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Abbreviations

Abbreviations in order of appearance

MDD Major depressive disorder
TR-MDD  Treatment resistant MDD

TMS Transcranial magnetic stimulation
rTMS Repetitive TMS

E-field Electrical field

M1 Primary motor cortex

MRI Magnetic resonance imaging
fMRI Functional MRI

sgACC Subgenual anterior cingulate cortex
DLPFC Dorsolateral prefrontal cortex
RMT Resting motor threshold

HDRS Hamilton depression rating scale
PET Positron emission tomography
GMV Grey matter volume

DBS Deep brain stimulation

ECT Electroconvulsive therapy

MEP Motor-evoked potential

NAc Nucleus accumbens

BDNF Brain derived neurotrofic factor
HF High frequency

LF Low frequency

FDI First dorsal interosseous

APB Abductor pollicis brevis

EEG Electroencephalography

BA Brodmann area

ACC Anterior cingulate cortex

PPC Posterior parietal cortex

OFC Orbitofrontal cortex

BOLD Blood oxygen level dependent
EMG Electromyography

CSF Cerebrospinal fluid

GM Grey matter

RF
GLM
HRF
FWE
Al
SMA
S1
BO
FEF
V5
SEF
VvPFC
Vi
V2

Radiofrequency
Generalized linear model
Hemodynamic response function
Family wise error

Primary auditory cortex
Supplementary motor area
Primary sensory cortex
Static magnetic field

Frontal eye fields

Middle temporal visual area
Supplementary eye fields
Ventral PFC

Primary visual cortex
secondary visual cortex



Introduction

Major depressive disorder (MDD) is a highly complex disorder that severely affects mood
and pleasure in everyday activities. Its complexity appears through its diverse manifestations and its
treatment resistant nature. Importantly, MDD is one of the leading causes of disability and the most
prevalent mental disorder worldwide. In the first chapter, we show that MDD is associated with a
specific dysfunctional brain network and that a response to treatment correlates with normalization
of dysfunctional regions within this network. We shed some light on the role of individual regions
brain in the pathology of MDD and we relate the complexity of the dysfunctional network to the
diverse and treatment resistant nature of MDD.

In chapter 2 we introduce non-invasive brain stimulation methods, that can directly target
the dysfunctional network associated with MDD. We specifically focus on repetitive transcranial
magnetic stimulation (rTMS). Repetitive TMS is a treatment modality for patients with MDD, which
uses electromagnetic induction to modulate DLPFC excitability to realize an antidepressant effect.
We lay out the advantages of rTMS and identify ways to improve the limited response rate to rTMS
treatment. We stress the importance of the localization of the functional regions rather than relying
on brain anatomy for targeting stimulation. Finally, we emphasize the need for more understanding
of how the electrical field induced by TMS (TMS E-field) interacts with neuronal populations in the
cortical layer.

In chapter 3 we propose concurrent TMS-fMRI as an innovative method to determine the
brain’s response to single pulses of TMS in order to increase understanding of the effects of TMS.
We validate concurrent TMS-fMRI through the delivery of TMS pulses to the functional
representation of the hand in the primary motor cortex (M1) and verify TMS-induced network
activity through a comparison with voluntarily induced motor network activation and literature
findings on motor networks. We debate the complex interaction between the TMS E-field and the
neuronal populations in the cortical layer and provide suggestions for future research.

Chapter 4 reviews the networks that are activated in response to TMS pulses delivered to
the left DLPFC. We relate these networks to established network connectivity and literature findings.
Finally, based on our expertise, we provide suggestions for future research to further increase the
understanding of TMS treatment in MDD and to improve the application of concurrent TMS-fMRI.



Chapter 1
Neural circuits involved in major depressive disorder

Major depressive disorder

Major depressive disorder (MDD) is a complex disorder which is characterized by a
depressed mood or loss of interest or pleasure in (almost) all activities, for at least a two-week
period. MDD is accompanied by at least 4 of the following symptoms: significant loss of weight,
feelings of worthlessness or guilt, fatigue, psychomotor agitation or retardation, insomnia or
hypersomnia, lack of concentration and recurrent thoughts of death[1]. In light of these symptoms,
patients with MDD experience strong impairment in social, occupational and other areas of function,
which greatly impairs their daily life. The severity of depressive symptoms is commonly documented
with the Hamilton Depression Rating Scale (HDRS), scoring individual depressive symptoms in
detail[2].

The global prevalence of MDD is a staggering 4.7%, making it the most prevalent mental
illness worldwide[3]. MDD is the leading cause of disability with, in the United States alone, an
estimated annual cost of approximately $83 billion due to treatment and decreased overall
performance[4]. MDD has an average age of onset of 30 years and risk of development is increased
for the middle aged, Caucasian and low income population[5].

The manifestations of MDD are highly diverse, which was elegantly demonstrated by Fried et
al. who identified over 1,000 unique symptom profiles[6]. MDD is also exceptionally difficult to treat.
Up to two thirds of the patients with MDD do not respond to the first medication prescribed and
approximately 15 to 33% of patients has treatment resistant MDD (TR-MDD)[7]. Patients with TR-
MDD do not show significant clinical improvement to treatment with antidepressants of at least two
different pharmacological classes[4]. Altogether, its diverse manifestations, high prevalence,
disabling impact and treatment resistant nature make MDD a heavy burden on societies, which
stresses the need for more understanding of its complex pathology.

Neural circuits in MDD

Before we review the neural circuits that are of importance in MDD, we discuss
investigational methods that have led to the implication of these neural circuits in the pathology of
MDD. In the past decades, the understanding of MDD has greatly increased. The first neuroimaging
studies investigated changes in grey matter volume (GMV) in anatomical brain scans that
discriminated patients with MDD from healthy individuals. Other researchers would compare
metabolic activity between patients with MDD and healthy individuals. This was done through the
injection of a radioactive tracer that accumulates in regions with increased metabolic activity. The
dose of radioactive tracer was then measured with positron emission tomography (PET). This would
provide researchers insight in whether brain activity was different in patients with MDD and
whether this related to changes in structural anatomy. After abnormalities in baseline activity were
well established, researchers started to investigate metabolic brain activity before and after
treatment with antidepressants and identified changes in metabolic activity that were uniquely
related to a response to treatment. This would provide them with better understanding of what
regions were actively involved in the experience of depressive symptoms and how changes in
metabolic activity in these regions related to the relief of depressive symptoms. More recently,
neuroscientists started to measure brain activity during a functional magnetic resonance recording
(fMRI) while the participant performed specific tasks to identify task-related differences between
patients with MDD and healthy individuals. Finally, electroconvulsive therapy (ECT) and deep brain
stimulation (DBS) became subjects of interest. With DBS it was possible to modulate the activity of



specific neuroanatomical regions that were found to be dysfunctional in patients with MDD.
Researchers started to document metabolic changes in response to DBS treatment, further
increasing the knowledge on MDD.

The aforementioned research approaches have identified a number of regions which are
relevant in MDD. These regions are part of two major networks: the fronto-limbic network and the
reward network. In the following sections we discuss these regions and identify how these regions
play a role within the pathology of MDD (Fig. 1.1).

Figure 1.1 Medial (left) and lateral (right) view on the left hemisphere. A number of neuroanatomical
regions relevant to major depressive disorder are encircled. The amygdala is located more deeply
than indicated. PCC: posterior cingulate cortex; ACC: anterior cingulate cortex; sgACC: subgenual
anterior cingulate cortex; NAc: nucleus accumbens; DLPFC: dorsolateral prefrontal cortex.

The fronto-limbic network

In 1878, Paul Broca identified the 'great limbic lobe' in addition to previously established
cerebral lobes[8]. According to Paul Broca, the 'great limbic lobe' covered the white matter
connection between the two hemispheres deep in the brain. He argued that intelligence evolved
with the expansion of the frontal lobe because it was only seen in intelligent mammals, such as
primates. He observed that frontal lobe expansion occurred simultaneously with the reduction of
the olfactory system, an important part of his 'great limbic lobe'. He concluded that through
evolution, the frontal lobe had obtained dominance over the ‘great limbic lobe’, because intelligence
had obtained dominance over the bestial sense. Thus, the primal instincts were represented in the
‘great limbic lobe’.

Sixty years later, James Papez made a major contribution to the understanding of the limbic
system with his theory of emotion[9]. He was able to relate specific cognitive and emotional
processes to the limbic network, further specifying the role of the limbic network within the brain.
His work included patients with cingulate lesions, who presented with impaired memory and
personality changes. Today, the fronto-limbic network has been associated with a large number of
complex cognitive and emotional processes, which are linked to a substantial number of
neuroanatomical structures. In this chapter we discuss the neuroanatomical structures that are
strongly associated with MDD: the cingulate cortex, the prefrontal cortex and the amygdala.



The subgenual cingulate cortex

James Papez was the first to emphasize the role of the cingulate cortex in his theory of
emotion[9]. The cingulate cortex is a large grey matter region that embodies the outer surface of the
corpus callosum and consists of an anterior and posterior division[10][11]. Although different parts
of the cingulate cortex can be affected in MDD, the subgenual anterior cingulate cortex (sgACC) has
attracted most attention. The sgACC is the most ventral part of the ACC and is located inferior to the
corpus callosum genu. It is one of the most intensively researched brain areas in relation to MDD
and other mood disorders.

Drevets et al. investigated neuroanatomical changes in patients with mood disorders and
discovered that the GMV of the sgACC was significantly reduced in patients with MDD[12]. The
reduction in sgACC volume was also observed in early-onset MDD and young adults with a high
familial risk for the development of MDD[13][14], indicating sgACC volume reduction as a precursor
of the development of depressive symptoms in patients with a genetic predisposition for MDD.
These structural changes are associated with increased metabolic activity that has been observed in
the sgACC[12][15]. More specifically, Mayberg et al. found that normalization of the increased
metabolic activity in the sgACC was correlated with a response to antidepressant treatment[16]. The
fact that treatment outcome correlates with normalization of sgACC activity has become a well-
established observation[16][17][18].

Multiple lines of evidence converge upon the idea that increased activity of the sgACC plays
a role in the development of depressive symptoms and that successful treatment has a
neuromodulatory effect on the increased metabolic activity in the sgACC. Mayberg et al. argued that
DBS could be used to modulate the abnormal activity in the sgACC. DBS electrodes were implanted
near the sgACC in 6 patients with TR-MDD. Four of these patients showed sustained remission and
showed decreased activity in the sgACC and normalized activity in a number of other regions[17].
Holtzheimer et al. followed up on these findings with a single-blind study on 17 patients with MDD,
who received DBS of the sgACC[19]. 92% of these patients responded to treatment and 58% went
into remission (defined as a 90% decrease on the HDRS). These findings provide further evidence
that successful normalization of abnormal sgACC activity through neuromodulation, is associated
with an antidepressant effect.

The dorsolateral prefrontal cortex

The prefrontal cortex is the entire cortical region ventral to the motor cortex and is
associated with complex cognitive and executive function as well as emotional and behavioral
processes. The representation of these complex functions was famously demonstrated in the case
report on Phineas Gage, who experienced substantial personality changes after both his prefrontal
cortices were severely damaged in a railroad construction accident[20]. The prefrontal cortex can be
divided into four quadrants: the dorsolateral, dorsomedial, ventrolateral and ventromedial
prefrontal cortex. Two of these quadrants have drawn attention because of their relevance in
depression: the ventromedial prefrontal cortex, which inhabits the sgACC, and the DLPFC[21].

One of the major symptoms of MDD is psychomotor impairment, a symptom that is related
to abnormal executive function. Patients with MDD show reduced executive function in different
neuropsychological and cognitive tests[21]. Interestingly, they also show reduced metabolic activity
in the DLPFC[21], an area associated with executive function[22]. Korgaonkar et al. further
investigated prefrontal dysfunction in MDD by using standardized tests during an fMRI recording.
They found reduced activity in the DLPFC during a working memory task and conscious negative
emotion processing in patients with MDD compared to healthy controls[23]. Moreover, Brody et al.
investigated the correlation between DLPFC dysfunction and abnormal executive function in relation
to treatment. They investigated the response to antidepressant treatment in 30 patients with MDD
and correlated the improvement on several aspects of the HDRS to metabolic changes[24]. They
found that cognitive improvement on the HDRS was uniquely correlated with increased metabolic
activity in the DLPFC.



Finally, patients with bilateral DLPFC lesions show significantly higher levels of depression
compared to patients with non-frontal lesions[25], indicating that DLPFC dysfunction can also have a
causal role in the development of depressive symptoms.

Amygdala

The amygdala is a subcortical structure located in the temporal lobe, which plays an
important role in the regulation of emotional processes and the integration of emotion and
memory[26]. Amygdala volume is significantly reduced in unmedicated patients with MDD[27].
Paradoxically, medicated patients with MDD show significantly larger amygdala volumes compared
to healthy controls[28]. This is likely due to the increased release of brain-derived neurotrophic
factor (BDNF) in response to antidepressants[29].

