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Abstract 

Rhythmic activity of the healthy human brain has been linked to a vast amount of behavioral 

functions. To investigate causal relationships, previous research has suggested different meth-

ods to alter ongoing oscillations and observe the resulting changes in behavioral outcome 

measures. Rhythmic sensory stimulation, such as flickering lights or vibrotactile stimulation, 

has been introduced as one of these methods with the advantage of enabling simultaneous 

stimulation and electrophysiological measurement (e.g. with electroencephalography, EEG) of 

neural activity. Although early recordings of human electrophysiological brain activity found 

that rhythmic sensory stimulation produces brain activity that includes the rhythmic pattern of 

the stimulation input, it is still debated  whether these neural responses actually reflect modu-

lations of endogenous brain oscillations or simply a series of evoked potentials, without an en-

gagement of ongoing neural activity. In the present thesis, we investigated whether brain re-

sponses to rhythmic sensory stimulation reflect neural entrainment, and how human behavior 

can be modulated with this method of external stimulation.  

Our first experiment (chapter 2) investigated the effects of alpha and beta rhythmic vibrotactile 

stimulation on neuronal activi ty in the somatosensory cortex. By revealing a dependency be-

tween the neural response to the stimulation and ongoing beta oscillations, our results provide 

evidence for an entrainment effect of rhythmic sensory stimulation. 

Building on this finding, we aimed to use vibrotactile stimulation to modulate sensory percep-

tion (i.e. detection of a tactile stimulus) in chapter 3. We found that rhythmic sensory stimula-

tion can alter neuronal information processing by modulating sensory perception, even though 

sensory stimulation revealed strong masking effects on subsequent tactile detection. 

In chapter 4, we investigated the effects of bilateral visual alpha (10 Hz) and gamma (40 Hz) 

stimulation on neural activity in the visual system and if it modulat es the subjective perception 

of bistable motion. We acknowledge that the chosen study design was not ideal to reveal the 

expected effect of alpha power on perception. Further, we also failed to find the hypothesized 

effect of gamma stimulation on interhemispheric connectivity and perception. We argue that 

the chosen study design and resonance-like responses in the visual system led to these results. 

In chapter 5, we used rhythmic visual entrainment and reinstatement  of theta (6 Hz) and alpha 

(10 Hz) oscillations to modulate performance in a recognition memory task. The hypothesized 

memory formation improvement resulting from theta entrainment could not be revea led. In 

addition, reinstatement of visual stimulation during retrieval did not enhance memory perfor-

mance. In conclusion, our results revealed that frequency variations of visual entrainment  are 

not sufficient to evoke reinstatement effects on memory. 
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In chapter 6, we investigated how visual contexts such as background colors, landscape pic-

tures, or virtual environments presented during encoding influence memory performance 

when reinstated during later free recall. In addition, we tested the influence of neural rein-

statement via flickering backgrounds on memory recall under reinstated and not-reinstated 

conditions. Our results show convincingly that visual contexts alone are not sufficient to induce 

effects of context-dependency. In line with the finding fro m chapter 5, we further revealed evi-

dence against the hypothesis that sensory reinstatement of brain oscillations benefits memory 

performance. 

In the final chapter, we discuss how the findings from all experimental chapters establish in-

sight into the feasibility of rhythmic sensory stimulation as method to entrain brain oscilla-

tions. Specifically, we discuss whether rhythmic sensory stimulation should be used to modu-

late human behavior such as perception and memory. 
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Zusammenfassung 

Die rhythmische AktivitŠt des gesunden menschlichen Hirns steht in enger Verbindung mit 

verschiedenen Verhaltensfunktionen. Um KausalzusammenhŠnge zu untersuchen, wurden 

verschiedene Methoden vorgeschlagen, um die kontinuierliche  neuronale AktivitŠt zu modulie-

ren und daraus resultierende €nderungen des menschlichen Verhaltens zu beobachten. 

Rhythmische sensorische Stimulation wie z. B. flackerndes Licht oder vibrotaktile Stimulation 

ist eine mšgliche Methode. Die sensorische Stimulation hat den Vorteil, dass eine Stimulation 

und elektrophysiologische Messung der neuronalen AktivitŠt (z. B. mittels Elektroenzephalo-

graphie, EEG) gleichzeitig mšglich ist . Bereits frŸhere elektrophysiologische Aufzeichnungen 

menschlicher HirnaktivitŠt zeigten, dass rhythmische sensorische Stimulation eine AktivitŠt 

erzeugt, welche sich dem rhythmischen Muster der Stimulation angleicht. Ob diese neuronalen 

Reaktionen allerdings tatsŠchlich einer Modulation der endogenen HirnaktivitŠt  entsprechen 

oder eine Reihe evozierter Potentiale widerspiegeln, ist noch nicht eindeutig geklŠrt. In der vor-

liegenden Arbeit haben wir untersucht, wie das Hirn auf rhythmische sensorische Stimulation 

reagiert und wie das menschliche Verhalten mit dieser Methode der externen Stimulation mo-

duliert werden kann. 

