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Abstract 
 

Theta burst stimulation (TBS) is a type of repetitive transcranial magnetic stimulation (rTMS) 

protocol which has the advantage of a shorter delivery time over traditional rTMS. When 

applied to motor cortex, intermittent TBS (iTBS) has been shown to yield excitatory aftereffects, 

whereas continuous TBS (cTBS) may lead to inhibitory aftereffects, both lasting from minutes to 

hours. The majority of TBS research has targeted motor, frontal, and parietal regions, and to 

date very few studies have examined its efficacy at visual areas. In this thesis, we designed a 

sham-controlled study to investigate the immediate post-stimulation and short-term (1 hr post-

stimulation) effects of iTBS and cTBS targeting the primary visual cortex (V1). Using multi-echo 

functional magnetic resonance imaging, we compared resting state functional connectivity (FC) 

in whole-brain networks before and after stimulation, with seeds from V1 (stimulation site) and 

neighbouring occipital and parietal visual networks. In addition, we also measured pre- to post-

TBS phosphene thresholds (PTs) to examine the modulatory effects of TBS on cortical 

excitability. We found no changes in FC for iTBS, cTBS or sham stimulation conditions from 

baseline to post-stimulation timepoints. Additionally, cTBS and iTBS had no effect on post-

stimulation PTs. Our results indicate that unlike previous studies in our lab which used low 

frequency rTMS to V1 and found widespread FC changes up to 1 hr after stimulation, TBS to V1 

does not affect FC. Contrary to the studies showing comparable TBS and rTMS aftereffects in 

motor and non-motor frontal regions, our findings suggest that in a clinical setting, a single 

session of cTBS or iTBS to V1 may not be an effective therapy if targeting FC is the clinical goal.  

  

Keywords: transcranial magnetic stimulation (TMS), theta burst stimulation (TBS), resting state, 
visual networks, multi echo fMRI, functional connectivity 
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The study of lesions of the central nervous system (CNS) in neurological patients has 

played a pivotal role in our understanding of the relationship between structure and function. 

The advent of transcranial magnetic stimulation (TMS), however, has given us the ability to 

temporarily induce lesion-like states in individuals without neurological disorders, have reduced 

our reliance on lesion studies while contributing to new theories and novel therapies for 

neurological and psychiatric disorders.  

In the past few decades, studies utilising repetitive TMS (rTMS) have advanced the field 

of non-invasive brain stimulation (NIBS) and improved TMS technology as a tool capable of both 

inducing transient aftereffects and inducing long-term changes at neuronal levels. For example, 

in clinical settings, high (e.g., 10 Hz) and low (e.g., 1 Hz) rTMS protocols have been widely used 

to treat various neurological and neuropsychiatric disorders. Other variations of rTMS such as 

theta burst stimulation (TBS) have also become popular, mainly because they can potentially 

produce the same effects (Blumberger et al., 2018; Voigt et al., 2021) in a much shorter time (a 

single TBS session takes less than three minutes while a single rTMS session can last up to 30 

minutes). Similar to high and low frequency rTMS protocols, intermittent TBS (iTBS) and 

continuous TBS (cTBS) incorporate different frequencies and wave patterns while requiring 

much shorter stimulation durations to induce aftereffects that may be comparable to rTMS that 

can last beyond the stimulation time.  

Despite a vast literature exploring the potential research and clinical applications of 

different TMS protocols, exploring TMS as a tool for targeting motor and non-motor regions of 

the frontal and parietal lobes in research and clinical applications, very few studies have 

explored TMS effects in primary visual cortex (V1). Although decades of vision research have 
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contributed to our understanding of nodes and networks in the visual brain, outstanding 

research questions and various visual disorders with neurological origin highlight the need for 

developing NIBS techniques capable of improving the efficiency and efficacy of current 

protocols.  

As TBS has been an under-investigated protocol in visual areas of the brain, the primary 

focus of this thesis is centred on examining the effects of TBS to the primary visual cortex and 

its modulatory aftereffects in resting state brain networks. In the following sections and 

chapters I compile and present an updated summary of TBS research across different brain 

regions, the body of literature regarding TBS in V1, and current neuroimaging and behavioural 

techniques for studying the neural implications of TMS-based protocols in targeted regions 

(Chapter 1). In Chapter 2, I detail our recent rTMS experiment, which used TBS to V1 and 

functional magnetic resonance imaging (fMRI) to induce changes in resting-state functional 

networks of healthy individuals. Chapter 3 brings together the existing TBS literature and the 

results of our experiment, followed by a broad discussion, identification of limitations, and 

suggestions for future work. 

1.1  A brief history of transcranial magnetic stimulation  

TMS technology relies on the basic principles of bioelectricity and electromagnetism. In the 

18th century scientists such as Galvani and Volta discovered that electricity is an intrinsic 

property of biological tissues, and through a set of experiments they were able to show that 

muscle tissues (in a dead frog) could be re-activated through the application of electricity 

(reviewed in Walsh, 1998). Around the same time, Faraday and Maxwell discovered that the 

alternation of currents through a conductor (e.g., coil) can lead to the production of an electric 
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field near the conductor (described in Piccolino, 1998; Walsh, 1998). Fast forward to several 

centuries later, these foundational discoveries set the stage for breakthroughs in NIBS 

techniques. The new era of NIBS began with Merton and Morton’s (1980) seminal work, where 

they demonstrated the possibility of inducing motor-evoked potentials (MEPs) in a human brain 

by non-invasive transcranial electrical stimulation at the scalp above the postcentral gyrus 

(motor cortex; M1), and phosphenes (flashes of light) by stimulating V1. Using a direct electrical 

stimulation, however, induced strong spasms of scalp muscles and was reportedly painful and 

uncomfortable (Merton & Morton, 1980). Shortly after, Polson et al., (1982) and Barker et al., 

(1985) demonstrated that by utilising the principle of electromagnetism, stimulation can induce 

an electric field in the brain tissue passing through the scalp and the skull, which led to the 

invention of TMS. While TMS still causes weak spasms in scalp muscles, it proved to be effective 

and well-tolerated, and repetitive TMS (rTMS) became an indispensable tool for studying the 

relationship between structure and function in the brain and mapping neural networks (Polson 

et al., 1982). Eventually in 2008, high frequency (10 Hz) rTMS targeting dorsolateral prefrontal 

cortex was approved by the U.S Food and Drug Administration (FDA) for the treatment of 

medication-resistant major depressive disorder (MDD; Lisanby et al., 2009). More recently, a 

patterned variation of rTMS, namely theta burst stimulation (TBS) has gained popularity both in 

research and clinical settings, and has also been given the FDA approval for MDD (Blumberger 

et al., 2018; Cole et al., 2020). TBS involves the delivery of bursts consisting of three stimuli at 

50 Hz, repeated at a frequency of 5 Hz, which mirrors the pattern of theta rhythms. It has the 

advantage of modulating targeted neural populations with comparable efficacy as traditional 1 

Hz and 10 Hz rTMS while requiring much shorter stimulation duration (Huang et al., 2005, 
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2011). The following sections will focus on the neurophysiology of neuromodulation in various 

TMS protocols in different brain regions both in health and disease.  

1.2   Synaptic plasticity, Hebbian learning, and neuromodulation  

Neurons that fire together, wire together (Shatz, 1992). One of the hallmarks of the 

brain is its ability to change. In response to an everchanging world, a flexible nervous system 

has enabled us to learn and adapt in order to successfully navigate the environment around us. 

It was not until the past century, however, that psychologists and neuroscientists began to 

probe the theoretical and neural underpinnings of neuroplasticity and learning. Before modern 

neuroimaging techniques, Donald Hebb purposed the associative learning hypothesis, in which 

he argued that, when neurons are repeatedly activated together, the strength of the synaptic 

connections between them increases (Hebb, 1949). Hebb proposed that clusters of neurons 

that are repeatedly activated at the same time tend to become functionally associated, and 

therefore form a network (Keysers & Gazzola, 2014). Almost a decade later, Hebbian plasticity 

was supported by the discovery of long-term potentiation (LTP) and long-term depression (LTD) 

in hippocampal neurons of rabbits and sea slugs (Bliss & Lomo, 1973; Kandel & Tauc, 1965).  

Although both LTP and LTD are hallmarks of plasticity, It has been proposed that LTP is 

involved in synaptic plasticity and learning after repeated exposures to specific stimuli, and the 

formation of new connections between neurons (Bliss & Lomo, 1973), while LTD triggers 

synaptic pruning, a process which prior research has deemed important in conservation of 

resources and dismantling unwanted connections in neural networks (Pittenger & Duman, 

2008). Physiological changes in synaptic plasticity such as suboptimal LTP and LTD mechanisms 

and lack of balance between the two have been implicated in ageing, as well as a range of 
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neurological and neuropsychiatric disorders such as Alzheimer’s disease and depression 

(Auffret et al., 2010; Pittenger & Duman, 2008).  

TMS provides a tool to explore the underlying physiological mechanisms of plasticity in 

various brain networks (Hallett, 2007; Rafique & Steeves, 2022;Thomson et al., 2020). The main 

advantage of TMS is its ability to non-invasively induce transient excitatory or inhibitory 

aftereffects in targeted brain regions (Caparelli et al., 2012, p. 1; Dombrowe et al., 2015; 

Ganaden et al., 2013; Huang et al., 2005, 2011; Mullin & Steeves, 2013). However, the 

underlying neural mechanisms of these aftereffects are not well-understood. Earlier studies 

hypothesised that the application of 10 Hz rTMS results in a series of physiological events in 

targeted neurons leading to excitation (Chai et al., 2019), triggering action potentials and the 

release of neurotransmitters into the postsynaptic membrane (Huerta & Volpe, 2009). Despite 

uncertainties surrounding the exact mechanism of action in neural tissue, TMS-based protocols 

are gaining traction as treatment modalities across a wide spectrum of neurological conditions 

(for examples see: Bai et al., 2022; Cole et al., 2020; Kondo et al., 2017; Mi et al., 2020). It is 

now widely recognised that a full understanding of the underlying mechanisms of TMS-based 

protocols is critical for their potential use as treatments for neurological and neuropsychiatric 

disorders. Recent in-vivo electrophysiology studies in awake non-human primates performing 

visuomotor tasks have shown that TMS to V1 induces transient disruptions in thalamocortical 

pathways, with a dramatic reduction in single-cell firing in lateral geniculate neurons of the 

thalamus involved in visual information processing (Wang, 2010). These aftereffects can last up 

to six minutes post-stimulation (Wang, 2010; Ziemann et al., 2006). In humans on the other 

hand, despite the fact that a mounting body of behavioural evidence points to the effectiveness 
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of TMS-based protocols (Ganaden et al., 2013; Liu et al., 2010; Mullin & Steeves, 2011; 

Solomon-Harris et al., 2016), the underlying mechanisms of these aftereffects remain complex 

and not fully understood 

1.3   Physiological basis of synaptic plasticity  

After years of experimentation, the cellular and molecular mechanisms involved in the 

formation of new connections between neurons (synaptogenesis) and synaptic plasticity have 

been identified, and specific excitatory molecules and receptors have been found to facilitate 

the processes that lead to synaptogenesis. Glutamate, a major excitatory neurotransmitter in 

the brain, is thought to influence a number of important cell receptors, namely N-methyl-D-

aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptors. NMDA receptors are generally blocked by magnesium ions (Mg2+) and these voltage-

gated receptors can only become activated with bursts of action potentials coming from 

presynaptic neurons to depolarise the postsynaptic neuron where the targeted NMDA 

receptors are housed (Cheyne & Montgomery, 2020; Curtis & Watkins, 1960; Munno & Syed, 

2003; Watkins & Jane, 2006). This is because, in order for the Mg2+ in the postsynaptic NMDA 

receptor to be removed, the postsynaptic neurons must be activated (depolarised). This 

activation requires the presynaptic neuron to provide glutamate to the postsynaptic neuron 

(Munno & Syed, 2003). As the postsynaptic neuron becomes activated, the influx of sodium 

(Na2+) and calcium (Ca2+) ions activates various protein kinases (e.g., calcium-calmodulin and 

tyrosine). As shown in Figure 1.1-1, after repetitive activation between a pre and a postsynaptic 

neuron. It is the selective increase of AMPA receptors’ response on the postsynaptic neuron 

that turns this associative “firing” into permanent “wiring” until LTD processes modify or 
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remove the connection (Kandel, 2012; Kauer et al., 1988; Lynch et al., 1983). This suggests that, 

over time, while repeated activity between two neurons enhances connectivity, a decrease in 

activity or lack of it can also alter synaptic strengths, even to the extent of dismantling these 

connections. Studies discussed in the following sections describe the processes involved in LTP 

and synaptogenesis that closely follow the mechanisms involved in learning and retention of 

memories (Kandel, 2012).   
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Figure 1.1-1: LTP- and LTD-like responses of pre and postsynaptic neurons. 

 

Note. a) After the release of glutamate from the activated presynaptic neuron, the removal of 

the Mg2+ from the NMDA receptor leads to an intracellular influx of Ca2+ (and Na2+ not shown 

here). b) Repeated activation of the postsynaptic neuron eventually increases surface AMPA 

receptors leading to the formation and retention of connectivity between the two neurons 

(LTP). c) Depending on the location of the neurons, after long periods of stimulation 

deprivation, surface AMPA receptors become scarce, which in turn dismantles the connection 

between the two neurons (LTD). Image was created in BioRender.com.  

 

1.4   The Bienenstock, Cooper and Munroe theory, meta plasticity and TMS 

 It is now widely accepted that sensory experience and repetitive stimulation (i.e., 

sensory stimuli) can modify neural connectivity and future responsiveness of neurons to 

incoming stimuli, and that this modification is bi-directional (LTP and LTD). In 1982, 

Bienenstock, Cooper and Munroe proposed an eponymous (BCM) theory based on 

experimental evidence from rat visual cortex, to explain synaptic changes involved in LTD-like 
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sensory deprivation and LTP-like sensory stimulation (Bienenstock et al., 1982; Cooper & Bear, 

2012). The BCM theory relies heavily on behavioural experiments showing that binocular 

deprivation lowers the frequency of stimulation required to induce LTP-like responses in 

primary visual cortex, while the restoration of normal vision reversed this phenomenon 

(Bienenstock et al., 1982; Kirkwood et al., 1995; Ziemann et al., 2006). This experience-

dependent modification of LTP and LTD thresholds is called metaplasticity, or the plasticity of 

synaptic plasticity (Abraham & Bear, 1996). It has been proposed that, this occurs in 

circumstances where periods of low frequency stimulation led to the reduction in NMDA 

receptor-mediated excitatory post-synaptic potentials (EPSP). This process, in turn, decreases 

synaptic thresholds, increases EPSP summation and the influx of intracellular influx of Ca2+  and 

drastically enhances the likelihood of  LTP-like events (Citri & Malenka, 2008; Philpot et al., 

2001; Ziemann et al., 2006), meaning that LTP-like processes are more likely to occur after 

periods of low postsynaptic activities. This may explain why learning a task in general 

(consolidation and retention) is enhanced when practice is spaced out over time (Ziemann et 

al., 2006).   