Drevets et al. observed increased metabolic activity in the amygdala in patients with MDD
compared to healthy controls[30], and found that the level of metabolic activity also correlated with
symptom severity[31]. They also showed that increased metabolic activity of the amygdala
normalized after successful antidepressant treatment[30].

The reward network

An important symptom of MDD is a ‘markedly diminished interest or pleasure in (almost) all
activities most of the day, nearly every day (as indicated by subjective account or observation).’[1]
This core symptom of MDD is called anhedonia, the inability to experience pleasure from activities
which were found pleasurable before. Anhedonia has been related to dysfunctional reward
processing[32].

The reward network has been investigated intensively, which has led to the identification of
a number of structures involved in goal-directed behavior[33]. The dorsal and ventral striatum play
an important role in goal-directed behavior and reward processing. The nucleus accumbens (NAc) is
part of the ventral striatum and serves as the key region for the integration of information to
regulate goal-directed behavior. It receives input from the aforementioned sgACC, integrating
emotional processes in the regulation of goal-directed behavior[34]. The caudate nucleus and
putamen make up the dorsal striatum and play a role in the motor coordination of goal-directed
behavior[35].

Nucleus accumbens

As discussed previously, MDD has been associated with dysfunctional metabolic activity of
several neuroanatomical regions. However, these metabolic disturbances have not been observed
for striatal regions except for two reports of metabolic dysfunction in the caudata nucleus[36].
Although, evidence for metabolic dysfunction of striatal structures is lacking, abnormal activity can
be observed specifically during reward processing in fMRI recordings. Pizzagalli et al. investigated
brain responses to the anticipatory and consummatory phases of reward processing in patients with
MDD during an fMRI recording[37]. They found that during the consummatory phase, unmedicated
patients with MDD showed weaker responses in the left NAc and the bilateral caudate nucleus
compared to healthy controls. Reduced activation in the left putamen was seen during the
anticipatory phase of reward processing. Smoski et al. also observed reduced activity in striatal
regions in response to reward anticipation, selection and feedback. They also measured reduced
activity in the bilateral DLPFC during reward selection and found that this correlated with depression
severity[38].

DBS treatment of the NAc has also been investigated in patients with MDD. Schlaepfer et al.
implanted DBS electrodes in the bilateral NAc of three patients with TR-MDD and found increased
metabolic activity in the NAc, amygdala and DLPFC and reduced metabolic activity in the VMPFC and
the caudate nucleus in responders[39]. Interestingly, these findings correlate well with observations
by Mayberg et al. for DBS treatment of the sgACC[17]. Since the sgACC projects directly onto the
NAc, it is possible that stimulation of the sgACC induces neuromodulatory changes of prefrontal
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regions through the NAc. However, metabolic changes in the NAc have not been reported in
response to DBS of the sgACC. Malone et al. investigated the response to DBS of the NAc in 17
patients with MDD. They found similar response and remission rates compared to DBS treatment of
the sgACC with response and remission rates of 40% and 20%, respectively[40].

Table 1.1 Summary of differences in baseline activity, grey matter volume and task-related activity
observed in patients with MDD compared to healthy individuals.

Brain region Baseline activity Grey matter volume Task-related activity
sgACC Increased Reduced -

DLPFC Reduced - Reduced

Amygdala Increased Reduced -

NAc - - Reduced

Caudate nucleus Reduced - Reduced

Discussion

We discussed how a network consisting of several neuroanatomical regions that exhibit
abnormal activity fits in the pathology of MDD (Table 1.1). However, a coherent framework that
explains the interactions between these key regions in light of the pathology and pathogenesis of
MDD is lacking. The design of such a coherent framework for a complex multidimensional disorder
poses significant challenges.

First, the key regions that we discussed in the previous sections are all part of a bigger
integrated network. We saw that within an integrated network, one dysfunctional region can affect
other regions and that modulating the activity of one region can result in normalization of abnormal
activity in other regions. For example, we saw that patients with bilateral DLPFC lesions are at higher
risk of depression and that neuromodulation of the sgACC can cause normalization of activity in the
DLPFC. Therefore, | would argue that dysfunctional activity in the DLFPC can be both a consequence
and a cause of a network dysfunction, since it is part of an integrated network. This dual role
complicates inference on causality within integrated networks.

Second, the network of interest is made up of billions of communicating neurons.
Neuroimaging techniques enable us to measure the activity in neuroanatomical structures and
identify dysfunctional structures in depressed brains. However, these structures consist of large
numbers of neuronal populations with complex interactions within and between these neuronal
populations. It is important to note that we make inferences based on dysfunctional activity on a
macroscopic scale, while network communication takes place on a microscopic scale.

Finally, MDD presents itself in a large number of unique symptom profiles. | argue that the
substantial variation in symptom profiles arises from a significant diversity in network dysfunction.
This strong variation in network dysfunction requires a coherent framework that can explain the
variability in network dysfunction.

Conclusion

Major depressive disorder is a highly complex disorder that severely affects mood and
pleasure in everyday activities. We saw that its complexity appears through its diverse
manifestations and its treatment resistant nature. We showed that MDD is associated with a specific
brain network consisting of dysfunctional neuroanatomical regions. We saw how abnormal activity
in an individual regions relates to symptoms observed in patients with MDD and that successful
treatment correlates with the normalization of abnormal activity in these regions. Finally, we
emphasized the need for a coherent framework that explains the role of different neuroanatomical
regions in the pathology of MDD.
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Chapter 2

Non-invasive brain stimulation in major depressive disorder

Introduction

In chapter one, we discussed the enormous impact of MDD on individuals and their
communities. We saw that approximately 20% of the patients with MDD does not respond to
conventional treatment with antidepressants. We showed that MDD is associated with a network
consisting of several dysfunctional regions and that a response to treatment correlates with
normalization of dysfunctional regions within this network. Over the last decades new treatment
modalities have emerged that specifically target these dysfunctional regions. We already discussed
DBS, a highly invasive treatment alternative, which is considered if all other treatment options are
exhausted. However, we did not discuss non-invasive brain stimulation methods that are available
for the treatment of patients with MDD, like electroconvulsive therapy (ECT) and repetitive
transcranial magnetic stimulation (rTMS). ECT induces an electrical current into the brain to induce
an epileptic seizure. ECT is shown to be effective in patients with TR-MDD, but requires anesthesia
for its application and is accompanied by severe side effects[41]. rTMS is a more patient-friendly
alternative to ECT, with only mild side effects. rTMS utilizes electromagnetic induction to induce a
focal electrical field in the brain[42]. For treatment of patients with MDD, the local electrical field is
induced in the left DLPFC (Fig. 2.1), one of the regions that we discussed in chapter one. In the
following sections we discuss rTMS as a treatment modality for MDD in more detail.

DLPEC TMS coil

Stimulation area

Figure 2.1 A TMS coil positioned over the left DLPFC. The left panel shows a projection of the
electrical field on the cortical surface. DLPFC: dorsolateral prefrontal cortex.

Transcranial magnetic stimulation
TMS is a non-invasive brain stimulation technique, which induces a focal electrical field
through Faraday’s laws of electromagnetic induction[42]. An electrical current flows through
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windings of copper wire to induce a time-varying magnetic field, which again induces an incident
electrical field in the brain (Fig 2.2). This electrical field interacts with the neuronal populations in the
cortex, which produce an evoked potential in response to stimulation. For example, a TMS pulse
delivered to the functional representation of the hand within M1, evokes a potential that travels to
connected brain regions and to the muscles in the contralateral hand resulting in a muscle
contraction. Therefore, single pulse TMS can be used to measure cortical excitability or to determine
network connectivity.

The repetitive delivery of pulses of TMS (rTMS) causes different effects compared to delivery
of single pulses. During rTMS, an incident electrical field is induced in the cortex with a specific
frequency which causes changes in cortical excitability that outlast the duration of treatment[43].
The frequency of stimulation determines whether the long-term excitability of neuronal populations
is inhibited or excited. The principle that the behavior of neuronal populations changes in response
to changes in input is called neuroplasticity. High frequency (HF) rTMS delivers pulses at a frequency
of 5 Hz or higher, which causes a long-term increase in excitability of the stimulated neuronal
populations[44]. Low frequency (LF) rTMS (< 1 Hz) causes a long-term decrease in excitability. When
we use rTMS to change plasticity of neuronal populations, we talk about neuromodulation. Finally,
during rTMS, pulses are delivered with an intensity relative to the patient's resting motor threshold
(RMT), to individualize TMS pulse intensity[45]. The RMT is determined based on the amplitude of
the motor-evoked potential (MEP) in the first dorsal interosseous (FDI) or abductor pollicis brevis
(APB) muscle in response to single TMS pulses delivered to the thumb representation in the
contralateral motor cortex.

Figure 2.2 TMS coil located above ti;e cortical surface. The light blue arrows indicate the direction of
the current flowing through the copper windings. The dark blue arrows illustrate the direction of the
time-varying magnetic field. The red arrow shows the orientation of the incident TMS electrical field.

The interaction between the electrical field induced by TMS (TMS E-field) and the neuronal
populations in the cortical layer is of great importance in understanding the effects of TMS on
neuronal populations. Rahman et al. investigated the effects of two different E-field orientations on
neuronal cells in cortical slices of rats[46]. They found that tangential E-fields, which are oriented
parallel to the cortical surface, produce different effects compared to radial E-fields, which are
oriented perpendicular to the cortical surface (Fig. 2.3). They concluded that tangential E-fields
modulate synaptic efficacy during stimulation, through hyper- or depolarization of afferent axons
and their synaptic terminals. Differently, radial E-fields modulate the cell bodies of cortical neurons,
affecting output that travels to other brain regions. According to this simplified theoretical
framework, the induction of a radial E-field is crucial in the production of network activity in
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response to single pulse TMS. Importantly, the induction of radial or tangential E-fields in response
to TMS is highly variable due the complex morphology of the gyri of the brain. Thus, a single TMS E-
field has completely different effects in different regions of the stimulation area, depending on the
morphology of the gyri.

Kammer et al. demonstrated the relevance of the direction of the TMS E-field with respect
to the orientation of the gyrus. They showed that TMS E-fields oriented perpendicular to the
orientation of the gyrus induced stronger effects (based on phosphene thresholds in response to
stimulation of the visual cortex) compared to E-fields oriented parallel to the orientation of the gyrus
(Fig 2.4). Additionally, Fox et al. observed that TMS-induced activity is predominantly present in the
sulcal regions, rather than on the superficial gyral surfaces in TMS-PET measurements[47]. Based on
their observations, they proposed Rushton’s cosine principle, which isolates the radial component of
the TMS E-field, to determine the effective TMS E-field. Rushton’s cosine principle can be
incorporated in a finite element model to estimate the effects of the TMS coil location and
orientation on the TMS E-field (Fig. 2.5). Janssen et al. were able replicate the observations by
Kammer and Fox et al. on the effect of the TMS coil orientation with respect to the underlying gyrus
using FEM[48]. It is important to note that Rushton’s cosine principle is a crude approach to predict
the effects of the TMS E-field, but more sophisticated approaches are lacking.

Furthermore, the effects of TMS are prone to the complex biochemical and
neurophysiological state of the brain. For example, changes in the biochemistry of the brain in
response to alcohol can influence the excitability of the cortex[49] and slight contraction of the
muscle or observation of movement, i.e. facilitation, increase cortical excitability of M1[50].
Furthermore, the effects of TMS are significantly affected by pre-existing oscillatory activity of the
cortical neuronal populations[51][52]. These biochemical and neurophysiological processes diversify
the effects of TMS between people.

CSF

Figure 2.3 Simplified schematic of the orientation of cortical neurons in the cortical layer of the gyrus.
The direction of the radial electrical field (E,.q) and the direction of the tangential electrical field (E:.n)
are shown in blue and red, respectively. WM: white matter; GM: grey matter; CSF: cerebrospinal
fluid.
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Orientation of the Perpendicular coil Parallel coil
precentral gyrus orientation orientation

Figure 2.4 Orientation of the precentral gyrus in red and coil orientations perpendicular and parallel

to the orientation of the precentral gyrus. The direction of the TMS E-field is indicated with a blue
arrow.

100 V/m Orthogonal Parallel 1e-07 Vm Orthogonal Parallel

Figure 2.5A Projection of the TMS E-field on the cortical surface. Figure 2.4B The location of the
cortical area shown in panels C and D. Figure 2.4C Projection of the E-field strength on the cortical
surface for orthogonal and parallel orientations of the TMS coil. Figure 2.4D Application of Rushton’s
cosine principle to determine the strength of the E-field perpendicular to the surface (radial
component of the E-field) for orthogonal and parallel orientation of the TMS coil. Courtesy of Petar
Petrov (manuscript currently under review).
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Repetitive TMS in MDD

As we discussed in chapter 1, the metabolic activity of the left DLPFC is reduced in patients
with MDD and normalization of this activity through antidepressant treatment correlates with
treatment outcome. HF rTMS attempts to increase the excitability of the left DLPFC directly in order
to normalize the abnormal activity in this region. The effects of rTMS are not limited to the area of
stimulation, but propagate to different brain regions, as we demonstrate later in this chapter.
However, little is known about the pattern of propagation and the distant neuromodulatory effects.

