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Abstract
Non-invasive brain stimulation (NIBS) has become increasingly popular to study the causal mechanisms of brain function and behaviour. However, how brain stimulation interacts with on-going
neuronal activity is still poorly understood. It has been proposed that consideration of the underlying “brain-state”, or more specifically, neuronal oscillations, might be beneficial for the effectiveness of NIBS. Here we investigate how transcranial alternating current stimulation (tACS) and
repetitive sensory stimulation entrain neuronal oscillations and modulate functional connectivity, as
measured, for example, with resting-state functional magnetic resonance imaging (rs-fMRI). Better
understanding the interactions between brain stimulation and neuronal activity also enables a more
systematic approach to the application of brain stimulation to behavioural phenomena. We therefore also investigate and discuss a potentially interesting application for our brain stimulation approach: motor slowing. Motor slowing refers to a phenomenon where prolonged motor execution
(i.e. finger tapping) can lead to a break down in performance that cannot be explained by muscular
fatigue. Naturally occurring motor slowing is an interesting target for neuromodulation as it shares
similarities with the pathological symptom of motor slowing observed in certain neurodegenerative
diseases (e.g. Parkinson’s disease). Studying naturally occuring motor slowing via neuromodulation
might therefore provide insights into the causal mechanisms of motor slowing in Parkinson’s, and
possibly lead to new intervention therapies. This thesis includes two lines of research: In the first two
projects we investigate the effects of tACS and repetitive sensory stimulation on brain connectivity
during rest, and in the third project we examine the neural mechanisms of motor slowing to identify
potential stimulation targets for future applications of neuromodulation.
In the first project we investigate the effects of tACS on resting-state connectivity as measured with
rs-fMRI. We use a novel tACS approach to establish a causal link between the slow fluctuations of rsfMRI (<0.01 Hz) and electrophysiological rhythms, which occur at much faster timescales (>5 Hz).
Previous studies suggested that slowly fluctuating power envelopes of faster electrophysiological
signals synchronize across brain areas and that the topography of this activity is spatially correlated
to resting state networks derived from rs-fMRI. Via our new neuromodulation paradigm, which exploits these power-synchronization mechanisms, we were able to establish a causal link between the
two processes and successfully modulate long-range connectivity.
In the second project we use repetitive sensory stimulation to entrain neuronal oscillations in combination with EEG to obtain an on-line electrophysiological readout. TACS was not used here since it
is difficult to combine with EEG directly due to excessive noise induced by the electrical stimulation.
Repetitive sensory stimulation, however, does not lead to excessive artefacts within EEG. We were
able to show that a similar stimulation paradigm to that used in the first project can successfully
entrain neuronal oscillations. This project also demonstrated that repetitive sensory stimulation can
be used to cross-validate our tACS stimulation protocol used previously.
In the third project we use a multimodal approach to investigate motor slowing. We show converging evidence that motor slowing leads to a change of the excitation-inhibition balance within primavii
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ry motor cortex towards excitation. We suggest that the reduction in inhibition is caused by a breakdown of surround inhibition and that this leads to disrupted synergistic control of agonist/antagonist muscle contractions (resulting in co-contractions), which is ultimately responsible
for motor slowing.
Finally we discuss how the insights gained from the first two projects might be used to establish the
causal mechanisms of motor slowing. Taken together our results suggest that modulation of longrange connectivity is a useful tool to study the causal mechanisms of brain function, if beforehand a
clear mechanistic model is established, which can then be tested via brain stimulation.
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Zusammenfassung
Techniken zur nicht-invasiven Hirnstimulation werden immer beliebter um die kausalen Mechanismen von Hirnaktivitität und Verhalten zu untersuchen. Doch wie diese Techniken mit der laufenden neuronalen Aktivität wechselwirkt ist nach wie vor umstritten. In der vorliegenden Studie
untersuchen wir die Möglichkeit mit transkranieller Wechselstromstimulation (tACS) und repetitiver sensorischer Stimulation neuronale Oszillationen zu induzieren und funktionelle Konnektivität,
wie sie beispielsweise mit Ruhe-Magnetresonanztherapie (rs-fMRI) gemessen werden kann, zu modulieren. Zusätzlich untersuchen und diskutieren wir eine potenziell interessant Anwendung unseres Hirnstimulationsansatzes nämlich die Motorische Verlangsamung. Motorische Verlangsamung
beschreibt ein Prozess bei welchem es nach längerer repetitiven Ausführung eines motorischen Programms (z.B. Fingerklopfen) zu einer Leistungsreduktion kommt. Diese Leistungsreduktion kann
nicht durch muskuläre Ermüdung erklärt werden. Diese natürliche motorische Verlangsamung ist
insofern ein interessantes Ziel für Neuromodulation, weil sie Ähnlichkeit mit der pathologischen
motorischen Verlangsamung (Bradykinesie) in neurodegenerativen Erkrankungen zeigt (z.B. Parkinson). Das Untersuchen dieser „natürlichen“ motorischen Verlangsamung via Neuromodulation
könnte daher nicht nur Einblicke in die kausalen Mechanismen dieser Erkrankungen geben, sondern
auch zu neuen Interventionstherapien führen. Wir verfolgen daher zwei verschieden Forschungsrichtungen: Zum einen untersuchen wir in den ersten beiden Projekten die Effekte von tACS und
repetitiver sensorischer Stimulation auf die Gehirnkonnektivität, zum anderen untersuchen wir im
dritten Projekt die Mechanismen der motorischen Verlangsamung um mögliche Stimulationsansätze
zu finden.
Im ersten Projekt untersuchen wir die Effekte von tACS auf die Hirnkonnektivität in Ruhe, was mit
Ruhe-Magnetresonanzspektroskopie (rs-fMRI) gemessen wird. Wir verwenden einen neuartigen
tACS-Ansatz, um einen kausalen Zusammenhang zwischen den langsamen Oszillationen von rsfMRI (<0,01 Hz) und elektrophysiologischen Rhythmen herzustellen, welche bei wesentlich höhere
Frequenzen (> 5 Hz) auftreten. Frühere Studien haben vorgeschlagen, dass sich die langsamen Leistungsschwankungen dieser schnelleren elektrophysiologischen Signale über weitere Hirnbereiche
synchronisieren und dass die Topographie dieser Aktivität räumlich mit den aus rs-fMRI abgeleiteten Netzwerken korreliert. Mit unserem neuartigen Neuromodulationsparadigma, welches diese
synchronisierten Leistungsschwankungen ausnützt, konnten wir einen Kausalzusammenhang zwischen den beiden Prozessen herstellen.
Im zweiten Projekt verwenden wir repetitive sensorische Stimulation in Kombination mit EEG, weil
tACS nicht direkt mit EEG kombiniert werden kann und daher ein direktes Auslesen von elektrophysiologischen Daten in Kombination mit dem tACS Stimulationsparadigma aus dem ersten Projekt
nicht möglich war. Repetitive sensorische Stimulation hat den Vorteil, dass es nicht zu Artefakten im
EEG führt. Wir konnten zeigen, dass ein ähnliches Stimulationsparadigma wie wir es im ersten Projekt verwendet haben in der Lage ist neuronale Oszillationen zu modulieren. Dies ermöglicht es uns
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Zusammenfassung

repetitive sensorische Stimulation zu benützen um in zukünftigen Projekten tACS Protokolle zu
validieren.
Im dritten Projekt verwenden wir einen multimodalen Ansatz zur Untersuchung der motorischen
Verlangsamung. Wir präsentieren konvergierende Daten, dass die motorische Verlangsamung zu
einer erhöhten Disinhibition des primären motorischen Kortex führt. Unsere These ist, dass diese
Inhibitionsreduktion durch einen Zusammenbruch von Surround-Inhibition verursacht wird, welche
zu einer Diskrepanz zwischen agonistischer und antagonistischer Kontrolle führt, was sich schlussendlich in motorischer Verlangsamung zeigt.
Schliesslich diskutieren wir, wie die Erkenntnisse aus den ersten beiden Projekten verwendet werden
könnten, um die kausalen Mechanismen der motorischen Verlangsamung zu testen. Zusammenfassend lässt sich feststellen, dass die Modulation von Hirnkonnektivität ein nützliches Instrument sein
kann, um kausale Zusammenhänge zu untersuchen, solange vorgängig ein klares mechanistisches
Modell etabliert wird, welches dann getestet werden kann.
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Introduction
1.1

Motivation

Despite advances in neuroimaging methods and analysis tools, our knowledge on how the brain integrates information across different timescales and areas is still limited. Although in recent years
there has been strong development in the models used to describe brain networks and their relationship to behaviour (e.g. Dynamic causal modeling or graph theory (E. Bullmore & Sporns, 2012; Friston, Harrison, & Penny, 2003), intervention studies are still needed to probe the validity of these
models. One common intervention approach is non-invasive brain stimulation (NIBS).
Transcranial current stimulation (tCS) is one form of NIBS that has become an increasingly popular
method to modulate brain function and behaviour. Advantages of tCS include a simple application
procedure, low risk to the participant and a comparatively low cost (Fregni et al., 2011; Paulus, 2011).
However, a critical limitation is that we still do not understand how transcranial current stimulation
interacts with underlying brain activity. The effect of tCS on behavior is marked by high inter- and
intrasubject variability, making results difficult to interpret and sometimes reproduce (Horvath,
Forte, & Carter, 2015). Although some of the variability might be explained by physiological properties of the subjects (i.e. age, gender, skull shape and thickness) (Li, Uehara, & Hanakawa, 2015; Opitz,
Paulus, Will, Antunes, & Thielscher, 2015; Thut et al., 2017; Ziemann & Siebner, 2015) or differences in
the applied protocols (i.e. electrode placement, current strength, frequency), it has been proposed
that consideration of the underlying “brain state” might be beneficial for improving the effectiveness
of NIBS (Thut et al., 2017). Specifically, neuronal oscillations might reflect the underlying state of the
system, and are therefore a relevant target for modulation. Synchronization and desynchronization
of neuronal oscillations correlate with different aspects of behavior, and are thought to be an important mechanism for routing and integrating information within and across different brain areas
(Bonnefond, Kastner, & Jensen, 2017; Engel, Gerloff, Hilgetag, & Nolte, 2013; Fries, 2015; Jensen & Mazaheri, 2010; Singer & Uhlhaas, 2012). Additionally, alterations in brain oscillations might be an important neurophysiological marker for various diseases, which suggests that the ability to modulate
oscillatory activity is potentially beneficial for patients (Singer & Uhlhaas, 2012; Uhlhaas & Singer,
2015). I therefore hypothesize that effective application of NIBS relies on two things: First, we need to
understand the interaction between our brain stimulation protocols and brain activity/connectivity
and second, we need an a priori understanding of the system we want to target. That is, we need to
map the structures and mechanics of the brain system involved in a task beforehand to derive a
meaningful hypothesis.
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This thesis therefore presents two lines of investigation. In the first half (chapters 2 and 3) I present
work that shows how two brain stimulation techniques – transcranial alternating current stimulation
(tACS; one form of tCS) and repetitive sensory stimulation – can be used to modulate brain rhythms
and in turn functional connectivity. Importantly, we combine tACS with fMRI and repetitive sensory
stimulation with EEG to establish their effects on brain connectivity and activity during rest. Investigation of the relationship between tACS/repetitive sensory stimulation and neuronal oscillations
during rest has the advantage that the corresponding brain state is more clearly defined than during
a task. At rest the human brain produces a strong endogenous rhythm (alpha-rhythm, 8-12Hz) that is
easily identifiable in EEG measurements (Haegens, Cousijn, Wallis, Harrison, & Nobre, 2014a). Further, the relationship between synchronization of neuronal oscillations and resting-state fMRI has
previously been studied quite extensively (Brookes et al., 2011; Hipp & Siegel, 2015a; Mantini, Perrucci, Del Gratta, Romani, & Corbetta, 2007), which allowed for a hypothesis regarding the potential
dynamics of the underlying system. Specifically, it has been shown that resting-state networks can be
identified based on power fluctuations of the alpha band measured with EEG (Liu, Farahibozorg,
Porcaro, Wenderoth, & Mantini, 2016). Chapter 2 demonstrates how this finding allows us to establish a tACS protocol to causally test the contribution of synchronized power fluctuations to the formation of resting-state networks in fMRI, bridging the temporal “gap” between EEG and fMRI. In
chapter 3 we then assessed if similar effects can be achieved with sensory stimulation. This approach
might be especially useful when the combination of an outcome measurement with tCS is questionable due to the induction of artefacts, as is the case when combining tACS with EEG directly (Noury,
Hipp, & Siegel, 2016).
In the second half of the thesis (Chapter 4) I present work that determines how to derive target
structures and mechanisms for modulation if the underlying brain state is not yet established. Specifically, we used a multimodal approach involving fMRI, EEG and transcranial magnetic stimulation
(TMS) to investigate motor slowing. Motor slowing is a phenomenon where tapping speed during a
finger tapping task decreases in the absence of muscular fatigue. Since it shows behavioural similarities with bradykinesia in Parkinson’s disease, it might provide an interesting application for modulation via brain stimulation. Finally, I will discuss how the insights of using a multimodal approach
might inform hypothesis-driven brain modulation.
I will now give a short introduction to brain oscillations, and the most important theories describing
how they contribute to long-range communication and integration or gating of information. Then I
will briefly present the concept of modulating brain oscillations through entrainment, and further
describe the two promising entrainment methods that were used in our studies: Transcranial alternating current stimulation (tACS) and repetitive sensory stimulation. The introduction will end with
a brief overview of the subsequent chapters.

1.2

Brain oscillations

Neuronal oscillations or brain waves were first described by Berger in 1929. In his seminal study he
showed that the amplitude of the 10 Hz oscillation over occipital cortex increased when the subject
closed his eyes (Berger, 1929). This was one of the first studies describing a relationship between
neuronal oscillations and a specific behaviour. Since then numerous studies have shown that the
brain produces rhythms of various frequencies to coordinate operations across and within brain are20
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as (Buzsáki, 2006). Neuronal oscillations are caused by rhythmic fluctuations in local field potentials
(Thut, Miniussi, & Gross, 2012; X.-J. Wang, 2010). In humans they can be measured with EEG and
different frequencies are thought to reflect processing at various spatial and temporal scales, as well
as different aspects of cognition and behaviour (Buzsaki & Draguhn, 2004; Buzsáki, 2006; Thut,
Thut, Miniussi, & Miniussi, 2009). Classically brain waves have been (more or less arbitrarily) subdivided into characteristic frequency bands or rhythms (X.-J. Wang, 2010): Delta (<4 Hz), Theta (4-8
Hz), Alpha (8-14 Hz), Beta (14-30 Hz) and Gamma Oscillations (>30 Hz). The delta rhythm (<4 Hz) is
typically present during sleep (Amzica & Steriade, 1998), but has also been associated with the resting-state fMRI signal in mice (Lu et al., 2007). Theta rhythms (4-8 Hz) play an important role in
working memory tasks in humans (Hanslmayr et al., 2012; Nyhus & Curran, 2010; Raghavachari et al.,
2001) and spatial navigation in animals (Bland, 1986; Buzsáki, 2002; X.-J. Wang, 2010). The alpha
rhythm (8-12 Hz) was long thought to be the “idling” rhythm of the brain as it is most prominent in
the EEG during awake rest (Pfurtscheller, 1992) and desynchronizes when engaging in a task (Berger,
1929; Klimesch, Sauseng, & Hanslmayr, 2007; Pfurtscheller & da Silva, 1999). Recently, however, the
alpha rhythm was proposed to have a more active role in gating information by inhibiting taskirrelevant areas (Jensen & Mazaheri, 2010). The beta rhythm (12-30 Hz) has similar characteristics to
the alpha rhythm and was measured by Berger over the primary motor cortex (Berger, 1931). It synchronizes during motor inhibition and desynchronizes during motor execution (Baker, Olivier, &
Lemon, 1997; Cheyne & Cheyne, 2013; Pfurtscheller, 1981; Pogosyan et al., 2009; Swann et al., 2009).
Additionally, recent studies suggest beta oscillations are involved in top-down processing (Buschman & Miller, 2007; Fries, 2015). Interestingly the power of both alpha and beta rhythms is proposed
to contribute to the formation of resting-state networks (Brookes et al., 2011; Hipp, Hawellek, Corbetta, Siegel, & Engel, 2012; Mantini et al., 2007). Gamma oscillations (30-80 Hz) are thought to reflect local processing and movement execution (Cheyne et al., 2008; Womelsdorf & Fries, 2007) and
often occur nested within slower rhythms, for example theta or alpha (Igarashi, Isomura, Arai, Harukuni, & Fukai, 2013; Sirota et al., 2008; Spaak, Bonnefond, Maier, Leopold, & Jensen, 2012).
Even though oscillatory activity has been linked to a plethora of behavioural phenomena and cognitive processes, the neurophysiological basis of neuronal oscillations is still debated. In principle, single neurons already show oscillatory behaviour (Llinás, 1988). However, the compound activity of a
neural network does not necessarily need to follow the rhythm of a single neuron (Buzsaki & Draguhn, 2004; X.-J. Wang, 2010). Timofeev et al. (2012) proposed four possible mechanisms regarding
how neuronal synchronization in the brain could emerge. All hypotheses share the idea that different brain rhythms become phase locked (i.e. synchronize) via concurrency of electrical activity in
large ensembles of neurons (Noebels et al., 2012). This leads to detectable changes in extracellular
ionic current and the generation of local field potentials which can ultimately be measured with EEG
at the scalp (Timofeev, Bazhenov, Seigneur, & Sejnowski, 2010). It is, however, important to remember that as long as a network of excitatory and inhibitory cells is wired appropriately it can – at least
in theory – produce any rhythm on the population level (Buzsáki, 2006; X.-J. Wang, 2010). In terms
of modulating rhythms it might therefore be more important to understand which ones are naturally
present, how they interact and how those interactions relate to an outcome measure (i.e. a behavioural experiment or another neurophysiological measurement, e.g. fMRI, TMS). As we will see below, successful entrainment relies on knowledge of all three of these factors.
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1.3

Current theories on the role of brain oscillations

The distinction between oscillation frequency bands might lead to the impression that each independently synchronizes and desynchronizes depending on the task at hand. However, in reality oscillations exhibit a complex interplay between different rhythms and are therefore thought to play an
important role in routing and gating information (Buzsáki, 2006). One key finding is that often oscillations are coupled across frequencies. Such cross-frequency coupling (CFC) interaction has, for example, been shown between the theta and gamma rhythm where the amplitude of fast gamma oscillations was systematically modulated during the course of a theta cycle (Canolty & Knight, 2010). In
chapter 2 evidence will be presented that a similar CFC is present between gamma and alpha, and in
turn between alpha and the BOLD signal (L. Wang, Saalmann, Pinsk, Arcaro, & Kastner, 2012), and
that this coupling can be exploited with tACS. Theoretically four different coupling modes are possible between two frequencies (Jensen & Colgin, 2007). First, the aforementioned phase-amplitude
coupling (PAC, Figure 1-1A) where the amplitude of a faster frequency follows the phase of a slower
frequency. Second, phase-phase coupling (PPC, Figure 1-1B) where both frequencies are phase-locked
over a period of time. Third, phase-frequency coupling (PFC, Figure 1-1C) where the frequency of a
fast oscillation is modulated by the phase of a slower oscillation. And fourth, Amplitude-Amplitude
coupling (AAC), sometimes also referred to as amplitude envelope correlation (AEC, Figure 1-1D),
where the amplitude of both frequencies is correlated. Note that these coupling modes are not necessarily exclusive, i.e., a slow oscillation can control the amplitude and frequency of a slower oscillation (Jensen & Colgin, 2007). Multiple levels of coupling are also possible, for example, gamma might
be nested within theta, which might be nested within delta oscillations (Schroeder, Lakatos, Kajikawa, Partan, & Puce, 2008). Since the phenomenon of neuronal oscillations and CFC are generally
observable across brain regions, numerous theories have been proposed to explain their relevance in
brain function and processing. I will quickly summarize three theories that might be relevant for the
interpretation of the results presented in this thesis.

A"

B"
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D"

Figure 1-1 Different types of cross-frequency coupling modes between a fast and a slow oscillation. (A) The phase of the
slow oscillation modulates the power of the fast oscillation (phase-amplitude coupling). (B) Phase-locking between two
oscillations. Each slow cycle contains four fast cycles, which leads to a fixed phase-relationship between the two signals
(Phase-phase coupling). (C) The phase of the slow oscillation modulates the frequency of the fast oscillation (Phasefrequency coupling). (D) The amplitude of both oscillations are correlated (Amplitude-amplitude coupling / amplitude
envelope correlation). Adapted from Jensen & Colgin 2007.
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1.3.1 Gating by Inhibition
The gating by inhibition theory (GBI) (Jensen & Mazaheri, 2010) is mainly based on two observations.
First, that gamma activity is modulated by alpha phase (Osipova et al., 2008; Voytek et al., 2010).
And second, that alpha power increases with memory load during retention intervals of memory
tasks (Scheeringa et al., 2009). Further, alpha power has been shown to increase in areas that disengage during task performance (Pfurtscheller, 1992). Mazaheri & Jensen (2010) therefore suggested
that phases of the alpha cycle are responsible for pulsed inhibition (i.e. they shutdown gamma activity which reflects local processing (Mazaheri & Jensen, 2010) and that increasing alpha power reflects
an increase in the magnitude of this inhibitory cycle. Therefore, the time-window for gamma oscillations (i.e. local processing) is shortened. This in turn means that an increase of alpha in a taskirrelevant region can actively gate (i.e. prevent) information from entering a node, and information
is consequently re-routed to task-relevant areas (Figure 1-2C). Note that this theory does not explain
why alpha is upregulated in the first place, and has been extended by incorporating the communication through coherence theory into a framework of nested oscillations (see below).

1.3.2 Communication through coherence
The communication through coherence (CTC) theory was initially proposed to explain top-down
processing and how coherent oscillations foster effective connectivity among neuronal populations
(Fries, 2005). Specifically it proposes that communication is established when two pools of neurons
exhibit phase-locked (i.e. coherent) activation in the gamma band (Fries, 2009) (Figure 1-2B). This
strengthens communication because the synaptic input of one pool arrives at the excitable phase of
the other pool (Fries, 2005), which in turn further strengthens coherence between the two pools of
neurons (i.e the first pool entrains the second). Conversely, if the two neuronal pools do not exhibit
coherence, the excitable phase and the synaptic input do not coincide and therefore connectivity is
reduced. Further, it has been suggested that gamma coherence between different neuronal pools is
modulated via attentional mechanisms. Those attentional mechanisms could act on the gammaband synchronization strength or synchronization frequency and are most likely mediated by
rhythms in the alpha and/or beta band (Fries, 2015).

1.3.3 Nested Oscillations
The third theory was only proposed recently and tries to combine the two aforementioned theories
into a framework based on nested oscillations (Bonnefond et al., 2017). A key extension of this theory
is that the initial synchronization between areas is not fostered by gamma oscillations, but by alpha
oscillations. Exchange of information is ensured via a coherent decrease in alpha-power in both
communicating regions (Figure 1-2D). This creates longer duty-cycles for gamma oscillations (as
proposed in the gating by inhibition theory (Jensen & Mazaheri, 2010). Since alpha-oscillations are
coherent the duty cycles are coherent as well and this in turn leads to coherent gamma oscillations
(as proposed in the communication through coherence theory (Fries, 2005)). Additionally, this
framework would allow a given gamma frequency to represent different features along the phase of
the alpha cycle, binding multiple features into the same signal (Bonnefond et al., 2017). Note that
this theory relies on cross-frequency coupling between alpha and gamma oscillations. In chapter 2
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we will use a slightly different form of nested oscillations to modulate long-range connectivity via
entrainment with tACS (see below).
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Figure 1-2 Different theories how neuronal oscillations might gate information flow across neuronal populations. (A) Two
pools of neurons (X1 & X2) are connected to a third neuronal pool (X3). In this example functional connectivity is established between X1 and X3, but not X2 and X3. (B,C,D) Sine waves represent oscillatory activity and vertical bars represent
spiking activity. (B) Communication through coherence (CTC) proposes that the phase of the oscillatory activity modulates
excitability and therefore spike timing. When two neuronal populations exhibit a fixed phase-relationship communication
is established (i.e. between X1, green and X3, blue) but not when the two populations are out-of-phase (i.e. between X2, red
and X3, blue). (C) Gating-by-inhibition proposes that the magnitude of an oscillation is responsible for information exchange. An increase in alpha-oscillations leads to inhibition within pool X2, whereas a decrease of alpha-oscillations in pool
X1 and X3 allows communication via release of inhibition. (D) Nested oscillations propose that synchronization within the
alpha band leads to functional connectivity between pool X1 and X2 (slow oscillations, top), which allows for neuronal
firing to be routed from X1 to X2 (vertical bars, middle), which is reflected as coherent gamma-band activity (fast oscillations, bottom). Note that this theory would allow binding gamma oscillations of different frequencies together via the
phase of the alpha cycle and therefore can be seen as a form of cross-frequency coupling. Adapted from Bonnefond et al.
2017.

