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1 Introduction

1.1 General Introduction

Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation technique

that uses electromagnetic induction to stimulate the cerebral cortex. TMS has been

utilized in medicine for at least 30 years since the late 1980s. Initially, it was used to

map brain functions anatomically by disrupting brain activity of small brain regions

and to observe behavioral changes. TMS has since accrued various applications,

mainly in the �eld of neurology and psychiatry, with both diagnostic and therapeutic

uses. It can be utilized to test the functional integrity of corticospinal pathways or

determine the excitability of different brain areas. For example, TMS is a valuable

component in the diagnosis of multiple sclerosis (MS) and motor neuron diseases.

For the therapeutic uses of TMS, an assembly of TMS specialists across the world

summarized recommendations in a guideline [Lefaucheur et al., 2020]. De�nitive

effects for TMS treatment could be demonstrated for depression, chronic pain and

stroke, as well as probable effects for Parkinson's disease, �bromyalgia, MS and

post-traumatic stress disorder (PTSD) [Lefaucheur et al., 2020]. As an example,

for depression, the current protocol of high-frequency repetitive TMS targets the

left dorsolateral prefrontal cortex (dlPFC) [Deutsche Gesellschaft Für Psychiatrie,

Psychotherapie Und Nervenheilkunde (DGPPN) et al., 2017]. For this protocol, current

response rates are at 20-30 % [Avery et al., 2008; George, Lisanby, et al., 2010;
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1 Introduction

O'Reardon et al., 2007]. Although the possibility of promoting signi�cant clinical

improvement for patients with refractory depression is a considerable bene�t of TMS,

there is still potential for further improvement in response rates.

Over the last few years, different strategies have been identi�ed to potentially optimize

the ef�cacy of TMS treatment in depression, such as bilateral stimulation, treatment

duration, or stimulation intensity [Cole, A. L. Phillips, et al., 2022; Cole, Stimpson,

et al., 2020; Daskalakis et al., 2008]. The stimulation of cortical targets other than the

dlPFC has also been considered, such as the dorsomedial prefrontal cortex (dmPFC)

[Downar et al., 2013]. Another aspect contributing to low response rates is the high

inter-individual variability of non-invasive brain stimulation [Hamada et al., 2012; Lopez-

Alonso et al., 2014].

Some studies have found different effects of repetitive transcranial magnetic stimulation

(rTMS) depending on the impact of different drugs, more speci�cally, effects on motor

excitability due to drug intake [Ziemann, Reis, et al., 2015]. Other studies have found

different effects of rTMS when the stimulation was done during the execution of tasks

compared to ensuing tasks [Hill et al., 2016].

Another aspect leading to differences in the effectiveness of TMS by indicating changes

in cortical excitability is the state of the ongoing local oscillations [Ridding et al., 2010].

Studies on animals and animal preparations suggest a link between ongoing brain

oscillations and the evoked responses in brain activity [Arieli et al., 1996; Huerta et al.,

1995; Huerta et al., 1993]. These studies demonstrate that depending on the phase of

the ongoing oscillation, a stimulation may cause different or even opposite changes in

excitability.

It is, however, challenging to exactly time a non-invasive stimulation to oscillatory

brain activity in real-time. It requires signal processing in real-time within milliseconds.

Additionally, the stimulation technique must be capable of applying pulses within mi-

croseconds and without latency while also being spatially precise. Non-invasively, this
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1.2 Working Memory

is only possible with TMS [Hallett, 2000; Müller-Dahlhaus et al., 2013].

This thesis presents a method to face these challenges. A real-time electroencephalog-

raphy (EEG)-triggered TMS design, with millisecond resolution, was used to stimulate

the dmPFC. In this approach, the stimulation is synchronized to the phase of the

theta oscillation originating from the dmPFC. The experiments resulted in different

modulations of a cognitive function that depends on the dmPFC as a function of the

targeted phase.