In 2008, the United States Food and Drug Administration (FDA) approved 10Hz rTMS of the
left DLPFC as a treatment option for patients with MDD. O’Reardon et al. investigated the clinical
effects of rTMS treatment in 155 unmedicated patients with MDD[53]. They observed a significant
clinical benefit of rTMS compared to sham TMS with a response rate up to 25% and a remission rate
of approximately 15% (subtle variations between depression rating scales) for active rTMS. A
disadvantage of rTMS is treatment duration and the necessity for maintenance treatments. Patients
with MDD are treated daily with rTMS protocols consisting of 37.5 minutes of treatment during a
period of 4 to 6 weeks[42]. Moreover, the antidepressant effects of rTMS wear off in about half of
the patients treated[54]. In these cases, rTMS treatments are repeated in order to maintain the
antidepressant effect[54]. Consequently, rTMS is a demanding and time-consuming treatment for
both patients and personnel. Although rTMS is clearly beneficial in the treatment of MDD, the
response rate is limited. Limited treatment effects can be attributed to inaccurate coil positioning
because conventional coil placement methods have no regard for individual brain morphology.
Ideally, the TMS target is based on the representation of functional regions in the brain, as we will
see later in the next section. Finally, the complex interaction between the TMS E-field and the
neuronal populations in the cortex affect the efficacy of stimulation. This interaction is modulated by
a number of parameters including coil orientation and angulation, cortical morphology and TMS
pulse intensity.

Improving rTMS treatment

The widespread application of rTMS in the treatment of MDD faces two significant
challenges. rTMS is a time-consuming procedure and its response rate is limited[53]. In order to
overcome the time-consuming nature of rTMS, research has focused on the design of accelerated
rTMS protocols[55]. These accelerated protocols are beyond the scope of this thesis and are
therefore not discussed.

However, the limited response rate remains a significant challenge. One factor that restricts
the response rate is the accuracy of coil placement[56]. Conventional coil placement methods
navigate to the DLPFC based on the location of the thumb area in the left M1 (as determined
through contralateral thumb movement in response to single pulse TMS), the 5cm rule, or based on
the 10-20 system used in electro-encephalography (EEG). However, the first method does not take
into account individual brain size and morphology while the latter only disregards patient-specific
brain morphology. An alternative to these conventional methods is MRI-guided neuronavigation,
which uses a patient-specific MRI scan to navigate coil placement to the left DLPFC. Fitzgerald et al.
showed that MRI-guided neuronavigation is superior to conventional coil placement methods in the
treatment of MDD[56].

Taking into account individual brain morphology increases the response to rTMS treatment.
However, the representation of functional regions within the anatomically defined regions shows
substantial variability between individuals[57][58]. In order to further increase the response to TMS,
the functional parcellation of the human brain should be taken into account. This was elegantly
demonstrated by Sack et al. who showed that fMRI-guided neuronavigation (based on functional
regions) increased TMS effect size[59].

The relevance of functional regions was also demonstrated by Fox et al.[60]. They
hypothesized that the antidepressant effect of HF rTMS could be explained by an indirect
neuromodulatory effect on the sgACC. They identified the region inside the left DLPFC which showed

16



the strongest correlation with the sgACC based on resting state fMRI data and subsequently targeted
this region with HF rTMS. They observed that stimulation of cortical regions with a stronger negative
correlation with the sgACC showed better treatment outcome. Best treatment outcome was
observed for rTMS of Brodmann area 46 (BA46), which makes up the DLPFC together with a part of
BA9. Fox et al. were the first to establish the relevance of functional regions in rTMS treatment of
MDD. Baeken et al. further investigated the relevance of functional connectivity between the sgACC
and the DLPFC[61]. They confirmed the findings by Fox et al. by observing that responders to HF
rTMS of the DLPFC had stronger connectivity at baseline compared to non-responders. In addition,
they found a positive correlation between the sgACC and the DLPFC in responders after treatment.
There was no treatment-induced change in correlation for non-responders. Hopman et al. also
confirmed these findings in their work[62].

We discussed that stimulation of functional regions increases the effects of TMS compared
to conventional methods. We also saw that stimulation of functional regions that are connected to
the sgACC, increased the response to rTMS treatment for MDD, specifically. Consequently, an
anatomical and functional MRI scan are required to guide TMS coil placement, in order to increase
the efficacy of rTMS in the treatment of MDD. As stated previously, coil placement is even further
complicated by the complex interaction between the TMS E-field and the neuronal populations in
the cortical layer. The integration of all these different elements is required to guarantee best
possible treatment for an individual patient. This is achieved through the design of a personalized
brain model that simulates the effect of the TMS E-field on the neuronal populations and shows the
functional parcellation of the brain in order to guide coil placement. Subsequently, this coil position
can be replicated during TMS sessions with MRI-guided neuronavigation.

Effects of high frequency rTMS of the DLPFC

In a previous section, we discussed that TMS-induced activity propagates to other brain
regions causing distant modulatory effects. This was first visualized by Teneback et al. when they
applied rTMS to the left DLPFC in 22 unmedicated patients with MDD[63]. Prior to treatment, they
found that metabolic activity in the left DLPFC, the left caudate nucleus and the bilateral medial
temporal lobes negatively correlated with depression severity. They identified that an increase, and
thus normalization, in metabolic activity in the left DLPFC and left caudate nucleus was uniquely
associated with a response to treatment. In chapter one, we discussed the relationship between
normalization of DLPFC activity and treatment outcome. However, the increased activity in the
caudate nucleus observed by Teneback et al. contradicts findings by Schlaepfer et al., who observed
reduced caudate nucleus activity in responders to DBS.

Zheng et al. also investigated metabolic activity in patients with MDD and observed a
significant increase in metabolic activity of the left ACC[64]. However, reliability is limited because
they had little control over the TMS target (they used the 5cm rule), a small sample of 5 patients,
and no associations with treatment outcome. Lan et al. investigated the effects of rTMS treatment of
the left DLPFC on grey matter volume (GMV) in 27 patients with MDD[65]. They observed increased
grey matter volume in the left ACC, left insula, left superior temporal gyrus and right angular gyrus.
The increase in GMV of the left ACC specifically was correlated with a reduction in HDRS symptom
severity.

Investigation of the neuromodulatory effects of rTMS of the left DLPFC has not been limited
to patients with MDD. De Raedt et al. measured whole brain effects of HF rTMS of the left DLPFC in
healthy individuals using fMRI[66]. They recorded BOLD during an attentional processing task of
emotional information before and after HF rTMS of the left DLPFC. They observed reduced
engagement of angry faces after treatment, which was associated with increased activity in the right
DLPFC, the dorsal anterior cingulate cortex (ACC), the right posterior parietal cortex (PPC) and the
left orbitofrontal cortex (OFC).
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Conclusion

We discussed HF rTMS of the left DLPFC as a non-invasive treatment option for patients with
MDD, which is currently applied clinically. However, the response rate to rTMS is limited and the
treatment protocol is time-consuming. Accelerated treatment protocols and patient-specific coil
placement provide a solution to these problems. In this chapter we specifically discussed the
necessity of increased understanding of TMS E-field interactions and the use of functional
topography in order to guide coil placement. These elements can be combined in a personalized
brain model that contains both structural and functional information of an individual patient to
guarantee most efficacious treatment.

Research goals

We propose concurrent TMS-fMRI as an innovative method to measure the direct effects of
TMS in order to guide the design of a personalized brain model that incorporates the individual
structural and functional anatomy of the brain to simulate the TMS effect. During concurrent TMS-
fMRI, pulses of TMS are delivered during the acquisition of the blood oxygen level dependent
contrast (BOLD) in functional MRI scans in order to visualize TMS-induced activity. In order to use
concurrent TMS-fMRI for clinical purposes, we set out to achieve the following goals:

1. Identify the reliability of concurrent TMS-fMRI in the identification of neural networks by
stimulation of the motor network and comparing this with voluntary motor activity.

2. Identify the neural circuits activated by stimulation of the left DLPFC and to put these circuits
in the perspective of TMS treatment of patients with MDD.

3. Guide the design of patient-specific head models with concurrent TMS-fMRI data.
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Chapter 3

Validation of concurrent single pulse TMS-fMRI in the
identification of the motor network

Introduction

In chapter 2, we saw that rTMS is an increasingly popular treatment modality for patients
with MDD and that more precise targeting of functional regions has a positive effect on treatment
outcome[60][59]. We also discussed the complexity of the interaction between the TMS E-field and
the neuronal populations in the cortical layer[46][67]. We proposed a personalized brain model that
integrates information on the functional topography and brain morphology of the patient to provide
a way to guide coil placement. In order to guide the design of such a model, a method to identify
network activation in response to single pulses of TMS is required. This can be achieved by
concurrent single pulse TMS-fMRI.

During concurrent TMS-fMRI, TMS pulses are delivered to the brain during the acquisition of
the blood oxygen level dependent contrast (BOLD) in a functional MRI scan. In this way, the
hemodynamic changes in response to TMS pulses can be visualized with a high spatial resolution.
This enables us to accurately determine network activity in response to TMS and to relate this to
neural circuits described in the literature. Furthermore, this allows us to investigate the effect of
different parameters such as the stimulation intensity and coil orientation on TMS-induced network
activity. Concurrent TMS-fMRI can increase insight on the interaction of the TMS E-field and the
neuronal populations to guide the design of personalized brain models. Finally, it can validate
patient-specific brain models that integrate functional and anatomical information.

Concurrent TMS-fMRI is an innovative method applied by only a few research groups,
worldwide. Concurrent TMS-fMRI is in the early phase of development and a number of significant
technical challenges remain, restricting its widespread use. Because concurrent TMS-fMRI is still in
its early phase of development, we aim to identify the reliability of concurrent TMS-fMRI in the
identification of neural networks by stimulation of the motor network and comparing this with
voluntary motor activity.

Methods

We validated our concurrent TMS-fMRI setup through stimulation of the motor network by
stimulating the hand area within the left M1, which allowed us to compare network activation in
response to voluntary thumb movements to TMS-induced network activity. The motor network is
optimal for validation because it is an extensively investigated network with well-known
involvement of several neuroanatomical structures. Furthermore, stimulation of the hand area in
the left M1 allows validation of correct coil placement through observation of contralateral thumb
movements.

The experimental procedure was approved by the medical ethical committee of the
University Medical Center Utrecht (UMCU), Utrecht, The Netherlands. MRI data were acquired in 6
right-handed participants (mean age: 20.8 (19-23 years); 1 male; 5 female; mean RMT: 75.9 (66-
83%)). All participants provided written informed consent and were screened for MRI and TMS
exclusion criteria. During the experimental procedure, we strictly adhered to the guidelines and
recommendations for TMS endorsed by the International Federation for Clinical
Neurophysiology[42].

All MR sequences were performed in a 3T MR scanner (Philips Achieva, The Netherlands)
and TMS was applied with a Magstim Rapid® (Magstim Inc., UK) with an MR-compatible TMS coil
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(Magstim Inc., UK) and custom designed TMS filter box (Magstim Inc., UK). The experiment was
divided into two parts: an intake session and a TMS session. During the intake, a T1 weighted
anatomical scan and a functional scan were obtained. The first was used for neuronavigation during
the TMS session, while the latter was used to identify network activation during voluntary thumb
movements and the localization of the right thumb area in the anatomical scan. In the TMS session,
neuronavigation was used to determine the location and orientation of the TMS coil for stimulation
of the right thumb area in the left M1. Thereafter, the participant underwent a combined TMS-fMRI
sequence in which single TMS pulses were delivered to the hand area of the left M1. A T2 weighted
scan was made to verify coil placement.

Intake session

Thumb movements were recorded during the functional scan with an electromyogram
(EMG) of the right anterior pollicis brevis (APB) muscle. The ground electrode was attached to the
wrist, the reference electrode was located on the lower arm while the recording electrode was
placed over APB muscle. The wireless MR-compatible electrocardiography device (Invivo, The
Netherlands) was used to record the EMG. The EMG was sampled at a frequency of 496Hz,
insufficient for quantification of MEPs but sufficient to detect muscle contractions.

First, a T1 weighted anatomical scan was acquired with a TR/TE of 10.015/4.61ms, a flip
angle of 8°, voxel size of 0.75x0.75x0.8mm, scan duration of 677s, 225 slices with a slice gap of Omm.
The T1 weighted image was then segmented with SPM to obtain a grey matter, white matter and
CSF mask.