Given the assumptions of the BCM theory, early adopters of NIBS proposed, that if 

synaptic LTP-like activities are the precursors for learning, and if previous LTD-like processes 

lead to enhanced LTP-like activities, priming synaptic mechanisms with rTMS protocols that 

lead to inhibition (e.g., 1Hz rTMS) can increase the likelihood of subsequent activation (whether 

via practice or TMS). Experiments in rat’s hippocampal neurons and the human motor cortex 

have confirmed this notion, and these assumptions have played a pivotal role in designing TMS 

protocols with optimised parameters to successfully enhance learning (Abraham & Bear, 1996; 
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Lefaucheur et al., 2004). These strategies have helped change the trajectory of the TMS 

technology from a “virtual lesion” tool to a technology capable of inducing long-lasting changes 

at the synaptic level, where it continues to help neurological and psychiatric patients suffering 

from a range of disorders such as stroke and depression (Bai et al., 2022; Kondo et al., 2017). In 

the following sections the role of different TMS parameters and their importance in inducing 

LTP- and LTD-like aftereffects will be discussed.  

1.5    Biophysical parameters affecting TMS outcomes  

The electromagnetic current induced by TMS depends on both the physiology of the CNS 

and the stimulation parameters. In general, the synaptic history of an individual such as 

medication intake, substance abuse, prior history of brain stimulation or the presence of 

neuropsychiatric disorders should also be taken into account (Ridding & Ziemann, 2010). 

However, TMS optimisation studies have identified additional parameters such as frequency, 

pulse number, wave pattern and the intensity of stimulation to be of importance when 

designing experiments or stimulating patients (Di Lazzaro et al., 2011; Rossini et al., 2015). 

These parameters are usually determined prior to each stimulation session, and factors such as 

the location of stimulation targets (e.g., target’s depth) and their functional characteristics are 

important variables to be accounted for (McConnell et al., 2001).  

In the past few decades, experiments manipulating TMS parameters have led to 

development of new rTMS protocols with different inhibitory and excitatory outcomes. For 

instance, low frequency (1 Hz) rTMS have shown to induce inhibitory aftereffects in motor and 

non-motor areas of frontal lobes (Caparelli et al., 2012), temporal and parietal lobes (Kashiwagi 

et al., 2018), and visual occipital areas (Boroojerdi et al., 2000; Rafique et al., 2015, 2016; 
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Solomon-Harris et al., 2016). In contrast, high frequency (10 Hz) rTMS leads to excitatory 

aftereffects in frontal and parietal lobes (Blumberger et al., 2018a; Dombrowe et al., 2015; 

Lisanby et al., 2009). By changing frequencies and wave patterns, researchers have also been 

able to develop rTMS protocols that require shorter stimulation time with comparable efficacy 

such as theta burst stimulation (TBS). 

1.5.1 Theta burst stimulation  

As discussed earlier, the discovery of synaptic LTP has led to intense interest in covering 

the neural basis of learning and inevitably led to experimental approaches to reverse engineer 

LTP-like events in the human brain. Although previously neuron spike recordings had suggested 

the role of theta oscillations in memory storage and plasticity, it was not until the 1980’s that 

patterned stimulation protocols in hippocampal CA1 neurons led to our better understanding of 

these mechanisms in the brains of human and other complex animals (Larson et al., 1986; 

Larson & Munkácsy, 2015). Intracellular TBS mimics important features of hippocampal 

neurons, such as the discharge patterns in pyramidal neurons and the theta rhythms (4-7 Hz) 

recorded from hippocampal neurons in the excited state (Larson et al., 1986).  

As shown in Figure 2, TBS is a form of patterned rTMS with bursts of pulses at 50 Hz (20 

ms, or delta oscillation range) which are repeated every 200 ms (5Hz, or theta oscillation 

range). There are two TBS patterns that are widely used. Intermittent TBS (iTBS) contains a 2 s 

train of theta bursts that is repeated every 10 s for a total of 190 seconds or 600 pulses. 

Continuous TBS (cTBS) contains a 40 s train of uninterrupted TBS for the total of 600 pulses 

(Huang et al., 2005). 
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Figure 1.1-2 : Different rTMS protocols with varying parameters.  

 

Note. TBS = theta burst stimulation, iTBS = intermittent TBS, cTBS = continuous TBS, rTMS = 

repetitive transcranial magnetic stimulation. Image created in Adobe Illustrator.  

 

In 2005, Huang and colleagues were the first group to use cTBS and iTBS to target M1 

and investigate their aftereffects in nine healthy volunteers. They found that cTBS to M1 

lowered the amplitude of MEPs, while the application of iTBS to M1 increased the amplitude of 

MEPs with aftereffects lasting up to 60 minutes (Huang et al., 2005). This paved the way for 

developing various research and clinical protocols currently used in multiple different settings 

(For example: Cole et al., 2020; Moisset et al., 2015; Nardone et al., 2016; Talelli et al., 2007). 

1.6    Measuring cortical excitability via motor and phosphene thresholds   

Depending on the location of the stimulation target or the purpose of the stimulation, in 

TMS research, motor threshold (MT) and phosphene threshold (PT) are used both to measure 

TMS outcomes and to determine optimal stimulation intensities tailored based on individual 

thresholds. MTs are defined as the minimum stimulator output (MSO) required to produce a 

measurable motor response after stimulating a specific target on the primary motor cortex 

(M1) and measured MTs in a specific muscle. Several methods can be used to measure the MT, 
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including electromyography (EMG; Deblieck et al., 2007; Franca et al., 2006; Rossini et al., 2015; 

Stewart et al., 2001). In EMG-based measurements, surface electrodes are placed over the 

target muscle, and the amplitude of MEPs is recorded in response to TMS stimulation (Day et 

al., 1989). Amplitude refers to the size or magnitude of the MEPs recorded from the target 

muscle which reflects the number of activated motor neurons and the degree of cortical 

excitability (Day et al., 1989; Rossini & Rossi, 1998). Higher amplitudes typically indicate greater 

cortical excitability, while lower amplitudes suggest decreased cortical excitability. MTs also can 

be measured, using the observation method, which involves stimulating the hand knob area of 

M1 and then increasing the MSO in a staircase fashion until a thumb twitch is observed 

(Boroojerdi et al., 2002). 

Another measure of cortical excitability with TMS is the PT, which is the minimum 

stimulation intensity required to produce a phosphene, a transient visual sensation that can be 

elicited by stimulating the occipital cortex with TMS (Antal et al., 2003; Boroojerdi et al., 2000). 

PT estimation involves the participants' subjective reporting of the intensity of the phosphene 

perception, and it can be done using the staircase method in which TMS pulses are presented 

with increasing or decreasing intensities until a phosphene is perceived or disappears, 

respectively (Gerwig et al., 2003).  

In summary, the use of TMS for assessing cortical excitability through motor and 

phosphene thresholds is a valuable approach for exploring the neural underpinnings of diverse 

neurological and neuropsychiatric disorders, monitoring the impact of TMS, and enabling 

tighter control of TMS stimulation (Kammer et al., 2003). MTs and PTs offer distinct 

perspectives on cortical excitability profile for each person. These methods can facilitate a more 
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individual-based approach to determining TMS stimulation intensity, tailoring optimal TMS 

intensities for each person according to their cortical excitability values, while taking into 

account the stimulation target and the specific research question at hand (Lee et al., 2021; 

McCalley et al., 2021). 

1.7   Consecutive TMS-neuroimaging techniques 

In the past few decades, the combination of different TMS protocols and different 

neuroimaging techniques such as electroencephalography (EEG), functional magnetic 

resonance imaging (fMRI), MR spectroscopy (MRS), functional near-infrared spectroscopy or 

positron emission tomography has enabled researchers to investigate the causal relationship 

between brain activity and behaviour (Curtin et al., 2019; Krieg et al., 2013; Solomon-Harris et 

al., 2016; Stoby et al., 2022).  By temporarily modulating neural activity in specific brain regions 

while measuring changes in neural networks and behaviours, these techniques have provided 

valuable information about the neural mechanisms underlying a wide range of cognitive 

processes and behaviours in both health and disease. Consecutive TMS and fMRI techniques 

will be discussed in more detail in the following section. 

1.7.1 TMS-fMRI 

fMRI is a non-invasive neuroimaging technique that enables researchers to investigate 

brain activity by measuring a proxy of brain activity, namely changes in blood oxygenation 

levels. This method is based on the blood-oxygen-level-dependent (BOLD) contrast, which 

reflects the difference in magnetic properties of oxygenated and deoxygenated hemoglobin 

(Damadian et al., 1974; Gore, 2003; Lauterbur, 1973; Mansfield & Grannell, 1975; Ogawa et al., 

1990; Pauling & Coryell, 1936). As neural activity increases in a specific brain region, local 
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oxygen consumption rises, leading to a subsequent increase in blood flow to the area (Gore, 

2003; Mansfield & Grannell, 1975). This results in a higher concentration of oxygenated 

hemoglobin and a detectable BOLD signal. By capturing these signals, fMRI provides indirect 

measurements of neural activity, allowing researchers to map brain function and identify 

regions associated with specific cognitive processes or behaviours (Constable et al., 1993; Gore, 

2003; Ogawa et al., 1990). The technique has become widely used in neuroscience for its ability 

to non-invasively produce high-resolution images and its compatibility with various 

experimental paradigms (e.g., concurrently with TMS), making it a versatile tool for studying 

both healthy and diseased brains. 

1.7.2 Task-based vs. Resting-state fMRI 

Task-based fMRI and resting-state fMRI (rs-fMRI) are two distinct approaches to 

functional magnetic resonance imaging, each with its own specific goals and methodology. 

Task-based fMRI involves presenting participants with a structured series of tasks or stimuli, 

typically organised in single events, or blocks of events interleaved with periods of rest 

(Constable et al., 1993). By comparing the BOLD signals during active task periods to those 

during rest periods, researchers can identify patterns of brain activity engaged in the specific 

cognitive processes or behaviours associated with the task (Constable et al., 1993; Gore, 2003). 

In contrast, rs-fMRI examines spontaneous fluctuations in brain activity while participants are 

not engaged in any specific task and at rest with their eyes closed or fixated on a fixation point. 

This approach allows for the identification of functionally connected brain networks, referred to 

as resting-state networks, which reveal the intrinsic functional organisation of the brain at rest. 

While task-based fMRI focuses on understanding the brain's response to external stimuli, 
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resting-state fMRI provides insights into the brain's intrinsic functional architecture (Constable 

et al., 1993; Kundu et al., 2012). Both task-based and rs-fMRI methods have been extensively 

used in combination with different TMS protocols and have played instrumental roles in the 

development of validated research and clinical protocols (Blumberger et al., 2018; Cole et al., 

2020; Rafique et al., 2016; Rafique & Steeves, 2022; Solomon-Harris et al., 2016; Talelli et al., 

2007). 

1.8 Connectomics: Evaluating stimulation outcomes with functional connectivity 

Connectomics is a rapidly emerging field in neuroscience that aims to map and analyse 

the complex network of connections within the brain, referred to as the connectome (Craddock 

et al., 2015; Van Essen, Ugurbil, et al., 2012; Van Essen & Ugurbil, 2012). This comprehensive 

approach studies both structural and functional connections, covering the intricate web of 

neural pathways and the patterns of activity. By elucidating the brain's connectivity at various 

scales, from small ensembles of neurons to large-scale networks, Connectomics offers valuable 

insights into the principles governing brain organisation and function. Whether TMS is used as a 

“virtual lesion” to study the intrinsic FC or used as a treatment modality, connectome-based 

TMS seems to have gained popularity as a validated technique for studying the underlying 

mechanisms of various brain functions in healthy brains, as well as different neurological and 

psychiatric disorders (Balderston et al., 2022; Cole et al., 2020; Xia & He, 2022). I will now 

review common evidence-based techniques to measure and quantify resting state FC networks 

before and after NIBS. 
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1.9   Targeting resting state networks with TMS 

Using fMRI, researchers have identified several resting state networks ranging from 

sensorimotor, auditory, visual, central executive and default mode networks (W. H. Lee & 

Frangou, 2017; Whitfield-Gabrieli & Nieto-Castanon, 2012). One of the most studied networks 

is the default mode network (DMN) which is a well-established resting-state network identified 

through rs-fMRI studies (Biswal et al., 1995). It comprises a set of brain regions, including the 

medial prefrontal cortex, posterior cingulate cortex, precuneus, and bilateral inferior parietal 

lobules, that exhibit synchronous activity when individuals are not engaged in any specific task 

(Biswal et al., 1995; Raichle & Snyder, 2007; Zhang et al., 2018). The DMN is thought to be 

involved in various cognitive processes, such as self-referential thinking, mind-wandering, and 

the consolidation of memories (Chen et al., 2013; Dunkley et al., 2018; Raichle & Snyder, 2007). 

It has also been implicated in numerous psychiatric and neurological disorders, including 

Alzheimer's disease, depression, and schizophrenia, as alterations in DMN connectivity have 

been observed in these conditions (Cecchetti et al., 2021; Hafkemeijer et al., 2015; Jafri et al., 

2008). Aside from the DMN, rs-fMRI studies have shown that the brain hosts several other 

resting state networks that play vital roles in cognition and behaviour. For example, the salience 

network, involving the dorsal anterior cingulate cortex, bilateral insula, and presupplementary 

motor area, regulates dynamic changes in other networks and behavioural changes (Menon & 

Uddin, 2010; Smitha et al., 2017; Uddin, 2015). The auditory network encompasses primary 

auditory cortices and associated regions, processing auditory information (Andoh et al., 2015). 

The basal ganglia network, closely associated with Parkinson's disease, controls motor areas, 

emotion, and cognition (Afifi, 2003; Rolinski et al., 2015; Smitha et al., 2017). The visual 
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network, which includes the calcarine sulcus, lingual gyrus, and lateral geniculate nucleus of the 

thalamus, processes visual stimuli (Damoiseaux et al., 2006). The visuospatial network, based in 

the posterior parietal cortex, is implicated in spatial attention. (Greicius et al., 2003; Gusnard et 

al., 2001; Raichle, 2011). The language network, extending beyond Broca’s and Wernicke’s 

areas to prefrontal, temporal parietal, and subcortical regions, is responsible for various 

language functions (Skipper et al., 2007). The executive network, including the dorsolateral 

prefrontal cortex and posterior parietal cortex, is activated during tasks needing cognitive 

control (Seeley et al., 2007). The precuneus network, part of the DMN, contributes to mental 

imagery, memory retrieval, and emotional processing (Fransson & Marrelec, 2008). Finally, the 

sensorimotor network, which represents motor areas of the body, was the first RSN studied. 

Resting state functional MRI (rs-fMRI) has shown promise for understanding cognitive studies 

and has potential clinical applications (Bharath et al., 2015; Smitha et al., 2017). 

Given the facilitatory and inhibitory properties of TMS, previous studies have been able to 

confirm the modulatory effects of TMS in various resting state networks. Examples include 10 

Hz rTMS (excitatory protocol) that has been successfully used to treat depression by modulating 

the activity of the medial prefrontal cortex, a key region in the DMN (Cole et al., 2020). Other 

studies have been able to dampen connectivity between different DMN regions using 1Hz rTMS 

(inhibitory protocol; Chen et al., 2013). Other research groups  have also shown the modulatory 

effects of low and high frequency rTMS protocols for treating alcohol use disorder targeting the 

salience network (for review: Padula et al., 2022), or sensorimotor and basal ganglia networks 

in stroke and Parkinson’s disease just to name a few (Bai et al., 2022; Kashiwagi et al., 2018; 

Kondo et al., 2017; Mi et al., 2020; Rolinski et al., 2015). Given these results, the application of 
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TMS in modulating the activity of various neural networks holds promise for advancing our 

understanding of brain connectivity and its role in various psychiatric and neurological 

disorders. 

 

1.9.1 Limitations of rs-fMRI: Susceptibility to motion and physiological noise 

Even though rs-fMRI has contributed immensely to our understanding of the underlying 

brain networks, it is not without limitations. Two notable limitations of rs-fMRI are its 

susceptibility to motion and physiological noise (Behzadi et al., 2007; Chang & Glover, 2009). 

