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ABSTRACT

Intermittent theta-burst stimulation (iTBS) is a non-invasive brain stimulation
technique that enhances cortical excitability beyond the stimulation period. It has
become increasingly favored as a therapeutic intervention for various neuropsychiatric
disorders, such as depression, by targeting the left dorsolateral prefrontal cortex
(DLPFC). However, several challenges need to be addressed, including variability in
individual responses, uncertainty about the optimal stimulation intensity, and unclear
effects of timing in priming protocols. Additionally, differences in head anatomy, such
as scalp-to-cortex distance, may influence treatment outcomes. To tackle these issues,
several experimental studies have been conducted to investigate the mechanisms of
iTBS and the parameters that affect its efficacy, aiming to optimize iTBS protocols for
future clinical use. Functional near-infrared spectroscopy (fNIRS) has been employed
as a non-invasive neuroimaging tool to measure the effects of iTBS on brain function

and aid in this investigation.

Study I: Pilot Study I (published)

Chapter 2 explores how stimulating different brain areas with iTBS affects associative
learning. The results demonstrated that stimulating the DLPFC and lateral parietal
cortex (LPC) produced distinct effects on brain activity patterns and associative

learning, highlighting the specific roles these regions play in memory.

Study II: Pilot Study II (published)



Chapter 3 investigated the impact of varying iTBS intensity on the left DLPFC in
healthy adults. Each of the twenty participants underwent iTBS sessions at 50%, 70%,
and 100% of their individual resting motor threshold (RMT). The results indicated that
70% RMT is the most effective stimulation intensity and was therefore used in the main

study.

Study Ill: Main study (under preparation)

Chapter 4 presents the main study of this thesis. This study examined how timing
influences the neuromodulatory effects of priming theta burst stimulation (TBS) in
individuals with depressive symptoms. The results indicated that a 10-minute interval
between continuous TBS (cTBS) and iTBS optimally leveraged metaplasticity to alter
hemodynamic responses. However, these neurophysiological changes did not translate
into significant behavioral improvements. These findings highlight the potential of
priming TBS protocols to enhance the efficacy of iTBS by optimizing stimulation

timing and utilizing metaplasticity mechanisms.

Study 1V: Computational study I (under preparation)

Chapter 5 explored the neurobiological sources of variability, specifically the scalp-to-
cortex distance, that may influence transcranial magnetic stimulation (TMS) efficacy.
The results indicated significant ethnic differences in scalp-to-cortex distance and
associated electrical field (EF) strengths. The findings highlight the need to account for

individual anatomical variability when designing stimulation protocols.



Study V: Computational study Il (Published)

In Chapter 6, the relationship between TMS-induced EF characteristics and
antidepressant effects was investigated in patients with treatment-resistant depression
(TRD). The results showed that the normal component of the EF was significantly
associated with symptom relief, providing insights into the neurobiological

mechanisms underlying TMS efficacy in depression.

Overall, the studies presented in this thesis contribute to the optimization of iTBS
protocols by addressing factors such as stimulation intensity, time interval, and
individual anatomical morphology, with the goal of enhancing the therapeutic effects

of TMS for future use.
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Chapter 1 Introduction



1.1 Overview of depression

1.1.1 Major depressive disorder

Major depressive disorder (MDD) presents a significant global health challenge,
profoundly impacting psychosocial functioning and diminishing the quality of life for
millions worldwide. [1]. According to the World Health Organization, depression
affects around 350 million people globally, representing approximately 4.4% of the
total disease burden [2]. This pervasive disorder manifests in a range of debilitating
symptoms, including persistent sadness, diminished interest or pleasure in previously
enjoyed activities, profound fatigue, and pervasive feelings of worthlessness or guilt [1,
3]. The impact of MDD extends beyond these core emotional symptoms to encompass
cognitive deficits, affecting attention, memory, decision-making, and executive
functions [4, 5]. This cognitive impairment further compounds the challenges faced by
individuals struggling with depression, hindering their ability to navigate daily life and

contributing to the overall burden of the disorder.

Current first-line treatments for moderate to severe depression primarily involve
pharmacological interventions, such as tricyclic antidepressants (TCAs), selective
serotonin reuptake inhibitors (SSRIs), and serotonin-norepinephrine reuptake inhibitors
(SNRIs) [6]. In addition, psychotherapy, especially cognitive-behavioral therapy (CBT),
serves as an essential complementary option, providing strategies to manage depressive
symptoms and prevent relapse [7]. Despite the availability of these treatments, a

substantial proportion of individuals with MDD do not achieve remission with initial
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antidepressant therapy, with estimates suggesting only about one-third experience
symptom relief [8]. Furthermore, a significant percentage (around 34%) of patients [9]
are classified as treatment-resistant, facing persistent and debilitating symptoms despite
multiple treatment attempts [10, 11]. The limitations of current treatments are further
compounded by the potential for adverse side effects associated with antidepressant
medications, ranging from mild discomfort to potentially life-threatening reactions and
possible long-term neurotoxic effects [12]. This combination of limited treatment
efficacy and the risk of adverse reactions underscores the urgent need for the

development and exploration of alternative therapeutic approaches.

1.1.2 Neural network dysregulation in depression

Emerging research offers a more nuanced understanding of MDD, conceptualizing it as
a network disorder characterized by disruptions in the coordinated activity of various
brain regions. These regions include the dorsolateral prefrontal cortex (DLPFC),
orbitofrontal cortex, medial prefrontal cortex, subgenual cingulate cortex (sgACC),
thalamus, insula, hippocampus, and hypothalamus [13-16]. Among these
interconnected areas, the left DLPFC and the sgACC have emerged as key players in
the neurobiology of depression, exhibiting consistent abnormalities in individuals with
MDD [17] (Figure 1.1). Studies have revealed a pattern of overactivity in the sgACC,
with reductions in its activity correlating with positive responses to antidepressant
treatment [15, 18]. Conversely, the left DLPFC often displays reduced activity in

individuals experiencing depression, and enhancing its activity has been associated
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with improvements in depressive symptoms [17, 19, 20]. This contrasting pattern of
activity between the sgACC and the left DLPFC highlights the complex interplay of
brain regions involved in the regulation of mood and cognition and provides a crucial
focus for the development of targeted interventions aimed at restoring healthy brain

function and alleviating the debilitating effects of MDD.



Figure 1. 1 Neural network dysregulation in the left DLPFC and sgACC in MDD.
Created in https://BioRender.com.



Furthermore, the cognitive impairments associated with depression have been linked to
structural and functional abnormalities within the cognitive control network (CCN) [21,
22]. The CCN, comprising frontoparietal brain areas, plays a vital role in the top-down
regulation of attention and working memory [21]. Research in MDD has shown
dysregulation of resting-state functional connectivity (rs-FC) within the CCN, with
most studies reporting decreased connectivity. Importantly, the level of activation
within the frontoparietal network appears to be correlated with clinical outcomes and
can predict treatment efficacy [23]. For example, activation of this network during
cognitive tasks has been shown to predict remission following antidepressant treatment
[24], whereas reduced connectivity within the CCN is linked to lower remission rates
and persistent depressive symptoms [25]. These findings underscore the CCN’s role in
the pathophysiology of depression and highlight its potential as a target for therapeutic

interventions.

1.1.3 Subclinical depression

Subclinical depression (ScD) is characterized by clinically relevant depressive
symptoms but fall short of meeting the diagnostic criteria for MDD [26]. Although ScD
symptoms are typically less severe than those of MDD, its higher prevalence in the
general population contributes to a considerable health service burden [27-29].
Moreover, individuals with ScD face a markedly higher risk of progressing to a first-
lifetime episode of MDD [30], underscoring the importance of early identification and

intervention. Neuroimaging studies have revealed alterations in brain connectivity in
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individuals with ScD, particularly within the CCN. These alterations manifest as
decreased rs-FC between the DLPFC and brain areas related to self-awareness and
social cognition (temporoparietal junction and precuneus), as well as salience detection
(insula). Furthermore, the connectivity strength between the DLPFC and the left
temporoparietal junction has been found to correlate with the severity of depressive
symptoms in ScD. [31]. This highlights the potential for early intervention in ScD to

prevent the development of MDD and improve overall well-being.

1.1.4 Brain stimulation for depression treatment

The findings on neural network dysregulation in both MDD and ScD underscore the
potential of brain stimulation techniques to offer promising, targeted interventions by
directly modulating the activity of specific brain regions implicated in these conditions.
Several brain stimulation methods have been explored as treatments for depression,
such as repetitive transcranial magnetic stimulation (rTMS), [20, 32, 33], transcranial
direct current stimulation (tDCS) [34, 35], deep brain stimulation (DBS) [18, 36], and
electroconvulsive therapy (ECT) [37, 38]. Each of these techniques offers a unique
approach to modulating brain activity, but they differ in their invasiveness, mechanisms
of action, and associated side effects. Among these modalities, rTMS has garnered
significant attention from both researchers and clinicians due to a combination of
factors that contribute to its appeal. These include its demonstrated effectiveness in
alleviating depressive symptoms, its non-invasive nature (not requiring surgery or

implantation of devices), relatively low levels of discomfort during treatment, and ease
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of administration in a clinical setting [39]. This combination of efficacy, safety, and
practicality enhances both patient comfort and the overall usability of rTMS as a

treatment option for depression.

In summary, MDD is a global health concern, and current treatments are often
insufficient. Research points to neural network dysregulation, particularly in the
DLPFC, sgACC, and CCN. ScD also shows altered connectivity, highlighting the need
for early intervention. Brain stimulation, especially rTMS, offers a promising non-
invasive approach, with the left DLPFC as a key target for modulating brain activity

and improving depressive symptoms.

1.2 Neuroplasticity

The human brain possesses the remarkable capacity to reshape its structure, function,
and connections in response to internal and external stimuli across the lifespan [40].
This process, known as neuroplasticity, plays a vital role in forming neural circuits and
facilitating processes such as learning, adaptation, and recovery [40]. It is driven by
activity-dependent modifications in the strength and efficiency of synaptic connections,
allowing the brain to adapt dynamically to various experiences and challenges [41].
Neuroplasticity occurs at various levels, from molecular and cellular to systemic and
behavioral levels. This remarkable adaptability highlights the brain’s capacity to
change structurally and functionally in response to stimulation and experience.

Research evidence shows that impaired neuroplasticity can hinder this ability,
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potentially contributing to the development of neuropsychiatric disorders [42-44].
Therefore, understanding the mechanisms underlying physiologically relevant synaptic
plasticity is very important for advancing treatments and interventions for neurological
and psychiatric conditions. Non-invasive brain stimulation has become a promising and
safe technique to study neuroplasticity in humans, offering valuable insights into how

the brain adapts and functions under different conditions.

1.3 Transcranial magnetic stimulation

Transcranial magnetic stimulation (TMS) was first introduced in 1985 by Anthony T.
Barker and colleagues as a non-invasive method for stimulating the brain [45]. TMS
operates on the principle of electromagnetic induction, a phenomenon first reported by
Michael Faraday [46]. In TMS, a brief electrical current is pulsed through a coil of wire,
resulting in the generation of a rapidly changing magnetic field. Due to the low
resistance of the skull to magnetic fields, the magnetic field passes through the skull
with low attenuation. Simultaneously, an electrical field (EF) is induced perpendicular
to the magnetic field within the brain, which further generates electrical currents in the
conductive brain tissue. These currents influence the transmembrane potential of
neurons, and when sufficient in magnitude, they can depolarize cortical neurons and

generate action potentials [47, 48].

The distribution and strength of the EF induced by TMS are critically influenced by

head morphology. Factors such as skull thickness, cortical folding, and the distance
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between the coil and the cortical surface significantly affect the EF's magnitude and
focality [49, 50]. For instance, thicker skulls or greater coil-to-cortex distances tend to
attenuate the EF, while cortical folding can alter its local distribution. In addition to
head morphology, TMS parameters—such as coil geometry, orientation, pulse
waveform, and stimulation intensity—play a direct role in shaping the induced EF. For
example, figure-of-eight coils produce more focal EFs compared to circular coils, and
the orientation of the coil relative to the underlying cortical gyri can modulate the

efficiency of neuronal activation [50,51].

The EF generated by TMS can be simulated using computational models that
incorporate detailed head anatomy, including the scalp, skull, cerebrospinal fluid (CSF),
and brain tissues. These models typically employ numerical methods such as finite
element methods (FEM) to solve Maxwell's equations and predict the spatial
distribution of the EF within the brain [52, 53]. By combining these computational
approaches with experimental validation, researchers can optimize TMS protocols to

achieve targeted and effective neuromodulation.

TMS was initially created and utilized as a diagnostic method for examining brain
function. A notable example is its use on the primary motor cortex (M1), where a single
TMS pulse delivered to M1 can produce a measurable muscle response, called a motor
evoked potential (MEP), in the hand muscles of the contralateral side, whether relaxed

or active [54] (Figure 1.2). The characteristics of MEP, such as amplitude and latency,
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provide valuable insights into the excitability of the motor cortex. In addition, MEP
serves as a well-established parameter for quantifying cortical excitability and
determining the appropriate TMS intensity for various experimental and clinical

applications.
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Figure 1. 2 A schematic representation of TMS. The electric current flowing through
the TMS coil produces a perpendicular magnetic field perpendicular to the coil, which
penetrates the scalp and induces a secondary electric field in the cortex beneath. This
electric field depolarizes cortical neurons in the M1, triggering a descending signal
along the corticospinal tract and eliciting a MEP in the target muscle. The MEP is

recorded using electromyography (EMG). Created in https://BioRender.com.
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1.3.1 Repetitive transcranial magnetic stimulation

Beyond single-pulse applications, nowadays, TMS is more widely used in repetitive
ways, known as rTMS. rTMS involves delivering trains of magnetic pulses at various
frequencies and durations [55]. The effects of rTMS on cortical excitability depend on
the frequency, intensity, and duration of the stimulation. In general, low-frequency
rTMS (<1 Hz) produces an inhibitory effect [56] similar to long-term depression (LTD)
reported in basic research with electrical stimulation. Conversely, high-frequency
rTMS (=5 Hz) produces an excitatory effect, resembling long-term potentiation (LTP)
seen in similar animal experiments, and is thus described as having LTP-like effects

[57-59].

1.3.2 Theta burst stimulation

A more recent form of patterned rTMS is theta burst stimulation (TBS) which was first
tested in humans by Huang et al in 2005 [60]. Its popularity stems from the ability to
induce lasting changes in neural plasticity with relatively brief stimulation periods and
lower intensities compared to traditional rTMS protocols. This efficiency is rooted in
the specific stimulation pattern of TBS, which draws inspiration from the natural firing
patterns of hippocampal neurons [61]. TBS utilizes short bursts of three pulses
delivered at a high frequency of 50 Hz, mirroring the complex-spike discharges of
pyramidal neurons in the hippocampus [62]. These bursts are then repeated at a slower
frequency of 5 Hz, reflecting the theta rhythm (around 6 Hz) that governs hippocampal

excitability [63]. This design is based on animal studies showing that while high-
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frequency stimulation alone can induce LTP in rats, the effect is limited. However, when
combined with a theta rhythm, these high-frequency bursts produce robust and reliable

LTP in the CA1 region of the hippocampus [64, 65].

TBS can be administered in two distinct modes: intermittent TBS (iTBS) and
continuous TBS (cTBS) [60, 66]. These two modes produce opposing effects on cortical
excitability. Both iTBS and ¢TBS utilize a specific burst pattern: three pulses at 50 Hz
(with a 20 ms inter-pulse interval) repeated at 5 Hz (with a 200 ms inter-burst interval).
Intermittent TBS, as demonstrated by Huang et al. (2005), typically increases cortical
excitability, similar to the effects of high-frequency rTMS [60]. Specifically, a protocol
consisting of 600 pulses of iTBS, delivered in 2-second bursts (5 Hz for 2 seconds)
followed by 8-second periods of rest, has been shown to reliably induce LTP-like
plasticity in the motor cortex. This protocol effectively enhances synaptic strength and
facilitates neuronal communication. In contrast, cTBS delivers the same burst pattern
but without the intermittent rest periods. This continuous stimulation typically
decreases cortical excitability, analogous to the effects of low-frequency rTMS, and is
thought to induce LTD-like plasticity [60]. The flexibility offered by these two modes
of TBS allows researchers to selectively upregulate or downregulate cortical activity,

providing a valuable tool for exploring the complexities of brain function and plasticity.

Since its development, iTBS has become a widely used technique in both experimental

research and the treatment of neuropsychiatric disorders [20, 66-70]. In their seminal
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2005 study, Huang et al. demonstrated that a single 3-minute session of iTBS
(consisting of 3 pulses per burst, 10 bursts per train, and 20 trains) applied to the M1
could increase motor evoked potentials (MEPs) for up to 15 minutes, indicating a
significant increase in cortical excitability [60]. Since its first adaptation in humans, a
large number of studies have used this technique, and it is now generally accepted that
iTBS increases excitability up to about 30 mins while cTBS decreases up to about 60

mins [71].

Beyond its effects on the motor cortex, iTBS has shown promise in modulating a range
of cognitive functions. Studies have examined its capacity to improve working memory,
a cognitive system vital for holding and processing information temporarily, which is
necessary for complex activities such as decision-making and reasoning [67, 72].
Furthermore, research suggests that iTBS may improve executive functions, a set of
higher-order cognitive processes that include planning, inhibition, and cognitive
flexibility [73, 74]. Additionally, preliminary findings also indicate that iTBS could
influence emotion regulation, potentially offering new avenues for treating mood
disorders [75]. These diverse cognitive effects highlight the potential of iTBS to target

a broad spectrum of neuropsychiatric conditions.

The therapeutic potential of iTBS has been most notably recognized in the field of
depression treatment [76, 77]. In 2018, iTBS received clearance from U.S. Food and

Drug Administration for the treatment of MDD [78]. This approval was based on a large
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randomized controlled trial (RCT) published in 2018 by Blumberger et al, which
demonstrated the efficacy of iTBS in alleviating depressive symptoms [79]. As time
goes by, there is accumulating evidence demonstrating the efficacy of iTBS not only in
alleviating depressive symptoms but also in improving cognitive function [77]. Beyond
depression, research is ongoing to explore the potential benefits of iTBS for other
conditions, including stroke rehabilitation [70, 80], aphasia [81, 82], and even
neuropathic pain [83, 84]. While further research is required to better understand its
mechanisms of action and optimize treatment protocols, iTBS holds considerable
promise as a versatile and effective tool for modulating brain activity and treating a

variety of neurological and psychiatric disorders.

While iTBS has demonstrated considerable promise in various applications, recent
studies have revealed substantial interindividual variability in response to the treatment
[85, 86], posing a challenge to its widespread clinical and experimental use. This
variability limits the predictability and reliability of iTBS effects, making it difficult to
tailor treatment protocols to individual patients. Several factors are thought to
contribute to this variation, including stimulation intensity [87], the individual's brain

state at the time of stimulation [88], and head morphology [89].