Thereafter, a single-shot EPI sequence was acquired with 250 dynamics, a TR/TE of
2,000/23ms, flip angle of 70, voxel size of 4x4x4mm, scan duration of 510s, 30 slices with a slice
thickness of 3.6mm and a slice gap of 0.4mm. During the EPI sequence, the participant was asked to
move the right thumb at random moments during the scan, which were captured in the EMG
recording. Custom Matlab code was used to detect the thumb movements in the EMG recordings.
The thumb movements were modeled with the canonical hemodynamic response function (HRF)
and its first-order derivative in a standard event-related GLM analysis with 2 nuisance regressors:
the average BOLD signal in the white matter and the CSF. Statistical images were constructed based
on an F-statistic with the F-threshold at P < 0.05, family wise error (FWE) corrected[68]. The
statistical maps were used to determine the location of the hand area in the left M1.

TMS session

For each participant, the T1 weighted image acquired during the intake session was
segmented with SPM12 to obtain skin, skull, cerebrospinal fluid (CSF), white matter and grey matter
(GM) masks[68]. The 3D surface renderings of the skin and grey matter masks were visualized in the
Neural Navigator (Brain Science Tools, The Netherlands). Subsequently, the location of the hand area
in the left M1 was derived from the statistical map acquired during the intake session and marked in
the Neural Navigator. Each patient was provided with bathing cap on which the location of the
thumb area in the left M1 after was marked after successful neuronavigation. Neuronavigation was
performed in the preparation room of the MRI scanner with chin support to minimize head
movements during the navigation procedure. Eight facial markers were used to align world space
with the MRI coordinates: the upper and lower left and right ear, the left and right inner eye lid, the
tip of the nose and the nasion (Fig 3.1).

After successful alignment of the 3D model and the position of the participant’s head, the
location of the hand area in the left M1 was marked on the bathing cap along with the orientation of
the precentral gyrus. This was done so that the coil could be positioned with the direction of the
electrical field orientated perpendicular to the precentral gyrus (Fig. 2.3). In this way, the coil
orientation was personalized based on brain morphology. Neuronavigation was then used to guide
the TMS coil to the motor area of the thumb. The RMT was determined by decreasing the TMS
stimulator output until a response in the APB muscle was visible in 5 out of 10 TMS pulses[45].
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The participant was then accompanied to the scanner room. The head was positioned in a
custom designed setup between 2 circular radio frequency (RF) receive loop coils (Fig 3.2). The
receive coils were fixed to 2 plastic side plates with Velcro. The TMS coil was attached to a custom
made mount which was positioned over the participant’s head. The custom made mount was
approved by the UMCU medical technical department and allowed flexible coil position. The TMS
coil plane was always positioned perpendicular to the BO field to minimize Lorentz forces during TMS
pulse delivery. The head was tilted backwards and rotated slightly to match the coil position with the
markings on the swimming cap. The TMS coil was positioned so that the direction of the electrical
field was oriented perpendicular to the orientation of the precentral gyrus. The head and neck of the
participant were supported with cushions to increase comfort and to minimize head movement
during the scan. The MR bed was then moved into the MR bore. In case of M1 stimulation, once
inside the bore, one or two TMS pulses of 115% RMT were delivered to determine correct
positioning of the coil.

After successful TMS coil positioning, two sequences were acquired. First, a T2-weighted
scan with a TR/TE of 13,609/80ms, flip angle of 90°, voxel size of 2x2x2mm, scan duration of 218s
and a slice gap of 0 mm was made. The purpose of this scan was to visualize the coil location and
orientation with respect to the head. This was done by attaching 6 fluid markers to the back of the
TMS coil which appear hyper intense on a T2 weighted scan. To avoid spatial shift of the markers by
the magnetic field distortions around the coil, the water fat shift was minimized. Second, a single-
shot EPI sequence was acquired with 500 dynamics, a TR/TE of 2,000/23ms, flip angle of 70°, FOV of
256x119.6x208mm, matrix of 64x63, voxel size of 4x4x4mm, scan duration of 1020s, 30 slices with a
slice thickness of 3.6mm and a slice gap of 0.4mm. During the EPI sequence, single pulses of TMS
with an intensity of 115% RMT were interleaved with pulses with an intensity of 60% RMT. TMS
pulses were delivered with a random interval of 5 to 8 dynamics (10 to 16s) to avoid habituation.
Further details are discussed in appendix A.

Figure 3.1 Location of facial markers and TMS targets in the Neural Navigator. Facial markers: tip of
the nose; nasion, left and right inner eyelid; left and right upper and lower ear. TMS targets: primary
motor cortex (M1); dorsolateral prefrontal cortex (DLPFC).

Data analysis

Analysis of the structural and fMRI data was performed with custom scripts and SPM12[68]
in the Matlab R2014a environment (Mathworks Inc., USA).

The location of the isocenter of the TMS coil was reconstructed with respect to the brain
based on the location of the fluid markers on the TMS coil. The TMS coil isocenter is of interest
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because it represents the location of the maximum TMS E-field, theoretically. Prior to the
experiment, we captured the location of the TMS coil isocenter with respect to the location of the
fluid markers on the coil. In order to reconstruct the TMS coil isocenter with respect to the brain, the
T2-weighted scan was co-registered to the T1-weighted scan using SPM12, so that the locations of
the fluid markers in the T2-weighted scan were the same with respect to the brain as in T1-weighted
scan. We then determined the location of the fluid markers in the T2-weighted scan and used the
relative location of the TMS coil isocenter to reconstruct the location of isocenter with respect to the
brain. Thereafter, the EPI volumes were realigned using SPM12. Next, the mean EPI scan was co-
registered to the T1l-weighted scan. The inverse of the EPI to T1 affine transformation and the
inverse of the EPI realighment affine transformations were used to create a head movement-
corrected reconstruction of the location of the TMS coil isocenter. We assumed that the TMS coil
was stationary throughout the TMS session, since it was mounted to the setup. Finally, the EPI
volumes were normalized and subsequently smoothed with a FWEH of 8mm.

Figure 3.2 Participant lying on the MR bed with the head positioned in between two MR receive coils
and the TMS coil located over the cranium. The coil is oriented perpendicular to the static magnetic
field of the MRI scanner to minimize Lorentz forces in the coil. The head is tilted in order to position
the coil over the target region.

The a priori analysis consists of a standard event-related GLM analysis in SPM12. The
generalized linear model (GLM) includes two events: single pulses of 115% RMT and 60% RMT. The
BOLD response is modeled with the canonical hemodynamic response function (HRF) and its first-
order derivative. Two nuisance regressors are included in the analysis: the average BOLD signal in
the white matter and the CSF. BOLD signals were filtered with a high pass filter of 80Hz before
construction of the GLM. Analysis was restricted to the contrast between single TMS pulses of 115%
RMT and baseline activity due to the presence of artifacts (Appendix A). The timing of these artifacts
is correlated with the timing of TMS pulses of 60% RMT, complicating inference of contrast including
TMS pulses of 60% RMT. Statistical images were constructed based on an F-statistic with the F-
threshold at P < 0.05, family wise error (FWE) corrected[68].

In a post hoc analysis, we investigated the average hemodynamic response in the area of
stimulation. The stimulation area was obtained by dilating the movement-corrected reconstruction
of the TMS coil isocenter with 4 voxels, corresponding to an area with a radius of 1.6cm around the
movement-corrected reconstruction of the TMS coil isocenter. The GLM was constructed with the
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same regressors as in the a priori analysis. However, the HRF was based on a finite impulse response
of 5 samples instead of the canonical HRF and its first-order derivative. The hemodynamic responses
in all statistically significant voxels were averaged together to obtain an average hemodynamic
response in the area of stimulation.

Results

The location of the hand area in the left M1 was successfully determined from the
activation maps corresponding to voluntary thumb movements of the right hand in all participants. A
summary of the findings and references to the statistical maps in the appendix (Appendix B) can be
found in table 3.1. In these maps we generally observed activity in the bilateral SMA, the left
putamen and the hand representation in the right cerebellum in response to voluntary movements
of the right thumb (Fig. 3.3A). Occasionally, we also observed activity in the contralateral M1, the
right putamen and the hand representation in the left cerebellum.

In the following sections, all indications of lateralization of activity are with respect to the
hemisphere of stimulation, which is the left hemisphere. TMS was well tolerated by all participants.
We investigated the contrast between TMS pulses of 100% RMT and baseline activity of the data
acquired in the TMS session. A summary of the findings and references to the statistical maps in the
appendix (Appendix C) can be found in table 3.2. Four participants reported TMS-induced
contralateral thumb movements during the TMS session, indicated by an asterisk (*). All participants
showed auditory activity in the primary auditory cortex (A1), in some cases accompanied by inferior
colliculus and thalamic activity (Fig. 3.7).

The statistical map of case #7 shows TMS-induced activity in a number of areas including the
bilateral M1, primary somatosensory cortex (S1) and thalamus, the ipsilateral supplementary motor
area (SMA), putamen and insula and the contralateral hand area within the cerebellum (Fig. 3.3B).
The TMS-induced activity correlates well with brain activity induced by voluntary movements of the
right thumb (Fig. 3.3A). The TMS target was located slightly medio-anterior to the thumb area, as
shown in the 3D image (Fig 3.5, case #7). The movement-corrected reconstructions of the TMS coil
isocenter of all cases with respect to the functional representation of the hand in the left M1 are
shown in figure 3.5. The cases in which TMS-induced thumb movement were reported showed TMS-
induced activity in at least one of the regions of the motor network (M1, SMA, putamen or
cerebellum) (Fig 3.4).

TMS-induced contralateral thumb movements were not reported in cases #10 and #11.
These cases did not show TMS-induced activity in areas of the motor network (M1, SMA, putamen or
cerebellum). The TMS coil isocenter was located within the thumb area during acquisition of the
concurrent TMS-fMRI scan, also when corrected for head movements during the scan (Fig. 3.5, case
#11).

Hemodynamic response in the stimulation area

The stimulation area was defined as an area with a radius of 1.6cm (4 voxels) around the
movement-corrected TMS coil isocenter, resulting in a volume ranging from 1,064 to 1,724 mm?>
(266 to 431 voxels), depending on the extent of head movement during the TMS session. The
amount of voxels that was significantly activated within the area of stimulation ranged from 9 to 29
voxels. The average hemodynamic responses in the stimulation area are shown in figure 3.6. In two
cases (cases #8 and #11), no significantly activated voxels were present in the area of stimulation.
The maximum amplitude of the hemodynamic response in the stimulation area of case #10 is lower
than to the other cases.
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Table 3.1 Summary of findings on brain activity in motor regions in response to voluntary thumb
movements of the right hand contrasted with baseline activity (P < 0.05, FWE corrected). Indications
of lateralization refer to the left or right hemisphere. M1: primary motor cortex; SMA: supplementary
motor area; Thal: thalamus; Put: putamen; Cer: hand representation in the cerebellum; Appx:

Appendix.

# M1 SMA Thal Put Cer Appx
1 left bi bi bi right B.1

2 left bi - left right B.2

3 left bi - - right B.3

4 bi bi bi bi bi B.4

5 left left - - right B.5

6 bi bi bi bi right B.6

Table 3.2 Summary of findings on TMS-induced activity in commonly activated regions for TMS
pulses of 115% RMT delivered to the hand area of the left M1 contrasted with baseline activity (P <
0.05, FWE corrected). Indications of lateralization are with respect to the hemisphere of stimulation
(left). An asterisk (*) indicates a session in which the participant reported TMS-induced contralateral
thumb movements. M1: primary motor cortex; SMA: supplementary motor area; Thal: thalamus; Put:
putamen; Cer: hand representation in the cerebellum; S1: primary somatosensory cortex; Al: primary

auditory cortex; Ins: insula; Appx: Appendix.

# M1 SMA Thal Put Cer S1 Al Ins Appx
7* | bi ipsi bi ipsi contra bi ipsi Ipsi C1
8% | ipsi ipsi - - - - contra - C.2
9* | ipsi - - - - ipsi ipsi - C3
10 | - - - - - - bi bi C4
11 | - - - - - contra contra - C.5
12* | ipsi ipsi - ipsi - bi bi ipsi C.6
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Figure 3.3A Statistical map of voluntary thumb movements contrasted with baseline activity (P <<
0.05, FWE corrected). The upper left figure shows the brain surface in 3D with the location of the
hand area. Figure 3.3B Statistical map of TMS pulses of 115% RMT delivered to the hand area of the
left M1 contrasted with baseline activity of a participant who reported thumb movements in
response to TMS (P < 0.05, FWE corrected). The upper left figure shows the brain surface in 3D with
the location of the TMS target. Both statistical maps show activation in the primary auditory cortex
(A1). The activated regions of the motor network are encircled in color. Green: supplementary motor
area (SMA); Blue: left primary motor cortex (M1); Yellow: Contralateral M1; Red: putamen,; Orange:
hand area in the cerebellum.
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Figure 3.4 Statistical maps of TMS pulses of 115% RMT delivered to the hard area within the left M1
contrasted with baseline activity of three participants who reported thumb movements in response
to TMS (P < 0.05, FWE corrected). Motor network regions are encircled in color. Green:
supplementary motor area (SMA); Blue: left primary motor cortex (M1); Red: putamen.

