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Abstract

Transcranial magnetic stimulation (TMS) is a method used for non-invasive brain stim-
ulation. It is commonly used in research labs for causally investigating specific brain
regions’ impact on behavior and whole brain activation and in clinics as a intervention
method for treatment resistant psychiatric disorders. When combined with functional
magnetic resonance imaging (fMRI) the immediate effects of TMS can be observed
through the blood oxygen level dependent (BOLD) response at the stimulation site and
in its associated brain networks. This method gives researchers the ability to observe the
effect of stimulation in real time and causally probe the functionality of specific brain
regions. While the within-session reliability of TMS-fMRI has been investigated before,
its reliability across different sessions on different days remains unexplored. This research
utilizes concurrent TMS-fMRI to investigate the brain activations caused by different
stimulation protocols and how consistent they are across sessions, checking for differences
within and between subjects, as well as differences in protocols.

For the study we recruited eight healthy participants who partook in three separate
scanning sessions on a 3T Siemens PrismaFit MR scanner. The first session conducted
was an intake session where eligibility was deemed, and active motor threshold and
resting state scans were acquired to develop subject specific electric field guided amplitude
adjustment and Dorsolateral Prefrontal Cortex (dIPFC) targeting based on inversely
correlated activations to the Subgenual Anterior Cingulate Cortex (sgACC) respectively.
The two following concurrent TMS-fMRI sessions were conducted on separate days,
separated by at least 24 hours. During each stimulation session two stimulation runs were
conducted applying either single pulses or 10 Hz triplets, the order of which reversed
from one session to another. Subjects received 30 individual stimulations over an 8.5
minute scan. The functional data was then analyzed on a subject- and group-level.
Reliability analysis was conducted by grouping the data into functionally defined parcels
across different brain networks. Within- and between-subject similarity was calculated by
assessing Pearson’s correlation of the parcel-wise effect sizes.

We found that within-subject reliability is higher than between-subject reliability
stressing the importance of individualized stimulation procedures during TMS as individual
anatomies and functional connectivity differences contribute to significant differences
in activations across subjects. In parallel we found the parcel-wise correlation between
sessions of triplets to be higher than singlets suggesting that single pulses might not
be sufficient to create reliable BOLD in the dIPFC. These effects were found both on a
whole-brain and individual-network level. These findings demonstrate that triplets are
superior to singlets in the resulting BOLD responses. Overall, this study contributes to a
deeper understanding of the mechanics of non-invasive brain stimulation as well as the
broader knowledge base of cognitive science by investigating the often assumed stability
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of brain networks across time.
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Kurzfassung

Die transkranielle Magnetstimulation (TMS) ist eine Methode zur nicht-invasiven Hirn-
stimulation. Sie wird h&ufig in der Forschung eingesetzt, um die Funktion bestimmter
Hirnregionen zu untersuchen, sowie als Behandlung fiir therapieresistente psychiatrische
Erkrankungen. In Kombination mit der funktionellen Magnetresonanztomographie (fMRT)
kénnen die unmittelbaren Auswirkungen der TMS anhand des BOLD-Kontrasts beo-
bachtet werden. So lassen sich sowohl die Wirkung der Stimulation als auch die Rolle
bestimmter Hirnareale besser verstehen. Wihrend die Stabilitdt der BOLD-Antwort
innerhalb einer einzelnen TMS-fMRT-Sitzung bereits untersucht wurde, ist wenig dariiber
bekannt, wie stabil diese Reaktionen iiber mehrere Tage hinweg sind. In dieser Studie
haben wir daher getestet, wie konstant die durch unterschiedliche TMS-Protokolle aus-
gelosten Hirnaktivierungen iiber mehrere Sitzungen bleiben und wie stark sie zwischen
Proband:innen sowie verschiedenen Stimulationsprotokollen variieren.

Acht gesunde Proband:Innen wurden fiir diese Studie rekrutiert und nahmen an je-
weils drei Messungen teil. Alle Messungen wurden an einem 3T Siemens PrismakFit
MR-Scanner durchgefiihrt. In der ersten Sitzung wurden Ruhezustands-fMRT Messungen
aufgenommen sowie der aktive Motorschwellwert bestimmt. Anschlieffend wurde eine
probandenspezifische, durch das elektrische Feld bestimmte Intensitdt berechnet sowie ein
Zielgebiet definiert. Dieses Zielgebiet wurde im linken dorsolateralen prafrontalen Kortex
(dIPFC) auf der Grundlage von invers korrelierten Aktivierungen des subgenualen anteri-
oren cinguldren Kortex (sgACC) lokalisiert. Die beiden TMS-fMRT-Sitzungen fanden an
getrennten Tagen statt. Jede Sitzung umfasste zwei Laufe mit entweder Einzelimpulsen
oder 10-Hz-Tripletts, wobei die Reihenfolge zwischen den Sitzungen getauscht wurde. Pro
Lauf wurden 30 Stimulationen in 8.5 min verabreicht. Die funktionellen Daten wurden
anschlieffend auf Probanden- und Gruppenebene analysiert. Die Konstanz der Aktivierung
iiber die Sitzungen hinweg wurde in funktionell definierten Hirnnetzwerken mithilfe von
Pearson-Korrelationen der jeweiligen Effektgrofen untersucht.

Unsere Ergebnisse zeigen, dass die Aktivierungsmuster innerhalb einer Person relativ
stabil sind, sich jedoch stark zwischen verschiedenen Personen unterscheiden. Dies unter-
streicht die Bedeutung individuell angepasster Stimulationsstrategien. Zudem zeigte sich,
dass die Konsistenz der Aktivierungen zwischen Sitzungen bei Triplett-Stimulation deut-
lich hoher war. Einzelimpulse scheinen hingegen weniger zuverldssige BOLD-Antworten zu
erzeugen. Diese Effekte traten sowohl auf Netzwerkebene als auch im gesamten Gehirn auf.
Die Ergebnisse zeigen, dass Triplett-Stimulation der Einzelpuls-Stimulation hinsichtlich
der resultierenden BOLD-Antwort iiberlegen ist. Damit liefert diese Studie wichtige
Hinweise darauf, wie sich TMS-induzierte Hirnantworten iiber die Zeit verdndern und
betonen die Relevanz individueller Unterschiede in der Konnektivitét fiir die resultierende
Aktivierung.
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1. Introduction

Colloquially, the phrase "mentally stable" is used to describe someone of sound mind.
While this phrase is generally used jokingly and does not have a place in the scientific
setting, it begs the question: Are we even mentally stable? Beyond dated and somewhat
demeaning terminology used for labeling people with psychiatric disorders, this question
represents an idea of cognitive science that is seldom explored. How stable are the ways
in which cognition comes to be? Do the organs that we primarily use for cognition
have reliable ways of producing said cognition? This study investigates how concurrent
transcranial magnetic stimulation and functional magnetic resonance imaging can be
used to probe the reliability of the causal and distributed neural dynamics underlying
cognition.

The brain plays a central role in cognition. While theories of cognition, such as
embodiment, emphasize the role of the whole body [1], the brain and its doings cannot
be ignored. As the central processing unit of the body, most of the signals we receive and
output as humans pass through the brain. In coming closer to understanding cognition,
it is therefore important to understand the brain, as a central mechanism in cognition.
The study of the nervous system, formally known as neuroscience, relies on a plethora of
different methods which all yield different information about what this complex organ does.
Many of these methods depend on passive observation of what the brain is doing while
others alter behavior, allowing active interaction with the brain to trigger specific outcomes.
These perturbation methods range from simple behavioral tasks to pharmacology, and
most relevant for this thesis, brain stimulation.

Brain stimulation is a family of methods that allow doctors and researchers to directly
probe and influence the workings of the brain. It is one of the most extensively growing
fields of cognitive science and neuroscience as it provides causal insights about the workings
of specific anatomically defined brain regions and how they collaborate in large-scale
networks. Since stimulation is a powerful tool, significant efforts have been made to make
it better. The methods have evolved to be less painful, less invasive, and helpful beyond
probing the functionalities of individual cortical brain regions.

Transcranial Magnetic Stimulation, or TMS, is a method that allows for completely
non-invasive brain stimulation through indirect current induction in the subject’s brain.
The technology exploits the basic physical principles of the law of induction to induce an
electric field in the cortical tissue, directly underneath the coil, and can therefore trigger
neuronal activation in the target site and its associated networks [2]. This technology has
allowed researchers to causally probe the workings of the brain. It has proven itself to be
a powerful research tool for cognitive science and neuroscience but its implications exceed
far beyond these fields.

Most practically, TMS is an incredibly powerful tool for treating psychiatric disorders.



1. Introduction

Roughly 5% of humanity suffers from major depressive disorder (MDD) [3]. Of the
affected population roughly 30% of patients are classified as treatment resistant [4].
Currently, the most utilized first-line treatment is pharmaceuticals. Through the use
of medications such as selective serotonin re-uptake inhibitors (SSRI), patients with
psychiatric disorders have been treated successfully. However, for many patients, the
standard treatments do not alleviate disease burden or have severe side effects. Because
of this, TMS has been a promising treatment method that allows for the modulation of
specific brain regions and networks implicated in different disorders. Through repeated
transcranial magnetic stimulation (rTMS), disorders such as major depressive disorder
(MDD), obsessive compulsive disorder (OCD), and even neurological disorders such as
epilepsy have seen new methods of treatment that are much less invasive |5, 6, 7].

Beyond its clinical applications, TMS has provided cognitive science researchers with an
incredibly powerful tool for exploring brain function. It allows us to investigate the effects
of activation in specific brain regions and what cognitive effects they might have. Other
investigation methods, such as direct cortical stimulation, require the opening of the
skull, or in the case of simple functional magnetic resonance imaging (fMRI) studies, lack
causality and only investigate correlations. TMS provides a causal investigation method
by allowing direct induction of activation in a small area of the cortex and observation
of the effects. TMS provides a well-validated balance of high spatial focality, minimal
invasiveness, and full compatibility with imaging methods such as functional magnetic
resonance imaging (fMRI) and electroencephalography (EEG), making it one of the most
practical tools for causal perturbation of localized cortical regions. The technology brings
us much closer to mapping behavioral and cognitive phenomena onto brain regions.

This thesis investigates the reliability of brain activation as a response to TMS in
specific target regions across multiple sessions separated by days to weeks. While previous
research has demonstrated that TMS can produce consistent brain activation patterns
within a single session 8], the temporal stability of these responses across separate sessions
remains largely unexplored. This is a critical gap given that clinical TMS applications
for conditions like MDD often rely on repeated stimulation over time. To address
this, I utilized concurrent interleaved TMS-fMRI with precise neuronavigation to ensure
sub-millimeter targeting accuracy across sessions. By comparing the blood oxygen level
dependent (BOLD) response patterns both within the same subject across multiple sessions
and between different subjects, and by testing two distinct stimulation protocols, this
study aims to quantify the reproducibility of TMS-evoked brain activation and determine
whether protocol-specific effects influence response stability. This methodological approach
not only tests assumptions about the consistency of brain network dynamics underlying
cognition, it also provides crucial empirical data for establishing TMS-fMRI as a predictor
of clinical treatment response. This research is fundamentally interdisciplinary from
the methodology it utilities to the implications it provides. The methods span medical
physics, psychiatry, and cognitive science. Findings from this study have implications
towards cognitive science, psychology, and cognitive computational modeling. The
principle of reliability is often assumed by researchers and not empirically investigated.
This assumption permeates and shapes the way experiments are designed and cognitive



processes modeled. This study utilities causal perturbation to investigate the stability
of the central processing unit, which is the brain, providing concrete evidence for the
assumptions of various fields and providing a deeper insight into the fundamental ways in
which cognitive science research is conducted.

The motivations for a study like this are extensive. The most practical motivation is
expanding the understanding of how TMS impacts the brain for the sake of improving
psychiatric disorder treatment methodology. Understanding its mechanisms, provides
more insights for researchers to focus on making the technology itself better and more
accessible, so more patients can utilize it with a higher success rate. This study probes
something that is seldom explored in cognitive science literature: the stability of the
brain. Our brain is an evolving organ that changes and adapts throughout our lives. With
fluctuations of brain activity happening on the scale of seconds to years [9], it begs the
question of how reproducible and reliable the activations as a result of a specific stimulus
or stimulation at different times are. Very frequently studies focus on single-session effects
of a certain stimulus or stimulation, and do not factor in the possibility that there might
be differences in response across time. TMS-fMRI studies provide us with an incredibly
powerful tool to causally explore how stimulation at a specific site, stimulated with a
high degree of precision, impacts the brain on different days. Do the activations follow
the same patterns in the same brain or do they change strongly across different days. Is
the brain stable in the way it responds to stimuli or are there major variations in brain
activation as a result of interaction with external stimuli? Should we expect to see the
same activation patterns across different stimulation sessions? Stability of the brain is
often assumed by researchers when making claims about the brain’s workings. This study
aims to explore this essential aspect of cognition.






2. Background

This chapter outlines the theoretical background behind the experiments conducted. It is
an overview of transcranial magnetic stimulation, functional magnetic resonance imaging,
and the concurrent use of the two technologies. It covers the the basic principles behind
the technology, its uses, and their implications towards cognitive science knowledge.

2.1. TMS

Transcranial magnetic stimulation (TMS) is a noninvasive method for modulating brain
activity by using rapidly changing magnetic fields to induce electrical currents in targeted
cortical regions [2]. It enables researchers to directly influence neuronal activity and
observe resulting behavioral or physiological effects, making it a unique tool for establishing
causal links between brain function and cognition. Computational modeling techniques
further enhance its precision by allowing individualized simulations of how stimulation
induces electric field in the brain (E-field), optimizing coil placement and stimulation
parameters [10]. TMS is widely regarded as a safe and well-tolerated procedure when
proper screening and safety protocols are followed, thereby minimizing potential risks
such as seizures or discomfort [11]. Owing to its versatility, TMS is now central to both
experimental neuroscience and clinical practice, bridging the gap between fundamental
research and therapeutic application.

2.1.1. Technology

TMS is based on the physical principle of induction. First described by Michael Faraday
in 1831, induction refers to the phenomenon of a changing magnetic field inducing current
in a conductor. This principle applies to all conductors, including neural tissue. As a
conductor passes through a homogeneous magnetic field, the free electrons in the material
experience the magnetic component of the Lorentz force, causing movement of the free
electrons across the material, thereby the induction of an electric field within the material.
This simple principle is exploited in the case of transcranial magnetic stimulation shown
in Figure 2.1.