For example, baseline MEP amplitude has been identified as a key factor influencing
iTBS response. Studies have reported an inverse relationship between baseline MEP

amplitude and the subsequent change in MEP amplitude following iTBS, with
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individuals exhibiting higher baseline MEPs experiencing smaller increases or even
decreases in MEP amplitude after iTBS [90]. This suggests that individuals with already
high levels of motor cortex excitability may have less capacity for further enhancement

through iTBS.

Furthermore, research investigating the influence of stimulation intensity has revealed
that subthreshold iTBS, can be more effective than suprathreshold stimulation [87, 91].
This counterintuitive finding highlights the complex, non-linear relationship between

stimulation intensity and cortical excitability [87].

Adding another layer of complexity, computational modeling studies have
demonstrated that individual differences in head morphology can significantly impact
the dose and location of stimulation, even when the same intensity, same coil location
and coil direction is applied externally [92-94]. These morphological variations can
lead to substantial differences in the induced EF distribution within the brain,
potentially explaining some of the observed interindividual variability in iTBS response
[93, 94]. Understanding and accounting for these diverse factors is crucial for

optimizing iTBS protocols and maximizing their therapeutic and experimental potential.

1.4 Metaplasticity
Metaplasticity refers to the concept that the plasticity of a synapse—the capacity for

synaptic strength to change—is influenced by its prior activity. This higher-order form
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of plasticity acts as a regulatory mechanism, ensuring that neural networks maintain a
dynamic balance between stability and adaptability. Despite the promise of iTBS as a
non-invasive treatment for depression, its overall efficacy remains inconsistent [95].
One explanation for this variability is the brain’s intrinsic self-regulatory system,
known as homeostatic metaplasticity, which may limit the benefits of external
stimulation by maintaining synaptic activity within a functional range [96]. The
Bienenstock-Cooper-Munro (BCM) theory provides a theoretical basis for
understanding this phenomenon. It posits that synaptic plasticity operates on a “sliding
threshold” that depends on recent neuronal activity. Specifically, a history of low
neuronal activity lowers the threshold for inducing LTP, making further excitation more
likely, whereas high recent neuronal activity raises this threshold, reducing the

probability of additional excitation [97].

1.5 Priming stimulation

To enhance the therapeutic effects of rTMS, researchers have developed priming
stimulation protocols that aim to exploit the principles of homeostatic metaplasticity
[98]. These protocols involve administering an initial “priming” stimulation, followed
by a break of variable duration, and then applying a secondary “test” stimulation [98-
100]. Evidence supporting this approach comes from studies showing that the
excitatory effects of iTBS on the motor cortex are amplified when preceded by
inhibitory ¢TBS [101, 102]. This sequential priming approach appears to take

advantage of homeostatic mechanisms by creating an optimal neural environment for

18



subsequent stimulation. Similarly, in the context of depression, research has
demonstrated that priming with low-frequency (1 Hz) rTMS significantly enhances the
antidepressant effects of standard rTMS protocols compared to protocols without
priming stimulation [99]. These findings highlight the potential of priming protocols to

improve the clinical efficacy of brain stimulation techniques.

The timing of priming stimulation is a critical factor in determining the nature of the
resulting metaplasticity. Specifically, whether the response is homeostatic or non-
homeostatic depends on the interval between the priming and test stimulations [103,
104]. Shorter intervals tend to favor non-homeostatic metaplasticity, likely due to the
lingering neurophysiological effects of the initial stimulation. In contrast, longer
intervals allow for a reset of neural activity, promoting homeostatic responses [105].
For example, studies have shown that a 10-minute interval between ¢TBS and iTBS
sessions induces homeostatic effects in young adults [106]. Conversely, when no
interval is provided, homeostatic effects fail to emerge, as observed in studies using
tDCS [107]. These findings underscore the importance of optimizing the timing of

priming protocols to effectively harness metaplasticity for therapeutic purposes.

Despite these advances, there remains a significant gap in literature. To date, no study
has systematically investigated how the timing of priming TBS stimulation influences
metaplasticity in the left DLPFC. This region is essential for cognitive and emotional

regulation and served as a primary target for rTMS in treating depression.
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Understanding the timing-dependent dynamics of metaplasticity in the DLPFC could
shed light on the neurobiological mechanisms behind the antidepressant effects of
rTMS and could inform the development of more effective stimulation protocols. For
instance, it remains unclear whether the optimal interval for inducing homeostatic
metaplasticity in the DLPFC mirrors that observed in the motor cortex or if region-
specific differences in neural dynamics necessitate different timing strategies.
Addressing these questions could enhance the precision and efficacy of rTMS protocols,

ultimately improving treatment outcomes for individuals with depression.

In summary, metaplasticity represents a critical factor in understanding and optimizing
the effects of brain stimulation techniques. Homeostatic metaplasticity, in particular,
offers a promising framework for enhancing the therapeutic efficacy of rTMS by
leveraging the brain’s inherent capacity for self-regulation. However, research is needed
to elucidate the complex interplay between timing, stimulation parameters, and regional

neural dynamics, particularly in the context of the DLPFC.

1.6 Functional near-infrared spectroscopy

Functional near-infrared spectroscopy (fNIRS) is a non-invasive neuroimaging tool
used to measure brain activity by detecting changes in blood oxygenation [108]. This
technique works by emitting near-infrared light with wavelengths between 700-1000
nm through the scalp and skull. These wavelengths are specifically chosen because

biological tissue, including bone, is relatively transparent to them, allowing the light to
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penetrate deeper into the brain (Figure 1.3) [109]. By measuring the amount of light
absorbed by the tissue, fNIRS quantifies changes in the concentrations of oxygenated
hemoglobin (HbO) and deoxygenated hemoglobin (HbR). While similar to functional
magnetic resonance imaging (fMRI) in its reliance on blood flow changes to infer brain
activity, fNIRS does not measure neuronal activity directly. Instead, it monitors the
hemodynamic response, which reflects the coupling between neuronal activity and

vascular changes—a phenomenon known as neurovascular coupling [110].
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Figure 1. 3 Illustration of fNIRS Measurement of Brain Activity. Emitters generate
near-infrared light that penetrates the scalp and brain tissue, following banana-shaped
paths. Detectors collect the residual light after it has traversed these paths. Created in

BioRender. Zhang, B. (2024) https://BioRender.com/t59¢377.

22



When neurons in a specific brain region become active, they consume oxygen to
support their increased energy demands. This leads to a temporary depletion of oxygen
in the surrounding blood. To compensate, blood vessels in the area dilate in a process
called vasodilation, increasing blood flow to the active region. This response, known
as functional hyperemia, overcompensates for the oxygen demand and results in an
increase in HbO and a decrease in HbR levels. Once neuronal activity subsides, blood
flow and oxygen levels gradually return to their baseline state. These fluctuations in
blood oxygenation and flow are collectively referred to as the hemodynamic response,

which forms the basis of fNIRS measurements [111].

The ability of fNIRS to detect these changes is grounded in the modified Beer-Lambert
law, which describes the relationship between light attenuation through a substance and
the concentration of absorbing molecules in that substance [112]. In the context of
fNIRS, this law is used to calculate changes in HbO and HbR concentrations based on
variations in light intensity detected by the system. However, because biological tissues
scatter light, photons travel a longer and more complex path than the direct distance
between the light source and detector. To account for this scattering, the modified Beer-
Lambert law incorporates a differential pathlength factor (DPF), which estimates the
average distance traveled by photons. The DPF is specific to the type of tissue being
studied and the wavelength of light used, making it a critical factor in accurately

quantifying hemoglobin concentration changes [112].

23



One of the key strengths of fNIRS is its excellent temporal resolution, typically in the
range of milliseconds, which allows researchers to track the hemodynamic response
with high precision [113]. However, its spatial resolution is comparatively limited,
typically in the order of centimeters. This limitation arises from the distance between
the light emitter and receiver as well as the scattering properties of biological tissue,
which reduces the precision of locating specific brain activity. Despite this limitation,
fNIRS is especially well-suited to studying the frontal lobe, including the prefrontal
cortex, due to the superficial location of these regions and the ease of placing light

sources and detectors on the scalp [114, 115].

The reliability and validity of fNIRS as a neuroimaging method have been extensively
validated [113, 116]. Research has shown a strong correlation between fNIRS signals
and the blood-oxygen-level-dependent (BOLD) signals measured by fMRI, supporting
its use as a robust measure of brain activity [117, 118]. Furthermore, fNIRS exhibits
strong test-retest reliability, consistently producing reproducible results across multiple
sessions [119, 120]. Importantly, fNIRS has also emerged as a valuable method for
investigating the effects of TMS on brain activity and plasticity. By monitoring changes
in hemodynamic responses before, during, and after TMS, researchers can gain
valuable insights into how TMS influences neural activity, brain connectivity, and

plasticity mechanisms [121].

fNIRS has a wide range of applications in cognitive neuroscience research, particularly
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in investigating brain regions associated with language, executive function, and other
higher-order cognitive processes [115]. One widely used paradigm is the verbal fluency
task (VFT), in which participants are asked to generate as many words as they can
within a specific category (e.g., animals) within a limited time frame [122]. This task
reliably activates the frontal cortex, particularly the DLPFC, a region critical for
executive functions. The ability of fNIRS to measure activity in this region makes it an
invaluable tool for investigating the neural mechanisms underlying executive function
and language. Moreover, combining fNIRS with TMS allows researchers to investigate
how TMS-induced changes in brain plasticity affect task performance, providing deeper

insights into the relationship between brain stimulation, neural activity, and behavior.

In summary, fNIRS is a valuable neuroimaging technique that offers unique advantages
in studying brain function. While it may not match the spatial precision of fMRI, its
exceptional temporal resolution, ease of use, and adaptability to diverse research
settings make it an indispensable tool in neuroscience. Its ability to reliably measure
activity in specific brain regions, such as the frontal cortex, combined with its
integration with other methods like TMS, positions fNIRS as a critical tool for
deepening our knowledge of brain activity, plasticity, and cognitive function across a

wide range of tasks and populations.

1.7 Research gaps

Several key questions remain unanswered regarding the effective application of iTBS.
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First, the underlying mechanisms of iTBS remain unclear. Second, the optimal
stimulation intensity for therapeutic use is still unknown. Third, while priming iTBS
with cTBS appears promising, the ideal timing between cTBS and iTBS delivery is yet
to be determined. Fourth, individual anatomical variations, particularly scalp-to-cortex
distance, influence the dose of stimulation reaching the brain and require further
investigation. Finally, the relationship between the characteristics of the TMS-induced
electric field and treatment response in depression, particularly treatment-resistant

depression, requires clarification.

This thesis addresses these gaps through a series of studies. The research explores the
mechanisms of iTBS and investigates the relationship between stimulation intensity
and its effects. Furthermore, the influence of timing on the neuromodulatory effects of
priming TBS protocols in individuals with depressive symptoms is examined. Finally,
computational modeling is employed to explore the impact of individual anatomical
differences on TMS dose delivery and to investigate the relationship between the TMS-

induced electric field and antidepressant effects in treatment-resistant depression.

1.8 An Qutline of This Thesis

1.8.1 Chapter 2 Probing the effects of single-session iTBS on
associative memory: A prospective, randomized, controlled cross-over
study

This chapter introduces a published study conducted by the author that explored the
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mechanisms of iTBS in associative learning.

1.8.2 Chapter 3 Dose-response relationship between iTBS and
prefrontal activation during executive functioning: A fNIRS study

This chapter describes a published pilot study conducted by the author that investigated
the impact of varying iTBS intensity (50% RMT, 70% RMT and 100% RMT) on the

left DLPFC in healthy adults.

1.8.3 Chapter 4 Priming theta-burst stimulation: the importance of the
right timing

Chapter 4 presents the main experiment of the author’s PhD study. This study examined
how timing influences the neuromodulatory effects of priming TBS in individuals with

depressive symptoms.

1.8.4 Chapter 5 Rethinking intensity: Repetitive transcranial magnetic
stimulation across ethnic populations

In Chapter 5, the author investigated the neurobiological sources of variability, with a
focus on scalp-to-cortex distance, and explores their potential influence on the actual

dose of TMS delivered to the brain across diverse ethnic groups.

1.8.5 Chapter 6 Normal component of TMS-induced electric field is

correlated with depressive symptom relief in treatment-resistant
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depression
Chapter 6 presents a published study conducted by the author that investigated the
relationship between TMS-induced EF characteristics and antidepressant effects in

patients with TRD.

1.8.6 Chapter 7 Conclusion

In Chapter 7, the author summarizes the clinical applications as well as the limitations

of the included studies, while also discussing potential directions for future research.

28
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Figure 1. 4 An outline of this thesis
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Chapter 2 Probing the effects of single-
session iTBS on associative memory: A
prospective, randomized, controlled
cross-over study

This work has been published by the author of this thesis as an article in the journal
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2.1 Abstract

Background: Recent animal research indicates that excitatory brain stimulation opens
a time window for enhanced neuroplasticity that permits remodeling of neural
representations. Intermittent theta-burst stimulation (iTBS) may thus facilitate
associative memory of new associations introduced after iTBS by reducing proactive
interference from previously learned associations.

Objective: We aimed to investigate the effects of iTBS on left dorsolateral prefrontal
cortex (DLPFC) or left lateral parietal cortex (IPC) on influencing associative memory
processes, two brain regions centrally involved in memory.

Methods: 75 healthy participants underwent either iTBS of the DLPFC (n=30) or the
IPC (n=30) compared to sham stimulation (vertex), or no stimulation (n=15) in a
randomized controlled cross-over design. Participants underwent an associative
memory test (face-word associations) consisting of an encoding period before and after
stimulation. Face-cued word recall was evaluated before and after stimulation for the
initially encoded associations, as well as after stimulation for the newly encoded
associations.

Results: Performance significantly increased for newly compared to previously
encoded associations in all experimental conditions. Contrary to our expectation,
performance increases were not significantly more substantial for either of the two
active stimulations than sham stimulation. Instead, IPC stimulation significantly
decreased performance for newly encoded associations compared to sham stimulation.

In addition, DLPFC stimulation reduced recall of previously encoded associations
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immediately after stimulation.

Conclusions: Stimulation-induced loosening of neural associations and permissiveness
for change, as observed in animals, does not translate to the realm of human association
learning. Instead, IPC stimulation impedes recall of newly acquired association memory,

indicating increased proactive interference.
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2.2 Introduction

A large corpus of research demonstrated that high-frequency (HF) repetitive
transcranial magnetic stimulation (rTMS) of the human cortex exhibits neuroplastic
effects similar to long-term potentiation (LTP)-inducing electrical stimulation in animal
experiments [1, 2]. Intermittent theta burst stimulation (iTBS), a potent form of
patterned rTMS, was also shown to have excitatory effects akin to LTP [3], although
probably via a different cellular mechanism compared to standard rTMS [4, 5].
However, recent evidence provides a crucial extension to the proposed mechanism of
action of rTMS. In a study by Kozyrev, et al., [6], authors investigated the effect of 30
minutes of HF rTMS over the primary visual cortex of anesthetized cats. They showed
that stimulation opened a time window in which the neural substrate is permissive to
reorganization and remodeling. Using voltage-sensitive dye imaging, they measured
visual orientation maps in the submillimeter range. Before stimulation, these maps
exhibited a regular preference of different orientation angles. Directly after the
stimulation, the authors observed a reduction of orientation preferences and increased
response variability. In addition, prolonged visual exposure to a single orientation
following the stimulation led to a reorganization of maps, showing the domination of
the newly acquired orientation preference. These results indicate that rTMS destabilizes
previously acquired representations and opens a time window of increased
permissiveness to change and remodeling neural representations. The potential
therapeutic relevance of the results from Kozyrev et al. for neuropsychiatric disorders

cannot be overstated. However, whether findings can be translated to the realm of
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human cognition awaits to be investigated.

Associative memory is a function of a distributed neural network including prefrontal,
medial temporal, and parietal cortices [7]. Especially left lateralized frontal and parietal
regions engage during executive monitoring processes necessary for memory retrieval,
as evidenced for face-name associations [7, 8]. To infer causal interpretations, several
studies investigated the effect of rTMS of left dorsolateral prefrontal [9] and parietal
[10-12] targets on associative memory. Of note, Wang et al. [11] demonstrated
significant improvements in face-cued word recall accuracy following five days of HF
rTMS to the left lateral parietal cortex. Enhancements in associative memory were also
observed after a single session of theta-burst stimulation (TBS) [13], a potent form of
patterned rTMS. Besides, recent research showed that neurofeedback training-induced
increases of frontal-midline theta activity enhanced memory by reducing proactive
interference [14]. This result substantiates the importance of theta oscillations for

memory encoding and retrieval.

We therefore set out to conduct an experiment that probes stimulation induced
destabilization of acquired representations, followed by a remodeling of neural
representations corresponding to newly acquired information in the context of
associative memory. We hypothesized that 1) active iTBS compared to control
stimulation will reduce recall capacity directly after the stimulation due to increased

neural excitability and loosening of neural associations, as evidenced by Kozyrev et al.
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[6]. We further hypothesized that 2) active iTBS compared to control stimulation will
increase recall capacity of the newly learned associations after the stimulation, due to

facilitated neural reorganization and an associated reduction in proactive interference.

2.3 Materials and methods

2.3.1 Participants

A total of 75 healthy right-handed volunteers, aged 24.8+3.5 (mean+SD) participated
in the current study. Participants were recruited through convenience sampling at the
Hong Kong Polytechnic University from May 2019 to December 2020. Participants
were included if they were aged 18-35 years, had an education level of primary six or
above, were right-handed, as assessed using The Edinburgh Handedness Inventory [15,
16], had a normal or corrected-to-normal vision, and had effective command of the
English language. Exclusion criteria were a history of any psychiatric or neurological
disease, a history of a seizure, or any contraindications to TMS as screened by a TMS
safety screening questionnaire [17]. Further exclusion criteria were substance abuse or
intake of any medication influencing the central nervous system. All participants
provided written informed consent prior to enrollment. The study was approved by the
Human Subjects Ethics Sub-Committee of The Hong Kong Polytechnic University and
performed following the Declaration of Helsinki. The study was registered on

ClinicalTrials.gov (NCT03756584).