1.4

Methods to modulate brain oscillations

There is considerable evidence suggesting an active role for brain oscillations in various behavioural
and cognitive processes. However, as mentioned previously most of the evidence for the above theories comes from observational studies. Typically, these studies have investigated associations between tasks and oscillations within specific frequency bands. Only with recent advances in non-
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invasive brain stimulation methods do we have a tool to actively modulate brain oscillations during a
task. An increasing number of studies have demonstrated promising NIBS effects on behaviour when
knowledge of the underlying brain oscillation was incorporated into the study design (Cecere, Rees,
& Romei, 2015; Helfrich, Knepper, et al., 2014a; Polanía, Nitsche, Korman, Batsikadze, & Paulus, 2012;
Zaehle, Rach, & Herrmann, 2010). However, the neurophysiological effects of NIBS are still not clearly understood (Thut et al., 2017). Here I will introduce one mechanism how NIBS might act on neuronal oscillations, namely entrainment, and two methods which were suggested to rely on this
mechanism: transcranial alternating current stimulation (tACS) and steady-state evoked potentials
(SSEPs).

1.4.1 Entrainment
Entrainment in physical systems usually refers to the phenomenon of two coupled oscillators with
different starting frequencies becoming phase-locked. Typically the two oscillators start to synchronize and adopt the same frequency if coupling strength and frequency detuning (i.e. frequency difference between the two signals) are “appropriate” (Pikovsky, Rosenblum, & Kurths, 2003). In terms
of neuronal entrainment this implies that a neuronal oscillator can synchronize with a “weak” external stimulus or force under “appropriate” conditions (Fröhlich, 2014; Fröhlich & Schmidt, 2013; Thut,
Schyns, Gross, Schyns, & Gross, 2011a). In this context “appropriate” reflects the relationship between
stimulus intensity and frequency detuning. The force exerted by the external stimulus synchronizes
the underlying neuronal oscillation or system to the driving signal leading to a fixed phaserelationship between the two. The frequency detuning on the other hand disturbs this phaserelationship (i.e. increases the phase difference between the neuronal oscillator and driving force)
thereby counter-acting synchronization. This means that if the driving force is large enough to surpass the disturbance induced by detuning, the system starts to synchronize at the frequency of the
applied stimulation (Fröhlich, 2015; Pikovsky et al., 2003). If the force is not strong enough the entrained frequency will be somewhere between the natural frequency of the system and the frequency
of the driving force (Fröhlich, 2015). This behaviour can be characterized by a so-called Arnold
tongue, which reflects a set of parameters that can lead to synchronization. Typically the larger the
stimulation intensity the broader the frequency band that can lead to synchronization (Fröhlich,
2015) (Figure 1-3).
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Figure 1-3 Schematic illustration of an Arnold tongue. If the stimulation frequency is close to the natural or intrinsic frequency of the system (i.e. underlying neuronal population), weak stimulation intensities are sufficient for entrainment
(synchronization).

Recently Thut et al. (2011) gave four requirements for testing entrainment of brain oscillations in
humans: First, involvement of a neuronal oscillator (i.e. a neuronal population capable of producing
oscillations at the frequency of the entrainment signal). Second, the input stream or entrainment
signal needs to be periodic (i.e. contains a given frequency). Third, the entrainment signal and the
neuronal oscillator need to start synchronizing. Fourth, the external entrainment signal influences
the oscillating elements via direct interaction. Methodologically this means that in principle any
technique that is capable of applying periodic stimuli to the brain could potentially entrain brain
rhythms (Thut, Schyns, Gross, Schyns, & Gross, 2011a). Below we will look at the stimuli used in
chapters 2 and 3 of this thesis: tACS and repetitive sensory stimulation.

1.4.2 tACS
Transcranial alternating current stimulation (tACS) is a relatively new form of tCS. Similar to transcranial direct current stimulation (tDCS), it uses very weak electrical currents (<2mA) applied via
two (or more) electrodes attached to the scalp to modulate brain activity (Paulus, 2011). In contrast
to tDCS, however, it uses alternating current (typically sinusoidal) instead of direct current for stimulation (Paulus, 2011). TACS is thought to directly interact with on-going neuronal oscillations of the
brain via entrainment (Herrmann, Rach, Neuling, & Strüber, 2013).
Entrainment via tACS, describes the possibility of synchronizing neuronal oscillations (e.g. measured
with EEG) to an external electrical driving signal of a given frequency content. It is thought that the
internal neuronal firing which produces these neuronal oscillations starts to phase-lock to the external signal (Herrmann et al., 2013). Previous work by Fröhlich and McCormick has demonstrated that
when neuronal populations in ferret slices are stimulated with an external electrical field, the multi
unit activity (MUA) of these neurons starts to follow the exogenously applied electrical field (Fröhlich & McCormick, 2010). Ozen et al. (2010) showed that entrainment is not only possible in vitro, but
also in vivo. In their experiment they applied transcranial electrical stimulation in rats at very slow
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frequencies (0.8, 1.25 or 1.7 Hz) and observed that the percentage of neurons firing in phase with the
stimulation increased (Ozen et al., 2010). In principle the same concept of entrainment can be translated to transcranial alternating current stimulation in humans. It is however important to note that
Fröhlich and McCormick (2010) applied approximately 0.5 V/m, and Ozen et al. (2010) state that the
voltage at their recording sites needed to be approximately 1 V/m to entrain neurons. Both studies
also used frequencies much lower than commonly used with tACS (Fröhlich & McCormick, 2010;
Ozen et al., 2010).
Since the human head is much bigger and the skull has a very low conductivity, the scalp shunts part
of the current induced and it is unclear how much current reaches the cortex when tACS is applied
in humans. We therefore rely on modelling studies to draw inference about the current distribution
(Opitz et al., 2015; Thielscher, Antunes, & Saturnino, 2015). Here we face the problem that different
studies use different assumptions for conductivity of different tissues. For example, Miranda et al.
(2006) claim that the electric field strength in the underlying tissue during brain stimulation is approximately 0.22 V/m for 2mA of tACS (Miranda, Lomarev, & Hallett, 2006). Whereas Neuling et al.
(2012) claim that the strength of the electric field in the cortex is about 0.4 V/m for 1 mA of tACS for
a Cz/Oz electrode configuration (Neuling, Wagner, Wolters, Zaehle, & Herrmann, 2012). The different values most likely come from different assumptions for the conductivity of brain tissue or usage
of different head models (e.g. see Miranda, Mekonnen, Salvador, & Ruffini, 2013 for comparison of
different head models and electrode placements). Therefore, it is still debated how much current is
induced in neuronal tissue when tACS is applied in humans and whether a high enough electric field
strength for entrainment is reached. In general, verification of conductivity assumptions is also not
straightforward, as measurements can differ in vivo vs. ex vivo (Opitz, Falchier, Linn, Milham, &
Schroeder, 2017). This suggests that assessment of tACS effects with neuroimaging might provide
even better estimates of its effects on a neuronal level than corpse studies.
However, at the moment there is only little evidence, mainly from EEG measurements, indicating
that a similar mechanism as established in animal studies holds in humans. Zaehle et al. (2010) (as
well as Helfrich et al. 2014, in a more recent experiment from the same group), were able to show
that synchronization of neuronal activity in the alpha-band might be possible (Helfrich, Schneider,
et al., 2014b; Zaehle et al., 2010). In their experiment, Zaehle et al. (2010) measured alpha-power
(power in the frequency band from 8-12 Hz) before and after 10 minutes of transcranial alternating
current stimulation. They report a significant increase of alpha-power in the stimulated frequency
band (individual alpha frequency; IAF +/- 2Hz) compared to two control bands (IAF -3/-5 Hz & IAF
+3/+5Hz; Zaehle et al., 2010). The interpretation of this result is that the underlying neuronal population was entrained to the frequency of the externally applied current. This was confirmed in a second
experiment (Neuling, Rach, & Herrmann, 2013), which also showed that there is a prolonged aftereffect of tACS. Note however that assessment of on-line tACS effects with EEG is notoriously difficult
due to the induction of linear and non-linear artefacts related to stimulation (Noury et al., 2016).
Nonetheless, the concept of entrainment could explain some of the mixed results regarding the effect of tACS stimulation on cortico-spinal excitability (Antal et al., 2008; Chaieb, Antal, & Paulus,
2011; Wach et al., 2013). It might be that the frequency of the applied tACS signal has to be tailored to
the individual underlying neuronal oscillation of the subject (i.e. its natural eigenfrequency) to be
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efficient. This is further supported by the notion that most successful tACS experiments based their
stimulation frequency on previous EEG results (cf. (Cecere et al., 2015; Polanía et al., 2012)).
Taken together those previous studies show that tACS effectiveness depends on three parameters:
current intensity (or more precisely current density), frequency, and electrode placement (for simplicity we ignore task here, but task or brain state could also be seen as a parameter). In terms of
current intensity, present evidence suggests that higher intensities are more effective, as they allow
for larger detuning (i.e. mismatch between stimulation frequency and natural frequency; cf. Figure
1-3). However, it is still not quite clear how to tailor the optimal frequency spectrum for stimulation.
Most studies assume that the stimulation frequency needs to be close to the intrinsic frequency of
the system to induce entrainment (Fröhlich, 2014; Herrmann et al., 2013; Thut et al., 2017). However,
the number of studies that incorporated EEG measurements into their study design is still very
small, most likely due to artefacts which are induced by tACS (Noury et al., 2016). It is therefore necessary to combine tACS with neuroimaging techniques other than EEG to investigate its interaction
with underlying brain activity. In chapter 2 we combined tACS with resting-state fMRI to assess its
online effects on connectivity as fMRI is less prone to tACS induced artefacts (Antal et al., 2014;
Moisa, Polania, Grueschow, & Ruff, 2016).

1.4.3 Repetitive sensory stimulation and steady-state evoked potentials
An alternative method to induce a frequency specific brain response is via repeptitive sensory stimulation. Repetitive sensory stimulation is capable of evoking frequency specific steady-state responses
in the brain, which are called steady-state evoked potentials (SSEPs). SSEPs have been described for
the visual, auditory and somatosensory system (Galambos, Makeig, & Talmachoff, 1981; Norcia, Appelbaum, Ales, Cottereau, & Rossion, 2015; Snyder, 1992). A key feature of repetitive stimulation is
that the frequency of the applied stimulation produces a phase-locked frequency specific response in
the respective sensory system, which can for example be measured with EEG. That means visual
stimulation leads to a response in visual cortices, auditory stimulation to a response in auditory cortices and somatosensory stimulation in the somatosensory cortices. Interestingly, each sensory system seems to respond at a different optimal frequency. The visual system shows the strongest response when the stimulation frequency is in the alpha range (around 10 Hz) (Herrmann, 2001), the
auditory system at around 40 Hz (A. Rees, Green, & Kay, 1986) and the somatosensory system in the
beta band (around 20-26 Hz) (Snyder, 1992; Tobimatsu, Zhang, & Kato, 1999). Animal experiments
have shown that the stimulation leads to a phase-locked response in the local field potential, as well
as phase-locked spiking activity in the respective sensory cortex (Haegens et al., 2014b; Mountcastle,
Steinmetz, & Romo, 1990; Rager & Singer, 1998). Recently Notbohm et al. (2016) were able to show
that steady-state visual evoked responses in humans are more efficient 1) when the stimulation frequency is closer to the intrinsic individual alpha frequency (IAF) and 2) when the stimulation intensity is higher (i.e. the parameters span an Arnold tongue). It was therefore suggested that induction
of SSEPs follow a similar entrainment mechanism as tACS (Notbohm, Kurths, & Herrmann, 2016).
Since EEG measurements are difficult during concurrent tACS stimulation due to the induced stimulation artefacts (Noury et al., 2016), the work presented in chapter 3 demonstrates that repetitive
sensory stimulation provides a valuable alternative to test entrainment protocols and parameters.
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1.5

Chapter overview

Both techniques, tACS and repetitive sensory stimulation, are promising tools to modulate brain
oscillations. In the following chapters we combine both with neuroimaging methods during rest (either resting-state fMRI or resting-state EEG) to investigate their effects on brain connectivity. Further we will investigate a potentially interesting application of the presented techniques, namely
motor slowing. Specifically we will look at structures and mechanisms potentially involved in motor
slowing and how we might target them with brain stimulation.

1.5.1 Chapter 2
In chapter 2 we use tACS to modulate long-range connectivity as measured with resting-state fMRI.
Previous studies suggested that slowly fluctuating power envelopes of electrophysiological signals
synchronize across brain areas and that the topography of this activity is spatially correlated to resting state networks derived from rs-fMRI. We take a novel approach to address this problem and establish a causal link between the power fluctuations of electrophysiological signals and rs-fMRI connectivity via a new neuromodulation paradigm, which exploits these power-synchronization mechanisms.

1.5.2 Chapter 3
In chapter 3 we assess the effects of repetitive sensory stimulation on interhemispheric connectivity
as measured with EEG. Since we were not able to combine our tACS paradigm directly with EEG, we
show that the same types of signals used in in chapter 2 can be applied with repetitive sensory stimulation. This makes repetitive sensory stimulation a valuable alternative to non-invasive brain stimulation methods such as tACS to study the interplay of neuronal oscillations within the human brain.

1.5.3 Chapter 4
In chapter 4 we investigate a potentially interesting application for neuromodulation: Motor slowing.
This is a phenomenon where prolonged motor execution (i.e. finger tapping) can lead to a break
down of performance, which cannot be explained by muscular fatigue. Naturally occurring motor
slowing is an interesting target for neuromodulation as it shares similarities with the pathological
symptom of motor slowing observed in certain neurodegenerative diseases (e.g. Parkinson’s disease).
We use a multimodal approach to investigate motor slowing and present converging evidence that
motor slowing leads to a dis-inhibition of the motor system. We suggest that the reduction in inhibition is caused by a breakdown of surround inhibition and that this leads to disrupted synergistic
control of agonist/antagonist muscle contractions (resulting in co-contractions), which is ultimately
responsible for motor slowing.

1.5.4 Chapter 5
In the final chapter we summarize the main findings from the previous chapters and discuss some of
the implications raised by the individual studies. Additionally I focus on how the insights gained by
using entrainment to study brain connectivity can be used to establish the causal mechanisms of
motor slowing.
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2.1

Abstract

Resting state fMRI (rs-fMRI) is commonly used to study the brain’s intrinsic neural coupling, which
reveals specific spatiotemporal patterns in the form of resting state networks (RSN). It has been hypothesized that slow rs-fMRI oscillations (<0.1 Hz) are driven by underlying electrophysiological
rhythms that typically occur at much faster timescales (>5 Hz); however, causal evidence for this
relationship is currently lacking. Here we measured rs-fMRI in humans while applying transcranial
alternating current stimulation (tACS) to entrain brain rhythms in left and right sensorimotor cortices.
The two driving tACS signals were tailored to the individual’s alpha rhythm (8-12 Hz) and fluctuated
in amplitude according to a 1 Hz power envelope. We entrained the left versus right hemisphere in
accordance to two different coupling modes where either alpha oscillations were synchronized between hemispheres (phase-synchronized tACS) or the slower oscillating power envelopes (powersynchronized tACS).
Power-synchronized tACS significantly increased rs-fMRI connectivity within the stimulated RSN
compared to phase-synchronized or no tACS. This effect outlasted the stimulation period and tended to be more effective in individuals who exhibited a naturally weak interhemispheric coupling.
Using this novel approach, our data provide causal evidence that synchronized power fluctuations
contribute to the formation of fMRI-based RSNs. Moreover, our findings demonstrate that the
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brain’s intrinsic coupling at rest can be selectively modulated by choosing appropriate tACS signals,
which could lead to new interventions for patients with altered rs-fMRI connectivity.

2.2

Introduction

Resting state functional magnetic resonance imaging (rs-fMRI) is a widely-used tool for investigating
large-scale functional connectivity within the human brain (Biswal, Yetkin, Haughton, & Hyde, 1995;
Fox & Raichle, 2007). Rs-fMRI measures spontaneous slow fluctuations (i.e. <0.1 Hz) of the bloodoxygen level dependent (BOLD) signal at rest. These fluctuations form spatial patterns of correlated
activity that can be mapped onto resting state networks (RSN); these exhibit a unique topography
that often resembles networks activated by specific tasks (i.e. sensorimotor network, visual network,
etc.) (Damoiseaux et al., 2006). Alterations in resting-state connectivity have been associated with
several neuropathologies (Alaerts, Swinnen, & Wenderoth, 2016; Alaerts et al., 2014; E. Bullmore &
Sporns, 2009; Fornito & Bullmore, 2010; Greicius, 2008) opening new opportunities for identifying
disease-specific biomarkers and potential therapy targets at the brain circuit level (Alaerts et al.,
2014; Woolley et al., 2015). However, which exact electrophysiological mechanisms cause RSNs to
emerge is still debated making it difficult to design new interventions that target activity at the cell
population level with the aim of normalizing large-scale connectivity within specific circuits. Previous studies have linked rs-fMRI connectivity to ultra-slow (<0.5 Hz) fluctuations of electrophysiological signals (Pan, Thompson, Magnuson, Jaeger, & Keilholz, 2013), or to positively correlated power envelopes (also called band-limited power BLP signals) of faster frequency bands including the
delta (<4Hz) (Lu et al., 2007), alpha (8-12 Hz)/beta (12-30 Hz)(Brookes et al., 2011; Mantini et al.,
2007; L. Wang et al., 2012) and gamma bands (He, Snyder, Zempel, Smyth, & Raichle, 2008; Nir et al.,
2008; Schoelvinck, Maier, Ye, Duyn, & Leopold, 2010). This converging evidence indicates that slowly
fluctuating components of the electrophysiological signal (either the power envelope or the signal
itself) synchronize across different areas of the brain, and the topography of this synchronization
pattern has been linked to heightened BOLD connectivity within corresponding RSNs.
However, these previous studies revealed mainly correlative evidence arguing that the topography or
strength of connectivity is similar when RSNs determined from synchronized activity of the BOLD
signal were compared to RSNs determined from electrophysiological readouts (LFP or EEG) (Brookes
et al., 2011; He et al., 2008; Hipp & Siegel, 2015b; Lu et al., 2007; Nir et al., 2008; L. Wang et al., 2012).
Here we used a novel interventional approach to experimentally probe the hypothesis that synchronizing power envelopes of the prominent alpha rhythm across anatomically connected brain areas
increases rs-fMRI connectivity within the targeted network. The basic idea is to modulate electrophysiological activity with non-invasive electrical stimulation applying appropriately designed, EEGbased driving signals while measuring the induced changes in rs-fMRI connectivity. This approach is
not only interesting as a research tool but also as a potential intervention for modulating large-scale
connectivity at rest within clinically relevant circuits.

2.3

Methods

We applied transcranial alternating current stimulation (tACS) to entrain endogenous neuronal oscillations in a frequency-dependent way (Cecere et al., 2015; Helfrich, Schneider, et al., 2014b; Herrmann et al., 2013; Polanía et al., 2012; Zaehle et al., 2010) without causing significant interference with
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MRI measurements (Antal et al., 2014). Using a three-electrode setup to drive neural activity within
left and right sensorimotor cortices (SM1), functional coupling between hemispheres can be either
strengthened or weakened by administering two iso-frequent stimulation signals which are either inphase or anti-phase, respectively (Polanía et al., 2012; Polanía, Moisa, Opitz, Grueschow, & Ruff,
2015). The waveforms were tailored to the subject’s individual alpha frequency band (IAF; corresponding roughly to 8-12 Hz oscillation), which was chosen as a “carrier frequency” because it is a
strong endogenous rhythm present at rest. Moreover, in motor cortex the power envelope of the
alpha band has been linked to interhemispheric connectivity measured by EEG/MEG (Siems, Pape,
Hipp, & Siegel, 2016), rs-fMRI connectivity (Mantini et al., 2007) and task-based fMRI activity (Ritter,
Moosmann, & Villringer, 2009). Importantly, we modulated the amplitude of the tACS signals according to a 1 Hz envelope, thereby mimicking a cross-frequency coupling phenomenon (i.e., a
phase-amplitude coupling mechanism between the alpha and delta rhythm) that emerges in humans
at rest (Siems et al., 2016). We then aimed to disambiguate whether interhemispheric rs-fMRI connectivity is mainly driven by the interhemispheric synchronization of 1 Hz amplitude envelopes, or
by the synchronization of left and right IAF. We therefore stimulated SM1 of each hemisphere with
the same amplitude-modulated IAF driving signal, but with different phase relationships between
hemispheres. In the power-synchronized tACS condition, the 1Hz amplitude envelopes were in-phase
but the IAF signals were anti-phase; by contrast, in the phase-synchronized tACS condition, the IAF
signals were in-phase but the 1 Hz amplitude envelopes were anti-phase. Importantly, the powersynchronized tACS condition approximates the interhemispheric coupling as measured beforehand
with EEG at rest, whereas the phase-synchronized tACS inverts this interhemispheric phase–
relationship and acts as negative control. We hypothesized that the power-synchronized stimulation
regime would increase rs-fMRI connectivity between hemispheres.

2.3.1 Experimental Design
The experiment consisted of two sessions, which were on average 1 week apart. During the first session 5 minutes of resting-state EEG (eyes-open) was measured and the participants’ EEG frequency
spectrum was pre-screened. Only subjects with a clear alpha-peak participated in the tACS/fMRI
experiment. Based on the pre-screening, we tailored the tACS stimulation signals to the individual
alpha-frequency (IAF). In the second session, a combined tACS/resting-state fMRI (eyes-open) experiment was conducted to test the effects of two different stimulation paradigms on rs-fMRI connectivity between the sensorimotor cortices of the two hemispheres.

2.3.2 Subjects
35 subjects were recruited for the EEG session. All subjects provided informed consent as approved
by the Research Ethics Committee of the Canton of Zurich. Subjects were pre-screened to have a
clear alpha-peak over sensorimotor areas (at electrode C3 or C4; see EEG analysis for definition of
alpha-peak). 22 subjects showed an alpha peak over both hemispheres. Their EEG was analyzed in
more detail and they participated in the subsequent tACS/fMRI experiment. From the 22 subjects
who were scanned, two were excluded from analysis; one because of too much movement and one
fell asleep during the experiment. 20 subjects were analyzed and all reported results (EEG and fMRI)
are from those subjects unless stated otherwise (n = 20, age = 24.8 ± 4.1 years, mean ± s.d., 10 females,
19 right-handed by self-indication).
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2.3.3 EEG acquisition
Electronecephalography (EEG) was measured using a 128-channel HydroCel Geodesic Sensor Net
(GSN) using Ag/AgCl electrodes provided by Electrical Geodesics (EGI, Eugene, Oregon, USA). This
system uses the vertex (Cz) electrode as physical reference. EEG recordings, electrooculograms for
horizontal and vertical eye movements respectively, and an electromyogram for the muscular noise
associated with swallowing were recorded in parallel with a sampling frequency of 1000 Hz.
During EEG acquisition subjects sat in a dark room and fixated on a cross presented on a computer
screen in front of them for five minutes. The unfiltered data were saved for offline analyses.