The following will clarify what working memory is, its relevance in behavior and disease,

how to assess it, the physiological mechanisms behind working memory, and how TMS

can be applied to modulate it. Subsequently, there will be details on TMS, including its

mechanisms of action and the relevance of phase-speci�c stimulation. The chapter

closes with an explanation of the aim of our experiment.

1.2 Working Memory

Working memory is a cognitive psychology concept that involves a memory system

responsible for temporarily storing information while simultaneously processing and

altering it. This makes working memory a critical concept for higher cognitive func-

tions, also called executive functions, including problem-solving, interference-control,

planning, and logical reasoning [Diamond, 2013; Grafman, 1995]. While several mod-

els of how working memory operates as a system exist, the most established one

is described by Baddeley et al. [Baddeley, 2000]. It consists of a control system,

the central executive, with three subordinate systems: the “phonological loop”, the

“visuospatial sketchpad”, and the “episodic buffer”. The “phonological loop” can be

compared to an audiotape for verbal and acoustic information, running on repeat

and, consequently, temporarily storing auditory information and processing it. The

“visuospatial sketchpad” is a device for the maintenance, processing, and modifying of
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1 Introduction

visual and spatial information. The “episodic buffer” acts as a storage for sequences

containing information from different systems, such as the long-term memory, as well

as from the other subordinate systems of the working memory.

Recently, different so-called state-based models have increasingly gained signi�cance

[D'Esposito et al., 2015]. The most well-known of these models contains two separate

states of short-term memory [Cowan, 1998]. The authors describe a “focus of atten-

tion” state that is capacity-limited and an “activated long-term memory”, with a more

extensive capacity. In the “focus of attention” state, four items of information can be

held in the working memory. When shifting the attention to different items, the previous

ones convert transiently into the “activated long-term memory”, which is not limited in

capacity but disintegrates over time.

Working memory functions, especially executive functions, have long been recognized

as functions of the prefrontal cortex (PFC) [Bauer et al., 1976; Courtney et al., 1997;

M. H. Miller et al., 1972]. The PFC is the front part of the brain's frontal lobe and can

be subdivided into different regions. Most commonly it is divided by functionality into

Figure 1.1: Anatomy of the PFC and its subregions.
[Image source: Carlén, 2017]
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1.2 Working Memory

the dorsolateral prefrontal cortex (dlPFC), the dorsomedial prefrontal cortex (dmPFC),

the ventrolateral prefrontal cortex (vlPFC), the ventromedial prefrontal cortex (vmPFC),

and the orbitofrontal cortex (OfC) [Carlén, 2017].

The dmPFC is located in the frontal midline of the dorsal PFC. It has a variety of func-

tions, as it is considered to be involved in emotional regulation, attention, goal-oriented

behaviors, working memory, and decision-making, among others [E. K. Miller et al.,

2001; M. L. Phillips et al., 2008; Venkatraman et al., 2009]. Due to the relevance of

working memory in cognitive functions, its impairment can lead to signi�cant limitations

in functionality and quality of life. Indeed, depression and various other neurolog-

ical and psychiatric disorders, like anxiety, obsessive compulsive disorder (OCD),

schizophrenia, Huntington's disease, Parkinson's disease, bipolar disorder, and PTSD

are associated with working memory impairment, which leads to a substantial impact

on a patients' livability [Barch et al., 2003; Lawrence, 1998; McLoughlin et al., 2022;

Reppermund et al., 2008; Wu et al., 2008]. Therefore, working memory improvement

is a widely used parameter for research regarding non-invasive brain stimulation as a

treatment for depression. Treatments that lead to working memory improvement may

also lead to signi�cant clinical improvement and bene�t the quality of life.

1.2.1 Testing Working Memory

Various working memory tests can be subdivided into groups depending on which

component of working memory is to be tested. There is semantic working memory and

visual/spatial working memory. These components can be tested in their function of

retention, i.e., memorizing and retrieving information after a retention period, or in their

function of processing capability, i.e., analyzing or altering received information [Dehn,

2015].
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1 Introduction

Semantic Memory Retention

Semantic memory retention can be tested, for example, with letters, words,

or numbers that are presented auditorily and have to be memorized. After a

retention period, participants are asked to retrieve the items or are quizzed

whether the list of items included a particular one [Penney, 1989].