2.3.2 Study design and experimental setup
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We used a prospective, randomized, parallel, counterbalanced cross-over design with
repeated measures. The study was divided into three consecutive phases (Phase I, IT and
III, see Figure 2.1). In Phase I and Phase II, 30 participants each (15 females) were
randomized to receive a single session of active and control iTBS on two visits,
separated by at least one weak (7-9 days). In Phase I, participants received either active
iTBS of the left IPC (n=15) or control stimulation (vertex, n=15) on the first visit, with
a cross-over on the second visit. In Phase II, another 30 participants received either
active iTBS of the left DLPFC (n=15) or control stimulation (n=15), with a cross-over
on the second visit. Phase III consisted of the same experimental setup as in Phase I and
II, except that participants (n=15) were not subjected to any stimulation. First and

second visits were separated by at least one week in all three study phases.
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Figure 2. 1 Flow diagram of the study.
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On each visit in all study phases, participants performed an associative memory test
consisting of encoding and recall periods in which they had to memorize and recall
word-face associations (face-cued word recall), respectively. Before the stimulation,
participants underwent a first encoding period (E1), followed by a first recall period
(R1). Immediately after stimulation, they underwent a second recall period (R2). This
was followed by a resting period of about five minutes. Participants viewed a distraction
video (Tom & Jerry) and were told that no retention of the associations learned in E1
was required. Following the resting period, participants underwent a new encoding
period (New-E2) which consisted of new combinations of associations assembled using
the same stimuli as in E1. The new encoding period was followed by a new recall period
(New-R3) (Figure 2.2). Different sets of stimuli were used for the two visits (matched
for face gender, word concreteness and frequency). The sequence of sets was

randomized and counterbalanced among all participants.
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Figure 2. 2 Sequence of consecutive phases of the experiment. E1, first encoding period,
R1, first recall period; iTBS 600, intermittent theta-burst stimulation; R2, second recall
period; New-E2, new encoding period; New-R3, new recall period. Electrical field (e-
fields) for active and control stimulation locations were also shown, with red indicating

peak intensity. IPC, lateral parietal cortex; DLPFC, dorsolateral prefrontal cortex.
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2.3.3 Associative memory test

We used an in-house designed face-word associative memory test, which was adapted
from [11]. During encoding periods, participants were required to try their best to
memorize as many face-word associations as possible depicted on a computer screen.
Each encoding period consisted of 20 face-word pairs (10 female faces), and each pair
was presented for 8 seconds at the center of a white screen and with a 5-second inter-
stimulus-interval between pairs. Pairs consisted of a monochrome frontal human face
(360x480 pixels) and an English word written in black below (see Figure 2.3). Besides,
words were read aloud once by the computer at the appearance of each pair. To ensure
internal validity, all face images were taken from the subtest “facial recognition” from
the Chinese version of the Rivermead Behavioural Memory Test [18, 19]. Furthermore,
all  words were selected from the MRC Psycholinguistic Database
(www.psych.rl.ac.uk), were nouns between four and six letters in length, had familiarity
ratings of between 500 to 700, concreteness ratings of between 400 to 700 and Kucera-
Francis written frequencies of between 200-2000. Pairs were presented according to a

pre-randomized computer-generated sequence.

During recall periods, participants viewed the same set of faces as in the encoding
period but in a different randomized order. Each face was presented for 8 seconds,
followed by a S5-second inter-stimulus-interval. During each face presentation,
participants had to type the remembered word matching the face, followed by pressing

‘enter’ using a standard computer keyboard. Word recall for each face was scored as
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correct or incorrect, ignoring plurality. Reaction time was recorded. Participants failing
to type a word within 8 seconds received a reminder (‘too slow') on the screen. Prior to
the experiment, participants received a training trial consisting of five face-word pairs
not included in the main trial. The PsychToolbox-3 (PTB-3) software was used for task

presentation.
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Encoding trial Recall trial

Figure 2. 3 Overview of the associative memory test.
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2.3.4 Stimulation protocol

iTBS was delivered using a MagPro magnetic stimulator (MagVenture, Denmark K)
and a figure-of-eight shaped cool coil (Cool-B65). We followed the original iTBS
protocol described by Huang et al., comprising 3-pulse 50-Hz bursts, applied at 5 Hz
with a 2-second train and an inter-train-interval of 8 seconds [3]. The individual resting
motor threshold (RMT) was determined during the first visit before the experiment and
was defined as the minimum stimulation intensity over the left primary motor cortex
(M1) that could elicit a motor evoked potential (MEP) of no less than 50 uV in 5 out of

10 trials over the contralateral first dorsal interosseous muscle [20, 21].

Stimulation targets were identified and monitored during the stimulation using neuro-
navigation (LOCALITE® TMS Navigator Germany). The target within the left IPC
was defined at Montreal Neurological Institute (MNI) coordinate [-47, -68, +36], a
target identified as having the highest functional connectivity with the hippocampus
[11]. The left DLPFC was targeted at MNI coordinate [-38, +44, +26] as done
previously [9]. Vertex stimulation at MNI coordinate [0, -42, +73] served as control
condition so that participants could experience the somatic sensation and the clicking
sound that iTBS produces [10]. Control stimulation of the vertex was based on the
assumption that this brain region is not part of the prefrontal temporo-parietal memory
network [22]. All participants, as well as research personnel handling participants
during the entire experiment, were blinded to the group allocation (except for the TMS

operator applying iTBS). Possible side effects, including headache, nausea or dizziness
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were assessed after each stimulation.

2.3.5 Statistical analysis

Six participants were excluded from the statistical analysis due to technical problems
during the experiment, language bias, or other (personal) factors. Hence, data from 26
participants in Phase I, 28 participants in Phase II, and 15 participants in Phase III were
subjected to statistical analysis. Linear mixed model analysis was conducted to test the
effects of iTBS on memory recall using stimulation location (real, control) and recall
(R1, R2, New-R3) as within-subjects factors, and number of correctly recalled
associations normalized to baseline values (R1) as dependent variable. Separate models
were calculated for the three study phases. Post hoc models and pairwise comparisons
were conducted in case of main or interaction effects in the global models. Statistical
significance was set at P<0.05, corrected for multiple comparisons using the Bonferroni
procedure, unless specified otherwise. SPSS version 24 for Windows (SPSS Inc.,

Chicago, Illinois; www.spss.com) was used for statistical analyses.

2.4 Results

Demographic information of participants is depicted in Table 2.1. First, we analyzed
data from Phase I, that is, we investigated the effects of IPC stimulation on recall
performance in comparison to vertex stimulation. Mixed models analysis did not reveal
a main effect of location (F(1,110=1.8, P=0.177) but a main effect of recall (F(2,141)=28.0,

P<0.001) and an interaction of location*recall (F(2,158=4.5, P=0.012). Post-hoc
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comparisons indicated a significant performance increase for New-R3 compared to R1
and R2 for IPC stimulation, as well as vertex stimulation (all P<0.05, corrected).
However, performance increase at New-R3 was significantly lower for IPC compared

to vertex stimulation (P=0.045) (see Figure 2.4).

Next, we analyzed data collected in Phase 11, i.e., we investigated the effects of DLPFC
stimulation on recall performance in comparison to vertex stimulation. Mixed models
analysis revealed a main effect of recall (F2,106=43.8, P<0.001) but no main effect of
location (F(1,94=0.3, P=0.601) and no interaction of recall*location (F(,119=0.4,
P=0.679). Post-hoc comparisons indicated a significant performance increase for New-
R3 compared to R1 and R2 for DLPFC stimulation, as well as vertex stimulation (all
P<0.05, corrected). However, exploratory comparison for DLPFC stimulation revealed
a decrease in performance at R2 compared to R1 (P=0.002, uncorrected). Moreover,
performance after DLPFC stimulation at R2 was significantly lower than performance

after IPC stimulation at R2 (P=0.036, uncorrected) (see Figure 2.4).

Finally, we investigated recall performance for participants in Phase III receiving no
stimulation. This was done in order to determine unspecific stimulation effects by
quantifying the effect of repeated encoding and recall of associations alone. Here,
mixed models analysis revealed a main effect of recall (Fs1=7.1, P=0.001) but no
main effect of visit (F(1,81=0.01, P=0.910) and no interaction of recall*visit (F,81)=0.1,

P=0.863). Post-hoc comparisons indicated a significant performance increase for New-
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R3 compared to R1 and R2 (all P<0.05, corrected). See Figure 2.4 for mean

performances from all three study phases. For non-standardized values, see Table 2.2.
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Table 2. 1 Demographics of study participants.

Phase I (N=26) Phase I (N=28) Phase III (N=15)
Age (years) 25.73+3.26 23.57+3.81 25.87+2.33
Sex (F/M) 14/12 14/14 7/8
Education (years) 19.23+2.70 19.68+2.50 21.6+2.02

Values represent means£SD for age and education, and sums for sex. F, female; M,

male.
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Figure 2. 4 Overall memory performance for the three study phases. Depicted are
means and standard deviations for R2 and New-R3, normalized to baseline values
(Recall 1, dashed line). # and § indicate a significant increase in R2 and New-R3,
respectively, compared to baseline. The large asterisk indicates a significant difference
for the comparison of IPC versus vertex stimulation in Phase I (corrected for multiple
comparisons). Small asterisks indicate a significant reduction for R2 after DLPFC
stimulation and difference to R2 after IPC stimulation (uncorrected). 1PC, lateral

parietal cortex; DLPFC, dorsolateral prefrontal cortex.
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Table 2. 2 Memory performance.

Phase | Phase 11 Phase 111
LPC Vertex DLPFC Vertex No stimulation
(N=26) (N=26) (N=28) (N=28) (N=15)
RI1# 9.58+3.56 8.04+3.83 8+4.23 6.71+3.05 6.83+3.95
R2 9.31+3.81 7.73+3.87 7.07+4.66 6.07+3.43 6.4+4.15
New-R3  10.77+£3.87 10.46+4 11.07+4.13 9.57+4.27 8.37+3.71

Depicted are means+SD for non-standardized recall performance of participants in the
three study phases. R1, recall 1 before stimulation; R2, recall 2 directly after stimulation;
New-R3, recall of newly encoded associations after stimulation. IPC, lateral parietal
cortex; Sham, vertex stimulation; DLPFC, dorsolateral prefrontal cortex. # Pairwise
comparisons indicated no significant differences between study phases at baseline (R1)
(phase [ vs. phase II, p=0.14; Phase I vs. Phase III p=0.07; phase II vs. phase III, p=1.00).
However, pairwise comparisons between stimulation conditions (LPC, DLPFC, Vertex,
No stimulation) indicated significantly higher values for the LPC stimulation compared

to the no stimulation condition, but no significant differences between other conditions.
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2.5 Discussion

Recent animal research indicates that excitatory brain stimulation opens a time window
of increased permissiveness to change and remodeling of neural representations [6]. In
the current study, we set out to translate this finding into the realm of human cognition
by investigating the effects of iTBS on associative memory. Contrary to our hypothesis,
we found no evidence for an increased recall capacity of newly encoded face-word
associations after active, compared to sham stimulation. iTBS of the left DLPFC, as
well as the left IPC did not increase recall capacity compared to sham stimulation.
Instead, recall capacity of newly encoded associations was lower after IPC stimulation
in comparison to sham stimulation. Moreover, DLPFC stimulation tended to reduce

recall of previously learned associations immediately after the stimulation.

Hence, our study does not support the notion that stimulation-induced loosening of
neural associations and permissiveness for change, as observed in animals, translates to
human association learning. Our study differs in various aspects to Kozyrev et al. (2018)
including the applied stimulation protocol, the stimulated brain region, and the species
investigated, which may explain the diverging results. Moreover, Kozyrev et al.
measured orientation selectivity in the cat visual cortex, whereas we studied human
association learning retrieval, two functions associated with very different
neurophysiological processes [23, 24]. Hence, stimulation effects on these processes

may likely differ as well.
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We observed an impediment of newly acquired association memory following IPC
stimulation. This indicates that IPC stimulation modulates recall performance contrary
to our expectations. Our results show that IPC stimulation hinders, rather than facilitates
reorganization and permissiveness to new encoding. This can be explained by an
increased proactive interference from previously encoded associations. That is, the
repeated recall of the previously learned associations strengthens the combination
patterns learned in E1, which interferes with the memory formation of new learning

(New-E2).

Regarding DLPFC stimulation, we observed a lower recall capacity directly after
stimulation compared to before stimulation and compared to IPC stimulation. Although
this effect was observed only on an exploratory basis and with an uncorrected level of
significance, this finding is in line with the results from Kozyrev et al. indicating that
excitatory stimulation increases response variability directly after stimulation. Despite
being involved in episodic memory, the DLPFC is not part of the cortical networks
interacting with the hippocampus [25]. Studies postulate a specific role of the DLPFC
for controlling memory retrieval by suppressing irrelevant information [26]. Hence, our
result indicates that neural reorganization after rTMS observed by Kosyrev et al. [6] is
transferable only to the DLPFC due to its specific function to suppress irrelevant
information during memory retrieval. However, our findings are only limited to the
short-term memory performance, further studies are needed to investigate the effects of

iTBS on long-term memory performance and memory consolidation.”
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2.6 Conclusion

In conclusion, our results indicate that IPC stimulation strengthens previously encoded
associations, thereby hindering neural reorganization and permissiveness to new
encoding. Conversely, DLPFC stimulation lowers the recall capacity of previously
encoded associations, possibly due to an increase in response variability directly after

stimulation.

2.7 Author’s contribution
For the work presented in this chapter, the author contributed to the following aspects
of the study: Methodology; Software; Investigation; Data Curation; Formal Analysis;

Writing-Original Draft; Writing-Review & Editing; Visualization.
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Chapter 3 Dose-response relationship
between iTBS and prefrontal activation
during executive functioning: A fNIRS
study
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3.1 Abstract

Introduction: Intermittent theta-burst stimulation (iTBS) is a noninvasive brain
stimulation paradigm that has demonstrated promising therapeutic benefits for a variety
of neuropsychiatric disorders. It has recently garnered widespread favor among
researchers and clinicians, owing to its comparable potentiation effects as conventional
high-frequency repetitive transcranial magnetic stimulation (rTMS), but administered
in a much shorter time frame. However, there is still a lack of agreement over the
optimal stimulation intensity, particularly when targeting the prefrontal regions. The
objective of this study was to systematically investigate the influence of different
stimulation intensities of iTBS, applied over the left dorsolateral prefrontal cortex
(DLPFC), on brain activity and executive function in healthy adults.

Methods: Twenty young healthy adults were enrolled in this randomized cross-over
experiment. All participants received a single session iTBS over the left DLPFC at
intensities of 50%, 70% or 100% of their individual resting motor threshold (RMT),
each on separate visits. Functional near-infrared spectroscopy (fNIRS) was used to
measure changes of hemoglobin concentrations in prefrontal areas during the verbal
fluency task (VFT) before and after stimulation.

Results: After stimulation, iTBS to the left DLPFC with 70% RMT maintained the
concentration change of oxyhemoglobin (HbO) in the target area during the VFT. In
contrast, 50% (t17=2.203, P=0.042, d=0.523) and 100% iTBS (t17)=2.947, P=0.009,
d=0.547) significantly decreased change of HbO concentration, indicating an inverse

U-shape relationship between stimulation intensity and prefrontal hemodynamic
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response in healthy young adults. Notably, improved VFT performance was only
observed after 70% RMT stimulation (t17=2.511, P=0.022, d=0.592). Moreover, a
significant positive correlation was observed between task performance and the
difference in HbO concentration change in the targeted area after 70% RMT stimulation
(r=0.496, P=0.036) but not after 50% or 100% RMT stimulation.

Conclusion: The linear relationship between stimulation intensity and behavioral
outcomes reported in previous conventional rTMS studies may not be translated to

iTBS. Instead, iTBS at 70% RMT may be more efficacious than 100% RMT.
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3.2 Introduction

Transcranial magnetic stimulation (TMS) is a well-established non-invasive brain
stimulation technique that elicits action potentials through application of a magnetic
field on the scalp [1]. Repetitive transcranial magnetic stimulation (rTMS) has been
shown to modify cortical excitability beyond the stimulation session. The underlying
mechanism of these effects may be related to modulated long-term potentiation (LTP)
and long-term depression (LTD), as observed in animal studies [2]. Recently, theta-
burst stimulation (TBS), a potent form of rTMS, has gained increased attention, due to
its comparable potentiation effects as conventional rTMS, but administered in a much
shorter time frame [3]. TBS consists of a series of 3-pulse bursts at 50 Hz (theta rhythm),
designed to mimic the firing patterns of hippocampal neurons in rats [4] and has been
demonstrated to optimally induce LTP in animal studies [5]. In humans, TBS protocols
were first tested on the primary motor cortex at an intensity of 80% active motor
threshold (AMT) by Huang et al. [3] who showed that the intermittent form of TBS
(iTBS) induces excitatory effects while the continuous form of TBS (cTBS) induces
inhibitory effects on brain activity. Since its first description, TBS has been applied to
other non-motor areas. The past decade has seen the rapid development of application
of TBS on the dorsolateral prefrontal cortex (DLPFC) for the treatment of various
neurological and psychiatric disorders [6-9]. However, questions have been raised
about the optimal parameters for maximizing the response to TBS. For instance, one of
the current discussions pertains to the TBS intensity used for the DLPFC

neuromodulation. Huang & Rothwell (2004) reported an increased MEP with
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increasing intensity (50%, 70% and 80% AMT) of 50Hz burst stimulations of the motor
cortex. [10]. In more recent treatment studies, TBS is used at wide ranging intensities,
from 80% AMT to 120% resting motor threshold (RMT) [11, 12]. In conventional
rTMS studies, an almost linear relationship between stimulation intensity and
neuromodulation is assumed in conventional rTMS studies [13, 14]. However, caution
should be taken when directly transferring this relationship from conventional rTMS to
TBS, as the mechanism by which they alter brain excitability appears to differ [2, 15,
16]. Furthermore, it is still unknown whether the linear relationship reported by Huang
& Pothwell using low (50%-80% AMT) TBS intensity in motor cortex also exists in

high (=80% AMT) intensity prefrontal stimulation.

Functional near infrared spectroscopy (fNIRS) allows to assess the concentration
change of oxygenated hemoglobin (HbO) and deoxygenated hemoglobin (HbR) in
biological tissue [17]. This is achieved by transmitting near infrared light (~700-1000
nm) into the brain and taking advantage of the transparency difference of tissue within
this near infrared optical window [18]. fNIRS has been demonstrated to be a very
promising tool to monitor functional brain activity in a wide range of applications and
populations, especially for the frontal lobe [17, 19]. Previous studies reported a robust
correlation between the NIRS signal, and the blood oxygenation level dependent
(BOLD) signal as measured by functional magnetic resonance imaging (fMRI) [20-22].
In the past three decades, fNIRS has become increasingly popular due to its low cost,

safety, portability, and tolerability [19, 23, 24]. The verbal fluency task (VFT) is a
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widely used neuropsychological test to evaluate executive functions in which subjects
are instructed to generate as many unique words as possible from a category (phonemic
or semantic) within a given time limit [25, 26]. Previous and recent research
demonstrate VFT-induced activation in frontal cortices, including the left DLPFC [27,

28].

Our study sets out to systematically investigate the influence of different stimulation
intensities of iTBS, applied at the left DLPFC, on brain activity and executive function
in healthy adults. We probed (1) a hypothesized linear relationship between iTBS
intensity and activation of the DLPFC; and (2) a linear relationship between task

performance and stimulation intensity.