2.3.4 EEG preprocessing
EEG signals were bandpass filtered off-line (2-40 Hz) and further processed using independent component analysis (ICA) for the removal of ocular and muscular artefacts with eeglab (Delorme &
Makeig, 2004). After ICA decomposition the artefact ICs were automatically detected by correlating
their power time-courses with the power time courses of the electric reference signals: the horizontal
electrooculogram (hEOG), the vertical electrooculogram (vEOG) and electromyogram (EMG) at the
base of the neck. The data was then downsampled to 200Hz and re-referenced to the common average (Liu et al., 2015) to remove the bias towards the physical reference site (Luck, 2014).

2.3.5 EEG source localisation
After the fMRI experiment (see below) source localization of the EEG data was performed to control
that the results obtained in sensor space indeed reflected activity in sensorimotor areas. A forward
head model was built with the finite element method (FEM), using a 12-tissue head template and the
standard electrode positions for a 128-channel EGI cap. The head template was obtained from the IT
IS foundation of ETH Zurich (Iacono et al., 2015) and included 12-tissue classes (skin, eyes, muscle,
fat, spongy bone, compact bone, cortical gray matter, cerebellar gray matter, cortical white matter,
cerebellar white matter, cerebrospinal fluid and brain stem). Specific conductivity values were associated with each tissue class (i.e. skin 04348 S/m, compact bone 0.0063 S/m, spongy bone 0.0400
S/m, CSF 1.5385 S/m, cortical gray matter 0.3333 S/m, cerebellar gray matter 0.2564 S/m, cortical
white matter 0.1429 S/m cerebellar white matter 0.1099 S/m, brainstem 0.1538 S/m, eyes 0.5000 S/m,
muscle 0.1000 S/m, fat 0.0400 S/m (Haueisen, Ramon, Eiselt, Brauer, & Nowak, 1997). The dipoles
corresponding to brain sources were placed on a regular 6-mm grid spanning cortical and cerebellar
gray matter. After the head model template was established, the brain activity in each dipole source
was estimated by the exact low-resolution brain electromagnetic tomography (eLORETA (PascualMarqui et al., 2011)) for each subject.

2.3.6 EEG analysis
EEG analysis was performed using the fieldtrip toolbox (Oostenveld, Fries, Maris, & Schoffelen, 2011)
and custom Matlab scripts. Group analyses in sensor space were verified by parallel analyses in
source space while individual-difference analyses were restricted to sensor space to minimize confounds caused by imperfect source localization. For each subject the individual alpha-peak and the
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correlational properties of the alpha rhythm during rest was determined for electrodes C3 and C4
(sensor space), which corresponds to the left and right primary sensorimotor cortices, respectively.

For determining the individual alpha peak we first calculated the frequency spectrum for each electrode using the absolute of the Fourier transform. The individual alpha peak was determined as the
local maximum between 7 and 14 Hz of the resulting spectrum. Only subjects with a clearly identifiable alpha peak in sensor space when visually inspected were included in the fMRI experiment. The
individual alpha frequency band (IAF) for each subject was then defined as individual alpha-peak +/2 Hz (Zaehle et al., 2010). We then bandpass filtered the signal within the IAF of each subject (IAF
signal). We also calculated the amplitude envelopes of the IAF signals using the absolute of the Hilbert transform. Next, the natural phase relationship between the two IAF signals and the two amplitude envelopes of C3 and C4 was determined via the Pearson’s correlation coefficient r and via the
instantaneous phase relationship. The latter was calculated by epoching the resting-state EEG data
into segments of 5 seconds. For each segment we calculated the frequency spectrum, the instantaneous phase of the IAF signal and the instantaneous phase of the amplitude envelope. We averaged the
frequency spectrum across all 5 second segments and determined mean IAF peaks and 95% confidence intervals. The plots were visually inspected for each individual to confirm that the IAF exhibited a clear peak in the 5 sec intervals to ensure that the relative phase would represent meaningful
values (Figure 2-1A). Instantaneous phase difference of the IAF signal and the amplitude envelope
between C3 and C4 was calculated for each subject and the main directionality of the phase difference across subjects was statistically assessed using V tests for circular uniformity. In short V tests
assess whether a vector of angles has a known main direction(Berens, 2009). We tested 180° for the
IAF signal and 0° for the amplitude envelopes. The same phase analysis was then performed in
source space, i.e. for the first principal component of the signals extracted from the center of gravity
(cog) of the left and right part of the sensorimotor network as identified during the fMRI analysis
(cog left hemisphere: MNI -15 -29 63, cog right hemisphere: MNI 13 -28 63) This was done to confirm
that the signals measured in C3/C4 originated from the sensorimotor network.

2.3.7 tACS 3-electrode setup
We used two modified MR compatible DC stimulator plus devices (Neuroconn GmbH, Illmenau,
Germany) that were connected to two active electrodes and one common return electrode (electrode-size 5x7 cm). The active electrodes were placed over the left and right motor cortex as determined by transcranial magnetic stimulation (hotspot of the first dorsal interosseus muscle) and the
return electrode was placed approximately 2-3 cm above the inion to minimize the perception of
phosphenes while preventing that subjects would not lie on the return electrode while scanning
(which might have caused discomfort).
The stimulation was controlled via the REMOTE connectors of the stimulators which allows externally generated voltage signals to be translated into current/stimulation signals. The actual stimulation signals were produced with a custom-made Matlab script and sent to the stimulators via a National Instruments Card (NI-USB 6343). This allowed precise control of the output signals (especially
phase stability between the two signals).
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The stimulation signals were individualized to the subject’s IAF. If the individual peak frequency
differed between left and right hemispheres then the average of the two was used. Importantly since
the precise frequency of the individual alpha-peak might change slightly from the EEG session to the
fMRI session (cf. Vossen, Gross, & Thut, 2014), we used stimulation signals that covered the whole
IAF band (alpha peak +/- 2 Hz). The signals were based on the subject’s IAF that was modulated
with a 1 Hz envelope (Figure 2-1D). The 1 Hz envelope was chosen based on pilot data where the
group average frequency spectrum had a broad peak from 0.5 to 2 Hz with a maximum at 1 Hz. We
used this value for designing the tACS waveforms used in the main experiment. We repeated this
analysis with the full sample, which revealed a group maximum at 1.2 Hz. Note that all these analyses
were performed after applying a bandpass filter to the EEG signal with cutoffs at the IAF +/- 2Hz.
The maximum current intensity (peak-to-peak amplitude) over the active electrode was 1.5 mA and
0.75 mA during the peak and trough of the envelope, respectively.
Two different phase relationships between the left and right hemisphere were tested for the experiment. During power-synchronized tACS the two stimulation signals were in anti-phase (180° degrees
phase-shifted) and the envelopes were in-phase (0° phase shifted). During phase-synchronized tACS
the stimulation signals were in-phase (0° phase shifted) and the envelopes were anti-phase (180°
phase-shifted). Note that power-synchronized tACS represents a synchronization of the power envelopes similar to that observed for the EEG signals measured over C3 and C4, whereas phasesynchronized tACS inverts this phase relationship (i.e. no synchronization of the power envelope),
and is used as negative control condition.

2.3.8 MRI acquisition
Resting-state imaging was performed at the Laboratory for Social and Neural Systems research (SNSLab) of the University of Zurich, on a Philips Achieva 3T whole-body scanner equipped with an
eight-channel MR head coil. Before applying tACS during fMRI we did basic safety and quality tests
for the three-electrode setup. We tested for dynamic tACS artefacts and for heating under the tACS
electrodes, following the protocol described previously in Moisa et al., 2016. In short, the conducted
analyses did not reveal dynamic artefacts due to our tACS stimulation or an increase in temperature
due to up to 30 min of stimulation. Moreover, data-driven artefact removal performed with FSL-FIX
(see rs-fMRI analysis) did not reveal any components with a topography that would suggest tACSrelated artefacts (for example we did not see components under/close to the electrodes).
Initially, T1-weighted 3D turbo field echo B0 scans were acquired for correction of possible static
distortion produced by the presence of the active electrode (voxel size = 3x3x3 mm3, 0.5 mm gap,
matrix size = 80 × 80, TR/TE1/TE2 = 418/4.3/7.4 ms, flip angle = 44, no parallel imaging, 37 slices).
High-resolution T1-weighted 3D turbo field echo structural scans were acquired and used for image
registration and normalization (181 sagittal slices, matrix size = 256 × 256, voxel size = 1 mm3,
TR/TE/TI = 8.3/2.26/181 ms). Thereafter, five resting-state runs of 7 minutes were collected for each
subject (2-3 minutes break between each block). Each resting-state run contains 200 volumes (voxel
size = 3x3x3 mm3, 0.5 mm gap, matrix size = 80 × 80, TR/TE = 2100/30 ms, flip angle = 79, parallel
imaging factor =1.5, 35 slices acquired in ascending order for full coverage of the brain).
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The first run served as a baseline measurement. During the second and fourth runs tACS was applied
(the order of tACS conditions was counterbalanced between subjects). Runs 3 and 5 captured potential after-effects (Figure 2-1). This allowed us to compare the effect of each stimulation protocol on
rs-fMRI connectivity in relation to baseline, but also to directly contrast the effects of powersynchronized vs. phase-synchronized tACS stimulation.

2.3.9 rs-fMRI analysis
FMRI analysis was performed similar to the protocol previously used by Stagg et al. (2014). Brain
functional networks (i.e. independent components) were identified using the Multivariate Exploratory Linear Optimized Decomposition into Independent Components (MELODIC; version 3.10) module in FSL (FMRIB’s Software Library, www. fmrib.ox.ac.uk/fsl). Standard pre-processing consisted of
motion correction, brain extraction, spatial smoothing using a Gaussian kernel of FWHM 8.0 mm
and high-pass temporal filtering (100 s / 0.01 Hz). Additionally, artefact components from non-neural
sources were removed with FSLs FMRIB’s ICA-based Xnoiseifier (FSL-FIX (Griffanti et al., 2014; Salimi-Khorshidi et al., 2014)). In short FSL-FIX automatically classifies each component into either signal or noise, and regresses the noise components from the original data using the standard classifier
at threshold 20. In comparison with a manual classification done by two experts on a subset of the
subjects (n=5), FSL-FIX yielded a very high sensitivity (97.6%) in detecting true RSNs.
The artefact-cleaned functional data were then aligned to structural images and normalized into
MNI space using linear and non-linear transformations (ANTs, advanced normalization tools,
http://stnava.github.io/ANTs).
Normalized functional data for each subject were temporally concatenated across subjects to create a
single 4D dataset and group ICA was performed to identify resting state networks (RSNs). Betweensubject analysis was performed using a dual regression approach implemented in FSL (Beckmann,
Mackay, Filippini, & Smith, 2009). In short this approach consists of two stages: (1) A spatial regression of the data is calculated to identify the timecourse of a RSN. (2) A temporal regression with
those timecourses is determined to get the subject specific map of the RSN. This is done for each
RSN.
The resulting subject-specific component map was then masked by the 75th percentile group mean
RSN map. The mean value of the parameter estimates within this region was extracted for each subject. The average of this parameter estimate can be seen as a measure of the average strength of functional connectivity within each RSN. This analysis was performed for each RSN separately.
The average scores of each subject were then submitted to a linear mixed effects model (LMEM) with
the fixed factor stimulation type (5-levels, repeated measure) and the random factor subject. Corresponding contrasts were used for post-hoc pairwise comparisons (LSD) for which effect sizes were
calculated using Cohen’s d as an intuitive estimate. This was done for each RSN of interest separately.
Finally, a qualitative voxelwise analysis was performed for each RSN using non-parametric paired ttests (threshold free cluster enhancement; tfce corrected) as implemented by randomise in FSL (A.
M. Winkler, Ridgway, Webster, Smith, & Nichols, 2014).
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2.3.10 Modelling of the electric field induced by tACS
We compared the electric field induced by phase-synchronized versus power-synchronized tACS
using SimNIBS 2.0 (Thielscher et al., 2015) to model the effect. A realistic finite element head model
was used for the simulations. We simulated the same electrode placement as during the experiment
(i.e. above the left and right hand knob region in M1 and the return electrode 2 cm above the inion).
The stimulation signals were downsampled to 80 Hz and a whole brain image of the electric field
distribution was calculated for each time point. For visualisation purposes we extracted the norm of
the electric field during peaks and troughs of the envelopes of power-synchronized and phasesynchronized stimulation. Furthermore, we investigated how the field fluctuated within our target
area, i.e. the sensorimotor network by reconstructing the signal within a 4mm circular seed region at
the peak of the electric field during power-synchronized stimulation (MNI: -18, -40, 66). This was
done by taking the first principal component of the electric field and upsampling the signal to the
original sampling rate of 1280 Hz for visualization purposes (Figure 2-2).

2.4

Results

2.4.1 Designing EEG-based tACS signals
We recorded and analyzed resting-state EEG in 20 subjects and identified their individual alpha frequency band (IAF, 2 Hz below and above the individual alpha peak, see methods section for inclusion criteria) over left and right SM1 (sensor space, electrodes C3 & C4, respectively; Figure 2-1A)
(Zaehle et al., 2010).
The IAF signals (peak alpha frequency was 10.6 ± 1.2 Hz with an average amplitude of 0.22 ± 0.11 uV
over the left hemisphere and 10.5 ± 1.1 Hz with an average amplitude of 0.21 ± 0.13 uV over right hemisphere; all values mean ± s.d) measured in C3/C4 were on average negatively correlated (rIAF = -0.38
± 0.32) and exhibited an instantaneous relative phase ΦIAF = -174.8° ± 45.2° indicating that the IAF
signals of the left and right hemisphere oscillated in anti-phase (Figure 2-1C red symbols). Next we
characterized the IAF envelope (within a 0.1 - 2 Hz band) which was positively correlated between
hemispheres (rEnv = 0.42 ± 0.19), and tended to oscillate in-phase (ΦEnv = 0.02° ± 0.21 Figure 2-1B,C
blue symbols). Using the sensorimotor network from the fMRI analysis (see below) we checked
whether the correlational and instantaneous phase properties were still present in source space
(Figure 2-1E,F,G). The peak alpha frequency was comparable to the values obtained in sensor space
(left hemisphere: 9.6 +/- 0.9 Hz, right hemisphere: 9.7 +/- 0.9). The correlational and instantaneous
phase difference of the envelopes were also comparable to the sensor data (rEnv,Source = 0.37 ± 0.19,
ΦEnv,Source = 3.2° ± 23.9°). The phase offset of the IAF signal in source space trended towards antiphase, however, inter-subject variability was much larger than in sensor space (ΦIAF = -138.6° ± 76.6°)
such that the signals were uncorrelated when averaged across subjects (rIAF,Source = 0.00 ± 0.48). This
further emphasizes that the low frequency envelope rather than the IAF signals exhibit synchronous
oscillations between hemispheres.
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Figure 2-1 EEG-based stimulation signals during fMRI. (A) For each subject the individual alpha peak and individual alpha
frequency band (IAF = alpha peak +/- 2Hz) was determined from electrodes C3/C4 during rest (eyes-open). The right panel
shows an exemplary frequency spectrum. The left panel shows the mean and 95% confidence interval (shaded area) of the
EEG frequency spectrum normalized to the IAF +/-5 Hz of the left and the right hemisphere, indicating a clear peak. (B)
Correlational analysis showing an anti-correlated relationship between electrodes C3/C4 for the signal within IAF (red) and
a positive correlation for the envelope modulation of IAF (blue). (C) Histogram of relative phase difference between C3 and
C4 of IAF signal (red) and envelope (blue) across subjects. Arrows representing average phase difference across subjects
(D) Based on the subject’s IAF, two kinds of stimulation signals were applied via a 3-electrode setup during resting-state
fMRI. Power-synchronized tACS mimics the in-phase relationship of the IAF power envelopes between C3/C4 (while the
IAF signal was anti-correlated; blue-green) and phase-synchronized tACS (control) with the opposite correlational properties (anti-phase power-fluctuations, synchronized IAF signal). 35 minutes of resting state fMRI were recorded, split into 5
runs of 7 minutes from the same 20 subjects as in the EEG experiment (see methods). During runs 2 and 4, powersynchronized and phase-synchronized tACS was applied via 2 active electrodes placed on the left and right motor cortex
(red), run 1 served as baseline for further analysis and runs 3 and 5 measured potential after-effects. (E) Post-fMRI analysis
of the EEG data confirms that the IAF is clearly detectable in source space, i.e. in left and right sensorimotor cortex. (F,E)
Correlational and instantaneous phase properties in source space. Note that the IAF envelope exhibits robust synchronization (i.e. 0 deg relative phase) between hemispheres while the IAF signals exhibt large inter-subject variability.
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We then designed the tACS waveforms with the IAF of each subject as the main carrier frequency,
while the amplitude was modulated with a fluctuating 1 Hz envelope (maximal Intensity = 1.5mA
peak-to-peak, Amplitude modulation = 0.5 of maximal intensity). We employed two stimulation
regimes: In the phase-synchronized condition, the relative phase of IAF was 0° (ΦIAF = 0°) and the
relative phase of the 1 Hz envelope was 180° (ΦEnv = 180°), whereas this was reversed in the powersynchronized condition (ΦEnv = 0° and ΦIAF = 180°; Figure 2-1D). Note that power-synchronized tACS
approximates the interhemispheric coupling measured with EEG at rest (correlated envelopes, anti/uncorrelated IAF signals). Next we modeled the electric field to assess whether our two stimulation
paradigms caused comparable effects in sensorimotor cortex. We found that both the amplitude of
the alpha oscillations and the amplitude of the power-envelope were similar between the two stimulation paradigms over sensorimotor cortices (Figure 2-2), such that the relative phase relationship of
the IAF/power-envelope between the left and right hemisphere represent the major difference between the two stimulation protocols when analyzed within SM1. Note, however, that the threeelectrode setup did not allow a perfect matching of the electric field distribution across the whole
brain. In particular the phase-synchronized stimulation also produces a strong electric field over
occipital areas, which follows the carrier frequency but is no longer modulated by the envelope. Most
importantly the power-synchronized stimulation paradigm produces an in-phase fluctuation of the
IAF envelope in the sensorimotor network, whereas phase-synchronized stimulation produces an
anti-phase fluctuation of the power-envelope in the sensorimotor system.

40

Concurrent tACS-fMRI reveals causal influence of power-synchronized neural activity on resting state fMRI connectivity

Figure 2-2 Simulations of the electric field during power-synchronized (left side) and phase-synchronized tACS (right side).
(A) The upper part shows the externally applied signals over left and right sensorimotor cortex. (B) The electric field distribution estimated for four different timepoints of the envelope amplitude of the right hemisphere (indicted by black vertical
lines) is shown on a surface view and an axial slice through the sensorimotor system (z=66). The highlighted aspect shows
the sensorimotor RSN. (C) Simulated signals showing effective modulation within left and right sensorimotor cortex extracted from MNI coordinates +/-18, -40, 66 (i.e. the maximum of the simulated electric field during power-synchronized
stimulation) and the visual cortex (MNI 2, -88, 22; i.e. approximately under the return electrode). Note that during powersynchronized tACS (B,C left) both hemispheres oscillate synchronously between strong and weak stimulation. By contrast,
during phase-synchronized tACS (B,C right) one hemisphere is always more strongly activated than the other. Also the
maximum modulation depth of the envelope reached similar levels in the sensorimotor cortex for both stimulation conditions (0.25 V/m for power-synchronized tACS and 0.21 V/m for phase-synchronized tACS)

2.4.2 tACS effects on the sensorimotor RSN
The same 20 subjects participated in a second session where we applied tACS using a three-electrode
setup (Figure 2-1D, similar to (Polanía et al., 2012)) to the left and right SM1 inside an MR scanner to
modulate rs-fMRI connectivity. In total, we acquired 5 resting-state scans for each subject (Figure
2-1D; 7min, eyes-open, 3 minutes break between blocks). After measuring baseline connectivity (1st
run), either phase-synchronized or power-synchronized tACS was applied in the 2nd and 4th run respectively (order counterbalanced across subjects), and stimulation after-effects were measured in
runs 3 and 5 (POST-phase-synchronized and POST-power-synchronized). Subjects were aware that
they would be stimulated and 16 subjects reported feeling a slight tingling in the scanner, but they
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were not able to distinguish between the two stimulation regimes as established prior to the rs-fMRI
scans via verbal report.
Resting state networks (RSNs) were spatially identified by group independent component analysis
(ICA) based on the whole dataset and we further analyzed eight pre-selected RSNs of interest for
further analysis (Figure 2-3) the default-mode network (frontal and dorsal part, Figure 2-3 red), a
sensorimotor network (Figure 2-3 dark blue), a premotor-network, the striatum (Figure 2-3, bluegreen), a lateral motor network (Figure 2-3, green), a superior parietal network (Figure 2-3, light
blue) and a visual network (Figure 2-3, yellow). We then compared the influence of the two tACS
regimes on the different RSNs using a dual regression approach (Stagg et al., 2014). This approach
yields a surrogate measure of synchronicity or coupling strength within the RSN under investigation.

Figure 2-3 Resting state networks of interest. Based on the MELODIC group-ICA, eight resting-state networks were selected
for further analyses: A sensorimotor network (blue), a premotor network (blue-green), a more lateral motor network (light
green), the default-mode network split into a frontal (dark red) and parietal part (light red), the striatum (light blue, bottom), a visual network (yellow) and a superior parietal network (light blue, top).

Across all RSNs of interest, only the sensorimotor network changed its coupling strength significantly when tACS was applied (main effect of stimulation type F(4,72) = 4.462, p = 0.003 in a linear
mixed effects model including all five rs-fMRI runs). No other RSNs exhibited significant modulation
effects (although the pre-motor network and the striatum approached significance, which is not surprising since these RSNs are strongly interconnected with motor areas; premotor network: F(4,72) =
2.484, p = 0.051; striatum: F(4,72) = 2.102, p = 0.089).
Next we calculated a normalized index of network strength within the sensorimotor RSN to determine changes relative to the first baseline rs-fMRI scan (linear mixed effects model, 4 rs-fMRI runs
normalized to baseline; Figure 2-4). Again, we found a main effect of stimulation type only for the
sensorimotor system (F(3,57)=4.402, p=0.007). Power-synchronized tACS increased connectivity
strength by 25% ± 9% (mean ± s.e.m.), which was significantly stronger than the effect of Phasesynchronized tACS (8% ± 7% increase; p = 0.037, Cohen’s d = 0.49). Moreover, we found after-effects
of the power-synchronized tACS protocol on RSN connectivity (34% ± 8%; compared to baseline)
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that were significantly larger than after-effects (12 ± 6%, p=0.01, Cohen’s d = 0.4) or acute effects (8%
± 7%) caused by phase-synchronized tACS (p = 0.002, Cohens d=0.62). Note that analogous results
were revealed in a control analysis where the spatial topography of the RSNs was determined from
an independent data set, showing that the effect was robust to variations in RSN anatomy.

Figure 2-4 Increase of network strength of the sensorimotor network during power-synchronized tACS compared to baseline and phase-synchronized tACS (control). (Left) Averaged normalized scores of network strength identified by dual
regression during and after power-synchronized (blue-green) and phase-synchronized tACS (dark red) revealing an increase of 25% in network strength during power-synchronized tACS compared to baseline and a significant increase (20%;
p = 0.037) when compared to phase-synchronized tACS (control). The increase was still significant when comparing the
two after-effects (POST- power-synchronized and POST-phase-synchronized, p = 0.010; *p < 0.05). (Right) Corresponding
voxelwise contrasts revealing an increase of network strength around the central sulcus in between the active electrodes
during and after power-synchronized tACS compared to baseline and phase-synchronized tACS, and a general increase
during and after power-synchronized tACS when compared to baseline (all images: ptfce-corr. < 0.05).

Importantly, after normalization to the baseline scan the sensorimotor network was again the only
network across all RSNs of interest that showed a significant main effect. Only the pre-motor network, but no longer the striatum, showed a trend towards significance (Figure 2-5).
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Figure 2-5 Results of other resting state networks of interest. We did not find a main effect of stimulation type for any RSN
other than the sensorimotor network. However, there was a similar trend (i.e. power-synchronized tACS increasing network connectivity vs. phase-synchronized tACS not increasing network connectivity) observable in the striatum, the premotor network, the lateral motor network and the superior parietal network. Although the effect did not reach statistical
significance, the general trend fits the observed changes in the sensorimotor network since all of these networks are either
associated with motor functions, and are therefore connected to the sensorimotor network (premotor network, striatum),
or in between/under the stimulation electrodes (superior parietal network, lateral motor network). By contrast, we observed no difference between stimulation paradigms for the default-mode network (parietal & frontal) and the visual network which rules out that the above described effects are purely driven by current injection itself or current related artefacts. pStimulation Type given for normalized data.