Semantic Memory Processing

Tasks designed for testing semantic processing capability are, for example, tasks

that require the categorization of auditorily presented items or verbal �uency

tasks, where the participant has to name words with a selected initial [Costafreda

et al., 2006].

Visual/Spatial Retention

Visual or spatial retention can be tested by the memorization of multiple images.

It could involve recalling the locations of stimuli presented on a screen or a string

of letters or numbers like, for example, in the Sternberg task [Sternberg, 1966;

Sternberg, 1969]. For further details on the Sternberg task, see Section 2.3.5

Visual/Spatial Processing

Testing visual processing can require categorizing information, sorting it, for

example, alphabetically, or detecting incongruities between pictures [Ganis et al.,

2003]. A task for spatial processing could be, for example, a maze task.

Working-memory tasks can test one of these components separately or multiple

components combined. The widely used n-back task [Kane et al., 2007] is an example

of a task that tests multiple components. It combines testing visual retention and

executive function. For this task, participants must memorize letters or numbers in

sequential order and respond if a probe is the same as the letter or number n items

before. This probe then has to be added to the sequence and is followed by the next
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1.2 Working Memory

probe. While this task focuses on the retention of information, it also includes the

necessity for participants to constantly update the contents of their working memory

and switch their focal attention.

1.2.2 Neurophysiology of Working Memory

Our brain contains a massive network of neurons, electrically excitable cells, that

communicate via synapses. The conduction of excitation along neurons works through

electrical stimuli, so-called action potentials, while excitation transmission between

neurons occurs via chemical substances through synapses. The chemical substances,

also called neurotransmitters, can either excite or inhibit the postsynaptic neuron

by opening different ion channels. Thereby, the resting membrane potential either

becomes positive (depolarization) or more negative (hyperpolarization) temporarily and

thereby either resulting in an excitatory postsynaptic potential (EPSP) or an inhibitory

postsynaptic potential (IPSP). Once the depolarization reaches a certain threshold,

an action potential is triggered, which is then passed on through the axon to other

connected neurons. If the threshold is not reached, the neuron stays depolarized,

resulting in higher excitability for some time. A hyperpolarization, however, results in

lower neuron excitability for further stimuli.

Neurons do not work as single units. They are organized in networks and create

rhythmic patterns of activity, the neural oscillations. When multiple neurons of a region

act synchronously, they create an electric current by �uctuations of ion concentrations

in the extracellular compartment due to their cellular activity, resulting in extracellular

�eld potentials.

Different brain regions are hypothesized to communicate by synchronizing their os-

cillations, thereby participating in different functional networks. These networks are

constantly being reorganized and, thereby adapt to changing cognitive demands
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1 Introduction

[Buzsáki et al., 2004; Fell, Klaver, et al., 2001]. Through synchronized activity between

a selected presynaptic neuronal group and a postsynaptic group, it is also possible

to achieve selective communication, which is critical for neuronal processing [Fries,

2015].

Oscillations can be recorded with scalp EEG. Here, electrodes placed on the scalp

measure local changes in voltage. The recorded oscillations are classically divided

into different frequencies and are segmented into frequency bands: delta (1-4 Hz),

theta (4-8 Hz), alpha (8-12 Hz), beta (13-30 Hz), and gamma (30-80 Hz). The multiple

frequency bands are believed to be related to particular brain regions and functions.

Due to its relevance in working memory, we focused our study on the theta oscillation.

Therefore, it will be discussed in more detail in the following, including its relevance to

working memory.

Theta Oscillation

There are several types of theta rhythms in the brain originating from speci�c regions

and associated with distinct behavior.