3.3 Materials and Methods

3.3.1 Participants

Convenience sampling was used for recruitment at the Hong Kong Polytechnic
University from May 2021 to July 2021. We included twenty right-handed, healthy
adults in this study (age: 22.3+3.54 years, 10 female). Participants had to be native
Chinese speakers between the age of 18 and 35 years and completed at least six years
of formal education. They had to have normal or corrected to normal eyesight and be
able to understand the verbal instructions. Subjects with any of the following conditions
were excluded from this study: (1) a history of seizure; (2) current or past psychiatric

disorders; (3) current or past severe internal or neurological illness; (4) any TMS
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contraindications; (5) history of substance dependence or abuse within the last 3 months;
(6) intake of any medication (i.e., benzodiazepines, anticonvulsants) known to affect
the excitation threshold. The study was conducted according to the Declaration of
Helsinki and received the ethical approval from the Human Subjects Ethics
Subcommittee (HSESC20181212008) of the Hong Kong Polytechnic University.

Written informed consent was obtained from all participants before enrollment.

3.3.2 Study design and setting

This study was a prospective, randomized cross-over clinical trial with repeated
measures. Subjects were instructed to visit our lab three times with seven to nine days
between each visit. After enrollment, they were randomly assigned to receive iTBS at
an intensity of 50%, 70% or 100% RMT in each session. The sequence of stimulation
intensities was determined by a simple, computer-generated, random number list and
counterbalanced among subjects. fNIRS measurements were performed immediately
before and around 15 minutes (i.e., the time required to place the fNIRS probe on a
subject’s head) after stimulation. During both fNIRS measurements, before and after
stimulation, subjects performed the VFT. The summary of the procedure is illustrated
in the flowchart shown in Figure 3.1. This study is a part of a research program which

has been registered at clinicaltrials.gov (NCT04031105).
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Figure 3. 1 Flowchart of the experiment procedure.
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3.3.3 Intermittent theta burst stimulation

iTBS was delivered using a figure-of-eight shaped cooling coil (Cool-B65), connected
to a MagPro magnetic stimulator (MagVenture, Denmark). We adhered to the initial 3-
minute iTBS protocol (3 pulsesx 10 burstsx20 trains=600 pulses) developed by Huang
et al. [3], which consists of 20 trains of 3-pulse bursts with 50 Hz intra-burst frequency.
Each train contains 10 bursts delivered at 5 Hz and separated by 8 seconds of rest. The
RMT for each subject was determined using a single pulse at the left primary motor
cortex, defined as the minimum intensity capable of eliciting motor evoked potentials
(MEPs) with at least 50 uV peak-to-peak amplitude in at least five out of ten
consecutive measurements of the relaxed right first dorsal interosseous muscle (FDI).
iTBS was delivered at intensities of 50%, 70% or 100% RMT for each subject on a
given session. 70% RMT was chosen because it corresponds to 80% active motor
threshold used in study that first reported the application of TBS in human [3]. We
utilized 100% RMT due to the higher neural activity response to increased stimulation
intensity observed in conventional rTMS studies [14, 29]. In addition, stimulation at
50% RMT was regarded as an active control condition as a previous study reported that
TBS at a low intensity did not affect brain excitability [30]. We targeted the left DLPFC
at the MNI coordinate of (x-38, y+44, z+26), as done previously [31, 32]. The
stimulation target was identified and monitored by a navigation system (LOCALITE®
TMS Navigator Germany) during iTBS. Self-reported side effects were documented
after each stimulation, using the self-rate Numeric Pain Rating Scale (from 0 [No Pain]

to 10 [Worst Imaginable Pain]) [33]. All subjects were naive to TMS.
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3.3.4 fNIRS measurement

Hemodynamic activity was measured using a continuous wave near-infrared (695 and
830 nm) spectroscopy device (ETG-4000, Hitachi Medical Co., Tokyo, Japan) with a
sampling rate of 10 Hz. We used a 3x11 probe design with 52 channels for data
collection (Figure 3.2). The probe was placed on the forehead with the lower edge
aligned with the T4-Fpz-T3 line of International 10-20 system and the sixth column
aligned with the brain’s middle line. The area between two nearby sources and detectors
is defined as a channel (Ch). The distance between a pair of emitter and detector was 3
cm, which allowed to measure the concentration change of HbO and HbR at 2-3cm
below the skin and scalp surface. The probe was registered to the surface of the standard
brain embedded in the AtlasViewer toolbox [34] and projected to the cortex to estimate
the MNI coordinate of each channel (the midpoint between each pairs of source and
detector) (Table 3.1). The estimation of probabilistic anatomical locations of channels
based on the Brodmann area (BA) atlas shows that our probe arrangement enabled to
detect the hemoglobin changes in bilateral DLPFC (BA 9, 46), frontopolar area (BA
10), anterior superior temporal gyrus (BA 22) and middle temporal gyrus (BA 21)
(Table 3.1). Participants were told to sit still and avoid head movements during the

measurement. Measurements started once the fNIRS signal was stable.
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Figure 3. 2 Location of fNIRS sources (red circle) and detectors (blue circle) on the
head as seen from the right (a), left (b), anterior (c), and left frontal (d) perspectives. (d)
The sources and detectors were laid out in a 3*11 configuration. The grey squares

represent measuring channels. The yellow bar denotes the projection of stimulation

target.
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Table 3. 1 MNI coordinates of each channel’s midpoint and the estimated corresponding BA area for each channel.

CHANNEL MNI COORDINATE BRODMANN AREA ESTIMATED
NUMBER PROBABILITY
X Y Z
CHO1 62.333 -42.333 49.667 40 - Supramarginal gyrus part of Wernicke’s area 1
CHO02 60.333 -13.667 50.667 4 - Primary Motor Cortex 0.394
3 - Primary Somatosensory Cortex 0.344
6 - Pre-Motor and Supplementary Motor Cortex 0.151
1 - Primary Somatosensory Cortex 0.112
CHO03 50 13.333 51.333 9 - Dorsolateral prefrontal cortex 0.612
6 - Pre-Motor and Supplementary Motor Cortex 0.376
44 - pars opercularis, part of Broca’s area 0.012
CH04 31.333 34.333 52.333 9 - Dorsolateral prefrontal cortex 0.642
8 - Includes Frontal eye fields 0.358
CHO05 9 47 53 9 - Dorsolateral prefrontal cortex 0.687
8 - Includes Frontal eye fields 0.313
CHO06 -15.667 45.667 50.333 9 - Dorsolateral prefrontal cortex 0.893
8 - Includes Frontal eye fields 0.107
CHO07 -37.667 31.667 48 9 - Dorsolateral prefrontal cortex 0.919
8 - Includes Frontal eye fields 0.045
46 - Dorsolateral prefrontal cortex 0.022
45 - pars triangularis Broca’s area 0.009
44 - pars opercularis, part of Broca’s area 0.004
CHO08 -51 11.667 46.667 6 - Pre-Motor and Supplementary Motor Cortex 0.457
9 - Dorsolateral prefrontal cortex 0.358
44 - pars opercularis, part of Broca’s area 0.185
CHO09 -60.333 -13.667 46.667 3 - Primary Somatosensory Cortex 0.357
4 - Primary Motor Cortex 0.307
1 - Primary Somatosensory Cortex 0.213
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CH10

CH11

CH12

CH13

CH14

CH15

CH16

CH17

CH18

-62.667

64.333

69.667

63

48.667

24

-30.333

-48.667

-35.667

-53.333

4.667

32.667

52

58.667

48.333

29.667

48.333

33

34.333

36.667

38.667

42.667

41

38.333

37.333

6 - Pre-Motor and Supplementary Motor Cortex
43 - Subcentral area

40 - Supramarginal gyrus part of Wernicke’s area
2 - Primary Somatosensory Cortex

1 - Primary Somatosensory Cortex

40 - Supramarginal gyrus part of Wernicke’s area
22 - Superior Temporal Gyrus

39 - Angular gyrus, part of Wernicke’s area

48 - Retrosubicular area

2 - Primary Somatosensory Cortex

1 - Primary Somatosensory Cortex

40 - Supramarginal gyrus part of Wernicke’s area
43 - Subcentral area

6 - Pre-Motor and Supplementary Motor Cortex
4 - Primary Motor Cortex

43 - Subcentral area

44 - pars opercularis, part of Broca’s area

3 - Primary Somatosensory Cortex

45 - pars triangularis Broca’s area

44 - pars opercularis, part of Broca’s area

9 - Dorsolateral prefrontal cortex

46 - Dorsolateral prefrontal cortex

9 - Dorsolateral prefrontal cortex

46 - Dorsolateral prefrontal cortex

9 - Dorsolateral prefrontal cortex

10 - Frontopolar area

9 - Dorsolateral prefrontal cortex

46 - Dorsolateral prefrontal cortex

45 - pars triangularis Broca’s area

0.087
0.036
0.806
0.162
0.032
0.413
0.302
0.252
0.034
0.731
0.215
0.035
0.019
0.674
0.165
0.106
0.051
0.004
0.421
0.237
0.204
0.138
0.955
0.045
0.85
0.15
0.583
0.417
0.474
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CH19

CH20

CH21

CH22

CH23

CH24

CH25

CH26

-61

-65.333

71

69

60

41.667

12.667

-19.333

-35.667

24.667

50.667

66

34.667

36.667

36.333

17.667

20

22.667

28.667

30.667

44 - pars opercularis, part of Broca’s area

9 - Dorsolateral prefrontal cortex

46 - Dorsolateral prefrontal cortex

6 - Pre-Motor and Supplementary Motor Cortex
43 - Subcentral area

4 - Primary Motor Cortex

44 - pars opercularis, part of Broca’s area

3 - Primary Somatosensory Cortex

2 - Primary Somatosensory Cortex

1 - Primary Somatosensory Cortex

43 - Subcentral area

3 - Primary Somatosensory Cortex

40 - Supramarginal gyrus part of Wernicke’s area
48 - Retrosubicular area

22 - Superior Temporal Gyrus

39 - Angular gyrus, part of Wernicke’s area

22 - Superior Temporal Gyrus

48 - Retrosubicular area

40 - Supramarginal gyrus part of Wernicke’s area
2 - Primary Somatosensory Cortex

43 - Subcentral area

22 - Superior Temporal Gyrus

6 - Pre-Motor and Supplementary Motor Cortex
48 - Retrosubicular area

45 - pars triangularis Broca’s area

44 - pars opercularis, part of Broca’s area

46 - Dorsolateral prefrontal cortex

45 - pars triangularis Broca’s area

10 - Frontopolar area

9 - Dorsolateral prefrontal cortex

0.386
0.096
0.044
0.646
0.139
0.131
0.077
0.007
0.492
0.354
0.131
0.023
0.817
0.157
0.023
0.003
0.779
0.118
0.078
0.025
0.777
0.125
0.05
0.047
0.617
0.383
0.756
0.244
0.795
0.205
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CH27

CH28

CH29

CH30

CH31

CH32

CH33

CH34

CH35

CH36

-19.333

-42.667

-56

-65

71

72

62.667

54

28.667

62.667

46.667

25

-1.333

-29.333

-46.333

-15.333

14.333

43

67

29.667

27.667

25.667

25.667

23.667

2.667

1.667

8.333

10

16.667

10 - Frontopolar area

9 - Dorsolateral prefrontal cortex

46 - Dorsolateral prefrontal cortex

46 - Dorsolateral prefrontal cortex

45 - pars triangularis Broca’s area

45 - pars triangularis Broca’s area

44 - pars opercularis, part of Broca’s area

43 - Subcentral area

6 - Pre-Motor and Supplementary Motor Cortex
4 - Primary Motor Cortex

2 - Primary Somatosensory Cortex

22 - Superior Temporal Gyrus

48 - Retrosubicular area

42 - Primary and Auditory Association Cortex
40 - Supramarginal gyrus part of Wernicke’s area
21 - Middle Temporal gyrus

22 - Superior Temporal Gyrus

37 - Fusiform gyrus

20 - Inferior Temporal gyrus

22 - Superior Temporal Gyrus

21 - Middle Temporal gyrus

48 - Retrosubicular area

6 - Pre-Motor and Supplementary Motor Cortex
44 - pars opercularis, part of Broca’s area

45 - pars triangularis Broca’s area

38 - Temporopolar area

45 - pars triangularis Broca’s area

46 - Dorsolateral prefrontal cortex

10 - Frontopolar area

46 - Dorsolateral prefrontal cortex

0.563
0.219
0.219
0.523
0.477
0.592
0.408
0.746
0.228
0.026
0.419
0.309
0.165
0.061
0.046
0.459
0.355
0.147
0.039
0.556
0.444
0.414
0.303
0.228
0.052
0.003
0.709
0.291
0.927
0.073
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CH37
CH38

CH39

CHA40

CH41

CH42

CH43

CH44

CHA45

CH46

CH47

CHA48

-4.333
-34

-51.667

-60

-67.667

73

66.333

57

43.667

12.333

-19.333

70
61.333

40.667

17.333

-10

-41.333

-26.667

1.667

34.333

60.333

74

72

16
17.333

14.333

14.333

11.667

8.667

-11.667

-11.333

-4.667

-1.667

2.667

4.667

10 - Frontopolar area

46 - Dorsolateral prefrontal cortex
10 - Frontopolar area

45 - pars triangularis Broca’s area
46 - Dorsolateral prefrontal cortex
44 - pars opercularis, part of Broca’s area
6 - Pre-Motor and Supplementary Motor Cortex
45 - pars triangularis Broca’s area
48 - Retrosubicular area

22 - Superior Temporal Gyrus

43 - Subcentral area

48 - Retrosubicular area

22 - Superior Temporal Gyrus

21 - Middle Temporal gyrus

21 - Middle Temporal gyrus

20 - Inferior Temporal gyrus

21 - Middle Temporal gyrus

38 - Temporopolar area

48 - Retrosubicular area

45 - pars triangularis Broca’s area
38 - Temporopolar area

47 - Inferior prefrontal gyrus

46 - Dorsolateral prefrontal cortex
10 - Frontopolar area

46 - Dorsolateral prefrontal cortex
47 - Inferior prefrontal gyrus

11 - Orbitofrontal area

10 - Frontopolar area

11 - Orbitofrontal area

10 - Frontopolar area

0.522
0.478
0.909
0.091
0.419
0.268
0.217
0.096
0.648
0.217
0.135
0.787
0.212
0.853
0.147
0.849
0.123
0.027
0.554
0.208
0.147
0.091
0.486
0.478
0.02
0.016
0.848
0.152
0.766
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CH49

CHS0

CHS51

CHS52

-44.333

-56

-62

-71

55.667

34.667

3.667

-22.333

3.333

2.333

-1.333

-5.333

11 - Orbitofrontal area

46 - Dorsolateral prefrontal cortex
10 - Frontopolar area

45 - pars triangularis Broca’s area
38 - Temporopolar area

46 - Dorsolateral prefrontal cortex
48 - Retrosubicular area

21 - Middle Temporal gyrus

38 - Temporopolar area

6 - Pre-Motor and Supplementary Motor Cortex
21 - Middle Temporal gyrus

22 - Superior Temporal Gyrus

0.234
0.759
0.241
0.925
0.058
0.016
0.527
0.289
0.174
0.01
0.915
0.085
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3.3.5 Verbal fluency task

The design of the VFT was adapted from previous fNIRS studies, which utilized a
counterbalanced block design [25, 35, 36] (see Figure 3.3). The task consisted of two
experimental blocks and two control blocks. Animals and means of transportation were
used as semantic categories for the VFT before stimulation (VFT version 1) while
clothes and fruits/vegetables were used as categories for the VFT after stimulation (VFT
version 2). Both versions started with a 60-second block of the control condition,
followed by a 60-second block of the experimental condition. During the experiment,
subjects sat comfortably and 50 cm in front of a computer screen. During the
experimental condition, participants were told to generate as many words as possible
that belonged to the semantic category shown on the centre of the screen without
repetition. During the control block, they needed to repeat the numbers
“1,2,3,4,1,2,3,4...” at a steady pace, as done previously [25]. The purpose of these
control blocks was to account for changes in hemodynamic response caused by talking.
Prior to the start of the task, subjects were given a practice trial (i.e., semantic category
of flowers) to ensure that they understood how to complete the task correctly. The
overall duration of the VFT task was 240 s. All stimuli were presented using E-Prime 2

(Psychology Software Tool, Pittsburgh, PA, USA).
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Figure 3. 3 The experimental design of verbal fluency task.
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3.3.6 Data analysis

3.3.6.1 fNIRS data analysis

fNIRS data analysis was performed using the HOMER 2 toolbox and custom scripts
developed in MATLAB 2013b (The MathWorks, Inc., Natick, MA) [37]. For
preprocessing, channels with an optical density higher than 140 dB were excluded for
further analysis to omit saturated channels [38]. The raw fNIRS data was then converted
to optical density (OD) [39]. Motion artifacts were detected and corrected by a mixed
approach based on the spline interpolation method and Slvitzky-Golay filtering of each
channel [40]. A bandpass filter (0.002-0.08Hz) was then employed to remove
physiological noise caused by heartbeat, respiration and drifts [41]. These preprocessed
signals were converted to the concentration change of HbO (AHbO) based on the
modified Beer-Lambert Law with a differential pathlength factor of six [42, 43] The
time course HbO concentration change (0-60 seconds) for the experimental conditions
was calculated using the simrR_BlockAvg tunction [37]. Lastly, the data of experimental
blocks were averaged. Baseline correction was performed per experimental block using
the mean of the last five seconds signal of control block [44]. We also investigated the
hemodynamic response during the early VFT task period (0-30s) because a previous
study reported that the early semantic VFT phase (0-30s) was supported by executive
functions while the late phase (31-60s) was mainly dependent on the semantic network
activation [45]. The region of interest was defined as the stimulated area that
corresponds most closely to the location of Ch28. In this study, we used HbO signals

as an indicator of hemodynamic response since HbO is more sensitive to regional
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cerebral blood flow than Hb [46]. The mean of HbO concentration change for different
groups were used for further analysis. To visualize the difference of the left DLPFC
activation during VFT task before and after stimulation, we contrasted the mean of
AHDO (0-60s) before and after stimulation for each intensity using paired t-test results.
This analysis yielded three t-maps which show the t-value for ch28 at each intensity.
The t-values and MNI coordinates were first converted to *.img files using nirs2im
function  (https://www.alivelearn.net/?p=2230) in the  xjview  toolbox
(https://www.alivelearn.net/xjview/). Next, the transformed image files were visualized

on a 3D brain model (ICBMS512 template) using a BrainNet Viewer toolbox [47].