Participant motion during the scanning process can introduce significant artifacts in rs-

fMRI data. Even small head movements can lead to spurious correlations or the loss of genuine 

connectivity patterns (Behzadi et al., 2007; Whitfield-Gabrieli & Nieto-Castanon, 2012). This 

issue is particularly challenging when working with certain populations, such as children, elderly 

individuals, or patients with movement disorders, who may find it difficult to remain still for 

extended periods (Power et al., 2014). Various preprocessing strategies, such as motion 

correction, scrubbing, and regression of motion parameters, have been developed to mitigate 

motion artifacts (Alves et al., 2019; Behzadi et al., 2007; Chang & Glover, 2009). However, these 

methods may not fully eliminate the impact of motion on rs-fMRI data (Kundu et al., 2013). 

rs-fMRI is also sensitive to physiological noise, which refers to fluctuations in the BOLD 

signal caused by non-neuronal factors. Sources of physiological noise include cardiac and 

respiratory cycles, blood pressure changes, and variations in blood flow and oxygenation 

(Kundu et al., 2012, 2013). These factors can introduce confounding signals that obscure or 

mimic neural activity patterns, leading to inaccurate inferences about brain connectivity. 
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Various techniques have been developed to address physiological noise, such as the use of 

independent component analysis (ICA), RETROICOR (retrospective image correction; Behzadi et 

al., 2007). Researchers have also utilised physiological recordings during scanning (i.e., heart 

rate, blood pressure and capnography), with the goal of regressing out these physiological 

parameters during preprocessing steps (Murphy et al., 2013; Zhu et al., 2015). 

1.10 Noise reduction with multi-echo MRI and rs-fMRI analysis methods 

1.10.1 Multi-echo MRI acquisition 

In MRI scanning protocols, time to echo (TE) refers to the time elapsed between the 

application of the radiofrequency pulse and the acquisition of the signal echo. In simple terms, 

it is the time it takes for the MRI to read out the returning signal after exciting the protons in 

the tissues with a radiofrequency pulse. Another important parameter is repetition time (TR), 

which is the time interval between two successive radiofrequency pulses (Nitz & Reimer, 1999). 

The choice of TR depends on the type of MRI sequence being used and the desired trade-off 

between SNR and imaging time (Gore, 2003). Together, TE and TR play a critical role in 

determining the image contrast and quality in MRI. TE influences image contrast, particularly 

the weighting of the image in terms of T2 or T2* relaxation properties. In the context of fMRI, 

T2*-weighted images are predominantly used to determine BOLD contrast (Nitz & Reimer, 

1999). Shorter TEs typically result in images with less susceptibility-induced signal loss and 

reduced sensitivity to physiological noise (as shown in Figure 1.1.3). However, it may also lead 

to lower BOLD contrast (Kundu et al., 2012; Nitz & Reimer, 1999). Conversely, a longer TE 

increases BOLD contrast but may also increase susceptibility artifacts and sensitivity to noise 

(Gore, 2003).  
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Figure 1.1-3: Effects of short and long TE on BOLD contrast 

 

Note. TE = echo time, T1 = T1 weighting, T2 = T2 weighting, PD = proton density weighting. 

Reused with written permission from Dr. Alan Elster (author and owner; 

http://mriquestions.com/image-contrast-trte.html). 

By leveraging the unique decay properties of BOLD and non-BOLD signals at different 

echo times, multi-echo functional magnetic resonance imaging (ME-fMRI) allows for multiple 

snapshots that are gathered at varying echo intervals (multiple TEs) within one cycle of 

repetition during functional MRI scans (Posse et al., 1999). This enhances the balance between 

signal and noise and allows for the more precise quantification of fluctuations in the BOLD 

signal, thus refining the integrity of fMRI results and the depth of subsequent data 

interpretation (Power et al., 2018). In turn, this enables researchers to better isolate the neural 

signal of interest and reduce the impact of confounding factors such as physiological noise and 

magnetic field inhomogeneities (Posse et al., 1999). This improved SNR and specificity of the 

BOLD signal contribute to enhanced sensitivity in detecting brain activity, which can be 

particularly advantageous for studies involving challenging populations or experimental designs 
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(Posse et al., 1999; Power et al., 2018). Additionally, the multi-echo approach provides greater 

flexibility in data analysis, facilitating the use of advanced denoising and preprocessing 

techniques (Kundu et al., 2012; Power et al., 2018).  

Figure 1.1-4: Multi echo acquisition and enhancement of signal to noise ratio 

 
Note. Example of acquiring images at multiple echo times (TE) and combining them to remove 
physiological noise (and areas with short T2*) and improving signal-to-noise ratio throughout 
the brain at two different magnetic field strengths at 3 and 7 Tesla (Kundu et al., 2017). Reused 
with written permission from the publisher (Elsevier). 

  
As the number of echoes increases, however, it poses challenges in terms of image 

processing and data analysis. Given that ME-fMRI obtains three (or more) separate images at 

each TE per volume, optimal combination of these images is an import step in order to identify 

signals originating from physiological noise such as the heart rate, breathing or head motion 

(Dipasquale et al., 2017; Kundu et al., 2012, 2013; Posse et al., 1999). For this purpose, Kundu 

and colleagues (2012), developed multi-echo independent component analysis (ME-ICA) which 

is a statistical pipeline that deals with removal of noise, improving SNR and the optimal 

combination of echoes.  ME-ICA is a preprocessing method for fMRI data that applies motion 
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correction and standard preprocessing to ME datasets, calculates motion parameters based on 

the image with the highest contrast, and then uses principal component analysis (PCA) and ICA 

with TE-dependence analysis to extract independent components that represent BOLD signal 

and noise sources (Kundu et al., 2017). Both PCA and ICA are statistical techniques for 

separating mixed signals into their original sources, to decompose the ME-fMRI data into a set 

of spatial and temporal components (Cox & Hyde, 1997; Meszlényi et al., 2017). The resulting 

components are used to denoise the fMRI data, providing a cleaner and more accurate 

representation of the BOLD signal (Kundu et al., 2017). At this stage, optimally combined data 

are ready to be entered in first- and second-level analysis stages. 

1.10.2 Volumetric vs. Surface-based fMRI analyses  

After obtaining optimally combined images that have been preprocessed and denoised 

through ME-ICA, the choice of subsequent analytical methodology largely depends on the 

nature of the research question and factors such as interindividual anatomical and functional 

variability. Typically, two primary strategies are employed: volumetric and surface-based 

analysis. 

Volumetric analysis, a widely used method, necessitates the registration and 

normalisation of individual brain images to a standard anatomical space, employing an atlas 

such as the Talairach or MNI-152 (Talairach & Tournoux, 1988; Collins et al., 1994; Podgórski et 

al., 2021). This technique includes the entire brain volume, thus facilitating the inclusion of 

subcortical (and white matter) regions in the analysis. Group analysis in this approach can then 

leverage parcellation methods and functional atlases, such as the Harvard-Oxford Atlas, for 

brain segmentation, enabling the study of specific regions of interest in a standard space 
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(Desikan et al., 2006). However, volumetric analysis generally involves the application of a 

three-dimensional Gaussian filter to the whole brain, a process known as smoothing. This 

process can lead to signal contamination between neighboring regions due to the intricate 

folding patterns of the brain (Anticevic et al., 2008; Khan et al., 2011; Podgórski et al., 2021; 

Whitfield-Gabrieli & Nieto-Castanon, 2012). 

In contrast, surface-based analysis initially involves the segmentation and inflation of 

individual anatomical images. For group analysis, these individual brains are subsequently 

aligned and projected onto a common surface template, such as the fsaverage in FreeSurfer or 

Conte-69 (Fischl et al., 1999; Glasser & Van Essen, 2011; Van Essen, Glasser, et al., 2012). This 

projection facilitates the alignment of cortical folding patterns across individuals (Van Essen, 

Glasser, et al., 2012). Tools like GPIP (Group Prior Individual Parcellation) that are specifically 

designed to be used with surface-based approaches are beneficial for resting state fMRI as they 

enhance the accuracy of parcel boundaries for each individual accounting for the uniqueness of 

their rs-fMRI data (Chong et al., 2017). For instance, unlike traditional methods, GPIP maintains 

inter-subject consistency while optimising for individual variations in functional specialisation. 

This surface-based analysis tool thus enables more precise estimations of individual functional 

areas, enhancing the quality of group analysis (Chong et al., 2017) . 

 

1.10.3 The importance of spatial smoothing 
 

Although surface-based and volume-based techniques have various pros and cons, 

preparatory stages before further analysis steps can also impact SNR and therefore the analysis 

outcome (Andrade et al., 2001; Blazejewska et al., 2019; Mikl et al., 2008). Spatial smoothing is 

one of the standard preprocessing steps in fMRI analysis, used to increase the SNR and facilitate 
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comparisons across subjects (Brodoehl et al., 2020; Mikl et al., 2008; Power et al., 2014). It 

involves applying a filter, typically a three-dimensional Gaussian filter with a specific full width 

at half maximum (FWHM) size, to the data. This process averages the signal time courses of 

nearby voxels, which can be beneficial if they belong to the same functional region (Andrade et 

al., 2001; Blazejewska et al., 2019; Brodoehl et al., 2020; Mikl et al., 2008; Power et al., 2014). 

However, as mentioned earlier, due to the complex folding of the brain, spatial smoothing with 

certain FWHM sizes can also lead to signal contamination between adjacent functional areas, 

impacting the results of activity and connectivity analyses. 

One potential improvement to address this issue is the use of two-dimensional 

smoothing on the unfolded cortex, which considers the FWHM size in relation to the cortical 

surface. This approach, known as surface-based smoothing, may provide more sensitive results 

for cortical activations by restricting smoothing to smoothing in distances that are defined in 

terms of the cortical surface geometry and excluding white matter and cerebrospinal fluid 

(Blazejewska et al., 2019). Surface-based smoothing has been proposed in the past but is not 

yet a standard procedure in neuroimaging data preprocessing, partly due to usability and 

variations in the quality of surface modelling (Brodoehl et al., 2020; Mikl et al., 2008).  

For example, in a study, Brodoehl et al., (2020) compared the effects of volume-based 

and surface-based smoothing with different FWHM sizes, they found that surface-based 

smoothing reduced signal contamination between neighbouring functional brain regions, 

improving the validity of activity and connectivity results. This study utilised fMRI data from 19 

subjects during a tactile stimulation paradigm and simulated data to better understand the 
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effects of spatial smoothing and the choice of FWHM sizes on different areas of the precentral 

gyrus (See Figure 1.1-5). 

Figure 1.1-5: Example of the SPM analysis of a simulated hemodynamic response function (HRF) 
signal in pre and post central gyri 

 
Note. The simulated BOLD signal occurred every 10 s and lasted 1 s. GLM-results were 
smoothed using 6, 9 and 12 mm FWHM; 2nd level results were corrected for multiple 
comparisons and adjusted at p ≤ 0.05 FWE. The number of active voxels within the precentral 
and postcentral gyri are displayed for each separate analysis (Brodoehl et al., 2020). Reused 
under the open access Creative Commons license 4.0.  
 

1.11 Current literature: Occipital TMS 

Although TMS technology has been available for several decades, the majority of TMS-

based research has primarily focused on frontotemporal brain regions. This trend is 

understandable given the recent development of TMS-based treatments for various 

neuropsychiatric disorders such as major depressive disorder targeting non-motor areas in the 
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frontal lobe, and the traditional study of brain networks in motor cortices (also in frontal brain 

areas). As shown in Figure 1.1-6, to investigate the distribution of TMS research across different 

brain regions, a PubMed search was conducted, revealing nearly 1700 papers published 

between 1975 and the present day that utilised an rTMS protocol (including cTBS and iTBS) in 

various brain areas. 

Upon categorising these papers based on the targeted brain lobes, it is evident that 

occipital lobe studies constitute only a small fraction of rTMS research (around 2%). In fact, 88% 

of the studies examined rTMS effects in the frontal lobes, highlighting the need for a broader 

exploration of rTMS applications in other brain regions.  Despite the wealth of rTMS research 

focusing on frontotemporal regions, it is important to consider the possibility that different 

brain regions may respond differently to rTMS. The occipital lobe, which primarily handles 

visual processing, could exhibit unique characteristics in response to rTMS stimulation that may 

require distinct optimisation and dose parameters. There are inherent differences in neural 

architecture, connectivity, and function between the occipital lobe and the frontal lobes, where 

most rTMS research has been conducted. Expanding our understanding of rTMS effects on the 

occipital lobe is crucial for developing targeted treatments and interventions for visual 

processing disorders or other conditions that involve the occipital region. Furthermore, a 

comprehensive investigation into the outcome of occipital visual areas to rTMS could reveal the 

underlying mechanisms of action and the potential synergistic effects of rTMS with other 

treatments or therapies. 
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Figure 1.1-6: PubMed search results conducted in December 2022: Percentage of TMS 
experiments based on their targeted lobes published between 1985-2022. 

 
 

1.12 Current literature: Consecutive TBS-fMRI in visual brain areas  

Although the behavioural effects of TBS to V1 have been explored in the past (Brückner & 

Kammer, 2015, 2016; Franca et al., 2006), only one rs-fMRI study has investigated the effects of 

TBS in the primary visual cortex (V1; Rahnev et al., 2013). Rahnev and colleagues (2013) applied 

cTBS, iTBS, and sham TBS to the scalp of five subjects at V1 using a stimulation intensity of 80% 

PT, followed by rs-fMRI. They found that iTBS did not have a significant effect on functional FC, 

however, they did observe a significant decrease in FC between retinotopically defined early 

visual areas (i.e., V1, V2, and V3) after cTBS. Similarly, other studies have reported no change in 

PTs following iTBS but a reduction in PTs measured 2 minutes post-cTBS (80% PT, 600 pulses; 

Franca et al., 2006). However, other TBS studies targeting visual brain areas outside V1, have 

shown that when cTBS targeted the right occipital face area and the posterior superior 

temporal sulcus (pSTS) at 80% active motor threshold (aMT) employing 900 pulses, cTBS 



 30 

reduced BOLD signal in face-selective areas (Pitcher et al., 2014) and reduced FC between pSTS 

and the amygdala (Pitcher et al., 2014, 2017). Other studies using the same stimulation 

parameters (80% aMT and 900 pulses) demonstrated that cTBS reduced FC between pSTS and 

other vision and non-vision ROIs (Handwerker et al., 2020) and reduced BOLD signal in the 

occipital place area (Groen et al., 2021). As shown in Figure 1.1-7, additionally, a few 

neuroimaging studies have also examined the effects of TBS to specific nodes within the visual 

network (in areas beyond V1; e.g., in visual category-selective areas) to measure changes at the 

stimulation site and FC between different vision-related cortical and subcortical regions before 

and after TBS (Groen et al., 2021; Handwerker et al., 2020; Lasagna et al., 2021; Rahnev et al., 

2013).  

  



 31 

Table 1-1 : Overview of the current behavioural and neuroimaging TBS literature in the primary 
visual cortex and other visual networks 

Authors Sample Methodology 
Outcome 
measure 

Outcome 

Franca et al., 
(2006) 

N =18 
cTBS and iTBS to V1 at 80% PT 
intensity and 600 pulses. Pre 

and post PT measurement 
PTs 

No iTBS effects, cTBS increased 
phosphene thresholds (inhibitory 

effect) 
Brückner & 

Kammer 
(2015) 

N = 53 
cTBS and iTBS to V1 at 100% 

PT and 600 pulses 
PTs 

No cTBS or iTBS aftereffects on 
phosphene thresholds 

Rahnev et al., 
(2013) 

N = 5 
iTBS and cTBS to V1 at 80% PT 

and 600 pulses. 

rs-fMRI 
(combined 

with 
retinotopy) 

iTBS effects were null, cTBS 
decreased resting state FC between 

V1, V2 and V3. 