The TMS coil is a simple electric circuit consisting of a source of current, a capacitor, a
switch, and a figure-of-eight-shaped coil of wire. As the switch is activated, the capacitor
releases the stored charge from the power supply, resulting in a brief electric pulse to
travel across the coil of wire. As the current is passed through the coil, the coil produces
a magnetic field in the direction perpendicular to the coil. The specific shape of the wire
defines the shape of the magnetic field produced [13]; figure-of-eight coils are generally
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Figure 2.1.: Overview of electromagnetic induction in TMS: (A) A brief pulsed current
flows through a coil generating a magnetic field, which passes through the skull
and induces a secondary current, which stimulates the brain. (B) The electric
field (E) within the brain runs through cortical folia essentially perpendicular
to the descending pyramidal neuron axons. (C) Microscopically, the secondary
current can locally alter the axon membrane potential and therefore activate
neuronal firing. Image and caption acquired from [12], published in the
International Journal of Molecular Sciences under the Creative Commons
Attribution (CC BY) license.

used due to the focality of the E-field produced as a result of stimulation in the brain.
Impact of coil geometry on shape of electric field produced is shown in Figure 2.2.

The magnetic field produced by the coil, when the coil is placed on a person’s head,
passes through the skull and soft tissue and reaches the brain. The true effects of
stimulation on neurons are an active area of research. Barker and colleagues discovered
that stimulating the motor cortex using TMS causes neural activation localized in the
brain region directly under the coil [2]. When stimulating the primary motor area, the
researchers were able to elicit a motor response in the form of hand movement in the
contra lateral arm. Due to the limited penetration depth of TMS, the crowns of the
gyri are the most impacted by stimulation [15]. On a neuronal level, the site where
the action potential originates is likely the myelinated axon terminals of pyramidal cells
and inhibitory inter-neurons [15], though the true effects of TMS on neurons and their
substructures is still being investigated. Activation of these local neuronal populations
sums to form population-level currents, which in turn recruit circuits and activity in
connected pathways. As a result, TMS-induced effects are not confined to the stimulation
site but can propagate along axons and synapses to functionally connected regions of the
brain. This hierarchical spread from local neuronal excitation to network-level modulation
is what makes TMS a powerful method for the causal investigation of brain function in
targeted regions of interest.

Using modeling and simulation, it has become possible to simulate the induced E-field
in the brain. This allows for tracing physically induced stimulation patterns, but does
not allow to directly simulate brain response. The tissues of the head have specific
conductive properties, which allows us to model exactly how stimulation causes electric
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Figure 2.2.: Induced electric field distribution of 25 TMS coils. The simulations were
conducted with SimNIBS software. The coil cases were created in Blender
(https://www.blender.org/). All coils were placed at the center of the sphere
head with directions as seen at the figure. Image and caption acquired from

[14], published in Brain Stimulation under the Creative Commons Attribution
(CC BY) license.

field propagation at each point in the cortex. For this, researchers utilise simulation
software, one of them being SImNIBS. SimNIBS is an open-source software for modeling
of non-invasive brain stimulation [10]. The software works by segmenting the head into
15 different tissues [16]. The different types of tissues in the brain and head have varying
conductivities and are prone to conducting the induced electric field at different rates
[17]. This allows researchers to create personalized head models of subjects and customize
the optimal coil positions and rotations for specific target stimulation and adjust the
stimulation intensity required to reach an adequate amount of E-field in the target regions
[18] (this method is elaborated in Section 3.4.5).

2.1.2. Safety

TMS is broadly regarded as a safe and well-tolerated noninvasive brain stimulation
technique when established safety protocols are followed. It has received regulatory
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approval for both research and clinical use from bodies such as the U.S. Food and Drug
Administration (FDA) and the European CE certification [19]. Nevertheless, several
contraindications and precautions must be carefully considered to ensure participant safety.
While the instance rate of seizures is extremely low, the primary risk associated with TMS
is seizures, particularly in individuals with conditions or medications that lower the seizure
threshold [11]. Those with epilepsy, a family history of seizure disorders, or the users
of psychoactive drugs such as antidepressants, antipsychotics, or stimulants should be
screened thoroughly, as these factors may heighten susceptibility to TMS-induced seizures
[11]. Additional safety considerations span the presence of metallic or electronic implants
such as pacemakers, cochlear implants, deep-brain stimulators, and other neural prostheses
which could be displaced, heated, or disabled by the magnetic field [11]. Even superficial
materials, including iron oxide-based tattoo pigments, metal-containing cosmetics, or
piercings near the stimulation site, can cause local heating or irritation and should be
removed or evaluated before stimulation [11]. Accurate coil positioning and minimization
of subject movement are also essential, as excessive movement can compromise targeting
precision. Because of this, live neuronavigation is recommended. Auditory safety is yet
another key concern, as the coil discharge produces a loud noise that can be heard through
both air and bone conduction, potentially worsening conditions such as tinnitus. Hearing
protection, typically in the form of earplugs, is therefore standard practice. While TMS
has not been shown to produce adverse effects in pregnant individuals or children, the
lack of long-term safety data urges a conservative approach that generally excludes these
populations [11].

2.1.3. Example Applications in Cognitive Science

TMS, as a method in cognitive science research, has been a key development in recent
years, allowing researchers to directly and causally probe the functionality of specific
brain regions. Its impact is quite substantial because cognitive science methods often rely
on correlative relationships during investigation, to limit the impact of the method on the
subject as a whole. TMS has allowed the scientific community to observe the impacts of
activation and inhibition of localized brain areas and networks, which has in turn brought
us closer to understanding their functional role in the context of network-level activation
and behavior. It has most prominently been used for language, learning, working memory,
and brain plasticity studies, but there are many areas of study where TMS can provide
valuable insights in the future.

Language

Language is an almost uniquely human cognitive ability that has been thoroughly in-
vestigated using TMS. It is a task that involves multiple brain regions and allows us to
communicate complex concepts to other humans. Language abilities are key to everyday
life and therefore careful steps need to be taken during brain surgery to avoid permanent
changes to the person’s speech abilities. For this, the Wada test is most utilized to assess
to which side of the brain the speech center is lateralized. The test temporarily inhibits
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one hemisphere of the brain by injecting a barbiturate into the corresponding internal
carotid artery [20]. While that side is inactive, doctors test the patient’s language and
memory abilities to determine which hemisphere controls these functions before brain
surgery. This test is, however, highly invasive and poses risks to the participant. Repet-
itive TMS allows for noninvasive, reversible, and precise mapping of language function
through the inhibition of specific brain regions. In one of the first cognitive TMS studies
by Epstein and colleagues, rTMS over the left posterior-inferior frontal region reliably
induced speech arrest while sparing other language functions such as comprehension,
naming, and writing [21]. The results of this study correlate with the results of the
Wada test in epileptic patients and therefore provide a different, less invasive method for
lateralizing speech production functions. Newer studies have used speech arrest on tumor
patients demonstrating functional reorganization of the brain by language functionalities
shifting from left to right hemisphere after a tumor affects language regions [22]|. Similarly,
a recent study using time-specific inhibitory double-pulse TMS over the left inferior frontal
gyrus and left posterior middle temporal gyrus demonstrated that disrupting these regions
at critical moments selectively disrupts gesture—speech semantic integration, showing
their causal and time-dependent contributions to multi-modal language processing [23].
In another study, researchers found that the opposite effect to speech arrest can also be
reached through TMS. Stimulating Wernicke’s area significantly reduced naming latencies
when applied half a second to a second before stimulus presentation [24]. This effect
occurred only at moderate stimulation intensities, suggesting that TMS can pre-activate
language-related neural networks to enhance language processing. The combination
of these studies allows researchers to precisely map language regions in the brain by
functionality, giving surgeons new methods of localizing, and greatly decreasing chances
of negative side effects post-surgery.

Learning and Working Memory

Working memory is a limited-capacity system responsible for the temporary storage and
manipulation of information necessary for cognitive tasks. This ability allows us to store
important pieces of information while doing tasks such as cooking using a recipe or holding
a phone number in memory before dialing it. In an early application of TMS to motor
learning, researchers used a serial reaction time task for studying implicit motor sequence
learning. Participants performed a repeating motor sequence, and as they learned it,
their reaction times decreased due to anticipation of upcoming movements. Notably,
cortical motor maps of the involved finger muscles expanded during this learning phase,
but only until participants consciously recognized the sequence pattern [25]. Once explicit
knowledge of the sequence was achieved, the cortical expansion disappeared despite
continued performance improvements, indicating that control, previously processed by
the primary motor cortex, had shifted to higher-order networks. This study demonstrated
the value of TMS as a mapping tool capable of tracking dynamic changes in cortical
organization during learning. TMS can be employed not merely as a readout method
but as an active working memory modulation technique. Postle and colleagues first used
fMRI to identify brain regions involved in working memory manipulation versus simple
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retention. They then applied repetitive TMS (rTMS) to dIPFC and superior parietal
lobule while participants performed tasks requiring either short-term retention alone or
retention plus manipulation of information. The researchers found that disrupting dIPFC
activity with r'TMS during the delay period impaired performance on tasks requiring
manipulation but not on tasks requiring only retention of the same information. Critically,
this effect was specific to prefrontal cortex as disruption of parietal regions affected both
retention and manipulation [26].

Neuroplasticity

In recent years, the term neuroplasticity has been popularized and its implications
have been stretched beyond our actual understanding of what it is and how it occurs.
Brain plasticity is the brain’s ability to change its structure and function in response to
experience, learning, or injury. It involves the strengthening, weakening, or formation
of new neural connections, allowing the brain to adapt to new demands or recover lost
functions. TMS has been a powerful tool of not only inducing neuroplasticity but also
investigating the ways in which plasticity happens in the brain. In an experiment looking
at more short-term plasticity, Classen and colleagues used TMS by utilizing the finger
twitch response [27]. Subjects were stimulated to elicit a thumb movement in a specific
direction. Afterwards, subjects practiced the movement in the opposite direction. After
practicing, when stimulation occurred in the same site as before, the elicited movement
was in the practiced direction, not the original direction |27]. This finding suggests
that the same neural architecture shows short-term plasticity to induce different motion
outcomes based on learning and experience. More long-term plasticity options have been
explored as well. Huang and colleagues have developed a r'TMS protocol named theta
burst stimulation (TBS) which has been shown to consistently induce long-lasting effects
on motor cortex physiology beyond the time of active stimulation [28]. In a recent review,
TBS-TMS protocols have been assessed and have been shown to make long lasting changes
in specific brain regions and networks [29]. Pharmacological work has shown that both
long-term potentiation and depression of TBS depend on specific receptor mechanisms,
indicating that these protocols induce synaptic plasticity in the human motor cortex. One
of the biggest advantages of TMS as a tool is that repetitive application of stimulation has
the ability to make lasting changes to the functional organization of the brain. Beyond
investigating cognitive phenomena, this has been the biggest factor enabling clinicians to
use the technology as a disorder intervention. Thus, TMS has shown itself to be helpful
in research labs as well as clinics.

2.1.4. Clinical Applications

Beyond research, TMS has been established as a treatment modality for various psychiatric
and neurological disorders. Since the method can target specific brain regions, it provides a
much more personalized treatment compared to the most common current pharmacological
treatment approaches. Therefore, TMS is currently being explored for the treatment
for major depressive disorder, obsessive compulsive disorder, epilepsy, and many other
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psychiatric or neurological disorders. Thus far it has proven itself to be an effective
treatment method that has been shown to provide symptom relief in patient cohorts
which are considered treatment resistant to standard interventions such as pharmacological
treatments.

Major Depressive Disorder

The most common clinical application for TMS is treatment-resistant major depressive
disorder. Major depressive disorder is characterized as a psychiatric disorder with a
multitude of symptoms such as persistent depressed mood, suicidal ideation, insomnia,
and others [30]. According to the World Health Organisation’s reports, it is estimated
that roughly 5% of the world’s population suffers from this disorder [3]. The first-line
treatment for MDD are selective serotonin re-uptake inhibitors (SSRI). This class of
pharmaceuticals functions by limiting the uptake of serotonin from the synaptic cleft,
increasing the concentration of serotonin in the synaptic cleft. This form of treatment
is, however, nowhere near perfect and reports show that roughly 30% of patients are
classified as treatment resistant [4]. Treatment resistant patients are those who utilize
various treatment methods with limited results. For these patients, TMS is often the
last line of battle against their psychiatric disorders. The repetitive application of TMS
was initially pioneered in the 1990s and showed that the technology can be used to
alleviate symptoms of depression in clinically diagnosed patients [31]. Since then, large
strides have been made to further understand the effects and improve the results of
this treatment. The technology works on the basis of locally modulating activation in
areas and networks responsible for the symptoms of depression. The subgenual anterior
cingulate cortex (sgACC) is a deep brain area whose dysfunction has been linked with
symptoms of depression [32]. Since it is a deep brain region, however, it cannot be
directly stimulated by TMS, as TMS is only able to stimulate superficial cortical areas.
The sgACC, however, can be modulated using stimulation in the dIPFC [33] as the
two areas have an inverse firing functional connectivity [34]. Increasing activity in the
sgACC, e.g. through neuromodulation with TMS, allows for the brain to adjust through
neuroplasticity, increasing the baseline activation in the area, improving the symptoms of
depression. Thus, TMS has been used in depression treatments in patients previously
considered treatment resistant and has been reported to have significant remission rates
of symptoms in patients [5]. Because of its efficacy, the technology has been used in
treatment worldwide, with advancements in treatment outcome being improved as the
technology improves.

Obsessive Compulsive Disorder

Obsessive-compulsive disorder (OCD) is a psychiatric disorder characterized by the
prevalence of unwanted, recurrent, and persistent thoughts that lead to compulsive
mental or physical acts with rigid rules [30]. This is a debilitating mental health disorder
that largely impacts a persons’ ability to lead everyday lives through impulsive, often
repetitive behaviors over which the persons have little to no control. Patients with a
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treatment-resistant form of OCD may find TMS to be a worthy treatment option if
classical pharmacological treatments do not incite remission of symptoms. An early study
on the stimulation of parts of the prefrontal cortex has been shown to alleviate compulsive
thoughts and other symptoms immediately after treatment and lasting for several hours [6].
Review studies of short and long-term clinical trials using TMS to treat OCD indicate a
22.7% improvement in symptoms [35] placing it among other effective treatment methods.
With developments in technology, treatment methods, and accessibility TMS is on route
to be used in treatment for many other disorders besides MDD and OCD.