Since we observed after-effects following both types of stimulation we also calculated how tACS
changed the network strength relative to the resting-state run immediately before stimulation
(Figure 2-6). For power-synchronized stimulation we found similar increases during (14% +/- 5%
mean +/- s.e.m.) and after stimulation (22% +/- 10%). For phase-synchronized tACS we no longer
observed an increase in connectivity during (-4% +/- 6%) or after stimulation (2% +/- 6%). Statistics
still revealed a main effect of stimulation (LMEM, F(3,57) = 3.128, p=0.033) with significant post-hoc
differences between the after-effects of the two stimulation types (p=0.032) and a strong trend for
the acute stimulation effects (p=0.067).
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Figure 2-6 tACS induced changes in network strength relative to the previous condition. Note that only powersynchronized stimulation signals cause a relative increase of connectivity strength while phase-synchronized stimulation
(i.e. power envelopes are in anti-phase) has only a minor effect on connectivity. The bars show the mean and standard
†
error (*p<0.05, p<0.1).

We then analyzed order effects of the stimulation conditions, i.e. we split the group of participants
into those where the power-synchronized condition was applied first (i.e. following the baseline
measurements) and those where the power-synchronized stimulation was applied second (i.e. on top
of the after-effects induced by the phase-synchronized stimulation (Figure 2-7). These results suggest that power-synchronized stimulation had a synchronizing effect irrespective of order (16% +/5% when applied as the first stimulation, and 12% +/- 6% when applied as the second stimulation).
The phase-synchronized condition, however, only had a slight synchronizing effect when applied
first (5% +/- 7%), but a desynchronizing effect when applied second (-13% +/- 7%).

Figure 2-7 Effects of power-synchronized (left) and phase-synchronized stimulation (right) on network connectivity
strength when participants were split depending on stimulation order. The data are normalized to the rest period immediately before stimulation. Note that power-synchronized stimulation has a synchronizing effect on the sensorimotor network irrespective of whether it followed the baseline condition or was applied on top of the after-effects caused by the
phase-synchronized stimulation. Phase-synchronized stimulation has a slight synchronizing effect when applied immediately after baseline, but a de-synchronizing effect when the network state had already been modulated by powersynchronized tACS. The bars show the mean and standard error.
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Next, we performed a voxelwise analysis within the sensorimotor network to localize the effect previously observed at the level of the averaged network strength. Contrasting voxelwise RSN strength
during power-synchronized tACS versus the baseline scan revealed a large cluster of voxels around
the central sulcus, extending into the left middle cingulate cortex, left post central gyrus and the
right pre- and postcentral gyrus. (Figure 2-4, power-synchronized > baseline, ptfce-corr. < 0.05, threshold-free cluster enhancement corrected). The size of this cluster increased even more when looking
at after-effects by comparing POST-power-synchronized to baseline (paired t-test POST-powersynchronized > baseline, ptfce-corr. < 0.05). By contrast, no voxel survived statistical thresholding when
comparing phase-synchronized tACS or its after-effects to baseline (ptfce-corr. > 0.05 for all voxels). The
direct comparison of connectivity measured during power-synchronized versus phase-synchronized
tACS revealed only two very small clusters close to the central sulcus in the left pre- and postcentral
gyrus and the right postcentral gyrus (power-synchronized > phase-synchronized, ptfce-corr. < 0.05).
Note that according to our simulation, power-synchronized stimulation produces an electric field
that peaks over the post-central gyrus and stretches all along the central fissure from parietal to
premotor regions (Figure 2-2B). We would therefore expect the strongest effect for powersynchronized stimulation over post-central regions, which is in line with the voxel-vise analysis.
Our setup used a single return electrode over visual cortex that was the same size as the two stimulation electrodes. It is possible that this electrode placement might have induced subliminal phosphenes, especially during phase-synchronized stimulation, where the electric field is estimated to be
almost twice as strong over occipital areas. Even though none of our subjects reported awareness of
visual stimuli in the scanner when de-briefed, possibly due to a relatively weak stimulation intensity
(max. amplitude 750 μA) in combination with the dimly lit scanner room, we performed a control
analysis focused on the visual RSN. However, we found no statistical evidence that the visual RSN
may have been modulated by either power-synchronized or phase-synchronized tACS stimulation
(Figure 2-5). This makes it very unlikely that the effects reported above were artefacts caused by visual flicker, a common side effect of tACS. This argument is further supported by the fact that the
stronger rs-fMRI coupling within the sensorimotor RSN also persisted during the after-effect runs
(POST runs, without tACS stimulation).
Even though the electrical field induced by phase-synchronized and power-synchronized stimulation
was similar within the sensorimotor RSN (Figure 2-2), it is not possible to match the induced electrical fields across the whole brain with a three-electrode setup. In particular, the simulation revealed
that phase-synchronized tACS affected parietal and occipital regions by entraining synchronous activity across hemispheres at the IAF. However, this did not result in higher RSN connectivity suggesting that phase-synchronized stimulation was less effective in influencing rs-fMRI connectivity
than power-synchronized stimulation. This was further confirmed by a control analysis of a parietal
network (extending bilaterally from superior parietal cortex and middle occipital gyrus, and including a small cluster in right inferior frontal gyrus) which revealed no effect of stimulation type
(F(3,57)=0.345, p=0.793).
Finally, we found no stimulation specific effect for the default-mode network (parietal & frontal), the
superior parietal network or the lateral motor network, which rules out that the reported effects are
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purely driven by current injection itself or by artefacts possibly related to the current (Figure 2-5).
However, the superior parietal, premotor and lateral motor network showed a similar response pattern as the sensorimotor network. We therefore ran an analysis on a full model (LMEM) incorporating all networks of interest and stimulation types. We found a significant main effect of stimulation
type (F(3,513) = 4.979, p = 0.002) supporting our main claim that power-synchronized tACS is more
effective for increasing rs-fMRI connectivity than phase-synchronized tACS. We also found a significant main effect of network (F(6,513) = 5.176, p<0.001) but the stimulation type × network interaction
was not significant (F(18,513) = 0.646, p=0.863), most likely because the electrical field spread widely
(see figure 2B) and because intersubject variability was large. We also calculated Cohen’s d effect
sizes between the power-synchronized versus phase-synchronized conditions for each of the networks and found a medium effect size only for the sensorimotor network (Cohen’s d=0.464). The
next largest effect was in striatum (Cohen’s d=0.36), while the effect sizes for all other networks were
small (Cohen’s d= -0.152 to 0.17). Thus, power-synchronized tACS had the strongest effect on the
sensorimotor network even though other networks were also mildly affected.

2.4.3 Relationship between EEG connectivity and rs-fMRI connectivity within the sensorimotor RSN
Next, we analyzed the effect of power-synchronized versus phase-synchronized tACS for each participant and found high inter-individual variability (Figure 2-8. To understand the possible origins of
this variability we investigated whether there is a relationship between interhemispheric connectivity measurements derived from the EEG data and the modulatory effect of the power-synchronized or
phase-synchronized tACS on rs-fMRI connectivity in the sensorimotor RSN. We found a negative
correlation between the rEnv (Figure 2-9B, blue) and the percentage increase in rs-fMRI connectivity
strength within the sensorimotor network caused by power-synchronized tACS (Figure 2-9A; spearmans rho = -0.481, p = 0.032). Note, however that this correlation does not survive Bonferroni correction. Nonetheless this indicates that subjects for whom the initial coupling of the IAF’s power envelope was low tended to show a greater synchronization effect in response to power-synchronized
stimulation. Moreover, we observed that those subjects who exhibited a strong natural interhemispheric coupling of IAF (i.e high rIAF) tended to respond stronger to power-synchronized tACS
than those with a weak IAF coupling (Figure 2-9B, red). Even though this association just failed to
reach statistical significance (Figure 2-9B; Spearman’s rho = 0.432, p = 0.057), it further suggests that
rs-fMRI connectivity mostly reflects synchronous activity of the power-envelopes.
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Figure 2-8 Individual subject data. (Left) Normalized network strength of the sensorimotor network during powersynchronized compared to phase-synchronized tACS and (Right) during POST-power-synchronized and POST-phasesynchronized for each subject revealing large intersubject variability. Subjects who do not follow the general trend (powersynchronized tACS > phase-synchronized tACS) are depicted in gray.

No such correlations were found when rIAF and rEnv were related to the percentage increase in rsfMRI connectivity strength caused by phase-synchronized tACS (Figure 2-9C,D).
Since phase-synchronized tACS could potentially influence alpha activity in occipital cortex, we ran
control analyses to test whether there was a correlation between increase in network strength and
occipital alpha power or between increase in network strength and the difference between sensorimotor and occipital alpha frequency. Neither of these correlations were significant (p>=0.12).

Figure 2-9 Correlations between EEG signal properties and percentage increase of network strength during powersynchronized and phase-synchronized tACS. (A) Correlation between increase of network strength during powersynchronized tACS and IAF envelope correlation between electrode C3 and C4 (rEnvelope) revealing a negative association
between the IAF envelope over sensorimotor cortex in the sensor space and efficacy of tACS stimulation (rho = -0.48 p =
0.03). (B) Positive correlation of increase of network strength during power-synchronized tACS and IAF signal correlation
between electrode C3 and C4 (rSignal) (rho = 0.42 p = 0.06). (C,D) No such relationship was visible between the change in
network strength during phase-synchronized tACS and IAF envelope or signal between C3 and C4 (IAF envelope: rho = -
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0.19, p = 0.43 IAF signal: rho = -0.07, p = 0.78). Note that EEG and fMRI measurements were performed in two separate
sessions.

2.5

Discussion

The present results show that entraining the alpha-power envelopes of remote yet connected areas
in a synchronized fashion strengthens rs-fMRI connectivity within the targeted RSN. Increased connectivity strength was consistently observed irrespective of whether the effect of powersynchronized tACS was compared to baseline or connectivity strength immediately prior to stimulation. This increase in connectivity outlasts the actual tACS stimulation period, suggesting some form
of adaptation within the targeted neural circuits (Neuling et al., 2013; Vossen et al., 2014). Additionally, we demonstrated that the power-synchronized tACS regime was more effective in modulating rsfMRI connectivity when applied in individuals with weak electrophysiological interhemispheric coupling (i.e., less synchronized IAF power-envelopes). Importantly, only small, non-significant effects
were observed when the tACS signals phase-synchronized the IAF rhythm while the powerenvelopes oscillated in anti-phase. Together, these findings provide causal evidence that powersynchronization is an effective mechanism for linking oscillatory neural activity across different
temporal scales. In particular, they demonstrate how the mechanism of cross-frequency coupling
enables fast oscillatory rhythms to influence ultra-slow oscillations measured by inter-areal BOLD
connectivity, an idea that was until now only supported by correlative evidence.
Finally, our results indicate that long-range connectivity can be modulated with tACS if the stimulation signals are appropriately designed. This might not only open new possibilities for experimental
research, but also lead to new therapeutic applications in diseases where resting-state connectivity is
diminished, as for example in Autism or Alzheimer’s disease (Alaerts et al., 2014; Greicius, 2008).
Here we used the alpha rhythm as a carrier frequency because it can be entrained by tACS (Neuling
et al., 2013; Zaehle et al., 2010) and previous research revealed a systematic link between alpha power
and the BOLD signal (Brookes et al., 2011; Hipp et al., 2012; Mantini et al., 2007; Ritter et al., 2009; L.
Wang et al., 2012). However, power-synchronization most likely represents a general mechanism
which might be independent of the carrier frequency. Moreover, it is likely that rs-fMRI connectivity
can also be modulated by directly synchronizing oscillations at 1 Hz or below (e.g. via optogenetic
manipulations).
One might be surprised that applying phase-synchronized tACS, during which the power-envelopes
oscillated in anti-phase, did not desynchronize the BOLD signal. However, synchronized IAF signals
themselves might have a stabilizing effect if BOLD connectivity is relatively weak (L. Wang et al.,
2012) as suggested by Figure 2-6, which shows that phase-synchronized tACS enhanced connectivity
when the brain was in its typical connectivity state, as measured during the baseline scan (Figure 2-7,
right, condition first). However, if connectivity was enhanced, phase-synchronized tACS tended to
reduce rs-fMRI connectivity (Figure 2-7, right, condition second). By contrast, power-synchronized
tACS consistently increased rs-fMRI connectivity measures irrespective of the prior state (Figure 2-7,
left).
In addition to the acute effects of our stimulation paradigm, we also found significant increases in
the resting-state run immediately after power-synchronized tACS. A recent study reported changes
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in alpha-power for up to 40 minutes after 10 minutes of tACS stimulation (Neuling et al., 2013). Currently, it is hypothesized that these prolonged tACS stimulation effects result from spike-timing dependent plasticity (STDP), or from long term potentiation/depression (LTP/LTD (Vossen et al.,
2014)) causing an extended period of increased long-range connectivity as observed during the
POST-power-synchronized runs. Even though our study cannot speak to the underlying mechanism
it is promising from a therapeutic perspective that a relatively short stimulation period of 7 minutes
causes longer lasting after-effects in modulating interhemispheric coupling strength. It would be
interesting to test whether this after-effect, which we measured at rest, would also be beneficial in
the context of performing a task.
Our results suggest that there is an inverted relationship between the correlation of the EEG signal
and the effect seen during power-synchronized tACS (i.e., low EEG correlation leads to a strong increase in rs-fMRI connectivity during power-synchronized tACS). No such relationship was observed
with the phase-synchronized tACS condition. Two potential explanations for this observation are
that entrainment is more efficient if the intrinsic interhemispheric connectivity of the IAF power
envelopes is naturally weak, or that tACS entrainment does not yield additional benefits if the network is already highly synchronized.

2.5.1 Distribution of the electric field
One problem concerning non-invasive brain stimulation studies is the design of an appropriate control condition. Here we asked whether synchronizing 1 Hz oscillations across the left and right sensorimotor cortices via power-synchronized tACS increased connectivity within the sensorimotor
network. We compared this to a control condition which used the same principle tACS signals but
the relative phase was shifted such that the IAF rhythms were synchronized while the power envelopes were in anti-phase. Although the electric field strength is comparable between both tACS conditions for the sensorimotor network, the overall distribution of the electric field across the rest of
the brain and the direction of the induced current differed. In particular, phase-synchronized stimulation produces an electric field shifted more towards occipital areas resulting in IAF stimulation
that also had a strong effect on the primary visual cortex. Nevertheless, phase-synchronized tACS
was rather ineffective for increasing connectivity within any of these RSNs even though the modulation of IAF amplitude was relatively strong (up to 0.4 V/m peak-to-peak). This suggests that entrainment of rs-fMRI connectivity seems not to depend on the induced field strength alone, but also
on the entrained frequency bands and their phase relationships. Our study suggests that the powersynchronized stimulation regime is suitable for increasing rs-fMRI connectivity within RSNs and it is
possible that both the 0° phase-shift of the power-envelope and the 180° phase-shift of the IAF are
necessary for inducing this effect. In particular, it is likely that the carrier frequency (i.e. IAF) is necessary to entrain neuronal populations of cortex, but that the slow fluctuating envelope is necessary
to synchronize fluctuations in the BOLD signal, which is measured by rs-fMRI connectivity metrics.
This interpretation would explain why neither 1 Hz nor IAF stimulation alone were suitable for enhancing rs-fMRI (Vosskuhl, Huster, & Herrmann, 2015). Moreover, it is in line with previous research
suggesting that low frequency components of the LFP (Lu et al., 2014) as well as low-frequency power-envelopes of EEG/MEG oscillations are particularly strongly associated with BOLD fluctuations
(Brookes et al., 2011; Hipp et al., 2012; Mantini et al., 2007).
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2.5.2 Conclusion
Most studies in humans relied on correlational approaches to investigate the relationship between
fMRI measurements and electrophysiology since invasive electrical stimulation of the brain (i.e.,
direct electrical stimulation of cortex or deep brain stimulation) is usually restricted to clinical settings (Bronstein et al., 2011; Mandonnet, Winkler, & Duffau, 2010). Compared to these methods tACS
has the advantage of being non-invasive and easy to apply. Here we showed that if the waveforms are
well designed, tACS is an appropriate tool for modulating the strength of resting-state networks. In
particular, we provided causal evidence that power-synchronization is effective for linking oscillatory
neural activity across different temporal scales. This could open new opportunities for human fMRI
research and new interventional approaches for modulating long-range connectivity of the human
brain at rest. Potential therapeutic applications could be, for example, tACS-based modulation in
patients with diminished resting-state connectivity within specific circuits, as for example in Autism
(Alaerts et al., 2014) and Alzheimer’s disease (Greicius, 2008).
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3.1

Abstract

Entrainment of brain rhythms with non-invasive brain stimulation has become an important tool to
study neuronal oscillations. However, brain stimulation studies are difficult to combine with electrophysiological measurements because they produce artefacts within the frequency band of interest.
Here we investigate whether repetitive sensory stimulation, which produces frequency-specific
steady-state somatosensory evoked potentials, can be used as an alternative tool for entraining brain
rhythms. We applied vibrational stimuli at 21 Hz to the left and right thumb while recording electroencephalography and observed clear entrainment effects as indicated by increased amplitude of the
21 Hz band and enhanced frequency specific cross-hemispheric coupling (Experiment 1). Next we
varied the phase-offset between the two stimulation signals between 0° and 180° and showed that inphase stimulation (0°) results in the most robust coupling effect (Experiment 2). Finally, we applied
stimulation at 21 Hz with a 5 Hz envelope, mimicking a cross-frequency coupling mechanism between the two signals. We found entrainment effects in both the 21 Hz and the 5Hz frequency bands
(Experiment 3). Our data shows that repetitive sensory stimulation is capable of entraining phasespecific differences and cross-frequency coupled signals between left and right hemispheres. This
makes repetitive sensory stimulation a valuable alternative to non-invasive brain stimulation methods such as transcranial magnetic stimulation or transcranial alternating current stimulation to
study the interplay of neuronal oscillations within the human brain while measuring neural activity
with EEG.
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3.2

Introduction

During various tasks the brain produces rhythms of different frequencies that are correlated with the
on-going cognitive and behavioural processes. The synchronization and interplay of these rhythms
has been proposed to be an important mechanism for how the brain routes information between
different areas (Bonnefond et al., 2017; Engel et al., 2013; Fries, 2015; Varela, Lachaux, Rodriguez, &
Martinerie, 2001). Specifically, the communication through coherence theory (CTC) proposes that
phase-synchronization across brain areas might be an efficient mechanism for selectively strengthening connectivity across networks involved in a task (Fries, 2015).
With the advancement of non-invasive brain stimulation there is an increasing number of methods
available to modulate neuronal oscillations that would allow for probing CTC and related theories
with an interventional approach. For example, repetitive transcranial magnetic stimulation (rTMS)
allows direct pulsed stimulation of the cortex with a given frequency to alter brain rhythms (Thut,
Thut, Gross, Miniussi, Veniero, Romei, et al., 2011b). Alternatively transcranial alternating current
stimulation (tACS) allows stimulation with sinusoidal currents that are thought to interact with ongoing brain oscillations via entrainment (Helfrich, Schneider, et al., 2014b; Herrmann, Strüber, Helfrich, & Engel, 2015; Witkowski et al., 2015). However, for both methods it is difficult to directly assess
their influence on brain oscillations because they produce massive artefacts during electroencephalographic (EEG) or magnetoenecephalographic measurements, making the assessment of neurophysiologic online effects difficult or even impossible. Additionally, it is still an open question whether
the field strengths induced by tACS are strong enough to have a significant effect on the brain. For
example, it has been shown that tACS of 1mA produces a maximal electric field of around 0.4 V/m
(Miranda et al., 2013; Neuling et al., 2012), which is less than half the amount of what was necessary
in animal experiments to change the discharge probability of neurons (Ozen et al., 2010). Therefore,
alternative methods, which do not produce electrical artefacts during stimulation, but nonetheless
are capable of modulating neuronal oscillations might be a better tool when combined with EEG.
A potential alternative to tACS and TMS might be repetitive sensory stimulation, which evokes
steady-state potentials. These are periodic potentials which follow the frequency of a repetitively
presented sensory stimulus (e.g. visual, auditory or somatosensory) (Galambos et al., 1981; Norcia et
al., 2015; Snyder, 1992; Tobimatsu et al., 1999). By inducing rhythmic brain activity, sensory stimulation paradigms might employ a similar mechanism of entrainment as tACS (Notbohm et al., 2016).
Additionally, they have the advantage that the induced activity can be better controlled and that
stimulation well above perceptual threshold is definitely sufficient to enforce a rhythm in the neuronal population. Here we focus on steady-state somatosensory evoked potentials induced by vibrational stimuli. It has been shown that vibrational stimulation of the hand with a given frequency is
capable of evoking a frequency specific response over somatosensory cortex (Breitwieser, Kaiser,
Neuper, & Müller-Putz, 2012; Snyder, 1992; Tobimatsu et al., 1999). The optimal frequency for stimulation is around 21-26 Hz (Tobimatsu et al., 1999), which is within the bandwith of the beta rhythm,
an oscillation commonly associated with the sensorimotor cortex (Cheyne & Cheyne, 2013). Furthermore it has been shown that steady-state somatosensory evoked potentials (SSSEPs) are phaselocked in the primary sensory cortex when applied unilaterally (Bardouille & Ross, 2008). We recently showed the potential benefits of applying such phase-locked signals to both hemispheres in a con-
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current tACS-fMRI experiment (Bächinger et al., 2017). Specifically, we applied individual alpha frequency signals (8-12Hz) to left and right sensorimotor cortices that had a fluctuating 1 Hz amplitude
envelope (i.e. mimicking a cross-frequency coupling mechanism between alpha and delta rhythms).
We were able to show that in-sync fluctuating envelopes (0° offset between left and right hemispheres) were able to synchronize the sensorimotor network compared to out-of-sync fluctuating
envelopes (180° offset between left and right hemispheres). If such a cross-frequency mechanism is
generally responsible for synchronization of resting-state networks, it should -at least in theory- be
independent of the method used for entrainment.
Here we present a series of experiments to test whether SSSEPs can be used to induce (1) phasespecific entrainment of left and right sensorimotor cortex and (2) simultaneous entrainment of multiple frequencies (i.e. mimicking a cross-frequency coupling mechanism). These experiments will
provide the basis for future SSSEP / rs-fMRI work investigating cross-frequency coupling (similar to
the experiment we performed previously using tACS).

3.3

Methods

3.3.1 General Setup
We report three experiments investigating the potential of phase-dependent entrainment with
SSSEPs. In all experiments, we measured EEG with a 256-channel HydroCel Geodesic Sensor Net
(GSN) using Ag/AgCl electrodes provided by Electrical Geodesics (EGI, Eugene, Oregon, USA). This
system uses the vertex electrode as physical reference. EEG, electrooculograms (for horizontal and
vertical eye movements) and an electromyogram for the muscular noise associated with swallowing
were recorded in parallel with a sampling frequency of 1000 Hz.
During EEG acquisition subjects sat in a dark room and were stimulated with two vibrotactile stimulators (⌀ 18mm, Dancer Design, St. Helens, UK) attached to the tips of the left and right thumbs.
Stimulation signals were generated in Matlab and sent to the stimulators via a National Instruments
Card (NI-USB 6343) and an amplifier. The amplitude of stimulation was set to 5V, an intensity which
was clearly felt by all participants. In all experiments the stimulation signals consisted of bursts of
200 Hz vibrations (Figure 3-1, blue), since 200 Hz lies within the optimal frequency range for activating the skins vibration receptors (Merzenich & Harrington, 1969). Importantly, in Experiments 1 and
2, these vibration burst were switched on and off with a “carrier frequency” of 21 Hz, which is the
target entrainment signal of beta oscillations typically observed in the primary somatosensory cortex
(Figure 3-1, red).
In experiment 3 the 200 Hz vibration bursts were provided using two entrainment frequencies simultaneously to mimic a cross-frequency coupling phenomenon (5 and 21 Hz), with the amplitude of the
21 Hz frequency modulated by a 5 Hz envelope (Figure 3-1C).
Participants underwent a number of blocks and trials per block which varied depending on the experiment (see below). Each trial, however, had the same structure (Figure 3-1D): one trial lasted 5s
and started with a beep indicating that the subject had to perform a distractor task as attention can
potentially modulate the size of SSSEPs (Giabbiconi, Dancer, Zopf, Gruber, & Müller, 2004). The distractor task consisted of counting the number of red letters in a series of red and white letters and
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subjects had to report the number at the end of every experimental block (similar as in Breitwieser et
al., 2012). Sensory stimulation was applied in the last 2 seconds of the trial (seconds 4-5).
All experimental protocols were approved by the Research Ethics Committee of the Canton of Zurich
(KEK-ZH 2014-0269) and subjects gave informed consent to the study.

