideal candidate for 

tracking neuromodulatory paradigms. Studies have reported N100 to be associated with GABAB-

mediated inhibitory mechanisms in both motor (Bonnard et al., 2009; Farzan et al., 2013; Premoli et 

al., 2014b; Rogasch et al., 2013a) and prefrontal cortex (Chung et al., 2017a; Rogasch et al., 2015). 

The amplitude of N100 increased following SAI both in motor and prefrontal cortex (Noda et al., 

2016; Noda et al., 2017b), but decreased following cerebellar iTBS (Casula et al., 2016), which are in 

line with the change observed in N100 following Ind iTBS. However, our previous study showed 

increased N100 following prefrontal iTBS (Chung et al., 2017a), and the discrepancy of the outcome 

is not yet clear. Again, it is likely that the inter-individual variability contributed to the differences 

between the studies. Overall, by mimicking the original animal study  where application of patterned 

stimulation resembling spike discharge patterns of hippocampal neurons during exploratory 

behaviours that led to a robust LTP (Larson et al., 1986), it is possible that tailoring the temporal 

dynamics of pulses to target the individual’s disinhibition window (Cash et al., 2010; Cash et al., 

2011) yielded a robust LTP-like effect following Ind iTBS. A similar modified approach of stimulation 
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(known as disinhibition stimulation) by individualising the intra and inter-burst frequencies have also 

shown success in LTP-like plasticity induction in the motor cortex (Cash et al., 2016).   

 

3.2. Relationship between iTBS-induced P60 and N100 

On the surface, the observation of no overall effects following both 30 Hz and 50 Hz iTBS may imply 

that the two stimulation conditions are indistinguishable. However, the correlation analyses 

between ∆ P60 and ∆ N100 demonstrated a close relationship between the peaks following 50 Hz 

iTBS which lasted up to 35 mins (See Fig 6B). This pattern was not present in 30 Hz stimulation (See 

Fig 6A). In addition, 50Hz but not 30Hz stimulation produced changes in working memory 

performance. On the other hand, Ind iTBS temporarily altered this association at T5 with an overall 

increase in P60 amplitude, which was balanced by larger changes in N100 at T30, indicating a 

prolonged elevation of the balance between the two peaks (See Fig 6C). In the human motor cortex, 

a pharmacological study demonstrated that GABAA agonists decreased while GABAB agonists 

increased the amplitude of N100 (Premoli et al., 2014a). In the instance of the balance between P60 

and N100 in this study, a shift in N100 could reflect either an increase in the ratio (reduced GABAB) 

or a shift to maintain the ratio (increased GABAA signalling). It is likely to be the latter in this study, 

and such adaptation of inhibition has also been described in an animal model (Elfant et al., 2008; 

Heiss et al., 2008). These findings are a suggestive reflection of potential metric for LTP (above 0) or 

long-term depression (LTD; below 0) with respect to maintenance of the balance between P60 and 

N100, at least following iTBS.  

 

3.3. Relationship between neurophysiological changes and the change in mood and working 

memory performance 
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In line with the neurophysiological effects of iTBS, minimal changes were observed in mood rating 

following both 30 Hz and 50 Hz iTBS, whereas Ind iTBS resulted in a higher mood rating. Positive 

correlations were observed only between mood and neurophysiological measures that showed the 

greatest change (i.e. ∆ P60 at T5, ∆ N100 at T30), suggesting robust physiological changes are 

required to translate into a behavioural outcome. Another possible explanation is that the mood 

ratings were re-assessed 60 mins after iTBS (T60), at which time the effect of iTBS on the P60 may 

have been washed out. Alternatively, the early changes in neurophysiology and later changes in 

mood may be both related to another variable such as a change in connectivity or a delayed onset 

change in TEPs which was not measured at T60 in this study. The correlations were specific to ∆ P60 

and ∆ N100, and not with ∆ P200. Characterisation of P200 is needed to better understand its role, 

as the changes in this component are often observed following neuromodulation (Casula et al., 

2016; Chung et al., 2017a; Noda et al., 2016) or in clinical populations (Noda et al., 2017a). 

Studies have demonstrated increased or decreased performance of medium-load (2-back) working 

memory following left prefrontal iTBS (Hoy et al., 2016) and cTBS (Schicktanz et al., 2015), 

respectively, using the conventional 50 Hz protocol (Huang et al., 2005). In the current study, the 3-

back task was used and demonstrated to be a potential behavioural marker of neurophysiological 

changes following iTBS. The balanced and dynamic regulation of inhibitory and excitatory activity 

plays an important role in working memory (Knight et al., 1999; Lim and Goldman, 2013), which is a 

critical aspect of animal (Xue et al., 2014) and human functional neural circuitry (Cash et al., 2017c; 

Dehghani et al., 2016). While excitatory plasticity provides a mechanism for learning and memory 

formation (Froemke, 2015), inhibitory plasticity is essential in maintaining the balance for efficient 

information processing in cortical networks (Deneve and Machens, 2016; Vogels et al., 2011). The 

origin of TEPs (P60 and N100) are still largely unknown and no consensus has been reached on what 

each peak represents. While it is speculative, the correlations between working memory 

performance and the ratio of P60 and N100 may partially be explained by the well-maintained 

modulation of potential inhibition (N100) and excitation (P60) (Noda et al., 2017c). When both ∆ P60 
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and ∆ N100 showed well-balanced changes (50 Hz iTBS at T5, Ind iTBS at T30), the accuracy 

increased (50 Hz iTBS at T20, Ind iTBS at T45). The physiological changes, namely ∆ P60 and ∆ N100, 

did not correlate with the performance change by themselves, but rather the ratio between the 

changes in these peaks corresponded with the change in performance. This finding indicates that 

well-balanced change is more important for working memory than changes in either excitation or 

inhibition in isolation, as increased excitation alone (as shown in TMS-EEG at T5 in Ind iTBS 

condition) was not able to enhance the accuracy (d’ at T20 in Ind iTBS condition). Such balance is 

thought to play an important role in cortical processing and working memory (Kirkwood, 2015; 

Legon et al., 2016; Lim and Goldman, 2013) and alteration in the balance may lead to cognitive 

impairment (Cline, 2005; Vogels and Abbott, 2009). However, although 50 Hz iTBS showed 

significant correlations between ∆ P60 and ∆ N100 at T30, no sustained improvement was seen in 

the accuracy of the 3-back task. It is possible that the effect of stimulation was short-lived and may 

have diminished by T45 when the 3-back task was performed again. In general, the effect of 50 Hz 

iTBS in the motor cortex lasts up to 30 minutes (Chung et al., 2016). It is unknown if the effects of 

Ind iTBS would persist longer than T45, and needs to be addressed in the future. However, the 

elevated mood level at T60 suggests the effect may have been sustained. 

 

3.4. Inter-individual variability in the response to conventional iTBS 

A group-level modulation in TEPs was observed following Ind iTBS, but not following 30 Hz nor 50 Hz 

iTBS. This is in contrast with our previous study in the prefrontal cortex where we observed robust 

changes following 50 Hz iTBS, particularly in N100 amplitude (Chung et al., 2017a). In addition, there 

was substantial inter-individual variability in response to iTBS in the current sample (See Table 1). 

The variability was larger following 30 Hz iTBS, which showed a large varied response in the direction 

of change in TEPs (increase or decrease at each time point). A notable amount of opposite 

directional change was also observed between T5 and T30 (Supplementary Material, Section 5). The 
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reason for such within-subject variability over time (T5 vs T30) following 30 Hz iTBS remains unclear. 

One possible explanation for this phenomenon is that the effects of 30 Hz iTBS was short-lived and 

regulatory homeostatic mechanisms were at play. It was interesting to observe that while 50 Hz iTBS 

also resulted in a large inter-individual variability in the change in TEPs, peaks were in the same 

direction for both T5 and T30 in the majority of subjects. Subtle modifications of the rTMS protocols 

can influence the effect of stimulation (Cash et al., 2017a; Cash et al., 2016; Ridding and Ziemann, 

2010), and the data suggest frequency of iTBS is an important parameter that can contribute to 

inter-individual variability. 

To our knowledge, 30 Hz iTBS had not been tested in the prefrontal cortex to date, and our data 

demonstrate no superiority, and probably inferiority, over 50 Hz iTBS. It is interesting to note that 

cerebellar iTBS resulted in the opposite changes in N100 in two separate studies using 50 Hz (Casula 

et al., 2016) and 30 Hz stimulation (Harrington and Hammond-Tooke, 2015). However, it is unclear 

whether the outcome was due to varying frequency of stimulation, or a result of inter-individual 

variability, and more studies are needed to address this discrepancy. In the motor cortex, 30 Hz cTBS 

resulted in a larger and more consistent decrease in MEP amplitude than 50 Hz cTBS (Goldsworthy 

et al., 2012). Although such a trend was not evident in our data, the differences could be explained 

by the differences in TBS paradigm (cTBS vs iTBS), differences in the stimulated region (M1 vs DLPFC) 

or the differences in outcome measure (MEPs vs TEPs). Beyond the motor cortex, Nyffeler and 

colleagues targeted the FEF, which is in close proximity to the prefrontal cortex, and found 

prolonged saccadic delay following 30 Hz cTBS (Nyffeler et al., 2006b). Saccadic delay has also been 

reported following 50 Hz cTBS over the FEF, however, involvement of executive control of saccades 

were found following prefrontal stimulation (Cameron et al., 2015), suggesting the effect of TBS may 

be distinct in different brain regions. As there has been no other study using 30 Hz iTBS in the 

prefrontal cortex or FEF, future studies are required to confirm and expand these findings. Having no 

overall effect on neurophysiology, mood and working memory performance following 30 Hz iTBS in 

the current study indicates this protocol may not be suitable in the prefrontal cortex. It is critical to 
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note that the carrying frequency was 6 Hz in 30 Hz iTBS, and future studies should employ more 

systematic comparison. We adopted this frequency to be comparable to the direct comparison study 

in the motor cortex (Goldsworthy et al., 2012), which resulted in a robust decrease in MEPs 

following 30 Hz / 6 Hz cTBS. 