Allen et al., 
(2014) 

N = 15 cTBS to V1 at 80-120% MT MRS 

Post cTBS measurements: GABA 
increased, non-specific oscillatory 
changes. cTBS increased inhibitory 

MRS markers. 

Pitcher et al., 
(2014) 

 
N = 15 

cTBS (80 % active MT, 900 
pulses) to right occipital face 

area 
 

rs-fMRI 
Reduced BOLD signal in face 

selective areas 
 

Pitcher et al., 
(2017) 

 
N = 17 

cTBS at 80 % active M and 900 
pulses to posterior superior 

temporal sulcus (pSTS) 
rs-fMRI 

cTBS to pSTS reduced FC between 
pSTS and amygdala 

Handwerker 
et al., (2020) 

 
N = 17 

cTBS at 80 % active M and 900 
pulses to pSTS 

rs-fMRI 
cTBS to pSTS reduced FC between 

pSTS and other vision and non-vision 
ROIs 

Groen et al., 
(2021) 

N = 16 
cTBS at 80 % active M and 900 
pulses to occipital place area 

rs-fMRI 
cTBS to the occipital place area 

reduced BOLD signal in the target 
and other ROIs 

 

Note. All the above studies recruited healthy individuals.  

 

1.13  Motivation and direction of the current thesis 

As discussed in this chapter, the application of TBS, a variant of rTMS, has shown to be 

effective in modulating neural activity in motor and non-motor frontal regions, and parietal 

regions. However, the research on its effects on visual areas, particularly the primary visual 

cortex (V1), is limited to only a few studies. This gap in knowledge has motivated the current 

thesis to explore the immediate and short-term effects of iTBS and cTBS on V1 and its FC with 
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other brain regions. The primary goal of this thesis is to advance our understanding of the 

modulatory effects of TBS on cortical excitability and functional connectivity in V1. To achieve 

this, we designed a sham-controlled study using multi-echo fMRI to compare resting state FC 

before and after stimulation (to V1). We looked at changes in whole-brain networks based on 

seeds in V1 and neighbouring occipital and parietal visual networks. We also compared PTs 

before and after stimulation to assess the impact of TBS on cortical excitability. The 

independent variables consisted of the groups (type of stimulation) including cTBS, iTBS, and 

sham (3 levels) in addition to the time of measurements which included: pre-TBS, post-TBS, and 

1 hr post-TBS (3 levels). The main hypotheses are as follows: 

1- We hypothesised that distinct differences in resting-state functional connectivity throughout 

the brain and the neighbouring seeds in the targeted brain region (V1) before and after 

stimulation should be observed across all three groups. We predicted that both immediate and 

short-term (1-hour post-stimulation) effects of TBS on V1 and other brain areas will be 

discernible with inhibitory effects observed in the cTBS group, excitatory effects in the iTBS, and 

minimal to no effects in the sham group. 

2- We anticipated directional changes in PTs, where cTBS increases the PTs (consistent with 

inhibitory effect) and iTBS decreases PTs (consistent with excitatory effect). 
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Chapter 2 : Continuous and intermittent theta burst stimulation of 
primary visual cortex do not modulate resting state functional 

connectivity: A sham-controlled multi-echo fMRI study1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
1 Adapted from the published manuscript: Cohan, R., Rafique, S. A., Stoby, K. S., Gorbet, D. J., & 

Steeves, J. K. E. (2023). Brain and Behavior, 13(5), e2989. https://doi.org/10.1002/brb3.2989 

 

https://doi.org/10.1002/brb3.2989
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2.1 Abstract 
 

Introduction 

Theta burst stimulation (TBS) is a type of rTMS protocol which has the advantage of a shorter 

delivery time over traditional rTMS. When applied to motor cortex, intermittent TBS (iTBS) 

has been shown to yield excitatory aftereffects, whereas continuous TBS (cTBS) may lead to 

inhibitory aftereffects, both lasting from minutes to hours. The majority of TBS research has 

targeted motor, frontal, and parietal regions, and to date very few studies have examined its 

efficacy at visual areas. We designed a sham-controlled study to investigate the immediate 

post-stimulation and short-term (1 hr post-stimulation) effects of iTBS and cTBS to V1. 

Methods 

Using multi-echo functional magnetic resonance imaging, we measured the direct and indirect 

effects of TBS by comparing resting state functional connectivity (FC) before and after 

stimulation in whole-brain networks, and seeds from V1 (stimulation site) and neighbouring 

occipital and parietal visual networks. In addition, we also measured pre- and post-TBS 

phosphene thresholds (PTs) to examine the modulatory effects of TBS on cortical excitability. 

Results 

We found no changes in FC for iTBS, cTBS or sham stimulation conditions from baseline to 

post-stimulation timepoints. Additionally, cTBS and iTBS had no effect on visual cortical 

excitability. 

Conclusion 

Our results indicate that unlike our previous low frequency rTMS to V1 study which resulted in 

widespread FC changes up to at least 1 hr after stimulation, TBS to V1 does not affect 



 35 

FC. Contrary to the studies showing comparable TBS and rTMS aftereffects in motor and frontal 

regions, our findings suggest that a single session of cTBS or iTBS to V1 at 80% PT using a 

standard protocol of 600 pulses may not be effective in targeting FC especially in clinical 

settings where therapy for pathological networks is the goal.   

2.2 Introduction 

Since the advent of non-invasive brain stimulation (NIBS), transcranial magnetic 

stimulation (TMS) has proven to be a powerful tool for inducing transient alteration of neural 

activity and has allowed for causal mapping of nodes within neural networks (Barker et al., 

1985; Day et al., 1989; Kobayashi & Pascual-Leone, 2003; Rafique et al., 2015; Solomon-Harris 

et al., 2016). Commonly employed TMS protocols such as low (1 Hz) and high (10 Hz) frequency 

repetitive TMS (rTMS) have been shown to alter focal neural activity at the stimulation site as 

well as remote neural networks with effects lasting from minutes to days (Fox et al., 2012; 

Pascual-Leone et al., 2000; Rafique et al., 2016; Rafique & Steeves, 2022). Although the 

mechanism is not fully understood, they have been attributed to long-term potentiation (LTP) 

and long-term depression (LTD) involved in synaptic plasticity (Barker et al., 1985; Bliss & Lomo, 

1973; Day et al., 1989). 

rTMS has shown to be effective both as a research tool and a treatment modality in 

neurological and neuropsychiatric disorders (Mi et al., 2020; Rafique et al., 2016). The quest for 

shorter stimulation time and lasting aftereffects however has led to a modified variation of 

rTMS, namely theta burst stimulation (Hill, 1978; Huang et al., 2011; Larson et al., 1986). Since 

its inception, research employing TBS protocols have shown that modifying traditional 

stimulation parameters (i.e., frequency, intensity, pattern and duration) can lead to focal 



 36 

dissociable inhibitory and excitatory effects (Gilio et al., 2007; Hess & Donoghue, 1996). These 

effects, however, have been mostly examined in primary motor cortex (M1) via motor evoked 

potentials (MEPs) measured using electromyography (EMG) to evaluate the efficacy of 

stimulation and to determine optimal stimulation intensity levels at M1 (Huang et al., 2011; 

Rossini & Rossi, 1998). 

With a growing number of confirmatory studies, TBS has gained a foothold in research 

and clinical settings mainly due to its shorter (~ 3min) delivery time over rTMS (~28 min), which 

can drastically improve efficiency of empirical research in the lab and patient compliance in 

clinical settings. Nevertheless, it is assumed that for any TMS-based protocol to be considered 

an effective treatment, its therapeutic effects should last long enough to induce measurable 

changes at the neural and behavioural levels. Thus far, TBS has proven to be effective in 

treating depression, and has shown promising results in neurorehabilitation and chronic pain 

(Blumberger et al., 2018a; Moisset et al., 2015; Talelli et al., 2007). However, the neural 

underpinnings of TBS aftereffects beyond the stimulation time remains an open area of 

research. Moreover, the efficacy of TBS targeting visual cortex and, therefore, its value and use 

in visual disorders is poorly documented. Pilot data in the therapeutic effects of occipital (and 

cerebellar) TBS in ameliorating symptoms of patients with Mal de Débarquement syndrome 

(Cha et al., 2019) has been explored and shown promising results. This patient population 

suffers from the chronic phantom perception of oscillating vertigo thought to be caused by 

changes in neural excitability in the balance system, in the absence of movement or vestibular 

and ocular inputs (Van Ombergen et al., 2016). Both cTBS and iTBS have been explored in 

phantom limb sensation after spinal cord injury, and cTBS proved effective in suppressing 
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phantom sensations (Nardone et al., 2016). TBS is also a potentially viable candidate as an 

investigative tool to study the aetiology of visual disorders, including cortical blindness and 

post-stroke or post-enucleation visual hallucination such as Charles Bonnet syndrome (CBS; Cox 

& ffytche, 2014; Gothe et al., 2002; Wen et al., 2018) and phosphenes (Rafique et al., 2018), 

and to develop neuromodulation based therapies for these conditions in the future.  

To probe TMS effects at the neuronal level, neuroimaging techniques such as resting 

state fMRI (rs-fMRI) can measure whole brain and regional changes in connectivity of 

stimulated targets, respectively. Using blood oxygenation level dependent (BOLD) imaging, rs-

fMRI is an indirect measure of physiological dependencies between different anatomical 

locations determined through various functional connectivity (FC) data analysis techniques 

(Biswal et al., 1995; Fox et al., 2005; Friston, 1994). rs-fMRI can track changes in the brain’s 

networks both in health and disease, for example previous studies have demonstrated distinct 

alterations in visual networks and the default mode network (DMN) of patients with strabismus 

and amblyopia (Peng et al., 2021; Shao et al., 2019), late blindness (Wen et al., 2018) and CBS 

(ffytche et al., 1998). Additionally, studies using rs-fMRI investigating the inhibitory and 

excitatory effects of cTBS and iTBS to motor, parietal and frontal brain regions have shown that 

these protocols modulate opposite connectivity patterns in focal and remote brain areas 

(Cocchi et al., 2015; de Wandel et al., 2020; Gratton et al., 2013). To date, however, only one rs-

fMRI study investigated the effects TBS to primary visual cortex (V1; Rahnev et al., 2013), and a 

few neuroimaging studies have examined the effects of TBS to specific nodes within the visual 

network (in areas beyond V1), e.g., at the occipital cortex in visual category-selective areas to 

measure changes at the stimulation site and FC between different vision-related cortical and 
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subcortical regions before and after TBS (Groen et al., 2021; Handwerker et al., 2020; Lasagna 

et al., 2021; Rahnev et al., 2013).  

In our lab, we previously examined the effects of a single session of 1 Hz rTMS to V1 

using MRI-guided neuronavigation and rs-fMRI to determine immediate and short-term effects 

of stimulation and found no immediate effects on FC following a single 20-minute session of 1 

Hz rTMS but widespread changes in FC were observed at 1 hr following stimulation (Rafique & 

Steeves, 2022). In the present study, to determine whether TBS offers a shorter protocol with 

equivalent effects compared to traditional TMS at V1, we similarly examined the immediate 

and short-term (up to 1 hr post-TBS) effects of cTBS and iTBS to V1 on whole-brain FC as well as 

nodes in occipital and parietal visual networks using MRI-guided neuronavigation. Parietal 

areas, such as the precuneus cortex were chosen mainly due to their interconnectivity with 

occipital visual areas and their involvement in resting state networks such as the DMN (Fox et 

al., 2005; Raichle, 2011; Zhang et al., 2018). Additionally, we also set out to determine TBS 

aftereffects on phosphene thresholds (PTs; a measure of cortical excitability in V1), and 

monocular and binocular visual acuity by comparing baseline and 1 hr post-TBS data. 

2.3 Methods and materials  

2.3.1 Participants 

Thirty-one right-handed participants (14 males and 17 females, Mage = 23 SD = 4 years) 

with no history of medical, neurological, or psychological disorders and no contraindications to 

TMS and MRI consented to participate. Participants had normal or corrected-to-normal vision 

and underwent screening including eligibility questionnaires, vision, and cognitive assessments. 
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Data from one participant was omitted due to high motion artefacts detected during image 

preprocessing.  

2.3.2 Experimental design overview 

This study was approved by the Office of Research Ethics at York University and took 

place over two sessions separated by one week. In a pseudo random fashion, and naïve to TMS, 

participants were assigned to one of three conditions: cTBS, iTBS or sham. As shown in Figure 2-

1, on day 1, at approximately 1 pm, each participant completed the screening, including 

eligibility questionnaires, vision assessment and the Montreal Cognitive Assessment (MoCA) 

versions 7.1-7.3 (Nasreddine et al., 2005). At approximately 1:30 pm, baseline anatomical MRI 

and rs-fMRI were obtained, and subsequently PTs were measured. In order to prevent residual 

effects from PT and to minimise diurnal effects, participants were tested one week following 

the baseline session at approximately the same time of the day. On day 2, participants 

underwent TBS and post-stimulation MRI scans were acquired at two different 

timepoints⎯immediately following TBS (within five minutes) and 1 hr after TBS. PTs were then 

re-measured after scans were completed. 

  



 40 

 
Figure 2-1 : An overview of the experimental design and TBS parameters. 

 

Note. TBS = theta burst stimulation, iTBS = intermittent TBS, cTBS = continuous TBS, Phosphene 
thresholds = PTs, rs-fMRI = resting-state functional magnetic resonance imaging. 
 

2.3.3 Phosphene thresholds 

A phosphene is the experience of light in the absence of visual stimuli. PT is a measure 

of visual cortex excitability that is accomplished by stimulation of visual cortex leading to a 

subjective percept of light in participant’s visual field. Visual cortex excitability thresholds can 

vary greatly across individuals (Stewart et al., 2001) presumably reflecting individual cortical 

excitability. As such, PTs can be used to determine appropriate individual stimulation intensity 

for TMS administration at the visual cortex in the same way that motor threshold (MT) is used 

to determine TMS intensity when applied to the motor cortex. Phosphenes are elicited when 
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stimulation is applied from 1–5 cm above the inion and 0–3 cm laterally, in either hemisphere 

being tested (Elkin-Frankston et al., 2010). Participants sat in a dimly lit room while wearing a 

blindfold with eyes closed. Four locations including the inion, 2 cm above the inion, 2 cm to the 

left of the inion, and 2 cm above the 2 cm to the left of the inion marker were identified as the 

stimulation grid. Using single-pulse TMS with the coil centre held tangential to the scalp and 

handle orientated 900 laterally to the midline, individual PTs were measured for each subject. 

The minimum stimulator output intensity was set at 50%, and 10 pulses were delivered to the 

marker 2 cm above the inion. Each pulse was 6 s apart. Upon delivery of a single TMS pulse, 

participants were instructed to respond “yes/no/maybe” corresponding to whether a 

phosphene was perceived. At each location, the stimulator output was increased in 5% 

increments until a phosphene was evoked. For safety, we limited the maximum output setting 

to 90% intensity (Wassermann, 1998). If no phosphenes were evoked after 10 pulses, the coil 

was moved to a new position in the stimulation grid until the participant responded “yes”, 

which was then marked as the hotspot. Subsequently, at the hotspot, the threshold was 

modified by 1% increments to refine the PT. A threshold was defined as the intensity at which 

50% of pulses (5/10 pulses) resulted in a “yes” response. The blindfold was removed every 10–

15 min, when necessary, for a minimum of 3-5 min, to prevent dark adaption (Boroojerdi et al., 

2000b). PTs were analysed using R statistical software (v 3.3.3; R Foundation for Statistical 

Computing, Vienna, Austria; www.R-project.org) and the lmer package for multilevel modelling.   