Figure 3-1 Stimulation signals used during the different experiments. (A) In experiment 1, left, right or both hands were
stimulated with a 200Hz carrier signal (blue) modulated by a 21 Hz square-wave envelope (red). (B) In experiment 2 both
hands were always stimulated, however, different phase-offsets of the envelope were tested across conditions. (C) In experiment 3 a cross-frequency coupled signal was applied to both hands. The carrier signal was again 200 Hz (blue), and in
addition to the 21Hz envelope (red) a 5Hz envelope (green) was superimposed. (D) Illustration of a single trial. The trial
started with a beep followed by 1 sec of waiting for the event-related potential. This was followed by a two second baseline
period (blue) used as reference for the two seconds of stimulation (red). During the 1 s wait, baseline and stimulation periods subjects performed a visual distractor task. After stimulation there were five seconds of rest. In experiments 2 and 3
aftereffects were assessed in the first two seconds of this rest period.
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3.3.2 Experiment 1
The first experiment was designed to test whether our setup is capable of inducing SSSEPs depending on the site of stimulation (i.e. left, right or both hands). Eleven subjects participated in the first
experiment (24.3 +/- 3.1 years, 4 male, 7 female). They received 21Hz stimulation to the left, the right
or both hands (Figure 3-1A). The experiment consisted of four blocks of 10 trials per condition, resulting in 40 trials per condition.

3.3.3 Experiment 2
In the second experiment we tested whether it is possible to entrain specific phase relationships between the left and right hemispheres. Subjects were stimulated on both hands while the phase offset
between the two signals was varied between conditions. Twelve subjects participated in this experiment (11 female, 1 male, 24.1 +/- 5.6 years). We tested four different phase offsets (conditions; 0°, 30°
90° and 180°; Figure 3-1B). The experiment consisted of five blocks of 10 trials per condition, leading
to 50 trials per condition.

3.3.4 Experiment 3
In the third experiment we tested whether it is possible to entrain two frequencies simultaneously by
mimicking a cross-frequency coupling mechanism. Twelve subjects (11 female, 1 male, 24.9 +/- 4.25
years) received stimulation to both hands with a stimulation signal consisting of two nested oscillations: a “carrier frequency” at 21 Hz modulated by an amplitude envelope at 5 Hz. (Figure 3-1C) This
experiment consisted of four blocks of 30 trials of only one condition, leading to 120 trials in total.

3.3.5 EEG preprocessing
The analysis of the EEG data was performed offline using EEGLAB (Delorme & Makeig, 2004). EEG
signals were bandpass filtered off-line (2-40 Hz) and processed using independent component analysis (ICA) for the removal of ocular and muscular artefacts. After ICA decomposition, the artefact ICs
were automatically detected by correlating their power time courses with the power time courses of
the electric reference signals (horizontal and vertical electrooculogram and electromyogram). The
data was downsampled to 500 Hz and re-referenced to the common average (Liu et al., 2015) to remove the bias towards the physical reference site.

3.3.6 EEG analysis
After preprocessing, the data was analysed by defining three epochs: 2 s prior stimulation, 2 s during
stimulation and 2 s after stimulation. The 2 s prior to stimulation served as baseline and the 2 s after
stimulation were used to assess potential aftereffects of the stimulation. EEG amplitude before, during and after stimulation was assessed by taking the absolute of the fast fourier transform of each 2 s
block.
More detailed analyses were performed for a priori defined frequencies of interest, i.e. for the stimulation frequencies 21 Hz (Exp. 1-3) and 5 Hz (Exp. 3), as well as 10Hz and 3Hz, which served as control
frequencies. For each of these frequencies, the instantaneous phases, intertrial phase coherence and
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inter-site phase angles were calculated via a Filter-Hilbert approach (M. X. Cohen, 2014). In short,
this approach consists of band-pass filtering the signal to the frequency band of interest and taking
the angle or direction of the Hilbert transform of the resulting signal to estimate the instantaneous
phase. From the instantaneous phase we calculated inter-trial phase coherence (ITPC) before, during
and after stimulation by averaging the instantaneous phase across trials. This was done to determine
the phase locking between stimulation and EEG signals. High ITPC indicates small variations between trials, which indicates phase-locking with the input signal. Further the average phase difference or inter-site phase angle (ISPA) between channels was calculated by taking the average difference of the instantaneous phase angles across trials and averaging them within 2 s epochs (i.e. before, during and after stimulation). Additionally, we calculated the clustering of the ISPA or intersite phase clustering (ISPC) by taking the mean resultant vector of the instantaneous phase across
trials for each 2 s block. A high ISPC indicates a high phase stability between the channels.
For statistical analysis of our stimulation paradigm on EEG amplitude we compared the effect of
stimulation vs. baseline at electrodes which showed the strongest lateralized effect during one handed stimulation in experiment 1 (i.e. electrode #99 & #152) for the stimulation frequency (21 Hz) versus the alpha band (10 Hz) as a control region. Note that we do not expect stimulation specific
changes in the alpha band since both visual and attentional alpha should be desynchronized during
the baseline and stimulation due to the visual distractor task (Klimesch, Doppelmayr, Russegger,
Pachinger, & Schwaiger, 1998).

3.3.7 Statistical Analysis
All experiments were analyzed using linear mixed effects models (LMEMs), unless stated otherwise.
Amplitude increase and ITPC was assessed using a LMEM with the within-subject factors electrode
(left/right), stimulation frequency (3/5/10/21 Hz) and stimulation (ON/OFF).
For statistical analysis of the stimulation effects on ISPC we also used LMEMs with the within subject factors stimulation (ON/OFF) and frequency (3/5/10/21 Hz). Post-hoc comparisons were done
using paired t-tests. All coherence data (i.e. ITPC and ISPC) was Fisher’s z-transformed prior to statistical analysis.
For statistical assessment of phase-angle differences we used Watson-Williams tests, which are the
equivalent to an ANOVA or t-test for circular data (Berens, 2009).

3.4

Results

3.4.1 Experiment 1
We assessed the difference in amplitude between stimulation and baseline for each channel at 3, 5,
10 and 21 Hz across all subjects. We found an increase up to 0.3 uV over frontal and parietal electrodes in the 21 Hz band, but not the other frequency bands when only one hand was stimulated
(Figure 3-2 left and right column). Further, the lateralized parietal SSSEP response becomes bilateral
when both hands are stimulated (Figure 3-2, middle column). This pattern was consistent across all
subjects. We then identified the electrode, which showed the strongest lateralized effect for separate
left and right hand stimulation across all subjects. Those electrodes were used for statistical analysis
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of bimanual stimulation in all experiments as they showed the biggest sensitivity for SSSEPs across
subjects. We found the strongest effect at left parietal electrode #99 during right hand stimulation
and at right parietal electrode #152 during left hand stimulation. This increase in 21Hz amplitude was
also present after bimanual stimulation (increase of 0.31 +/- 0.07 uV over the left hemisphere and
0.33 +/- 0.08 uV over the right hemisphere; mean +/- s.e.m.). Further statistical analysis showed a
significant main effect of stimulation (F(1,105)=69.293, p<0.001) and a significant frequency ´ stimulation interaction (F(3,105)=13.038, p<0.001). All other effects (i.e. main effect of electrode and frequency and all remaining interactions) were not significant (p>=0.185) for the bimanual stimulation
condition. In line with previous literature our results indicate a frequency specific effect of our stimulation paradigm (Snyder, 1992; Tobimatsu et al., 1999).

Figure 3-2 Amplitude increase due to stimulation. (A) Topographic plots of amplitude increase at 21Hz over the whole scalp
for left, both or right hand stimulation (from left to right). Single hand stimulation shows a clearly lateralized response
over parietal electrodes which fuses when bi-manual stimulation is applied. Orange and purple dots indicate the electrodes
that showed strongest response during left and right hand stimulation, respectively. (B,C) Amplitude spectra at baseline
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(blue) and stimulation (red) over left (B) and right (C) hemispheres, showing that the amplitude increase was limited to 21
Hz. Shaded area indicates 95% CI. Black dotted lines indicate frequencies for statistical analysis. (D) Bar plots of amplitude
increase relative to baseline at 3, 5, 10 and 21 Hz showing the strongest increase at 21 Hz due to the stimulation frequency.

Next we analyzed inter-trial phase clustering (ITPC) before, during and after stimulation of the hand
contralateral to the EEG electrode of interest. High ITPC indicates small variations between trials,
which indicates phase-locking with the input signal. We again found a significant main effect of
stimulation (F(3,161)=6.23, p<0.001), frequency (F(2,161)=57.094, p<0.001) and frequency ´ stimulation interaction (F(6,161)=12.173, p<0.001).
Additionally, we investigated the phase-locking between left and right hemispheres by estimating
the phase difference (inters-site phase-angle; ISPA) and the clustering of this phase difference between hemispheres (intersite phase clustering; ISPC). In short, the intersite phase angle is the average phase angle across trials, whereas intersite phase clustering describes phase-stability of the phase
difference across trials. Interestingly we found a significant increase in intersite phase clustering (i.e.
a significant frequency ´ stimulation interaction; F(6,77)<=3.578, p<= 0.004) at 21 Hz during bimanual and unimanual stimulation (Figure 3-3B). Note that this result is in contrast to inter-trial phase
clustering, which only increased over the contra-lateral hemisphere during unilateral stimulation
(Figure 3-3A) and was frequency-specific (Figure 3-4). This was statistically reflected in a significant
electrode ´ frequency ´ stimulation interaction for ITPC during stimulation of the left
(F(6,161)=2.618, p=0.019) and right hands (F(6,161)=2.738, p=0.015). In summary, this pattern of results indicates that, first, 21 Hz vibration significantly increases phase-locking between intrinsic oscillations and the external vibration signal; and, second, that there is a significant increase of phase
locking of intrinsic oscillations between hemispheres, even if only one hand is vibrated.
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Figure 3-3 Phase response due to stimulation. (A) Average Intertrial phase coherence (ITPC) at 21 Hz across subjects before,
during and post-stimulation over left (orange, E99) and right (purple, E152) hemispheres. ITPC increases contra-lateral, but
not ipsilateral to the stimulated hand. (B) Intersite phase-clustering at 21 Hz before, during and after stimulation between
the two electrodes. Phase plots indicate the average inter-site phase angles (ISPA) of the respective condition and length of
the arrow indicates the average inter-site phase clustering (ISPC). Note that ISPC significantly increases during unimanual
and bimanual stimulation. However, the phase-angle approaches 0° only during bimanual and left hand stimulation, but
not right hand stimulation.
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Figure 3-4 Intertrial-phase coherence for all stimulation conditions and frequencies in experiment 1. Only the electrodes
contralateral to the stimulated hand showed a frequency-specific (21Hz) increase during stimulation.

3.4.2 Experiment 2
Based on the results of experiment 1 we were interested in whether it is possible to entrain specific
phase relationships between left and right hemispheres (electrodes #99 & # 152 as identified in experiment 1). We therefore stimulated both hands simultaneously with signals of a fixed phase relationship of either 0°, 30°, 90° or 180°. Again, we found an amplitude increase in all conditions at 21
Hz for electrodes overlying frontal and parietal areas (Figure 3-5A). Similar to experiment 1, statistical analysis revealed that this increase was strongest at 21 Hz (Significant frequency x stimulation
interaction for all phase-offset conditions; p<0.005; Table 3-1). However, the increase significantly
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scaled with the phase-offset of the applied signal (Figure 3-5D,E, Spearman’s rho=-0.35, p=0.014).
Eight out of twelve subjects followed this negative association. The effect was strongest for the 0°
condition (0.28 +/- 0.06 uV over the left hemisphere, 0.29+/-0.04 uV over the right hemisphere) and
weakest for the 180° condition (0.13 +/- 0.03 uV over the left hemisphere, 0.16 +/- 0.03 uV over the
right hemisphere).

Frequency
Phase;Offset
0°
30°
90°
180°
Frequency
Phase;Offset
0°
30°
90°
180°
Frequency
Phase;Offset
0°
30°
90°
180°
Frequency
Phase;Offset
0°
30°
90°
180°

21+Hz+(Stimulation+Freq.)
Amplitude+(Baseline)+[μV]
0.039 ± 0.049
0.044 ± 0.050
0.044 ± 0.044
0.044 ± 0.048
10+Hz+(Control+Freq.)
Amplitude+(Baseline)+[μV]
0.201 ± 0.087
0.195 ± 0.053
0.173 ± 0.057
0.171 ± 0.063
5+Hz+(Control+Frequency)
Amplitude+(Baseline)+[μV]
0.138 ± 0.067
0.102 ± 0.057
0.116 ± 0.066
0.129 ± 0.063
3+Hz+(Control+Frequency)
Amplitude+(Baseline)+[μV]
0.170 ± 0.052
0.157 ± 0.076
0.166 ± 0.070
0.183 ± 0.070

Amplitude+(Stim.)+[μV]
0.324 ± 0.068
0.305 ± 0.057
0.266 ± 0.042
0.186 ± 0.034
Amplitude+(Stim.)+[μV]
0.209 ± 0.059
0.240 ± 0.075
0.227 ± 0.070
0.215 ± 0.071
Amplitude+(Stim.)+[μV]
0.221 ± 0.078
0.193 ± 0.055
0.229 ± 0.073
0.219 ± 0.080
Amplitude+(Stim.)+[μV]
0.203 ± 0.069
0.202 ± 0.066
0.207 ± 0.056
0.207 ± 0.081

Table 3-1 Amplitude of frequencies of interest at baseline and during stimulation with different phase-offsets.

Next we assessed inter-trial phase coherence (ITPC) between the electrodes of the left and right
hemisphere to check whether the stimulation lead to a stable phase response in the parietal electrode. For all conditions, we found an increase of ITPC during stimulation compared to baseline only
at 21 Hz (Figure 3-5B). However, the ITPC was only elevated for the duration of the stimulation and
returned back to baseline after stimulation. Assessment of the inter-site phase angle (ISPA) between
the left parietal electrode (#99) and the right parietal electrode (electrode #152) showed that the
phase difference followed the phase-offset of the applied stimulation signal for the 0° and 180° conditions, but not for the 30 and 90° conditions (Figure 3-5, bottom). The average phase difference was -
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2.5° ± 11.7 during the 0° stimulation, 10.7 ± 4.7° for the 30° stimulation, 33.4 ± 6.3° for the 90° stimulation and 174.2 ± 17.1° for the 180° stimulation. Thus, the absolute mean phase error (i.e.
abs(stimulation phase offset - EEG phase offset) was small for the 0° (6.26°) and 180° (5.56°) conditions but increased gradually for the 30° (19.3°) and 90° (56.65°) conditions. Follow-up analysis revealed a significant difference in absolute mean phase error between the 90° and 0°/180° conditions
(Watson-Wiliams test (Berens, 2009), p<0.05). The mean phase offset of the control frequencies was
largely unaffected by the 21 Hz stimulation and close to 0° (Table 3-2).
Phase&Offset*of*Stimulation
Control*Frequencies
10#Hz#Phase+Offset
5#Hz#Phase+Offset
3#Hz#Phase+Offset

0°

30°

90°

180°

+1.34° ± 7.27°
+5.14° ± 12.6°
+5.2° ± 11°

+4.18° ± 7.6°
10.82° ± 11.88°
+6.26° ± 7.65°

9.19° ± 5.77°
8.43° ± 8.49°
+0.96° ± 8.71°

+7.71° ± 9.32°
6° ± 11.53°
+9.39° ± 6°

Table 3-2 Phase-offsets between left and right hemispheres during stimulation.

Statistical analysis of the intersite phase clustering, (i.e. how stable the phase difference was across
trials) showed a significant frequency ´ stimulation interaction for all four stimulation conditions
(p<0.014). Similar to amplitude, the intersite phase clustering also scaled negatively with increasing
phase-offset of the stimulation signal (Figure 3-5F, Spearman’s roh=-0.49, p<0.001). Nine out of
twelve subjects followed this negative association. Thus, synchronous stimulation of the left and
right hand (relative phase =0°) evoked the strongest amplitude response at 21 Hz and the highest
phase stability between hemispheres.

64

Repetitive sensory stimulation: an efficient tool for entraining brain rhythms

65

Repetitive sensory stimulation: an efficient tool for entraining brain rhythms

Figure 3-5 Results of the second experiment. (A-C) Each row corresponds to one experimental condition. (A) Circles indicate the phase-offset of the stimulation signals between left and right hands. Topographic plots of the amplitude increase
at 21Hz for the four different phase offsets show that an increase over parietal areas was present in all four conditions. (B)
Average intertrial phase coherence (ITPC) at 21 Hz over left (orange) and right (purple) hemispheres, showing an increase
in ITPC during stimulation. (C) Average intersite phase clustering (ISPC, i.e. phase-stability between left and right hemispheres) across subjects during baseline (blue), stimulation (red) and post-stimulation (green). Phase plots indicate the
average inter-site phase angles (ISPA) of the respective condition and length of the arrow indicates the average inter-site
phase clustering (ISPC). (D-F) Correlations between the phase-offset of the stimulation signals and the strength of response in the 21Hz band. A negative association between the phase-offset of the stimulation signals and amplitude was
observed for electrodes over both hemispheres (D,E), as well as the intersite phase clustering (F). No such correlation was
observed in other frequency bands (not depicted).

3.4.3 Experiment 3
In the third experiment we tried to entrain two nested oscillation frequencies simultaneously in accordance with a cross frequency coupling mechanism (i.e. amplitude-amplitude coupling between 5
and 21 Hz (Jensen & Colgin, 2007). Therefore, we stimulated both hands with stimulation signals
containing two modulatory frequencies, i.e. 5 and 21 Hz (Figure 3-1C). We found an increase at both
5 Hz and 21 Hz during stimulation compared to baseline. Statistical analysis showed a significant
main effect of stimulation (F(1,165)=108.534, p<0.001) and frequency (F(3,165)=18.762, p<0.001), as
well as a significant stimulation x frequency interaction (F(3,165)=12.562, p<0.001). The increase in
amplitude was similar for both stimulation frequencies: For the 5 Hz band the increase was 0.17 +/0.04 uV or 528% over the left hemisphere and 0.25 +/- 0.05 uV or 509% over the right hemisphere.
For the 21 Hz band the increase was 0.14 uV +/- 0.03 or 651% over the left hemisphere and 0.29 +/0.06 or 678% over the right hemisphere. Also, similar to experiment 2, we found for both frequencies
an increase in intertrial phase clustering during stimulation for both frequencies, which again returned back to baseline after stimulation (Figure 3-6D,E). More importantly, the phase angle (ISPA)
also synchronized towards 0° for both stimulation frequencies and the clustering of the phase angles
(ISPC) significantly increased during stimulation (Figure 3-6F,H). This was further confirmed by a
significant frequency ´ stimulation interaction when comparing the phase clustering of the two
stimulation frequencies to the 10 and 3 Hz bands (F(6,121)=4.889, p<0.001). Post-hoc comparisons
showed that the ISPC increase was significant during stimulation compared to baseline for both
stimulation frequencies (21 and 5 Hz, p<0.05). Note however that ISPC was already high during baseline for all low frequency bands (3, 5 and 10 Hz), which might have rendered detection of a positive
change difficult.
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Figure 3-6 Results of experiment 3. (A) Average amplitude increase relative to baseline at 3, 5, 10 and 21 Hz at electrodes 99
(left) and 152 (right). (B,C) Topographic plots of amplitude increase at 21 (B) and 5 Hz (C). (D,E) Intertrial phase clustering
between left and right hemispheres increases at 21 Hz (D) and 5 Hz (E). (F-I) Intersite phase clustering before (blue), during (red) and after (green) stimulation. ISPC significantly increased during 21 and 5 Hz stimulation compared to baseline
and post-stimulation (*p<0.05). Note, however, that the low frequency bands already had high ISPC prior to stimulation.
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3.5

Discussion

Here we performed a series of experiments to investigate whether neural oscillations can be modulated by tactile stimulation. We were particularly interested to test, first, whether there is a preferred
phase-relationship between left and right sensorimotor cortex when entraining 21 Hz oscillations;
and, second, whether it is possible to entrain two frequencies simultaneously in accordance to a
cross-frequency-coupling mechanism.
The results of our first experiment reproduced previous experiments demonstrating that steady-state
somatosensory evoked potentials are capable of inducing frequency specific effects in contralateral
sensorimotor cortex (Breitwieser et al., 2012; Snyder, 1992; Spitzer, Wacker, & Blankenburg, 2010;
Tobimatsu et al., 1999). A frequency specific increase in amplitude (i.e. entrainment of the somatosensory system with the stimulation frequency) due to the stimulation paradigm was consistently
observed during all three experiments. Importantly we extend previous findings by showing that it is
not only possible to induce phase-locking between the stimulus and the response in one hemisphere
(Bardouille & Ross, 2008), but also drive the two hemispheres with fixed phase-relationships by applying corresponding stimuli to both hands. Further, we show that by using stimuli with an envelope
containing two frequencies (5 and 21 Hz) it is possible to entrain both at the same time, potentially
opening new avenues to study cross-frequency interactions with SSSEPs.

3.5.1 Entrainment Effects
We show a consistent amplitude increase over parietal electrodes at the stimulation frequency but
not at the control frequencies across all experiments. One might wonder why the topography is
shifted towards frontal and parietal electrodes even though it is well established that vibrotactile
stimulation causes strong activity in the primary somatosensory cortex. So far, only a few studies
measured SSSEPs with high-density EEG (>=64 channels). Most studies used single-channel or
sparse multi-channel EEG to assess SSSEPs with the specific electrode montage and data analysis
differing substantially among studies. For example, Snyder (1992) derived SSSEPs from F4-P4,
whereas Tobimatsu et al. (1999) measured at C3, C4 and Cz using Fz as a reference. Our data, by contrast, were obtained with a high-density EEG system and we used average re-referencing which reduces the influence of the reference electrode (Luck, 2014). After re-referencing we saw that the
strongest effect is not necessarily at contralateral electrodes directly over sensorimotor areas, but it
is shifted more towards parietal and frontal areas (Figure 3-2, topoplots). This is in line with a previous study using a 64-channel EEG system and average re-referencing which was able to localize the
source of this fronto-parietal topography to contralateral primary somatosensory cortex (S1) (Spitzer
et al., 2010). Previous experiments in monkeys further showed that vibrotactile stimulation can directly drive neurons in S1 (Mountcastle et al., 1990; Salinas, Hernandez, Zainos, & Romo, 2000) and
that this frequency specific response is only represented in non-sensory areas (e.g. prefrontral cortex) when it is actively held in working memory (Romo, Brody, Hernandez, & Lemus, 1999). Even
though we did not perform source localization on our data, given previous results from animal experiments and the high degree of similarity between our observed topographies and the one reported in Spitzer et al. (2010), it is most likely that the signal originates in S1. Since topographic maps are
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a projection of the neuronal source to the scalp, we decided to further analyse all bimanual stimulations at the electrodes that showed the strongest effect during unilateral stimulation (i.e. the electrodes which best represented unilateral activity of S1 at a group level).