Epilepsy

The treatment implications of TMS are not only confined to psychiatric disorders but also
overlap with neurological diseases. Epilepsy is a disorder defined by spontaneous chronic
seizures. During an epileptic seizure, the brain activity is highly excessive rhythmic
activity across the entire brain [36]. Interestingly enough, although epilepsy or a family
history of epilepsy is generally an exclusion criterion in TMS studies, there have been very
recent attempts at treating the disorder using non-invasive stimulation. TMS can not only
produce an excitatory effect in the brain but has also been attributed inhibitory effects,
allowing to decrease activation, decreasing activation in personalized target brain regions.
With its ability to down-regulate brain activity, TMS has been shown to significantly
decrease seizure rate in epileptic patients with a reduction of 72% to 78.9% per week
[7]. TMS as a treatment for epilepsy is currently only conducted on very few patients
with forms of epilepsy that are resistant to pharmacological treatments and still needs to
be thoroughly explored. Still it is a promising method for alleviating disease burden in
epilepsy patients.

2.2. fMRI

In terms of non-invasive brain imaging methods, Magnetic resonance imaging is the
state-of-the-art technology currently used in the field. The method provides high spatial
resolution of whole-brain activation patterns which cannot be seen through any other
imaging modality without the use of invasive substances or ionising radiation.

2.2.1. Magnetic Resonance Imaging

Magnetic resonance imaging, or MRI for short, is a method of imaging objects, in most
cases tissue, based on the principle of nuclear magnetic resonance (NMR) [37]. Nuclear
magnetic resonance (NMR) exploits a quantum mechanical property of protons which is
referred to as spin. A thorough explanation of NMR, the basic principle behind MRI, is
beyond the scope of the thesis. The following is a bare-bones explanation of the basic
principles behind this imaging method. Importantly, MRI typically focuses on the proton
in the nucleus of a hydrogen atom, which shows high natural abundance in different
tissue types. When placed in a strong static magnetic field, these spins align with the
field, and the application of radiofrequency pulses temporarily disturbs this alignment
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[38]. As the spins relax back to equilibrium, they emit measurable radiofrequency (RF)
energy that can be detected with RF coils and spatially localized using magnetic field
gradients [38]. These signals are then reconstructed into images that reflect differences
in tissue composition. In functional MRI, these signals provide the basis for detecting
hemodynamic changes linked to neural activation talked about in Section 2.2.3, allowing
researchers to infer patterns of brain activity.

2.2.2. Functional Magnetic Resonance Imaging

As with any other bodily activity, all brain activity, from cell organelles to synapses, to
neurons, and networks requires adenosine triphosphate (ATP) [39]. Because neurons gen-
erate most of their ATP through oxidative metabolism, they rely heavily on a continuous
supply of oxygen to fuel mitochondrial ATP production. As a result, when any cognitive
activity takes place, from simple movements to solving mathematical equations, the area
of the brain responsible for this activity has a local higher energetic requirement, causing
a greater uptake of oxygen in the area [40]. As oxygen is taken up by the tissue in the
area, signals are sent to the body to dilate the vessels around the tissue, resulting in
higher blood flow compared to baseline to compensate for the used oxygen in the area.
The body, however, overcompensates the amount of oxygen needed in what is called the
hemodynamic response [41] elaborated on in Section 2.2.3.

2.2.3. Blood Oxygen Level Dependent Signal

To observe neural activations, fMRI scans utilize the Blood Oxygen Level Dependent
signal, BOLD for short. This effect was first observed in 1990 by Ogawa and colleagues in
the rat brain [42] and subsequently explored in the human brain by three separate research
teams [43, 44, 45|. When neuronal activation occurs, the local energy demand drives an
overcompensation of oxygen requirement in the area. Due to the overcompensation of
oxygen delivery to the tissue, there is more oxyhemoglobin present in the tissue compared
to when there is no activation in the area. Hemoglobin is the molecule in the body
responsible for the delivery of oxygen to tissues and contains the compound heme. Heme
has a central iron atom, and as iron is a ferromagnetic element, it causes distortions in a
magnetic field [46]. However, when hemoglobin is in it’s oxygenated form, the oxygen it
transports shields the iron, causing a decrease in its ferromagnetic properties. This in turn
causes the activated tissue, with a higher concentration of oxyhemoglobin, to produce a
higher signal in the MR scanner. Across multiple images across time the difference in
signal in specific voxels between consecutive images allows to highlight the areas of the
brain with neuronal activation. This phenomenon is known as the hemodynamic response
and is shown in Figure 2.3.

2.2.4. Approaches

The two most prominent ways of assessing brain activity using magnetic resonance are
task-based fMRI and resting-state fMRI. Task-based fMRI relies on a temporally defined
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Figure 2.3.: Graph showing a standard hemodynamic response function (HRF). The
graph shows time to peak (5s), the full width at half max (FWHM), and the
response height of BOLD signal over time. The original figure from [47] with
permission from John Wiley and Sons.

stimulus during which we expect to see differences in brain activations compared to
baseline. Resting-state fMRI, on the other hand, attempts to observe co-activations that
happen in the brain while it is doing nothing in particular. Both of these approaches tell
us distinct information about the happenings in the brain and require different analytical
methods.

Task-Based

In task-based fMRI, participants perform a specific cognitive, sensory, or motor task while
brain activity is recorded, allowing researchers to identify regions involved in particular
functions. This approach is based on assessing BOLD timecourses for similarity with the
task timecourse, revealing areas where neural activity matches with task demands.

A classic example of a task-based fMRI paradigm is the finger-tapping task. In this
paradigm, participants are instructed to repeatedly tap their fingers in response to a visual
or auditory cue, alternating between periods of tapping and no movement. The resulting
contrast in BOLD signal typically shows increased activation in the primary motor cortex,
supplementary motor area, and cerebellum, corresponding to the motor control network
[48]. This simple yet robust design makes the finger-tapping task a standard tool for
validating fMRI setups and studying motor function. Within this thesis, a task-based
fMRI approach was employed. While the participant does not do any specific task during
scanning, the stimulation itself provides the contrast. The stimulation can be seen as an
event or a task for which the contrast is computed.

Task-based fMRI studies provide critical insights into the functional organization of
the brain by mapping specific processes to distinct cortical and subcortical regions. They
allow researchers to test hypotheses about which brain areas are responsible for specific
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behaviors or cognitive phenomena.

Resting State

In resting-state fMRI, brain activity is measured while participants are not engaged in
any specific task, typically lying still with eyes open or closed. This approach captures
spontaneous fluctuations in the BOLD signal over time, which are thought to reflect the
brain’s baseline functional organization [49]. Rather than relying on externally timed
stimuli, resting-state fMRI examines temporal correlations between BOLD signals in
different brain regions to identify networks that co-activate at rest. For example, regions
within the so-called default mode network show strong functional connectivity when the
brain is at rest [50]. The ability to track interconnected networks across individuals has
made resting-state fMRI a valuable tool for studying large-scale brain organization. In
this thesis, resting state fMRI scans are utilized for targeting outlined in Section 3.4.4.
Due to the limitation of TMS to only stimulate cortical areas, functional connectivity
patterns are utilized to target deep brain regions through their co-activation with cortical
regions; in our specific case, the inverse relationship of firing between the sgACC and
the dIPFC, the relationship between which can be effectively modulated using TMS [34].
Resting-state fMRI studies reveal how the brain maintains functional connectivity in the
absence of explicit tasks, offering insights into its functional architecture. They allow
researchers to investigate how brain networks differ across individuals, states, or clinical
conditions. Resting-state approaches are also often combined with and complement
task-based studies by providing a broader picture of the brain’s communication patterns.

2.3. Concurrent TMS-fMRI

Concurrent transcranial magnetic stimulation and functional magnetic resonance imaging
(TMS-fMRI) combines causal brain stimulation with whole-brain imaging. This integra-
tion provides a powerful means to investigate both the direct physiological consequences of
TMS and its influence on distributed brain activity during cognitive processing. However,
performing TMS inside an MRI scanner presents substantial technical and methodolo-
gical challenges, including precise temporal coordination of stimulation, magnetic field
interference, and accurate spatial targeting of the stimulated site. The following sections
outline how these challenges are addressed through stimulation interleaving and neur-
onavigation, and demonstrate the range of applications that make concurrent TMS-fMRI
an indispensable tool for probing human brain function.

2.3.1. Stimulation Interleaving

A major challenge when conducting concurrent TMS-fMRI experiments is the timing
of stimulation. Since both TMS and fMRI are reliant on magnetic principles they can
cause each other to interfere as can be seen in Figure 2.4. Due to this, proper interleaving
of the stimulation is required in order not to corrupt the data, as an improperly timed
stimulation can result in signal dropout in the acquired image or corrupted data.

15



2. Background

Figure 2.4.: Saggital, axial, and coronal images of volumes of a TMS-induced artefact (B)
scan compared to a non-corrupted volume (A) during an EPI stimulation run.
The darker parts of volume (B) show signal dropout in the acquired volume.

In our experiments, we rely on EPI sequences, which are particularly sensitive to
magnetic disturbances during gradient switching and signal readout. To avoid introducing
artifacts, we therefore synchronize the delivery of TMS pulses with the timing of the
EPI sequence. Specifically, stimulation is applied in the short gaps between volume
acquisitions, ensuring that no pulse coincides with the critical periods of signal detection
[51] as can be seen in Figure 2.5.

This interleaving strategy requires precise calibration, as even a slight mistiming can
lead to widespread signal dropout across the brain. In practice, this means that the
temporal pattern of stimulation is constrained by the repetition time of the sequence,
limiting the range of stimulation protocols that can be applied. While this synchronization
allows us to combine the causal intervention of TMS with the spatial coverage of fMRI, it
also highlights the technical compromises inherent in concurrent TMS-fMRI research.

2.3.2. Neuronavigation

Largely used in surgical applications, neuronavigation [52] has proven to be of tremendous
utility in the use case of concurrent TMS and fMRI. The technology is reliant on the use
of infrared (IR) cameras, reflective material, and triangulation. Our setup consists of the
infrared camera, two trackers (one for the subject and one for the coil), and a tracked
pointer. The trackers consist of a well-defined body and three reflective spheres. The
camera constantly sends out an infrared light, which is then reflected off the three spheres
of the trackers back into the sensors on the camera.

If the distances between the three infrared spheres can be measured, and the exact
dimensions of the tracker are known, then both the exact tilt, rotation, and position of
the tracker can be calculated using triangulation [53]. This is because, as the object itself
rotates, the perceived distances between the tracker sphere change from the perspective
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Figure 2.5.: Example of concurrent TMS-fMRI protocols. There are three possible ways
to apply TMS pulses during fMRI simultaneously. (A) A method enabling
TMS to interfere with EPI slices. Perturbed EPIT slices (indicated by an
orange cross) are sacrificed and replaced by slice interpolation, typically from
the volumes before and after the volume of interest (indicated by orange EPI
slices). (B) A method to insert a gap time between EPI slices and apply TMS
pulses meanwhile. (C) A method to interleave TMS pulses with EPI slices.
Figure and shortened caption acquired from [51], published in Frontiers in
Psychiatry under the Creative Commons Attribution (CC BY) license.

of the camera. These changes in distances allow us to calculate the distance of the tracker
and its rotation.

Mounting of the subject tracker is a bigger issue than the mounting of the coil tracker.
While the coil tracker can be fixed to the coil using simple tape, the subject tracker
needs to be attached to the subject via tissue. This increases complexity as the subject’s
body needs to be registered to the generated model in the neuronavigation software [54].
Outside of the scanner, the tracker is generally mounted onto the subject by taping the
tracker to the subject’s forehead using skin-safe tape. This approach comes with its own
precision challenges, in particular, the subject inducing registration errors by movement
of their forehead skin. This is generally mitigated during TMS by attaching the tracker
to the opposite side of the head compared to stimulation, as stimulation itself can cause
eyebrow twitches on the same side through nerve stimulation, decreasing the impact of
motion on accuracy. While it has its downsides, this method is generally considered good
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Figure 2.6.: An image of our neuronavigation setup and MR scanner.

enough for live neuronavigation with TMS outside of the scanner. Inside the MR scanner,
however, the subject is lying inside the bore, meaning that a neuronavigation tracker
would not be visible to the neuronavigation camera. For this, we use a maxilla tracker
mount.

The maxilla, or the upper jawbone, is a part of the skull that houses the brain. This
means that the maxilla is always in the same position relative to the brain. To fix the
subject tracker, we utilize a maxilla tracker mount, a 3D-printed piece of plastic that
is placed in the subject’s mouth and extends a couple of centimeters above their head.
The upper teeth are fixed to the maxilla, so the mouthpiece is attached to the subject’s
upper teeth through the use of dental putty for getting tooth molds. The tracker is then
attached to the extension of the mount and can be used for neuronavigation [55].

This technology allows us to have the exact site of stimulation during concurrent
TMS-fMRI scanning and stimulation sessions. Not only is this convenient for targeting,
when precise targeting is necessary, it also allows researchers to go back and check the
electric field generated in the subject’s brain as a result of the stimulation using E-field
simulation software like SimNIBS.

2.3.3. Applications

Early studies combining TMS and fMRI were mostly performed sequentially, meaning
that TMS is applied outside the scanner before or after fMRI, to monitor lasting changes.
Through interleaving strategies, researchers have been able to overcome technological
challenges and allow for stimulation inside the MR scanner. This concurrent application
of TMS and fMRI allows to reveal the immediate effects of TMS on the brain and its
cortical and subcortical networks. Using this combination of methods researchers gained
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a valuable tool for not only researching the neural consequences of stimulation, but also
to causally investigate the pathways of the human brain. These aspects give us a clearer
view of how the technology works, what it can show us, and how it can be made better.
These are all important considerations for how we can have more personalized treatments
and come closer to an understanding of how the brain works and how it contributes
to cognition. In this section, the research implications of concurrent TMS-fMRI are
discussed, and how they can contribute to the clinical and cognitive science knowledge
bases.

Investigating the effects of TMS on the brain

Most importantly for cognitive science, concurrent TMS-fMRI allows researchers to
investigate the pathways of the human brain causally. The concurrent use of the two
technologies not only allows the observation of signal propagation right after stimulation,
but also allows for the combination of stimulation with cognitive tasks, observing the
interaction between stimulation and said tasks. This is a highly valuable tool, combined
with the fact that TMS allows both for excitation and inhibition; the combined use allows
us to explore previously inaccessible aspects of human cognition. This section looks at
the uses of concurrent TMS-fMRI in fundamental science, probing the human brain, in
vivo, without major bodily alterations.