3.3.6.2 Statistical analysis

One-way repeated measures analysis of variance (ANOVA) was used to compare the
baseline difference of VFT performance and brain activity. In order to investigate the
stimulation effects, behavioral as well as imaging data were analyzed by two-way
repeated measures ANOVA using time (pre, post) and intensity (50%, 70%, 100%) as
within-subjects factors. In case of significant main effects, post hoc pairwise
comparisons were corrected using Fisher least significant difference (LSD) procedure
in accordance with the closed test principle: post hoc comparisons were declared
nonsignificant if the global p value of the main effect (testing equality of both time
points or of all 3 intensities simultaneously) was nonsignificant but carried out without
further correction in case of a significant global main effect. Statistical significance was

set at P<(.05. Pearson correlation was used to analyze the relationship between VFT

89



performance and difference of AHbO. SPSS version 24 for Windows (SPSS Inc.,

Chicago, Illinois; www.spss.com) was used for statistical analyses.

3.4 Results

Two subjects were excluded from the data analysis due to poor quality of fNIRS signals
and interruption of the program during measurement. Finally, 18 subjects (9 female,
mean age: 22.30+3.54 years) were included for the data analysis. One-way repeated
measures ANOVA did not reveal a significant difference in the time interval between
the second fNIRS measurement and iTBS between groups (50%RMT group: 20.780+
2.533 min; 70%RMT group: 19.889+2.720 min; 100%RMT group: 20.778+2.942 min,;
F234=0.727, P=0.491). Prior to stimulation, the subjects generated 41.39+10.05,
40.11+7.75, 42.33+£9.00 accurate words for 50%, 70% and 100% RMT stimulation
condition, respectively. After stimulation these values increased to 43.67+9.42
(tan=1.06, P=0.305, 4=0.249), 44.61+8.24 (ta7=2.511, P=0.022, d=0.592) and
44.2849.04 (ta7=1.421, P=0.173, d=0.335), respectively. The averaged fNIRS signal
during the VFT task in the left DLPFC (Ch28) among different conditions is shown in
Figure 3.4 A. There were no baseline differences regarding VFT behavioral
performance (F234=0.500, P=0.611, 1np°>=0.029) and brain activity (F2,34=0.267,
P=0.767, 1,°=0.015) between groups. Two-way repeated measures ANOVA on VFT
accuracy showed a significant main effect of time (F1,17=4.455, P=0.05, 1,°=0.208) but
not of intensity (F2,34=0.165, P=0.849, np°>=0.010) nor an interaction of timexintensity

(F234=0.958, P=0.394, 1,>=0.053). Exploratory post-hoc comparisons indicated a
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significant performance increase after stimulation compared to baseline at the intensity
of 70%RMT (t(17=2.511, P=0.022, d=0.592) but not at the other two intensities
(P>0.05) (Figure 3.4 B). Brain activation analysis for the early task period showed a
significant main effect of time (Fi1,17=4.873, P=0.041, np>=0.223), and an interaction
effect of time and intensity (F2,34=4.442, P=0.019, np,*=0.207) but no main effect of
intensity (F2,34=2.130, P=0.134, np>=0.111). Post-hoc analyses using change scores to
resolve the interaction effect indicated significantly higher HbO values post stimulation
at 70% RMT, compared to 50% (ta7=2.203, P=0.042, d=0.523) and 100% RMT
(tan=2.947, P=0.009, d=0.547) (Figure 3.4 C). Analysis for early phase behavioral
performance also showed the same inverse U-shape curve despite not reaching
significance (time: F1,17=0.349, P=0.563, 1,°=0.020; intensity: F234=0.015, P=0.985,
np?=0.001; timexintensity: F234=1.528, P=0.232, 1,°=0.082) (Figure. 3.4 D). No
significant results were observed when looking at the HbO change averaged across the
whole task period (Figure 3.5). However, the correlation analysis revealed a significant
positive correlation between behavioral accuracy and the difference in HbO
concentration change in left DLPFC after 70% RMT stimulation (Pearson’s r= 0.496,

P=0.036) but not after the other two intensities (Figure 3.6).
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Figure 3. 4 (A) Group averaged time course HbO concentration change during the
experimental condition in the left DLPFC (Ch28) before and after stimulation at each
intensity. The Y-axis represents the mean of AHbO. (B) VFT behavior performance
(mean+SEM) for the whole task period (0-60s). (C) Change of AHbO in the early task
phase (0-30s) for each stimulation intensity. Data were calculated by subtracting the
mean of AHbO before stimulation from the mean of AHbO after stimulation. (D) VFT
behavior performance change (meantSEM) in early task phase for each stimulation

intensity. *P<0.05
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Figure 3. 5 Maps of the left DLPFC activation difference before and after stimulation
during VFT task in 50% RMT condition (left), 70%RMT condition (middle), 100%
RMT condition (right). The color bar indicates the t-values render over on a 3D head
model. The yellow color represents less AHbO after stimulation, while the purple color

represents more AHbO after stimulation.
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3.5 Discussion

In this study, we investigated the effects of varying stimulation intensities of iTBS of
the left DLPFC on executive function and underlying cortical activity using fNIRS.
While several previous studies have investigated iTBS effects on the brain using
electroencephalogram (EEG) [9, 48, 49], we investigated such effects using fNIRS, as
it is more tolerant to lip and jaw movements during VFT task performance [50]. In all
stimulation intensity, descriptively, the number of words generated by subjects after
stimulation increased than before stimulation. However, the improvement in executive
performance was only significant after 70% RMT stimulation. Besides, iTBS to the left
DLPFC with 70% RMT maintained the concentration change of HbO in the target area,
whereas 50% iTBS and 100% iTBS decreased change of HbO concentration, indicating
an inverse U-shape relationship between stimulation intensity and prefrontal
hemodynamic response. Moreover, a significant positive correlation was observed
between behavioral accuracy and the difference in HbO concentration change in the

targeted area after 70% RMT stimulation.

The modest enhancements of VFT performance in all intensity conditions supports the
beneficial effects of excitatory stimulation of iTBS stimulation on executive
functioning [51, 52]. However, contrary to our hypothesis, our results did not
demonstrate a linear relationship between stimulation intensity and brain activity, as
observed in conventional rTMS studies [14, 53] and a study examining low TBS

intensity [10]. Specifically, we found significant improvement of executive function
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only after 70% RMT iTBS; the corresponding hemodynamic response revealed that
iTBS to the left DLPFC with 70% RMT maintained the concentration change of HbO
in the target area, whereas 50% iTBS and 100% iTBS decreased AHbO. A possible
explanation for these observations is related to mechanisms of theta-frequency-
dependent LTP induction [54, 55]. Normally, a single burst activates a glutamatergic
(excitatory) synapse and a gamma-aminobutyric acid (GABA)-ergic (inhibitory)
synapse on a pyramidal neuron, producing both an excitatory postsynaptic potential
(EPSP) and inhibitory postsynaptic potential (IPSP) on this neuron. This IPSP
undercuts the EPSP triggered by this burst and the next burst for a short period of time,
preventing the hyperexcitability of the downstream pyramidal neuron. However, this
IPSP can be suppressed for a short period of time if a second burst is delivered at theta
frequency [55]. The underlying mechanism is the further GABA release from the
GABAergic presynaptic terminal that follows this second burst, inhibits future GABA
release through activation of GABAB autoreceptors [56]. Consequently, this GABA-
mediated disinhibitaion induces LTP effects via activation of N-methyl-D-aspartate
(NMDA) receptors [57]. A previous study reported that a second burst delivered at 200
milliseconds after the initial burst produces maximal excitatory effects by using this
mechanism of disinhibition — i.e., by inducing more GABA release to activate GABAs
autoreceptors [54, 56]. Bursts given outside of this window (above or below 200 ms)
may not result in such optimal effects in human brains, possibly because burst effects
encounter an already-present IPSP from previous activations or recovered IPSP [55, 58].

An important caveat is that the onset of this disinhibition may be modulated by stimulus
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intensity [58]. Therefore, TBS at high intensities (such as 100% RMT) may off-set this
temporal window and fail to elicit the maximal excitatory effects of theta frequency on
brain activity. Consistent with this view, Chung et al. found that iTBS at 75% RMT

intensity showed maximal neuromodulatory effects on brain activity in humans [59].

We observed a relative lower AHbO following 50% and 100% RMT stimulation
compared to before stimulation despite increased VFT performance. This appears to be
contradictory to the general understanding of the neurovascular coupling phenomenon.
According to this principle, a cognitively demanding task such as the VFT should lead
to a rise in HbO needs, indicating an increase in cortical activation, as a result of
increased neuronal mobilization [28, 60, 61]. It is theorized that higher cortical
activation should be accompanied with better behavioral performance, since higher
cortical activation suggests more cognitive resources are being mobilized to complete
a task [62]. However, previous studies also reported that increased DLPFC activation
may be a compensatory strategy for reduced available neural resources, or alternatively,
an inefficient employment of neural resources [63, 64]. Recent evidence suggests that
excitatory rTMS to the left DLPFC increases neural efficiency, observed as reduced
concentration change of total hemoglobin after stimulation during Speed of Processing
task [65]. This finding corroborates cognitive efficiency theories which propose that
people with more efficient cortical processing require less cognitive resources to
achieve better performance [63, 66, 67]. Therefore, TBS benefits to behavioral

performance may be due to improved efficiency of neurons, such that the same levels
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of cortical activation (captured by fNIRS) provide increased processing power,

improving performance.

Imaging results revealed a significantly higher HbO concentration change following 70%
RMT stimulation than 50% RMT and 100% RMT only in the early task phase but not
the whole task period. This can be explained by the dynamic model of retrieval process
involved in the semantic fluency tasks. A previous study indicated that early phases of
the semantic VFT task is mediated more by executive processes while the late phase is
mainly dependent on semantic network activation [45]. It has been well established that
the DLPFC plays an important role in supporting executive control [68-71]. Therefore,
it is not surprising that the potentially optimal iTBS intensity enhanced the excitability

of the left DLPFC and further boosted the behavioral performance.

Certainly, our study is not free of limitations. First, we did not have a real sham
condition in this experiment. Nonetheless, our study included a low intensity (50%
RMT) condition, comparable to a number of TMS studies that have adopted the strategy
of lowering stimulation intensity as a sham condition [48, 72, 73]. Second, due to the
inherent limitation of the fNIRS equipment used, such as the height profile of our fNIRS
probes we were unable to measure the hemodynamic response to iTBS during and
immediately after the stimulation. To demonstrate this, further studies using a
concurrent TMS-fNIRS set up are needed. Thirdly, Fisher LSD method does not offer

full control of the type I error. However, it is known to preserve the experiment-wise
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type I error at the nominal significance level if there are three groups [74]. Fourth, the
choice of intensities used in our study is not representative of all often-used stimulation
intensities in clinical settings (e.g., 90%RMT, 110%RMT and 120%RMT). We adopted
relatively lower TBS intensities, as an endorsed advantage of TBS protocols in clinical
applications is the lower necessary intensity for treatment, allowing for more
comfortable sessions [75, 76]. Additionally, on methodological grounds, our results are
comparable to Huang et al. (2005), who used low intensities (80% AMT) to study the
patterned effects of TBS on MEPs. Even so, our findings have limited generalizability

to suprathreshold TBS intensities. Further studies comparing these effects are needed.

3.6 Conclusion

The linear association between stimulation intensity and behavioral improvement
observed in healthy people receiving conventional rTMS may not extend to iTBS. Our
investigation revealed an inverted U-shaped association between iTBS intensity and the
excitatory effects on brain activity, suggesting that iTBS at 70% RMT may be more

efficacious than 100% RMT.
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4.1 Abstract

Background: Intermittent theta burst stimulation (iTBS) is a noninvasive brain
stimulation tool capable of increasing cortical excitability beyond the stimulation
period. Its ability to quickly produce modulatory effects has made prefrontal iTBS an
increasingly popular therapeutic approach for treating psychiatric conditions like
depression. However, the large inter-individual response variability necessitates
strategies for optimizing iTBS efficacy. The priming stimulation protocol comprises a
priming stimulation before a test stimulation, with the priming stimulation being able
to enhance the effects of the test stimulation by utilizing the principle of therapeutically
beneficial metaplasticicy. However, the optimal time interval between priming and test
stimulation is still unknown.

Objective: This study sought to systematically examine the neuromodulatory effects
of priming TBS stimulation in the left DLPFC among individuals with depressive
symptoms.

Methods: One hundred and sixty subjects were involved in this study. The priming
TBS protocol comprised a priming continuous TBS (cTBS) followed by a subsequent
iTBS. The experimental conditions included real or sham ¢TBS immediately followed
by iTBS, real cTBS followed by iTBS after a 10-minute and 20-minute delay. TBS was
administered to the left DLPFC at the intensity of 70% of their individual resting motor
threshold. Brain activity of the left DLPFC was assessed using functional near-infrared
spectroscopy before and after stimulation. Behavioral effects were evaluated using

verbal fluency task (VFT) and emotion recognition accuracy (ERA) task.
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Results: Our results revealed a significant decrease of AHbO after all priming
stimulation conditions. Notably, this effect was significantly more pronounced and
robust in the 10-min interval priming TBS condition compared to other conditions.
However, there were no differences in VFT performance across the different priming
TBS groups, as all groups showed improved performance. No significant differences
were found regarding the ERA performance.

Conclusion: Our findings indicate that a 10-minute interval between ¢cTBS and iTBS
appears to be the optimal timing to alter the hemodynamic effects of iTBS by leveraging
metaplasticity mechanisms. However, these differences do not translate into
measurable behavioral differences, at least not for the tasks under investigation. These
results underscore the potential of priming TBS protocols to enhance the efficacy of
rTMS treatments for psychiatric disorders by optimizing stimulation timing and

leveraging therapeutically beneficial metaplasticity.
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4.2 Introduction

Repetitive transcranial magnetic stimulation (rTMS) is a widely used non-invasive
brain stimulation technique to modulate brain excitability in targeted brain regions [1].
This capability has made rTMS a valuable tool in the treatment of various neurological
and psychiatric conditions, including depression [2]. Theta burst stimulation (TBS), an
advanced form of rTMS, has become widely recognized for achieving comparable
effects to traditional rTMS while significantly reducing the required administration
time [3]. TBS is typically categorized into two types: intermittent TBS (iTBS) and
continuous TBS (cTBS). iTBS shows excitatory effects on brain activity operating
through mechanisms resembling long-term potentiation (LTP), whereas cTBS shows
inhibitory effects through mechanisms similar to long-term depression (LTD) [3].
Currently, iTBS targeting the left dorsolateral prefrontal cortex (DLPFC) is a well-
established protocol for treating depression, as this region is typically underactive in

individuals with the disorder [4].

Despite its effectiveness, the overall treatment efficacy of iTBS for depression remains
suboptimal [5]. One possible reason is the brain's inherent self-protective system,
known as homeostatic metaplasticity, which may constrain the benefits of external brain
stimulation [6]. The Bienenstock-Cooper-Munro theory explains this phenomenon by
proposing a “sliding threshold” for synaptic plasticity. According to this theory, a recent
history of low neuronal activity lowers the threshold for future LTP induction, making

further excitation more likely. Conversely, high levels of recent neuronal activity raise
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the threshold, decreasing the likelihood of further excitation [7].

To enhance the efficacy of rTMS effects, researchers have proposed priming
stimulation protocols that take advantage of homeostatic metaplasticity [8]. These
protocols involve administering a priming stimulation, followed by a variable break,
and then a test stimulation [8-10]. Supporting this approach, studies have shown that
the excitatory effects of iTBS on the motor cortex are amplified when preceded by
inhibitory ¢TBS [11, 12]. Additionally, research investigating the antidepressant effects
of priming rTMS found significantly higher antidepressant efficacy for a 1-Hz priming

protocol compared to a protocol without priming stimulation [9].

The timing of priming stimulation is one of the kay factor in shaping the nature of
metaplasticity—whether it will be homeostatic or non-homeostatic [13, 14]. Research
indicates that shorter intervals between stimulations are more likely to promote non-
homeostatic metaplasticity due to the lingering effects of the initial stimulation, while
longer intervals are associated with homeostatic responses [15]. For instance, studies
have demonstrated that a 10-minute interval between cTBS and iTBS sessions elicits
homeostatic effects in young adults [16], whereas no interval fails to produce such
effects as reported by transcranial direct current stimulation study [17]. To date, no
study has systematically investigated the timing effects of priming TBS stimulation on

the left DLPFC.
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Functional near-infrared spectroscopy (fNIRS) is an optical diffusion technique that
allows noninvasive imaging of cortical activity [18]. This is achieved by shining near-
infrared light through the skull and measuring the concentration change of oxygenated
hemoglobin (HbO) and deoxygenated hemoglobin (HbR) in the brain cortex [19]. Its
portability, affordability, and suitability for natural settings have made it an increasingly
popular tool in neurophysiological and neuropsychiatric research [20]. fNIRS has been
particularly valuable in investigating frontal lobe activity. Studies employing fNIRS
have demonstrated significantly lower frontal activation in individuals with depression
compared to healthy controls during verbal fluency task (VFT) [21]. Moreover,
research by Curtin et al. further suggests that rTMS is able to enhance the frontal
activation as measured by fNIRS. This improvement in frontal lobe activity is
associated with enhanced executive function [22]. Furthermore, even individuals with
subclinical depressive symptoms can experience impairment in executive function and
facial emotion recognition [23-25]. These individuals also often exhibit imbalances in
their behavioral activation and inhibition systems (BAS/BIS) [26], as well as altered

positive and negative affect [27].

Our study aimed to systematically investigate the neuromodulatory effects of priming
TBS stimulation in the left DLPFC among individuals with depressive symptoms. We
hypothesized that the stimulation interval between priming stimulation and test
stimulation will affect the effects of the priming TBS protocol. Specifically, we

hypothesized that a 10-minute interval will potentiate the effect of the test iTBS,
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whereas 0-minute will eliminate it, and a 20-minute interval will have no effect (i.e.,
result in no difference, relative to sham priming TBS). Furthermore, the second
objective of our research was to examine the effects of priming TBS stimulation in the
context of executive function and emotion regulation in people with depressive
symptoms. We hypothesized that optimal priming stimulation would improve
performance of VFT and facial emotion recognition tasks in people with depressive

symptoms.

4.3 Materials and Methods

4.3.1 Study design and participants

This study was a randomized controlled trial with parallel groups. Randomization was
stratified by the factors age, gender and education years. Participants were recruited
through convenience sampling at The Hong Kong Polytechnic University between
December 2022 and January 2024. The study protocol was pre-registered on
ClinicalTrials.gov (NCT04031105) and received ethical approval from the Human
Subjects Ethics Subcommittee of The Hong Kong Polytechnic University

(HSESC20181212008).