3.5.2 Phase-synchronization across hemispheres
Previous studies in monkeys also showed that vibrotactile stimulation evokes frequency-specific responses in the local field potential of S1 and a corresponding phase-locked neuronal firing (Haegens
et al., 2014b). A similar effect was shown in an MEG study in humans as phase locking between the
vibration signal and the signal in primary somatosensory areas (Bardouille & Ross, 2008). In our
study we applied bimanual stimulation with different phase-offsets (0°, 30°, 90° 180°). Note that the
21 Hz rhythm was only weakly coupled between hemispheres at baseline, as indicated by low intersite phase clustering. Entraining the left and right sensorimotor cortices with different phase-offsets
revealed only an approximately accurate interhemispheric coupling for the 0° and 180° conditions,
whereas 30° and 90° phase-offsets produced sensor level offsets of around 10° and 30°, respectively,
revealing a clear mismatch between the entrained phase-offset and the EEG response. Moreover, the
interhemispheric coupling was much more consistent for the 0° than for the 180° condition. It is
tempting to speculate that these findings represent the natural interhemispheric coupling modes of
the brain, forming a two attractor landscape with 0° and 180° phase-offsets as the two attractor wells,
but with the 0° attractor being much stronger than the 180° attractor. Alternatively the effect might
be explained by a weighted linear combination of the two source signals, which is ultimately picked
up at both EEG sensors. In the case of 0° and 180° stimulation, this weighted sum would not lead to a
phase shift at the sensor level, therefore the measured phase difference matches the phase-offset of
the stimulation signals. However, if the two stimulation signals are not perfectly in- or anti-phase
the weighted sum leads to a phase-shift of the EEG signal which in turn might lead to the observed
difference between the phase-offset of stimulation and the measured phase-offset between the electrodes. Therefore performing source-modeling and testing additional phase-offsets would be necessary to disambiguate the two theories.

3.5.3 Relationship between phase-offset and amplitude response
We found that the increase in amplitude at the 21 Hz frequency negatively scales with the phaseoffset of the stimulation signals (i.e. 0° phase-shifted signals have the strongest effect, 180° shifted
signals the weakest effect). There are two alternative explanations for this finding: First the two hemispheres might have a preference for phase-synchronization at 0°, as reflected in the baseline measurement, and therefore applying 0° signals are most efficient. For example, stimulation with 0°
phase-offset could lead to mutual enhancement between hemispheres, i.e. the two hemispheres are
not only entrained by the stimulation signals, but also entrain each other. Evidence supporting this
idea comes from Experiment 1 where we found that there is a significant increase of phase locking of
intrinsic oscillations between hemispheres, even if only one hand is vibrated. Accordingly, if the two
vibration signals are applied in anti-phase (i.e. 180° relative phase) mutual facilitation is not possible,
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which would explain why the intersite phase clustering (i.e. the phase stability across hemispheres)
scales with increasing phase-offset.
Alternatively, the effect can be explained by signal cancellation. The electrical field spreads instantaneously and therefore the 180° phase shifted signals between left and right hemispheres could theoretically cancel each other out. A similar phenomenon has already been described for steady-state
visual evoked potentials (SSVEP)(Vanegas, Blangero, & Kelly, 2013). Specifically, entrained phaseshifted signals at different places of the visual field can enhance or cancel the effect of SSVEPs within
striate cortex depending on the phase of the signal and the corresponding geometry of the visual
cortex. However, it unlikely that a similar cancellation effect would be observed for the somatosensory hand representations of the left and right hemisphere, which are anatomically much more separated.

3.5.4 Cross-frequency coupling
Cross-frequency coupling has been proposed as key mechanism for how the brain integrates information across different timescales (e.g. by providing different windows of opportunity for processing) and different spatial scales (e.g. different frequencies are thought to be produced by different subpopulations of neurons) (Canolty & Knight, 2010; Jensen & Colgin, 2007). In the third experiment, we tested whether two frequencies can be entrained simultaneously thus mimicking a crossfrequency coupling mechanism between 21 Hz and 5 Hz (i.e. a 5 Hz oscillation nested within a 21 Hz
oscillation). Although the cross-frequency coupling was artificial in nature (i.e. it did not have any
behavioral relevance), in addition to an amplitude increase at 21 Hz, we also observed an increase at
5 Hz. This suggests that cross-frequency coupling mechanisms can be studied with SSSEPs. Entrainment with two frequencies resulted in a lower increase in the 5 Hz band compared to the 21 Hz band.
This is in line with previous experiments, which tested different frequencies separately. They suggest
that stimulation in the beta band (12-30 Hz) is most optimal for inducing SSSEPs, probably due to a
resonance-like mechanism (Muller, Neuper, & Pfurtscheller, 2001). It is therefore most likely that
entrainment of cross-frequency coupled signals follows the same principle rules as entrainment of
single-frequency SSSEPs.
We also found increased phase-stability across hemispheres for both frequencies, but only during
stimulation. The observed effect of the 5 Hz stimulation was very small, but significant. Closer inspection of the inter-trial phase coherence (i.e. synchronization across trials) shows that ITPC was
already increased during the baseline prior to stimulation, but not after stimulation. The 5 Hz band
is part of the theta rhythm, which has been linked to working memory tasks (Hanslmayr & Staudigl,
2014; Nyhus & Curran, 2010). Our distractor task contains a memory component, as subjects had to
count how many letters appeared. On the one hand, the distractor task might have evoked high
baseline synchronization in the 5 Hz band. On the other hand, we only found this increased baseline
ITPC in the last experiment, which suggests this finding might not generalize..
Taken together our results show that entrainment of two frequencies with SSSEPs is possible, which
makes SSSEPs a promising tool to study cross-frequency coupling mechanisms.
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3.5.5 Relationship between steady-state evoked potentials and tACS
One of the key motivations of the experiments above was to test if SSSEPs provide a valuable alternative to tACS to investigate neuronal oscillations. TACS has been shown to lead to a frequencyspecific amplitude increase both during and after stimulation (Helfrich, Schneider, et al., 2014b; Neuling et al., 2013; Zaehle et al., 2010). It has been proposed that tACS is most effective if applied at an
intrinsic frequency of the targeted brain network and is less efficient or needs higher stimulation
intensities the farther the stimulation frequency and the intrinsic frequency lie apart (i.e. the parameter space follows an Arnold tongue)(Ali, Sellers, & Fröhlich, 2013; Fröhlich & Schmidt, 2013). In a
recent study Notbohm et al. (2016) were able to demonstrate that the parameter space of synchronization of neuronal oscillations via SSVEPs follows an Arnold tongue. They proposed that both tACS
and SSVEP entrainment methods tap into the same underlying mechanism. Note that we used stimulation intensities that were substantially above threshold, and we did not individualize the stimulation frequency. Therefore, our experiment was not suited to observe a similar pattern of results to
that reported by Notbohm et al. (2016). However, the high stimulation intensity offers a potential
advantage of using SSSEPs over tACS. Due to safety reasons tACS is limited to low stimulation intensities (<2mA), which makes enforcement of an oscillation difficult if it is not intrinsically present.
SSSEP stimulation intensities are less constrained and can therefore enforce oscillations beyond
physiological frequencies and amplitudes. While this allows us to reliably probe the oscillatory system, it comes with the drawback that only sensory systems can be tested even though SSSEPs might
occasionally be detected in higher cortical areas when applied in a task-dependent context (de Lafuente & Romo, 2005; Romo et al., 1999).
Additionally, the immediate drop of inter-trial phase coherence shows that the effects induced with
SSSEPs are transient and do not produce after-effects. This is also in contrast to tACS, where aftereffects have been reported up to 90 minutes after stimulation (Neuling et al., 2013). This indicates
that the process of entrainment of a given frequency and the corresponding after-effects might reflect two distinct processes (cf. Vossen et al., 2014). Note, however, that tACS stimulation in previous
studies was applied for a couple of minutes, whereas here we applied stimulation only in 2 second
epochs, which could explain the absence of after-effects. However, to our knowledge none of the
studies on steady-state evoked potentials report after-effects related to stimulation. This suggests
that SSSEPs are potentially better suited for applications that aim to induce a transient, relatively
well localized and strong effect, whereas tACS might be better suited to induced longer-lasting,
wide-spread and comparatively weak effects.

3.6

Outlook

We have previously shown that applying power-synchronized tACS (i.e. using cross-frequency coupled signals with 0° phase-relationship of the envelope) can strengthen resting-state connectivity
(Bächinger et al., 2017). Here we show that it is possible to entrain fixed phase-relationships and
cross-frequency coupled signals with SSSEPs. If power-synchronized neuronal oscillations are indeed
responsible for synchronization of the BOLD signal, the effect should be independent of the intervention used to drive the oscillations. A combined SSSEP fMRI experiment could therefore provide
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valuable insight into whether both tACS and SSSEP act via the same fundamental mechanism of entrainment and if SSSEPs are capable of synchronizing resting-state networks.

3.7

Conclusion

Steady-state evoked potentials are capable of entraining/enforcing phase specific differences between left and right hemispheres. Further, cross-frequency coupled signals can be entrained by applying two frequencies simultaneously. This opens up new possibilities to test interactions between
oscillations of different frequency bands and their influence on brain connectivity. Additionally,
SSSEPs might provide a valuable alternative to tACS to study entrainment, as it does not cause excessive noise in the EEG.
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4.1

Abstract

Prolonged repetitive movements can lead to a reduction in motor performance, which cannot be
explained by muscular fatigue. It has therefore been proposed that this “motor slowing” phenomenon is caused at the supraspinal level due to a breakdown of motor control. Here we use a multimodal approach to map brain structures involved in motor slowing. In a series of experiments we
compare slowing and non-slowing tapping conditions and their after-effects while measuring behaviour, EEG, TMS or fMRI. We first demonstrate that motor slowing leads to a transient behavioural
“after-effect” suggesting that the neural mechanisms relevant during slowing can be investigated
during subsequent rest periods. We then show in a second experiment that motor slowing leads to
decreased power in the alpha and beta bands of the EEG when tapping that induces slowing is compared to a control condition. In a third experiment, we measure short-interval intracortical inhibition with TMS, demonstrating that motor slowing leads to a shift in the excitation-inhibition balance
of primary motor cortex such that inhibition is reduced. In a final experiment, we map brain areas
involved in motor slowing, showing that it leads to an increase in brain activity within the whole
motor network.
Taken together our results present converging evidence that motor slowing leads to a dis-inhibition
of the motor system. We suggest that this reduction of inhibition is caused by a breakdown of surround inhibition and that this leads to disrupted synergistic control of agonist/antagonist muscle
contractions (resulting in co-contractions), which is ultimately responsible for motor slowing.

73

Motor slowing occurs despite increasing dis-inhibition of the motor system

4.2

Introduction

It has been demonstrated previously that performance of repetitive movements tends to deteriorate
over time (Dolan & Adams, 1998; R. G. Miller, Moussavi, Green, Carson, & Weiner, 1993). While this
finding is not unexpected for fatiguing contractions (i.e. at near-maximum force levels), a similar
phenomenon has been demonstrated for movements executed at submaximal force levels. For example, 7-9 seconds of finger tapping at the maximal voluntary rate is sufficient to induce a significant performance decrease (MVR, (Aoki, Francis, & Kinoshita, 2003; Rodrigues, Mastaglia, & Thickbroom, 2009)). A similar phenomenon also emerges during motor sequence tapping involving multiple fingers, a task where the tapping rate of each finger is well below the maximal frequency observed for single digit tapping. More specifically, it has been shown that when subjects learn a simple
finger tapping sequence in blocks of 30 seconds, an initial increase of performance indicates motor
learning. However, once subjects reach their performance plateau, a pronounced pattern of slowing
becomes visible within single blocks (Brawn, Fenn, Nusbaum, & Margoliash, 2010) (Figure 4-1A). An
example of this phenomenon is shown in figure 4-1A, where subjects exhibit prominent motor slowing at the end of a motor learning task, represented as a reduction in performance within a 30 seconds block of tapping (blue dots with connected lines). This behavioural effect is very robust across
individuals i.e. 91% of 128 participants exhibited a characteristic decrease in tapping speed once the
motor sequence was overtrained, a phenomenon we will refer to as “motor slowing” for the remainder of this manuscript.
Motor slowing seems not to be limited to finger movements, but generalizes across effectors with
slowing also observed during repetitive foot tapping, as well as repetitive eye-movement tasks (saccades, Figure 4-1B). In all of these cases the performance decrease cannot be explained by peripheral
or muscular fatigue, giving rise to the hypothesis that it is of supraspinal or central origin (Arias et
al., 2015; Madrid, Valls-Solé, Oliviero, Cudeiro, & Arias, 2016; Rodrigues et al., 2009). In particular,
motor slowing can be considered as a breakdown in motor performance at the level of the central
motor system and is most likely a phenomenon were the brain cannot sustain the descending motor
drive to the muscles. Therefore, it is sometimes also referred to as central fatigue (Madrid et al., 2016;
Rodrigues et al., 2009; Teo, Rodrigues, Mastaglia, & Thickbroom, 2012).
Even though motor slowing is such a prominent phenomenon, surprisingly little is known about the
underlying supraspinal mechanisms. Most previous work investigating motor slowing in humans
focus on unspecific cortical changes due to ageing and have found that activity in the motor system
increases with increasing age and motor slowing (Mattay et al., 2002; Yordanova, Kolev, Hohnsbein,
& Falkenstein, 2004)). Physiological studies report that short-interval intracortical inhibition (SICI)
decreases up to 3.5 min after a finger abduction task at maximal voluntary rate (Teo et al., 2012), and
that repetitive transcranial magnetic stimulation to the left primary motor cortex reduces maximal
tapping speed. This work suggests that primary motor cortex might be an important area for producing fast finger movements (Jäncke, Steinmetz, Benilow, & Ziemann, 2004).
However, the mechanism underlying motor slowing is still unknown. Based on previous literature,
we hypothesized that supraspinal after-effects of motor slowing should be assessable when subjects
rest immediately after a slowing-inducing motor task (i.e. similar to after-effects in the visual system
(Krekelberg, Boynton, & van Wezel, 2006; P. Thompson & Burr, 2009)). We therefore performed a
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series of experiments combining behavioral manipulations with transcranial brain stimulation
(TMS), electroencephalography (EEG) and functional magnetic resonance imaging (fMRI) to unravel
which brain structures and mechanisms might contribute to motor slowing. In the first experiment,
we investigate potential after-effects between slowing and non-slowing trials and show that motor
slowing leads to an altered time course of behavioral recovery, which can be further investigated
with neuroimaging techniques. In the second experiment, we show in an EEG experiment that a
slowing-inducing task causes alterations of electrophysiological activity in the alpha and beta bands
when measured during subsequent breaks. In the third experiment, we measured short-interval intracortical inhibition (SICI) and demonstrate that motor slowing is associated with a shift in the excitation-inhibition balance in primary motor cortex. In the last experiment, we map the brain structures involved in motor slowing by means of fMRI.
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Figure 4-1 Motor slowing in different modalities. (A) Motor slowing during motor learning. Subjects learn a simple motor
sequence during 12 training blocks of 30 s followed by 30 s rest. Each 30 s training block was subdivided into three 10 s bins
and the performance index (accuracy/inter tapping interval) is shown separately for each bin (i.e. one block is represented
by three symbols connected by solid lines). Initially the performance index increases within as well as across the 30 s
blocks. However, after the initial improvement in sequence tapping, overall performance reaches a plateau and motor
slowing becomes clearly visible as a decrease in performance within a 30 s block. Note that additional analyses confirm that
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this decrease is mainly driven by a reduction of tapping speed. (B,C) Illustration of motor slowing during a 30 s block of
repetitive eye-movements (saccades between a left and right target) or repetitive foot-tapping (alternating with the left and
right foot). The figures show the inter-saccade interval (B, eye-movements) and the intertapping interval (C, foot movements) calculated for 3 consecutive 10 second bins (blue dots), which were normalized to a control condition (orange dotted line, 10s tapping which does not cause slowing). Notably, motor slowing emerges for all three repetitive movement
tasks, indicating that motor slowing is a general phenomenon not confined to finger movements (i.e. fine motor control).
Error bars indicate mean +/- s.e.m.

4.3

Methods, results and brief discussion for each experiment

4.3.1 Experiment 1 - Behavioural characterization of recovery after motor slowing
4.3.1.1

Methods

4.3.1.1.1 Participants
17 volunteers participated in this first experiment (13 female, age 23.9 +/- 3.41 years, all right handed).
All experimental protocols were approved by the research ethics committee of the canton of Zurich
(KEK-ZH 2014-0242) and subjects gave informed consent to the study.
4.3.1.1.2 Behavioural paradigm
In the first experiment, we assessed the time course of motor slowing recovery during the subsequent break. Therefore, we compared slowing conditions (30 s of repetitive alternating tapping of
index and middle finger) to non-slowing conditions (10 s of the same tapping task as in the slowing
condition, Figure 4-1). The crucial experimental manipulation is that we varied the length of the
break in 5-second steps (i.e. 5, 10, 15, 20, 25, 30 s) and investigated how break length influences motor
slowing recovery (Figure 4-3A). The experiment was conducted in four experimental blocks: 2 blocks
required 10 s tapping episodes interleaved with breaks and 2 blocks required 30 s tapping episodes
interleaved with breaks. The order of these blocks was randomized across subjects. Each block consisted of 31 tapping trials separated by 30 rest breaks. Within each block, the break length was pseudo-randomly varied and 10 trials per break condition (i.e. 5, 10, 15, 20, 25, or 30s length) were performed.
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Long&Tapping&
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No&Recovery&
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Figure 4-2 General experimental paradigm of all experiments. Subjects perform trials of either (A) long tapping (slowing
condition lasting 30 s or 40 s) or (B) short tapping (non-slowing condition lasting 10 s). We hypothesize that neural mechanisms underlying motor slowing become gradually activated during long tapping as indicated by an increase in the intertapping interval (ITI). Importantly, the processes appear to recover during the break causing measurable after-effects.
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Conversely, the no slowing condition does not cause slowing and, therefore, does not lead to recovery such that aftereffects should be constant.

4.3.1.2

Data Analysis

4.3.1.2.1 Motor slowing
First we characterized tapping speed during the tapping episode by calculating the intertapping interval (ITI) of subsequent taps. The ITI was averaged across 10 s bins. Presence of motor slowing was
defined as a significant increase of ITI across bins. This was assessed at the group level by first normalizing the motor slowing condition (30 s tapping) to the non-slowing condition (10 s tapping) and
submitting the data to a linear mixed effects model including the fixed factor time and the random
factor subject.
4.3.1.2.2 Recovery
Next, we calculated a recovery index by subtracting the average normalized ITI of the first 10 s after a
break from the average normlized ITI of the last 10 s before a break (Figure 4-3A). A higher recovery
index indicates more recovery of tapping speed during the break. The recovery index was then submitted to a LMEM with the fixed factors condition (slowing vs. non-slowing) and break length to
statistically assess the difference between the slowing and non-slowing conditions. Further, we tried
to estimate the relationship between motor slowing and recovery by, first, estimating the slope of
motor slowing via linear regression from the ITI; and, second, by analyzing whether the slope of motor slowing would predict the slope of the recovery index across subjects.
4.3.1.3 Results and Discussion of Experiment 1
30 s of alternating tapping with the index and middle fingers caused a significant amount of motor
slowing across all participants (F(2,287)=424.234, p<0.001)(Figure 4-3B). Further, there was no significant difference between the first 10 s of the slowing condition and the 10 s tapping of the nonslowing condition (paired t-test, t(16)=0.532,p=0.60), indicating that the participants did not use a
special strategy to differentially “pace” the 30 s tapping trials. Next, we assessed after-effects and potential recovery from tapping induced motor slowing by comparing the recovery index (see methods)
between motor slowing and non-slowing trials as a function of the break lengths. The recovery index
increased with increasing break-length after 30 s tapping (motor slowing condition, Figure 4-3C,
green) while recovery was minimal after non-slowing tapping (Figure 4-3C, red). This was reflected
by a significant break length × condition interaction (F(5,15.999)=5.992, p=0.003). Further regression
analyses revealed a linear relationship between the amount of motor slowing and the amount of recovery (Figure 4-3D, R2 = 0.77, p<0.001). Finally, the amount of recovery was not dependent on the
amount of slowing prior to the break, as the average intertapping interval in the last 10 s before the
break was similar for all break lengths (LMEM, F(5,85)= 1.088, p = 0.373, Figure 4-3E).
Taken together the results of the first experiment show that motor slowing indeed probes behavioral
“fatigability” in our subjects: Intertapping intervals immediately after the breaks were reduced depending on the break length. Short breaks led to slower ITIs immediately after the break compared
to longer break lengths. This suggests that motor slowing is a dynamic process, which leads to transient and reversible changes in movement execution that persist for only a short time after motor
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execution has finished. Additionally, our results show that the relationship between motor slowing
and subsequent recovery is approximately linear. Note, however, that even in this short time frame
of tapping (30 s) some subjects reached a performance plateau (i.e. there is a limit to slowing).
Therefore, even though the linear relationship serves as a good first approximation, more complex
models might be able to better capture the full dynamics of motor slowing. In conclusion, this behavioural experiment demonstrates that the neural processes causing motor slowing might be observable in the subsequent break, suggesting that investigating these “after-effects” could provide
mechanistic insights into motor slowing itself.
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Figure 4-3 (A) Experimental setup to characterize the recovery period (Experiment 1). The break length is varied (5, 10, 15,
20, 25 or 30 s) and a recovery index is calculated by subtracting the ITI of the first 10 s post-break from the last 10 s prebreak. A larger recovery index reflects more recovery during the break. The procedure was done for both slowing and nonslowing conditions. (B) Motor slowing during the experiment, depicted as increasing ITIs during the long tapping condi-
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tion normalized to the short tapping condition. (C) Recovery Index as a function of break-length for slowing (long-tapping,
green) and non-slowing conditions (short tapping, red) shows that recovery scales with increasing break lengths. (D)
Amount of recovery plotted as a function of the amount of slowing, revealing that individuals who exhibit more slowing
during the tapping require more time for recovery during the break. (E) There is no difference in the ITI measured during
the last 10 s prior to the 5, 10, 15, 20, 25 and 30 s breaks. This control analysis indicates that the differences in the recovery
index resulted predominantly from changes in tapping performance measured immediately after short versus long breaks
rather than from tapping performance before the break. Data are shown as mean +/- s.e.m.