Mapping Brain Networks Using TMS The first ever application of TMS-fMRI showed
how concurrent TMS-fMRI can be used to causally investigate brain pathways and came
from Bestmann and colleagues, who explored how stimulation of a single cortical region
propagates through functionally connected networks. In their study, TMS was applied
over the dorsal premotor cortex (PMd) while fMRI simultaneously measured BOLD
responses throughout the brain. The results revealed not only local activation under the
stimulation site but also significant modulation in remote but functionally connected
regions, such as the supplementary motor area, primary motor cortex, and parietal regions
[56]. These findings demonstrated that the impact of TMS extends beyond the targeted
cortical area, influencing the dynamics of entire functional networks in a manner consistent
with known anatomical and functional connectivity. By directly visualizing the spread
of stimulation-evoked activity, this study provided causal evidence for the existence of
distributed motor networks. It showed how concurrent TMS-fMRI can be used to map
directional connectivity between cortical regions in the living human brain.

TMS Induced Cognitive Enhancement TMS has a unique power to enhance cognitive
ability through the stimulation of specific areas. TMS studies have shown, for example,
that stimulation in the language areas, causing pre-activation in the regions implicated in
speech comprehension, increases the subjects’ performance on language tasks, causally
implicating the regions significance in language processing [57]. Studies like this, however,
do not provide the full picture as they do not show how brain networks can reorganize
at the time of stimulation. Therefore, fMRI comes in to give us a deeper understanding
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of how the regions of stimulation might enhance or decrease performance on a given
cognitive task. Recent concurrent TMS-fMRI work has demonstrated the unique strength
of this approach for uncovering such mechanisms. For instance, Hermiller and colleagues
applied theta-burst TMS, a patterned stimulation protocol designed to emulate the brain’s
natural theta-frequency rhythms linked to learning and memory [58|, during fMRI to a
cortical node functionally connected to the hippocampus while participants encoded visual
scenes. They found that stimulation immediately increased hippocampal activity and
improved subsequent memory performance, while control stimulation conditions produced
no such effects. These findings provide direct causal evidence that network-targeted
stimulation can modulate deep-brain regions in real time, linking stimulation-induced
neural activity to cognitive enhancement within the same experimental window [28]. These
results highlight how concurrent TMS-fMRI can reveal the causal dynamics between brain
networks and cognition, demonstrating that precisely timed, rhythm-specific stimulation
can directly modulate deep memory-related structures and thereby enhance cognitive
function.

TMS-EEG-fMRI The use of TMS-fMRI can be further enhanced with EEG. One of
the biggest recent breakthroughs in this field of brain scanning and stimulation has been
the development of technology for monitoring brain waves using EEG concurrently with
the TMS-fMRI. This triad of TMS-EEG-fMRI allows researchers to not only monitor
the cortical and subcortical activity, but also the brain states at the time of stimulation.
EEG or electroencephalography is a method for capturing the waves of brain activity.
These waves correspond to brain activity under the generally 64 electrodes of an EEG cap.
The frequencies captured by an EEG are split into 5 categories: delta, theta, alpha, beta,
and gamma, representing an increasing frequency coupled with an increasing alertness
[59]. This imaging method has a very high temporal resolution, meaning it can capture
sub-second brain activity, but a very low spatial resolution as it can only capture cortical
activity limited to the positions under the electrodes, which are located around the head.
The combination of EEG and fMRI is a logical one as fMRI, on the other hand, has a
very high spatial resolution, being able to capture generally Imm by lmm by lmm area of
both the cortex and subcortical areas, but does not have a very high temporal resolution,
meaning it can generally only capture activity on the order of magnitude of seconds.
Peters and colleagues revolutionized concurrent imaging and stimulation methods by
combining concurrent TMS-fMRI with EEG, allowing for both high temporal resolution
and spatial resolution of brain activity. In doing so they also found that brain states
have a modulatory effect on the ability of TMS to excite the brain. More specifically,
the researchers found that when the brain has a higher prevalence of alpha power, or
frequencies that correspond to an awake but restful state, the BOLD signal as a result of
TMS is inhibited [60]. This finding shows that the brain states at the time of stimulation
have an effect on how well the brain can be stimulated, or how prone it is to activation.
If you are in a restful state, then the stimuli you perceive cause less activation, inherently
showing less processing of the stimulus. Studies such as this provide a better picture into
how the different aspects of brain activity work together to produce cognition and, for
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example, why being in a more restful state might make things harder to process, compared
to more alert states such as Beta waves, where the researchers found no inhibitory effect
[60].

Investigating TMS itself

Most relevant for its clinical implications, the ability to observe the effects of TMS during
an fMRI scan allows researchers to analyze the neural consequences of the technology. TMS
and its use for treatment are quite novel, and its optimization is pivotal in increasing its
efficacy in both clinics and laboratories. Questions such as what frequency of stimulation
induces most brain activity, what stimulation targets are most efficacious for activating
specific brain networks, and at what time can stimulation be used to activate the brain
most effectively. These are all questions which concurrent TMS-fMRI can help researchers
answer, allowing for better treatment methods and more accurate scientific practices.

Stimulation Intensity Impacts Concurrent TMS-fMRI has proven invaluable for elucid-
ating the causal propagation of stimulation effects across cortical and subcortical networks,
as shown by Tik and colleagues. They used concurrent interleaved TMS-fMRI to map
the acute network-level consequences of dIPFC stimulation, showing that single pulses
over the dIPFC evoke BOLD activation patterns that closely mirror a well-characterized
resting-state network encompassing the anterior cingulate cortex, insula, thalamus, and
widespread cortical regions [61]. In a later study, the authors systematically varied the
stimulation intensity over the left dIPFC while recording whole-brain BOLD responses
to characterize individual dose-response profiles. Using a high-sensitivity concurrent
TMS-fMRI setup, they found that stimulation at 100% of the active motor threshold
elicited the strongest group-level activation, engaging a network spanning bilateral dIPFC,
premotor and supplementary motor areas, anterior and posterior cingulate cortices, insula,
thalamus, and basal ganglia. Crucially, individual analyses revealed substantial variability
in excitability patterns, with some participants showing maximal responses at subthreshold
intensities and others exhibiting nonlinear response curves, indicating that stimulation
intensity does not linearly translate into cortical activation. These findings demonstrate
that the neural effects of TMS are shaped by complex, region-specific dynamics rather
than by simple proportional scaling of stimulation dose. By directly mapping the neural
consequences of different stimulation intensities, [62| provided causal evidence that the
dIPFC’s excitability and its connected network responses vary substantially between
individuals, underscoring the need for personalized calibration of stimulation parameters
to optimize both mechanistic and therapeutic outcomes.

Brain State Impacts Although the temporal resolution of fMRI itself is limited, precise
application of TMS at specific timepoints allows to assess effects of state dependency.
Grosshagauer and colleagues demonstrated how this methodology can be leveraged to
investigate the influence of brain state on TMS effects both locally and across large-scale
networks. In their study, individualized targets in the left dIPFC were defined based on
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functional connectivity with the sgACC, a region strongly implicated in depression and
treatment response. Using chronometric interleaved TMS-fMRI, the authors delivered
10 Hz triplets of TMS during both rest and task performance, showing that the precise
timing of stimulation relative to cognitive processing produces distinct BOLD responses in
the sgACC and dIPFC. Importantly, stimulation administered during optimal task-related
brain states yielded more consistent and pronounced modulation of the sgACC compared
to stimulation during rest, suggesting that the underlying brain state critically shapes the
neural impact of TMS. These findings highlight the importance of considering cognitive
and temporal context in stimulation design and underscore the potential of state-informed
TMS protocols for improving both mechanistic understanding and therapeutic outcomes
[63]. This demonstrates that TMS is not merely a tool for probing isolated brain regions,
but a dynamic method capable of interacting with ongoing neural processes to modulate
distributed networks in a temporally precise and functionally meaningful way.

Connectivity Impacts Concurrent TMS-fMRI has also been used to explore how stim-
ulation modulates large-scale functional networks in the human brain, offering causal
insight into how neuroplastic changes unfold across systems. Ge and colleagues applied
repetitive TMS at 1 Hz to the right dIPFC during fMRI acquisition in patients with
treatment-resistant depression to assess how acute changes in functional connectivity
relate to later therapeutic outcomes. Their results showed that during rTMS, widespread
but transient alterations in connectivity between prefrontal, parietal, insular, and thalamic
regions, and that these acute changes predicted approximately 30% of the variance in
clinical improvement following a four-week course of rTMS treatment. This work demon-
strated that TMS does not act locally, but rather triggers distributed, state-dependent
network reconfigurations that reflect the brain’s neuroplastic potential [64]. In doing so, it
provided causal evidence that large-scale connectivity changes induced by TMS may serve
as mechanistic markers of treatment response and highlighted the capacity of concurrent
TMS-fMRI to link acute network-level dynamics with longer-term behavioral and clinical
outcomes.

2.4. Cognitive Theories

Since its formal conception, cognitive science has evolved through several paradigms. From
cognitivism, to embodied and 4E approaches, and more recently, predictive processing,
among many others. Each framework offers a distinct view on what cognition is, where it
happens, and how the brain contributes to it. These theoretical differences are not merely
philosophical; they fundamentally shape how we design experiments, interpret neural
data, and understand the relationship between brain activity and cognition. TMS—MRI,
as a method that both perturbs and measures neural activity, can be positioned differently
within the theoretical lenses of cognitivism, 4E cognition, and predictive processing.
Understanding these theoretical positions is therefore essential for interpreting what
TMS—MRI studies actually reveal about the nature of cognition itself.
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2.4.1. Cognitivism

Within the cognitivist tradition, the mind is conceptualized as a symbol-manipulating
information-processing system, where cognition consists of formal operations on internal
representations according to syntactic rules, and the brain functions as the physical
hardware that implements these abstract computational processes [65, 66, 67]. This
framework aligns naturally with the logic of TMS—MRI research, as both assume that
cognitive processes can be localized to specific functional architectures or computations
within the brain. TMS, in this view, offers a means to test the causal necessity of
specific regions in executing particular cognitive computations. Disrupting a node in
the information-processing chain should produce measurable effects on task performance.
Meanwhile, fMRI measures the representational structure of cognitive processes. Within
the cognitivist framework, TMS—MRI provides a causal method for linking representa-
tional computations to neural substrates. By perturbing a region implicated in a specific
mental operation and observing corresponding BOLD and behavioral changes, researchers
can test whether that region is necessary for the computation in question. This approach
treats the brain as a modular system of specialized processors, each implementing distinct
aspects of the cognition.

2.4.2. 4E Cognition

In contrast to cognitivism’s emphasis on internal representations, embodied and 4E
cognition argues that cognition is not confined to the brain but arises through interaction
with the body, environment, and context [1]. The 4E approach encompasses four interre-
lated principles: embodied cognition, which emphasizes that cognitive processes depend
fundamentally on bodily states and action systems; embedded cognition, which situates
the mind within environmental contexts; enactive cognition, which views the mind as
emerging through active engagement with the world; and extended cognition, which
proposes that tools and environmental structures can become functional components of
the mind. At first glance, TMS—MRI may appear incompatible with these frameworks,
given its focus on brain activity. However, this method can be reframed as a tool for
studying brain—body—environment coupling rather than purely intracranial computation.
For instance, state dependence is a prominent concept in neuroscience which has shown
that in different contexts the brain responds differently to the same stimuli. The context
in which the brain and body are embedded alters how stimulation affects them, as demon-
strated by a growing body of work on state-dependent effects of TMS [68]. From a 4E
perspective, concurrent TMS—MRI can explore how neural perturbations alter embodied
and context-dependent patterns of engagement. Such an approach redefines the unit of
analysis from isolated cortical modules to dynamically coupled brain—body—environment
systems.
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2.4.3. Predictive Processing

Predictive processing conceptualizes the brain not as a passive recipient of sensory data but
as an experience-driven prediction machine that uses prior expectations, past experiences,
and top-down hypotheses to actively interpret incoming signals [69, 70]. In this view,
perception, action, and learning arise from the brain’s effort to minimize prediction error by
continuously updating its generative models. Higher cortical areas generate expectations
about lower-level activity, while mismatches between predictions and sensory evidence
propagate upward to revise those expectations. Predictive processing is particularly
well-suited to investigation via TMS—fMRI as the method allows for direct causal testing
of predictive hierarchies. By perturbing regions involved in generating predictions or
processing prediction errors, researchers can observe how disruption propagates through
networks and affects both BOLD responses. For example, TMS can be used to arrest
function at specific nodes in the cortical hierarchy, while fMRI captures the downstream
consequences across distributed networks [22] as exemplified in Section 2.1.3. Predictive
processing offers a unifying framework for interpreting TMS—MRI results: by perturbing
regions involved in predictive hierarchies and measuring changes in BOLD and connectivity,
researchers can test hypotheses about the direction of top—down and bottom—up message
passing. This approach connects to computational modeling and generative frameworks,
enabling researchers to formalize predictions about how specific perturbations should alter
precision weighting, belief updating, or the balance between prior and evidence, making it
a great theoretical lens for concurrent TMS—fMRI studies as a causal probe of the brain.

2.4.4. Implications

Beyond serving as a methodological tool within existing theoretical frameworks, TMS—{MRI
and this study specifically makes a distinctive contribution to cognitive science by challen-
ging assumptions about the stability and organization of the neural substrate underlying
cognition. Cognitive theories frequently assume a relatively fixed functional brain map-
pings, treating specific regions or networks as consistently implementing specific cognitive
operations. However, the brain is highly dynamic, characterized by fluctuating excitability
[71, 72]. TMS-{MRI offers a causal method to test if the assumed mappings hold across
time and to examine how cognition emerges and stabilizes within such a variable system.

By applying perturbations across different time points, we can assess the consistency
of causal effects and determine whether stability is a true property of the system or an
emergent feature arising from underlying dynamic networks. This approach encourages
cognitive science to reconceptualize cognition not as computation within static modules,
but as a process of continual reorganization and adaptive coordination. The combination
of TMS with fMRI is particularly powerful for mapping this dynamic organization, as it
exposes how functional architectures reconfigure across states.