The independent variable was “Group”, which included the cTBS, iTBS, and Sham conditions. 

Meanwhile, PTs measured at baseline and 1-hr post-stimulation were designated as the 

dependent variable. 

http://www.r-project.org/
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2.3.4 Theta burst stimulation  

Participants underwent one of the three TBS stimulation conditions (cTBS, iTBS or 

Sham). TMS was delivered with a Magstim Rapid 2 Plus 1 stimulator and an air-cooled figure-of-

eight stimulation coil (Magstim, Whiteland, Wales, UK). Participants were stimulated at 80% 

individual PT that was initially determined on Day 1. The cTBS protocol consisted of bursts 

containing three pulses at 50 Hz with a 20 ms inter-stimulus interval (ISI) repeated at 5 Hz 

intervals with 200 ms ISI, applied continuously for 40 s, providing a total of 600 pulses (Huang 

et al., 2005). The iTBS protocol consisted of the same bursts containing three pulses at 50 Hz, 

repeated at 5 Hz intervals, however applied in 2 s trains repeated every 10 s for a total of 190 s, 

providing a total of 600 pulses (Huang et al., 2005). The sham TBS protocol was the same as the 

active conditions, except it was performed using the placebo sham coil. Four participants 

received sham iTBS and six received sham cTBS. The sham coil is equipped with a shield that 

attenuates the magnetic field while mimicking auditory and stimulation effects of an active coil.  

TMS was delivered using Brainsight’s neuronavigation system to ensure the accuracy of 

the coil position throughout stimulation (Rogue Research, Montreal, QC, Canada). Participants’ 

anatomical MR images were reconstructed and co-registered to their three-dimensional cortical 

surfaces in Brainsight. The stimulation site corresponded to the volume of interest (VOI) in V1 in 

our previously published magnetic resonance spectroscopy (MRS) study of the same cohort 

(Stoby et al., 2022). The stimulation site was mapped on each participant’s corresponding 

anatomical image in Brainsight by manually matching the anatomical landmarks to the centre 

of the MRS VOI images. The neuronavigation system precisely maps individually targeted 

stimulation sites and accounts for anatomical variability across participants. We used the same 
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coil both for determining phosphene thresholds and for TBS, however, for TBS the coil was held 

parallel to the midline with the handle pointing downwards and the coil centre tangential to the 

head to minimise coil to cortex distance. This coil orientation was necessary due to the fact that 

we stimulated the calcarine sulcus (V1) by placing the centre of the coil 1-2 cm around the 

centre of the inion. The exact stimulation location differed for each participant due to individual 

anatomical differences observed on T1 images in Brainsight neuronavigation system. 

Participants sat upright with their eyes open, and their chin stabilised by a chin rest, and while 

TBS was delivered with the coil placed 2 cm above the centre of the inion, PTs were measured 

at varying locations around the inion (2 cm radius). 

2.3.5 Magnetic resonance imaging  

Both anatomical and functional sequences were obtained at baseline, immediately post-

TBS, and 1 hr post-TBS using a 3 Tesla Siemens Magnetom Prisma magnetic resonance scanner 

with a 32-channel high resolution array head coil (Siemens, Erlangen, Germany). Participants 

were instructed to remain motionless with their eyes closed while refraining from falling 

asleep.  

Anatomical high-resolution T-weighted magnetisation-prepared rapid gradient echo 

(MPRAGE) sequence was acquired first [number of slices = 192, in-plane resolution = 1 mm x 1 

mm, slice thickness = 1 mm, imaging matrix = 256 x 256, repetition time (TR) = 2300 ms, echo 

time (TE) = 2.26 ms, inversion time (TI) = 900 ms, flip angle = 8°, field of view (FoV) = 256 mm, 

acquisition time = approximately 5 min]. Resting state functional imaging was acquired with T2* 

weighted whole-brain echo planar ME imaging [number of contiguous axial slices = 43; in-plane 

resolution = 3.4 x 3.4 mm; slice thickness = 3 mm; imaging matrix = 64 x 64; TR = 3000 ms; TE1 = 
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14.0 ms, TE2 = 30.08 ms, TE3 = 46.16 ms; flip angle = 83º; FoV = 216 mm; acquisition time = 10 

min]. 

 

2.3.6 Vision and cognitive assessment 

All participants were required to complete and pass three basic visual assessments for 

eligibility for normal or corrected-to-normal vision (> 0.04 LogMAR; stereoacuity ≥ 50”, normal 

colour vision). Monocular and binocular visual acuities were measured using the standardised 

ETDRS LogMAR vision chart (precision Vision, La Salle, IL), stereo acuity was measured using the 

Titmus Stereoacuity test (Stereo Optical Company Inc., Chicago, IL), and colour vision was 

assessed using the Ishihara Colour Plates (Kanehara Trading Inc., Tokyo, Japan). 

Participants were also required to complete and pass the MoCA (v7.1-7.3). The MoCA is a 

screening tool that detects cognitive impairment with scores ranging from 0-30. It evaluates 

attention, concentration, and executive function (Nasreddine et al., 2005). The inclusion cut-off 

was set at scores equal and greater than 26 (Yeung et al., 2020). All participants were able to 

meet the cut-off. Statistical analyses for visual acuity and MoCA scores were performed using R 

statistical software (v 3.3.3; R Foundation for Statistical Computing, Vienna, Austria; www.R-

project.org) and the lmer package for multilevel modelling (Kuznetsova et al., 2017). 

2.3.7 fMRI data preprocessing 

Preprocessing and denoising were performed in AFNI (Cox & Hyde, 1997) using multi-

echo independent component analysis (ME-ICA, v3.2). ME-ICA uses the TE-dependence of the 

BOLD signal to separate true BOLD signal from non-TE-dependent fluctuations that result from 

sources of noise (Kundu et al., 2012b).  Prior to denoising with ME-ICA, data preprocessing 

http://www.r-project.org/
http://www.r-project.org/
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steps included discarding the first five volumes of each resting-state fMRI time-series. Images 

were skull-stripped, and image intensity was normalised (3dSkullStrip).  The functional images 

were de-obliqued (3dWarp).  Large signal transients were removed via interpolation 

(“despiking”, 3dDespike) and slice time correction was applied (3dTshift).  Motion correction 

parameters were calculated using the middle echo (TE2 = 30.08 ms, 3dvolreg).  Skull-stripped 

anatomical and functional images were coregistered by registering the middle echo image from 

the first time point to the anatomical image using an affine alignment procedure with the local 

Pearson correlation and T2* weights (3dAllineate).  Anatomical and functional images were 

kept in native space. After the three TEs were optimally combined, ME-ICA denoising was 

applied. BOLD signal was identified as independent components having linearly TE-dependent 

percentage signal changes. Non-BOLD noise components were removed from the time-series 

by ME-ICA using linear regression. The output of this process included a functional time-series 

reconstructed to include only the BOLD signal components of the data. This preprocessed and 

denoised time-series was used in all subsequent stages of the data analysis. Subject- and 

session-specific quality checks were performed after preprocessing and denoising by inspecting 

plots of estimated head motion and anatomical-functional alignment. In addition, inclusion of 

subjects in further stages of analysis required the identification of at least 10 BOLD-like 

components by ME-ICA. Images from one subject were omitted due to excessive motion and 

few detected BOLD-like components.  

2.3.8 fMRI data analysis 

To analyse the rs-fMRI data, we used two different approaches, 1) Volumetric seed-

based FC analysis in MNI space, and 2) Surface-based FC analysis with individual parcellation. 
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For each analysis, an exploratory stepwise approach was used to first determine group-level 

whole brain seed-to-voxel connectivity profiles followed by ROI-to-ROI and seed-to-target 

analyses in occipital and parietal visual areas to probe group differences at different timepoints. 

Given the individual variability in response to stimulation and statistical stringencies involved in 

exploratory analyses, this approach was deemed critical in order to detect TBS aftereffects at 

the connectome level. 

2.3.8.1 Analysis 1: Volumetric seed-based analysis in MNI space 

For this analysis we used MATLAB R2019a (MathWorks, Natick, MA, USA), and CONN 

toolbox v20.b (www.nitrc.org/projects/conn). The preprocessed and denoised rs-fMRI images 

and the preprocessed anatomical scans for each subject and each session were input into 

CONN. Functional and anatomical scans were normalised into standard MNI space and 

segmented into grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF) tissue 

classes using SPM12 unified segmentation and normalisation procedure (Ashburner & Friston, 

2005). Functional images were then spatially smoothed by a 6 mm Gaussian kernel of full width 

at half-maximum. Using an anatomical component-based noise correction (CompCor) five 

principal components from CSF, GM, and WM were extracted (Behzadi et al., 2007) and 

confound regression was performed via principal component analysis (PCA) in order to remove 

non-BOLD signals (Power et al., 2014b).  

Using an exploratory whole-brain seed-based connectivity (SBC) approach, subject-specific 

cross-correlation matrices between the seed and the whole brain, as well as non-BOLD 

confounds were fitted to a first-level model (Whitfield-Gabrieli & Nieto-Castanon, 2012). We 

explored SBC in two seeds, the stimulation site and the precuneus cortex based on the Harvard-
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Oxford atlas coordinates (Desikan et al., 2006). For the stimulation site, a 10 mm spherical seed 

ROI was centred at the average stimulation site coordinates (x = 1, y = -72, z = 13). The subject-

specific standardised stimulation site coordinates were extracted following manual co-

registration of individual anatomical scans to the MNI template in Brainsight neuronavigation 

system using the anterior commissure (AC)-posterior commissure (PC) technique. SBC maps 

were computed as the Fisher-transformed bivariate correlation coefficients between the seeds’ 

timeseries and each individual voxel timeseries. Given the non-normal nature of the data, non-

parametric (permutation-randomisation with 1000 simulations) statistics were chosen for 

further analyses. To control for multiple comparisons, we implemented family wise error rate 

(FWER) and false discovery rate (FDR) methods. FWER methods are ideal when controlling for 

the probability of even one false positive (Type I error). On the other hand, FDR-controlled 

procedures are suitable when a certain number of false positives is tolerable to avoid excessive 

false negatives (Eklund et al., 2016; Kang et al., 2015). In essence, FDR control is more lenient, 

allowing for some proportion of false positives in exchange for a decrease in false negatives 

(Nichols & Hayasaka, 2003). In this analysis, as noted above, permutation testing was chosen as 

the method to control the FWER. The advantage of permutation tests is that they make fewer 

assumptions about the underlying data, making them suitable for non-parametric data (i.e., rs-

fMRI data), and they can accurately control the Type I error rate even when conducting a large 

number of tests (Bullmore et al., 1999). 

For ROI-to-ROI analyses, with lower number of comparisons, FDR is chosen to control for 

multiple comparisons. FDR was calculated by sorting the statistical significance measures (p-

values) from smallest to largest and then comparing each one to a threshold that gradually 
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increases with the rank of the p-value. If the p-value was smaller than this threshold, the null 

hypothesis was rejected (Benjamini & Hochberg, 1995). 

In addition to the whole-brain FC analysis described above, we also examined the FC 

between 18 occipital and parietal ROIs in order to investigate post-TBS changes in specific visual 

networks (see Figure 2-2). These ROIs were mainly chosen based on their proximities to the 

stimulation site seed ROI (covering bilateral focal and remote areas surrounding the stimulation 

ROI). The ROI-to-ROI connectivity matrices were computed with bivariate Pearson’s correlation 

coefficients of BOLD signal for each pair of ROIs. The Pearson’s correlation coefficients were 

then transformed to Fisher Z values for further statistical analyses. In order to correct for 

multiple comparisons, the cluster-level p-value was set at p < 0.05 (FDR-corrected).  

 
Figure 2-2 : MNI coordinates of 18 ROIs used in ROI-ROI analysis based on the Harvard-Oxford 
atlas. 
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Lastly, we focused on the connections between the stimulation site and the 17 other 

chosen ROIs using a seed-to-target analysis. The 17 other ROIs were the same as the ROI-to-ROI 

analysis, but this approach is inherently different from the previous ROI-to-ROI analysis in that 

one seed was compared to the chosen targets (targets are not compared to one another), 

therefore requiring fewer comparisons to address a specific hypothesis. Using a mixed-design 

analysis of variance (ANOVA) with FDR-corrected p-values < 0.05 we then examined between-

group differences in FC. The independent variables consisted of the groups (type of stimulation) 

including cTBS, iTBS, and sham (3 levels) in addition to the time of measurements which 

included: pre-TBS, post-TBS, and 1 hr post-TBS (3 levels). 

2.3.8.2 Analysis 2: Surface-based ROI-to-ROI analysis using GPIP parcellation  

In this analysis, individual T1 images were parcellated into anatomical regions using the 

recon-all pipeline in FreeSurfer v6.0.1 (http://surfer.nmr.mgh.harvard.edu/). Within FreeSurfer, 

the preprocessed and denoised timeseries output by ME-ICA were coregistered to the T1-

weighted anatomical images output by recon-all for each subject and session (bbregister).  

Next, the functional data were resampled to the fsaverage5 template image using trilinear 

volume-to-surface interpolation (mri_vol2surf). Spatial smoothing was applied using a full width 

half max kernel of 6mm (mri_surf2surf). Using the surface space functional data, the time 

course of each resting state imaging run was normalised to a mean of 0 and a standard 

deviation of 1. Group Prior Individual Parcellation (GPIP; Chong et al., 2017) was used to output 

subject-specific functional parcellations of the resting state data. Within GPIP, the data were 

first initialised using the 200-parcel 7-Network Schaefer atlas (Schaefer et al., 2018; for more 

information see Table A1 in Appendix) resulting in a common set of parcellation labels for all 

http://surfer.nmr.mgh.harvard.edu/
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subjects. After initialisation, GPIP uses each subject’s resting state functional images to 

optimise the boundaries of each parcel, resulting in subject-specific functional parcellations of 

resting state networks. The quality of GPIP parcellations for each subject was assessed by 

calculating the homogeneity of parcels at each of the 20 GPIP iterations. Homogeneity was 

calculated as the mean correlation coefficient of all pairs of vertices within each parcel and then 

averaged over all parcels in the brain for each subject to verify that these values increased over 

iterations and then plateaued in value prior to the final GPIP iteration.   

Spherical ROI masks 5 mm in diameter were created for each subject/session using the 

coordinates of their stimulation site within V1 in AFNI. These ROI masks were then resampled 

to fsaverage5 surface space and inspected for accuracy of placement in each subject. The mean 

timeseries of each stimulation site ROI was extracted from the functional data (mri_segstats). 

Similarly, for each subject/session, the mean timeseries was extracted for each GPIP parcel. 