Y

Y, 4

Figure 3.5 3D brain surfaces with statistical maps of voluntary thumb movements of the right hand
shown in red. The statistical maps show activity primarily in the left M1, but in some cases also in Al,
S1 and the SMA. The movement-corrected reconstruction of the TMS coil isocenter is shown in blue.
The number correspond to the cases in Table 3.2. M1: primary motor cortex; Al: primary auditory
cortex; S1: primary somatosensory cortex; SMA: supplementary motor area.
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Hemodynamicresponse case #7

Hemodynamicresponse case #9
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Figure 3.6 Average hemodynamic responses in the TMS target area. The TMS pulse is delivered at
time 0 and the amplitude is in arbitrary units. The case numbers refer to Table 3.2.

Discussion

We proposed concurrent TMS-fMRI as a method to identify the networks that are activated
in response to single pulses of TMS. In order to validate this method we applied single TMS pulses to
the hand area within the left M1 during an fMRI recording and compared patterns of TMS-induced
activity to voluntarily induced motor activity. First, we discuss TMS-induced motor activity and relate
our observations to literature findings on motor networks. In subsequent sections, we discuss
confounders, the absence of TMS-induced thumb movements and the effect of the MRI static
magnetic field on the TMS E-field.

Motor network

Stimulation of the hand area in the left M1 induced TMS-induced network activity in a
number of regions including the M1, SMA, putamen, cerebellum and the thalamus. The M1, SMA,
putamen, hand area in the cerebellum and the thalamus are part of the motor network.

The SMA is associated with the initiation of movement and shown to be strongly connected
to M1[69]. We also observed TMS-induced activity in the putamen, specifically in the posterior limb.
In humans, the hand area in M1 projects specifically to the posterior limb of the putamen,
confirming our findings[70]. We also saw TMS-induced activity in the hand area of the contralateral
(with respect to the stimulation site) cerebellum. The left M1 projects to the contralateral
cerebellum[71], which is in concert with our findings. Additionally, the cerebellar activity in response
to voluntary thumb movements shows activity in the exact same location. Finally, we observed that
TMS induces activity in the contralateral M1. We did not always observe activity in the right M1 in
response to voluntary movement. The initiation of movement by the left M1 inhibits activity of the
contralateral homologue, potentially inducing a negative hemodynamic response[72]. However, in
our experiments, this does not induce a significant hemodynamic response except in case #12. This
is similar for voluntarily-induced activity, in which we were able to capture a hemodynamic response
in the contralateral M1 in a single case (case #7). This is presumably caused by insufficient statistical
power.
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Confounders

In addition to TMS-induced activity in regions of the motor network, we observed activity in
the S1, Al and the insula.

The activity in the Al is related to auditory stimulation that accompanies the application of
TMS (Fig. 3.7), while TMS-induced activity in S1 is related to the somatosensory stimulation that
occurs when the TMS coil vibrates during pulse delivery[73]. Besides somatosensory and auditory
activity, it is possible that TMS pulses of 115% RMT evoked a pain response in the brain depending
on the experience of the stimulus. Pain stimuli mainly evoke brain activity in the S1 and the
insula[74]. The intensity of the stimulus correlates with the strength of the activity in S1 regardless
of experience of pain, while insula activity is unique to painful stimuli. Finally, painful stimuli can
evoke DLPFC activity in case of conscious processing of the stimulus. We cannot reliably state that
the observed insula activity is induced by the TMS E-field. However, in the absence of S1 activity, it is
unlikely that neural correlates of a pain response or conscious processing of TMS stimuli are present
in the data.

Figure 3.7 Statistical map of TMS pulses of 115% RMT delivered to the hand area in the left M1
contrasted with baseline activity (P < 0.05, FWE corrected). Auditory activity (predominantly in the
right hemisphere) induced by the clicks of the TMS coil during TMS pulse delivery. M1: primary motor
cortex.

Absence of TMS-induced thumb movements

TMS-induced thumb movements were not reported in 2 cases. For one of these cases (case
#10) the amplitude of the average hemodynamic response in the area of stimulation was limited,
compared to the other cases. Interestingly, the TMS coil isocenter was located slightly medial of the
functional area of the hand in the left M1, similar to the cases in which TMS-induced thumb
movements were reported. For the other case (case #11), the TMS coil isocenter was well positioned
within the functional area of the hand, throughout the scan session (Fig 3.5, case #11). Surprisingly,
we failed to detect TMS-induced activity in the motor network and TMS-induced thumb movements
in both cases (cases #10 and #11) and we did not detect significantly activated voxels in the
stimulation area in one case (case #11). A possibility of the absence of TMS-induced thumb
movements is that the TMS E-field did not interact with the neuronal populations within the
functional area of the hand, due to the local morphological complexity.

As stated previously, Kammer et al. showed that a current direction perpendicular to the
orientation of the gyrus induced stronger effects compared to a parallel current direction[67]. In our
experiments, the coil was oriented perpendicular to orientation of the precentral gyrus to maximize
the TMS-induced effect. However, the complex morphology of the precentral gyrus and the location
of the hand area within the gyrus can complicate adequate coil orientations. In one of the
aforementioned cases (case #11), the thumb area was located within a section of the precentral
gyrus that was oriented parallel to the TMS E-field, which is known to reduce TMS efficacy (Fig. 3.5).
Whether the functional representation of the hand area within the complex morphology of the gyrus
impaired the TMS-induced effect in these two cases is highly speculative, but provides a potential
explanation for the absence of TMS-induced thumb movements. These findings illustrate the
complexity of adequate TMS coil placement in the stimulation of a small region of a complex
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morphological gyrus. In future experiments, the direction of the TMS E-field with respect to the
surface of the functional area should be taken into account during coil placement, rather than the
general orientation of the precentral gyrus.

MR static magnetic field interactions

In all cases in which we observed TMS-induced thumb movements and activation of the
motor network, the TMS coil isocenter was located slightly medio-anterior to the hand area in the
left M1 (Fig 3.5, cases #7, 8, 9 and 12). Therefore, one could argue that the isocenter of the coil does
not reflect the true location of the maximum TMS E-field due to the effect of the static magnetic
field (BO) of the MRI scanner on the TMS magnetic field. However, Yau et al. investigated the effects
of the BO field on the TMS magnetic field for different positions and orientations of the TMS coil
within the MR bore[75]. They found that changes in coil orientation did not result in substantial TMS
field variations, as long as the coil was located within the MR bore. In our experiments, the TMS coil
was located well within the MR bore, limiting TMS field variations due to the MRI BO field.

Furthermore, Fox et al. showed that TMS predominantly induces activity in the area around
the sulci, rather than the area on the outer surface of the gyri[47]. Consequently, the TMS effect is
stronger if the maximum E-field is induced in the sulcus, rather than in the gyrus. This could explain
why we observe TMS-induced thumb movements in cases in which the TMS coil isocenter is located
in the sulcus but do not observe thumb movements when the TMS coil isocenter is located in the
middle of the gyrus (case #10).

Limitations and recommendations

Concurrent TMS-fMRI remains a challenging technique, which requires further improvement
of the design before it can be applied more widely. A number of technical pitfalls in the application
of concurrent TMS-fMRI are discussed in appendix A. In the following sections we discuss
methodological limitations of our experiments and recommendations for future research. First, we
discuss variability in TMS-induced activity between participants. In the following section, we propose
the use of a designated EMG device to measure TMS-induced MEPs. Finally, we debate the use of a
sham condition in future applications of concurrent TMS-fMRI.

Reproducibility

TMS-induced activity shows strong variability between participants, which can be explained
by differences in brain morphology, functional brain topography and biochemistry, complicating
group-level inference. Sources of variability in TMS-induced activity are not restricted to differences
between individuals but extend to dynamic properties of brain activity[76]. The dynamic nature of
brain activity also reflects in functional connectivity measurements, which exhibit changes in
response to task demand[77] and learning[78], but also resting state functional connectivity varies
between sessions of the same participant[79]. Thus, both conscious and subconscious neural
processing of information affect network connectivity in a dynamic fashion. The dynamics of
functional connectivity presumably cause variation in propagation patterns of TMS-induced activity.
In case of TMS, the somatosensory and auditory components of stimulation can induce conscious
processing of somatosensory, auditory and attentional information, potentially affecting
propagation patterns.

The pre-existing state of neuronal populations targeted with TMS also influence the
reproducibility of TMS effects. Sauseng et al. used EEG recordings to demonstrate that local
oscillatory activity preceding the TMS pulse significantly affected the amplitude of the MEP. More
specifically, they found a positive correlation between pre-stimulus alpha band power and MEP
amplitude. Romei et al. also demonstrated that TMS effects depend on pre-existing neuronal
oscillatory activity in the visual cortex[80]. Consequently, the underlying pre-existing state of the
cortical neuronal populations determines local cortical excitability, regulating TMS effects.
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In order to accurately investigate the reproducibility of TMS-induced activity, precise coil
placement and limited head movement are required. Our results show that the TMS coil can be
placed accurately and that head movement can be limited during concurrent TMS-fMRI, enabling the
investigation of reproducibility of TMS-induced activity.

Assessment of motor activity

Successful application of single pulse TMS to the hand area can be verified objectively
through a recording of the MEP and subjectively through a questionnaire. In addition to subjective
assessment of motor activity by participants, we attempted to detect MEPs in response to TMS-
induced activity with the MR-compatible ECG device, while aware of the limitations of such a device.
During the intake session, voluntary thumb movements were easily detected in the EMG recordings
of the same device. Unfortunately, we were not able to reliably detect TMS-induced MEPs in the
EMG recordings, due to the small amplitude of the MEPs, the MR noise and the limited sampling
frequency. Ideally, MEPs are recorded with a MR-compatible EMG device with sufficient sampling
frequency to quantify the MEP morphology. Unfortunately, such an MR-compatible device was not
available. Future applications of concurrent TMS-fMRI should include online monitoring of EMG
activity with a designated EMG device in order to correlate TMS-induced MEPs with TMS-induced
brain activity.

Sham condition

We saw that TMS also induces confounding brain activity through somatosensory and
auditory stimulation. We analyzed the contrast of single TMS pulses of 115% RMT versus baseline
activity, while aware of the limitations of this kind of contrast. Ideally, a sham TMS condition is
included to filter out the somatosensory and auditory activity. Sham TMS conditions strongly reduce
evoked activity in the brain while maintaining a similar auditory and somatosensory
response[73][81]. Unfortunately, an event-related design with interleaved events does not allow the
application of conventional sham conditions (in which the coil is rotated with respect to the head).
To the best of our knowledge, a contrast between TMS pulses of 115% RMT and 60% RMT was the
best sham condition in this specific situation. Unfortunately, TMS pulses of 60% RMT were
temporally correlated with an artifact (appendix A). Therefore, we decided to contrast TMS pulses of
115% RMT with baseline activity. Because the neural correlates of auditory and somatosensory
evoked activity are well known, inference remains reliable in the absence of a sham condition.

In future applications of concurrent TMS-fMRI, a sham condition should be included to
increase the reliability of inference. A possibility is the use of an active sham coil[82]. Unfortunately,
the production of Lorentz forces poses a technical challenge for the use of such a TMS coil within a
static magnetic field of 3T. A more feasible alternative is the use of an offline sham condition, in
which the session is reproduced while the coil is rotated with respect to the head, but the
somatosensory response is maintained.

Conclusion

We proposed concurrent single pulse TMS-fMRI as a way to detect TMS-induced network
activity. We showed that single pulses of TMS can be delivered precisely and safely during an fMRI
recording, while accurately monitoring TMS coil placement. We found that TMS-induced motor
network activity resembles voluntarily induced motor network activation. However, successful
application of concurrent TMS-fMRI remains challenging. We identified several technical pitfalls in
the application of this method, which require further improvements of the design in order to
guarantee reliability. We recommended research on the reproducibility of TMS-induced effects, the
integration of MR-compatible EMG recordings and the application of a sham condition. Once the
technical challenges are overcome, the application of concurrent TMS-fMRI will further increase the
understanding of the effects of TMS on the human brain. Eventually, this insight will guide the
application of TMS in MDD in order to improve treatment outcome.
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Chapter 4

Visualizing neural circuits with concurrent TMS-fMRI of the
left DLPFC

Introduction

In chapter 1, we saw that MDD is associated with a specific neural network of dysfunctional
regions and that normalization of the abnormal activity in these regions correlates with a response
to treatment. In chapter 2, we introduced rTMS as a method to modulate the activity in one of these
dysfunctional regions, the left DLPFC, to induce an antidepressant effect. Repetitive TMS is an
increasingly popular treatment modality for patients with MDD, but little is known about network
activity in response to stimulation of the left DLPFC.

We proposed concurrent TMS-fMRI as a method to visualize activation of neural networks in
response to TMS in order to increase insight on how TMS interacts with neural circuits. Concurrent
TMS-fMRI can visualize network activity in response to TMS pulses delivered to the left DLPFC to
shed some light on the mechanism of action of rTMS treatment in MDD. Importantly, the amount of
people who benefit from rTMS treatment is limited[53]. We stressed the importance of the targeting
of functional regions rather than anatomical regions and the need for more understanding of how
the TMS E-field interacts with neuronal populations in the cortical layer. Concurrent TMS-fMRI can
increase understanding of these interactions in order to improve rTMS treatment.