Moreover, while TMS may appear "unnatural" compared to sensory or cognitive tasks,
both artificial and natural stimuli activate the same underlying neural architecture [73].
The difference lies in the form of input, not in neural principles. Synthetic stimulation
allows precise and controlled causal testing of the same mechanisms that natural stimuli
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continuously engage, and differences between synthetic and natural effects are likely
quantitative rather than qualitative, differing in the isolation of input from confounding
states. This positions TMS—MRI as a complementary tool for cognitive science, comparing
controlled neural perturbations to naturally occurring cognitive processes and providing
a direct empirical route to study how dynamic brain activity gives rise to consistent
cognitive functions. Ultimately, TMS—MRI encourages a conceptual shift from static,
representational views of cognition towards dynamical and process-based frameworks that
account for variability, adaptability, and context sensitivity, reframing cognition itself as
emergent stability within a continuously fluctuating brain.
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3. Methods

The following chapter outlines the specific methods that were utilized in the acquisition
of data for this study. It covers hardware and software used, subject demographics,
experimental setup, and analysis with all associated information.

3.1. Hardware

3.1.1. fMRI

During all MRI scans, we used a Siemens Prisma Fit 3T scanner for image acquisition
(Siemens Healthineers, Erlangen, Germany). During the intake session we acquired a
high-resolution anatomical scan using a Siemens Head/Neck 64 channel RF coil. During
the stimulation sessions, we used three 7-channel surface receive coils [74] for image
acquisition; one coil was mounted underneath the TMS coil on the scalp, the second
coil was positioned on the contralateral side of the head and the third coil was placed in
occipital position.

3.1.2. TMS

For stimulation, we used the MagVenture MRi-B91 figure-of-eight stimulation coil in
combination with the MagPro X100 stimulator (MagVenture, Farum, Denmark). During
the intake session, the stimulation coil was used in isolation, and during the fMRI

stimulation sessions, a 7-channel surface receive coil |74] was directly attached underneath
the TMS coil.

3.1.3. Neuronavigation

For the live neuronavigation during the intake session and stimulation session we used
the Polaris Vega VT (Northern Digital Inc., Waterloo, Canada) infrared camera. During
the intake session, we used a subject tracker taped to the subject’s forehead and a tracker
with a different tracker geometry attached to the TMS coil. For coil positioning before
stimulation, we used the BrainSight (Rogue Research Inc, Montreal, Canada) software in
the coil-centric view. During the stimulation, we used an in-house developed live tracking
software for saving the positions continuously.
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Figure 3.1.: Neuronavigation setup used for targeting. Shown are the Polaris Vega VT
infra-red camera (left) and a computer with the BrainSight software with a
dIPFC target (right).

3.2. Subjects

3.2.1. Subject Recruitment

Subjects were recruited using university communication channels. They were informed
about the procedure of the experiment as well as any possible contraindications. To
ensure participant safety, a meticulous screening procedure for possible contraindications
to either TMS or fMRI was performed. Furthermore, we aimed for equal gender balance
in our sample. All in-vivo studies performed within this thesis were in agreement with
the Declaration of Helsinki and as part of a larger study approved by the institutional
review board. Participants were required to give their written informed consent, which
they could withdraw at any point in time without stating a reason. The participants were
also refunded financially with 10 Euros per hour.

3.2.2. Subject Demographics

Participants for this study were healthy young adults. All of them were from central
Furope and resided in the Vienna region. The subset of subject data selected for the
results section of this thesis was based on the quality of data. Ten datasets were collected,
but sub-rel001 dropped out after the first stimulation session and sub-rel005’s ses-02
singlets data was corrupted by TMS artefacts giving us eight full datasets.
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Participant | Age | Gender ses-01 ses-02 ses-03
sub-rel001 26 Male 2 May 9 May -
sub-rel002 18 Male 6 May 16 May 23 May
sub-rel003 25 Male 7 May 21 May 23 May
sub-rel004 25 Female 23 May 4 June 6 June
sub-rel005 25 Female 8 July 23 July 25 July
sub-rel006 28 Male 30 July 10 September | 17 September
sub-rel007 22 Female | 17 September | 26 September 3 October
sub-rel008 19 Female | 24 September | 30 September 7 October
sub-rel009 28 Male 24 September | 24 October 12 November
sub-rel010 32 Female | 24 September | 24 October 5 November

Table 3.1.: Age, gender, and session dates for participants sub-rel001 to sub-rel010

3.2.3. Screening Procedures

Participants were asked to fill out a safety questionnaire for both MRI and TMS com-
patibility (see Appendix). For a more thorough explanation of the safety considerations
for TMS see the Section Safety in the TMS chapter in Background information and the
TMS subject form in the Appendix. Only if no contraindication was indicated by the
participant, the respective person was eligible for the study. All screening procedures
were performed at the beginning of ses-01.

3.3. Experimental Pipeline

The experimental pipeline follows a strict order, which was outlined in detail in the
following section. A simplified version of the pipeline is shown in Figure 3.2 below.

3.3.1. Intake Session

The first session, titled ses-01, was an intake session required for setting up the stimulation
sessions (ses-02 and ses-03). During the intake session, the following steps were taken in
the respective order.

The session started with a briefing of the participant on the experimental procedure.
This included an explanation of the principles of magnetic resonance and transcranial
magnetic stimulation, as well as their safety requirements. The experimental steps of
the first session were then explained. The subject then signed informed consent forms
for TMS and fMRI studies shown in the Appendix and was made MR compatible by
removing any jewelry and piercings and changing into scrubs.

The subject was positioned in the MR scanner, where a 5-minute T1-weighted anatom-
ical scan was be conducted, followed by a 10-minute resting state scan where the subject
was instructed to lie as still as possible, not think about anything in particular, and to
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Figure 3.2.: Flowchart of the complete experimental pipeline. Green bubbles represent
steps taken outside of the experimental trial. Yellow bubbles represent steps
taken outside of the scanner room. Red bubbles represent steps taken inside
the scanner room but outside of the MR scanner itself. Blue bubbles represent
steps taken inside of the MR scanner.

try not to fall asleep as it could cause movement that would corrupt the data. Finally, a
5-minute T2-weighted anatomical scan was be conducted.

After the scans were finished, the subject was taken out of the scanner room, allowed
to change, and briefed on the active motor thresholding procedure. First, the setup was
shown to the subject, and they are instructed to sit down and given hearing protection.

The experimenter put the coil to the subject’s head, then counted down from 3 to 1,
and gave the subject an example pulse at 60% maximum stimulator output (MSO). After
confirming that the subject is okay with the discomfort of stimulation, the thresholding
session was performed as outlined in Section 3.4.1.

3.3.2. Inter-Session Processing

Between the intake session and the first stimulation session, the data acquired was
processed to obtain the stimulation target and the adjusted dose. Firstly, the charm
command was run using SimNIBS [10] using the T1 and T2 weighted anatomical scans of



3.3. Experimental Pipeline

the subject to generate a tissue-segmented model of the subject’s brain. Subsequently, the
stimulation target was generated based on the functional connectivity scan, the procedure
for which is outlined in Section 3.4.4. Based on this target and the SimNIBS model,
an optimal coil position, including coil center, rotation and tilt, was calculated using
SimNIBS [75]. This target was then loaded into BrainSight to check for validity, as some
targets are not reachable by the coil and cannot be used for online stimulation. The
target was then used in an in-house developed software to get the adjustment scaling
factor. This procedure is outlined in Section 3.4.5. With the target and the adjustment
scaling factor, the stimulation sessions may proceed.

3.3.3. Stimulation Sessions

The stimulation sessions, labeled ses-02 and ses-03, were temporally dependent on each
other. The first stimulation session should have take place at least one day after the intake
session to allow sufficient time to process the data from the intake session. Similarly, the
time between ses-02 and ses-03 was required to be at least 48h to provide ample time for
the brain to return to its baseline state. Ideally, measurements were not separated by
more than 10 days. Lastly, ses-02 and ses-03 needed to take place at the same time of day
to account for daily fluctuations of functional connectivity, as they could have affected
and confounded the data [71].

The subject was first welcomed to the laboratory, and a recapitulation with a more
in-depth explanation of the procedure from ses-01 was given to them. The procedure
explanation is stated in this section.

Afterwards, a mouthpiece was tailored to their top row of teeth. This was used to
create a maxilla mount for the subject neuronavigation tracker [55]. A dental impression
putty was attached to a 3D printed mouthpiece, and the subject was instructed to bite
down on the putty so that the leg of the tracker sticks out centrally and to wait roughly
30 seconds until the putty hardens. They could then take the mouthpiece out, and it was
prepared by taping the neuronavigation tracker to the mount.

The subject was then told to change into scrubs and remove any jewelry and metallic
objects from their body. The rest of the session took place in the scanning room.

Afterward, an active motor thresholding session took place inside the scanner room:.
This was to account for the daily fluctuations in the active motor threshold [72]. The 5
millimeter width of the RF coil attached to the stimulator coil increased the coil-cortex
distance, reducing the effects of TMS by roughly 2.8%MSO per milimeter [76]. This
combined with other factors such as bore and cable length necessitated the remeasurement
of the aMT with the TMS-fMRI setup. Therefore, the same procedure was conducted as
is outlined in Section 3.4.1. The active motor threshold acquired was then scaled using
the scaling factor based on the subject’s individual anatomy. The procedure used to get
this scaling factor is outlined in Section 3.4.5 and the scaling factors for each subject
are shown in Table 3.2. The scaled stimulation intensity was then used throughout both
ses-02 and ses-03.

Afterwards, the subject was asked to lie down on the scanner bed and place their
mouthpiece on the maxilla to conduct subject registration procedures. Extra care was
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Figure 3.3.: Maxilla mouthpiece tracker mounts. Unused 3D printed maxilla mount (left),
used maxilla mount with dentistry putty (center), and maxilla mouthpiece
mount with neuronavigation tracker attached (right).

taken to make sure the registration error at the target site was less than 1mm. The
procedure for registration is outlined in 3.4.2.

After registration, the subject was placed into the experimental setup, and coil po-
sitioning took place. Initially, the coil was placed onto the target region and held by
the experimenter, and then fixed by another experimenter. Generally, the coil shifted in
position and tilt when it was fixed in the mount, and therefore, the position was then
adjusted by using the various axes of the coil holder. Great care was taken during the
positioning to make sure the position was less than 2mm away from the target and less
than 5° off in tilt and rotation. Rotation was the most important element of positioning
due to the angle at which the magnetic field intercepts the gyrus on which the dIPFC lies
[77, 78]. Once the desired position was achieved, the actual image acquisition started.

The scanning protocol took the same form in both ses-02 and ses-03, with the exception
of the singlets stimulation block and triplets stimulation block having a reverse order for
ses-03 (the triplets block goes first, followed by the singlets block in ses-03). This was to
account for any order confounds and to make sure that the subject was not startled by
the first stimulation too much, causing motion confounds in ses-02.

Initially, anatomical scans were performed to acquire the accurate head position of
the subject on the day to enable slice positioning. Then the first resting state scan was
conducted. The data acquired during this scan were not utilized during this thesis, and
the first resting state served largely as a means for the participant to acclimate to the
complex setup. Then the first stimulation run occured.

The stimulation sessions were set up in the format outlined in Section 3.5.2. In ses-02, in
the first stimulation run, the stimulation type was singlets, and in ses-03, the stimulation
type of the first stimulation run was triplets. The subject was informed before the
stimulation started that the run will start shortly and that the first stimulation may be
startling. They were told to try to maintain their position.

After the first stimulation run, another 10-minute resting state was conducted. The
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Figure 3.4.: Pipeline of the scans acquired during a stimulation session (ses-02 and ses-03).
Yellow bubbles represent anatomical scans. Red bubbles represent adjustment
scans used for co-registration. Blue bubbles represent functional scans.

functional connectivity data was not used for analysis for this thesis. The resting state
scan was used mostly as a time for the subject to rest and for their brain to recover to
baseline.

The next stimulation run followed the same format as the first, with the order of the
stimulation protocols being reversed. This means that in ses-02, the stimulation type was
triplets, and in ses-03, the stimulation type was singlets.

The last step of scanning was an MP2RAGE anatomical scan. This was again done as
a fail-safe to be able to recover data. This concluded the session; the subject was told to
change back into their clothes, after which they could leave.

Between ses-02 and ses-03, processing took place to acquire the average stimulation
position for both triplets and singlets from ses-02. The average of the two average positions
was then used for targeting during ses-03.

3.3.4. Pre-Processing

To pre-process the data, we use a standard fMRIprep pipeline. To improve the accuracy
of co-registration achieved by fMRIprep, the echo-planar imaging (EPI) scans from each
session are manually aligned to the T1 scan from ses-01 prior to running the further
preprocessing using 3D Slicer [79].

3.3.5. fMRIPrep Boilerplate

The following paragraphs reproduces the official fMRIPrep citation and boilerplate text,
which is required for all studies utilizing the fMRIPrep preprocessing pipeline to ensure
proper attribution and methodological transparency.

Results included in this manuscript come from preprocessing performed using fMRI-
Prep 24.0.1 (|80]; [81]; RRID:SCR_ 016216), which is based on Nipype 1.8.6 ([82]; [83];
RRID:SCR_ 002502).

Preprocessing of BO inhomogeneity mappings A total of 2 fieldmaps were found avail-
able within the input BIDS structure for this particular subject. A BO-nonuniformity
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map (or fieldmap) was estimated based on two (or more) echo-planar imaging (EPI)
references with topup (|84]; FSL None).

Anatomical data preprocessing A total of 1 T1-weighted (T1w) images were found

within the input BIDS dataset. A preprocessed T1w image was provided as a
precomputed input and used as T1w-reference throughout the workflow. A pre-
computed brain mask was provided as input and used throughout the workflow.
Precomputed discrete tissue segmentations were provided as inputs. Precomputed
tissue probabiilty maps were provided as inputs. Brain surfaces were reconstructed
using recon-all [85], and the brain mask estimated previously was refined with a
custom variation of the method to reconcile ANTs-derived and FreeSurfer-derived
segmentations of the cortical gray-matter of Mindboggle [86]. A T2-weighted image
was used to improve pial surface refinement.