The theta oscillation was �rst and most extensively described in the hippocampus. The

hippocampus is a structure responsible for long-term memory formation located in the

medial temporal lobes. The hippocampal theta rhythm is related explicitly to spatial

navigation, attention, working memory, and, by in�uencing synaptic plasticity, long-term

memory. Different phases of hippocampal theta oscillation seem to be associated with

different states of excitability, with neuronal spiking concentrating on selected phases

of the theta oscillation [Benchenane et al., 2010; Fujisawa et al., 2011]. Furthermore,

Rutishauser et al. could demonstrate that spikes of neuronal activity coordinated

with hippocampal theta oscillation determines the effectiveness of memory formation

[Rutishauser et al., 2010].
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1.2 Working Memory

Additionally, the hippocampus cooperates with different brain regions, for example, the

PFC. It has been shown that neurons of the medial PFC phase-lock to the hippocampal

theta oscillation [Siapas et al., 2005]. This mechanism is believed to contribute to

cognitive tasks, such as working memory, by coordinating interactions between the

dmPFC and the hippocampus [Colgin, 2011].

This work focuses on a different type of theta oscillation, the frontal midline theta

(FM-theta) rhythm, which is generated by the medial PFC [Ishii et al., 1999]. It

has been widely reported to occur during working memory tasks and seems to be

active in memory maintenance with increased power for higher working memory loads

[Gevins, 1997; Hsieh and Ranganath, 2014; Jensen and Tesche, 2002; Onton et al.,

2005; Sarnthein et al., 1998; Schacter, 1977]. Therefore, the FM-theta is believed

to be essential for working memory retention, among other functions. Additionally,

it is associated with episodic memory encoding and retrieval as well as cognitive

control [Cavanagh, M. X. Cohen, et al., 2009; Cavanagh and Frank, 2014; Klimesch,

Doppelmayr, et al., 1996; Klimesch, Hanslmayr, et al., 2005]. Moreover, McLoughlin

et al. investigated how different oscillatory dynamics of theta differ in patients with

psychiatric conditions linked to an impairment in cognitive control [McLoughlin et al.,

2021].

Furthermore, there is a physiological mechanism associated with theta oscillations in

general, through which the functions mentioned above are realized. Theta oscillations

are essential in organizing brain activity and learning processes by utilizing phase-

locking mechanisms to induce synaptic plasticity [Siapas et al., 2005].
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1 Introduction

Synaptic Plasticity

An essential foundation of learning processes is synaptic plasticity. It is postulated

that memories are stored by an alteration of synaptic connections and changes in the

number of synapses [Cajal, 1894; Konorski, 1948].

Synaptic plasticity describes the capability of the brain to rewire itself by remodeling

synaptic connections between neurons. For example, the synaptic connections can

transform by the alteration of ion channels. Additionally, synaptic plasticity can be

achieved through the different mechanisms of long-term potentiation (LTP) and long-

term depression (LTD). Synapses typically respond to high-frequency activation with

LTP by sustaining an increased excitability for further activation [Bliss and Collingridge,

1993; Bliss and Lomo, 1973]. To a prolonged low-frequency stimulation, synapses

typically respond with LTD and, thereby, are less excitable [Mulkey et al., 1992].

LTP and LTD can also be achieved by synchronizing oscillations [Axmacher et al.,

2006; Jutras et al., 2010]. This coupling of oscillations occurs naturally in the brain

either as phase-amplitude or phase-phase coupling. It could be observed persistently

during information maintenance for working memory tasks and information encoding

[Payne et al., 2009; Sato et al., 2007].

Cross-frequency phase-amplitude coupling is a mechanism by which the phase of

slower oscillations affects a faster oscillation's amplitude, as visualized in Figure 1.2.

It results in rhythmic bursts of the higher frequency oscillation adjusted to the phase

of the lower frequency oscillation. Especially the phase-amplitude coupling between

theta and gamma oscillations could be observed during working memory tasks and

processing and retrieval of information [Fell and Axmacher, 2011]. It is argued that the

mechanics of this theta-gamma phase-amplitude coupling can explain the limitations of

working memory storage. According to this model, each gamma cycle encodes a single

working memory item. Given the limited number of gamma cycles that can be nested
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1.2 Working Memory

Figure 1.2: Schematic illustration of the phase-amplitude coupling mechanisms. The
lower frequency oscillation at the top of the diagram shows a phase-
amplitude coupling with the higher frequency oscillation.