Taken together, these findings suggest that prefrontal iTBS using the conventional parameters of 

stimulation also suffers from inter-individual variability as observed from studies with larger sample 

sizes in the motor cortex (Hamada et al., 2013; Hinder et al., 2014). 

 

Repetitive TMS of the prefrontal cortex is one therapeutic option for treatment-resistant depression 

and it is being investigated for use in various mood and cognitive disorders. In order to reduce 

treatment time, clinics have been exploring the use of short protocols such as TBS (Cash et al., 

2017d; Desmyter et al., 2016; Duprat et al., 2016; Li et al., 2014), however limited clinical efficacy 

has also been reported (Prasser et al., 2015). The present data provide the first evidence that using 

conventional iTBS may not be optimal for neuromodulation, and indicate the need for a more 

individualised approach of stimulation. Further research is required to explore whether the present 

method extends to clinical efficacy. 

 

3.5. Limitations 

There are several limitations of the present study. Our study design did not include a primary sham 

condition, however, the main intention of this study was to compare the effects between the two 

most commonly used paradigms as well as a novel method of application. Although secondary 

analyses of data comparing responses to a sham condition demonstrated no significant changes 

following sham stimulation, it should be noted that volunteers were different from the main 

analyses, however, were aged and gender-ratio matched and had similar years of education. In 
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addition, a control for single-pulse TMS was not included in the study. TMS click sound was masked 

by white noise but any sound via bone conduction could not be avoided. TMS pulse may induce 

N100-P200 component in the EEG trace (ter Braack et al., 2015), however, it is unlikely that the 

elicited response is purely auditory-related effect. Any auditory response should be consistent across 

time, and sham condition did not show any change in these components. In regards to 

somatosensory input, baseline and post sampling parameters were equivalent across all conditions, 

including sham (e.g. equal intensity and stimulation site). Therefore, the differences between 

conditions are likely to be driven by cortical plasticity, in accordance with the a priori hypothesis. It 

should be noted that iTBS-induced changes in TEPs correlated with the changes in mood rating and 

working memory performance, which suggest TEPs exhibit functional relevance. The selection of 

iTBS parameters (50 / 5 Hz and 30 / 6 Hz) was based on similar parameters used in motor cortex 

studies. The motor cortex is one region where a measurable output (i.e. MEPs) is obtained following 

TMS administration. As a result, most studies have used stimulation protocols based on the outcome 

of motor cortex studies.  Future studies would benefit from improving the effect of stimulation 

tailored to the specific brain region of interest. Due to time constraints, TEPs were not measured at 

T60 which may have limited more temporally accurate onset of neurophysiological changes to the 

mood changes. The consistency of the stimulation site could be improved by using MRI-guided 

neuronavigation, however, this was not feasible in this study. We have taken extra steps to ensure 

more accurate positioning of the coil. In addition, the TEP waveforms in this study are consistent 

with other TMS-EEG studies in the prefrontal cortex (Chung et al., 2017a; Hill et al., 2017; Rogasch et 

al., 2014), and EEG-guided (Chung et al., 2017a; Hill et al., 2017; Rogasch et al., 2014) and MRI-

guided (Lioumis et al., 2009) methods have shown comparable results. 
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4. Conclusions 

In conclusion, the current study indicates that the individualised iTBS in the prefrontal cortex is able 

to exert LTP-like plasticity at a group level. These findings provide support for the use of more 

tailored stimulation approach in order to obtain a more efficacious outcome, and potentially be 

beneficial in clinical trials.
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Figure 2. Procedures involved in the selection of the individualised frequency of iTBS. (A) Ten 

random correct trials selected for theta-gamma coupling (TGC). Only data from the maintenance 

period of each epoch (red asterisks) were included in the calculation to avoid spurious coupling 

resulting from the visual-evoked response and edge effects. (B) Raw data from Fz electrode was 

chosen as the modulating frequency (theta), and Pz electrode as the modulated frequency (gamma). 

Data were filtered (adaptive) in the frequency range in multiple steps and Hilbert transform was 

applied to obtain phase (theta) and amplitude (gamma). Theta-filtered gamma amplitude envelope 

was extracted prior to phase-amplitude coupling estimation using general linear model. (C) 

Comodulogram illustrated for two subjects (S04 and S12). Peak was detected using the maximum 

value in the frequency ranges of interest (4 – 8 Hz for theta, 30 – 60 Hz for gamma). (D) Values used 

for individualised iTBS in blue triangle, 50 Hz iTBS in red rectangle, and 30 Hz iTBS in green circle



Chung et al 2017 Individualised iTBS in the prefrontal cortex 36 

  

194 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Transcranial magnetic stimulation (TMS)-evoked potentials following single-pulse TMS over 

left prefrontal cortex (F1 electrode) before the application of theta burst stimulation. Data were 

combined across three different stimulation conditions at baseline. (A) Butterfly plot of all 

electrodes with peaks of interest indicated in the text. The waveform in red line is formed using the 

average of three fronto-central electrodes (FC1, FCz, FC2) for graphical representation of prefrontal 

activity. Topographical distribution of (B) voltage and (C) source activity (Minimum Norm Estimates 

(MNEs)) at the level of cortex for each peak. ‘X’ on topoplots indicate stimulation site (F1 electrode). 
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Figure 5. Comparison of the change in transcranial magnetic stimulation (TMS)-evoked P60 

amplitude between different intermittent theta burst stimulation (iTBS) conditions. Scalp maps 

represent t-values for comparison of ∆ P60 between (A) Ind iTBS and 30 Hz iTBS and (B) Ind iTBS and 

50 Hz iTBS. (C) Minimum Norm Estimates (MNEs) of the source level activity at the cortex for the ∆ 

P60 peak in different stimulation conditions. ‘X’s on scalp maps indicate significant sensors between 

comparisons (cluster-based statistics, Xp < 0.025).
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Figure 7. Impact of different intermittent theta burst stimulation (iTBS) condition on mood. (A) 

Significant differences between Ind iTBS and 30 / 50 Hz iTBS in mood. Correlations between iTBS-

induced changes in mood (∆ mood) and the amplitude of transcranial magnetic stimulation (TMS)-

evoked (B) ∆ P60, (C) ∆ N100 and (D) ∆ P200. Asterisks indicate significant differences / correlations 

(p < 0.05) and error bars in (A) indicate standard error of means (SEM).
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Supplementary Material 

1. Coil re-positioning 

The concurrent use of transcranial magnetic stimulation (TMS) and electroencephalogram (EEG) 

allows non-invasive investigation of excitability, functional connectivity and oscillatory dynamics of 

the cortex. A growing body of research is using this technique (TMS-EEG) to explore the current state 

of the neural network, particularly outside of the motor cortex. In motor cortex, relatively accurate 

functional targeting has been possible without the use of neuronavigation by adjusting the coil to 

produce maximal motor response (i.e. motor evoked potentials (MEPs)). However, targeting 

behaviourally silent cortical areas requires navigation techniques for precise coil positioning. It has 

been demonstrated TMS-evoked response in the EEG trace has a degree of sensitivity to the small 

changes (~1 cm) in the stimulus site (Komssi et al., 2002) and the angle of the coil (Casarotto et al., 

2010). This becomes a major problem for researchers when neuronavigation system is not readily 

available, and often be criticized on a potentially important finding. Additionally, failure in 

adherence to a strict rule of coil positioning can lead to inaccurate coil position, adding more 

variability across similar studies. 

Here, we suggest a simple method that can be adapted in an experimental setting to minimize error 

in coil positioning / re-positioning. 
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Figure S1. Use of coil template for accurate coil positioning / re-positioning based on the 10-20 

system. (A) Transparent coil template customized for MagVenture B-65 fluid-cooled coil. (B) The 

template can be mounted on EEG cap. Red dotted rectangle indicates parallel positioning of the 

template to the mid-line. (C) The template provides a guide to tangential surface. TMS coil is marked 

to align with the template at anterior (D) and posterior (E) position. (F) Top view with coil in position. 

 

A template of TMS coil (MagVenture B-65 fluid-cooled coil; MagVenture A/S, Denmark) was made 

using a transparent plastic sheet (a laminate), and lines were drawn at 45° angle (Fig S1A). The 

template can be secured into the rim of plastic electrode holder (i.e. F1 electrode) without 

increasing the distance between the cap and the coil (Fig S1B). The longer line provides a guide to 

45° angle when positioned parallel to the mid-line of the EEG cap. In addition, the placement of the 

template is tangential to the head surface (Fig S1C). The TMS-coil is marked to align with the 

template at anterior (Fig S1D) and posterior (Fig S1E) site, allowing for an accurate 45° angle (Fig 

S1F). This method provides an accurate positioning of the coil based on the 10-20 system. More 

importantly, within – session reproducibility can be improved as the margin for error in re-

positioning of the coil (i.e. before and after intervention) is minimized.  

While this method does not provide an accurate site for individualised targets of interest (i.e. 

dorsolateral prefrontal cortex), placement of the coil follows strictly to the international 10-20 

system. Investigative studies using an EEG cap as a guide can therefore benefit from using this 

method when neuronavigation is not available.
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2. Comparison between MagVenture and Arduino programmed stimuli 

Stimuli triggered using the Arduino microcontroller were identical to the ones programmed by 

MagVenture (Fig S2). The EEG were recorded during iTBS using 50 Hz / 5 Hz protocol (Huang et al., 

2005). 