Eligibility criteria included right-handedness (Edinburgh Handedness Questionnaire
score = +60) [28], age between 18 and 35 years, Patient Health Questionnaire-9 (PHQ-

9) <14, native Chinese speaker, normal or corrected-to-normal vision, at least six years

of formal education, comprehension of verbal instructions, and the ability to provide
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informed consent. Exclusion criteria encompassed current or past psychiatric or
neurological disorders, unstable medical conditions requiring further investigation or
treatment, any contraindications to transcranial magnetic stimulation (TMS) as per
established safety checklists [29, 30], use of medications affecting neural activity (e.g.,

benzodiazepines, anticonvulsants), or inability to tolerate the experimental procedure.

Potential participants were first screened by phone. Those who met initial eligibility
criteria were invited for an in-person baseline assessment. This assessment included the
Patient Health Questionnaire (PHQ-9) for depressive symptoms [31], the International
Positive and Negative Affect Schedule Short Form (I-PANAS-SF) for positive and
negative affectivity [32, 33], and the Behavioral inhibition /Behavioral Activation
System (BIS/BAS) scale for dispositional sensitivity to BIS/BAS [34]. Eligible

participants were then allocated to one of four stimulation conditions:

® Condition 1: ¢TBS administered before iTBS with a 10-minute gap (10-min
interval priming TBS);

® Condition 2: ¢TBS administered before iTBS with a 20-minute gap (20-min
interval priming TBS);

® Condition 3: cTBS administered immediately before iTBS (0-min interval priming
TBS);

® Condition 4: sham c¢TBS administered immediately before iTBS (sham priming
TBS).
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To minimize potential interference during the intervals between stimulations, all
participants were required to complete a simple, low-demand color-filling activity.

Figure 4.1 illustrates an overview of the experiment procedure.
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Figure 4. 1 Schematic diagram of the experimental design.
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4.3.2 Sample size calculation

The sample size calculation was based on previous studies demonstrating the effects of
priming TBS [16] and demonstrating group differences in prefrontal activation after
TMS using fNIRS [35, 36]. Hence, for detecting significant differences between
conditions, a sample size of N=128 was determined using an effect size of /=0.15, a
power of 0.8 and an alpha level of 0.05 using G*Power 3.0.10 (ANOVA: Repeated
measures, within-between interaction). Given an expected drop-out rate of 20%, a
conservative sample size was set for 160 participants (i.e., 40 participants for each of

the 4 conditions).

4.3.3 Behavioral inhibition /Behavioral Activation System (BIS/BAS)
scales

The Chinese version of BIS/BAS scale was used to investigate the individual
differences in dispositional sensitivity to BIS/BAS [34]. The scale consists of 18 items
covering four factors: BAS-Fun, BAS-Drive, BAS-Reward responsiveness, and BIS.
Responses to each item were provided on a four-point Likert scale, from "strongly
disagree" to "strongly agree". The BIS/BAS scale has demonstrated good reliability and

validity for measuring personality constructs [37].

4.3.4 The International Positive and Negative Affect Schedule Short
Form (I-PANAS-SF)

The Chinese version of the [-PANAS-SF was used to evaluate participants’ positive
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affectivity and negative affectivity [33]. This nine-item scale measures the affective
dimension of subjective well-being including four affective states (active, attentive,
determined, and inspired) and five negative affective states (afraid, ashamed, nervous,
hostile, and upset). Participants were asked to indicate the degree to which each
adjective reflected their emotional state over the previous two weeks. The Cronbach’s

alpha values were above 0.7, demonstrating acceptable internal consistency [33].

4.3.5 Theta burst stimulation

The protocols established by Huang et al. [3] were implemented, including a 3-minute
iTBS protocol (600 pulses delivered as 3 pulses per burst X 10 bursts per train x 20
trains) and a 40-second cTBS protocol (600 pulses). [3]. A figure-of-eight cooling coil
(MagVenture Cool-B65) connected to a MagPro X100 magnetic stimulator
(MagVenture, Denmark) was employed for TBS administration. Coil placement was
guided by a neuronavigation system (LOCALITE® TMS Navigator, Germany) to
ensure accurate targeting of the left DLPFC, identified using MNI coordinates x = -38,
y=+44,z=+26[38, 39]. The coil handle was positioned at a 45° angle from the midline,
pointing backwards and laterally. Stimulation intensity was set at 70% of each
participant’s resting motor threshold (RMT) [36]. The RMT was assessed by delivering
single magnetic pulses to the left primary motor cortex. The objective was to identify
the minimum stimulation intensity required to evoke motor-evoked potentials (MEPs)
in the right first dorsal interosseous muscle. An MEP was considered valid if it

displayed a peak-to-peak amplitude of at least 50 pV. The threshold criterion was met
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if this response occurred in at least five out of ten consecutive trials. [40]. For sham
cTBS, the coil was positioned at a 90° angle to the scalp, with one wing of the figure-
of-eight coil touching the scalp [41]. After each stimulation session, self-reported side
effects as well as the pain during stimulation assessed by self-rate Numeric Pain Rating

Scale (from 0 [No Pain] to 10 [Worst Imaginable Pain]) [42] were documented.

4.3.6 INIRS measurement

Neural activity was monitored using fNIRS during a VFT session. The ETG-4000
system (Hitachi Medical Co., Tokyo, Japan), a continuous-wave fNIRS device
operating at wavelengths of 695 nm and 830 nm with a sampling frequency of 10 Hz,
was utilized to estimate brain activation by detecting changes in oxygenated and
deoxygenated hemoglobin levels. A probe setup consisting of a 3x11 configuration with
17 sources and 16 detectors resulted in 52 channels (Figure 4.2.). Each channel
represented the area between a source-detector pair separated by 3 cm, enabling the
measurement of hemoglobin concentration changes roughly 2-3 cm beneath the scalp,
corresponding to the cerebral cortex surface [43]. Sources and detectors were stabilized
in a customized plastic plate to ensure stable optode-scalp coupling. The probe was
positioned to cover the frontal and temporal regions, ensuring its lower edge
corresponded to the T3-Fpz-T4 line specified by the International 10-10 EEG system.
The central column of the array was carefully aligned with the midline of the head for

accurate placement [44].
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Figure 4. 2 Placement of fNIRS optodes and measurement channels. Panels show the

(

positions of sources (red markers) and detectors (blue markers) from various
perspectives: (a) right, (b) left, (c) front, and (d) left-frontal views. (e) Diagram of the
3x11 source-detector layout, where gray blocks indicate individual measurement

channels. The yellow bar highlights the estimated location of the stimulation target.
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Following each fNIRS measurement, a Polhemus 3D digitizer (Patriot™ USA,
Polhemus) was used to record the 3D positions of the sources and detectors for every
participant. The AtlasViewer toolbox [45] was employed to estimate channel locations
by aligning the probe to a scaled Colin brain atlas based on individual head dimensions.
This process enabled the determination of MNI coordinates for each channel's midpoint.
NIRS SPM was utilized to perform probabilistic anatomical localization of each
channel based on Brodmann areas (BA) [46]. The findings revealed that the probe
covered the regions of bilateral DLPFC (BA 9, 46), frontopolar area (BA 10), anterior
superior temporal gyrus (BA 22), and middle temporal gyrus (BA 21). During the
measurement, participants were placed in a quiet room and instructed to remain
motionless. Measurements commenced once the fNIRS signal had stabilized. To
mitigate chronobiological effects on brain excitability and fNIRS signals, experiments
were preferentially scheduled in the afternoon, resulting in 147 out of 163 datasets

being collected between 13:00 and 18:00.

4.3.7 Verbal fluency task (VFT)

The VFT was performed directly before and after stimulation. A counterbalanced block
design was used for the VFT [47-49]. The task consisted of three 60-second
experimental blocks interspersed with four 60-second control blocks, commencing and
concluding with control blocks (Figure 4.3 a). Two variants of the VFT were employed.
The pre-stimulation version (Version 1) used semantic categories of animals,

occupations, and means of transportation, while the post-stimulation version (Version
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2) used countries, clothes, and fruits/vegetables. The order of category presentation was
randomized within each version. During the experimental blocks, participants were
asked to verbally produce as many unique words as they can that correspond to the
category displayed on the computer screen. In control blocks, participants were asked
to repeatedly count from one to four at a consistent pace to account for speech-related
hemodynamic changes [47]. Task comprehension was confirmed through a practice
trial using the category "flowers" and a control block. The entire task lasted 420 seconds
and was administered using E-Prime 2 (Psychology Software Tool, Pittsburgh, PA,
USA). Participants were positioned in a quiet room and directed to remain motionless

and minimize movement throughout the task.

4.3.8 Emotion recognition accuracy task (ERA task)

The ERA task was performed before and after VFT. Participants were presented with
64 digitized color images of Chinese facial expressions depicting emotions, sourced
from the Tsinghua facial expression database [50]. The stimuli comprised 16 images
each of sad, happy, fearful and neutral expressions on young Chinese faces. Equal
numbers of male and female faces were included for each emotion. In each trial, a single
image was displayed for up to 6 seconds in random order. Participants were instructed
to identify the emotion using specific keyboard keys ('A' for sad, 'S' for happy, 'K' for
fearful, and 'L' for neutral) within the presentation time [51] (Figure 4.3 b). Trials
progressed upon response or after the 6-second limit, followed by a 500-millisecond

pause between trials. Two distinct but comparable sets of stimuli, balanced for
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emotional intensity, were used before and after stimulation.
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Figure 4. 3 Schematic diagram of behavioral tasks. (a)VFT. (b) ERA.
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4.4 Data analysis

4.4.1 INIRS data analysis

The analysis of fNIRS data was conducted using the HOMER 2 toolbox [52] along with
custom MATLAB 2013b scripts (The MathWorks, Inc., Natick, MA). During
preprocessing, channels with optical density readings exceeding 140 dB were excluded
to eliminate saturated channels [53]. The raw fNIRS signals were then converted into
optical density (OD) [19]. To address motion artifacts, a hybrid approach combining
spline interpolation [54] and wavelet filtering [55] was applied to each channel, as
recommended by Novi et al. for fNIRS speech studies [56]. A bandpass filter with a
range of 0.008-0.05 Hz was used to remove low-frequency drifts and high-frequency
noise [57]. After preprocessing, the signals were converted to changes in hemoglobin
concentration (AHbO and AHbR) according to the modified Beer-Lambert Law,
applying a differential path length factor of six [58, 59]. The hmrR BlockAvg function
[52] was used to calculate the HbO concentration changes over time (0-60 seconds) for
the experimental conditions. Baseline correction was performed for each block by
subtracting the mean signal from the five seconds preceding the task [60]. Signals from
experimental blocks were then averaged for each run. The left DLPFC (Brodmann 46
area) was identified as the region of interest (ROI). Channel location estimation
revealed that ch 28, ch38, ch39, and ch49 measured signals from the left Brodmann 46
area. The hemodynamic response from channels within the ROI was averaged. Since
HbO signals typically exhibit a better signal-to-noise ratio [61-63], they were used as

the primary indicator of the hemodynamic response, although HbR changes were also
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included in the results [64]. The mean AHbO values during experimental blocks (0-60
seconds) were calculated to quantify the hemodynamic response. To visualize
activation differences in the DLPFC during the verbal fluency task (VFT) before and
after stimulation, paired t-tests were conducted to contrast the AHbO means for each
group. This produced t-maps illustrating t-values within the ROI for each condition.
The t-values and corresponding MNI coordinates were converted into *.img files using
the nirs2img function (https://www.alivelearn.net/?p=2230). The resulting image files
were then visualized on a 3D brain model (ICBM512 template) using the BrainNet
Viewer toolbox [65], facilitated by the xjView toolbox

(https://www.alivelearn.net/xjview/).

4.4.2 Statistical analysis

We wused IBM SPSS Statistics version 29 (IBM Corp., Chicago, IL;
https://www.ibm.com/products/spss-statistics) for statistical analyses. Baseline
demographic information and clinical parameters were compared between conditions
using one-way analysis of variance (ANOVA) for continuous variables and Chi-square
tests for categorical variables. To evaluate stimulation effects, we used a mixed-design
ANOVA (within-subject factor: time, between-subject factor: condition, interaction
effect: time by condition) to compare behavioral and imaging data. The score of BAS
reward responsiveness (BAS-RR) was put as a covariate, as previous study reported
that reward sensitivity modulates brain activity in the prefrontal cortex [66] and serves

as a strong indicator of depression vulnerability [67]. Dependent variables comprised
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the change in VFT performance (post-pre, pre-pre) and mean change of AHbO of
LDLPFC (post-pre, pre-pre), as well as change in ERA performance (reaction time and
accuracy). In case of any significant time *condition interaction effect was revealed,
post hoc pairwise comparisons were conducted to compare dependent variables
between conditions with Bonferroni correction. Exploratory subgroup analyses were
performed to investigate the potentially differential effects of depressive symptoms
severity. The cutoff score of PHQ-9 was used to divide our sample into low depressive
symptom group (PHQ-9<4) and high depressive symptom group (PHQ-9>5). The
statistical significance level was set at P=0.05. Pearson correlation was conducted to
assess the association between changes in VFT performance and changes in AHbO

levels.

4.5 Results

Five subjects were excluded from data analysis due to low-quality fNIRS signals or
technical issues. Finally, 155 subjects (mean age: 23.01+£3.487 years, 108 female) were
included in the final analysis. At baseline assessment, no significant differences were
observed between groups in terms of demographic characteristics or clinical scores

(Table 4.1.).
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Table 4. 1 Characteristics of participants.

Group 1 (N=39) Group 2 (N=39) Group 3 (N=39) Group 4 (N=38) P value

Age, y, mean+SD 23.870+4.124 22.590+2.962 22.740+£3522 22.820+3.212 0.351

Gender (F/M) 23/16 30/9 27/12 28/10 0.337

Education years, mean+SD 18.900+2.113 18.330+2.043 18.690+2.515 18.710£1.985 0.712

Baseline assessment

PHQ-9 5.330+3.963 5.210+3.563 5.950+3.927 5.030+3.635 0.728
BIS/BAS Scales

BAS D 7.769+2.265 8.282+2.102 7.872+1.922 8.132+1.818 0.670

BAS FS 9.256+2.731 10.359+2.570 9.718+2.417 10.553+£2.310 0.094

BAS RR 6.359+1.857 6.205+1.866 6.000£1.451 6.290+1.859 0.524

BIS 9.20542.922 8.949+2.762 8.9234+2.475 9.34243.165 0.898

I-PANAS-SF

PA 12.410+3.424 11.590+3.508 11.667+3.198 12.105+3.245 0.671

NA 9.846+3.521 9.615+3.711 10.282+3.387 9.553+£3.326 0.791

Handedness 90.000+12.350 87.700+£13.660 84.600+16.200 89.200+13.630 0.344

RMT 46.050+11.152 47.030+8.904 47.690+10.554 48.660+8.553 0.698

F, female; M, male. PHQ-9: Patient Health Questionnaire-9; BIA/BAS: The Behavioral Inhibition and Activation Systems Scales; BAS D:

BAS Drive; BAS FS: BAS Fun Seeking; BAS RR: BAS Reward Responsiveness; [-PANAS-SF: International Positive and Negative Affect
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Schedule Short Form; PA: positive affect; NA: Negative affect; RMT: resting motor threshold
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4.5.1 Stimulation effects on brain activity

Analysis of left DLPFC activity revealed a significant main effect of condition
(F=3.408, P=0.019, Partial n?=0.064) and time (F=12.442, P<0.001, Partial 1°=0.077)
as well as time by condition interaction effect (F=3.408, P=0.019, Partial °=0.064).
Post hoc pairwise analysis demonstrated that after stimulation, all conditions exhibited
a significant decrease in AHbO during the VFT task (all P<0.05, Bonferroni corrected).
Notably, the decrease of AHbO in the 10-min interval priming TBS condition was
significantly greater than in the 0-min interval priming TBS condition (P=0.017,
Bonferroni corrected) (Figure 4.4). Figure 4.5 illustrates the differences in left DLPFC
activation (pre- vs. post-stimulation) during the VFT across all conditions. Group-
averaged time courses of HbO and HbR concentration changes in the left DLPFC

during the VFT for all priming conditions are shown in Figure 4.6.
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Figure 4. 5 Visualization of activation differences in the left DLPFC before and after

stimulation during the VFT across all stimulation conditions. The color bar represents
t-values mapped onto a 3D head model. Red indicates a decrease in AHbO following

stimulation, while green represents an increase in AHbO.
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Figure 4. 6 Group-averaged time courses of AHbO and AHbR concentration changes
in the left DLPFC during the VFT task under all priming stimulation conditions. Dashed
lines depict pre-stimulation data, while solid lines show post-stimulation data. The Y-
axis represents the mean AHbO concentration change. Bold red lines indicate the
difference in AHbO concentrations (post-stimulation minus pre-stimulation), while

bold blue lines represent the corresponding difference for AHbR.
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Subgroup analysis showed a significant main effect of condition (¥=3.685, P=0.016,
Partial n?=0.135) and time (F=9.383, P=0.003, Partial n>=0.117), as well as an
interaction effect of time by condition (F=3.685, P=0.016, Partial n°=0.135) for the
high depressive symptom group but not for the low depressive symptom group (all
P>0.5). Further post hoc pairwise comparisons for the high depressive symptom group
revealed that 10-min and 20-min interval priming stimulation significantly decreased
the change of AHbO after stimulation but not for other stimulation protocols. Moreover,
the decrease following 10-min interval priming stimulation was significantly larger
than for the 0-min interval condition (P=0.047, Bonferroni corrected) and marginally
significant for the sham condition (P=0.059, Bonferroni corrected). In the low
depressive group, exploratory analysis indicated that all stimulation conditions
significantly decreased the change of AHbO (all p<0.05, Bonferroni corrected) (Figure

4.4).

4.5.2 Stimulation effects on behavioral performance

4.5.2.1 VFT performance

The analysis of VFT performance yielded a significant main effect of time (F=26.206,
P<0.001, Partial n>=0.150) but not interaction effect of time by condition (F=1.360,
P=0.250, Partial 1n>=0.027). Post hoc pairwise comparison demonstrated an
improvement of VFT performance after stimulation across all conditions (all £<0.001,
Bonferroni corrected). Subgroup analysis yielded significant main effects of time in

both the high depressive symptom group (F=9.788, P=0.003, Partial n°=0.124) and low
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depressive symptom group (F=14.469, P<0.001, Partial n°=0.164). Post hoc pairwise
comparison indicated significant improvements in VFT performance in both groups for

all conditions (all P<0.05, Bonferroni corrected) (Figure 4.7).
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4.5.2.2 ERA performance

An analysis of ERA reaction time revealed a significant main effect of time across the
entire sample (F=11.857, P<0.001, partial 1>=0.074). Further subgroup analysis
demonstrated a significant main effect of time in the high depressive symptom group
(F=9.249, P=0.003, partial n?>=0.115) but not for the low depressive symptom group
(F=2.111, P=0.151, partial n>=0.028). Post-hoc tests revealed faster responses after
stimulation in both the overall sample and the high depressive symptom group (all
P<0.050) (Figure 8a). No significant differences were observed in ERA accuracy for

any group (all P>0.050) (Figure 4.8).
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4.5.3 Correlation between VFT performance and brain activity

The correlation analysis did not reveal any significant relationship between change of

AHDbO and change of VFT performance (£>0.05). (Figure 4.9)
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143



4.6 Discussion

To our knowledge, this study is the first to systematically investigate the timing effects
of priming TBS on left DLPFC. Our results indicate that all priming groups exhibited
a decrease in AHbO during the VFT task post-stimulation compared to pre-stimulation.
Notably, this effect was significantly more pronounced in the group that received 10-
min interval priming TBS protocol. However, there were no differences in VFT
performance across the different priming TBS groups, as all groups showed improved
performance. These results suggest that a 10-minute interval between cTBS and iTBS
may be the optimal timing to enhance the hemodynamic effects of iTBS by leveraging
metaplasticity mechanisms, although these differences do not translate into measurable

behavioral differences.