Figure 1.3: Schematic illustration of the phase-phase coupling mechanisms. The
high-frequency oscillation at the bottom shows a phase-phase coupling
with the lower frequency oscillation.

within a theta cycle, a quantitative limit of items one can store in working memory is

dictated [Jensen and Lisman, 2005]. Ultimately, this model ties the neurophysiological

observation of theta-gamma coupling to behavioral functioning.

Oscillations of different frequencies can also be synchronized in their phases, which

is called cross-frequency phase-phase coupling, see Figure 1.3. Here, one phase of

the cycle of the higher frequency oscillation can be synchronized to speci�c phases

of the lower frequency oscillation. For example, the eight cycles of gamma oscillation
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1 Introduction

that �t temporally within one cycle of theta oscillation synchronize their peak to eight

different phases of one theta cycle (for further explanation, see [Fell and Axmacher,

2011]). This mechanism could also be observed during working memory maintenance

with theta-alpha coupling and theta-gamma coupling [Sauseng et al., 2009; Schack

et al., 2005].

1.3 Transcranial Magnetic Stimulation

Transcranial magnetic stimulation (TMS) is a non-invasive technique to stimulate the

brain through the intact scalp. There are two general options for non-invasive induction

of current in the brain. On the one hand, there is the method of applying direct

current through the scalp, which includes modalities such as transcranial direct current

stimulation, transcranial alternating current stimulation, and electroconvulsive therapy,

among others. On the other hand, there is the method of inducing current via a

magnetic �eld with TMS.

In the case of magnetic stimulation, the electric potential difference is induced via a

magnetic �eld according to Maxwell-Faraday's law of induction. An electric current

�owing through a wire generates an orthogonal magnetic �eld. If now the current

�ow of the coil is changed over time, the magnetic �ow also changes over time. This

creates an electric �eld and subsequent �ow of current in conductive tissues.

The magnetic coils used for stimulation consist of multiple loops of wire. There are

different types of coils with speci�c characteristics. Initially, circular coils were used,

which have a broad action radius with a ring-shaped stimulation area. This makes

precise stimulation of smaller areas dif�cult. Figure-of-eight coils are used for a more

focal application due to their small stimulation zone. The focality of the stimulation is

achieved by having two connected circular coils that work in opposite directions. The

two induced electric �elds add up at their point of contact.
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1.3 Transcranial Magnetic Stimulation

The magnetic coil is placed tangential to the scalp for the stimulation, generating a

magnetic �eld perpendicular to the scalp. Consequently, an electric �eld is created

that is oriented horizontally to the scalp. The generated current �ow in the tissue runs

parallel to the current �ow in the coil but in the opposite direction.

In order to achieve activation of neurons, the stimulation has to shift the resting

membrane potential in the form of a supra-threshold depolarization, through which an

action potential is triggered. The decisive factor for this is a high spatial gradient of the

electric �eld in relation to the course of the axon. A spatial gradient is a rate of change

of the �eld strength along a spatial direction. A high spatial gradient can be achieved

in different ways. One possibility is that the axon is straight and runs parallel to the

�eld. Here the highest gradient is located where the intensity of the �eld changes as a

function of distance.

Another possibility would be that the axon bends at some point, which also results in

a high electric gradient at this point. This electric gradient causes a transmembrane

current �ow, whereby an inwardly directed �ow of sodium ions occurs through sodium

ion channels into the cell, leading to depolarization, as desired. If this depolarization

surpasses a certain threshold, voltage-dependent sodium ion channels open with

the result of an action potential, which is then conducted through the axon. Through

the connections of the activated neurons, the induced excitation can consequently

modulate the excitability of the stimulated brain area, leading to an increased or

decreased excitability while also in�uencing connected brain areas. Whether the

stimulation facilitates or inhibits brain excitability depends on the stimulation frequency

[Fregni et al., 2007; George and Aston-Jones, 2009; Hallett, 2007].