 

Figure S2. Comparison between MagVenture and Arduino programmed stimuli in 

electroencephalography (EEG) recording. (A) Inter-burst interval (5 Hz / 200 ms) and (B) Intra-burst 

interval (50 Hz / 20 ms). Red dotted boxes were drawn to illustrate how precisely pulses match.
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3. Selection of individualised frequencies of iTBS based on theta-gamma coupling 

The individualised frequency for Ind iTBS was determined by the phase-amplitude cross-frequency 

coupling (PAC) between frontal theta (phase) and parietal gamma (amplitude) oscillations during the 

3-back task. The reasons for choosing between-channel TGC instead of within channel TGC include 

the observation of cross-frequency coupling between frontal theta and posterior gamma oscillations 

during working memory in human (Friese et al., 2013; Koster et al., 2014), increased fronto-parietal 

connectivity in theta and elevated parietal gamma power during working memory task following 

iTBS (Hoy et al., 2016), and increased frontal theta and parietal gamma power during TMS-EEG 

following iTBS (Chung et al., 2017). In addition, within-channel PAC is more likely to result in positive 

coupling due to a common driver which influences both neuronal generators instead of a direct 

interaction between them (Aru et al., 2015). 

3-back EEG data were preprocessed off-line as described in Section 2.9. Several steps were taken to 

minimize common errors and to enhance the specificity of TGC using the recommendations of (Aru 

et al., 2015): (1) presence of a clear theta peak was verified; (2) adaptive filtering was used for the 

selection of bandwidths; (3) only the maintenance period of each epoch (indicated with red asterisks 

in Fig 2A) were included in the final calculation of TGC to avoid spurious coupling due to visual-

evoked responses. As such, the beginning and end of each epoch (500 ms on each side) were 

discarded to prevent edge effects of filtering (for example, ‘H’s in Fig 2A); (4) between-channel TGC 

was used as cross-channel coupling is less likely to occur by a driving input to a single area. 

Ten correct trials were selected by randomly ordering the epochs and using the first 10 epochs after 

shuffling for TGC (Fig 2A). This was to ensure that same amount of data were used for all participants 

while maintaining enough data length for a reliable estimation (10 cycles of the slowest oscillation (4 

Hz); 10 x 0.25 = 2.5 s). Total length of data used in PAC estimation was 10 (epochs) x 4.5 (red 

asterisks in Fig 2A) = 45 s. The raw signals were zero-padded, concatenated and filtered 

(Butterworth, second-order, zero-phase) at the respective frequencies; 3 – 9 Hz for theta (Fz 

electrode) and 20 – 70 Hz for gamma (Pz electrode). Broader windows than traditional bandwidths 

were used to prevent any influence from the boundaries of filtering for the comodulogram matrix. 

For theta frequency, filters were applied in steps of 0.1 Hz with the bandwidth of 2 Hz. For gamma 

frequency, adaptive bandwidth filters were applied in steps of 1 Hz as accurate PAC estimation 

requires amplitude (gamma) filters with a bandwidth at least twice the centre frequency of the 

modulatory frequency (theta) (Dvorak and Fenton, 2014). Data were then subjected to Hilbert 

transform to obtain instantaneous phase and amplitude of the oscillatory signal components. Theta-

filtered gamma amplitude envelope was then extracted prior to PAC estimation (Fig 2B). Phase-
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amplitude coupling between theta and gamma was calculated using a general linear model (GLM) 

(Penny et al., 2008) and performed at every filter step to produce a comodulogram matrix. The 

comodulogram matrix was thresholded to display only significant values, and the p-values generated 

during the GLM calculation were collected and used to generate a significant mask. The masking 

threshold was adjusted for the number of multiple comparisons (61 theta bins * 51 gamma bins = 

3,111; pthresh = 0.05 * 3,111). Bins with a p-value greater than pthresh were removed from the final 

comodulogram (white areas in Supplementary Material, Fig S3) such that only significant PAC values 

were considered in the final frequency estimates. The peak of the comodulogram matrix was used to 

infer the specific frequencies within the theta (4 – 8 Hz) and gamma (30 – 60 Hz) bands at which the 

highest coupling occurred. This maximum value was automatically selected, yielding individual theta 

and gamma frequencies for iTBS (Fig 2C shows examples from two participants, the maximum value 

indicated by black asterisks). These windows of frequency bands were chosen to be comparable to 

other stimulation conditions and for safety reasons (not exceeding 60 Hz as high-frequency bursts 

may pose a greater risk of seizure (Oberman et al., 2011)). Due to time constraints, PAC was 

performed three times using different 10 random epochs to ensure consistent TGC. Frequencies 

were selected using the PAC estimation closest to the mean of the three trials. Additional PAC 

estimations were performed post-hoc to verify the stability of the PAC and yielded stable results 

across trials (Supplementary Material, Fig S3). Participants’ individualised frequency of stimulation 

are plotted in figure 2D, with an average of gamma frequency at 41.90 ± 7.7 Hz and theta frequency 

at 5.97 ± 1.0 Hz. This procedure was performed for every condition to be consistent across different 

sessions and thereby minimising any potential differences in total duration of the experiment. 
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     5.   Inter-individual variability in response to iTBS conditions 

Figure S4 illustrates inter-individual variability in response to different iTBS conditions for ∆ P60 and 

∆ N100 at T5 (black bar / left arrow) and T30 (gray bar / right arrow). There was a large variability in 

the number of subjects responding to 30 Hz iTBS both in the directions of iTBS-induced change [e.g. 

∆ P60 – T5: ↑↑↑↑ (09) ↓↓↓↓ (11); T30: ↑↑↑↑ (10) ↓↓↓↓ (10)] and over time (↑↑↑↑↓↓↓↓ & ↓↓↓↓↑↑↑↑) (Fig S4A & B). Even though 50 

Hz iTBS showed a large variability in the direction of the change [e.g. ∆ P60 – T5: ↑↑↑↑ (08) ↓↓↓↓ (12); T30: ↑↑↑↑ 

(08) ↓↓↓↓ (12)], only small number of volunteers responded differently over time (↑↑↑↑↓↓↓↓ & ↓↓↓↓↑↑↑↑) (Fig S4C & 

D). For Ind iTBS, both variability in the direction of the change and over time were relatively small 

(Fig S4E & F). 

 

Figure S4. Inter-individual variability in response to different intermittent theta-burst stimulation 

(iTBS) conditions [(A-B) 30 Hz iTBS; (C-D) 50 Hz iTBS; and (E-F) Ind iTBS] in ∆ P60 and ∆ N100. Arrows 

indicate increase (↑↑↑↑) or decrease (↓↓↓↓) in the amplitude from baseline. First arrow indicates T5 and 

second arrow indicates T30.
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6. Control analysis 

To validate the statistical method used for the comparison of TEPs in this study (nonparametric 

cluster-based permutation statistics), 3 (iTBS condition) x 3 (time) repeated measures ANOVA was 

performed using the data extracted from 6 frontal electrodes (F1, Fz, F2, FC1, FCz and FC2) as 

described in section 2.12.  

For P60 amplitude, a significant main effect of condition (F2,38 = 7.433, p = 0.002) and a significant 

interaction (F4,76 = 4.680, p = 0.002) were observed, however, no significant main effect of time was 

found (F2,38 = 1.545, p = 0.227). In order to investigate the interaction effect, a series of one-way 

ANOVAs was performed. Within condition comparisons yielded a significant main effect of time in 

Ind iTBS condition (F2,38 = 7.419, p = 0.002). Post-hoc pairwise comparisons (Bonferroni corrected) 

revealed that P60 amplitude was significantly higher at T5 (p = 0.003) and T30 (p = 0.027) compared 

to BL. No significant main effect of time was found in 30 Hz (F2,38 = 0.775, p = 0.468) and 50 Hz iTBS 

conditions (F2,38 = 2.020, p = 0.147). Across conditions, a significant main effect was found at T5 (F2,38 

= 8.762, p = 0.001) and at T30 (F2,38 = 5.526, p = 0.008). Post-hoc pairwise comparisons revealed that 

P60 amplitude was significantly higher following Ind iTBS compared to both 30 Hz (T5 – p = 0.024; 

T30 – p = 0.046) and 50 Hz iTBS (T5 – p = 0.001; T30 – p = 0.031). No significant main effect was 

found at BL (F2,38 = 0.055, p = 0.946). 

For N100 amplitude, no significant main effects of condition (F2,38 = 1.004, p = 0.376) or time (F2,38 = 

0.876, p = 0.425) were found. However, a significant interaction was observed (F4,76 = 2.662, p = 

0.039). Within condition comparisons using one-way ANOVAs yielded a significant main effect of 

time in Ind iTBS condition (F2,38 = 8.621, p = 0.001). Post-hoc pairwise comparisons (Bonferroni 

corrected) revealed that N100 amplitude was smaller at T5 (p = 0.064) and T30 (p = 0.008) compared 

to BL. No significant main effect of time was found in 30 Hz (F2,38 = 0.032, p = 0.969) and 50 Hz iTBS 

conditions (F2,38 = 1.516, p = 0.232). Across conditions, no significant main effect was found at T5 

(F2,38 = 1.142, p = 0.330) and at T30 (a trend; F2,38 = 2.690, p = 0.081). No significant main effect was 

found at BL (F2,38 = 0.552, p = 0.580). 

 For P200 amplitude, no significant main effects or interaction were observed [Condition – (F2,38 = 

0.600, p = 0.554); Time – (F2,38 = 0.315, p = 0.732); Interaction – (F4,76 = 1.430, p = 0.232)].
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7. Secondary analyses of sham condition 

Twelve age and gender-ratio matched volunteers (4 female, 26.0 ± 6.2 years of age, 16.0 ± 2.26 years 

of formal education) were included in the study as a control condition for a secondary analysis 

where application of active stimulation was absent. The analyses were performed on data which 

were collected in a previous study (https://doi.org/10.1016/j.brs.2018.01.002). The protocols were 

very similar to the current study, with the same time frame for single-pulse TMS measurement (T5 & 

T30) followed by working memory performance. Sham iTBS (50 Hz at 5 Hz) was applied at 90° tilt 

with bottom of the TMS coil facing away from the scalp. 