Pair-wise Pearson correlation coefficients were calculated for all extracted mean time-series 

and then Fisher r-to-z transformed resulting in cross-correlation functional connectivity 

matrices for each subject and session (see Figure 3 for examples of individual parcellation and 

connectivity matrices). Group analyses of parcel functional connectivity were performed using 

the Network Based Statistics toolbox (NBS; Zalesky et al., 2010). NBS V.2.0 

(https://www.nitrc.org/projects/nbs) is a nonparametric method that controls the family-wise 

error rate (FWER) when multivariate models are applied to neuroimaging data in order to 

compare functional or structural connectivity between pairs of ROIs or networks of ROIs. After 

setting up between- and within-group contrasts and using the default FWER-corrected 

significance level of 0.05, a whole brain FC analysis was first conducted. Using a 2 x 2 mixed 

https://www.nitrc.org/projects/nbs
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effect ANOVA the Stimulation (Group) main effects were explored in each pair of conditions 

(e.g., cTBS > iTBS, cTBS > Sham or iTBS > Sham) across two timepoints (e.g., Day 1 < Day 2 

immediately post-TBS). 
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Figure 2-3 : Example of individual parcellation and connectivity matrices in three randomly 
selected subjects from each of the three stimulation groups at baseline (day 1). 

 
 

As the final step, and in order to choose comparable ROIs to the ones used in the 

volumetric analysis, the Schaefer 200-parcel-7-network atlas that was used to initialise GPIP 

was overlayed on top of a standard MNI-152 template in fsleyes 

(https://git.fmrib.ox.ac.uk/fsl/fsleyes/fsleyes/). Labels used in the Schaefer 200-parcel 7-

network atlas correspond to resting state networks but do not correspond to specific 

anatomical region labels. Therefore, the Harvard-Oxford cortical structural atlas was used to 

identify corresponding anatomical labels of the Schaefer atlas regions to facilitate comparison 

with the 17 ROIs used in the CONN Toolbox. Coordinates from the ROIs included in the 

volumetric analysis performed in CONN Toolbox and the homologous Schaefer atlas regions 

were manually determined and the connectivity values between the 17 selected GPIP ROIs and 

the stimulation site were extracted and compared (see Appendix Table A1 for the list of ROIs).  

https://git.fmrib.ox.ac.uk/fsl/fsleyes/fsleyes/
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To examine FC within the visual networks we applied a less stringent correction method of FDR 

correction (< 0.05), and a series of 2 x 2 mixed effects ANOVAs were conducted to determine 

the effects of Stimulation and Time on FC between groups at different timepoints. This 

procedure was performed using the visual network subset of the Schaefer 200-parcel 7-

network atlas ROIs (28 ROIs plus the stimulation site; see Table A1 in Appendix).  

2.4 Results 

2.4.1 Visual acuity and neurological assessments 

For the visual acuity data (both monocular and binocular), and MoCA scores a two-way 

mixed effects ANOVA revealed no significant interaction between Group (cTBS, iTBS, and Sham) 

and Time (Pre-TBS and post-TBS). Main effects of Group and Time were also non-significant 

(see Table 2-1 for group-specific statistics). 
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Table 2-1 : Analysis of variance (ANOVA) of phosphene thresholds, vision, and cognitive assessments 
data before and after TBS. 

Assessment    Pre-TBS Post-TBS  ANOVA 

                 Condition M SD M SD Effect 
F 

ratio 
df 

p 
η2 

PT 
(% Stimulator 

output) 

cTBS 68.5 13.1 67.2 15.7 
 

G 
 

0.552 2,27 0.58 0.004 

iTBS 63.1 11.2 64.6 11.2 T 0.552 1,27 0.14 0.038 

Sham 60.1 13.7 64.2 10.7 G x T 2.69 2,27 0.09 0.086 

           

Binocular VA  
(LogMAR) 

cTBS -1.23 0.062 -0.108 0.051 G 0.167 2,27 0.85 0.011 

iTBS -1.22 0.086 -0.146 0.077 T 0.221 1,27 0.64 0.001 

Sham -0.13 0.11 -0.138 0.115 G x T 0.906 2,27 0.42 0.009 

           

Right 
monocular VA  

(LogMAR) 

cTBS -0.043 0.063 -0.037 0.084 G 3.16 2,27 0.068 0.152 

iTBS -0.078 0.051 -0.096 0.087 T 0.027 1,27 0.87 0.0002 

Sham -0.13 0.105 -0.126 0.124 G x T 0.242 2,27 0.79 0.004 

           

Left monocular 
VA (LogMAR) 

cTBS -0.089 0.07 -0.069 0.069 G 0.865 2,27 0.43 0.044 

iTBS -0.115 0.07 -0.1 0.071 T 0.331 1,27 0.57 0.004 

Sham -0.115 0.096 -0.123 0.112 G x T 0.283 2,27 0.76 0.006 

           

MoCA 

cTBS 27.9 1.60 27.8 1.48 G 0.019 2,27 0.98 0.001 

iTBS 27.9 0.99 28 1.25 T 0.672 1,27 0.42 0.006 

Sham 28.2 1.32 27.6 1.26 G x T 0.728 2,27 0.49 0.013 

 

Note. PT = phosphene threshold, TBS = Theta burst stimulation, cTBS = continuous TBS, iTBS = 

intermittent TBS, VA = visual acuity, MoCA = Montreal cognitive assessment. LogMAR = 

logarithm of the minimum angle of resolution. Pre-TBS = Day 1, before TBS, post-TBS = Day 2, 

after TBS. Effect = G (Group: cTBS, iTBS or sham), T (Time: pre- or post-TBS), G x T (interaction 

between Group and Time). Significance level = p-values < 0.05. 
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2.4.2 Phosphene thresholds 

As shown in Figure 2-4 (also see Table 2-1 for group-specific descriptive and inferential 

statistics), the average pre- to post-TBS PTs in all three groups did not change significantly. A 

two-way mixed effects ANOVA found no interaction between Stimulation Group (cTBS, iTBS and 

sham) and Time (pre-TBS and 1 hr post-TBS). There was no main effect of Stimulation Group. 

Figure 2-4 : Pre- and post-TBS group mean with individual data points phosphene thresholds. 

 

Note. cTBS = continuous theta burst stimulation, iTBS = intermittent theta burst stimulation, PT 
= phosphene threshold. For individual data see Figure A1 in Appendix.  
 

2.4.3 Volumetric seed-based connectivity analysis in MNI space 

Whole brain connectivity: An omnibus test to detect significant seed-to-voxel FC 

between conditions and timepoints was conducted. No significant interaction between 
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Condition and Time was observed for whole brain connectivity. Similarly, there were no 

significant main effects of Group or Time for any of the seeds on whole brain connectivity.  

ROI-to-ROI: At the group level, we first examined individual connectivity for each 

condition (iTBS, cTBS and sham) across the three timepoints. We used within-group contrasts to 

determine the connectivity profile for each of the 18 chosen ROIs and 153 non-overlapping 

connections. No significant interaction was found between Stimulation Condition (Group) and 

Time, and there were no significant main effects of Stimulation and Time on individual 

connectivity profiles.  

Seed-to-target: A between-group analysis revealed one target ROI [Left supracalcarine 

cortex (L-SCC)] that survived the pre-defined threshold (t (18) = 3.59, p-FDR = 0.036). However, 

pairwise comparisons revealed no significant difference in seed-to-target connectivity for the 

within-condition (Stimulation effect) at different timepoints. This indicates that despite 

differences in FC between groups, no changes were observed in cTBS, iTBS or sham groups at 

different timepoints (see Table A2 in the Appendix for statistics). 
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Figure 2-5 : Seed to target within- and between-group results. 

 
Note. L-SCC = Left supracalcarine cortex, Stim = Stimulation target 

2.4.4 Surface-based ROI-to-ROI analysis using GPIP parcellation 

 
Whole brain FC: There were no significant differences in whole brain functional 

connectivity pre-and post-stimulation (FWER-corrected p-values of < 0.05). See Figure 6 for 

connectivity matrices.  

ROI-to-ROI & seed-to-target: There were no significant differences in functional 

connectivity for ROI-to-ROI and seed-to-target pre- to post-stimulation (FDR-corrected p-value 

< 0.05 threshold was used). 
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Figure 2-6 : Uncorrected connectivity matrices using Fisher Z-transformation of the Pearson 
correlation coefficient values for each group and timepoint. 

 
 

2.5 Discussion 

In the current study, we determined the effects of TBS to primary visual cortex (V1) on 

visual cortex-associated FC and phosphene thresholds (PTs). We compared group-level FC 

across the entire brain and visual networks at three timepoints—baseline, immediately after 

stimulation and 1 hr following stimulation. Despite employing different analysis methods to 

explore FC, we found no significant changes in FC pre- to post-TBS. Additionally, we assessed 

PTs at baseline and 1 hr following TBS and found no changes in cortical excitability levels post-
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TBS. Overall, we did not identify any cTBS or iTBS related aftereffects on FC and PTs. These 

results are consistent with our MRS study of the same cohort using the same experimental 

design, where cTBS and iTBS did not alter the concentration levels of GABA and glutamate at 

the stimulation site (see Stoby et al., 2022). 

The fact that a single session of cTBS and iTBS had no effect on FC does not refute the 

efficacy of TBS to V1, however, it may very well highlight the challenges in determining the 

optimal stimulation dosage for the use of TBS to modulate FC associated with the visual cortex 

in clinical settings.  The transient effects of traditional TMS protocols to visual regions of the 

brain have been reported for years (Ganaden et al., 2013; Mullin & Steeves, 2013; Solomon-

Harris et al., 2016). In addition, our previous TMS-fMRI study at visual cortex using a low 

frequency (1Hz) rTMS paradigm (with similar methodology) found widespread FC changes 1 hr 

following a single session of rTMS (Rafique & Steeves, 2022). These contrasting findings may 

suggest that TBS is not a suitable replacement for traditional rTMS when stimulating V1 since it 

does not yield equivalent effects. It may be that the shorter TBS stimulation time is insufficient 

to reach optimal thresholds required to disturb synaptic equilibrium and neuronal status quo in 

order to detect TBS aftereffects with rs-fMRI. One possible mechanism to consider is the 

differential abilities of TBS and rTMS protocols to entrain oscillations in targeted neural 

populations. Oscillations have long been studied and implicated as location- and state-

dependent neural signatures of the central nervous system (Buzsáki, 2004). Recent literature 

suggests that stimulation parameters (i.e., oscillations resembling specific brain rhythms) closer 

to the specific intrinsic oscillatory patterns of the stimulated location can lead to entrainment 

and therefore more effective stimulation outcomes (Lin et al., 2021; Okazaki et al., 2021; Thut 
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et al., 2011). For instance, previous studies using electro- and magneto-encephalography have 

shown that during memory and motor sequence learning tasks theta oscillations (~ 6-7 Hz) are 

the predominant recorded oscillations at the scalp electrodes closest to hippocampus and 

motor cortex (Meissner et al., 2018; Tesche & Karhu, 2000). Execution of already mastered 

motor tasks, however, is correlated with beta oscillations (~ 13-30 Hz) recorded at motor cortex 

(Baker, 2007; Pfurtscheller & Lopes da Silva, 1999). In addition, gamma oscillations (~ 30-50 Hz) 

have been recorded during high-order cognitive tasks in temporal and frontal brain regions 

(Buzsáki & Wang, 2012; Singh et al., 2020), and intrinsic occipital alpha oscillations (~ 8-12 Hz) 

have been linked to the perception of incoming visual stimuli (e.g., eyes open and closed) and 

attending to such inputs (Ergenoglu et al., 2004). TMS studies in V1 have been able to validate 

the notion of synchronicity between TMS and intrinsic brain rhythms by entraining occipital 

alpha oscillations via a 10 Hz rTMS protocol (Lin et al., 2021; Romei et al., 2010). Theta 

oscillations, however, were the basic elements upon which TBS protocols have been developed 

(Larson et al., 1986), and as theta oscillations are mainly recorded in frontal and motor regions, 

TBS may better target and manipulate M1 and frontal regions. Therefore, such oscillatory 

properties may also explain the efficacy of cTBS and iTBS in motor and frontal cortices but not 

in V1.  

Our finding that a single session of TBS to V1 at 80% PT did not produce measurable 

effects in rs-fMRI is consistent with a study by Rahnev and colleagues (2013) where cTBS, iTBS 

and sham TBS were applied to the scalps of five subjects at V1 using a stimulation intensity of 

80% PT followed by rs-fMRI. They also found that iTBS did not have a significant effect on FC, 

they did, however, find a significant decrease in FC between retinotopically defined early visual 
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areas (i.e., V1, V2 and V3) following cTBS. Similarly, others have observed no change in PTs 

following iTBS but a reduction in PTs measured 2 min post-cTBS (80% PT, 600 pulses; Franca et 

al., 2006). Other TBS studies, however, have adopted different dosing strategies using lower 

intensities and increased pulse numbers. For example, when cTBS targeted the right occipital 

face area and the posterior superior temporal sulcus (pSTS) at 80% active MT (or 30% maximum 

stimulator output; whichever was greater) delivering 900 pulses, cTBS reduced BOLD signal in 

face selective areas (Pitcher et al., 2014) and reduced FC between pSTS and amygdala (Pitcher 

et al., 2014, 2017). Other studies using the same low intensity and high number of pulses as the 

stimulation parameters demonstrated that cTBS reduced FC between pSTS and other vision and 

non-vision ROIs (Handwerker et al., 2020) and reduced BOLD signal in the occipital place area 

(Groen et al., 2021). This stimulation protocol may support the efficacy of cTBS in yielding 

inhibitory effects in visual areas, however, other TBS studies such as Abuleil et al., (2020) have 

shown that cTBS to V1 increases mixed percepts during binocular rivalry (excitatory effect). 

Occipital TBS studies have used a variety of dosing strategies ranging from lower 

intensities to increased pulse numbers, and despite clear anatomical and functional distinctions 

between M1 and V1 (Shinomoto et al., 2009) a number of studies utilised active MTs to 

determine optimal TBS intensities. Previously, four studies had compared MTs (resting and 

active) and PTs and concluded that these two measures are not correlated, and that PTs are the 

most accurate measure of cortical excitability in the occipital cortex and MTs should not be 

utilised for non-motor TMS targets (Antal et al., 2003; Boroojerdi et al., 2002; Gerwig et al., 

2003; Stewart et al., 2001). Nevertheless, Deblieck and colleagues (2008) demonstrated a 

significant correlation between active MTs and PTs, and the notion of a universal cortical 
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excitability value (based on MTs) appears to dominate TBS research in frontal, parietal and 

temporal regions and to some extent in the occipital visual areas (Stokes et al., 2013). However, 

it remains unclear whether the two thresholds (MT and PT) are comparable measures of 

cortical excitability, given the design and methodological limitations of MT-PT studies, and the 

anatomical and functional differences between M1 and V1. It is therefore plausible to speculate 

that whether the individual cortical excitability in V1 is measured via MTs or PTs, subthreshold 

intensities and increased pulse number may play a role in cTBS outcomes (Groen et al., 2021; 

Handwerker et al., 2020; Pitcher et al., 2014, 2017). Knowing that on average MTs are lower 

than PTs (Boroojerdi et al., 2002), a 30% MT translates into a much lower stimulation intensity 

than intensities delivered at 80% PT. As a result, in comparison to other occipital TBS studies 

(using 80% PT intensity such as Franca et al., 2006 and Rahnev et al., 2013), these intensities are 

considered sub-threshold.  

Modifying the number of pulses in a stimulation protocol also can modulate TBS effects. 

The respective inhibitory and excitatory effects of cTBS and iTBS in M1 first observed by Huang 

and colleagues (2005) are reversed by doubling the number of pulses. At 1200 pulses for 

example, cTBS increased MEP amplitudes while iTBS lowered MEP amplitudes (Gamboa et al., 

2010). It is possible that the 900-pulse protocol (e.g., Pitcher et al., 2014, 2017) allows for an 

increased pulse delivery without reversing the inhibitory effects of cTBS when targeting visual 

networks. However, at the moment, comparison studies examining different TBS parameters in 

occipital regions are lacking, and despite a vast literature exploring pulse numbers, sub- and 

supra-threshold stimulation intensities, and accelerated TBS protocols in frontal lobes (Chen et 

al., 2021; Lee et al., 2021; McCalley et al., 2021) only one occipital TBS study has examined the 
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effects of TBS intensities on visual perception (and not on PTs). When cTBS and iTBS were 

applied to V1 using stimulation intensities of 60, 80,100 and 120% PT, both cTBS and iTBS had 

no effect on peripheral visual acuity at any of the intensity levels (Brückner & Kammer, 2014).  