Functional data preprocessing For each of the 9 BOLD runs found per subject (across
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all tasks and sessions), the following preprocessing was performed. First, a reference
volume was generated, using a custom methodology of fMRIPrep, for use in head
motion correction. Head-motion parameters with respect to the BOLD reference
(transformation matrices, and six corresponding rotation and translation parameters)
are estimated before any spatiotemporal filtering using mcflirt [87|. The estimated
fieldmap was then aligned with rigid-registration to the target EPI (echo-planar
imaging) reference run. The field coefficients were mapped on to the reference
EPI using the transform. The BOLD reference was then co-registered to the
T1w reference using bbregister (FreeSurfer) which implements boundary-based
registration [88|. Co-registration was configured with six degrees of freedom. Several
confounding time-series were calculated based on the preprocessed BOLD: framewise
displacement (FD), DVARS and three region-wise global signals. FD was computed
using two formulations following Power (absolute sum of relative motions, [89]) and
Jenkinson (relative root mean square displacement between affines, [87]). FD and
DVARS are calculated for each functional run, both using their implementations in
Nipype [89]. The three global signals are extracted within the CSF, the WM, and the
whole-brain masks. Additionally, a set of physiological regressors were extracted to
allow for component-based noise correction [90]. Principal components are estimated
after high-pass filtering the preprocessed BOLD time-series (using a discrete cosine
filter with 128s cut-off) for the two CompCor variants: temporal (tCompCor) and
anatomical (aCompCor). tCompCor components are then calculated from the
top 2% variable voxels within the brain mask. For aCompCor, three probabilistic
masks (CSF, WM and combined CSF+WM) are generated in anatomical space.
The implementation differs from that of Behzadi et al. in that instead of eroding
the masks by 2 pixels on BOLD space, a mask of pixels that likely contain a
volume fraction of GM is subtracted from the aCompCor masks. This mask is
obtained by dilating a GM mask extracted from the FreeSurfer’s aseg segmentation,
and it ensures components are not extracted from voxels containing a minimal
fraction of GM. Finally, these masks are resampled into BOLD space and binarized
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by thresholding at 0.99 (as in the original implementation). Components are
also calculated separately within the WM and CSF masks. For each CompCor
decomposition, the & components with the largest singular values are retained,
such that the retained components’ time series are sufficient to explain 50 percent
of variance across the nuisance mask (CSF, WM, combined, or temporal). The
remaining components are dropped from consideration. The head-motion estimates
calculated in the correction step were also placed within the corresponding confounds
file. The confound time series derived from head motion estimates and global signals
were expanded with the inclusion of temporal derivatives and quadratic terms for
each [91]. Frames that exceeded a threshold of 0.5 mm FD or 1.5 standardized
DVARS were annotated as motion outliers. Additional nuisance timeseries are
calculated by means of principal components analysis of the signal found within
a thin band (crown) of voxels around the edge of the brain, as proposed by [92].
All resamplings can be performed with a single interpolation step by composing all
the pertinent transformations (i.e. head-motion transform matrices, susceptibility
distortion correction when available, and co-registrations to anatomical and output
spaces). Gridded (volumetric) resamplings were performed using nitransforms,
configured with cubic B-spline interpolation.

Many internal operations of fMRIPrep use Nilearn 0.10.4 [93], mostly within the func-
tional processing workflow. For more details of the pipeline, see the section corresponding
to workflows in fMRIPrep’s documentation.

Copyright Waiver

The above boilerplate text was automatically generated by fMRIPrep with the express
intention that users should copy and paste this text into their manuscripts unchanged. It
is released under the CCO license.

3.3.6. Analysis

For analysis, we used standard General Linear Model analysis used for fMRI data. The
analysis was conducted in Python using the Nilearn library [94] in combination with
standard data analysis Python libraries such as Numpy and Pandas. The regressor we
used was the stimulation timepoints convolved with HRF. To have cleaner data, we
accounted for the following confounds derived from fMRlIprep: trans_z, trans_y, trans_ z,
rot_x, rot_y, rot_z, csf, and white_ matter. The three analyses conducted consisted of
subject-level, group-level, and reliability analysis.

The subject-level analysis processed fMRI data for each subject, session, and protocol
(singlets and triplets) independently using the Nilearn library for neuroimaging analysis.
The pipeline begins by extracting stimulation onset times from H5 files containing
experimental timing data, which are then convolved with the hemodynamic response
function (HRF) to create the primary regressor. A first-level design matrix is constructed
using Nilearn’s make first level design _matriz function, incorporated the stimulation
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events along with eight motion and physiological confound regressors extracted from
fMRIprep output files. The preprocessed BOLD data was smoothed with a 6mm FWHM
Gaussian kernel and fitted to a General Linear Model using Nilearn’s FirstLevelModel, with
a binary brain mask resampled to match the functional data resolution. For each analysis,
the General Linear Model(GLM) produced five statistical maps (z-scores, t-statistics,
effect sizes, p-values, and effect variance), which were saved as NIfTT files along with
visualizations showing activation patterns across multiple axial slices.

At the group level, we aggregated each subject’s first-level contrast maps and run
second-level GLMs with Nilearn’s SecondLevelModel. The script first builds file paths
from a configurable subject /session list, applies any exclusions, and loads the NIfTT images
with NiBabel while validating all available data. It then constructs simple intercept-only
design matrices in Pandas and fits separate second-level models for the singlets and triplets
conditions, computing the group z-maps; results are visualized using Nilearn’s plotting
utilities. To directly compare conditions, the script stacks both sets of images, defines
a two-column design: condition effect + intercept, computes the triplets vs. singlets
contrast, and writes the resulting z-map.

Lastly, reliability was assessed as cross-session correlation of the parcel-wise effect
size maps. The script loaded the Schaefer-2018 atlas with 400 parcels [95] and seven
Yeo Networks [96], and built Nilearn’s NiftiLabelsMasker to extract regional values from
each NIfTT map, then organized these vectors into a Pandas DataFrame. It computed
similarity between vectors with Pearson correlation, yielding within-subject cross-session
correlations for each protocol and between-subject correlations for all subject pairs.
Paired t-tests compared singlet vs. triplet cross-session consistency and self-similarity vs.
between-subject similarity. Results are collated into a summary table and visualized with
Seaborn.

3.4. Further Details on Preparations

3.4.1. Active Motor Threshold Acquisition

The stimulation intensity we utilized for the experiment was based on the subjects’ active
motor threshold. The procedure for acquiring the threshold was based on the procedure
proposed by Schutter and van Hoink [97]. The subject was instructed to do an exercise
with their fingers to attain pre-activation in the primary motor cortex before stimulation.
This was done to lower the activation threshold by already having activation in the area
before stimulation [98]. The exercise consisted of a squeeze of the index finger against the
thumb on their right hand at maximum force for a second, followed by a squeeze of 50%
of the maximum force, followed by a squeeze of 10% of the maximum force, which the
subject was asked to maintain throughout the stimulation; this was equivalent to a slight
contact between the index finger and the thumb which should not be strenuous.

The experimenter approximated the location of the primary motor cortex after which
the subject was stimulated at 60% MSO in a grid-like pattern around the target with
varying rotations of the coil in 2-second intervals until the maximum finger twitch response
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was elicited. The researcher then maintained this position and rotation, and continued
stimulation, decreasing the % MSO in 1-2% steps until the lowest possible amplitude at
which half of the stimulations elicit a finger twitch response was found. This percentage
was then noted and established as the subject’s active motor threshold.

3.4.2. Subject Registration

During subject registration the actual head of the subject was mapped onto the digital
model created by the BrainSight software using the aforementioned pointer. An initial
landmark-based registration was conducted by touching the tip of the pointer to the
subject’s left tragus, nasion, and right tragus. These points were selected on the digital
model based on the salience, protrusion, and visibility of anatomical landmarks on the
head and the digital model. The left and right tragus and nasion are generally the most
reproducible anatomical landmarks for registration. To further improve the registration
accurate, additional samples were placed around the scalp, oriented in a cross-shaped
pattern going from the left ear to the right and the forehead to the vertex of the head
in roughly 2-centimeter increments. Lastly, an array of n by n points (depending on
the subject’s head size) was sampled around the target region, in this case, the dIPFC.
A modelling study by Nieminen and colleagues analyzed different registration methods
during neuronavigated TMS and showed that by increasing the number of sampling points,
accuracy of landmark-based subject registration can be improved [99].

3.4.3. Coil Calibration

In order for the camera to accurately locate the coil, the setup needs to be precisely
calibrated before use. This was done using a pointer with a set of reflective triangulation
spheres on the end as well to the dimensions of which the software is precisely calculated.
The location of the coil was established by first securely attaching the tracker to the
coil in a way that would not interfere with the coil holder, and was not prone to tracker
movement, which would render the calibration useless. Subsequently, the pointer was
placed into 8 predefined blind holes of a coil attachment. Starting with the slot labeled
“1” and moving down in numerical order. The slots were placed at calculated increments
around the coil and an in-house developed software allows to obtain the calibration
information based on these positions. Precision during this step was crucial as flaws in
calibration may cause large discrepancies between the real distances between the subject
and the coil and the digital ones, generating imprecision in targeting.

3.4.4. Target Definition

We defined the stimulation target based on the functional connectivity of the brain in a
procedure outlined by Cash and colleagues [100]. It has been found that specific parts of
the left dIPFC show a high anticorrelation to the sgACC. In previous studies [101, 102]
this connectivity pattern of a TMS target was associated with increased clinical response.
We use an MNI mask of the sgACC to extract the time course for the voxels within
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that mask. After that, we calculated voxelwise correlations with this sgACC timecourse,
resulting in an MNI space correlation map which was then transferred back into subject
space. Within subject space, we looked at the most anti-correlated point in the left
pre-frontal cortex and set that as our target. Oftentimes the most anti-correlated voxel
was less accessible due to coil rotation or cortical depth, and therefore, we assessed the
five most anti-correlated voxel clusters and selected the most accessible cluster as a target.
Using SimNIBS, we then got the optimal coil position based on the anatomy of the
head and brain for stimulation, which was then used during the stimulation sessions and
adjusted using Brainsight to the best of our abilities, generally staying within 2mm of the
target position, within 5 degrees of rotation and tilt.

3.4.5. Dose Adjustment

To account for variations in scalp-cortex distance between motor cortex and the dIPFC,
we calculated an adjustment factor for stimulation intensity as suggested by Numssen and
colleagues [18]. The scaling factor was acquired based on the sampled coil position from
aMT determination in ses-01 and the defined coil position for dIPFC stimulation. We
calculated the adjustment factor both using the 99.9th percentile and region of interest
(ROI) based comparison and selected the output scaling value, which was closer to the
original aMT. Furthermore adjustments were made to account for rounding and subject
comfort. We used the equations 3.1 and 3.2 from Numssen and colleagues [18] to get the
final stimulation intensity. The intensity calculations and final intensities are presented in

Table 3.2.

E-field at Motor Hotspot (V/m)
E-field at Target (V/m)

Stimulator Intensity (%MSO) = aMT (%MSO) * Intensity Scaling Factor (3.2)

Intensity Scaling Factor =

(3.1)

3.5. TMS-fMRI

3.5.1. Experimental Setup

The experimental setup, shown in Figure 3.5, was designed to minimize subject motion
while allowing for concurrent scanning and stimulation. First, three TIM coil interfaces
are plugged into the scanner. Then, a multi-axis fMRI-compatible TMS holder was placed
inside the bore of the scanner and fixed using Velcro straps to the TIM coil interfaces.
The subject was resting on the scanner bed with their head in the setup. The green
mirror mount was lined with pillows to reach the appropriate head height and tilt. The
first RF coil was placed on top of the pillows, and then another pillow was placed on top
of the coil to increase subject comfort and minimize movement. The stimulation coil was
then placed atop the target region, initially just by the experimenter holding the coil to
the target. When the correct position, tilt, and rotation were reached, the coil was then
fixed using the coil holder. The second coil was placed directly on the right side of the
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Subject | ses-01 | ses-02 | 99th | ROI | Scaling | Stimulation Intensity
sub-rel002 50 73 1.1797 | 1.2084 1.16 85
sub-rel003 49 74 0.9374 | 1.0482 1.04 7
sub-rel004 47 72 1.3861 | 1.1579 1.15 83
sub-rel006 53 84 0.9849 | 0.9444 0.98 83
sub-rel007 53 77 1.0733 | 1.1166 1.05 81
sub-rel008 43 67 1.1245 | 1.4287 1.12 75
sub-rel009 54 77 1.0685 | 1.3153 1.07 83
sub-rel010 50 76 0.9449 | 0.9609 0.96 73

Table 3.2.: Subjects and their corresponding aMT during the intake session, aMT during
ses-02 in the scanner room, the adjustment scaling factors calculated from the
99th percentile and the ROI based scaling factor, and the final stimulation
intensity. The scaling Factors are ratios and the stimulation intensities are all

in %MSO.

subject’s head and fixed using a pillow placed between the coil and the mirror holder; the
coil was fixed so that a light pressure was applied to the subject’s head to maintain the
position of the stimulation coil. If the stimulation coil was moved slightly off target, it
was adjusted through the various axes on the coil holder. A mirror was then positioned
so that the subject saw the back of the bore of the scanner. Lastly, a screen was placed
at the back of the scanner.

(Other coil behind

RF Coils

phantom)

Figure 3.5.: A labeled image of the experimental setup with a phantom subject for

reference.
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3.5.2. Experimental Design

As we are mainly interested in the immediate effect of stimulation pulses, the stimulation
protocol was defined as follows. The stimulation run lasted 500 seconds, during which
there were 30 individual stimulations. This means 30 stimulation pulses for singlets and
90 stimulation pulses for triplets. At the start and at the end of the run, there were 20
seconds of baseline, during which no stimulations occurred. The rest of the 460 seconds
were split up into 30 randomly timed intervals, with the lowest possible inter-stimulation
interval being 10 seconds. This randomization was put in place to avoid the subject from
counting between stimulations and confounding the data. An example of the spacing of
stimulations is shown in Figure 3.6 below.

Stimulations Timeline with Times

Stimulation
20
35
54
70
82
101
116
129
143
155
170
190
203
215
233
246
260
274
286
311
324
336
355
379
391
405
417
431
451
465

Time (s)

Figure 3.6.: Example of the pseudo-random distribution of TMS pulses throughout the
concurrent TMS-fMRI stimulation block.

3.5.3. Imaging Parameters

During the intake session, we first acquired a T1-weighted anatomical scan (MPRAGE,
TR=2.1s, TE=3.67ms, flip angle 8°, multiband 4, voxelsize 1x1.016x1.016 mm?) followed
by a resting-state functional scan (CMRR multiband EPI, TR=2s, TE=38ms, flip angle
77°, multiband 4, voxelsize 1.797x1.797x2.0 mm?3) and ended with a T2-weighted ana-
tomical scan (2D TSE, , TR=11.75s, TE=100ms, flip angle 150°, multiband 4, voxelsize
0.859x0.859% 2.0 mm?)

During the stimulation session, we first acquired a resting-state functional scan (CMRR
multiband EPI, TR=1s, TE=38ms, flip angle 60°, multiband 4, voxelsize 3.0x3.0 x3.0
mm?) followed by a stimulation run (CMRR multiband EPI, TR=1s, TE=38ms, flip
angle 60°, multiband 4, voxelsize 3.0x3.0 x3.0 mm?). After, we ran another resting-state
functional scan, and a stimulation run with the same parameters respectively.