For mood and working memory performance, simple independent t-tests were used to compare 

active conditions to sham using change-from-baseline values (∆) rather than absolute values 

because of; a) differences in the number of samples (20 vs 12) and population (repeated vs 

independent) and b) differences in baseline values as a result of different population. 

 

TMS-EEG 

No significant differences in TEPs were found following sham stimulation (Fig S5A). For comparison 

across conditions (using independent t-tests), significant differences were found between Ind iTBS 

and Sham condition [N45 (T5: p = 0.005), P60 (T5: p = 0.001; T30: p = 0.019), N100 (T30: p = 0.016), 

P200 (T5: p = 0.021)] (Fig S5B). No significant differences were found between sham condition and 

30 / 50 Hz iTBS (all p > 0.025). 

 

 

Figure S5. Assessment of transcranial magnetic stimulation (TMS)-evoked potentials (TEPs) following 

sham stimulation. Grand average TEP waveforms at baseline (BL: blue), 5-min post (T5: red) and 30-

min post (T30: green) using 3 fronto-central electrodes (FC1, FCz and FC2). (B) Topoplots represent t-

values for comparison between Ind iTBS and sham stimulation (cluster-based statistics, *p < 0.01, Xp 

< 0.025).
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Mood rating 

No overall change in mood was visible following sham stimulation (Fig S6). Independent samples t-

tests revealed significant differences between Ind iTBS and sham stimulation (p = 0.006). No 

significant differences were found between sham stimulation and 30 Hz (p = 0.506) or 50 Hz iTBS (p = 

0.509). 

 

Figure S6. Visualisation for the effect of sham stimulation on the change in mood rating. Error bars 

indicate standard error of means (SEM).
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3-back task 

Figure S7 depcits the change-from-baseline scores of working memory performance following 

different iTBS conditions, separated by sham condition for visualisation purposes. No significant 

changes in working memory performance (d’ and accurate reaction time) were found following 

sham stimulation over time (all p > 0.05). Independent samples t-tests revealed significant 

differences in d’ between Ind iTBS and sham stimulation at T30 (p = 0.005). No other significant 

differences were seen between active conditions and sham stimulation in either d’ or accurate 

reaction time (all p > 0.05). 

 

Figure S7. Change in working memory performance across different stimulation conditions. Error 

bars indicate standard error of means (SEM).
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CHAPTER TWELVE 

Discussion and conclusions 

This thesis examined the neurobiological response to different stimulation parameters of 

the motor and prefrontal TBS, utilising TMS-EEG and working memory measures in 

experimental studies in order to identify optimal methods of prefrontal TBS application. The 

main findings from the meta-analysis and empirical studies that make up the thesis are 

summarised below, followed by a discussion of the implications of these findings. 

Limitations of the research and future directions are also presented. 

 

Summary of main findings 

 

Study one (Chapter 7): Use of theta-burst stimulation in changing excitability of motor 

cortex: A systematic review and meta-analysis 

In Chapter 7, the efficacy of iTBS and cTBS in modulating corticospinal excitability and 

factors affecting the outcome of stimulation were investigated. There were three main 

findings in this study. First, both iTBS and cTBS were shown to effectively modulate 

corticospinal excitability in healthy individuals, increasing the size of MEPs up to 30 minutes 

and decreasing up to 60 minutes, respectively. The overall effect size of iTBS was smaller 

than cTBS due to variability in response (larger standard deviation), and the presence of 

publication bias suggests overestimation of true effect size for both iTBS and cTBS. Second, 

repeated applications (600 pulses x 2 with an interval) resulted in larger after-effects 

produced by TBS than single trains (600 pulses). It is interesting to note that continuous 

stimulation with a break (i.e. 1200 pulses) can flip the direction of the excitability change. In 
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addition, 30 Hz TBS produced a larger change in MEPs than 50 Hz TBS. The effects of TBS 

were also influenced by BDNF polymorphism where individuals with Val/Val showed greater 

effect sizes while Met carriers demonstrated more variability. Third, only cTBS was able to 

suppress SICI, and no other intracortical circuits were affected by either iTBS or cTBS. 

 

The significance of this study is the systematic demonstration of efficacy of TBS over the 

motor cortex in a meta-analytic design. Despite early reports of robust effects following TBS, 

more recent studies with larger sample sizes have shown large variability in response to TBS, 

which is supported by the strong presence of publication bias in this study. Yet overall, there 

appear to be modulatory effects. The results also indicate factors affecting the outcome of 

stimulation which may be useful in optimising the way TBS is applied, namely number of 

pulses / repeated applications and frequency of stimulation. It remains to be determined 

what effect TBS has in the prefrontal cortex and whether same factors would impact the 

stimulation outcome in this cortical region. 

 

Study two (Chapter 8): Demonstration of short-term plasticity in the dorsolateral prefrontal 

cortex with theta burst stimulation: A TMS-EEG study 

In the study described in Chapter 8, the utility of TMS-EEG was explored for tracking the 

changes in cortical activity in the left prefrontal cortex following iTBS, cTBS and sham. There 

were three main findings. First, TMS-EEG was able to probe TBS-induced changes in the 

prefrontal cortex via TMS-evoked potentials (TEPs) and TMS-evoked oscillations. This 

validated TMS-EEG as a method for tracking plasticity following TBS in the prefrontal cortex 

and enabled its use in subsequent studies. Second, iTBS resulted in more robust changes 
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compared to cTBS, with significant increases in TEP N100 amplitude, TMS-evoked theta 

power and long-interval intracortical inhibition (LICI) of theta power following iTBS. On the 

other hand, cTBS showed significantly decreased theta power. Third, TBS-induced change in 

LICI of theta frequency correlated with change in N100 amplitude, suggesting N100 in the 

prefrontal cortex may be associated with cortical inhibition. 

 

The significance of this study is the demonstration that TBS modulates cortical reactivity and 

cortical inhibition in the prefrontal cortex, measures that were probed by TMS-EEG for the 

first time. By identifying markers of response to TBS, i.e. N100 amplitude, it was then 

possible to investigate the neurobiological effects of different TBS stimulation parameters as 

was explored in the subsequent studies. In addition, this study highlights the potential 

difference between motor and prefrontal cortex in response to TBS as findings from Chapter 

7 displayed greater plastic effects following cTBS than iTBS whereas the opposite was true 

over the prefrontal cortex.  

Several challenges associated with study two led to improvement in subsequent 

experimental procedures. For example, the stimulation site was adjusted to F1 electrode 

from F3 in order to minimise muscle activation. Additional measurements were performed 

such as TMS-EEG recording at T30 for the assessment of delayed effect and working 

memory task for the behavioural correlate of neurophysiological changes. 
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Study three (Chapter 9): Impact of different intensities of intermittent theta burst stimulation 

on the cortical properties during TMS-EEG and working memory performance 

Chapter 9 describes the first optimisation study which examined the impact of different 

intensities of iTBS (50, 75 and 100% rMT) on prefrontal plasticity using the methods 

established in Chapter 8. As prefrontal cortex is involved in cognitive and memory 

processes, a working memory task was also performed as a behavioural outcome measure. 

There were three main findings. First, neurophysiological changes probed via TMS-EEG 

following iTBS, particularly TMS-evoked N100 and theta power, were maximal at the 

intermediate intensity of 75% rMT, and these changes were almost absent at the higher 

intensity of 100% rMT. Second, this inverse U-shaped effect of iTBS intensity was also 

observed in the neurophysiology of working memory performance, with increases in ERP 

N200 amplitude also largest at 75% rMT. These changes in ERPs were related to changes in 

TEPs (e.g. TEP N100 and ERP N200), suggesting similar or shared mechanisms. Third, iTBS-

induced change in alpha power during the 3-back task demonstrated a close relationship 

with the change in reaction time, however, no significant differences were observed 

between active iTBS conditions in the working memory performances which may have been 

limited by the ceiling effect in healthy individuals. 

 

The significance of this study is the impact of intensity on the effects of iTBS in the 

prefrontal cortex. This is the first empirical evidence to demonstrate an inverse U-shape 

effect of iTBS in this brain region. Recent studies have reported substantial variability in 

response to iTBS and a growing number of studies are addressing this problem. This study 

adds another dimension to the factors affecting the outcome of stimulation and 
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demonstrates that increasing the intensity may in fact reduce the after-effect of iTBS in the 

prefrontal cortex. From the clinical perspective, recent studies assessing iTBS in the 

prefrontal cortex for therapeutic intervention have varied substantially in the intensities 

used for administration, often using intensities higher than the originally described methods 

being investigated. This could potentially have a negative impact on the clinical outcome, 

and therefore, the findings from study 3 encourage the investigation of iTBS intensity in 

clinical populations.  

 

Study four (Chapter 10): The effect of single and repeated prefrontal intermittent theta burst 

stimulation on cortical reactivity and working memory 

In Chapter 10, the second optimisation study investigated the effect of repeated iTBS in the 

prefrontal cortex. Using the optimal intensity from Chapter 9, the cortical activity via TMS-

EEG and working memory were compared following a single iTBS, repeated iTBS with 15-

min interval and sham stimulation. There were three main findings. First, both single and 

repeated iTBS increased the amplitude of TMS-evoked N100 and P200, and 3-back task 

related N200. Even though no significant differences were found between the active 

conditions, only single iTBS-induced changes were significantly different from sham 

stimulation. Second, working memory performance improved regardless of stimulation 

condition and active conditions did not differ from sham stimulation, indicating learning 

effects only. Third, neurophysiological changes (i.e. TEP ∆ N100 and ERP ∆ N200 which may 

be linked to cortical inhibition) were associated with improved accuracy following single 

iTBS, suggesting that when iTBS-induced change is of adequate strength, it may translate 

into behavioural outcomes. 
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This study demonstrated that repeating the application of prefrontal iTBS after a short 

interval (15 mins) did not result in greater changes in cortical neurophysiology or working 

memory performance compared to a single iTBS train. In addition, these findings 

corroborate previous studies of iTBS in the prefrontal cortex and provide greater insight into 

the cortical mechanism underlying iTBS. 