Unexpectedly, we observed a decrease in AHbO following stimulation, which appears
contradictory to the typical neurovascular coupling phenomenon where increased
AHDbO signifies heightened brain activity. However, this finding is not unique to our
study. Li et al. reported a significant reduction in AHbO in most ROIs during sub-
threshold 10Hz rTMS stimulation [68]. Similarly, Thomson et al. found that single-
pulse TMS at 130% RMT significantly decreased HbO in the left prefrontal cortex (PFC)
[69]. Mochizuki et al. also reported decreased HbO during single-pulse TMS at 140%
active motor threshold (AMT) [70], an intensity equivalent to approximately 100%
RMT. The author suggested that suprathreshold single-pulse TMS leads to increased

oxygen consumption that exceeds the arterial oxygen supply, causing a net decrease in
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HbO levels [71]. These findings, along with our own, suggest that both high-intensity
single-pulse TMS and low-intensity high-frequency rTMS can induce decreased HbO
during neuronal activity. Two potential explanations exist for this phenomenon. First,
intense or frequent stimulation may dramatically increase oxygen consumption,
exceeding the rate of arterial supply and leading to a net decrease in HbO (Mochizuki
et al., 2006a). Second, TBS may enhance neuronal efficiency, allowing for equivalent
or improved performance with lower levels of cortical activation, as reflected by the
decreased AHbO measured by fNIRS. This hypothesis aligns with findings from MEP
studies, where lower intensity single-pulse TMS can evoke MEP amplitudes
comparable to those elicited by higher intensities after excitatory stimulation,
suggesting increased neural efficiency [3]. Our observation of decreased AHbO may
therefore reflect this improved neuronal efficiency, with lower cortical activation levels

still supporting the observed performance improvements.

Our study also revealed differential priming effects based on depressive symptom
severity. The 10-minute interval priming TBS condition consistently showed a decrease
in AHDbO after stimulation in both low and high depressive symptom groups. In contrast,
the sham priming TBS group only demonstrated a similar decrease in the low
depressive symptom group. This differentiation may stem from our use of a PHQ-9
score cutoff of 4 to classify depression severity. The low depressive symptom group in
our study is comparable to healthy subjects in other research, while the high depressive

symptom group aligns with individuals experiencing mild to moderate depression.
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Although previous studies have reported lower prefrontal activation levels in
individuals with subclinical depression [72], we did not observe significant baseline
differences between our low and high depressive symptom groups. This may be because
our participants were not formally diagnosed with depressive disorders and exhibited
less severe symptoms than those in other studies [72]. Nonetheless, the distinct
responses to the priming TBS protocol support the notion that changes in prefrontal
activation can occur before a formal diagnosis is made. The robust effects observed
with the 10-minute interval priming TBS suggest that this protocol has stronger
excitatory effects compared to single iTBS alone, indicating that a 10-minute interval

is optimal for enhancing stimulation efficacy.

Despite these neurophysiological changes, we did not observe differences in VFT
performance among the different priming TBS groups, nor did we find a correlation
between changes in AHbO and behavioral outcomes. This lack of correlation was
unexpected, as we anticipated that the neurophysiological effects would translate into
observable behavioral changes. However, we are not alone in observing this disconnect;
previous studies have also reported a lack of strong behavioral changes despite
significant neurophysiological effects following a single session of TMS [73, 74]. One
possible explanation is that neurophysiological measures, such as AHbO, may be more
sensitive to subtle changes induced by neuromodulatory interventions than behavioral
performance. Another explanation could be that a single session of TBS is insufficient

to elicit measurable behavioral effects, highlighting the need for repeated sessions to
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observe significant behavioral changes.

4.7 Limitations

Our study has several limitations. Due to the study design and equipment constraints,
we were unable to measure brain activation changes immediately after cTBS. However,
prior research indicates that the inhibitory effects of ¢TBS can last up to 60 minutes
post-stimulation. Additionally, we applied equivalent intensities for both priming and
test stimulations, leaving the optimization of priming protocol parameters other than
the time interval for future research. Further investigation is needed to determine the

most effective stimulation parameters for enhancing treatment outcomes.

4.8 Conclusion

A 10-minute interval between ¢TBS and iTBS appears to be the optimal timing for
priming TBS protocols targeting the left DLPFC. This interval effectively decreases
AHbO while improved VFT performance persists, suggesting increased neural
efficiency in the targeted area. Moreover, our findings imply that deficiencies in left
frontal activity may manifest at subclinical depression stage. These results highlight the
potential of priming TBS protocols to enhance the efficacy of rTMS treatments for
depression and other neurological disorders by optimizing stimulation timing and

leveraging metaplasticity.

4.9 Author’s contribution
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Chapter 5 Rethinking intensity:
Repetitive transcranial magnetic
stimulation across ethnic populations

The manuscript for the work presented in this chapter is currently in preparation.
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5.1 Abstract

Repetitive transcranial magnetic stimulation (rTMS) targeting the left dorsolateral
prefrontal cortex is a widely used adjunctive therapy for various neurological and
psychiatric disorders. Traditionally, the standard practice for dosing rTMS has involved
adjusting the intensity to a defined percentage of the motor threshold. However, we
perceive anatomical differences among ‘White’, ‘Han Chinese’ and ‘Black or African
American’ ethnic groups that result in unequal doses of stimulation at the left
dorsolateral prefrontal cortex, a prime target for therapeutic rTMS. Therefore, we
hypothesize that diverse ethnic populations experience different therapeutic effects with
FDA-approved rTMS protocols that have been adopted globally. This also raises
concerns about varying therapeutic effects and potential biases in existing research
comparing efficacy across ethnicities. More importantly, our hypothesis emphasizes the
need to tailor rTMS safety guideline for diverse ethnic populations. We call for well-
powered clinical trials to systematically examine the effects of rTMS intensity in

diverse ethnic groups.
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5.2 Introduction and hypothesis

Repetitive transcranial magnetic stimulation (rTMS) is a widely used adjunctive
therapy for various neurological and psychiatric disorders including depression,
fibromyalgia, Parkinson’s disease, addiction, and schizophrenia, among others [1].
rTMS involves applying magnetic pulses to a specific brain region, with the left
dorsolateral prefrontal cortex (DLPFC) being a clinical prime target [2, 3]. For over
three decades, the standard practice for dosing rTMS has involved adjusting the
stimulation intensity at the target region to a defined percentage of the motor threshold,
the minimum intensity needed to elicit a motor response at the motor cortex [4, 5].
Notably, US FDA-approved rTMS protocols generally use 120% of the motor threshold,
which has been adopted globally [6]. However, underlying this strategy is the
assumption of a uniform relationship between the stimulation intensity and its
therapeutic effects. That means we may have assumed that the ratio of scalp-to-cortex
distance at the left dorsolateral prefrontal cortex to the motor cortex is identical across
individuals. Considering anatomical differences such as head morphologies among
diverse world populations [7], the authors see a need to re-examine this generic strategy
for determining rTMS intensity and hypothesize that the optimal intensity differs

among ethnic groups.

5.3 Contributing observation 1: ethnic differences in the scalp-to-
cortex distance
We examined the scalp-to-cortex distances at the left DLPFC and the left motor cortex
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among three ethnic groups (aged 22-35 years): 821 ‘White’, 165 ‘Black or African
American’, and 159 ‘Han Chinese’ individuals. We obtained unprocessed T1-weighted
and T2-weighted structural MRI images from of the Human Connectome Project

(https://db.humanconnectome.org) and the Chinese Human Connectome Project

(https://doi.org/10.11922/sciencedb.01374). We defined the locations of the left

DLPFC and the motor cortex as the 10-10 EEG positions F3 and C3, respectively [8].
We used the SImNIBS package to segment the MRI images and created a head volume
conductor model for each individual [9]. The results were visually inspected for errors
in tissue boundary establishment. We calculated the scalp-to-cortex distance as the

Euclidean distance between the EEG position and the nearest site on the gray matter.

We found that the ‘White’ individuals had a larger mean scalp-to-cortex distance at the
left DLPFC compared to the motor cortex (mean F3/C3 distance ratio=1.077). The
relationship was reversed for the ‘Han Chinese’ individuals (mean F3/C3 distance
ratio=0.939). The ‘Black or African American’ individuals had similar mean distances
at the two cortices (mean F3/C3 distance ratio=0.992). An analysis of covariance,
controlling for age and gender as covariates, revealed that the scalp-to-cortex distance
ratio significantly differed among the three ethnic groups (F2,1141=75.580, p<0.001,
n°=0.112). Post hoc pairwise comparisons showed that the ‘White’ individuals had a
significantly larger ratio than both the ‘Han Chinese’ and the ‘Black or African

American’ individuals (p’s < 0.001, Bonferroni corrected) (Figure. 5.1 a).
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Figure 5. 1 Scalp-to-cortex distance ratio and electric field strength ratio across
ethnicities. (a) scalp-to-cortex distance ratio (F3/C3) for the left DLPFC relative to the
motor cortex in ‘White’, ‘Han Chinese’, and ‘Black or African American’ individuals.
A ratio greater than 1 indicates a larger scalp-to-cortex distance at the left dorsolateral
prefrontal cortex compared to the motor cortex. (b) electric field strength ratio (F3/C3)
for the left DLPFC relative to the motor cortex in the three ethnic groups. A ratio below
I indicates lower electric field strength in the left DLPFC compared to the motor cortex.

*: p<0.05, ***: p<0.001.
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5.4 Contributing observation 2: simulated optimal intensities for
different ethnic groups

The marked differences in scalp-to-cortex distances led us to investigate the electric
field strength induced by rTMS in the two cortices. We simulated the electric field
strength for the three ethnic groups using SIimNIBS 4.1.0 [10]. We assumed a standard
rTMS treatment coil (MagVenture Cool-B65) [11] was positioned on the scalp at the
EEG position F3 (left dorsolateral prefrontal cortex) and C3 (motor cortex) at a 45-
degree angle to the midline, with the handle pointing posteriorly [8]. We set the
stimulation intensity to 1e6 A/s and calculated the induced electric field strength as the
average value [12] for every gray matter voxel within a 10-mm-radius sphere centered
at the cortical projections from the EEG position F3 or C3 [13]. The F3 projection was
at (x=-35.5, y=49.4, z=32.4 mm) and C3 at (x=-52.2, y=-16.4, z=57.8 mm) in Montreal
Neurological Institute coordinates. An analysis of covariance, controlling for age and
gender, indicated a significant effect of ethnicity on the electric field strength ratio of
the left dorsolateral prefrontal cortex to the motor cortex (F2,1141=86.333, p<0.001,
1n?=0.128). While all groups exhibited an F3/C3 electric field strength ratio below 1,
suggesting weaker stimulation received by the left DLPFC compared to the motor
cortex, the ratio differed significantly between the groups (p’s<0.001, Bonferroni
corrected). On average, ‘White’ individuals received lower electric field strength in the
left DLPFC compared to the left motor cortex (F3/C3=0.875) when compared with
‘Han Chinese’ individuals (F3/C3=0.977) and ‘Black or African American’ individuals

(F3/C3=0.940) (Figure. 5.1 b). Specifically, if stimulation intensities at the left DLPFC

164



were set to the FDA-approved 120% of the motor threshold, then on average, ‘Han
Chinese’ individuals would receive an equivalent intensity of 134% to stimulate ‘ White’
individuals, and ‘Black or African American’ individuals would receive an equivalent

intensity of 129% to stimulate ‘White’ individuals.

5.5 Implications of the hypothesis

Our analyses revealed significant differences in the scalp-to-cortex distances among the
‘White’, ‘Han Chinese’ and ‘Black or African American’ ethnic groups. We further
showed that the three ethnic groups would receive unequal doses of stimulation at the
left dorsolateral prefrontal cortex, a prime target for therapeutic rTMS, even when the
stimulation was applied at the same percentage of the motor threshold. Our findings
align with previous empirical research and modeling studies [14, 15]. Therefore, we
hypothesize that the three ethnic groups experience varying clinical effects with
standard FDA-approved rTMS protocols. Specifically, we presume that ‘Han Chinese’
and ‘Black or African American’ individuals have been suboptimally stimulated with
standard rTMS stimulation protocols, considering that early rTMS clinical trials were
predominantly conducted in North America and recruited disproportionately more
‘White’ individuals (thus, these protocols were presumably better optimized for the
‘White’ ethnic group) [16-19]. Our hypothesis further suggests that systematic biases
may exist in previously published meta-analyses in terms of comparing therapeutic
effects across ethnicities and summarizing effect size estimates. More importantly, our

hypothesis highlights the need to tailor rTMS safety guidelines for different ethnic
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groups. Indeed, our simulation revealed that the FDA-approved stimulation intensity of
120% of the motor threshold, when applied to an average ‘Han Chinese’ individual,
may generate an electric field strength equivalent to that produced by an intensity of
134% applied to an average ‘White’ individual. Yet, rTMS at an intensity of 130% or
above remains largely uncharted in research and is subject to a sharply reduced

maximum safe train duration to prevent seizures [20].

5.6 Testing the hypothesis

We propose a series of rTMS clinical trials across the globe to test our hypothesis. We
propose to start with trials on major depressive disorder, the disorder with the strongest
evidence for the efficacy of rTMS on the DLPFC. These trials will require coordinated
planning and implementation across study sites to ensure a comparable treatment
process. The first trial will focus on ‘Han Chinese’ and ‘ White’ patients, since this pair
of ethnic groups demonstrated the largest difference in the scalp-to-cortex distance ratio.
The standard, FDA-approved stimulation intensity of 120% of the motor threshold and
the intensity of 108% adjusted for ‘Han Chinese’ will be applied to patients from both
ethnic groups. We expect that the more effective treatment intensity, in terms of
response or remission rates, will vary between the two ethnic groups. We estimate that
a few hundred patients per ethnic group will allow the detection of such clinically
meaningful differences. If the results turn out to be positive, we may proceed with
comparisons involving ‘Black or African American’ and ‘White’ patients in a similar

manner, though that would be a study on a much larger scale. Findings from this series
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of trials may give birth to a readily implementable strategy that benefits patients who
cannot have magnetic resonance imaging scans for more precise structural

measurements due to cost, availability, or safety considerations.

5.7 Author’s contribution
For the work presented in this chapter, the author contributed to the following aspects
of the study: Conceptualization; Methodology; Software; Data Curation; Formal

Analysis; Writing-Original Draft; Writing-Review & Editing; Visualization.

5.8 References

I. Fatemi-Ardekani, A., Transcranial magnetic stimulation: physics,
electrophysiology, and applications. Crit Rev Biomed Eng, 2008. 36(5-6): p.
375-412.

2. Kan, R.L.D., et al., Effects of repetitive transcranial magnetic stimulation of the
left dorsolateral prefrontal cortex on symptom domains in neuropsychiatric
disorders: a systematic review and cross-diagnostic meta-analysis. Lancet
Psychiatry, 2023. 10(4): p. 252-259.

3. Hallett, M., Transcranial magnetic stimulation and the human brain. Nature,
2000. 406(6792): p. 147-150.

4. Rothwell, J.C., et al., Magnetic stimulation: motor evoked potentials. The
International Federation of Clinical Neurophysiology. Electroencephalogr Clin

Neurophysiol Suppl, 1999. 52: p. 97-103.

167



10.

I1.

12.

Turi, Z., et al., Selecting stimulation intensity in repetitive transcranial magnetic
stimulation studies: A systematic review between 1991 and 2020. Eur J
Neurosci, 2021. 53(10): p. 3404-3415.

Cohen, S.L., et al., A visual and narrative timeline of US FDA milestones for
Transcranial Magnetic Stimulation (TMS) devices. Brain Stimulation: Basic,
Translational, and Clinical Research in Neuromodulation, 2022. 15(1): p. 73-75.
Ge, J., et al., Increasing diversity in connectomics with the Chinese Human
Connectome Project. Nat Neurosci, 2023. 26(1): p. 163-172.

Jurcak, V., D. Tsuzuki, and 1. Dan, 10/20, 10/10, and 10/5 systems revisited:
Their validity as relative head-surface-based positioning systems. Neurolmage,
2007. 34(4): p. 1600-1611.

Puonti, O., et al., Accurate and robust whole-head segmentation from magnetic
resonance images for individualized head modeling. Neurolmage, 2020. 219: p.
117044.

Thielscher, A., A. Antunes, and G.B. Saturnino. Field modeling for transcranial
magnetic stimulation: A useful tool to understand the physiological effects of
TMS? in 2015 37th Annual International Conference of the IEEE Engineering
in Medicine and Biology Society (EMBC). 2015.

Drakaki, M., et al., Database of 25 validated coil models for electric field
simulations for TMS. Brain Stimul, 2022. 15(3): p. 697-706.

Saturnino, G.B., et al., SimNIBS 2.1: A Comprehensive Pipeline for

Individualized Electric Field Modelling for Transcranial Brain Stimulation, in

168



13.

14.

15.

16.

17.

18.

Brain and Human Body Modeling: Computational Human Modeling at EMBC
2018, S. Makarov, M. Horner, and G. Noetscher, Editors. 2019, Springer
Copyright 2019, The Author(s). Cham (CH). p. 3-25.

Okamoto, M., et al., Three-dimensional probabilistic anatomical cranio-cerebral
correlation via the international 10-20 system oriented for transcranial
functional brain mapping. Neuroimage, 2004. 21(1): p. 99-111.

Thomas, C., et al., Influence of the effect of race on cortical current flow due to
ECT. Brain Stimulation, 2019. 12(2): p. 526.

Datta, A., et al. Exploration of the Effect of Race on Cortical Current Flow Due
to Transcranial Direct Current Stimulation: Comparison across Caucasian,
Chinese, and Indian Standard Brains. in 2018 40th Annual International
Conference of the IEEE Engineering in Medicine and Biology Society (EMBC).
2018.