3.5.4. Stimulation Parameters

TMS pulses were triggered using a dedicated software to steer the timing in combination
with the MR scanner trigger and an analog AND gate as described in Grosshagauer et
al. 2024 [63]. To avoid TMS-induced artifacts, the stimulator used a trigger delay of 80
milliseconds. For singlets, only single biphasic pulses were delivered with each individual
trigger. In case of triplets, TMS pulse shape was defined as a biphasic burst, involving 3
pulses at 10 Hz repetition rate.
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This chapter contains the results acquired from the experiment. It first characterizes
the stimulation targets and group-level BOLD activation patterns elicited by the singlet
and triplet protocols. It then presents voxel-wise group activation maps and corres-
ponding cluster tables to highlight the spatial extent and statistical significance of these
effects. Subject-level activation examples are shown to illustrate individual variability
and the typical spatial profile of TMS-evoked responses. Finally, multiple reliability
analyses—within-subject, between-subject, and protocol-specific—quantify the consist-
ency of activation patterns across sessions and across individuals.

4.1. Group Level Analysis
The following are BOLD activation maps as a result of stimulation acquired through GLM

analysis thresholded to z > 3.29 to equate to a p > 0.001 significance on a group-level,
meaning all subject data combined to show the accumulative effect.

4.1.1. dIPFC Targets

Average z-score

Figure 4.1.: Group-level functional connectivity map of the sgACC averaged across all
participants in MNI space, overlaid with the MNI coordinates of each parti-
cipant’s individualized E-field dIPFC hotspot. The individual points represent
all of the subjects individual target stimulation sites.
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Figure 4.1 shows the average functional connectivity map of the sgACC with points
marking the individual dIPFC hotspots used for targeting. The functional connectivity
data for this figure comes from the ses-01 intake session. It can be seen that all of the
targets lay within the inversely correlated dIPFC area.

4.1.2. Group Level Activation Maps
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Figure 4.2.: Representative transversal brain slices displaying voxel-wise whole-brain
thresholded z-statistic activation maps for the group level activation in
singlets (top) and triplets (bottom) fit to a template MNI brain.

The transversal slices depicted in Figure 4.2 show the significant group level activation
as a result of stimulation across all subjects for singlets (top) and triplets (bottom). The
statistically significant activation clusters for singlets and triplets are presented in Table
4.1 and Table 4.2 respectively. Importantly, the differences in activation patterns between
singlets and triplets on a group-level yielded no significant differences.

The transversal brain slices depicted in Figure 4.3 show the corresponding effect sizes
of stimulation across all subjects for singlets (top) and triplets (bottom). The red areas
show positively correlated activation with respect to the stimulus, whereas blue areas
show negative correlations. Subtle inversely correlated effects can be seen in the frontal
parts of the singlet activation maps compared to the triplet activation maps (Figure 4.3,
slice z=20). A contra-lateral BOLD response can also be observed in the right dIPFC
area in singlets which is less focal in triplets.
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Region Hemisphere | X Y Z Peak Z-Stat | Size (cm3)
Temporal Sup Left -42.0 | -12.0 | -3.00 5.97 28.991
Rolandic Oper Right 63.0 | -18.0 | 15.75 5.75 40.533

Thalamus Right 12.0 | -12.0 | 8.25 5.49 5.940
Supp Motor Area Right 12.0 | 9.0 | 49.50 5.12 14.208

Vermis Bilateral 0.0 |-54.0 | -3.00 4.81 1.046

Calcarine Left 0.0 |-72.0 | 12.00 4.61 4.590
Temporal Mid Right 45.0 | -57.0 | 15.75 4.46 0.708

Frontal Inf Oper Right 54.0 | 15.0 | 30.75 4.19 1.113
Cerebelum Left -15.0 | -54.0 | -21.75 4.17 0.438
Cerebelum Left -15.0 | -75.0 | -18.00 4.08 0.573
Postcentral Right 27.0 | -36.0 | 72.00 4.05 0.337
Precuneus Left 0.0 |-45.0 | 60.75 4.02 0.506

Lingual Right 12.0 | -60.0 | 8.25 3.95 0.438

Lingual Left -9.0 | -48.0 | -3.00 3.92 0.337

Precuneus Right 12.0 | -72.0 | 42.00 3.90 0.742
Lingual Left -18.0 | -57.0 | 0.75 3.77 0.371
Rectus Left 0.0 | 36.0 | -25.50 -3.70 0.405

Table 4.1.: The z-statistic cluster table for singlet group-level analysis showing the region,
hemisphere, coordinates, peak statistic, and size of significant clusters. Ana-
tomical labels were defined using AAL3 atlas [103].
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Figure 4.3.: Representative transversal brain slices displaying voxel-wise whole-brain effect
size activation maps for the group-level activation in singlets (top) and triplets

(bottom) fit to a template MNI brain.
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Region Hemisphere | X Y Z Peak Z-Stat | Size (cm?®)
Insula Right 42.0 | 3.0 |-10.50 6.10 52.346
Insula Left -42.0 | -3.0 | 4.50 5.74 42.018

Cingulum Mid Right 6.0 | 21.0 | 38.25 5.11 16.065
Vermis Bilateral 0.0 |-69.0 | -3.00 4.96 15.525
Substantia Nigra Right 15.0 | -21.0 | -10.50 4.92 2.025
Thalamus LGN Left -27.0 | -18.0 | -6.75 4.69 0.540
Thalamus Right 15.0 | -9.0 | 12.00 4.49 2.328
Frontal Inf Oper Right 51.0 | 15.0 | 30.75 4.40 1.080
Frontal Mid Right 39.0 | -3.0 | 57.00 4.33 1.113
Thalamus Left -15.0 | -15.0 | 12.00 4.28 0.877
Precentral Left -42.0 | -9.0 | 60.75 4.13 0.641
Thalamus MGN Left -12.0 | -27.0 | -6.75 4.01 0.877
Frontal Mid Right 51.0 | 45.0 | 4.50 3.99 0.911
Vermis Bilateral -3.0 | -54.0 | -10.50 3.82 0.607
Posterior Cingulate Left 3.0 |-33.0 | 27.00 3.66 0.506
Frontal Mid Left -33.0 | 42.0 | 30.75 3.63 0.573

Table 4.2.: The z-statistic cluster table for triplet group-level analysis showing the region,
hemisphere, coordinates, peak statistic, and size of significant clusters. Ana-
tomical labels were defined using AAL3 atlas [103].

4.2. Subject-Level Analysis

The following are exemplary results of BOLD activation as a result of stimulation acquired
through GLM analysis thresholded to z > 3.29 to equate to a p > 0.001 significance. Only
sub-rel006 is shown to exemplify standard activation after stimulation.

Figure 4.4 shows the subject-level activations during each stimulation run for sub-rel006
which showed exemplary activations which represent the types of activation maps that
can be seen in other subjects as well as a result of stimulation and different stimulation
protocols. From the figure it can be seen that the most consistently active areas are within
the auditory and somatosensory areas which are activations that cannot be mitigated due
to the sensation of TMS as well as noise of the stimulation itself. Consistently activated
areas are also under the stimulation site highlighted by the blue square on top of the
brain mosaics. Similar results were found in other subjects and are highlighted by the
group-level analysis above.

Figures 4.6 and 4.5 show the effect sizes of each of the 400 parcels during ses-02 (x-axis)
in relation to the effect sizes of the same parcels’ in ses-03 (y-axis). These graphs show a
clear positive correlation between the two sessions demonstrating a inter-session reliability
on a single-subject-level in each stimulation protocol. Similar plots for all other subjects
can be found in the Appendix.
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Figure 4.4.: Representative transversal brain slices displaying voxel-wise whole-brain
thresholded z-statistic activation maps for subject sub-rel006 during the
singlets protocol in ses-02 and ses-03 (top 2 respectively) and singlets protocol
in ses-02 and ses-03 (bottom 2 respectively) fit to a template MNI brain. The
approximate location of the stimulation site is highlighted in the blue square.
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Session 03 Effect Size
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Figure 4.5.: Parcel-wise correspondence of singlet-evoked BOLD effect sizes across sessions
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for participant sub-rel006. Each point represents a cortical parcel, plotting
its effect size in ses-02 against ses-03. The red regression line illustrates the
positive correlation between sessions.
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Figure 4.6.:

4.2. Subject-Level Analysis
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Parcel-wise correspondence of triplet-evoked BOLD effect sizes across sessions
for participant sub-rel006. FEach point represents a cortical parcel, plotting
its effect size in ses-02 against ses-03. The red regression line illustrates the
positive correlation between sessions.
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4.3. Reliability Analysis

In this section, the investigations on reliability of stimulation protocols and all corres-
ponding analysis are presented. The results shown were obtained by calculating Pearson’s
correlations of all of the parcels within the Schaefer atlases, a commonly used brain
parcelation method [95], between ses-02 and ses-03.

4.3.1. Group Reliability

Within-Subject vs Between-Subject Correlation
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Figure 4.7.: Comparison of within-subject and between-subject reliability in TMS-evoked
BOLD activation patterns. Boxplots show the distribution of Pearson cor-
relations for session-to-session reliability within subject (left) and similarity
across different subjects (right). Individual data points represent correlations
for each subject or subject pair.

Figure 4.7 displays the correlations between ses-02 and ses-03 within the same subject
and across all subject combinations. From the figure it can be seen that within-subject
correlations are higher (mean—0.493, SD=0.162) than the between-subject correlations
(mean=0.311, SD=0.133). The individual points on the box plots represent the data
points from which the boxplot is graphed. A paired t-test resulted in the following
values: t = 3.755, p = 0.002. This graph represents both the singlet and triplet protocols
combined.

Figure 4.8 shows the difference in reliability within and between subjects across sessions
respective to the stimulation protocol of use. From the graph it can be seen that the
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Within- vs Between-Subject Correlation for Singlets and Triplets
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Figure 4.8.: Comparison of singlets and triplets in within- and between-subject correlations
across all parcels across ses-02 and ses-03. Individual data points represent
correlations for each subject or subject pair. The blue bars represent singlets
and the green bars represent triplets.
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triplets protocol has a higher correlation (mean=0.551, SD=0.109) across sessions than
the singlet stimulation protocol (mean=0.435, SD=0.183). Both singlets (mean=0.278,
SD=0.131) and triplets (mean=0.344, SD=0.127) show lower reliability between subject
than within subject.
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Figure 4.9.: Correlation matrix showing between- and within-subject similarity of singlet-
evoked BOLD response patterns. The lower-triangular heatmap shows Pear-
son correlations between effect-size maps averaged across protocols and
sessions for every pair of participants. Diagonal values represent each parti-
cipant’s mean within-subject cross-session reliability. The blue bars represent
singlets and the green bars represent triplets.

Figures 4.9 and 4.10 show the subject x subject similarity matrix for singlets and triplets
respectively. The values underneath the diagonal represent between subject correlation
and the diagonal values represent the within subject correlation. It can be seen that
the values along the diagonal are higher. It is important to note that one parcel (Right
Hemisphere Visual 22 230) for sub-rel003 ses-02 singlets has an inconsistently large effect
size. The same goes for sub-rel008 ses-02 singlets where one parcel (Right Hemisphere
Salience/Ventral Attention Med 8 317) has an inconsistently high negative effect size and
would also be considered an outlier. These outliers significantly reduce the correlation of
singlets arcoss sessions in the two subjects. We chose to include these outliers in the data
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Figure 4.10.: Correlation matrix showing between- and within-subject similarity of triplet-
evoked BOLD response patterns. The lower-triangular heatmap shows
Pearson correlations between effect-size maps averaged across protocols
and sessions for every pair of participants. Diagonal values represent each
participant’s mean within-subject cross-session reliability.
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to maintain consistency between subjects.

4.3.2. Network-Level Reliability

The following is a parcel-wise network level analysis of the effect sizes and correlations
across subjects. Networks were assigned to each parcel of the Schéfer parcellation [95]
based on the Yeo networks [96].
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Figure 4.11.: Box and whisker plots showing effect sizes of parcels divided into their re-
spective functional networks in arbitrary units (a.u.). The selected networks
are based on the Schaefer atlases [95] and the seven Yeo networks [96]. The
parcel categories are: Control, Default Mode, Dorsal Attention, Limbic,
Salience/Ventral Attention, Somatomotor, and Visual Network respectively.
The blue bars represent singlets and the green bars represent triplets.

Figure 4.11 shows the network-level effect sizes of singlets and triplets grouped by
functional network. This analysis revealed the network-specific effect sizes shown in Table
4.3 The Salience/Ventral Attention, Somatomotor, and Visual networks show the highest
effect size and the Control, Default Mode, Dorsal Attention, and Limbic networks display
a lower effect size but generally less variability.

Figure 4.12 shows the network-level correlations of singlets and triplets grouped by
functional networks. This analysis revealed the network-specific correlations shown in
Table 4.3. The Somatomotor and Salience/Ventral Attention networks show the highest
correlations followed by the Control and Default Mode Networks, and lastly the Dorsal
Attention, Limbic, and Visual networks show the lowest correlations with the highest
variability.
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Figure 4.12.: Box and whisker plots showing the correlation of parcels divided into their
respective functional networks between ses-02 and ses-03. The selected
networks are based on the Schaefer atlases [95] and the seven Yeo networks
[96]. The parcel categories are: Control, Default Mode, Dorsal Attention,
Limbic, Salience/Ventral Attention, Somatomotor, and Visual Network
respectively. The blue bars represent singlets and the green bars represent

triplets.

Network Protocol | Effect Size ;/SD | Correlation p/SD

Control Singlets 9.761/12.598 0.487/0.177

Triplets 11.036/10.123 0.461,/0.154

Singlets 1.693,/10.030 0.416,/0.199

Default Mode Triplets 6.291,/13.303 0.553,/0.109

. Singlets 7.785,/10.951 0.320,/0.336

Dorsal Attention Triplets 1.886/10.165 0.370/0.231

Limbic Singlets ~6.728,/12.793 0.170/0.135

Triplets ~4.860,/19.115 0.325,/0.254

. _ Singlets 32.493/16.081 0.562,/0.236

Salience / Ventral Attention |— o 35.706/12.764 0.617/0.159

Somatomotor Singlets 19.516/12.828 0.516/0.175

Triplets 24.853/15.708 0.715/0.218

Viewal Singlets 13.368/20.471 0.278/0.314

Triplets 13.497/15.499 0.420,/0.266

Table 4.3.: Mean and standard deviation for each network (Control, Default Mode, Dorsal
Attention, Limbic, Salience/Ventral Attention, Somatomotor, and Visual), for
each protocol (singlets and triplets), and for both effect size and correlation.
The table is a supplement to the Figures 4.11 and 4.12.
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5. Discussion

The following chapter is a discussion on the findings and their implications for both the
technology of TMS, its use in clinics and research labs, and the greater cognitive science
discussion. The chapter also discusses the study’s limitations.