Although a small number of studies have shown no beneficial effect of repeated application 

in the motor cortex, the majority of studies have reported more robust and longer-lasting 

effects. The findings of this study are therefore in contrast with the majority of the motor 

cortex studies, and highlight the importance of detailed investigations in specific brain 

regions of interest rather than adopting the established method from the motor cortex. In 

clinical trials, repeated application of iTBS is often utilised particularly under accelerated 

treatment regimes. Findings from this study suggest a single application may be sufficient in 

modulating cortical activity in the prefrontal cortex. It remains to be determined if repeating 

its application for more than twice is necessary in order to achieve a superior outcome, as 

has been observed in the motor cortex (Nettekoven et al., 2014).   

 

Study five (Chapter 11): The effect of individualised intermittent theta burst stimulation in 

the prefrontal cortex: a TMS-EEG study 

In Chapter 11, the final optimisation of prefrontal iTBS examined the effect of different 

frequency of stimulation. Based on the findings of Chapter 7, a comparison was made 

between 30 Hz and 50 Hz iTBS in the prefrontal cortex, and the effect of individualised iTBS. 

These frequency conditions were investigated and the effects of stimulation were assessed 
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via TMS-EEG, mood and working memory performance. There were three main findings to 

this study. First, while no group-level effects were seen following either 30 Hz or 50 Hz iTBS, 

possibly due to inter-individual variability, individualised iTBS resulted in robust overall 

neurophysiological changes in TEPs such as P60, N100 and P200. Second, mirroring the 

neurophysiological changes, mood rating increased following individualised stimulation and 

the change in mood scores correlated with the change in P60 and N100 amplitude. Third, 

both 50 Hz and individualised iTBS showed a well-maintained change in P60 and N100 

amplitude (a potential metric for E/I balance) which may have played an important role in 

the processes of working memory. 

 

The findings from this study are significant as they demonstrate that the existing “one-size-

fits-all” approach may be one of the reasons for the inter-individual variability in response 

to iTBS, and more individualised strategy could increase the efficacy of stimulation. In 

addition, the neurophysiological changes have functional relevance with respect to mood 

and working memory performance.  

 

Implications 

 

The findings from these studies have significant implications for the ways in which iTBS is 

applied in the prefrontal cortex, illustrating the sensitivity of iTBS to various manipulations 

in parameter space and highlighting the importance of investigating these elements in order 

to obtain a more desirable outcome. In addition, these results contribute to our 
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understanding of the mechanisms of iTBS in conjunction with TMS-EEG methodology and 

pave the path for the facilitation of more efficacious form of iTBS in clinical settings. 

 

Effects of TBS 

More than a decade has passed since TBS was first adapted for the use in humans. Since 

then, TBS has become one of the most popular methods of inducing plastic change in the 

motor cortex due to its effects following short stimulation durations at low intensities. 

Initially, TBS was thought to be more powerful and robust in changing cortical excitability 

than conventional rTMS, however, recent studies with larger sample sizes have shown a 

large inter-and intra-variability in response to TBS (Hamada et al., 2013; Hinder et al., 2014). 

In addition, the vast majority of studies to date have investigated the effects of TBS in the 

motor cortex, and there is growing interest in applying TBS to other brain regions such as 

prefrontal cortex due to its clinical relevance. Despite the advantages of TBS, it has not had 

a widespread clinical uptake which is likely to be due to the lack of knowledge of the effects 

of TBS in the prefrontal cortex. Chapters 7 and 8 contribute to this knowledge gap by 

providing information on the neurobiological effects of TBS in both motor and prefrontal 

cortex and identifying factors that may affect the stimulation outcome. 

Before the pursuit of identifying the parameters that impact the outcome of TBS in the 

motor cortex, it was necessary to first determine what the actual effects of TBS in the motor 

cortex are. Although trends in the literature followed the results of the original TBS study 

(Huang et al., 2005), more recent studies with sample sizes of more than 50 have shown no 

overall effect (Hamada et al., 2013; Lopez-Alonso et al., 2014). As such, the findings in 

Chapter 7 that both iTBS and cTBS are able to alter corticospinal excitability provide the 
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evidence for the efficacy of TBS in the motor cortex which is important for the field. The 

duration of the after-effect was shorter and the overall effect size was smaller for iTBS 

(facilitatory paradigm) than that of cTBS (suppressive paradigm) which suggested that iTBS 

may not be as effective as cTBS in modulating corticospinal excitability. Other forms of non-

invasive brain stimulation techniques such as rTMS (Maeda et al., 2000), PAS (Wischnewski 

and Schutter, 2016) and tDCS (Nitsche and Paulus, 2000) have shown greater effects 

following facilitatory paradigms than suppressive paradigms but with larger standard 

deviations. Effect sizes are affected by the standard deviation values, and therefore variance 

should be accounted for when interpreting the results of systematic reviews. Another 

important factor to consider is publication bias. Several methods of assessing publication 

bias were employed and all of these approaches indicated a large degree of publication bias, 

suggesting that the observed effects in the literature may be overestimated. In addition, 

factors contributing to the efficacy of stimulation were identified such as frequency, number 

of pulses (or repeated application) and BDNF polymorphism. These findings informed the 

decision on what parameters to test in the prefrontal cortex. The intensity of TBS is an 

important parameter to consider (Cardenas-Morales et al., 2010), however the majority of 

motor cortex studies adhered to the originally described study (Huang et al., 2005) with an 

intensity of 70 – 80 % a/rMT which limited the subgroup analysis of this variable. 

In preparation for examining the impact of the aforementioned TBS parameters in the 

prefrontal cortex, a preliminary investigation of the efficacy of ‘standard’ TBS was necessary 

for this brain region. A growing number of studies have used TMS-EEG to track changes 

following neuromodulatory techniques such as rTMS (Casula et al., 2014; Esser et al., 2006; 

Hamidi et al., 2010; Helfrich et al., 2012), tDCS (Pellicciari et al., 2013; Romero Lauro et al., 

2014), PAS (Rajji et al., 2013; Veniero et al., 2013) and TBS (Harrington and Hammond-



 

222 

 

Tooke, 2015; Vernet et al., 2013). While the majority of the studies were conducted in the 

motor cortex which provided insight into the origin of TEP components to a certain extent, 

researchers have begun exploring the effects of neuromodulation in non-motor regions 

using TMS-EEG. In Chapter 8, this technique was utilised to characterise the effects of TBS in 

the prefrontal cortex via TEPs and TMS-evoked oscillations which laid the groundwork for 

subsequent studies.  

Firstly, the insight on the neurophysiological basis of short-term plasticity following TBS was 

provided, showing an increase in N100 amplitude and TMS-evoked theta power following 

iTBS, whereas cTBS resulted in decreased TMS-evoked theta power. TBS-induced changes in 

N100 have been described in different brain regions (Casula et al., 2016b; Harrington and 

Hammond-Tooke, 2015), and appears to be the most prominent TMS-EEG component with 

a high reproducibility and signal-to-noise ratio (SNR) (Lioumis et al., 2009). These results 

provided indices of measurement for tracking TBS-induced changes using single-pulse TMS 

which could be used to infer the size of plastic changes in a similar manner to the change in 

the amplitude of MEPs following motor cortex stimulation. Secondly, the assessment of 

long-intracortical inhibition (LICI) using paired-pulse paradigm following TBS showed 

significantly increased LICI of theta following iTBS, which suggests that iTBS increases 

GABAB-mediated inhibition in the prefrontal cortex. Lastly, the N100 component of TEPs in 

the prefrontal cortex was better understood. The paired-pulse TMS largely inhibited the 

N100-P200 component without affecting the early peaks (i.e. N45 and P60), and TBS-

induced change in N100 showed a strong correlation with the LICI of theta, suggesting both 

of these measures share similar mechanisms. Several lines of evidence from the motor 

cortex suggest that the amplitude of the N100 reflects the strength of cortical inhibition; 1) 

N100 amplitude is increased by a GABAB-agonist (Premoli et al., 2014a), 2) the slope of the 
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N100 correlated with paired-pulse measures of cortical inhibition (LICI) measured using both 

MEPs and early TEPs (Rogasch et al., 2013a), and 3) N100 amplitude is increased when 

attempting to inhibit a motor movement (Bonnard et al., 2009). In the prefrontal cortex, the 

slope of the N100 also correlates with LICI of early TEPs (Rogasch et al., 2015), agreeing with 

the above findings that N100 may represent a marker of cortical inhibition. In the current 

study, further evidence that the N100 amplitude following prefrontal TMS represents 

cortical inhibition was provided by showing that the change in N100 amplitude following 

TBS correlates with changes in LICI of TMS-evoked theta power following TBS. Together, 

these findings strongly suggest that the amplitude of the TMS-evoked N100 reflects the 

strength of cortical inhibition.  

Several studies have suggested that the N100 peak represents an inhibitory origin likely 

mediated via a GABAB mechanism (Farzan et al., 2013; Premoli et al., 2014a; Rogasch et al., 

2013a). Therefore, an increase in GABAB -mediated inhibition is one candidate mechanism 

that could explain the changes in N100 following iTBS in DLPFC. However, until a similar 

pharmacological study is conducted in the DLPFC, the result should be interpreted with 

caution. In the motor cortex, TBS appears to modulate glutamatergic (Huang et al., 2007) 

and GABAergic (Stagg et al., 2009) neurotransmission. Changes in MEP amplitude mainly 

reflect excitatory glutamatergic neurotransmission, whereas LICI and cortical silent period 

(CSP) reflect GABAB intracortical activity (Paulus et al., 2008). TBS studies on motor cortex 

have shown no change in CSP (Brownjohn et al., 2014; Di Lazzaro et al., 2011) or LICI 

(Goldsworthy et al., 2013; Suppa et al., 2008) which might suggest different intracortical 

circuits are involved in the effects of TBS in different brain regions. Another alternative is 

that LICI is often close to saturation in MEP studies, therefore lack of change could 

represent a ceiling effect.  
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Taken together, TBS is able to exert plastic changes in both motor and prefrontal cortex. 