In einem ersten Experiment (Kapitel 2) haben wir die Auswirkungen vibrotaktiler Stimulation 

im Alpha- und Beta-Frequenzbereich auf die neuronale AktivitŠt im somatosensorischen Kortex 

untersucht. Unsere Ergebnisse liefern Hinweise auf einen modulierenden Effekt der rhythmi-

schen sensorischen Stimulation auf die endogene HirnaktivitŠt , indem eine AbhŠngigkeit der 

neuronalen Reaktion auf die Stimulation von intrinsischen Beta-Rhythmen gezeigt wird. 

Darauf aufbauend versuchten wir in Kapitel 3 die sensorische Wahrnehmung (d.h. das Erken-

nen eines taktilen Reizes) durch vibrotaktile Stimulation zu modulieren. Wir zeigten, dass eine 

rhythmische sensorische Stimulation die neuronale Informationsverarbeitung verŠndern kann, 

indem sie die sensorische Wahrnehmung moduliert, obwohl jegliche sensorische Stimulation 

einen starken Maskierungseffekt auf die nachfolgende taktile Erkennung aufwies. 

In Kapitel 4 untersuchten wir die Auswirkungen einer bilateralen visuellen Alpha- und Gamma-

Stimulation auf die neuronale AktivitŠt im visuellen System und deren Modulation der subjek-

tiven Wahrnehmung bistabiler Bewegungen. Aus den Resultaten schliessen wir, dass das ge-

wŠhlte Studiendesign nicht ideal war, um die erwarteten Auswirkungen von Alpha AktivitŠt auf 

die Wahrnehmung aufzuzeigen. Ausserdem konnten wir den erwarteten Effekt der Gamma-

Stimulation auf die interhemisphŠrische KonnektivitŠt und die visuelle Wahrnehmung nicht 

finden. Wir argumentieren, dass das gewŠhlte Studiendesign und resonanzŠhnliche Effekte im 

visuellen System zu diesen Ergebnissen gefŸhrt haben. 



 
VIII 

In Kapitel 5 haben wir rhythmische visuelle Modulation und Wiederherstellung von Theta- und 

Alpha-Oszillationen verwendet, um die Leistung in einer GedŠchtnisaufgabe zu modulieren. 

Die erwartete Verbesserung der GedŠchtnisbildung infolge von Theta-Stimulation konnte nicht 

gezeigt werden. DarŸber hinaus verbesserte die Wiederherstellung der visuellen Stimulation 

wŠhrend des Abrufs die GedŠchtnisleistung nicht . Zusammenfassend haben unsere Ergebnisse 

gezeigt, dass variierende Frequenzen von rhythmischer visueller Stimulation nicht ausreichen, 

um kontextbezogene Effekte im GedŠchtnis hervorzurufen. 

In Kapitel 6 haben wir untersucht wie sich visuelle Kontexte wie Hintergrundfarben, Land-

schaftsbilder oder virtuelle Umgebungen, die wŠhrend dem Lernen von Wšrtern dargestellt 

werden, auf die Speicherleistung auswirken, wenn sie beim spŠteren GedŠchtnisabruf wieder-

hergestellt werden. Ausserdem haben wir den Einfluss von wiederhergestellter neuronaler Ak-

tivitŠt mithilfe von  flackernden HintergrŸnden auf den GedŠchtnisabruf getestet. Unsere Er-

gebnisse zeigen Ÿberzeugend, dass visuelle Kontexte allein nicht ausreichen, um kontextab-

hŠngige Effekte hervorzurufen. In †bereinstimmung mit dem Ergebnis aus Kapitel 5 haben wir 

ferner gezeigt, dass die sensorische Wiederherstellung von HirnaktivitŠt  die GedŠchtnisleis-

tung nicht fšrdert.  