In addition to the variability of TBS parameters, outcome variability in TBS research may 

be modulated by a high individual variability in stimulation responsiveness (McCalley et al., 

2021; Young-Bernier et al., 2014), leading to a statistical net-zero effect when subjects with 

variable responses to cTBS or iTBS are pooled in a group and outcome measures are averaged. 

In the present study, we also observed this pattern of variability in our FC analyses in both the 

cTBS and iTBS groups. To mitigate the effects of individual variability on stimulation outcomes, 

Ridding & Ziemann (2010) had previously identified a list of contributing factors influencing 

TMS outcomes. Factors such as diurnal cortisol levels, age, attention, synaptic history 

(pharmacological agents, and prior stimulation), and genetics were all identified to affect the 

stimulation outcomes to varying degrees. Although many studies including our current study 

have controlled for these factors, genetic variations also seem to play an important role in 

neural response to stimulation (Cheeran et al., 2008). Brain-derived neurotrophic factor (BDNF) 

is a protein that reportedly is involved in LTP and LTD processes. It is speculated that BDNF 

directly affects the susceptibility of synapses to undergo plasticity and change in response to 

learning and stimulation (Lu, 2003). Genetic polymorphism in BDNF expression factors such as 

the heterozygous genotype “val66met” has been linked to decreased response to non-invasive 

brain stimulation protocols at M1 unlike homozygous Met/Met and Val/Val carriers (Cheeran et 

al., 2008; Fritsch et al., 2010; Guerra et al., 2020). 
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In summary, our findings show no effects of cTBS or iTBS to V1 on FC across visual 

networks nor any effects on PTs. These findings, together with the paucity of research on TBS to 

V1 and the heterogeneity of protocols used in other visual regions suggest that further research 

is needed to refine the protocols for optimal TBS dosage in visual networks. This is especially 

important because the traditional rTMS studies showing lasting aftereffects generally used 

much longer stimulation duration, while TBS protocols have a much shorter stimulation 

duration. Despite the fact that multiple studies have implied the comparability of iTBS and 10 

Hz rTMS in major depressive disorders (Blumberger et al., 2018) as well as cTBS and 1 Hz rTMS 

in fronto-parietal regions (Tupak et al., 2011; Yu-Lei et al., 2022), such comparisons have yet to 

be determined in TBS to V1 or occipital cortex more broadly. 

While our study did not reveal any significant effects of cTBS and iTBS to V1 in healthy 

individuals, the potential of non-invasive brain stimulation to improve therapeutic outcomes in 

patients with neurological visual disorders is still a promising area of research. Our findings 

contribute to the growing body of literature in this field. Reporting null findings can be 

informative in designing future studies as it helps to rule out alternative hypotheses and refines 

our understanding of different TBS protocols and methodologies. Furthermore, our study 

underscores the need for further investigation into optimal TBS dosage by studying different 

stimulation parameters. As discussed in detail earlier in this section, it is crucial to study the 

root cause of interindividual variability in TBS outcomes by examining response variations in 

healthy subjects, while considering factors such as BDNF expression and the neural entrainment 

properties of different rTMS protocols at specific target locations. We believe that combining 
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insights from a growing number of TBS studies in visual brain areas, regardless of their 

outcomes, will open exciting avenues of research in the near future. 

2.6 Limitations and future directions 

In the present study, measuring PTs immediately after TBS could not have been 

achieved, mainly due to rs-fMRI timepoints (immediately and 1 hr post-TBS). Determining PTs 

requires stimulation, which would have prevented us from measuring the true aftereffects of 

TBS on resting state networks at 1 hr. We therefore opted for measuring PTs at 1 hr (after the 

last rs-fMRI scan). Despite this limitation, however, these results could be taken into 

consideration when designing future experiments. On the one hand the PT results could be 

interpreted as the evidence that TBS cannot modify PTs when measured 1 hr after stimulation. 

On the other hand, this may suggest that if cTBS or iTBS are capable of inducing directional 

changes to PTs, these effects wear off after 1 hr and thresholds return to baseline. This could 

indicate that experiments utilising within-subjects designs can consider using this 1 hr cut off 

when determining optimal “rest periods” required for participants undergoing multi-session 

TBS protocols (e.g., comparison studies).  

As we highlighted in the discussion, future research should focus on optimisation of TBS 

protocols in V1 by designing studies that compare the ability of different TBS protocols to 

influence intrinsic oscillatory processes at different brain areas (e.g., M1 vs. V1). Despite a vast 

number of comparison studies in M1 and non-motor frontal regions, parameters such as pulse 

number, stimulation intensities, and accelerated TBS protocols should also be explored in V1 

while taking covariates such as genetic polymorphism (i.e., BDNF expression factors) and 

anatomical differences (e.g., scalp to cortex distance and target depth) into account.  
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2.7      Conclusion 

In the current study, we demonstrate that the application of cTBS and iTBS to V1 does 

not modulate resting state FC in focal or remote brain networks when measured immediately 

and 1 hr post-TBS. PT levels also remain unaffected by cTBS and iTBS when measured 1 hr after 

stimulation. These results are consistent with our MRS study, where cTBS and iTBS did not alter 

GABA and glutamate concentration levels (Stoby et al., 2022). Our results are also in line with 

others who showed iTBS did not modulate FC and PT levels. Our findings show that while cTBS 

and 1 Hz rTMS may have comparable effects at the motor and frontal cortices (Blumberger et 

al., 2018; Tupak et al., 2011; Yu-Lei et al., 2022) cTBS to V1 does not have comparable effects to 

low frequency (1 Hz) rTMS in our previous study (Rafique & Steeves, 2022) .  

Our findings suggest that in a clinical setting, a single session of cTBS or iTBS to V1 at 

80% PT using a protocol of 600 pulses may not be an effective therapy if targeting FC is the 

clinical goal.  
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Chapter 3 : General discussion 
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3.1  Summary 

In this thesis, in Chapter 1 we discussed the fundamentals of TMS, reviewed the TBS 

literature, highlighted the lack of TBS research in V1, and in Chapter 2, we demonstrated 

empirically that the application of cTBS and iTBS to V1 does not modulate resting state FC in 

focal or remote brain networks when measured immediately and 1 hour post-TBS. PT levels 

also remained unaffected by cTBS and iTBS when measured 1 hour after stimulation. These 

results are in line with others who showed that iTBS does not modulate FC and PT levels., but 

not with previous data showing effects of cTBS on PT. Our findings indicate that while cTBS and 

1 Hz rTMS may have comparable effects on the motor and frontal cortices, cTBS to V1 does not 

have comparable effects to low frequency (1 Hz) rTMS in our previous study (Rafique & 

Steeves, 2022). Our findings suggest that a single session of cTBS or iTBS to V1 using 

conventional TBS parameters (e.g., 600 pulses and 80% PT MSO) may not be an effective 

protocol if targeting FC is the goal. 

As outlined in Chapter 1, both 10 Hz rTMS and iTBS have received FDA approval for 

treating major depressive disorders. Further, research suggests that the modulatory 

aftereffects of 10Hz rTMS and iTBS are comparable; however, while a 10 Hz rTMS session can 

last up to thirty minutes, an iTBS session takes less than three minutes. This efficiency has 

significant implications for research and clinical settings. In addition, TMS protocols for other 

neuropsychiatric conditions (such as obsessive-compulsive disorder and addiction) and 

neurorehabilitation (including stroke and movement disorders) are currently being developed.             

A common theme among these neuropathologies is the presence of suboptimal neural 

networks (Boon et al., 2020; Hou et al., 2014; Larivière et al., 2018; Rao et al., 2022), and rTMS 
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may have potential for modulating functional connectivity and guide processing in these 

networks towards optimal levels. 

Considering the similar aetiologies between neuropsychiatric disorders and certain  

visual disorders with neurological origins—specifically, extensive alterations in the functional 

connectivity of visual networks (ffytche et al., 1998; Martial et al., 2019; Shi et al., 2022) and the 

comparable aftereffects of continuous and intermittent TBS with their rTMS counterparts (i.e., 

1 Hz and 10 Hz), visual disorders such as blindsight and Charles Bonnet syndrome may benefit 

from TBS-based interventions. Due to the limited empirical evidence investigating such 

protocols for visual disorders, we chose to explore TBS in healthy individuals. Our goal was to 

gain insight into the aftereffects of cTBS and iTBS at the network level, with the motivation of 

using our findings for potential future studies to determine suitable and efficient research 

protocols and further investigation in clinical populations. 

 

3.2 Limitations and future directions 

While the efficacy of TBS in targeting V1 may vary among individuals, it is important to 

recognise this as an aspect of “interindividual variability” inherent in TBS research. This concept 

acknowledges that stimulation aftereffects may differ significantly across individuals, in both 

healthy and patient populations. Therefore, the potential of TBS should not be underestimated 

but instead calls for more in-depth investigation of stimulation parameters and responsiveness 

of different brain regions to such stimulation parameters.  

 As discussed earlier, various anatomical and physiological differences between 

individuals can hinder the ability of cTBS and iTBS to perturb neural networks. Whether the goal 

of stimulation is inhibition or facilitation, a variety of contributing factors need to be identified 
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and controlled for. However, studies that aim to identify and control for these factors are 

currently lacking. The next few sections will cover important factors that could improve and 

optimise TBS protocols in V1.  

3.2.1 TBS in V1 vs. Other brain areas 

We discussed the origin story of TBS in Chapter 1, Huang and colleagues (2005) applied 

cTBS and iTBS to M1 and measured aftereffects using MEPs, and their results indicated that 

iTBS facilitates and cTBS inhibits MEPs. There are, however, multiple factors to be considered 

when TBS is applied to non-motor brain regions. Although Hubel and Weisel (1962) discovered 

the functional organisation of cortical columns in V1, there is no consensus as to what role 

these cortical columns play in other brain areas, and therefore any comparisons between the 

two regions require careful consideration. For instance, we know that V1 is a somatosensory 

cortex featuring a dense input layer (layer IV) within its cortical columns, while M1 possesses 

considerably thicker output layers (layers V and VI) in its cortical columns (Hubel & Wiesel, 

1963; Mountcastle, 1957). Consequently, optimal stimulation parameters for one area may not 

necessarily be ideal for other regions (Stokes et al., 2013).  

In future research, it is essential to address these uncertainties empirically through 

comparative studies. The seminal TBS study by Larson and colleagues (1986) conducted on a 

mouse model, using single-cell recordings from the hippocampal CA1 neurons was the stepping 

stone for the development of current TBS protocols targeting other brain regions. With 

advancements in neurophysiological methods, it is possible now to use in vivo multi-array 

electrodes for laminar recordings. This method can be applied in animal models, targeting V1 

and M1. Other in vivo options would be to compare the effects of cTBS and iTBS noninvasively 
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by measuring MTs and PTs or rs-fMRI to compare the differential effects of TBS in different 

cortical regions using within-subjects designs.  

3.2.2 Neurodiversity and State-dependency 
 

In addition to the anatomical and physiological variability among different cortical 

regions, in Chapter 2, we also delved into the role of intrinsic oscillatory brain rhythms and the 

entrainment properties of various rTMS protocols in different cortical areas. TBS was developed 

based on Hebbian principles, such as "neurons that fire together, wire together," and the 

evidence regarding the role of theta oscillations in memory storage and plasticity, which 

stemmed from research on hippocampal CA1 neurons (Larson et al., 1986; Larson & Munkácsy, 

2015). Consequently, it is reasonable to speculate that the intrinsic oscillatory properties 

involved in different cortical regions may serve as markers of specific brain states, implying that 

successful TMS protocols should target different regions at distinct frequencies. 

However, recent studies suggest that these oscillations may not necessarily be unique to 

a particular cortical area but rather indicative of a specific state (Baker, 2007; Buzsáki, 2004; 

Cha et al., 2019; Lin et al., 2021). Almost a century ago, Hans Berger's studies, for example, 

demonstrated that alpha power increases when an individual enters a state of mind-wandering 

(Adrian & Matthews, 1934; Berger, 1929). In contrast, beta oscillations increase during effortful 

motor learning and decrease when performing a mastered motor task (Cohan et al., 2019; 

Quandt et al., 2019). Theta and gamma oscillations have also been associated with cognitive 

and memory tasks (Buzsáki & Wang, 2012; Guerra et al., 2020; Larson & Munkácsy, 2015).  

State-dependency in TMS studies, therefore, emphasises the importance of considering the 

participant's current mental state when designing and interpreting TMS studies, as the same 
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stimulation parameters may yield different outcomes depending on the participant's cognitive 

state (Kearney-Ramos et al., 2019; Silvanto et al., 2018; Silvanto & Pascual-Leone, 2008). This 

highlights the need for a more tailored approach to TMS protocols, one that accounts for 

individual differences in brain rhythms and cognitive states to optimise the effects of brain 

stimulation.  There is no easy solution to account for such state variabilities. Rigorous 

behavioural and cognitive assessments to stratify participants, and controlling for age, 

neurological disorders, and medications, have not been able to reduce variability.  In recent 

years however, by combining EEG and TMS, researchers have been able to identify optimal 

stimulation intensities (Schaworonkow et al., 2019). In such settings, optimal TMS parameters 

are determined after acquiring baseline rhythmic profile at each target region. Stimulation is 

then delivered, taking phase and amplitude of the intrinsic oscillations into account (Glim et al., 

2019). Concurrent TMS-EEG studies have shown the efficacy of this phase-amplitude coupling 

of the TMS and stimulation targets by modulating focal and distant neural networks (Desideri et 

al., 2019; Glim et al., 2019; Okazaki et al., 2021). Nevertheless, it is worth noting that 

concurrent TMS-EEG techniques are demanding and laborious and perhaps future research also 

needs to focus on creating more mainstream protocols (for examples in motor cortex and 

speech networks see: Daffertshofer & van Wijk, 2011; Mostame & Sadaghiani, 2020; van Wijk 

et al., 2012). 

3.2.3 Experimental design  

           In the current study, we utilised a between-subject experimental design. While the 

between-subject setup remains the gold standard for demonstrating the efficacy of treatment 

interventions including different rTMS protocols, the individual variability across participants 
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highlights a key limitation. Therefore, there may be significant value in incorporating within-

subject designs into TMS studies. This design allows each participant to serve as their own 

control, thus reducing the confounding impact of individual differences in neuroanatomy, 

neurophysiology, and psychological profile (Evans, 2010; Harita et al., 2022). This can lead to a 

more accurate representation of the effects of different TMS protocols as outcomes are less 

likely influenced by inherent inter-subject differences. Additionally, the within-subject design 

increases statistical power and often requires a smaller sample size compared to between-

subject designs, making it more efficient and cost-effective (Evans, 2010; Yamasaki et al., 2018). 

It is essential, however, to remain cognisant of the potential challenges associated with within-

subject designs, such as carry-over effects and time-related changes or attrition. Nevertheless, 

with careful experimental design and rigorous controls, these can be effectively managed, and 

perhaps future studies using similar methodologies used in our current study could potentially 

reveal the modulatory effects of cTBS and iTBS on neural networks.  