Lisanby, S.H., et al., Daily left prefrontal repetitive transcranial magnetic
stimulation in the acute treatment of major depression: clinical predictors of
outcome in a multisite, randomized controlled clinical trial.
Neuropsychopharmacology, 2009. 34(2): p. 522-34.

George, M.S., et al., A two-site pilot randomized 3 day trial of high dose left
prefrontal repetitive transcranial magnetic stimulation (rTMS) for suicidal
inpatients. Brain Stimul, 2014. 7(3): p. 421-31.

Levkovitz, Y., et al.,, Efficacy and safety of deep transcranial magnetic

stimulation for major depression: a prospective multicenter randomized

169



19.

20.

controlled trial. World Psychiatry, 2015. 14(1): p. 64-73.

O'Reardon, J.P., et al., Efficacy and safety of transcranial magnetic stimulation
in the acute treatment of major depression: a multisite randomized controlled
trial. Biol Psychiatry, 2007. 62(11): p. 1208-16.

Rossi, S., et al., Safety, ethical considerations, and application guidelines for the
use of transcranial magnetic stimulation in clinical practice and research. Clin

Neurophysiol, 2009. 120(12): p. 2008-2039.

170



Chapter 6 Normal component of TMS-
induced electric field is correlated with
depressive symptom relief in treatment-
resistant depression

This work has been published by the author of this thesis in the journal “Brain
stimulation” in 2022.

Access to the publication: https://doi.org/10.1016/].brs.2022.09.006

This work has been presented as a poster in the 57 International Brain Stimulation
Conference, held from February 18-22, 2023, in Lisbon, Portugal, and published as a
conference abstract in the journal “Brain stimulation”.

Access to the conference abstract: https://doi.org/10.1016/1.brs.2023.01.780

171


https://doi.org/10.1016/j.brs.2022.09.006
https://doi.org/10.1016/j.brs.2023.01.780

6.1 Abstract

Background: Recent research suggests that the diversity of the transcranial magnetic
stimulation (TMS) induced electric fields (EF) in the brain due to individual differences
in head morphology may partly explain the response variation to TMS.

Objective: We aimed to investigate the relationship between TMS-induced EF
characteristics and antidepressant effects in patients with treatment resistant depression
(TRD).

Methods: Data from twelve TRD patients who received 3 weeks of daily sequential
bilateral theta burst stimulation (TBS) were included for analysis. TMS-induced EF
were computed in the finite element models created based on each subject’s head. Left
and right stimulation regions in the DLPFC were chosen as regions of interest (ROIs).
The strength (||E||), tangential (Ej), and normal (E,) component of EF were calculated
as the sum of the respective average values within the left and right ROI to simulate the
real stimulation “dose” that patients received. The magnitude of E, component (|E.|)
was defined as the sum of the average absolute value of both left and right E, inside an
ROL

Results: Generalized linear mixed model showed a significant interaction effect
between time and |E | |sum on The Inventory of Depressive Symptomatology, Clinician
Rating (IDS-C) scores (£=8.911, P=0.01), but not for other EF characteristics. Pearson
correlation analyses confirmed that the change in IDS-C scores was only significantly
correlated with |E | |sum component (r=-0.752, P=0.005).

Conclusions: Our results indicate that the magnitude of E, component of the TMS-
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induced EF is associated with the antidepressant response to bilateral sequential TBS
treatment in patients with TRD. Future studies using a tailored TMS treatment approach

may consider maximizing the |E | component in order to enhance clinical effects.

173



6.2 Introduction

Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive brain stimulation
technique that modulates brain activity by producing an electric field (EF) in the
targeted brain region [1, 2]. Theta burst stimulation (TBS), a patterned form of rTMS,
is an FDA approved therapy for treatment resistant depression (TRD) [3]. However,
reported effect sizes and response rates are heterogeneous [4-6]. Recent research
suggests that the diversity of the induced EF in the brain due to individual differences
in head morphology may partly explain the response variation to TMS [7, §8]. Yet,
predicting the clinical response based on EF calculations continues to be a challenge,
as we still lack a clear understanding of the key EF component responsible for the
observed treatment response. To inform this research gap, Fox et al. used positron
emission tomography (PET) to examine TMS-induced cortical activation and found
that “TMS active regions” had a higher EF normal component (E,) in the inward
direction (i.e., entering the cortex perpendicular to its surface) [9]. Conversely, recent
computational simulation modeling research reported that the tangential component (Ej))
and the overall magnitude of the EF (||E||) were most relevant to TMS-induced effects

[10].

The current study aimed to systematically investigate the relationship between TMS-
induced EF characteristics and antidepressant effects in patients with TRD. We
hypothesized that the reduction of depressive symptoms after three weeks of

stimulation treatment would be proportional to the magnitude of one or more of the
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proposed EF components in the stimulated brain region.

6.3 Materials and methods

The analysis was based on a subsample of patients from a longitudinal, clinical trial
published previously [11]. Data of twelve TRD patients were included. Patients
underwent 3 weeks of daily sequential bilateral TBS. Standard intermittent TBS (iTBS;
20 trains, 600 pulses) was utilized to stimulate the left dorsolateral prefrontal cortex
(DLPFC) at Montreal Neurological Institute (MNI) coordinates x=-38, y=44, z=26,
whereas continuous TBS (¢TBS; 600 continuous pulses) was used to stimulate the right
DLPFC at MNI coordinates x=38, y=44, z=26 in individual subject space, and at an
intensity of 120% resting motor threshold (RMT). Targets were based on a previous
study that indicated largest antidepressant effects and strongest negative functional
connectivity with the subgenual cingulate cortex compared with other DLPFC locations
[12]. MRI scans and clinical assessments were performed at baseline and after the last
TBS session (for details, see [13]). TBS induced EF were simulated in anatomically
realistic, volume conductor head models by the finite element method (FEM) using
SimNIBS v3.2 [14-16]. Individual T1- and T2- weighted structural MRI data were used
for head model reconstruction. Segmentation was inspected to prevent tissue boundary
establishment errors [17]. A coil model of MagVenture MC-B70 was used for
computations, which displays similar penetration depth and focality to the coil used for
stimulation (MagVenture Cool-B70) [18]. The TMS coil was positioned over the

patient's head according to the location extracted from the neuro-navigation system
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(LOCALITE® TMS Navigator Germany) with the handle pointing towards the vertex.
The stimulation intensity was determined using the relative dI/dt (current rate-of-
change) value obtained directly from the TMS stimulator (MagPro X100, Magventure,
Tonica Elektronik A/S, Denmark). Left and right stimulation regions in the DLPFC at
MNI coordinates (£38, 44, 26) were chosen as regions of interest (ROIs) and defined
as spheres (r=5mm) in head models (Figure 6.2 a). EF characteristics were analyzed on
the ROI level. |[E||, Ej and E, were calculated as the sum of the respective average
values within the left and right ROI to simulate the real stimulation “dose” that patients
received. The magnitude of E, component (|E . |) was defined as the sum of the average
absolute value of both left and right E, inside an ROI. In an exploratory post-hoc
analysis, EF characteristics were also investigated separately for the left and right ROI.
Generalized liner mixed model (GLMM, repeated measure: time; main effect: time, ||E||,
E|, E. and |E . |; interaction effect: time by each characteristics of EF; dependent variable:
IDS-C score ) and post-hoc pairwise comparisons were used to analyze the relationship
between EF characteristics and clinical improvement. Following the GLMM, we
performed Pearson’s correlations to confirm associations between antidepressant
treatment effects and EF characteristics. Post-hoc analyses were corrected for multiple
comparisons using the Bonferroni procedure. The level of statistical significance was

set at P<0.05.

6.4 Results

GLMM indicated a significant interaction effect between time and |E |sum on IDS-C
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scores (F=8.911, P=0.01) (Figure 6.1), but not for other EF characteristics. Post-hoc
pairwise comparison showed significantly lower estimated IDS-C scores after
treatment compared to baseline scores (mean+SD=-15.54+2.327; t14=-6.662, P<0.001,
corrected). Pearson correlation analyses confirmed a negative correlation between
change in IDS-C scores after treatment and the |E | |sum component (r=-0.752, P=0.005,
corrected P=0.0125, Figure 6.2 b). No other EF characteristics showed significant
associations with IDS-C scores (Figure 6.2 c-¢) (see Table 6.1 and Table 6.2 for further
details). When investigating each ROI separately, we observed a negative correlation
between |E | |right and change of IDS-C scores (r=-0.781, P=0.003, Figure 6.3 a) but not

for the left ROI (r=-0.458, P=0.135 Figure 6.3 b).
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Figure 6. 2 (a) Simulation results of the EF distribution in the left (left side of image)
and right (right side) hemispheres demonstrated using data from one subject. Close-up
shows the ROI in the left (left side) and right (right side) hemispheres. The gray circle
indicates the ROI used for calculating EF characteristics. The black dot indicates both
the stimulation target and the TMS coil's center. The green line indicates the current
direction in the coil. (b) Correlation between change in IDS-C scores and |E_L |, with
the latter calculated as the sum of both left and right ROI. (c) Correlation between
change in IDS-C scores and |E|, with the latter calculated as the sum of both left and
right ROI. (d) Correlation between change in IDS-C scores and E||, with the latter
calculated as the sum of both left and right ROLI. (e) Correlation between change in IDS-

C scores and E L ,with the latter calculated as the sum of both left and right ROL.
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Table 6. 1 Tests of Fixed Effects for depressive severity.

Fixed effects F Df1 Df2 P value
Time 0.670 1 14 427
|E| sum .194 1 14 .667
E// sum 760 1 14 398
| . .802 1 14 .386
| EL|sum 305 1 14 .589
Time*|E| sum 295 1 14 .596
Time*E// sum 1.384 1 14 259
Time*E Lo 2.214 1 14 .159
Time*| E. |sum 8.911 1 14 .010
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Table 6. 2 Estimates of Fixed Effects for depressive severity.

Fixed effects Coefficient SD t P value 95% Confidence

Interval

Lower Upper
Intercept 28.619 9.818 2915 .011 7.561 49.677
Time=1 -8.214 10.036 -.818 427 -29.740 13.311
Time=0 ref ref ref ref ref ref
|E| sum -.012 121 -.101 921 -271 247
E// sum 018 124 148 .885 -.248 285
E.loum .001 .072 .009 .993 -.154 155
| EL|sum 150 1.427 1.051 0.311 -.156 456
[Time=1] * |E| sum -.067 123 -.543 .596 -.332 198
[Time=0] * |E| sum ref ref ref ref ref ref
[Time=1] * E// sum 149 127 1.176 ~ .259 -.123 422
[Time=0] * E// sum ref ref ref ref ref ref
[Time=1] * E.1am .109 .074 1.489  0.159 -.048 267
[Time=0] * E.qm ref ref ref ref ref ref
[Time=1] * | E.|sum -435 146 -2.985 0.01 -.748 -.123
[Time=0]*|E L |sum ref ref ref ref ref ref

181



AIDS-C
AIDS-C

1 1
0 20 40 60 (V/m) 0 10 20 30 40 50 (V/m)
IE Lrignt |E tliett

Figure 6. 3 (a) Correlation between change in IDS-C scores and |E L |, with the later
calculated in the right ROI; (b) Correlation between change in IDS-C scores and [E L |,

with the later calculated in the left ROI.
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6.5 Discussion

To our knowledge, this is the first study using a computational simulation modeling
approach to investigate the association between TMS-induced EF characteristics and
clinical improvement in TRD patients. Our findings indicate that the |E,| component
rather than ||E|| or E| in the DLPFC is related to symptom improvement. This is in line
with a previous study indicating a correlation between the E,component and TMS
induced effects [19]. However, the exact mechanism of how TMS stimulates the brain
is still a matter of debate. On the one hand, research suggests that not only E, but also
the ||E|| and Ej substantially contribute to the neuronal depolarization [7, 10] On the
other hand, the cortical column cosine model claims that the stimulation effect is
proportional to the cosine of the angle between the EF and the normal of the cortical
surface [9]. The latter explanation seems to be the most parsimonious explanation for
our data, with recent findings bolstering the rationale for this theoretical model. Aberra
et al. [7] reported that TMS initiates action potentials at the axon terminal, with layer 5
pyramidal cells (the main integration unit of the cortical column) demonstrating the
lowest depolarization thresholds and preferentially activated by the E. component.
More studies are needed to resolve these controversial results, and to clarify the clinical
significance of EF characteristics for left and right DLPFC in bilateral stimulation
protocols. Lastly, we observed a significant correlation only for the right but not for left
DLPFC when examining each hemisphere separately, an observation that requires

replication.
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6.6 Conclusion

In conclusion, our results suggest that the magnitude of E, component of the TMS-
induced EF is associated with the antidepressant response to bilateral sequential TBS
in patients with TRD. Future studies using a tailored TMS treatment approach may
consider maximizing the |E .| component in order to enhance clinical effects. However,
our results are exploratory and must be interpreted with caution due to the limited

sample size.

6.7 Author’s contribution
For the work presented in this chapter, the author contributed to the following aspects
of the study: Conceptualization; Methodology; Software; Data Curation; Formal

Analysis; Writing-Original Draft; Writing-Review & Editing; Visualization.
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7.1 Conclusions

This thesis addressed several key challenges in the application of iTBS, including
variable individual responses, optimal stimulation intensity, timing in priming protocols,
and the influence of anatomical differences. By investigating the mechanisms of iTBS
and identifying parameters affecting its efficacy, this work contributes to the
optimization of iTBS protocols for future clinical use. The use of fNIRS provided
valuable insights into iTBS-induced brain activity changes, furthering our
understanding of this promising therapeutic intervention. This research lays the

groundwork for more effective and personalized iTBS for future use.

Study I: Pilot Study 1
This study demonstrated that stimulating the DLPFC and LPC with iTBS produced
distinct effects on brain activity patterns and associative learning, highlighting the

specific roles these regions play in memory.

Study II: Pilot Study Il
This pilot study investigated the impact of varying iTBS intensity on the left DLPFC in
healthy adults. The results indicated that 70% RMT might to the most effective

stimulation intensity.

Study IIl: main study
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This study examined how timing influences the neuromodulatory effects of priming
TBS in individuals with depressive symptoms. These findings highlight the potential of
priming TBS protocols to enhance the efficacy of iTBS by optimizing stimulation

timing and utilizing metaplasticity mechanisms.

Study IV: computational study I

This study explored how neurobiological sources of variability, specifically the scalp-
to-cortex distance, influence TMS dose reaching the brain. The results indicated
significant ethnic differences in scalp-to-cortex distance and associated electric field
strengths. The findings highlight the need to account for individual anatomical

variability when designing stimulation protocols.

Study V: computational study Il

In this study, the relationship between TMS-induced electric field characteristics and
antidepressant effects was investigated in patients with TRD. The results showed that
the normal component of the electric field was significantly associated with symptom
relief, providing insights into the neurobiological mechanisms underlying TMS

efficacy in depression.

7.2 Clinical applications of the studies

190



The collective findings of my studies have significant implications for clinical practice,
particularly in optimizing TMS protocols and developing personalized approaches for

TMS delivery targeting the left DLPFC.

The study in Chapter 2 highlights the importance of specific training following TMS,
suggesting that pairing TMS with cognitive training could enhance the overall
effectiveness of the intervention. This finding supports the integration of TMS with
task-specific cognitive exercises to amplify neuroplastic effects and improve clinical

outcomes, particularly in cognitive rehabilitation and enhancement.

The study in Chapter 3 demonstrates that iTBS at subthreshold intensity is also
efficacious. This finding has the potential to revolutionize clinical practice by
improving patient comfort during iTBS treatment. Current FDA-approved iTBS
protocols require stimulation at 120% of the RMT, which can cause significant pain or
discomfort for many patients. Reducing the intensity to subthreshold levels could make
TMS treatments more tolerable and accessible, particularly for patients with high

sensitivity to discomfort, without compromising treatment efficacy.

The study in Chapter 4 explores the time interval between priming stimulation and test
stimulation, providing insights into the temporal dynamics of neuroplasticity induced
by iTBS. By identifying the optimal time interval (e.g., 10 minutes) for priming TBS
protocol, clinicians can leverage the benefits of metaplasticity to design more effective
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stimulation protocols. Optimizing the timing of stimulation may also reduce variability
in patient responses to TMS, leading to more predictable and reliable clinical outcomes.
The studies in Chapters 5 and 6 highlight the importance of individual differences, such
as head morphology, in determining the distribution of TMS-induced EF. These
findings underscore the need for personalized TMS protocols tailored to the unique
anatomical characteristics of each individual. For patients with TRD, clinicians can
refine rTMS protocols by maximizing the normal component of the electric field,

thereby enhancing treatment efficacy and improving therapeutic outcomes.

Overall, the findings from my studies collectively contribute to advancing the clinical
application of TMS, particularly by paving the way for more personalized interventions
and reducing variability in TMS responses. However, it is important to note that most
participants included in my studies were from a healthy population. Therefore, the
translation of these findings to clinical populations should be approached with caution.

Further research is necessary to validate these results in clinical settings.

7.3 Limitations of the studies

This thesis research included several limitations. First, the absence of brain activity
measures in the study presented in Chapter 2 hindered a full understanding of how iTBS
leads to behavioral changes. Second, the stimulation intensity used in pilot study II
(Chapter 3) restricts the generalizability of findings regarding suprathreshold iTBS

effects. Third, the setup and design of the main study (Chapter 4) prevented

192



measurement of brain activity immediately following the initial preconditioning
stimulation. Fourth, in Chapter 5, the lack of behavioral and clinical outcome measures
limited the ability to connect variations in TMS dose to differences in treatment effects.
Finally, the small sample size of the final study (Chapter 6) necessitates larger-scale

future research to replicate and validate the findings.

7.4 Future research directions

Building upon the findings of this thesis, future research should focus on two key areas:
personalized, state-dependent TMS protocols and individualized electric field modeling
for optimized stimulation. The priming TBS study in this thesis attempted to modulate
brain activity to a lower state before leveraging metaplasticity to enhance the effects of
subsequent stimulation. However, recent research indicates that the effects of TMS on
brain networks depend not only on recent brain state history but also on ongoing
oscillatory and cognitive brain states [1]. These states are crucial for determining the
immediate effects of TMS and are directly related to "target engagement" in TMS
therapy. Future studies could incorporate cognitive tasks during TMS to investigate
state-dependent effects. Separately, utilizing EEG-informed or EEG-triggered closed-
loop TMS protocols, which stimulate at specific amplitudes or phases of simultaneously

recorded EEG oscillations, may also improve treatment response.

Furthermore, the traditional practice of dosing rTMS in non-motor areas by adjusting

intensity to a percentage of motor threshold overlooks individual anatomical
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differences, leading to variations in the actual dose reaching the target brain area, even
at the same stimulation intensity [2, 3]. This dose variability likely contributes to the
observed variability in treatment response [4]. Therefore, future research should
explore electric field-optimized TMS to address this limitation and improve the

precision and efficacy of TMS treatments.
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