In chapter 3, we showed that TMS-induced network activity can be successfully identified
with concurrent TMS-fMRI. Next, we aim to visualize neural network activation in response to TMS
of the left DLPFC and to put our findings in the perspective of rTMS treatment of MDD.

Methods

MRI data was acquired in 8 right-handed participants (mean age: 20.9 (18-23 years); 2 male;
6 female; mean RMT: 76.6 (58-83%)). The experimental procedure is similar to the one described in
chapter 3. Deviations from the experimental procedure are described in the following sections.

TMS session

Neuronavigation was used to determine the coil position and orientation for stimulation of
the left DLPFC (Fig 3.1). The location of the left DLPFC was defined anatomically as the area within
the middle frontal gyrus, located 1 to 2 cm anterior of the premotor gyrus, representing parts of
BA46 and BA9[83]. After successful neuronavigation, the position and orientation of the middle
frontal gyrus were marked on a swimming cap. Once the participant was comfortably positioned on
the MRI bed, the TMS coil was positioned over the left DLPFC with the orientation of the electrical
field perpendicular to the orientation of the middle frontal gyrus.

In the first TMS session, fMRI recordings were obtained in 5 participants in which single
pulses of TMS were delivered with an intensity of 100% RMT. In an additional session, fMRI
recordings were acquired in 7 participants in which single pulses of TMS with an intensity of 115%
RMT were interleaved with pulses with an intensity of 60% RMT. A functional MRI scan was always
preceded by the acquisition of a T2-weighted scan, in which the coil position was determined with
regard to the head.

Data analysis

The data acquired in the first TMS session, were analyzed based on a contrast of TMS pulses
with 100% RMT versus baseline activity. From the data acquired in the second TMS session, one
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dataset was excluded due to severe movement artifacts. The six remaining datasets were studied
based on a contrast of TMS pulses of 115% RMT versus baseline activity.

Results

TMS was tolerated by all participants. In both TMS sessions, all participants showed activity
in the primary auditory cortex (A1), in some cases accompanied by inferior colliculus and thalamic
activity. All indications of lateralization of activity are with respect to the hemisphere of stimulation,
which is the left hemisphere.

The data acquired in the first TMS session was contrasted with TMS pulses of 100% RMT
versus baseline activity. A summary of the findings and references to the statistical maps in the
appendix (Appendix C) can be found in table 4.1. The movement-corrected reconstructions of the
TMS coil isocenter of the other cases were located in the dorsal end of the left DLPFC (Fig
4.1)[83][83][83][83][83]. The statistical map of case #1 shows TMS-induced activity in the frontal
eye fields (FEF), middle temporal visual area (V5) and the supplementary eye fields (SEF) within the
SMA (Fig. 4.2). These regions are part of an established network[84] and TMS-induced activity in
these regions is observed in a number of other cases.

The data acquired in the second TMS session was used to investigate the contrast between
TMS pulses of 115% RMT and baseline activity. A summary of the findings and references to the
statistical maps in the appendix (Appendix D) can be found in table 4.2. In two cases, the TMS coil
isocenter was not located within the left DLPFC, indicated by an asterisk (*). One dataset contains
severe movement artifacts, indicated by red shading. The movement-corrected reconstructions of
the TMS coil isocenter of the other cases were located on the posterior end of the left DLPFC similar
to the first session (Fig 4.3). All participants show activity in the primary and secondary visual
cortices (V1-2) of at least one hemisphere and three participants show TMS-induced activity in the
ipsilateral cerebellum (Fig. 4.5B). The statistical map of case #12 (Table 4.2) shows TMS-induced
activity in several regions including the ipsilateral DLPFC, FEF, V5 and ventral prefrontal cortex
(VvPFC), the contralateral cingulate cortex and parietal cortex and the bilateral SMA, thalamus, M1,
S1 and V1-2 (Fig 4.4).

Finally, the contrast between TMS pulses of 115% RMT versus pulses of 60% RMT of the data
acquired in the second TMS session was investigated. A summary of the findings and references to
the statistical maps in the appendix (Appendix E) can be found in table 4.3. The datasets are the
same as the ones described in the previous section. Cases in which the TMS coil isocenter was not
located within the left DLPFC are indicated by an asterisk (*) and the dataset with severe movement
artifacts is indicated by red shading. The movement-corrected reconstructions of the TMS coil
isocenter are the same as in the previous section (Fig. 4.3). All participants show TMS-induced
activity in the ipsilateral ventral PFC. The activity in this region is likely artifactual, more details can
be found in appendix A. The statistical map of case #12 (Table 4.3) shows TMS-induced activity in the
ipsilateral vPFC, DLPFC, FEF, SMA, sgACC and S1. A saggital slice illustrates TMS-induced activity in
the ipsilateral vPFC and the sgACC (Fig. 4.6).

Hemodynamic response in the stimulation area

The stimulation area was defined as the area within a radius of 1.6cm (4 voxels) around the
movement-corrected TMS coil isocenter, resulting in a volume ranging from 1,108 to 1,920 mm?
(277 to 480 voxels), depending on the extent of head movement during the TMS session. The
stimulation area showed significantly activated voxels in 3 out of 7 cases. The amount of voxels that
was significantly activated within the area of stimulation ranged from 2 to 7 voxels. The average
hemodynamic responses in the stimulation area of these cases are shown in figure 4.7.
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Table 4.1 Summary of findings on TMS-induced activity in commonly activated regions for TMS
pulses of 100% RMT delivered to the left DLPFC contrasted with baseline activity (P < 0.05, FWE
corrected). Indications of lateralization are with respect to the hemisphere of stimulation (left). An
asterisk (*) indicates session in which the TMS coil isocenter was not located within the left DLPFC.
DLPFC: dorsolateral prefrontal cortex; FEF: frontal eye fields; V5: middle temporal visual area; SMA:
supplementary motor area; Thal: thalamus; V1-2: primary and secondary visual cortex; CC: cingulate
cortex; S1: primary somatosensory cortex; PPC: posterior parietal cortex; Ins: insula; Appx: Appendix.

# | DLPFC | FEF V5 SMA Thal V1-2 cC S1 PPC Ins Appx
1 - bi ispi - - contra | - - - - D.1
2 - - ipsi Contra | ipsi - - - - contra | D.2
3 |- - - - bi ipsi contra | contra | ipsi - D.3
4 |- - - - bi bi - bi contra | ipsi D.4
5 - - - - contra | - - - - - D.5

Table 4.2 Summary of findings on TMS-induced activity in commonly activated regions for TMS
pulses of 115% RMT delivered to the left DLPFC contrasted with baseline activity (P < 0.05, FWE
corrected). Indications of lateralization are with respect to the hemisphere of stimulation (left). An
asterisk (*) indicates a session in which the TMS coil isocenter was not located within the left DLPFC.
Results in red are based on data with movement artifacts. DLPFC: dorsolateral prefrontal cortex; FEF:
frontal eye fields; V5: middle temporal visual area; SMA: supplementary motor area; Thal: thalamus;
V1-2: primary and secondary visual cortex; CC: cingulate cortex; S1: primary somatosensory cortex;
PPC: posterior parietal cortex; vPFC: ventral PFC; Appx: Appendix.

# DLPFC | FEF V5 SMA [\ V1-2 CccC S1 PPC vPFC Appx
6 contra | contra | bi contra | contra | bi contra | contra | bi - E.1
7* | contra | - - - - bi contra | - ipsi - E.2
8 ipsi bi - bi bi bi - contra | bi bi E.3
9 - contra | - - - contra | - - ipsi ipsi E.4
10 | - - ipsi - - bi ipsi - - ipsi E.5
11* | - - - - - - - - ipsi - E.6
12 | ipsi ipsi - bi bi bi contra | bi contra | ipsi E.7

Table 4.3 Summary of findings on TMS-induced activity in commonly activated regions for TMS
pulses of 115% RMT delivered to the left DLPFC contrasted with TMS pulses of 60% RMT (P < 0.05,
FWE corrected). Indications of lateralization are with respect to the hemisphere of stimulation (left).
An asterisk (*) indicates a session in which the TMS coil isocenter was not located within the left
DLPFC. Results in red are based on data with movement artifacts. DLPFC: dorsolateral prefrontal
cortex; FEF: frontal eye fields; V5: middle temporal visual area; SMA: supplementary motor area;
sgCC: subgenual anterior cingulate cortex; OFC: orbitofrontal cortex; S1: primary somatosensory
cortex; PPC: posterior parietal cortex; vPFC: ventral prefrontal cortex; Appx: Appendix.

# DLPFC FEF V5 SMA sgACC OFC S1 PPC VvPFC Appx
6 - - - - - - - - ipsi F.1
7* | bi - - - - - - ipsi ipsi F.2
8 - ipsi - ipsi ipsi bi ipsi contra | bi F.3
9 ipsi - - - - ipsi ipsi bi ipsi F.4
10 | - - - - - - - - ipsi F.5
11* | - - ipsi - - - - - ipsi F.6
12 | ipsi ipsi - ipsi ipsi - ipsi - ipsi F.7
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Figure 4.1 A movement-corrected reconstruction of the isocenter projected on the corresponding
cortical surface of each participant is shown in red for the first TMS session. The numbers correspond

to the case numbers in Table 4.1. The DLPFC is encircled in blue. DLPFC: Dorsolateral prefrontal
cortex.

TMS target

Figure 4.2 Statistical map of TMS pulses of 100% RMT delivered to the left DLPFC contrasted with
baseline activity (P < 0.05, FWE corrected). The 3D brain surface in the upper left corner shows the
TMS target within the encircled left DLPFC. Activated regions are encircled in color. Yellow: Frontal
eye fields (FEF); Blue: left middle temporal visual area (V5); Red: right visual association area; Green:
Auditory cortex (A1). RMT: Resting motor threshold; DLPFC: Dorsolateral prefrontal cortex.
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Figure 4.3 A movement-corrected reconstruction of the isocenter projected on the corresponding
brain surface of each participant is shown in red for the second TMS session. The numbers
correspond to the case numbers in Table 4.2. The DLPFC is encircled in blue. DLPFC: dorsolateral
prefrontal cortex.
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TMS target
TMS-induced activity

Figure 4.4 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
baseline activity (P < 0.05, FWE corrected). Activated regions are encircled in color. Yellow: primary
somatosensory cortex (51); Blue: frontal eye fields (FEF); Red: posterior parietal cortex (PPC); Green:
primary motor cortex (M1); Purple: visual cortex (V1-2); Orange: ventral prefrontal cortex; RMT:
resting motor threshold; DLPFC: dorsolateral prefrontal cortex.
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Figure 4.5A Parcellation of the cerebellum and cerebrum based on fMRI resting state functional
connectivity[85]. The color coding indicates regions that are functionally connected in both the
cerebellum and the cerebrum. The left figure shows an axial slice of the cerebellum in MNI space.
Figure 4.5B Statistical maps of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
baseline activity for 3 different participants. The axial slices are in MINI space and correspond to axial
slice of the cerebellum in figure 4.2A.

Figure 4.6 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
TMS pulses of 60% RMT (Sagittal view)(P < 0.05, FWE corrected). TMS-induced activity in the
ipsilateral subgenual cingulate cortex (sgACC) is encircled in green.
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Figure 4.7 Average hemodynamic responses in the TMS target area. The TMS pulse is delivered at
time 0 and the amplitude is in arbitrary units. The case numbers refer to Table 4.2.

Discussion

To be best of our knowledge, this is the first attempt to visualize network activity in
response to single pulse TMS of the left DLPFC during an fMRI recording, in which the coil position is
accurately controlled throughout the scan session. First, we elaborate on our findings in a
comparison with literature findings. Finally, we discuss our findings on the hemodynamic response in
the area of stimulation.

TMS-induced activity

TMS pulses of 115% RMT delivered to the left DLPFC predominantly induce brain activity in
the DLPFC, FEF, V1-2, PPC, CC and the dorsal part of the cerebellum. TMS-induced activity is
occasionally observed in M1, V5, and the SMA (Table 4.2). The contrast between TMS pulses of 115%
RMT and 60% RMT revealed TMS-induced activity in the sgACC in addition to aforementioned
activity (Table 4.3).

The FEF and V5 are associated with saccadic eye movement control in both macaques and
humans[84] and have been shown to be anatomically connected in macaques[86]. Hutchison et al.
investigated resting state functional connectivity of the FEF in a whole brain fMRI recording in both
macaques and humans[84]. They observed strong functional connectivity with the DLPFC, SMA
(especially the SEF), the PPC, V5, aspects of the CC and V1-2, which is in support of our findings. Yeo
et al. created a functional parcellation of the human cerebrum based on resting state functional
connectivity data, also indicating strong connectivity between the DLPFC, FEF, PPC, aspects of the CC
and V5[58]. Olesen et al. provide further evidence in support of these findings[87]. Moreover, fMRI
resting state functional connectivity has been shown to correlate well with diffusion tensor imaging
(DTI) connectivity, indicating that functional connectivity can be translated to anatomically
connected regions[88]. Our results show that propagation of the TMS-evoked potential is generally
restricted to these functionally connected regions spatially, providing evidence for the validity of
concurrent TMS-fMRI.