5.1. Results

Within this study, we compared BOLD responses to different TMS protocols across
sessions and subjects. On a group-level very few differences were observed between the
two stimulation protocols suggesting that they engage similar brain networks. On a
subject-level we saw highly similar activation maps across sessions, which, however, were
highly subject specific. In terms of the reliability the data show: within-subject reliability
is higher than between-subject reliability and activation maps from triplets are more
reliable than from singlets. This finding is consistent across various functional brain
networks.

5.1.1. Group-Level Activation

Overall group-level activations show similar patters to previously published TMS-fMRI
data in both singlets [62] and triplets [63]. As seen in Tables 4.1 and 4.2 we observed major
activation in the thalamus and insula which are regions often associated with hearing,
sensation, and pain perception. The TMS-induced activation within these areas is difficult
to discriminate from the indirect stimulation effects suggesting careful interpretation of
these findings. On a group-level we observed that both singlets and triplets elicit very
similar activation patterns in the brain, resulting in no statistically significant differences.
The effect sizes show similar network engagement. On a voxel level singlets showed slightly
stronger bilateral activation of the dIPFC and inhibition in the surrounding regions which
was not present in triplets as seen in Figure 4.3. Differences between protocols were
mostly in terms of effect size rather than activation patterns, suggesting that triplets
activate the same networks but with a higher effect size. Application of multiple pulses
compared to single pulses may still yield different results in other brain regions, as shown
in results observed in paired pulses in previous literature [23]. We did not observe such
inhibitory effects in the dIPFC, but rather a stronger BOLD response.

5.1.2. Subject-Level Activation

On a subject-level we see comparable activities in each participant. The main activation
we see is somatomotor activation as seen by Figure 4.4. This is likely caused by scalp
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sensation of the stimulation and the clicking noise it makes conducted both through
air and bone. These sensory effects are, however, hard to mitigate in concurrent TMS-
fMRI research as sham stimulation would be required and current hardware does not
replicate the sensation of TMS exactly. All subjects had a positive parcel-wise correlation
between both sessions suggesting inter-session reliability of TMS evoked BOLD signal. An
interesting effect can be observed by comparing the significant activations between the first
and second stimulation run within one session. We consistently observed lower activations
in the second stimulation run suggesting a habituation effect within a session. As the
subject got more accustomed to the setup and environment, the sensations caused lower
BOLD activations. Nonetheless, significant activations within the dIPFC and other brain
regions areas were still present suggesting successful stimulation. Due to the continuous
use of neuronavigation during scanning, movement effects can be excluded as causes for
these effects. Similarly, meticulous care was taken during coil position prior to and during
all scans, which is a precaution not commonly conducted during TMS-fMRI studies. Thus,
online neuonavigation is an aspect of TMS-fMRI that should be considered for all future
studies.

5.1.3. Reliability

The primary finding of this study lies within the reliability within and between subjects
and the reliability of the two stimulation protocols. From Figure 4.7 it can be seen that
within subject parcel-wise correlations are higher than the between subject comparison.
This effect is observed in both singlets and triplets as seen in Figure 4.8. This confirms
the idea that individual anatomical and functional connectivity differences greatly impact
the amplitude and position of the activations caused by TMS. The finding reaffirms the
necessity for individualized stimulation procedures due to the between subject differences
in functional connectivity based stimulation target and cautions over generalizations for
group-level analysis due to the effect outcomes.

We found that triplets have higher reliability across stimulation sessions conmpared to
singlets, suggesting that the choice of stimulation protocol has an effect on the consistency
of stimulation-related BOLD response. This can be seen in Figure 4.8. This effect is true
for both within-subject and across-subject reliability, with triplets showing higher means
in both cases. This is an important finding that implies that single pulse designs might
not be sensitive enough to reveal activation patterns. The lower reliability of singlets
compared to triplets informs future experimental design. Using multi-pulse stimulation in
TMS-fMRI studies might increase the validity and longitudinal implications of research
studies, due to the higher reliability in BOLD responses.

5.1.4. Network-Level Reliability

The results of the network-level analysis of effect sizes shown in Figure 4.11 suggest the
following findings. The salience/ventral attention and somatomotor networks show the
highest effect sizes for both protocols with slight increases for triplets. This higher effect
size may be due to the unspecific side effects of the sensation of TMS as the sensations of
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stimulation show in these networks. Conversely, the default mode and dorsal attention
networks showed the lowest effect sizes and low variability. Interestingly, the limbic
network showed a negative effect size suggesting inhibition in the associated areas, but
also showed higher variability; importantly the sgACC is associated with this network.

The network-level analysis of correlations shown in Figure 4.12 suggests the following.
The salience/ventral attention and somatomotor networks had the highest reliability
across session with the somatomotor network having a clear difference in correlation
between protocols. Triplets showed a much higher similarity than singlets, but this may
be an effect of the ordering of stimulation runs combined with the subjects’ habituation
to the setup and stimulation throughout individual stimulation sessions. Mitigation of
this confound is difficult as it directly conflicts with the order effect and motion confounds
as we wanted to assure the protocols do not confound each others and that the subjects
are not startled as a result of their very first TMS-fMRI stimulation causing movement.
The limbic network shows a generally low similarity across sessions but a clear difference
in reliability between protocols with lower reliability for singlets; the higher reliability
for triplets is, however, highly variable. The generally lower values may be due to the
network being in regions with lower signal due to inherent RF coil placement.

Comparison of correlation and effect size from Table 4.3 revealed that triplets showed
stronger somatomotor activation which is also associated with higher correlation values
compared to singlets. This suggests a robust and reliable activation in somatomotor areas.
Singlets compared to triplets showed stronger inhibition in the limbic network, but also
showed low correlation across sessions. This might hint towards protocol-specific effects
in the limbic network which the sgACC is often attributed to. Therefore, further research
would be needed to confirm whether sgACC deactivation can be influenced by stimulation
protocol. The default mode network showed greater activation in triplets with higher
reliability compared to singlets, showing that using triplets may more effectively engage
frontal cortical regions.

In summary, the findings show an overall comparably high reliability of TMS-related
BOLD response, but with significant inter-individual variance. Reliability is also network-
specific as well as protocol-specific.

5.1.5. Implications for TMS Use

Currently, TMS is widely used in both research facilities and clinics across the world for
exploring and exploiting non-invasive brain stimulation. Concurrent TMS-fMRI allows
researchers to causally probe specific brain regions and observe their effects on ROI and
network-level brain activation as well as behavior. Little is known about the reliability
of this method across different time points however. A previous study by Hawco and
colleagues demonstrated high within-run reliability [8] but a longitudinal study has not
yet been conducted. Thus, this study investigated whether TMS induced a reliable BOLD
response across sessions. The findings of this study are relevant for research use as it
provides important information for design of future studies. If a specific cortical target is
used and is meticulously targeted on different days, then it can be expected to activate
the brain in highly similar but not perfectly identical ways. Future studies would need to
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be conducted to determine whether this finding generalizes beyond the dIPFC as in this
study, we stimulated a very precise region and other cortical areas may exhibit different
response patterns. This study suggests that triplets are more reliable in the response
they elicit, providing insights into the necessity to consider the protocol of stimulation,
as single pulses might create less reliable BOLD responses across sessions, which might
affect the interpretation of TMS-fMRI outcomes. While the finding that within-subject
reliability is much higher than between-subject is not unexpected, due to the personalized
targeting and dosing, it confirms that inter-individual variability is high and can decrease
group-level results. Thus, in addition to group-level, TMS-fMRI results should always
be investigated on the subject-level. All of these findings support the consistency and
reliability of TMS-fMRI, supporting its use in research and clinics.

5.1.6. Implications for Cognitive Science

A common assumption within cognitive science in the stability of the brain behaviors.
Since the brain is the substrate that drives cognition, the fundamental phenomena
it exhibits inform cognitive modeling and experimental design. Because of this, the
assumptions that are made need to be empirically tested to validate the outcomes. This
assumption can directly be tested by TMS-fMRI as it allows for causal probing and
observation of brain region and network activation over time.

The findings of this TMS-fMRI study corroborate the assumption that the responses
of the brain to specific stimulation are consistent over a specific time scale. Thus, these
reliability findings can be extrapolated onto the ways in which natural stimuli elicit
neural activation. Of course, natural stimuli are much less controlled and not artificially
induced, putting a lot of value on the context within which the stimulus occurs enforcing
the ideas of 4E cognition. If a study design would allow for the conditions to match
precisely across different days, then it would not be hard to imagine how across session
reliability at different time points could be achieved. However, caution needs to be taken
in interpreting this finding as it uses a very specific method of elucidating brain activation.
These extrapolations are, of course, highly speculative but the findings provide a stepping
stone into a deeper understanding of reliability and reproducibility which is an often
undermined aspect of neuroscience.

5.2. Limitations

Despite the strengths of this study, some limitations need to be acknowledged. The
most significant constraint is the small sample size, which reflects the practical difficulty
of acquiring concurrent TMS—fMRI data across multiple sessions. Due to the difficult
preparation, individualized methodology, long scanning time, and the chances of data-
corrupting errors being quite high, the number of fully collected datasets is limited. This
reduces statistical power primarily on a group level and may obscure subtle effects. As a
result, the generalization of the findings should be interpreted carefully.

A second limitation concerns the indirect nature of the BOLD signal. fMRI measures
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changes in blood flow rather than neural activity itself. Although neurovascular coupling
is robust, it is still an inference about the underlying neuronal processes. As a result, any
conclusions about network or regional activation must acknowledge that the measured
signal is a proxy, and not a direct readout of neural activity. On a similar note, the study
assumes that motor-threshold stimulation intensity generalizes to other cortical areas.
This is a standard assumption in TMS research as non-motor regions lack physiological
validation cues. The true stimulation threshold of dIPFC cannot be directly measured,
and E-field simulations preformed with SimNIBS can only approximate electric field
distributions in tissue, but do not tell us anything about the actual activation patterns.
This matters because individual brain region differences may cause identical stimulation
percentages to impact different neuronal populations at diverging levels. This, however,
is an aspect of TMS research that currently cannot be mitigated.

A further limitation is that perfect session-to-session consistency cannot be achieved.
Factors such as sleep, caffeine intake, stress, and time of day can alter cortical excitability.
These factors cannot be fully controlled by the researcher. Achieving perfect stimulation
precision is impossible with current TMS—MRI hardware. Small coil-position shifts, like
those caused by startle responses to the first pulse, introduce imprecision that is difficult
to avoid despite careful preventative measures such as online neuronavigation. These
movements, even though they are often sub-millimeter, are meaningful because they can
shift the stimulation site from a gyral crown into a sulcal wall or vice versa, resulting
in different E-field distributions and potentially different activation patterns. Another
setup limitation is the fact that perfect RF coil placement on different scanning days is
impossible as the position of the RF coils could not be consistently tracked across sessions.
This may have caused different signal levels in the same brain regions on different days.
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6. Conclusion

The findings of this study suggest that TMS-fMRI is a reliable method for investigating
stimulation-induced brain activity in the dIPFC and associated networks. Given that
coil positioning is accurate and consistent and a proper stimulation protocol is selected
based on the target of which activation is to be altered stimulation consistently elicited
activations across session. With no inherent effect differences between singlets and triplets
the results suggest that triplets are better than singlets for eliciting a more consistent
response across sessions as well as across participants. The findings further showed
significant inter-individual variability, which was reduced by using triplets. These findings
have implications for the future of both clinical and research applications.

In research uses, singlets stimulation protocols are commonly used to investigate
TMS-induced BOLD response. We, however, found that triplets produce a stronger
and more reliable response during stimulation. While multi-pulse stimulations are more
uncomfortable for the subject, they might be necessary to obtain reliable BOLD activation
patterns, as they engage specific ROIs and associated functional networks with higher
similarity across sessions. However, it remains unclear whether network effects are exactly
identical; in our sample, the statistical power was likely too low to detect more subtle
protocol-specific differences.

With TMS-fMRI being increasingly used to probe brain response to TMS also in clinical
cohorts, the selection of optimal protocols to detect target engagement is an open question.
Based on the findings of this thesis, the BOLD response induced by singlets is not strong
enough to yield reliable results with the small group sizes used, especially across sessions.
Therefore, using triplets could provide more reliable insights. In parallel, we showed that
strong inter-session similarity can be achieved, if steps are taken to ensure a high degree
of targeting precision. If recruitment of the same target region is desired by clinicians
during treatment then proper care needs to be taken during targeting and throughout
the stimulation to elicit activation in the desired brain regions.

Further research is needed to reaffirm these findings for investigating different aspects
of brain stimulation. This study focused on dIPFC stimulation, and extrapolating these
findings to other brain regions may not be accurate as they may show different responses
to the tested protocols. Similarly, the conclusions drawn from this study should be
interpreted lightly due to the small sample size urging researchers to expand this study
onto a larger subject population.
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Figure A.1.: Correlation’s of specific brain ROI’s based on the Schaefer atlases [95]. The
coloration of the parcel corresponds to its’ respective correlation between
ses-02 and ses-03 across subjects.

Figure A.1 shows relevant parcel specific correlations between ses-02 and ses-03 across
subjects adjusted to fit onto the MNI template brain. The red parcels represent highly cor-
related areas and the blue hues represent the inversely correlated areas. High correlations
can be seen in the frontal cortical parts as well as Somatomotor areas.
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Figure A.2.: Parcel-wise correspondence of singlet-evoked BOLD effect sizes across sessions
for all participants. Each point represents a cortical parcel, plotting its effect
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between sessions.

size in ses-02 against ses-03. The red regression line illustrates the correlation
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Figure A.3.: Parcel-wise correspondence of triplet-evoked BOLD effect sizes across sessions
for all participants. Each point represents a cortical parcel, plotting its effect
size in ses-02 against ses-03. The red regression line illustrates the correlatidf
between sessions.
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Table A.1.: Correlation coefficients and p-values for within-subject cross-session consist-
ency across singlets and triplets.
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