4.3.2 Experiment 2 – EEG changes in alpha and beta oscillations after motor slowing
4.3.2.1

Methods

4.3.2.1.1 Participants
In a second experiment, we combined the behavioural paradigm with electroencephalography (EEG)
to assess changes in the alpha (mu-rhythm, 8-12Hz) and beta band (14-30Hz), two intrinsic rhythms
of sensorimotor cortex. 17 subjects participated in the EEG experiment (10 female, mean age: 25.6 +/4.1, all right handed). All experimental protocols were approved by the research ethics committee of
the canton of Zurich (KEK-ZH 2014-0242) and subjects gave informed consent to the study.
4.3.2.1.2 Behavioural paradigm
Similar to experiment 1, subjects performed slowing (30 s tapping) and non-slowing trials (10 s tapping) followed by a 30 s break. The tapping was performed with four fingers (index, middle, ring and
little fingers) of the left hand and subjects were instructed to repetitively perform a pre-defined sequence (4-1-3-2-4; 1=little, 2=ring, 3=middle and 4=index finger) as quickly and accurately as possible.
Twelve trials were performed per condition leading to 24 trials in total. The order of trials was pseudo-randomized. EEG was acquired during the whole experiment.
4.3.2.1.3 EEG acquisition
Since EEG measurements during ongoing tapping are susceptible to non-neural movement artefacts
all analyses were performed for data during the break, i.e. when subjects were resting. EEG was acquired with a 128-channel HydroCel Geodesic Sensor Net (GSN) using Ag/AgCl electrodes provided
by Electrical Geodesics (EGI, Eugene Oregon, USA). This system uses the vertex (Cz) electrode as a
physical reference. EEG recordings, electrooculograms for horizontal and vertical eye movements
respectively, and an electromyogram for the muscular noise associated with swallowing were recorded in parallel with a sampling frequency of 1000 Hz. During acquisition subjects sat in a dimly lit
room in front of a computer screen and performed the finger tapping task described above.
4.3.2.1.4 EEG preprocessing
The analysis of the EEG data was performed offline using EEGLAB (Delorme & Makeig, 2004). EEG
signals were bandpass filtered off-line (3-30 Hz) and processed using independent component analysis (ICA) for the removal of ocular and muscular artefacts. After ICA decomposition the artefact ICs
were automatically detected by correlating their power time-courses with the power time courses of
the electric reference signals (horizontal and vertical electrooculograms and electromyogram). The
data was down-sampled to 200 Hz and re-referenced to the common average (Liu et al., 2015) to remove the bias towards the physical reference site.
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4.3.2.1.5 Data analysis
Behavioural data were analysed as described for experiment 1 (Data Analysis, Motor Slowing).
The preprocessed EEG data were analysed for the 30 s breaks after tapping. For each subject the data
was filtered in the alpha (8-14 Hz) and beta (15-30 Hz) bands, rhythms which are classically associated with sensorimotor function (Cheyne & Cheyne, 2013). Then the data was rectified and smoothed
with a sliding average filter (length 1 s, no overlap) to estimate the amplitude over time. Here we
focused on analysing the time course of electrode C4, which overlies the sensorimotor cortex contralateral to the tapping hand. The recovery time course was binned into four 5 s epochs (2.5-7.5, 7.512.5, 12.5-17.5 and 17.5-22.5 s), and the mean amplitude per block was determined. The amplitude data
of each frequency was then subjected to a linear mixed effects model with the fixed repeated factors
condition (long vs. short tapping) and time (2.5-7.5, 7.5-12.5, 12.5-17.5 and 17.5-22.5 s) and the random
factor subject.
4.3.2.2 Results and Discussion of Experiment 2
Since we observed in the first experiment that motor slowing leads to persistent after-effects that are
most pronounced during the early part of the break, we measured EEG to identify potential electrophysiological signatures related to motor slowing. We therefore assessed the difference in alpha (812Hz) and beta power over motor areas contralateral to the tapping hand (electrode C3) during the
rest break following either the motor slowing condition (30 s of sequential tapping) or the nonslowing condition (10 s of sequential tapping) (Figure 4-2). Similar to experiment 1, we found a significant increase in ITI during the motor slowing condition (F(2,16)= 23.57, p<0.001; Figure 4-4A).
The EEG analysis revealed that in both the slowing and non-slowing conditions, alpha-power was
substantially suppressed immediately after tapping and quickly recovered within the first two seconds. However, after this initial event-related synchronization, alpha power increased more quickly
for the non-slowing condition than for the motor slowing condition (Figure 4-4B).
To further quantify this differential recovery process we averaged alpha-power into four time bins of
5 s for statistical analysis (Figure 4-4C left). We found a significant main effect of condition
(F(1,16)=14.868,p=0.001) and time (F(3,16)=3.923,p=0.028), and a significant condition × time interaction (F(3,16)=3.384,p=0.044). Post-hoc comparisons revealed that alpha-power was significantly lower during the first three time bins (2.5-17.5 s) of the rest break (LSD, p<0.05), which indicates that
alpha-power recovered more quickly after the non-slowing tapping condition (10 s) than after the
slowing condition (30 s).
We performed analogous analyses for the beta band and found that it shows a different time course
of recovery (Figure 4-4D). In the beta band the initial synchronization is much stronger in the nonslowing than the slowing condition, but similar amplitude levels are reached relatively quickly (<8 s).
This was reflected by a significant time × frequency interaction (F(3,16)=4.001, p=0.027), however, the
main effects were not significant (Time, F(3,16)=2.829, p=0.072; Condition F(1,16)=2.735, p=0.118).
Post-hoc tests (LSD, p<0.05) revealed a significant difference between the slowing and non-slowing
conditions only during the first time bin (2.5-7.5s) (Figure 4-4C right).
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Figure 4-4 Results of the EEG experiment. (A) Motor slowing during the behavioural task (blue dots) normalized to the
non-slowing condition (orange line). (B, D) Mean Alpha (8-14 Hz) and Beta band (15-30 Hz) amplitude, respectively, measured in the break after slowing (green) and non-slowing conditions (red). Dotted vertical lines indicate epochs T1-T4 which
were subsequently analyzed in further detail. (C) Amplitudes of alpha (left) and beta bands (right) averaged for four different epochs during the break (T1: 2.5-7.5s, T2: 7.5-12.5,s T3: 12.5-17.5s, T4: 17.5-22.5s). *p<0.05, Error bars indicate mean +/s.e.m.

It therefore seems that alpha and beta bands both are modulated by motor slowing, however, they
show different temporal dynamics. It is known that both alpha and beta desynchronize during
movement execution and synchronize when execution stops. This event-related synchronization
after movement execution typically occurs within 2 seconds (Cheyne & Cheyne, 2013). In the beta
band the synchronization additionally leads to a beta rebound (i.e. beta power exceeds baseline levels). Our data show two types of changes involved in motor slowing. First, motor slowing leads to a
reduction of the beta rebound. Second, alpha power is suppressed for a longer duration after the
motor slowing condition. In a recent study Brinkman et al. (2014) suggested that alpha and beta oscillations could serve different processes. Specifically they suggest that a beta band reduction could
directly reflect disinhibition of neuronal populations involved in computation of movement parameters, whereas changes in the alpha band mediates the allocation of computational resources by disengaging task-irrelevant cortical regions (Brinkman, Stolk, Dijkerman, de Lange, & Toni, 2014). Additionally it was recently proposed that an increase in alpha-oscillation reflects gating-by-inhibition
(Jensen & Mazaheri, 2010). Specifically, Jensen et al. (2010) suggested that phases of the alpha cycle
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are responsible for pulsed inhibition (i.e. they shutdown gamma activity which reflects local processing (Mazaheri & Jensen, 2010) and that increasing alpha power reflects an increase in the magnitude of this inhibitory cycle.
With respect to our experiment this would suggest that neural resources are less rapidly dis-engaged
after motor slowing than after non-slowing tapping. This is reflected by both a lower/absent beta
rebound, which might indicate that the slowing condition required a stronger involvement of neuronal populations specifically controlling sensorimotor aspects, and by a slower recovery of the alpha
rhythm, which suggests that the slowing tapping condition also engaged more “non-motor” computational resources (e.g. related to attention). Both oscillatory markers therefore suggest that motor
cortex is disinhibited after motor slowing, a finding that is counterintuitive to the idea that the high
activity of motor cortex might be directly related to maintaining a fast tapping speed (Jäncke et al.,
2004). However, it is still unclear whether desynchronization of the alpha and beta band is causally
related to inhibition and whether the measured signals specifically reflect motor cortex activity (or
also include other neural sources). We therefore used TMS to more specifically probe the activity of
GABAergic inhibitory circuits in motor cortex.

4.3.3 Experiment 3 – SICI: Alterations of inhibitory circuits in M1 after motor slowing
4.3.3.1

Methods

4.3.3.1.1 Participants
In the third experiment we combined the behavioural paradigm with TMS using a short-interval
intracortical inhibition protocol (Kujirai et al., 1993). 13 subjects participated in the experiment (4
female, mean age: 24.8 +/- 2.5, all right handed) over two sessions. All experimental protocols were
approved by the research ethics committee of the canton of Zurich (KEK-ZH 2014-0242) and subjects
gave informed consent to the study.
4.3.3.1.2 Behavioural paradigm
The behavioural paradigm consisted of sequential tapping with four fingers of the right hand. The
sequence was 0-1-3-2-0 (0=thumb, 1=index, 2=middle and 3=ring finger). Again, we compared slowing (40 s of tapping) and non-slowing (10 s of tapping) conditions, each followed by a 40 s break. The
two conditions were split into two sessions on two consecutive days (counter-balanced across subjects) with 12 trials each.
4.3.3.1.3 TMS protocol
We assessed GABAergic inhibition in the primary motor cortex by using a short-interval intracortical
inhibition TMS protocol (Kujirai et al., 1993). In short, SICI is measured with a double pulse (DP)
TMS protocol where a subthreshold conditioning stimulus (CS) is applied shortly (2 ms) before a
suprathreshold test stimulus (TS). Typically, the amplitude of motor evoked potentials (MEP) is attenuated when the CS+TS condition is compared to the TS condition only. This reduction has been
linked to the activity of GABAA-ergic inhibitory circuits (Werhahn, Kunesch, Noachtar, Benecke, &
Classen, 1999b; Ziemann, Lönnecker, Steinhoff, & Paulus, 1996). An index of inhibition can therefore
be calculated by comparing the MEP amplitude after the CS+TS to the amplitude induced by a single
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pulse (TS; Inhibition = 1-(CS+TS)/TS). Since SICI measurements are most reliable during rest, it was
assessed during the breaks after tapping.
TMS was performed with a figure-of-eight coil connected to two Magstim Bi-Stim2 stimulators and
electromyography was measured from the first dorsal interosseus (FDI) and the abductor pollicis
brevis (APB) muscles. Prior to the experiment the hot spot of the FDI muscle was determined. Neuronavigation (Brainsight, Rogue Research) was used to ensure a constant coil position during the rest
of the experiment. Rest motor threshold (RMT) was then defined as the lowest stimulus intensity
eliciting MEPs, which were larger then 50 uV in at least five out of ten trials. The TS was set to 130%
of RMT. For SICI the interstimulus interval was set to 2 ms and the intensity of the CS was chosen
such that it reduced MEP amplitude relative to the TS condition by approximately 50%. Once the
stimulation parameters were set, a PRE measurement consisting of 6 blocks of 6 stimulations (3
CS+TS and 3 TS, jittered inter stimulus interval >= 4 s) was conducted prior to the behavioural experiment. During the tapping experiment, TMS was applied during the 40 s break so that 3 CS+TS and 3
TS were measured between seconds 3.5 and 33.5 in pseudo-randomized order. After the tapping experiment a POST measurement was performed, which again consisted of 6 blocks of 6 stimulations
(3 CS+TS and 3 TS).
4.3.3.1.4 Data analysis
Behavioural data were analysed as described for experiment 1 (Data Analysis, Motor Slowing).
All analyses focused on FDI muscle effects since it was used to define the hotspot and RMT. Background EMG was quantified by taking the root mean square of the EMG signal between 10 and 110 ms
before TMS. Trials with background EMG above 0.1 mV were removed. For each participant, mean
and standard deviation of the background EMG was calculated for TS and CS+TS trials separately,
and trials with a background EMG > mean+2.5 standard deviations were excluded from further analysis. During all TMS measurements MEP size was determined as the peak-to-peak amplitude. MEPs
were considered outliers and excluded from the analysis if they were greater than Q3+1.5× (Q3-Q1) or
smaller than Q1-1.5× (Q3-Q1), where Q1 and Q3 are equal to the first and third quartiles, respectively
(X. Zhang et al., 2014). SICI was then calculated according to the following formula: Inhibition = (1(CS+TS/TS)).
Inhibition was calculated separately for the PRE and POST measurements, as well as for three time
points during the break (T1,T2,T3). Importantly T1, T2 and T3 correspond to the first, second or third
CS+TS pulse in the break normalized to the average TS calculated across the break. The data were
then subjected to a LMEM with the fixed factors condition (slowing vs. non-slowing) and time (Pre,
T1, T2, T3, Post), and the random factor subject.
4.3.3.2 Results and Discussion Experiment 3
Since we found a significant difference in alpha and beta power at the electrode overlying M1, which
suggests that the primary motor cortex might be dis-inhibited after slowing inducing motor tapping,
we measured the activity of GABAA circuits by applying a TMS SICI protocol during the rest breaks
following either the motor slowing (30 s sequential finger tapping) or non-slowing tapping condition
(10 s sequential finger tapping). Again there was a significant increase in the ITI during the slowing
condition (F(3,36)=42.94, p<0.001; Figure 4-5A). Even though we measured slowing and non-slowing
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conditions on two different days, the first bins were not significantly different across sessions (paired
t-test t(12)=1.303, p=0.217). Additionally, for both sessions RMT, CS and TS was similar (Table 4-1),
and more importantly, SICI PRE measurements were at the same level across sessions (Figure 4-5B,
Pre). Comparison of inhibition before (PRE) and after (POST) the behavioural paradigm revealed
only a minimal decrease in inhibition over the course of the experiment, which did not differ across
conditions (Figure 4-5B, Pre, Post). Assessment of the different time points during the break (i.e. T1,
T2, T3, corresponding to first, second and third CS) revealed that SICI was strongly decreased immediately after the motor slowing condition but returned back to baseline within the course of the
break (Figure 4-5B, T1 green). The non-slowing condition on the other hand only decreased slightly
and recovered almost immediately after tapping (Figure 4-5B, T1 red). Both conditions reached nearly identical levels at the end of the break (Figure 4-5B, T3). This was reflected in a significant condition × time interaction (F(4,12)=5.573, p=0.009). Additionally we found a main effect of time
(F(4,12)=3.904, p=0.03), but not of group (F(1,12)=0.322, p=0.58).

Time during Break

Figure 4-5 Results of the SICI experiment. (A) Motor slowing during the behavioural task (blue dots) normalized to the
non-slowing condition (orange line). (B) Percentage inhibition of primary motor cortex before (Pre), for the first (T1), second (T2) and third (T3) conditioning stimulus during the break, and at the end of the session (Post) where participants
executed either the slowing (green) or non-slowing (red) tapping condition. It can be observed that slowing leads to disinhibition of primary motor cortex immediately after tapping. *p <0.05, error bars indicate mean +/- s.e.m.

Session
RMT
40s)tapping
43.5 ± 6.2
10s)tapping
43.6 ± 7.4
All)values)%MSO

CS
37.5 ± 8.5
34.8 ± 6.2

TS
55.2 ± 10.3
54.4 ± 9.5

Table 4-1 Restmotor threshold (RMT), conditioning stimulus (CS) and test stimulus (TS) intensity reported as percentage
of the maximal stimulator output (%MSO). All were highly similar across sessions.
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Taken together our SICI results suggest that motor slowing leads to a transient change in GABAergic
inhibition immediately after tapping. Specifically, it seems that primary motor cortex is more disinhibited within the first 10 s after slowing inducing tapping compared to the non-slowing condition.
This is in-line with our previous EEG experiment, where alpha and beta oscillations were reduced
immediately after motor slowing tapping, a finding that has been interpreted as cortical disinhibition. Thus, converging evidence suggests that there is a shift of activity in GABAA circuits,
which ultimately leads to more dis-inhibition within primary motor cortex.
This seems counterintuitive at first, but raises the question whether high activity in primary motor
cortex is necessary for maintaining motor drive while the actual breakdown in performance might be
caused by another structure. We therefore performed a fourth fMRI experiment that sought to identify the contributions of other cortical or subcortical structures.

4.3.4 Experiment 4 – Cortical and subcortical areas involved during motor slowing
4.3.4.1

Methods

4.3.4.1.1 Participants
In the fourth experiment we combined the behavioural paradigm with fMRI. 25 subjects participated
in the experiment (13 female, mean age: 23.6 +/- 3.4, all right handed) over two sessions. All experimental protocols were approved by the research ethics committee of the canton of Zurich (KEK-ZH
2015-0537) and subjects gave informed consent to the study.
4.3.4.1.2 Behavioural task
The experiment consisted of intervals of either slowing (30 s) or non-slowing (10 s) tapping with the
index and middle finger followed by a 30 s break. Each condition (10/30 s) was repeated 16 times in
blocks of 4 consecutive conditions and split into two fMRI runs. The order of condition was counterbalanced across runs and the starting condition (i.e. whether the first block of 4 conditions started
with 10 or 30 s tapping) was counterbalanced across subjects. Additionally, two implicit baseline
conditions of 20 s were added in each run, the first after two blocks and the second at the end of a
run. Before each condition subjects were shown a visual get ready signal (randomly jittered between
2-3 s)
4.3.4.1.3 fMRI acquisition and preprocessing
FMRI scans were performed at the Institute of Biomedical Engineering, ETH Zurich on a Philips Ingenia 3T whole body scanner. Prior to the experiment, high resolution T1-weighted anatomical scans
were acquired and used for image registration and normalization (voxel size=1mm3, 160 sagittal slices, matrix size=240x240, TR/TE=8.3/3.9 ms). During the behavioural paradigm 360 volumes were
acquired (voxel size=2.75x2.75x3.3mm, matrix size=128x128, TR/TE=2500/35ms, flip angle=82, 40 slices acquired in interleaved order for full coverage of the brain). Preprocessing was performed using
SPM12 (Wellcome Trust) and consisted of realignment, segmentation, normalization and spatial
smoothing (default parameters).
4.3.4.1.4 Data analysis
Behavioural data were analysed as described for experiment 1 (Data Analysis, Motor Slowing).
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FMRI analyses were performed using SPM12 following a two-level procedure. The first-level model
for each subject consisted of a fixed-effects model. The GLM design matrix included 10 regressors of
interest. For the slowing conditions (30 s tapping followed by 30 s rest), we modelled the first, second and third 10 s bins during tapping and the first, second and third 10 s bins of the subsequent
break. For the non-slowing condition (10 s tapping followed by 30 s break), we modelled one 10 s bin
for the tapping period and the first, second and third 10 s bins of the subsequent break. We also
modelled the get-ready period (see behavioural task above) to regress out visual activation. All conditions were then convolved with a canonical hemodynamic response function (HRF) to account for
the hemodynamic delay. Head movement parameters were added as regressors of no interest. The
ten regressors of interest were contrasted against the implicit baseline and then further used in the
second-level random-effects analyses across participants.
The second-level model was a flexible (fractional) factorial design consisting of the factors condition
(2-levels) and time (6-levels for the slowing condition, i.e. 3 levels of tapping and 3 levels during
break and 4-levels for the non-slowing condition, i.e. 1 level of tapping and 3 levels of break). The
second-level analyses focused on identifying brain regions that were active during the motor task
(i.e. average activation of tapping) and changed activity over the course of motor slowing (i.e. contrasting the first 10s of long tapping and the last 10s of tapping). Additionally, we identified areas that
exhibited a differential recovery during the break after the slowing vs. non-slowing condition (i.e.
showed a significant condition × time interaction).
Finally, we contrasted the first 10 seconds of tapping during the slowing condition with the 10 s of
tapping in the non-slowing condition to ensure validity of the control condition. A p-value smaller
than 0.05 family-wise error (FWE) corrected for multiple comparisons was considered statistically
significant. Functional activations were anatomically defined using the anatomy toolbox (Eickhoff et
al., 2005).
4.3.4.2 Results and Discussion of Experiment 4
Again we found a significant increase in the ITI during the motor slowing condition (F(2,24)=64.386,
p<0.001, Figure 4-6A). First we assessed brain activity during finger tapping and identified a typical
sensorimotor network consisting of contralateral M1, premotor area, striatum, bilateral supplementary motor area, and the ipsilateral cerebellum (Figure 4-6B). Additionally, we contrasted the last 10 s
to the first 10 s of the slowing condition to specifically identify brain areas that changed activity over
the course of motor slowing (Figure 4-7A). This revealed a single cluster stretching from contralateral M1 via premotor areas to supplementary motor area, which increased in activity over the course
of the 30 s tapping epoch on motor slowing trials (Figure 4-7A). The inverse contrast (i.e. decreasing
activity during motor slowing) did not reveal any activation in gray matter (not depicted). These
findings corroborate our previous SICI experiment, indicating that the excitation/inhibition balance
of motor cortex changes due to a tapping task, which induces slowing. Additionally, the fMRI results
suggest the involvement of premotor area and supplementary motor area during motor slowing. This
is not surprising as premotor cortex has previously been suggested to be involved in representation
of rhythmic intervals.
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Figure 4-6 (A) Motor slowing during the behavioural task (blue dots) normalized to the non-slowing condition (orange
line). (B) Finger tapping activated a typical sensorimotor network, including contralateral primary sensorimotor areas
(SM1), supplementary motor area (SMA), secondary somatosensory cortex (S2), contralateral striatum (Str) and thalamus
(Tha), as well as ipsilateral Cerebellum (Cb). (pFWE <0.05) (C) Parameter estimates from the above mentioned regions are
shown for three 10 s bins (T1, T2, T3) of motor slowing tapping (blue) and during three 10 s bins (T1, T2, T3) of the consecutive breaks (green). Parameter estimates are also shown for one 10 s bin of non-slowing tapping (orange) and three 10 s bins
(T1, T2, T3) of the consecutive breaks (red). All areas show increasing BOLD activity over the course of motor slowing, most
prominently in SMI, SII and SMA.

We then specifically tried to identify areas that were differentially activated during the rest breaks of
motor slowing vs. non-slowing conditions (Figure 4-7B). We found a significant condition × time
interaction effect in bilateral primary sensory and motor cortices, secondary sensory areas, premotor
areas and supplementary motor areas (note that activation was stronger in the hemisphere contralateral to the tapping hand than in the hemisphere ipsilateral to the tapping hand, Figure 4-7B). Additionally, we found activation in the ipsilateral cerebellum. Closer inspection of the data showed that
the BOLD signal followed a similar pattern in all of these areas: Increasing activation was observed
over the course of the motor slowing tapping (30 s), which was then gradually reduced during the
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break. By contrast, during the non-slowing condition, activity was increased during tapping but immediately dropped back to baseline once the tapping was finished (Figure 4-7C).
Taken together our results show that premotor cortex and supplementary motor areas contralateral
to the tapping hand increase activation during motor slowing. Activity in premotor cortex and SMA
has been shown to represent the sequential structure of rhythmic movements in non-human primates (Crowe, Zarco, Bartolo, & Merchant, 2014; Mita, Mushiake, Shima, Matsuzaka, & Tanji, 2009).
It can therefore be speculated that the observed increase in activity could reflect a change in encoding the rhythmic structure of tapping. Additionally, SMA has been proposed to be involved in
movement initiation and planning (Gerloff, Corwell, Chen, Hallett, & Cohen, 1997; Tanji & Shima,
1994). Investigating significant activity changes exhibiting a condition × time effect during the break
revealed a more widespread, bilateral motor network including SM1, premotor and cerebellar regions.
These areas were identified by assessing changes in activation with a classical block design splitting
our experimental paradigm into equal blocks of ten seconds. This was done for consistency with the
behavioural analysis, however, as already mentioned in experiment 1, the process of motor slowing is
potentially more dynamic than can be captured in 10 s blocks. A parametric approach (i.e. by incorporating ITIs as a parametric modulator into the model) might be better suited to capture more fine
grained dynamics. However, our approach has the advantage that it is less susceptible to movement
artefacts correlated with the ITI, as some subjects tended to make unconscious head movements
that were synchronized with tapping.
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Figure 4-7 Whole brain analysis of different aspects of motor slowing. (A) Areas which show significantly increased activity
in the last compared to the first 10 s of motor slowing include SMA and premotor cortex (pFWE <0.05). (B) Areas which
show a significant condition × time interaction in the rest break after tapping (pFWE <0.05). Differential recovery after motor slowing compared to non-slowing is observed bilaterally in primary sensorimotor cortex, premotor cortex, secondary
somatosensory cortex, striatum and SMA, as well as in ipsilateral cerebellum.

4.4

General Discussion

Here we aimed at identifying supraspinal contributions to motor slowing. We used a multi-modal
approach by combining a standardized behavioural protocol with different neuroimaging and electrophysiological methods. In the first experiment we established a linear relationship between motor
slowing and the subsequent recovery in the break. We then aimed to disambiguate processes involved in motor slowing from movement execution processes by assessing the differential “aftereffects” induced by motor slowing.