The stimulation intensity is a further technical aspect of TMS. Since the intensity

needed to evoke an action potential varies between patients, coils, and stimulation

devices, it should be determined individually, using the parameter of the resting motor

threshold (RMT). How its value is determined is explained in Section 2.3.3.
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Using the phenomenon of magnetic induction has advantages as opposed to directly

creating an electric �eld via electrodes. For achieving a depolarization in cortical

neurons, TMS is virtually pain-free, unlike direct current stimulation. While brain tissue

and skull represent a signi�cant electric resistance, requiring a higher voltage when

applied to the scalp directly, a magnetic �eld is nearly undiminished when passing

through the skull or other non-conductive tissue. Additionally, the electrodes for an

electric stimulation directly activate pain receptors by generating high current densities

at the site of skin contact. However, the magnetic �eld and, therefore, the electric

�eld decreases rapidly with the distance from the coil. This limits the depth range of

magnetic stimulation to a few centimeters depending on the utilized coil type.

In order to have a lasting therapeutic use, the stimulation needs to be able to induce

changes that outlast the stimulation itself. This is possible through the induction of

synaptic plasticity.

1.3.1 Plasticity Effects of TMS

When TMS is applied with trains of pulses at a de�ned pattern, it is also called repetitive

transcranial magnetic stimulation (rTMS). Experimental �ndings suggest that rTMS

can induce lasting effects through LTP-like mechanisms [Ziemann, Paulus, et al.,

2008]. The mechanism behind this has been investigated at a cellular level on in vitro

models of entorhino-hippocampal slice cultures from mice [Vlachos et al., 2012]. Here,

repetitive magnetic stimulation resulted in long-lasting increased synaptic strength by

accumulating a speci�c type of glutamate receptors.

Another method targeting to improve the induced plasticity is the theta-burst stimulation

(TBS) [Huang et al., 2005]. This is a stimulation protocol of rTMS, where bursts

of triple-pulses with a frequency of 50 Hz are delivered repetitively at 5 Hz, which

is within the theta frequency band of 4-8 Hz, with or without pauses as continuous

24



1.3 Transcranial Magnetic Stimulation

or intermittent TBS. This patterned protocol was designed because of the distinct

role of the theta oscillation in plasticity, as mentioned before, mimicking the theta-

gamma coupling phenomenon, which is associated with increased neuroplastic effects.

The method was veri�ed to be superior in inducing LTP compared to other forms of

stimulation [Larson et al., 2015]. Regardless, TBS protocols could not demonstrate

a signi�cant bene�t in their behavioral outcome compared to the standard rTMS

method [Blumberger et al., 2018]. One possibility is that although it simulates the

physiological theta-gamma coupling phenomenon, it does not consider the ongoing

cortical oscillation and current brain state.

1.3.2 Phase-Dependent Stimulation

The concept of a phase-dependent stimulation is visualized in Figure 1.4. The current

brain state is measured by the EEG. The measured data are consecutively �ltered

and analyzed by an algorithm to estimate the ongoing phase of a selected oscillation.

With the estimated phase, stimulation can be triggered to occur at a speci�c phase.

Through the applied stimulation, the current brain state can, in turn, be modulated.
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Figure 1.4: Illustration of the concept of phase-dependent stimulation with its different
components. [Figure inspired by Bergmann et al., 2016]

For our experiment, the different steps necessary for the developed method of a theta

phase-dependent stimulation are the following:

1. Recording of resting-state EEG and other measurements of brain state/excitability

and behavior (with the Sternberg task) before stimulation

2. Filtering of resting-state EEG signal (individual spatial �lters to extract the dmPFC

's theta oscillation)

3. Phase estimation of the �ltered signal

4. Triggering of TMS pulses dependent on the ongoing estimated phase (with some

restrictions)