Even though iTBS showed more variability in the motor cortex, it was found to be more 

robust in the prefrontal cortex. This is somewhat consistent with the observation that 

depressed patients who received protocols involving iTBS in the prefrontal cortex showed 

better overall clinical outcome than cTBS alone in a recent meta-analysis (Berlim et al., 

2017). In addition, stimulation parameters which could improve TBS outcomes were 

identified, as well as neurophysiological indices of measurement for optimisation of TBS. 

 

Importance of stimulation parameters of iTBS in the prefrontal cortex 

The importance of the parameters of stimulation, such as intensity, duration and frequency 

is often highlighted (de Jesus et al., 2014; Hannah et al., 2016; Rossi et al., 2009), yet the 

optimal parameter of rTMS protocols remain elusive. In addition, the neural basis of the 

mechanisms of the beneficial effect produced by different stimulation parameters are still 

largely unknown (Hoogendam et al., 2010; Miniussi and Thut, 2010). Chapter 9, 10 and 11 

were dedicated to optimising the effects of stimulation by varying the parameter space of 

iTBS and elucidating underlying mechanisms of action in the prefrontal cortex. First, Chapter 

9 describes the impact of intensity on the effect of iTBS. Typically, the propensity of the 

change in brain plasticity increases with increasing intensity of conventional rTMS protocols 

(Fitzgerald et al., 2002b; Padberg et al., 2002; Speer et al., 2003). This pattern, however, was 

not present with iTBS which instead exhibited an inverse-U shaped influence of intensity on 

plastic effects. Corroborating the result of Chapter 8, iTBS at 75% rMT, and 50% rMT to a 

smaller degree, increased the amplitude of N100 and theta power, while these effects were 

absent at a higher intensity of 100% rMT. The change in the plastic effect of iTBS was further 
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supported by changes in TMS-evoked gamma power, which increased following iTBS at 75% 

rMT and decreased following 100% rMT iTBS. Gamma oscillations are involved in cortical 

processing and are thought to promote synaptic strength (Fries, 2009) and therefore, it is 

likely that 75% iTBS resulted in increased synaptic plasticity compared to when iTBS was 

given at 100% rMT. The inhibitory interneurons play an important role in the 

synchronisation of gamma oscillations (Cobb et al., 1995; Whittington et al., 1995). The 

correlations found in this study between iTBS-induced change in N100 (associated with 

inhibitory mechanisms) and TMS-evoked gamma power suggest that GABAB receptor-

mediated inhibition may act as a ‘gate-keeper’ in modulating gamma oscillations (Kohl and 

Paulsen, 2010). The involvement of cortical inhibition in TEP N100 was further substantiated 

by the iTBS-induced change in the 2-back task, in particular ERP N200 which is thought to be 

involved in cognitive and inhibitory processing (Aron, 2007; Kopp et al., 1996). These 

findings further indicate that iTBS modulates cortical inhibition in the prefrontal cortex, and 

it does so in an intensity-dependent manner. The behavioural outcome of the 3-back task 

on accurate reaction time partially supports the inverse U-shaped plastic effects of iTBS in 

regards to the intensity of stimulation. Despite there being no significant differences 

between active conditions, 75% iTBS resulted in faster reaction time compared to sham 

stimulation which was mirrored by increased alpha power during the maintenance period. 

Lateral prefrontal cortex plays an important role in maintaining top-down attentional 

control in reaction time tasks (Bellgrove et al., 2004; Stuss et al., 2003), and therefore, it is 

possible that iTBS exerted a positive influence on the attentional processes which was 

maximal at 75% rMT. The results from Chapter 9 provide the first evidence demonstrating 

that intermediate intensity of iTBS produces the maximal effect in the prefrontal cortex, 

unlike conventional rTMS protocols. 
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In Chapter 10, the effects of repeated application of prefrontal iTBS were investigated in 

attempts to obtain more robust and prolonged outcomes. While several studies have shown 

additive effects of iTBS in humans (Nettekoven et al., 2014) and animals (Thimm and Funke, 

2015; Volz et al., 2013), such dose-dependent effect is not always present (Gamboa et al., 

2011; Murakami et al., 2012). Corroborating the studies with no improvement following 

repeated applications, no evidence of dose-dependent efficacy was seen following 

prefrontal application of iTBS which may have been due to homeostatic mechanisms. 

Increasing the number of iTBS blocks or the duration of the interval between each block 

may increase the effect of iTBS, however it may not be the most optimal approach if the 

total duration of the treatment is as long as conventional rTMS. Perhaps the most 

interesting findings of Chapter 10 were the relationships between neurophysiological and 

behavioural changes following a single application of iTBS. The association found in the 

previous chapter between TEP N100 and ERP N200 was replicated, and in turn, the changes 

in the amplitude of these peaks correlated with the accuracy of the 3-back task, which 

provides insight into an aspect of enhancement in inhibitory control following prefrontal 

iTBS. Therefore, the findings from Chapter 10 further support the evidence that iTBS 

modulates cortical inhibition in the prefrontal cortex, which is not increased with a repeated 

application. 

 

The optimisation of iTBS was most successful when the individualised approach was applied 

as described in Chapter 11. The inter-individual variability in response to TBS is one of the 

major impediments to the widespread clinical use of this technique. Studies with larger 



 

227 

 

sample sizes have shown substantial variability following conventional TBS in the motor 

cortex (Hamada et al., 2013; Hinder et al., 2014) which is to some extent in line with what 

was observed following two most commonly used forms of iTBS, 30 Hz and 50 Hz, in the 

prefrontal cortex. These results are contradictory to the previous chapters (Chapter 8, 9 and 

10) where more robust neurophysiological changes were obtained following 50 Hz iTBS. The 

application of individualised iTBS using theta-gamma coupling based on the original animal 

study of TBS (Larson et al., 1986) yielded extended after-effects in both neurophysiology, 

mood and working memory (to a certain extent) which stresses the importance of 

individualised methods of stimulation.  

 

The findings from the study described in Chapter 11 on the impact of frequency of 

stimulation, specifically the intervals between each pulse and burst, support the notion that 

the temporal precision of the stimulation affects iTBS outcome as described in Chapter 9. 

The influence of frequency of stimulus relates directly to the unique temporal aspects that 

underlie the fundamental mechanisms of TBS (Larson and Munkacsy, 2015). It is believed 

that TBS is effective because it targets a phase of presynaptic GABAB-mediated disinhibition 

which is sustained in theta rhythms (Davies and Collingridge, 1996; Larson and Munkacsy, 

2015; Mott and Lewis, 1991). A TMS pulse elicits both postsynaptic GABAB-mediated 

inhibition and presynaptic GABAB autoreceptor-mediated disinhibition. Presynaptic 

disinhibition outlasts postsynaptic inhibition, and this temporal disparity results in a late 

period at 200 ms during which disinhibition is prevalent (Deisz, 1999; Otis et al., 1993). 

Postsynaptic depolarisation (Larson et al., 1986; Pacelli et al., 1989) and NMDA receptor 

activation (Davies and Collingridge, 1996) at excitatory synapses are enhanced during this 
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period of disinhibition, resulting in a brief window during which plasticity induction is 

facilitated (Davies and Collingridge, 1996; Larson et al., 1986; Mott and Lewis, 1991; Pacelli 

et al., 1989). Delivery of stimulus bursts at this interval resulted in a rapid and robust LTP 

(Larson et al., 1986). A similar period of late disinhibition has also been demonstrated in the 

human motor cortex (Cash et al., 2010; Cash et al., 2011) where plasticity induction was 

enhanced (Cash et al., 2016). The individualised frequency of stimulation was developed by 

mimicking the original animal study where application of patterned stimulation resembling 

such spike discharge patterns of hippocampal neurons during exploratory behaviours that 

led to a robust LTP (Larson et al., 1986). The within-burst timing (i.e. theta rhythm) was an 

important factor determining the efficacy of LTP, and shorter or longer interval resulted in 

reduced LTP (Larson and Lynch, 1989). Therefore, it is likely that tailoring the temporal 

dynamics of pulses for each individual yielded a robust LTP-like effect following 

individualised iTBS. Involvement of similar mechanism was observed in Chapter 9 using 

different intensities of iTBS, where decreasing (50% rMT) or increasing (100% rMT) the 

intensity reduced the after-effects due to possible shortening or lengthening of the late 

cortical disinhibition, respectively. 

Although the largest neurophysiological changes were observed following Ind iTBS, these 

changes were different from the outcome of previous chapters, particularly in N100. The 

reasons for this discrepancy are not clear, and it is likely due to inter-individual variability. It 

is interesting to note that although the change in N100 was in an opposite direction to the 

previous studies, a similar positive correlation (increase in P60 resulting in increased N100, 

and vice versa) to Chapter 9 was observed. Assuming P60 is related to excitability and N100 

to inhibition, the correlation analyses between ∆ P60 and ∆ N100 suggests a tightly 

controlled E/I balance. In such instances, the disparity between studies can then be 
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explained by ∆ N100 reflecting a shift to maintain the ratio between the two peaks, rather 

than an increase in the ratio. The change in working memory performance was assessed as a 

behavioural marker of iTBS-induced neurophysiological changes, and the ratio between the 

two peaks exhibited a close association to the behavioural outcome. The ∆ P60 and ∆ N100 

did not correlate with the performance change by themselves, but rather the ratio between 

the changes in these peaks corresponded with the change in performance. This finding 

indicates that well-balanced change is more important for working memory. The balance 

between excitation and inhibition is thought to play an important role in cortical processing 

and working memory (Kirkwood, 2015; Legon et al., 2016; Lim and Goldman, 2013) and 

alteration in the balance may lead to cognitive impairment (Cline, 2005; Vogels and Abbott, 

2009). Taken together, these findings highlight the importance of the frequency of 

stimulation, and more individualised approach may enhance the effects of iTBS. 