Im letzten Kapitel diskutieren wir, was aus den Erkenntnissen aller experimenteller Kapitel Ÿber 

den Einsatz einer rhythmischen sensorischen Stimulation als Methode zur VerŠnderung von 

HirnaktivitŠt abgeleitet werden kann. 
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CHAPTER 1 

 

1.! General introduction 

1.1! Rationale 

Many functions of the healthy human brain, such as, perception and cognition, rely on coordi-

nated brain activity. The fundamental mechanism of such coordinated activity is reflected in 

synchronized neural oscillations. Further, abnormal neural oscillations have been reported to 

represent pathophysiological brain functioning, for example in schizophrenia, autism, bipolar 

disorder, epilepsy, or ParkinsonÕs disease (e.g. Schnitzler & Gross, 2005). The desire to externally 

change neural oscillations has therefore risen amongst researchers, medical practitioners and 

therapists. Methodological advances in the last decades resulted in the development of differ-

ent neuroscientific methods to modulate neural oscillations, enabling a more direct study of 

the causal roles of oscillatory brain activity in healthy and pathological human brain functions. 

These methods of non-invasive neural entrainment, which use mostly electrical or magnetic 

stimulation, further suggest to be suitable to modulate the behavioral correlates of the under-

lying brain oscillations. Performance modulating effects have been studied mostly in percep-

tion and memory of healthy human subjects (Ba"ar, Ba"ar-Ero#lu, Karaka", & SchŸrmann, 

2000). However, online interactions of electrical and magnetic brain stimulation with ongoing 

neural oscillations are still poorly understood. The main reasons for this are induced artifacts 

during stimulation, leading to rhythmic contaminations of recorded neural signals (e.g. with 

electroencephalography, EEG) (Thut, Schyns, & Gross, 2011). An alternative form of frequency-

specific modulation of brain oscillations, which does not suffer from the above-mentioned ca-

veat, is discussed to be achieved with rhythmic sensory stimulation. For a long time, rhythmic 

stimulation of sensory receptors (visually, auditory, or tactile) has been known to produce brain 

activity, which resembles neural oscillations (Regan, 1977). These steady-state evoked potentials 

(SSEPs) follow the rhythmic pattern of the driving stimulus and appear in cortical brain regions 

that process the incoming perceptual information (for a review, see Vialatte, Maurice, Dauwels, 

& Cichocki, 2010). However, it is still debated whether these brain responses reflect entrained 

brain oscillations, or simply regular repetitions of evoked potentials. 

This thesis aims to investigate sensory rhythmic stimulation as method of neural entrainment 

and discusses its applicability to modulate human behavior. Experimental evidence from five 
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studies will be presented and offers the basis for a general discussion with conclusive thoughts 

in the final chapter of this thesis. 

1.2! Neural oscillations 

1.2.1! Fundamentals of oscillations 

Our everyday lives are largely shaped by cyclical phenomena such as the alternation of day and 

night, different seasons, or the rising and ebbing of the tide. These cyclical changes are exam-

ples of oscillations, which can be described as a rhythmic fluctuation between states of a sys-

tem (Cohen, 2015). As human beings, we also never remain in a steady-state, but instead, expe-

rience more or less regularly repeating changes due to biological rhythms. Our sleep-wake cy-

cle, hormonal/ menstrual cycles, or the expansion and contraction of our lungs to resupply the 

body with oxygen are just some of many examples. This regularity of repeating events, which 

produces rhythms, is a key feature of an oscillation. Oscillations are embodied by three charac-

teristics: frequency, amplitude and phase (Figure 1.1). Frequency describes the amount of cycles 

of an oscillation within a given time period. The common unit to state frequency is ÔHertzÕ (Hz) 

and indicates the amount of cycles per second. In the brain, frequencies in the range of less 

than one Hertz up to several hundred Hertz have been observed and are mostly described as 

frequency bands in relation to distinct cortical networks and functions (Buzs‡ki & Draguhn, 

2004; Mantini, Perrucci, Del Gratta, Romani, & Corbetta, 2007). The second characteristic of an 

oscillation, amplitude, refers to its size. The amplitude of a system can be directly converted 

into the unit of power and is used to describe the intensity of an oscillation. An increase in the 

power of brain oscillations can be detected, when the firing synchronization between different 

neurons increases, or when the number of neurons that are firing synchronously increases. 

Lastly, the phase of an oscillation informs us about the specific position along the time axis. 