TMS-induced activity in the cerebellum is predominantly present in the left posterior lobe
and is relatively consistent among participants. Buckner et al. included the cerebellum in the
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functional parcellation of the human cerebrum by Yeo et al.[85]. Interestingly, they observed that
the DLPFC was functionally connected to a specific region within the posterior lobe of the
cerebellum in which we consistently observe TMS-induced activity. The motor areas in the cerebrum
project to the contralateral cerebellum, while we observe activity in the ipsilateral cerebellum.
However, it is possible that other cerebral areas, such as the DLPFC, project to the ipsilateral
cerebellum. Another possibility is that TMS-induced activity propagates through the contralateral
cerebral back to the ipsilateral cerebellum.

The contrast between TMS pulses of 115% RMT versus 60% RMT revealed activity in the
vicinity of the coil (ventral PFC), which is presumably caused by TMS-induced field distortions which
correlate with TMS pulse delivery (Appendix A). Interestingly, TMS-induced activity was observed in
the sgACC in two cases (case #8 and #12), which is unlikely to be related to TMS-induced field
distortions due to the distance from the coil. However, caution should be used in the interpretation
of activation maps of case #8, due to the presence of movement artifacts. Neuromodulation of the
sgACC is shown to be effective in the treatment of MDD[17][19] and the strength of the functional
connection between the DLPFC and the sgACC is correlated with treatment outcome of rTMS
treatment of the left DLPFC[60]. These findings indicate that rTMS of the left DLPFC has a
neuromodulatory effect on the sgACC, providing a potential explanation for its antidepressant
effect. However, it is not clear whether this functional connection is facilitated by a structural
connection. Our findings show that TMS of the left DLPFC induces activity that propagates to the
sgACC, providing further evidence for a functional connection between the DLPFC and the sgACC.
However, we cannot definitively eliminate an artifactual origin of sgACC activity. Therefore, further
research is required to investigate TMS-induced activity in the sgACC.

Local hemodynamic response

Although we observed TMS-induced activity in regions which are connected to the TMS
target, we failed to detect activity directly within the area of stimulation in a substantial number of
cases. In cases in which we were able to capture a hemodynamic response, the response was
limited.

The electrical activity of TMS-evoked potentials is generally observed in the stimulation area
in TMS-EEG recordings even in case of very small TMS E-fields[73][89]. Although, EEG recordings
show the cumulative electrical activity of a much larger region than fMRI, one would expect to
detect a hemodynamic response in the area of stimulation in fMRI recordings. The TMS E-field
excites cortical neurons with sufficient magnitude to induce observable evoked electrical activity in
EEG, but does not result in a detectable hemodynamic response. A possible explanation is that the
hemodynamic response is induced by an increased energy demand, which is predominantly driven
by synaptic activity rather than spiking activity[90]. We therefore argue that in some cases, the TMS
E-field bypasses synaptic transmission, reducing the hemodynamic response. In these cases, the TMS
E-field presumably polarizes the descending white matter tracts, inducing an evoked potential that
travels along the white matter tracts to arrive at a distant synapse. Subsequently, the synaptic
activity induces a hemodynamic response which can be detected in the BOLD signal.

However, Fox et al. did observe changes in cerebral blood flow in the vicinity of the TMS coil
isocenter using TMS-PET[47] and others have observed TMS-induced activity in the stimulation area
in concurrent TMS-fMRI[91]. Another possibility is that the response of neuronal populations in the
area of stimulation is not consistent enough to be detected by fMRI analyses. These inconsistencies
lower the temporal correlation of the BOLD response in the voxel with the TMS events, resulting in
lower statistical power. These inconsistencies can result from changes in local excitability due
previous TMS pulses and head movement during scanning. In contrast, distant TMS-induced activity
always propagates through the same white matter tracts and is therefore more consistent. Thus, the
correlation with the TMS events is stronger, resulting in higher statistical power.
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Limitations and recommendations

We discuss the methodological limitations of the experimental procedure in the following
section. The technical limitations are discussed in appendix A. First, we discuss the variability of TMS-
induced activity and propose a way to control for inter-participant variability. Finally, we debate the
current golden standard in determining TMS intensity.

Variability of TMS-induced network activity

We observed substantial variability in TMS-induced activity between participants. One of the
sources of variability of TMS-induced activity is the diversity in TMS targets. In cases #7 and #11, the
TMS coil isocenter was not located in the DLPFC, but in the premotor cortex. The network
connectivity of the DLPFC and the premotor cortex are significantly different. Therefore, the TMS-
induced network activity is different. However, TMS-induced activity also shows substantial
variability between cases in which the TMS coil isocenter was located precisely within the
neuroanatomical borders of the DLPFC during the entire session (cases #6, #9 and #10). Thus, the
variability of TMS-induced network activity is also present in sessions with limited head movement
and well-controlled coil placement, which is a major limitation of concurrent TMS-fMRI.

The DLPFC is an anatomical region enclosed by anatomical landmarks such as the superior
and inferior frontal sulcus. However, the DLPFC consists of multiple different functional regions,
which are not necessarily enclosed by anatomical landmarks. BA9 and BA46 are different functional
regions located within the DLPFC. However, BA9 has different white matter projections than BA46.
Thus, TMS pulses delivered to BA9 follow different propagation patterns than TMS pulses that are
delivered to BA46. Unfortunately, these functional regions show strong inter-participant variability,
especially in the prefrontal cortex[58][57]. In order to control for variability in functional regions
between participants, a personalized map of functional regions is required to guide TMS pulse
delivery.

Resting state MRI functional connectivity can be used to create a parcellation of functionally
connected regions, which has been shown to relate well to underlying structural
connectivity[92][93]. Fox et al. demonstrated the relevance of these functional regions for rTMS of
the DLPFC, specifically. They showed that stimulation of regions with a stronger functional
connection to sgACC produced better treatment outcome compared regions with weak
connectivity[60]. Furthermore, resting state functional connectivity can be used to directly correlate
TMS-induced activity with functionally connected regions. In this way, it is possible to control for the
differences in network connectivity between participants. Vink et al. applied such an approach in
EEG recordings and showed that the propagation of TMS-induced activity correlated with some
measures of EEG resting state functional connectivity[94]. However, it is debatable whether their
observations translate directly to resting state functional connectivity in fMRI.

TMS intensity

We used a standardized procedure for RMT assessment to determine a personalized TMS
intensity for each participant. The RMT is currently the golden standard in TMS applications[42].
However, the RMT is based on the cortical excitability of the primary motor cortex, rather than the
cortical excitability of the left DLPFC. It is well established that the cortical excitability of a specific
brain region depends on the pre-existing oscillatory activity of this region[51][52][80]. It is highly
unlikely that the oscillatory activity in M1 resembles the rhythmic activity in the left DLPFC,
rendering a similar cortical excitability of both regions unlikely.

Conclusion

We set out to visualize network activity in response to TMS of the left DLPFC with concurrent
TMS-fMRI. We saw that stimulation of the left DLPFC induces network activity in a number of brain
regions that are part of a network commonly associated with regulation of saccadic eye movements.
Interestingly, we observed activity in the sgACC, providing evidence for a functional connection
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between the DLPFC and the sgACC, potentially facilitating neuromodulatory effects of rTMS
treatment of the DLPFC. However, the observed network activity is strongly variable between
participants. The strong variability of TMS-induced activity presumably arises from the complex
morphology and functional topography of the human brain. Furthermore, the way in which the TMS
E-field interacts with the complex brain morphology and the dynamic nature of functional network
connectivity further increase variability of TMS-induced network activity.
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Conclusion

Major depressive disorder is a highly complex disorder that severely affects mood and
pleasure in day to day activities. It is an intractable disorder that is accompanied by a complex
network of dysfunctional regions. Repetitive TMS modulates the activity in one of these
dysfunctional regions, the left DLPFC, to induce an antidepressant effect. However, the number of
patients who benefit from rTMS treatment is limited. In order to improve TMS treatment, more
understanding of the complex interaction of the TMS E-field and the neuronal populations in the
cortical layer is required. Additionally, network activation in response to stimulation of the left
DLPFC can provide more insight into the mechanism of action of rTMS treatment in MDD. We
proposed concurrent TMS-fMRI as a method to visualize the effects of TMS.

We set out to investigate the reliability of concurrent TMS-fMRI in the identification of
neural networks by stimulating the motor network and comparing TMS-induced network activity
with voluntarily induced motor network activation. We demonstrated that single pulses of TMS can
be delivered safely and accurately during an fMRI recording in order to visualize TMS-induced brain
activity and that voluntarily induced activation of the motor network correlates well with TMS-
induced motor activity. Further investigation of TMS-induced motor activity can benefit from the
integration of EMG recordings in order to correlate MEPs to TMS-induced brain activity. We
attempted a creative approach to detect MEPs during concurrent TMS-fMRI and concluded that a
designated MR-compatible EMG device is required in order to compare both measures qualitatively.

The application of concurrent TMS-fMRI remains challenging and further improvements
have to be made in order to use it reliably. One of these improvements is of technical nature. We
saw that the flow of current through the TMS coil during image acquisition is detrimental for image
quality and the reliability of inference. A concurrent TMS-fMRI setup should include a robust relay
that completely blocks the flow of current during image acquisition and accurate timing of both TMS
pulse delivery and TMS machine output adjustment. Furthermore, proper grounding of the TMS coil
to the Faraday cage is essential for decent image quality.

We also investigated network activity in response to TMS of the left DLPFC and attempted to
put our observations in the perspective of rTMS treatment of MDD. We saw that stimulation of the
left DLPFC induces network activity in a number of brain regions that are part of a network
commonly associated with regulation of saccadic eye movements. Interestingly, we also observed
TMS-induced activity in the sgACC. This provides evidence for a functional connection between the
DLPFC and the sgACC, potentially facilitating neuromodulatory effects of rTMS treatment of the
DLPFC. However, we also saw substantial variability in TMS-induced activity between participants.
This is a major challenge for concurrent TMS-fMRI research. Variability arises from the intractable
interaction between the TMS E-field and the complex morphology of the underlying cortical surface.
We know that the orientation and location of the TMS E-field with respect to the functional area in
the cortical layer determines TMS efficacy to a large extent. The representation of functional regions
within anatomical landmarks is another contributor to inconsistencies in TMS-induced activity.
Therefore, targeting of functional regions rather than structural regions can increase the consistency
of TMS-induced network activity. Sources of variability in TMS-induced network activity are not
restricted to differences between participants due to the dynamic nature of functional network
connectivity. Additionally, the oscillatory activity of target neuronal populations and the
biochemistry of the brain at the time of stimulation significantly affect the effects of TMS. Therefore,
the reproducibility of network activity in response to TMS should be investigated in future
applications of concurrent TMS-fMRI.

Finally, we proposed to guide the design of patient-specific head models with concurrent
TMS-fMRI data. Unfortunately, the design of personalized head models faces some major
challenges. One of these challenges is the acquisition of volumetric meshes of different tissue types
from a structural scan, which are required for the simulation of the TMS E-field in the brain.
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In conclusion, concurrent TMS-fMRI can offer valuable information on the effects of TMS on
neural networks. However, both methodological and technical developments are required before it
can be used to improve rTMS treatment of MDD through guiding of the design of personalized head
models.
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Appendix A

Technical aspects of concurrent TMS-fMRI

A setup for concurrent TMS-fMRI

Concurrent TMS-fMRI attempts to record the hemodynamic response of the brain to TMS.
This is achieved by the delivery of TMS pulses to the brain of the participant during the acquisition of
a functional MRI scan (Fig. 3.2). The TMS device is located in the control room and is connected to
the TMS coil inside the scanner room. The TMS coil, consisting of two circular windings of copper
wire, is located over the patients head inside the MR bore. During image acquisition, following
Faraday’s law of induction, eddy currents are induced in the windings of copper wire. To avoid the
flow of eddy currents, a relay is included in the circuit, which is grounded to the Faraday cage. A
simplified schematic of the setup is shown in figure A.1. The TMS coil is positioned perpendicular to
direction of the BO field to minimize the production of Lorentz forces during TMS pulse delivery. The
fixed orientation of the TMS coil requires flexible positioning of the participant’s head in order to
stimulate different brain regions.