5. Measurements of modulations in brain state/excitability and behavior after stimu-

lation
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Research investigating the relevance of timing of applied stimulation, dependent on

the current brain state, concludes that the phase of ongoing oscillations corresponds

to high or low excitability and determines the direction of synaptic plasticity. Zrenner

et al. used TMS on the motor cortex, phase-locked to sensorimotor ` -alpha rhythm,

to induce plasticity effects [Zrenner, Belardinelli, et al., 2017a; Zrenner, Belardinelli,

et al., 2017b]. They showed that bursts of high-frequency (100 Hz) stimulation applied

to the ` -alpha rhythm, i.e., the dominating rhythm in sensorimotor cortex, resulted in

increased motor cortical excitability for up to 30 minutes after the intervention. Concern-

ing theta phase-speci�c stimulation, a study on in-vitro hippocampal slices of rats could

demonstrate either LTP or LTD ensuing a theta phase-speci�c stimulation [Huerta

et al., 1995; Huerta et al., 1993]. In anesthetized rats, Pavlides et al. demonstrated

that stimulation applied at the peak of an induced theta rhythm generated LTP while

stimulation at the trough decreased excitability [Pavlides et al., 1988]. In conclusion, the

mentioned research suggests that different phases of ongoing theta or alpha rhythms

correspond to different excitability states of neuronal units.

Moreover, Berger et al. could show on healthy human subjects that a stimulation per-

formed simultaneously to a working memory task resulted in differences in accuracy in

the task depending on the stimulated phase [Berger et al., 2019]. However, the phases

were not explicitly targeted but analyzed post hoc and assigned to the trials performed

during the stimulation. Nevertheless, this research provides a solid foundation upon

which our experiment can build by demonstrating that the reported observations are

not sole correlations but can be directly produced or causally manipulated.
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1.4 Aim of the Study

The objective of this study was to determine whether a phase-speci�c stimulation, either

targeting the trough or peak instead of a random phase, of the ongoing theta rhythm in

the dmPFC results in differential modulation of working memory performance. Using a

phase-locked stimulation, we attempt to imitate the mechanism of phase-amplitude

coupling. Speci�cally, we use high-frequency triple bursts of stimulation synchronized

to a selected phase of theta, thus, practically generating an arti�cial theta-gamma

phase-amplitude coupling. We hypothesize that this speci�cally targeted stimulation is

closer to the actual naturally occurring processes in the brain and, therefore, superior

to random stimulation, which has previously been used to in�uence working memory.

We investigated whether stimulation applied to either the positive peak or the trough of

the endogenous theta oscillation of the dmPFC is superior to random stimulation in

affecting working memory performance.

Based on the mentioned previous research, we hypothesize that phase-speci�c TMS

applied to either the positive peak or the trough of the endogenous theta oscillation of

the dmPFC has different effects on working memory performance and is superior to

random phase stimulation.
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2 Material and Methods

2.1 Experimental Procedure

The experiment consisted of four sessions for each participant. Figure 2.1 illustrates

the procedure for the �rst session, while Figure 2.2 presents an overview of the design

for the three remaining sessions. The �rst session was performed to collect different

measurements. Among other measurements, the RMT was determined in this session,

as well as the calculation of each subject's spatial �lter. The purpose and methods

involved in this spatial �lter will be discussed below in Section 2.3.4. Additionally, a

second resting-state EEG was recorded for an analysis of the accuracy of the phase

estimation, which will be discussed in Section 2.4.2.

Regarding the remaining three sessions, each session contained a phase-dependent

triple-pulse intervention. Measurements were recorded both before and after this

intervention. Each session started with the recording of eight minutes of resting-state

EEG, followed by stimulation with both a sham, i.e., a “fake” stimulation, and a real TMS

coil, with single pulses at 120% of the RMT. This was done to assess the excitability

of the dmPFC,by measuring changes in the EEG ensuing TMS pulses. As for the

measurements before the intervention, stimulation with the sham coil was executed

�rst. The measurement block after the intervention was the other way around. The last

element of the measurements was the Sternberg task with 100 trials.