4.4.1 Investigating neural after-effects of Motor Slowing
We hypothesized that motor slowing would cause after-effects which could provide a window into
the underlying neural mechanism. The key assumption is that alterations of after-effects are caused
by the same neural substrate as motor slowing itself. This could be questioned, as an alternative explanation might be that motor slowing and its recovery are driven by different brain areas or mechanisms. Support for our initial hypothesis comes from experiments 1 and 4: First, shortening the break
(exp. 1), i.e. disrupting the recovery process after slowing inducing tapping, has clear behavioural
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consequences for subsequent tapping trials. Second, the fMRI data (exp. 4) suggests that the same
structures exhibit gradual changes in activity during slowing inducing tapping and the subsequent
break. Note that the overall activation changes of the motor-network under FWE-correction was
smaller during tapping than during the break, however, applying slightly more liberal statistical
thresholds reveals that the same areas undergo reciprocal activity changes, i.e. the whole sensorimotor network increases its BOLD response during the course of slowing, and reduces activity again
during the break. The higher sensitivity of the fMRI data during the break than during tapping itself
might result from less inter-subject variability at rest. Thus, our data suggest that after-effects manifest themselves in the same large scale brain networks as activity changes occurring during slowing,
even though the precise neural mechanisms were not observable based on the fMRI data. These results are also in line with the concept that motor slowing is one aspect of central fatigue, a phenomenon that has been shown to outlast the movement execution phase (Taylor & Gandevia, 2008) and
is believed to be caused by sub-optimal motor output (Gandevia, Allen, Butler, & Taylor, 1996).

4.4.2 Motor slowing leads to dis-inhibition of primary motor cortex
In the first experiment, we show that motor slowing leads to a “fatigue” after-effect in motor execution because ITIs are larger after short breaks then after longer breaks. One intuitive interpretation
of this result is that motor slowing results from decreasing excitability in M1 because of “central fatigue” due to high frequency tapping. However, our neurophysiological experiments suggest the opposite. Both EEG and SICI results suggest that inhibition is decreased shortly after motor slowing.
More specifically, we found an overall decrease in alpha activity up to almost 20 s after motor slowing and an overall reduction in the beta rebound. Decrease of both rhythms has been linked to disinhibition, even though the precise neural underpinnings might differ: An increase of the beta
rhythm has been proposed to be related to inhibition of movement related neural processing,
whereas an increase of the alpha rhythm has been suggested to act as a mechanism to disengage
areas performing more general computations (Brinkman et al., 2014; Jensen & Mazaheri, 2010). Additionally the beta rebound has been shown previously to originate from primary sensorimotor cortex
(Jurkiewicz, Gaetz, Bostan, & Cheyne, 2006). Reductions of alpha power on the other hand seem to
be more global. This suggests that after-effects of motor slowing involve at least two types of processes: The reduced beta rebound indicates that motor slowing leads to a stronger involvement of
neuronal populations controlling sensorimotor processing. Additionally, the reduction in the alpha
rhythm would reflect stronger involvement of non-motor resources (for example, related to attention). Both processes take longer to disengage after slowing inducing tapping. Moreover, reduction
of both oscillatory markers after slowing inducing conditions but not after the non-slowing inducing
condition strongly suggest that motor slowing is associated with dis-inhibition of the motor system.
The EEG results were further supported by the SICI and fMRI measurements. The SICI protocol
measures activity of GABAA-ergic networks in primary motor cortex (Werhahn, Kunesch, Noachtar,
Benecke, & Classen, 1999b; Ziemann et al., 1996). Additionally, SICI has recently been shown to be
modulated by transcranial alternating current stimulation in the beta band, suggesting that betaband oscillations are promoted via resonance of GABAA-ergic circuits (Guerra et al., 2016). Also, the
reduction in SICI (i.e. disinhibition) is most pronounced early after the slowing inducing tapping
conditions (i.e. for the first SICI pulse), thus, in good agreement with the time course of the beta
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rebound. This observation is further supported by the fMRI results. We found a significant increase
in activity of the motor network after motor slowing compared to the non-slowing condition. Increases in BOLD activation of primary motor cortex are thought to originate from excitatory rather
inhibitory activity of motor cortex (Waldvogel et al., 2000), suggesting a higher level of excitation in
the motor network. Taken together we provided converging evidence from different neurophysiological markers (i.e. alpha/beta oscillations, SICI, BOLD response) that motor slowing leads to a shift of
the excitation-inhibition balance of primary cortex such that slowing is associated with an increasing
level of dis-inhibition (as indicated by the fMRI experiment), which is still observable during the
break (as indicated by converging fMRI, EEG and SICI results). The potential explanation for this
finding is that motor cortex tries to maintain the fast motor output to prevent an even more drastic
break-down of motor performance.

4.4.3 Other brain structures involved in motor slowing
Since motor cortex is strongly dis-inhibited during motor slowing, a potential explanation might be
that slowing originates from an area further upstream feeding into primary motor cortex. In the
fMRI experiment we did not observe any area that showed increased deactivation over the course of
motor slowing. In fact, the BOLD signal trended toward an increase in activation in all motor regions. More stringent statistics revealed two areas strongly increasing activation over the course of
motor slowing: Premotor cortex and supplementary motor areas. Both areas have been shown to be
involved in movement initiation and planning, as well as in the representation of rhythmic movements (Crowe et al., 2014; Gerloff et al., 1997; Mita et al., 2009; Tanji & Shima, 1994). Alternatively, in
a recent study Bonini et al. (2014) found that SMA starts signaling as soon as incorrect muscular activity is executed. It is therefore possible that the increased activity in SMA simply reflects increased
error signaling of SMA due to the mismatch between intended tapping speed and actual tapping
speed (Bonini et al., 2014).
Interestingly for various motor areas we observed that the BOLD response remained elevated during
the first 10 s after the slowing tapping condition was finished. By contrast, the BOLD signal returned
much more rapidly to baseline after the non-slowing tapping condition. One could argue that this
finding simply reflects a time effect in the sense that longer tapping leads to an overall increased
metabolic demand in the motor system, which is then reduced until homeostasis is reached during
the break. However, our electrophysiological data suggests that the differential dynamics during
recovery are not only a metabolic effect but reflect differences in neural activity since we observed a
parallel recovery in alpha and beta power, as well as in SICI after motor slowing.

4.4.4 Potential causes for motor slowing?
Overall we have shown converging evidence for dis-inhibtion in the primary motor cortex during
motor slowing and an overall activation increase of the motor system. Our experiments did not reveal areas that decreased their activation or showed increased inhibition over the course of motor
slowing. How can an increase of cortical excitability be reconciled with the observation that the tapping movements become slower? One potential explanation is that the observed increase in excitability in the motor system is “mal-adaptive”, for example, it might reflect a break-down of surround
inhibition or related selective inhibition mechanisms. Surround inhibition in the motor system de-
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scribes the phenomenon that motor preparation of, e.g., an index finger movement decreases excitability of surrounding fingers (Beck & Hallett, 2011). In terms of motor slowing this suggests that the
increased dis-inhibition of motor cortex reflects a break-down of inhibitory mechanisms that target
muscles not involved in the task. Since surround inhibition is a functional inhibition during movement initiation this could lead to a timing mismatch in activating the agonist versus antagonist muscle (which need to be activated in quick succession during tapping), which would lead to slowing.
The fMRI results show a bilateral change in BOLD activation in primary sensorimotor and premotor
areas. It is known that both left and right M1 are connected via transcallosal fibres (Rouiller, Liang,
Babalian, Moret, & Wiesendanger, 1994; Ruddy, Leemans, & Carson, 2017). Since motor imagery and
execution both lead to an increase in alpha-power, potentially causing inhibition of the ipsilateral
hemisphere (Brinkman et al., 2014), it can be speculated that during motor slowing there is insufficient dis-engagement from the ipsilateral hemisphere over time that could lead to interference. This
would suggest that releasing interhemispheric inhibition might be an alternative explanation for
motor slowing (Ferbert et al., 1992), which could be tested in future experiments.
Potentially, slowing could also be caused at the spinal cord level, however, previous research revealed no evidence suggesting that this is the case. Madrid et al. (2016) investigated motor slowing at
the level of the spinal cord using cervicomedullary stimulation (CMS) and did not find a change in
CMS-evoked potentials after motor slowing, suggesting that it is indeed a supra-spinal phenomenon
(Madrid et al., 2016).

4.5

Conclusion

Here we show converging evidence from EEG, TMS and fMRI measurements that motor slowing
involves areas at the supra-spinal level which exhibit transient neurophysiological changes. Specifically, we show that motor slowing leads to a counter-intuitive shift in the excitation and inhibition
balance of primary motor cortex towards excitation (i.e. more dis-inhibition). Even though paradoxical at first, this shift towards dis-inhibition might reflect a break-down of surround inhibition which
potentially could lead to disrupted synergistic control of agonistic/antagonistic movements, which
ultimately leads to motor slowing. However, more experimental evidence is needed to either confirm
or reject this hypothesis.
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This thesis presented two lines of investigation. Chapters 2 and 3 investigated the effects of entrainment via tACS and SSEPs on the resting human brain. The main aim of these experiments was to
unravel the interaction of entrainment with underlying brain activity. Chapter 4 tested a potential
application for entrainment, namely motor slowing. We used a multi-modal strategy to determine
potential target structures and mechanisms involved in motor slowing for possible future modulation via entrainment or brain stimulation.
Here I will first summarize the main findings of the experimental work presented in this thesis. I will
then elaborate on how insights gained from the experiments presented in chapters 2 and 3 might be
used for future experiments on motor slowing.

5.1

Combining tACS with fMRI

In chapter 2 we investigated the effects of tACS on resting-state networks and established a causal
relationship between the synchronization of neuronal oscillations and the formation of resting-state
networks. We chose to investigate the relationship between entrainment with tACS and brain activity during rest for several reasons. Resting-state fMRI has the advantage that it is independent of
task-dynamics or task-induced changes (Fox & Raichle, 2007) and stable across participants
(Shehzad et al., 2009). Using this method we have to control for one less parameter as it removes the
potential confound of task-dependent changes in oscillations. We showed that if the tACS waveforms are appropriately designed (i.e. based on previous EEG measurements), it is possible to modulate the strength of resting-state networks. In particular we provided evidence that cross-frequency
coupling via power-synchronization is effective for linking oscillatory neural activity across different
temporal scales and critically contributes to the formation of resting-state networks. Importantly our
study is the first incorporating previously measured EEG rhythms into a tACS protocol and using
resting-state fMRI as a read-out. To date, a number of studies have acquired fMRI data during the
application of tACS. However, relatively few have used fMRI to measure the after-effects of tACS
during rest ((Cabral Calderin et al., 2015; Cabral Calderin, Williams, Opitz, Dechent, & Wilke, 2016;
Moisa et al., 2016; Violante et al., 2017; Vosskuhl et al., 2015)). Vosskuhl et al. (2015) did not find any
effects of tACS on the BOLD signal during rest. In contrast to our study they performed short stimulations and looked at event-related effects (i.e. changes in BOLD signal due to bursts of stimulation)(Vosskuhl et al., 2015). So far only Cabral-Calderin et al. (2016) investigated the effects of tACS
on resting-state connectivity (Cabral Calderin et al., 2016). They used 10 and 40 Hz stimulation (8
minutes) with a classical two-electrode setup using either Cz-Oz or bilateral parietal montages. They
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reported mainly unspecific changes in connectivity to areas distal to the stimulation site, which were
most stable for the front-parietal control network. These findings further support our claim that synchronization of the power-envelope is important to modulate within network connectivity. Additionally, the stimulation frequencies in the aforementioned study were not tailored to the individual
EEG spectrum. This suggests that tailoring the stimulation frequency to the individual underlying
brain activity improves efficacy of tACS-protocols. However, we did not test other carrierfrequencies than alpha in our experiment. It therefore remains an open question if other frequencies
are effective as well. Correspondingly, we did not investigate if the effects of our stimulation paradigm can be generalized to other networks or if different networks rely on different stimulation frequencies (as rs-EEG literature would suggest (Liu et al., 2016; Siems et al., 2016)). Also, it appears that
in addition to frequency, phase-specificity of the stimulation is a critical parameter for modulating
long-range connectivity. This is further supported by a recent experiment of Violante et al. (2017),
which showed a phase- and brain-state dependent effect of tACS on long-range connectivity during a
working-memory task (Violante et al., 2017).

5.2

Repetitive sensory stimulation as alternative to tACS

In chapter 3 we tried to address a general problem related to tACS, namely artefacts. Assessment of
tACS with concurrent electrophysiological measurements (i.e. EEG) is generally difficult due to the
introduction of frequency-specific artefacts. A number of studies have proposed artefact cleaning
procedures (Helfrich, Schneider, et al., 2014b; Kristoffer D Fehér, 2016; Voss et al., 2014), however,
combining EEG and tACS remains difficult (Noury et al., 2016). We therefore decided to assess repetitive sensory stimulation as an alternative method to entrain brain oscillations through SSSEPs. We
were able to show that repetitive sensory stimulation is capable of entraining/enforcing phasespecific differences between left and right hemispheres. Additionally, we showed that crossfrequency coupled signals can be entrained by applying two frequencies simultaneously. This opens
the possibility to test interactions between oscillations of different frequency bands and their influence on brain connectivity with repetitive sensory stimulation. Correspondingly, repetitive sensory
stimulation might provide a valuable alternative to tACS to study entrainment, as it does not cause
noise during EEG measurements. Taken together, these results suggest it would be worthwhile to
investigate changes in resting-state functional connectivity following repetitive sensory stimulation
to cross-validate our initial tACS-fMRI study. Especially since our combined tACS-fMRI experiment
showed that the strongest effect on connectivity was in post-central regions (i.e. primary somatosensory cortex, see Figure 4, chapter 2), which also primarily respond to repetitive sensory stimulation
(Mountcastle et al., 1990; Salinas et al., 2000). Previously Ritter et al. (2009) showed that alphaoscillations are strongly correlated with the fMRI signal in post-central gyrus, whereas correlation
with the beta-band was localized more prominently in pre-central gyrus (Ritter et al., 2009). It can
therefore be speculated that the somatosensory system was particularly sensitive to our tACSstimulation protocol because we “hit” the correct intrinsic frequency. As a result it seems promising
to apply repetitive somatosensory stimulation during fMRI in accordance with the protocol we used
in chapter 2 (i.e. power-synchronized or phase-synchronized stimulation at IAF with a 1 Hz envelope). If stimulation of both hands with an anti-phase alpha-signal and an in-phase envelope leads to
a similar increase in resting-state connectivity of bilateral primary sensory areas, we would have con-
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verging evidence that power-synchronization is indeed a causal mechanism for the formation of resting-state networks.

5.3

Motor Slowing

In chapter 4 we investigated the phenomenon of motor slowing as a potential target for non-invasive
brain stimulation. We sought to identify potential target structures and mechanisms using a multimodal approach. We performed a series of experiments investigating the neurophysiological effects
of motor slowing with EEG, TMS and fMRI. Our EEG data showed that motor slowing leads to a reduced beta-rebound after motor slowing, as well as a prolonged reduction in alpha power, both
markers associated with decreased inhibition (Brinkman et al., 2014). Using TMS we further found a
reduction in short-interval intracortical inhibition (SICI) immediately after motor slowing demonstrating increased dis-inhibition of primary motor cortex. In an additional experiment we then
showed an overall increase of activity within the motor network during motor slowing via measurement of the BOLD signal. Taken together our experiments revealed converging evidence that motor
slowing leads to a counter-intuitive shift in the excitation-inhibition balance of primary motor cortex
toward excitation (i.e. more disinhibition). We speculated that this shift towards disinhibition might
be due to a break-down of surround inhibition (Beck & Hallett, 2011) that could potentially lead to a
mismatch in timed control of agonistic/antagonistic movements, which ultimately leads to motor
slowing.
Interestingly a similar shift of the excitation-inhibition balance towards excitation was measured in
Parkinson’s disease (MacKinnon, Gilley, Weis McNulty, & Simuni, 2005), where motor slowing
(bradykinesia) is a pathological symptom. Further, a network wide activation increase similar to
what we observed during motor slowing with fMRI, was previously described during age-related
movement slowing (Mattay et al., 2002). It could therefore be that the observed increase disinhibition might be a general mechanism involved in other forms of motor break-down and modulatory approaches could therefore also lead to new interventions not only in Parkinsons disease, but
also healthy ageing.
However, our measurements so far do not allow us to draw strong conclusions regarding the causal
neuronal mechanisms of motor slowing. Therefore combining the motor slowing paradigm with
tACS or repetitive sensory stimulation might provide further insights into the underlying mechanisms. I will now discuss some possibilities how the shift in excitation-inhibition balance might be
targeted with transcranial current stimulation or repetitive sensory stimulation to gain further insights into the mechanisms of motor slowing, and how we might establish a causal relationship with
respect to the involvement of neuronal oscillations.

5.4

Modulating GABA-ergic connections via tDCS

In chapter 4 we presented a consistent shift of the excitatory-inhibition balance towards excitation
during motor slowing. One important question that remains is whether this shift is causal in nature
(i.e. necessary to maintain motor drive). Our SICI results strongly suggest that the aforementioned
shift in the excitatory-inhibition balance is mainly due to changes in GABAA-ergic circuits (Werhahn, Kunesch, Noachtar, Benecke, & Classen, 1999a; Ziemann et al., 1996). Recently Stagg et al.
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(2014, 2009) showed that anodal tDCS over primary motor cortex down-regulates GABAconcentration within primary motor cortex (Stagg et al., 2014; 2009). A simple first experimental
manipulation would therefore be to apply tDCS during our motor slowing paradigm to causally assess the influence of GABA-ergic inhibition. Note that such an experiment might also have implications for the motor learning literature. The current finding is that online-tDCS improves motor
learning (Nitsche et al., 2003), however, as we demonstrated in chapter 4 when subjects are overtrained in a learned sequence they show prominent motor slowing. It could therefore be that the
online-improvements in motor sequence learning might be explained as a reduction in motor slowing caused by the application of tDCS and not due to faster learning.

5.5

Modulating motor slowing with tACS

An alternative approach to potentially modulate motor slowing would be to stimulate the primary
motor cortex with beta-tACS, which has previously been shown to slow voluntary movement during
a reaching task (Pogosyan et al., 2009) and a go/no-go paradigm (Joundi, Jenkinson, Brittain, Aziz, &
Brown, 2012). In chapter 4 we showed a decrease in the beta rebound after motor slowing, but not
after non-slowing trials (Chapter 4, Figure 3B). We speculated that this reduction is caused by
stronger involvement of neuronal populations involved in sensorimotor processing, which leads to
depression of the beta-rhythm (Brinkman et al., 2014). If the reduction in beta-oscillations is indeed
related to engagement of more computational resources related to sensorimotor processing, then the
application of beta-tACS during motor slowing should block this process (i.e. increase the amount of
motor slowing).
It is noteworthy that gamma-tACS has been proposed to have an opposite, prokinetic effect (i.e. improving motor performance) (Joundi et al., 2012; Moisa et al., 2016). We did not assess gamma activity in our EEG experiment, as it is difficult to measure due to the fact that it coincides with the frequency of micro-saccades (Yuval-Greenberg, Tomer, Keren, Nelken, & Deouell, 2008). However, it
can be speculated that application of gamma-tACS might have similar prokinetic effect in motor
slowing as well.

5.6

Modulating network efficacy with power-synchronized tACS?

In chapter 4 we speculated that the observed change in excitation-inhibition balance might be due
to a break-down of surround inhibition. This potentially leads to a disrupted synergistic control of
agonistic/antagonistic movements (increase in co-contraction), which ultimately is reflected as motor slowing. In other words, the increased activity of the motor system during motor slowing might
be a compensatory mechanism to maintain output efficiency in the course of this breakdown. This
could either be to maintain metabolic demand or maintain facilitatory drive to the cortico-spinal
tract. In chapter 2 we showed that power-synchronized tACS is capable of increasing functional connectivity within the sensorimotor network, especially across hemispheres. An increase of functional
connectivity is typically thought to improve efficiency of information exchange across brain areas (E.
Bullmore & Sporns, 2012; Sporns, 2010). I therefore speculate that the power-synchronized stimulation protocol might improve computational efficiency within the motor network and therefore potentially decrease the behavioural effects of motor slowing. Experimentally testing this would require
focusing on the dynamic interactions across hemispheres during motor slowing. In a first step we
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would need to map the connectivity changes across hemispheres over the course of motor slowing.
This could for example be done with dynamic causal modelling (DCM) (Friston et al., 2003; Stephan
et al., 2010). It is already known that DCM can reveal changes in interhemispheric connectivity during tapping. Grefkes et al. (2008) were able to show that unimanual movement execution leads to a
decrease in connectivity to the contralateral hemisphere (Grefkes, Eickhoff, Nowak, Dafotakis, &
Fink, 2008). However, we would need to confirm if motor slowing modulates interhemispheric connectivity. Since motor slowing is such a stable behavioural phenomenon it might even provide us
with the opportunity to fit a single dynamic causal model to both fMRI and EEG data, potentially
cross-validating/linking the results of both measurement methods. In addition to this analysis, we
then would need to test the behavioural effects of power-synchronized tACS (or a slightly modified
protocol depending on the outcomes of the DCM analysis) on motor slowing. Given that powersynchronized tACS has a behavioural effect on motor slowing, one could then further study the interactions of tACS with motor slowing based on the previously established model (e.g. in a combined
tACS-fMRI experiment using the motor slowing paradigm).

5.7

Modulation of motor slowing via repetitive sensory stimulation

In chapter 3 we showed that repetitive somatosensory stimulation is capable of inducing similar entrainment effects as tACS. This suggests that the experiments proposed above might also be possible
using repetitive sensory stimulation instead of tACS. Note, however, that even though it is well established that repetitive sensory stimulation evokes steady-state evoked potential in the somatosensory system (Mountcastle et al., 1990; Snyder, 1992), we still do not completely understand how this
stimulation interacts with the motor system. So far a number of clinical and non-clinical studies report enhancement of various aspects of sensorimotor functioning in response to repetitive tactile
stimulation, however, the effects seem to be highly dependent on the stimulation protocol used (Parianen Lesemann, Reuter, & Godde, 2015). TMS studies report a muscle-specific decrease in SICI following either repetitive electrical (Ridding, Pearce, & Flavel, 2005) or repetitive vibrational stimulation (Rosenkranz & Rothwell, 2003). Interestingly, Rosenkranz & Rothwell (2003) showed a surround
inhibition effect in the sense that SICI was decreased for the stimulated muscle, but increased for the
surrounding muscles (Reis et al., 2008; Rosenkranz & Rothwell, 2003). Therefore, if motor slowing is
indeed caused by a “mal-adaptive” breakdown of surround inhibition, muscle-specific application of
repetitive sensory stimulation might provide a means to interventionally test this (e.g. by modulating
surround inhibition during motor slowing).

5.8

Conclusion

This thesis presented the results of three projects. The first two chapters examined the physiological
effects of entrainment during rest. In chapter 2 we showed how cross-frequency coupling mechanisms can be exploited to strengthen resting-state networks. Specifically, we demonstrated that
power-synchronization causally contributes to the formation of resting-state networks. This offers
new possibilities to study functional connectivity as it allows targeted modulation of network connectivity. Further it could lead to new interventions for patients with altered rs-fMRI connectivity
(Alaerts et al., 2014; Greicius, 2008). In chapter 3 we showed that cross-frequency coupled signals can
also be introduced to the brain via repetitive sensory stimulation. This allows for modulation as well
as investigation of cross-frequency coupling mechanisms during electrophysiological measures (i.e.
97
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EEG), which are problematic to combine with tACS (Noury et al., 2016). Additionally it allows for
future cross-validation of the tACS-fMRI experiment, since it allows us to apply similar signals to the
sensorimotor system.
In chapter 4 of the thesis we investigated the phenomenon of motor slowing using a multi-modal
approach and identified a shift in the excitatory-inhibitory balance within primary motor cortex as a
potential cause of motor slowing. We suggested that this shift is caused by a break-down in surround
inhibition within primary motor cortex. This break-down in turn leads to a mismatch in control of
agonistic and antagonistic movements (i.e. increased co-contractions) which ultimately causes motor slowing. This insight opens new avenues to investigate motor slowing as we now have a potential
target mechanism for modulation via brain stimulation, some of which we discussed in the last section of this thesis. Taken together, I therefore suggest that to draw conclusive inference about the
effects of tACS (or any NIBS method in general) on a physiological level it is critical to combine entrainment with neuroimaging techniques, either directly in the same experiment, or before an experiment to identify the critical parameters related to the question at hand. The entrainment of neuronal oscillations provides a useful method to modulate brain oscillations, which opens new possibilities to examine long-range connectivity via interventional studies.
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