As discussed previously, TMS uses electromagnetic induction to induce an electrical field
inside the brain. The magnetic field induced by the TMS coil causes temporary inhomogeneities in
the BO field of the MRI scanner. Delivery of a TMS pulse during the application of the RF pulse or
during MR readout causes distorted images (Fig. A.2). Fig. A.2A shows a reference image without
TMS pulse delivery. Fig. A.2B and Fig. A.2C show the effect of TMS pulse delivery during the 180
refocusing pulse and during MR readout of a spin echo sequence on the image. Consequently, it is of
importance to deliver the TMS pulse outside the window of image acquisition (refocusing pulse and
readout). Therefore, a period of 300ms is included after the acquisition phase, in which the TMS
pulse is delivered (Fig. A.3).

L

| relay

TMS coil

capacitor of the
TMS device

Faraday cage
Figure A.2 Simplified schematic overview of the electrical circuit.

Noise

As mentioned in the previous section, the connection between the TMS device and the TMS
coil contains a relay, which is grounded to the Faraday cage to avoid RF leakage (Fig. A.3). The relay
is located inside the MR control room, with the connection to the TMS coil leading through the
Faraday cage into the MR room. The grounding of the TMS coil to the Faraday cage is extremely
important in maintaining the homogeneity of the MRI BO field and guaranteeing image quality (Fig
A.4B). If the TMS coil is not correctly grounded to the Faraday cage, the cable leading to the TMS
device serves as an antenna that picks up radiofrequency noise in the control room and transports it
to the MR bore, disturbing the homogeneity of the MRI BO field and introducing noise into the
images (Fig A.4A).
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Figure A.2A A reference image without TMS pulse delivery. The gradient in the circular phantom is
caused by the sensitivity of the MR receive coils. Figure A.2B The effect of TMS pulse delivery during
the 180 refocusing pulse. Figure A.2C The effect of TMS pulse delivery during MR readout.

RF, EPI readouts TMS

r 300ms r
Dynamic #1 Dynamic #2

Figure A.3 TMS pulses are delivered in the 300ms window in between EPI readouts.

TMS-related artifacts

As discussed previously, the application of TMS during an EPI sequence requires accurate
timing in order to avoid TMS-induced artifacts in the EPI volumes. Therefore, TMS is applied during
the 300ms after image acquisition. During experiments in which a constant RMT percentage is
delivered, the EPI volumes are completely clean of artifacts. However, during experiments in which
the RMT percentage is interleaved between 60% RMT and 115% RMT, severe distortions can be
observed in some of the reconstructed images (Fig. A.5A). The volumes with these artifacts can be
identified in the mean BOLD signal in the vicinity of the TMS coil, as strong deflections from the
baseline, with a width of a single dynamic.

As stated previously, the intensity of the TMS pulse is interleaved manually between 60%
RMT and 115% RMT in between TMS pulse delivery. The intensity of the TMS pulse is changed, i.e.
the TMS machine output is changed, by modifying the load on the internal capacitor of the TMS
device. This causes small current leakage to the TMS coil due to polarization effects inside the relay.
It is important to note that the exact mechanism by which small currents are induced in the TMS coil
is not completely clear. The leakage of current causes small perturbations in the magnetic field near
the TMS coil. These local magnetic field distortions cause artifacts during acquisition of slices in the
vicinity of the coil. These artifacts can also be seen as deflections in the BOLD signal in the voxels
affected by the magnetic field perturbations.
As stated previously, the artifacts are visible in individual slices, which are acquired during the
adjustment of the TMS machine output. To detect the distorted slices, the average BOLD signal in
the grey matter was calculated for each slice, resulting in 30 average BOLD signals of 500 samples. A
distorted slice could be identified as a positive or negative peak in the BOLD signal, depending on the
exact nature of the distortion. The distorted slices were corrected through temporal interpolation
(Fig. A.5B). Unfortunately, subtle distortions were also present in the data. These subtle deflections
were consistently seen in the window after delivery of TMS pulses of 60% RMT, when the TMS
machine output is manually increased to 115% RMT (Fig. A.6). The consistent nature of these subtle
artifacts complicates the inference of the contrasts including TMS pulses of 60% RMT. For example, a
huge cluster of activity can be observed in the vicinity of the coil for contrasts including TMS pulses
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of 60% RMT, while this cluster is completely absent in the 115% RMT versus baseline contrast (Fig.
A.7).

To better assess this origin of these artifacts, we performed a few experiments on a
phantom, in which periods with a varying TMS machine output, were interleaved with periods with a
constant TMS machine output. We only observed the artifacts in periods in which the TMS machine
output varied. This confirms our hypothesis that current leaks from the TMS machine to the TMS
coil. Based on these observations, we believe that to avoid these artifacts, the TMS machine output
intensity should be changed outside the MR-acquisition window, i.e. in the 300ms interval after the
EPI train and before the MRI RF excitation pulse of the subsequent dynamic. Unfortunately, this goes
beyond human precision and therefore should be performed automatically. This should be included
in future applications of concurrent TMS-fMRI experiments.

" e 1, SR N .
Figure A.4A A noisy T2-weighted scan with coil probes due to improper grounding of the TMS coil to
the Faraday cage. Figure A.4B A normal T2-weighted scan with coil probes.

Figure A.5A Image distortions in a 2 different slices of an EPI volume acquired during the interleaved
scheme. Figure A.5B Reconstructed EPI volume based on the temporal interpolation of the two
distorted slices.
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Figure A.6 Absolute deviations from the baseline BOLD signal of all voxels that show a significant
TMS-induced response for TMS pulses of 115% RMT versus TMS pulses of 60% RMT. The blue and red
stars indicate the timing of 60% RMT and 115% RMT TMS pulses, respectively. High amplitude peaks
can be observed consistently after delivery of TMS pulses of 60% RMT.

Figure A.7 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC versus 60% RMT. A
huge cluster of activity can be observed in the vicinity of the coil, while activity is almost absent in the
rest of the brain. DLPFC: dorsolateral prefrontal cortex.
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Appendices Bto F

Appendices B to F are part of a digital copy attached to the main thesis. The appendix figures
(without captions) can also be accessed digitally through the following links.

Follow the following link to access the figures of appendix B:
https://drive.google.com/open?id=0B7FraBNj 9gNYzVzQU9peHJ2cTg

Follow the following link to access the figures of appendix C:
https://drive.google.com/open?id=0B7FraBNj 9qNYzVzQU9peHJ2cTg

Follow the following link to access the figures of appendix D:
https://drive.google.com/open?id=0B7FraBNj 9gNdWZ3dXV4UVNrMUU

Follow the following link to access the figures of appendix D:
https://drive.google.com/open?id=0B7FraBNj 9gNUVBrbTE4VTRZeFE

Follow the following link to access the figures of appendix F:
https://drive.google.com/open?id=0B7FraBNj 9gNWWxFOGpVOVVIcOU
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Appendix B

Figure B.1 Statistical map of voluntary thumb movements of the right hand contrasted with baseline
activity (P < 0.05, FWE corrected).
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Figure B.2 Statistical map of voluntary thumb movements of the right hand contrasted with baseline
activity (P < 0.05, FWE corrected).
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Figure B.3 Statistical map of voluntary thumb movements of the right hand contrasted with baseline
activity (P < 0.05, FWE corrected).
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Figure B.4 Statistical map of voluntary thumb movements of the right hand contrasted with baseline
activity (P < 0.05, FWE corrected).
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Figure B.5 Statistical map of voluntary thumb movements of the right hand contrasted with baseline
activity (P < 0.05, FWE corrected).
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Figure B.6 Statistical map of voluntary thumb movements of the right hand contrasted with baseline
activity (P < 0.05, FWE corrected).
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Appendix C

Figure C.1 Statistical map of TMS pulses of 115% RMT delivered to the hand area within the left M1
contrasted with baseline activity (P < 0.05, FWE corrected). The participant reported TMS-induced
thumb movements. M1: primary motor cortex.
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Figure C.2 Statistical map of TMS pulses of 115% RMT delivered to the hand area within the left M1
contrasted with baseline activity (P < 0.05, FWE corrected). The participant reported TMS-induced
thumb movements. M1: primary motor cortex.
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Figure C.3 Statistical map of TMS pulses of 115% RMT delivered to the hand area within the left M1
contrasted with baseline activity (P < 0.05, FWE corrected). The participant reported TMS-induced
thumb movements. M1: primary motor cortex.
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Figure C.4 Statistical map of TMS pulses of 115% RMT delivered to the hand area within the left M1
contrasted with baseline activity (P < 0.05, FWE corrected). The participant did not report TMS-
induced thumb movements. M1: primary motor cortex.
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Figure C.5 Statistical map of TMS pulses of 115% RMT delivered to the hand area within the left M1
contrasted with baseline activity (P < 0.05, FWE corrected). The participant did not report TMS-
induced thumb movements. M1: primary motor cortex.
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Figure C.6 Statistical map of TMS pulses of 115% RMT delivered to the hand area within the left M1
contrasted with baseline activity (P < 0.05, FWE corrected). The participant reported TMS-induced
thumb movements. M1: primary motor cortex.
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Appendix D

Figure D.1 Statistical map of TMS pulses of 100% RMT delivered to the left DLPFC contrasted with
baseline activity (P < 0.05, FWE corrected). The TMS coil isocenter was located inside the left DLPFC.
DLPFC: dorsolateral prefrontal cortex.
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Figure D.2 Statistical map of TMS pulses of 100% RMT delivered to the left DLPFC contrasted with
baseline activity (P < 0.05, FWE corrected). The TMS coil isocenter was located outside the left DLPFC.
DLPFC: dorsolateral prefrontal cortex.
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Figure D.3 Statistical map of TMS pulses of 100% RMT delivered to the left DLPFC contrasted with
baseline activity (P < 0.05, FWE corrected). The TMS coil isocenter was located inside the left DLPFC.
DLPFC: dorsolateral prefrontal cortex.
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Figure D.4 Statistical map of TMS pulses of 100% RMT delivered to the left DLPFC contrasted with
baseline activity (P < 0.05, FWE corrected). The TMS coil isocenter was located inside the left DLPFC.
DLPFC: dorsolateral prefrontal cortex.
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Figure D.5 Statistical map of TMS pulses of 100% RMT delivered to the left DLPFC contrasted with
baseline activity (P < 0.05, FWE corrected). The TMS coil isocenter was located outside the left DLPFC.
DLPFC: dorsolateral prefrontal cortex.
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Appendix E

Figure E.1 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
baseline activity (P < 0.05, FWE corrected). The TMS coil isocenter was located inside the left DLPFC.
DLPFC: dorsolateral prefrontal cortex.

72



Figure E.2 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
baseline activity (P < 0.05, FWE corrected). The TMS coil isocenter was located outside the left DLPFC.
DLPFC: dorsolateral prefrontal cortex.
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Figure E.3 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
baseline activity (P < 0.05, FWE corrected). The statistical map shows movement artefacts. The TMS
coil isocenter was located inside the left DLPFC. DLPFC: dorsolateral prefrontal cortex.
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Figure E.4 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
baseline activity (P < 0.05, FWE corrected). The TMS coil isocenter was located inside the left DLPFC.
DLPFC: dorsolateral prefrontal cortex.
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Figure E.5 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
baseline activity (P < 0.05, FWE corrected). The TMS coil isocenter was located inside the left DLPFC.
DLPFC: dorsolateral prefrontal cortex.
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Figure E.6 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
baseline activity (P < 0.05, FWE corrected). The TMS coil isocenter was located outside the left DLPFC.
DLPFC: dorsolateral prefrontal cortex.
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Figure E.7 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
baseline activity (P < 0.05, FWE corrected). The TMS coil isocenter was located inside the left DLPFC.
DLPFC: dorsolateral prefrontal cortex.
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Appendix F

Figure F.1 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
TMS pulses of 60% RMT (P < 0.05, FWE corrected). The TMS coil isocenter was located inside the left
DLPFC. DLPFC: dorsolateral prefrontal cortex.

79



Figure F.2 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
TMS pulses of 60% RMT (P < 0.05, FWE corrected). The TMS coil isocenter was located outside the
left DLPFC. DLPFC: dorsolateral prefrontal cortex.
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Figure F.3 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
TMS pulses of 60% RMT (P < 0.05, FWE corrected). The statistical map shows movement artefacts.
The TMS coil isocenter was located inside the left DLPFC. DLPFC: dorsolateral prefrontal cortex.
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Figure F.4 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
TMS pulses of 60% RMT (P < 0.05, FWE corrected). The TMS coil isocenter was located inside the left
DLPFC. DLPFC: dorsolateral prefrontal cortex.
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Figure F.5 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
TMS pulses of 60% RMT (P < 0.05, FWE corrected). The TMS coil isocenter was located inside the left
DLPFC. DLPFC: dorsolateral prefrontal cortex.
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Figure F.6 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
TMS pulses of 60% RMT (P < 0.05, FWE corrected). The TMS coil isocenter was located outside the
left DLPFC. DLPFC: dorsolateral prefrontal cortex.
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Figure F.7 Statistical map of TMS pulses of 115% RMT delivered to the left DLPFC contrasted with
TMS pulses of 60% RMT (P < 0.05, FWE corrected). The TMS coil isocenter was located inside the left
DLPFC. DLPFC: dorsolateral prefrontal cortex.
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