 

Limitations 

 

Limitations to individual studies are included in the relevant chapters, however, some of the 

common limitations across studies are outlined hereinafter. First, the TMS click sound was 

not completely masked by the application of white noise and the coil click sound 

transmitted through bone conduction could not be avoided. It has been shown that N100-

P180 components are partially related to auditory processing, which also results in cortical 

activity (ter Braack et al., 2015). Because of the repeated measures design, any auditory 

artefacts should be consistent across time, and therefore changes in TEP amplitude can be 

attributed to TMS-evoked neural activity. In addition, sham conditions did not have any 

impact on the N100-P180 components. Furthermore, correlations often found between the 
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∆ N100 and neurophysiological change during N-back task as well as behaviour changes 

indicate the likelihood of neural origin unrelated to auditory processing. Second, the 

number of pulses used for TMS-EEG was likely suboptimal and hence any change in early 

TEP components may have been undetected. Signal-to-noise ratio inevitably increases with 

more number of trials included in the data, which could increase the sensitivity to detect 

small changes in early TMS-EEG peaks reflecting iTBS-induced plasticity. However, it is also 

possible that changes in early TEP peaks suffer from high inter-individual variability in 

response to conventional TBS paradigms. Furthermore, increasing the number of pulses did 

not show a group-level effect on early TEPs in Chapter 11. In addition, change in P60 has 

been observed using ~50 single TMS pulses following tDCS (Hill et al., 2017). Finally, 

neuronavigation was unavailable for the localisation of stimulation target. The direction of 

the induced electrical current relative to the cortical structures has an impact on the 

effectiveness of the stimulation (Bashir et al., 2013; Brasil-Neto et al., 1992; Mills et al., 

1992). Optimal MEPs can be obtained when the coil is perpendicular to the underlying gyrus 

(Richter et al., 2013) in the motor cortex. However, it is unclear if the same applies in the 

prefrontal cortex where the stimulated neuronal population could be different from the 

motor cortex. The positioning of the coil was instead based on 10-20 electrode positions at 

either F3 (Chapter 8) or F1 (Chapter 9, 10 and 11), both of which are within the range of 

DLPFC (Koessler et al., 2009). Steps were taken to ensure consistent re-positioning of the 

coil before and after TBS application to minimise the margin of error. Comparable results 

have been reported using EEG-guided methods (Rogasch et al., 2014) and MRI-guided 

neuronavigation (Lioumis et al., 2009) and the TEP waveforms were consistent across the 

studies in the thesis. However, future studies should employ the use of neuronavigation 

which could potentially reduce any variability across sessions. 
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Challenges in the current research 

 

There were several challenges during the course of this research. TMS-EEG is in its infancy, 

and as such, the availability of analysis method is limited. This has been overcome in the last 

year or so with the release of open-source TMS-EEG toolboxes, however considerable 

development of analysis code and pipelines were required for the work in this thesis. For 

instance, pipelines were developed which took into account for the repeated TMS-EEG 

blocks over time, and concatenating the data allowed for the consistent effects of ICA across 

time blocks.  

Pipeline development was particularly important for the final study, which involved 

developing an analysis pipeline for theta-gamma coupling that required both speed and 

accuracy in order to be performed during the experiment. This involved hours of research in 

a topic of speculation which led to no real solution but limitations in each measuring 

method for phase-amplitude coupling. A large number of different analysis methods 

available in the literature can be daunting, especially when each study presents itself to be 

superior to others. More than 10 different methods were tested on previously collected 

data, each taking several hours to analyse, however led to a series of failures in its attempt. 

Guided by recommendations, numerous modifications to the procedure by trial and error 

and fine-tuning the selected method improved the outcome, and further adjustment was 

made to reduce the analysis duration (~15 min). Devising and developing a prototype for 

the micro-controller further expedited the experimental procedure which was another 

major challenge.  
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Techniques used in this study are relatively new such as the prefrontal application of TMS-

EEG and TBS, and while it is an exciting field to explore, many limitations follow when 

analysing the data and interpreting the results. 

 

Future directions 

 

In accordance with limitations, the future directions for individual study are outlined in each 

chapter. Most importantly, the optimisation of TBS protocols is critical in order to facilitate 

its use in clinical settings. Prefrontal application of rTMS is one therapeutic option for 

treatment-resistant depression and is being investigated for use in various other mood and 

cognitive disorders. An increase in the exploratory use of TBS as a therapeutic tool is evident 

in recent years (Chung et al., 2015a; Li et al., 2014; Plewnia et al., 2014; Prasser et al., 2015), 

however no systematic investigation on the effect of stimulation parameters is currently 

available, especially in the prefrontal cortex. The parameter space (e.g. the combination of 

intensity, frequency and number of pulses) available for TBS is enormous, and has 

surprisingly undergone little optimisation in either the motor cortex or non-motor regions, 

with most studies using the parameters reported in the original study (Huang et al., 2005). 

Methods applied in this study allow the examination of optimal stimulation parameters 

which can aid in developing more efficacious protocols for clinical applications. While TMS-

EEG can be a powerful tool in tracking neuromodulatory changes in the prefrontal cortex, 

the origin of the TEPs needs to be better characterised. This study provided some evidence 

linking N100 to inhibitory activity in the prefrontal cortex, and the possible association of 

P60 to excitability. Studies are suggesting P60 may provide a marker of excitability (Cash et 

al., 2017b; Hill et al., 2017), however pharmacological research would provide more 
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accurate inference to excitatory or inhibitory mechanisms, which would aid in precise 

interpretation of TBS-induced changes using this technique. Finally, exploration of whether 

findings of this study would translate into the clinical population is required. The 

observation of robust neurophysiological changes following iTBS holds great promise for 

therapeutic applications because neuropsychiatric cohorts often exhibit altered TMS-

induced activity (Casarotto et al., 2011; Julkunen et al., 2008; Noda et al., 2017a) and some 

of the characteristics of TMS-evoked activities can be restored following NIBS including TBS 

(Pellicciari et al., 2017a). It remains to be determined if positive behavioural outcome such 

as improved working memory performance could be achieved in the clinical population.  

 

 Conclusions 

 

TMS-EEG can be used to track plastic changes following TBS in the prefrontal cortex, and 

these plastic changes are influenced by intensity, but not repeated application of 

stimulation. Most importantly, the individualised form of iTBS appears to be more effective 

than conventional TBS paradigms in altering both neurophysiological mechanisms and 

behaviour. The findings from this thesis contribute to the development of more effective 

TBS protocol in the prefrontal cortex for both basic and applied research, and allows for 

better understanding of its mechanism in healthy individuals. 
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APPENDICES 

Appendix A 

 

Abstract: Students of Brain Research Symposium. Melbourne, Australia. 2015 

 

Use of theta-burst stimulation in changing excitability of motor cortex: a systematic 

review and meta-analysis. 

Chung SW, Hill AT, Rogasch NC, Hoy KE, Fitzgerald PB 

 

Noninvasive brain stimulation has the unique ability to safely modulate cortical activity. In 

particular, theta burst stimulation (TBS) has gained notable attention due to its efficacy in 

short stimulation durations. However, inter- and intra-individual variability to TBS still 

remains unsolved. 

   AIM: To provide a meta-analytic synthesis of efficacy of two TBS paradigms; intermittent 

(iTBS) and continuous (cTBS), on corticomotor excitability.  

   METHODS: Comprehensive electronic literature searches yielded 87 eligible papers. 

   RESULTS: The effect of iTBS yielded a moderately large MEP increase up to 30 minutes 

with pooled SMD of 0.71 (p < 0.00001). Subgroup analysis of number of pulses indicated 

larger SMD with 1200 pulses (0.84, p < 0.05), compared to 600 pulses (0.68, p < 0.00001) at 

30 minutes post iTBS. The effect of cTBS produced a MEP decrease up to 60 minutes, with 

largest effect size at 5 minutes post cTBS (0.9, P < 0.00001), and gradually decreased over 

time. Subgroup analysis of number of pulses revealed largest effect with 1200 pulses up to 
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60 minutes (SMD = - 1.18, P = 0.01). 300 and 600 pulses produced identical SMD of -0.62 at 

30 minutes post cTBS.  

   CONCLUSION: Overall, this systemic review and meta-analysis shows that two paradigms 

of TBS can produce statistically significant effects on corticomotor excitability in healthy 

individuals. The results also highlight the factors that may affect the outcome of after-

effects of TBS. More research is required to identify other factors affecting inter- and intra-

individual variability. 
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Appendix B 

 

Abstract: 2nd Australasian Brain Stimulation Meeting. Melbourne, Australia. 2016 

*Top ranked student abstracts, Oral presentation 

 

Intensity-dependent effect of intermittent theta burst stimulation in prefrontal cortex: A 

TMS-EEG Study. 

Chung, SW, Rogasch NC, Hoy KE, Fitzgerald PB. 

 

Introduction: Theta burst stimulation (TBS) has demonstrated similar if not greater effects 

on brain activity over standard repetitive transcranial magnetic stimulation. There is 

increasing interest in the use of TBS as a therapeutic tool for disorders such as depression 

and schizophrenia, however we know very little about the effects of TBS on cortical 

excitability outside of the motor cortex. In developing clinical applications in psychiatric 

illnesses, there is a need to explore the effects of different parameters of TBS in non-motor 

regions. 

Objectives: The study aimed to examine the effects of different intensities of intermittent 

TBS (iTBS; 50, 75 & 100%) on cortical excitability in the dorsolateral prefrontal cortex, a 

brain region relevant to the treatment of a number of neuropsychiatric disorders. We 

hypothesized that iTBS would show greatest cortical effects at sub-threshold intensities. 