After completing the �rst block of measurements, the intervention was conducted. It
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Figure 2.1: Overview of the �rst session for each participant.

consisted of 400 triple pulses of a phase-dependent stimulation with the TMS coil at

100% of the RMT. The triple pulses were applied with a frequency of 100 Hz. For each

of the three sessions of the experiment, the targeted stimulation phase was either

at the theta oscillation peak, its trough, or a random phase for control. The order of

these sessions was randomized and, therefore, unknown to the subjects. Following

the intervention, the same measurements were recorded as before.

This thesis focuses on the measurements of the working-memory task. The analysis

of the excitability of the dmPFC was the topic of a different hypothesis and is, therefore,

not included in this work. Consequently, an explanation of how the sham stimulation
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Figure 2.2: Overview of the experimental procedure for the remaining three sessions.
Each subject participated in three of these sessions, during which the
phase-dependent stimulation occurred at a different phase of the theta
activity coming from the dmPFC. The sequence of these sessions was
randomized and unknown to the subjects.

was conducted is also not included. However, for more details on the methods and

results of the measured TMS evoked potentials, see [Gordon, Belardinelli, et al.,

2022].
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In the following, the composition and selection of our participant group will be described,

succeeded by an explanation of the different elements and methods required for the

realization of our experiment. Finally, a description of the performed data analysis is

presented.

2.2 Subjects

Right-handed (� 75% on the Edinburgh Handedness Inventory [Old�eld, 1971]) sub-

jects aged between 18 and 50 years in good physical and mental health were included

in the study. Female Participants were required to use a hormonal method of contra-

ception.

Exclusion criteria included a history of neurological or psychiatric disorders. The intake

of drugs or excessive caffeine consumption was also considered as exclusion criteria,

as well as working night shifts. Participants with a condition precluding the execution

of an MRI or ones refusing to be informed in case of accidental pathological �ndings

on MRI were excluded. Subjects were excluded if there was any concern by the

investigator regarding the safe participation of a subject in the study or for any other

reason the investigator considered the subject inappropriate for participation in the

study. Before the �rst study visit, subjects could not participate in another study for two

weeks and throughout the study.

While 20 subjects participated in the experiment, only 16 were able to complete the

whole experiment successfully. Two participants had to be excluded due to sleepiness

during study sessions, and two additional participants were excluded because of

excessive eye movements and muscle contractions during the experiment.

A total of 16 healthy individuals, ten females and six males completed our study. The

mean age of all subjects was 23.4 years (� 3.3 standard deviation (SD))
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None of the subjects reported any side effects or discomfort during or after stimula-

tion.

Prior to participating, all subjects supplied written consent to participate voluntarily in

the trials and con�rmed to have been informed about possible risks of the study. For

their expenses, participants were �nancially compensated. The study was approved

by the local ethics committee of the medical faculty of the Eberhard Karls University

of Tübingen (Project number: 716/2014BO2) and complies with the Declaration of

Helsinki.

2.3 Experimental Setup and Preparation

Sessions of the experiment took place in an enclosed, quiet room. Participants of the

study were seated on an upholstered, reclined chair for the entire duration of each

session with a computer screen in front of them at a distance of one meter. They were

asked to stay awake and keep their eyes open for each measurement and stimulation.

A vacuum cushion was offered to help keep their head in the same position during

stimulation episodes.

The setting is illustrated in Figure 2.3. Figure 2.3a shows a participant performing the

working memory task. The screen displays ten consonants that need to be memorized

for the ongoing trial of the task. For further explanations concerning the task, see

Section 2.3.5. The subject is holding a device with four buttons for answering at a later

time when the cue is displayed. For ergonomics, there are two buttons respectively

for answering “yes”, i.e., the displayed set included the cue or “no”, i.e., the cue was

not included, arranged with different spacing on the remote. The TMS coil with its

corresponding marker is also on display here, but it is not attached to the participant's

head as it is not used during the working memory task.
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