3.3       Final thoughts 

In reflecting upon our study, it is important to note that the absence of significant 

effects when applying cTBS and iTBS to V1 in healthy individuals does not undermine the 

broader relevance of non-invasive brain stimulation. These techniques still hold considerable 

promise for neurological visual disorders. As science often builds upon both breakthroughs and 

roadblocks, our null findings serve an essential role. They guide future researchers by 

pinpointing areas of potential refinement and drawing attention to the nuances of TBS 

protocols and methodologies. As the field expands, such insights, even from studies yielding 

null results, will be pivotal in optimising therapeutic interventions and furthering our collective 
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understanding. Earlier in our discussion, we emphasised the importance of identifying the 

underlying causes of variability in TBS responses. To do this effectively, it's crucial to analyse the 

responses of healthy individuals while accounting for elements like genetic polymorphism and 

the specific interactions of different rTMS protocols with targeted neural populations. We 

believe that integrating the findings from various TBS studies on the visual cortex, irrespective 

of their outcomes, will prove beneficial in guiding future research. 
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5 Appendix 
 
 
Table A-1: Schaefer-200 node conversion to MNI coordinates 

     MNI Coordinates  

Schaefer Atlas  x y z Corresponding MNI region 

Vis1 (L) -24 -53 -9 51% lingual gyrus, 33% temporal occipital fusiform cortex 

Vis2 (L) -26 -77 -14 64% occipital fusiform gyrus, 6% lingual gyrus 

Vis3 (L) -45 -69 -8 71 % lateral occipital cortex 

Vis4 (L) -10 -67 -4 67% lingual gyrus, 6% occipital fusiform gyrus 

Vis5 (L) -27 -95 -12 
55 % occipital pole, 10% lateral occipital cortex (inferior 
division) 

Vis6 (L) -14 -44 -3 40 % lingual gyrus, 30 % cingulate gyrus posterior division,  

Vis7 (L) -5 -93 -4 
62 % occipital pole, 11% lingual gyrus, 11 % Intracalcarine 
cortex 

Vis8 (L) -47 -70 10 66% lateral occipital  

Vis9 (L) -23 -97 6 56% occipital pole 

Vis10 (L) -11 -70 7 55% intracalcarine cortex, 10% lingual gyrus 

Vis11 (L) -40 -85 11 
36 % lateral occipital cortex superior division, 32% lateral 
occipital inferior division 

PCC1 (L) -11 -56 13 46% precuneus cortex,  

PCC2 (L) -6 -54 42 75% precuneus cortex 

Vis1 (R) 39 -35 -23 58% lingual gyrus, 30% occipital fusiform  

Vis2 (R) 28 -36 -14 51% lingual gyri 

Vis3 (R) 29 -69 -12 53 % occipital fusiform gyrus, 8% lingual gyrus 

Vis4 (R) 12 -65 -5 68% lingual gyrus, 8% occipital fusiform gyrus 

Vis5 (R) 48 -71 -6 68% lateral occipital cortex inferior division 

Vis6 (R) 11 -92 -5 51% occipital pole, 10 lingual gyrus, 5% occipital fusiform gyrus 

Vis7 (R) 16 -46 -1 48% lingual gyrus, 37% cingulate gyrus posterior division 
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Vis8 (R) 31 -94 -4 64% occipital pole, 6% lateral occipital cortex inferior division 

Vis9 (R) 9 -75 9 64% intracalcarine cortex, 6% supracalcarine cortex,  

Vis10 (R) 22 -60 7 37 % Intracalcarine cortex, 36% precuneus cortex 

Vis11 (R) 42 -80 10 
52% lateral occipital cortex inferior division, 29% lateral 
occipital superior cortex  

Vis12 (R) 20 -90 22 31% occipital pole, 10% lateral occipital cortex superior division 

PCC1 (R) 12 -55 15 60% precuneus cortex, 8% supracalcarine cortex 

PCC2 (R) 7 -49 31 58% cingulate gyrus posterior division, 12% precuneus cortex 

PCC3 (R) 6 -58 44 73% precuneus cortex 

Stimulation site 1 -72 13 46% supracalcarine cortex, 23% Intracalcarine cortex 

Note. ROIs in black and red were all included in ROI-to-ROI analysis. Only the ROIs in red were included in the seed-

to-target analysis. 200-parcel 7-Network Schaefer atlas includes 1) Visual 2) Somatomotor  3) Dorsal attention 4) 

Ventral attention 5) Limbic 6) Frontoparietal 7) Default mode networks (Schaefer et al., 2018) 
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Table A-2: Results of the rs-fMRI seed-to-target data analysis at three timepoints (Day 1 pre-
TBS, Day 2 immediately post-TBS and Day 2 1 hr post-TBS). 

Seed: Stimulation site 

Contrast Day 2 (immediately post-TBS) > Day1 

  beta t (18) p-unc p-FDR 

iTBS > cTBS 

 
PCC             
R-OP 
L-OP 
R-SCC 
L-SCC 
R-ICC 
L-ICC 
MVN 
OVN 
L-LVN 
R-LVN 
L-CC 
R-CC 
L-LOCi 
R-LOCi 
L-LOCs 
R-LOCs 

 
0.02 
0.02 
0.02 
0.03 
0.03 
0.08 
0.03 
0.02 
0.05 
-0.04 
-0.11 
0.00 
-0.06 
-0.02 
-0.02 
-0.06 
-0.20 
 

 
0.26 
0.22 
0.15 
0.39 
0.33 
0.71 
0.33 
0.20 
0.45 
-0.48 
-1.10 
-0.03 
-0.46 
-0.15 
-0.21 
-0.71 
-2.07 
 
 

 
0.80 
0.83 
0.88 
0.69 
0.75 
0.49 
0.75 
0.84 
0.66 
0.64 
0.29 
0.98 
0.65 
0.88 
0.83 
0.49 
0.05 
 

 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 
0.98 
0.90 

Sham > cTBS    

PCC             
R-OP 
L-OP 
R-SCC 
L-SCC 
R-ICC 
L-ICC 
MVN 
OVN 
L-LVN 
R-LVN 
L-CC 
R-CC 
L-LOCi 
R-LOCi 
L-LOCs 
R-LOCs 
 
 

-0.06 
0.03 
0.05 
0.01 
0.04 
0.05 
0.05 
0.07 
-0.01 
0.03 
-0.07 
0.12 
0.03 
0.04 
0.07 
0.01 
-0.23 
 
 

-0.79 
0.32 
0.46 
1.25 
0.59 
0.57 
0.59 
0.85 
-0.08 
0.38 
-0.60 
1.21 
0.34 
0.49 
0.63 
0.17 
-2.64 

0.44 
0.75 
0.65 
0.23 
0.57 
0.57 
0.56 
0.41 
0.94 
0.71 
0.56 
0.24 
0.73 
0.63 
0.53 
0.87 
0.02 
 

0.85 
0.85 
0.85 
0.85 
0.85 
0.85 
0.85 
0.85 
0.94 
0.85 
0.85 
0.85 
0.85 
0.85 
0.85 
0.85 
0.28 
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iTBS > Sham 

PCC             
R-OP 
L-OP 
R-SCC 
L-SCC 
R-ICC 
L-ICC 
MVN 
OVN 
L-LVN 
R-LVN 
L-CC 
R-CC 
L-LOCi 
R-LOCi 
L-LOCs 
R-LOCs 

0.09 
-0.01 
-0.03 
-0.08 
-0.04 
0.03 
-0.02 
-0.06 
0.06 
-0.08 
-0.04 
-0.12 
-0.09 
-0.06 
-0.09 
-0.06 
0.03 
 

1.1 
-0.10 
-0.27 
-0.98 
-0.45 
0.21 
-0.22 
-0.50 
0.53 
-0.98 
-0.50 
-1.25 
-0.79 
-0.71 
-0.91 
-0.71 
0.49 

0.22 
0.92 
0.79 
0.34 
0.67 
0.83 
0.84 
0.63 
0.61 
0.34 
0.62 
0.23 
0.44 
0.49 
0.38 
0.49 
0.62 

0.86 
0.92 
0.89 
0.86 
0.86 
0.89 
0.89 
0.87 
0.86 
0.86 
0.86 
0.86 
0.86 
0.86 
0.86 
0.86 
0.86 

      

Contrast Day 2 (1 hr post-TBS) > Day1 

 Target beta t (18) p-unc p-FDR 

 
iTBS > cTBS 

 
PCC             
R-OP 
L-OP 
R-SCC 
L-SCC 
R-ICC 
L-ICC 
MVN 
OVN 
L-LVN 
R-LVN 
L-CC 
R-CC 
L-LOCi 
R-LOCi 
L-LOCs 
R-LOCs 
 

 
0.01 
-0.02 
0.01 
0.08 
0.30 
0.04 
0.14 
0.02 
0.02 
-0.03 
-0.01 
0.08 
0.06 
0.02 
0.08 
-0.03 
-0.10 
 

 
0.15 
-0.15 
0.14 
0.55 
3.05 
0.32 
10.3 
0.18 
0.23 
-0.34 
-0.12 
0.70 
0.55 
0.23 
0.82 
-0.37 
-1.47 
 

 
0.90 
0.88 
0.89 
0.59 
0.007 
0.75 
0.32 
0.86 
0.82 
0.74 
0.91 
0.50 
0.60 
0.82 
0.42 
0.72 
0.16 
 
 

 
0.91 
0.91 
0.91 
0.91 
0.12 
0.91 
0.91 
0.91 
0.91 
0.91 
0.91 
0.91 
0.91 
0.91 
0.91 
0.91 
0.91 
 

 
Sham > cTBS 

PCC             
R-OP 
L-OP 

-0.07 
0.05 
0.11 

-0.74 
0.42 
0.95 

0.47 
0.68 
0.35 

0.82 
0.82 
0.82 
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R-SCC 
L-SCC 
R-ICC 
L-ICC 
MVN 
OVN 
L-LVN 
R-LVN 
L-CC 
R-CC 
L-LOCi 
R-LOCi 
L-LOCs 
R-LOCs 
 
 

0.08 
0.12 
0.02 
0.12 
-0.03 
0.08 
0.10 
0.05 
-0.02 
-0.06 
0.25 
0.12 
0.15 
-0.08 
 

0.70 
1.52 
0.15 
0.89 
-0.25 
0.56 
0.88 
0.43 
-0.24 
-0.49 
1.23 
1.03 
1.23 
1.22 

0.50 
0.14 
0.88 
0.38 
0.80 
0.59 
0.39 
0.68 
0.83 
0.63 
0.23 
0.32 
0.24 
0.24 

0.82 
0.82 
0.88 
0.82 
0.86 
0.82 
0.82 
0.82 
0.82 
0.82 
0.82 
0.82 
0.82 
0.82 

iTBS > Sham 
 
 
 
  

PCC             
R-OP 
L-OP 
R-SCC 
L-SCC 
R-ICC 
L-ICC 
MVN 
OVN 
L-LVN 
R-LVN 
L-CC 
R-CC 
L-LOCi 
R-LOCi 
L-LOCs 
R-LOCs 

0.05 
-0.02 
-0.03 
0.01 
0.19 
0.00 
0.05 
-0.04 
0.03 
-0.02 
0.00 
0.04 
0.02 
0.03 
0.05 
-0.03 
0.01 

1.15 
-0.23 
-0.33 
0.15 
3.01 
0.00 
0.75 
-0.45 
0.31 
-0.18 
0.05 
0.54 
0.32 
0.31 
0.57 
-0.71 
0.10 

0.27 
0.82 
0.75 
0.88 
0.007 
0.99 
0.46 
0.66 
0.76 
0.86 
0.96 
0.59 
0.75 
0.76 
0.57 
0.48 
0.92 

0.99 
0.99 
0.99 
0.99 
0.13 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 

 
     

 

Contrast Day 2 (1 hr post-TBS) > Day2 (immediately post-TBS) 

 Target beta t (18) p-unc p-FDR 

 

 
iTBS > cTBS 

PCC             
R-OP 
L-OP 
R-SCC 
L-SCC 
R-ICC 
L-ICC 

-0.01 
-0.04 
0.00 
0.05 
0.30 
-0.04 
0.11 

-0.15 
-0.29 
-0.01 
0.46 
3.59 
-0.28 
0.87 

0.88 
0.77 
0.99 
0.65 
0.002 
0.78 
0.40 

0.99 
0.99 
0.99 
0.99 
0.036 
0.99 
0.99 
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MVN 
OVN 
L-LVN 
R-LVN 
L-CC 
R-CC 
L-LOCi 
R-LOCi 
L-LOCs 
R-LOCs 
 
 
 

0.00 
-0.02 
0.01 
0.01 
0.08 
0.12 
0.04 
0.11 
0.03 
0.09 
 

0.04 
-0.16 
0.13 
0.73 
0.76 
1.00 
0.45 
0.99 
0.27 
0.85 

0.97 
0.88 
0.89 
0.47 
0.45 
0.33 
0.65 
0.34 
0.79 
0.41 

0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 

Sham > cTBS 
 
 
 
  

PCC             
R-OP 
L-OP 
R-SCC 
L-SCC 
R-ICC 
L-ICC 
MVN 
OVN 
L-LVN 
R-LVN 
L-CC 
R-CC 
L-LOCi 
R-LOCi 
L-LOCs 
R-LOCs 

0.00 
-0.02 
-0.08 
-0.02 
0.08 
-0.03 
0.06 
-0.11 
0.09 
0.07 
0.12 
-0.14 
-0.09 
0.10 
0.05 
0.03 
0.15 

-0.05 
-0.20 
0.66 
-0.20 
0.97 
-0.33 
0.49 
-1.29 
0.62 
0.59 
0.88 
-1.92 
-1.19 
0.96 
0.49 
0.34 
1.58 

0.96 
0.84 
0.52 
0.35 
0.35 
0.75 
0.63 
0.21 
0.54 
0.56 
0.39 
0.071 
0.25 
0.35 
0.74 
0.74 
0.13 

0.96 
0.96 
0.90 
0.96 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.90 
0.91 
0.90 
 
 

iTBS > Sham 
 
 
 
  

PCC             
R-OP 
L-OP 
R-SCC 
L-SCC 
R-ICC 
L-ICC 
MVN 
OVN 
L-LVN 
R-LVN 
L-CC 
R-CC 
L-LOCi 
R-LOCi 
L-LOCs 

-0.01 
-0.06 
-0.07 
0.07 
0.22 
0.00 
0.05 
0.11 
-0.11 
-0.06 
-0.02 
0.22 
0.21 
-0.07 
0.05 
-0.01 

-0.11 
-0.73 
-0.79 
0.70 
3.03 
-0.04 
0.42 
1.02 
-1.15 
-0.57 
-0.14 
2.04 
1.89 
-0.74 
0.55 
-0.10 

0.91 
0.47 
0.44 
0.49 
0.007 
0.97 
0.68 
0.32 
0.26 
0.57 
0.89 
0.056 
0.076 
0.47 
0.59 
0.92 

0.97 
0.83 
0.83 
0.83 
0.12 
0.97 
0.90 
0.83 
0.83 
0.83 
0.97 
0.43 
0.43 
0.83 
0.83 
0.97 
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R-LOCs -0.06 -0.71 0.49 0.83 

 

 

Note. For the full list of ROIs (and their acronyms) refer to Figure 2. The only significant 

connection between the stimulation site and L-SCC is highlighted in red. p-unc = ROI-level 

uncorrected p values set at < 0.05, p-FDR = ROI-level false discovery rate corrected p-value set 

at < 0.05. Beta values represent the effect size based on Fisher-Z transformed correlation 

values. 

 

Figure A-1: Individual pre- to post-stimulation phosphene thresholds. 
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