Materials & Methods: 16 healthy participants were stimulated with iTBS at either 50, 75 or 

100% rMT on F1 electrode over 3 different sessions. TMS-EEG before and after iTBS was 
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used to assess cortical excitability change via TMS-evoked potentials (TEPs) and TMS-evoked 

oscillations.    

    

Results: Increased N120 amplitude was observed with 75% iTBS (p =.026). No significant 

change was observed with 100% iTBS. Globally, 100% and 75% iTBS showed significant 

overall difference in centro-frontal region alone (p = .042). TMS-evoked oscillations were 

significantly decreased after 100% iTBS in the gamma frequency band at F1 (p = .019). 

Conclusion: This study provides some of the first evidence that varying intensities of iTBS 

produces different changes in cortical excitability in the prefrontal cortex. This may aid in 

optimising stimulation paradigms prior to the conduct of clinical trials. 
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Appendix C 

 

Abstract: 6th International Conference of Transcranial Brain Stimulation, Göttingen, 

Germany. 2016 

 

Demonstration of short-term plasticity in the dorsolateral prefrontal cortex with theta 

burst stimulation. 

Chung, SW, Lewis BP, Rogasch NC, Saeki T, Thomson R, Bailey NW, Hoy KE, Fitzgerald PB. 

 

Introduction 

Repetitive transcranial magnetic stimulation has the unique ability to modulate cortical 

activity. In particular, theta burst stimulation (TBS) has gained notable attention due to its 

efficacy in short stimulation durations. Vast majority of TBS studies have demonstrated 

corticospinal excitability change, however we know very little about the effects of TBS on 

cortical excitability outside of the motor cortex. There is increasing interest in the use of TBS 

as a therapeutic tool for disorders such as depression and schizophrenia. In developing 

clinical applications in such psychiatric illnesses, there is a need to explore whether the 

same effects on corticospinal excitability are achieved in non-motor regions. 

Objectives 

The study aimed to examine the effects of iTBS and cTBS on cortical excitability in the 

dorsolateral prefrontal cortex, a brain region relevant to the treatment of a number of 

neuropsychiatric disorders. We hypothesized that iTBS and cTBS protocol would increase 

and decrease cortical excitability respectively.  
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Materials & Methods 

10 healthy participants were stimulated with either iTBS, cTBS or sham on F3 electrode over 

3 different sessions. TMS-EEG was used to assess cortical excitability change via TMS-evoked 

potentials (TEPs) and TMS-evoked oscillations.    

Results 

Analysis on F3 revealed increase in N120 amplitude (p = .009) from pre to post iTBS. Cluster-

based statistics showed one significant negative cluster at N120 (p = .003), indicating 

increased amplitude at the site of stimulation and contralaterally. TBS-induced changes 

(post – pre) were calculated and compared among different TBS conditions. N120 amplitude 

post iTBS was higher than cTBS at F3 (p = .042). TMS-evoked oscillations were significantly 

increased after iTBS in theta frequency at F3 from 50 to 250 ms (p = .044). TMS-evoked 

oscillations among different TBS at F3 yielded higher theta power after iTBS compared to 

cTBS and sham (p < .05; Fig 1).  

Conclusion 

This study provides some of the first evidence that TBS produces direct changes in cortical 

excitability in the prefrontal cortex. This may be a useful approach to optimise stimulation 

paradigms prior to the conduct of clinical trials. 
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Appendix D 

 

Abstract: Students of Brain Research Symposium. Melbourne, Australia. 2016 

*2nd Prize Poster Presentation 

 

Demonstration of short-term plasticity in the dorsolateral prefrontal cortex with theta 

burst stimulation. 

Chung, SW, Lewis BP, Rogasch NC, Saeki T, Thomson R, Bailey NW, Hoy KE, Fitzgerald PB. 

 

Theta burst stimulation (TBS), a modified form of repetitive transcranial magnetic 

stimulation (rTMS), has demonstrated corticospinal excitability change. However, we know 

very little about the effects of TBS on cortical excitability/inhibition outside the motor 

cortex. There is increasing interest in the use of TBS as a therapeutic tool for disorders such 

as depression and schizophrenia, where dorsolateral prefrontal cortex (DLPFC) is the 

primary target for treatment. In developing clinical applications using TBS, there is a need to 

explore cortical effects of TBS in non-motor regions. 

   AIM: To examine the effects of iTBS and cTBS on cortical reactivity in the DLPFC. We 

hypothesized that iTBS and cTBS would increase and decrease cortical reactivity 

respectively.  

   METHODS: 10 healthy participants were stimulated with either iTBS, cTBS or sham at F3 

electrode. Single- and paired-pulse TMS and concurrent electroencephalography (EEG) were 

used to assess change in cortical reactivity and long-interval intracortical inhibition (LICI). 



 

259 

 

   RESULTS: Significant increases in N120 amplitudes (p = 0.013) were observed following 

iTBS over prefrontal cortex. Changes in TMS-evoked theta oscillations and LICI of theta 

oscillations were also observed following iTBS (↑) and cTBS (↓), and these changes were 

significantly different between iTBS and cTBS. Change in LICI of theta oscillations correlated 

with change in N120 amplitude following TBS (r = -0.419, p = 0.021). 

   CONCLUSION: This study provides preliminary evidence that TBS produces direct changes 

in cortical reactivity in the DLPFC. This may be a useful approach to optimise stimulation 

paradigms prior to the conduct of clinical trials. 
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Appendix E 

 

Abstract: 2nd International Brain Stimulation Conference, Barcelona, Spain. 2017 

*Outstanding Poster Award (1 of 3 out of ~500) 

 

More is not always better: Impact of different intensities of intermittent theta burst 

stimulation in prefrontal cortex using TMS-EEG.  

Chung, SW, Rogasch NC, Hoy KE, Fitzgerald PB. 

 

Introduction: Theta burst stimulation (TBS) can alter cortical excitability, similar to standard 

repetitive transcranial magnetic stimulation paradigms, with a major advantage of shorter 

stimulation duration at a lower intensity. There is increasing interest in the use of TBS as a 

therapeutic tool for disorders such as depression and schizophrenia, where prefrontal 

cortex is the primary target for treatment. In developing clinical applications for such 

psychiatric illnesses, there is a need to explore effects of different parameters of TBS in this 

region. This study aimed to examine the effects of different intensities of intermittent TBS 

(iTBS) on cortical reactivity in the prefrontal cortex. We hypothesized that iTBS would show 

greater cortical effects at sub-threshold intensities. 

Methods: 16 healthy participants received iTBS over prefrontal cortex (F1 electrode) at 

either 50, 75 or 100% rMT in separate sessions. Single pulse TMS-EEG was used to assess 

change in cortical reactivity via TMS-evoked potentials and TMS-evoked oscillations before 

and after iTBS.    
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Results: Cluster-based statistics revealed a significant increase in N100 amplitude following 

50% (p = 0.011) and 75% (p = 0.010) iTBS over prefrontal regions. No significant change was 

observed with 100% iTBS. Between conditions, the iTBS-induced change in N100 was larger 

following 75% compared to 100% iTBS (p = 0.008).  

For oscillations, change in TMS-evoked theta (p = 0.027) and gamma power (p = 0.006) were 

larger following 75% compared to 100% iTBS (figure below). No significant differences were 

observed between 50% and 75% iTBS, or 50% and 100% iTBS. 

Discussion: Intensity of the stimulation should be carefully considered when administering 

TBS in the prefrontal cortex, as it may reduce iTBS-induced changes in cortical reactivity at 

or above individual’s motor threshold. This study may aid in optimising stimulation 

paradigm prior to the conduct of clinical trials. 
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Appendix F 

 

Abstract: 7th Australasian Cognitive Neuroscience Society Conference, Adelaide, Australia. 

2018 

* Travel Award 

 

The effects of individualised intermittent theta burst stimulation in the prefrontal cortex: 

a TMS-EEG study 

Chung, SW, Sullivan CM, Rogasch NC, Hoy KE, Cash RFH, Fitzgerald PB. 

 

Recent studies have highlighted the neurophysiological and behavioural variability in 

response to theta burst stimulation (TBS) in humans. This paradigm was originally developed 

in rodents to mimic gamma bursts that were coupled with theta rhythms and was shown to 

elicit long-term potentiation. The protocol was subsequently adapted for humans using 

similar frequency parameters, however it is known that peak theta frequency differs 

between rodents and humans, and across individuals. Furthermore the precise frequencies 

involved in theta-gamma coupling, a cornerstone of cognitive processing, is unique across 

individuals. The present study sought to explore whether individualised intermittent TBS 

(Ind-iTBS) could outperform the neurophysiological and behavioural (mood) effects of two 

conventional iTBS variants.   

20 healthy volunteers received iTBS over left prefrontal cortex using 30 Hz, 50 Hz, or 

individualised frequency in separate sessions. Ind-iTBS was determined using theta-gamma 

coupling during the 3-back task. Concurrent use of transcranial magnetic stimulation and 

electroencephalography (TMS-EEG) was used to track changes in cortical plasticity 

measured. We also utilised mood ratings using a visual analogue scale before and after 

stimulation. 

No group-level effect was observed following either 30 Hz or 50 Hz iTBS. Ind-iTBS yielded 

significant increase in the amplitude of TMS-evoked P60, and decrease in N100 and P200. A 

significant positive correlation between neurophysiological change and change in mood 

rating was also seen. 
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These findings highlight the critical importance of frequency in the parameter space of iTBS. 

Our Ind-iTBS protocol outperformed conventional protocols in neurophysiological and 

behavioural outcomes. This novel approach presents a promising option for enhancing the 

efficacy and reducing the variability of iTBS and benefits may extend to clinical applications. 
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Cover of Human Brain Mapping journal 

Chung SW, Rogasch NC, Hoy KE, Sullivan CM, Cash RFH, Fitzgerald PB. 2017. Impact of 

different intensities of intermittent theta burst stimulation on the cortical properties during 

TMS-EEG and working memory performance. 

 

 