This information is often referred to as the current state of a system. The units used to describe 

phase values are radians or angles. The phase of ongoing neuronal oscillations gives insights 

into the firing timing of neurons and therefore the state of activity.  
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Figure 1.1 The three characteristics of an oscillation: Frequency, amplitude and phase. Top: Oscillation 

with a given frequency (= cycles per second) and increasing power (i.e. amplitude). Bottom: Time-series 
of phase angles derived from the oscillation depicted in the top. Note that phase angles are independent 

of the power of the oscillation. 

 

Oscillations serve an important purpose by allowing predictions about future events. This is 

due to the regularity of the cyclic time frame of an oscillation, which predicts more or less pre-

cisely the re-occurrence of a certain state. However, oscillations also have the capability to 

change over time. Although this seems to undermine its function as future predictor, this fea-

ture also serves an important purpose. The ability of the characteristics of an oscillation to be 

non-static allows the system to be more flexible. The capability to adapt to environmental 

changes is a key requirement of all living organisms. Efficient oscillations, such as brain oscilla-

tions, therefore need to be in a balance between static constancy and unstable flexibility. They 

have to be stable enough to be reliable predictors, but flexible enough to adapt to induced 

changes. The induction of modifications to an oscillation is called entrainment and in the con-

text of brain oscillations neural entrainment. 

1.2.2! Oscillations in the brain 

Oscillations in the human brain have been one of the most studied topics in neuroscientific 

research since their discovery in the early 1920Õs. They have been associated with human per-

ception, cognition and behavior, and are known to be impaired in many pathophysiological 

brain functions. Oscillatory activity in the human brain has been recorded at different organiza-
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tional levels, ranging from a single neuron firing in sequences, larger groups of neurons which 

synchronize their firing pattern through synaptic interaction , and synchronized activity be-

tween different brain regions through structural connections  (Buzs‡ki & Draguhn, 2004; 

Roopun et al., 2008; Wang, 2010). In the following, we focus on brain oscillations which are 

strong enough to be detectable with non-invasive methods (e.g. EEG, see below), i.e. reflecting 

the synchronized rhythmic activity from a large ensemble of neurons. Such strong electric fields 

have been described to be produced by synchronized extracellular currents reflecting dendritic 

postsynaptic potentials in thousands to millions of pyramidal cells in the cortex (Bear, Connors, 

& Paradiso, 2007). In humans, a large amount of this synchronicity is coordinated by thalamic 

neurons which act as pacemakers for cortical oscillations (e.g. Steriade, 2005). Cells in the thal-

amus can generate rhythmic, self-sustaining discharge patterns which synchronize with many 

other thalamic neurons. Thalamo-cortical axons then pass these coordinated rhythms to corti-

cal layers where this oscillatory activity is carried over to neurons in the cortex. There are also 

cortical oscillations which do not depend on thalamic input, but instead oscillate from interac-

tions between excitatory neurons and inhibitory interneurons (Buzs‡ki, Anastassiou, & Koch, 

2012). Note that this thesis renounces a more detailed and integral description of the mecha-

nisms of how oscillations in the brain are generated and propagated, first, because this would 

exceed the scope of this thesis, second, because many aspects about brain oscillations are still 

under debate (see Buzs‡ki, 2006; Cohen, 2017).  

1.2.3! Functions of neural oscillations 

Neural oscillations are linked to a variety of perceptual, sensorimotor, and cognitive functions 

(Arnal & Giraud, 2012; Ba"ar et al., 2000; Engel, Kšnig, Kreiter, Schillen, & Singer, 1992; Fries, 

2005; Herrmann, Munk, & Engel, 2004; Singer & Gray, 1995). In more general terms, a wide 

range of research has supported the idea that neural oscillations serve the purpose of infor-

mation processing in the brain (Buzs‡ki & Draguhn, 2004; Pšppel & Logothetis, 1986; Singer, 

1993; Thut, Miniussi, & Gross, 2012; Ward, 2003). Regarding the three characteristics of oscilla-

tions, frequency, amplitude and phase, the functional roles of neural oscillations have been 

mostly described in different ranges of frequencies (i.e. frequency bands) and in regard of varia-

tions in excitatory or inhibitory states of local neuronal populations (Buzs‡ki & Draguhn, 2004; 

Lakatos et al., 2005). These cyclical changes are either described in form of phase fluctuations 

of the oscillation over short time periods (i.e. phase angles), or as power changes in a certain 

frequency band.  

A possible explanation for the interrelation between phase and power regarding the given 

state of the underlying neuronal population, could be the following: An increase in power in a 

given frequency band is measured when an increased number of neurons fires in synchrony 
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(Fries, 2005). At certain phases, a large number of neurons are in an excitatory state, whereas at 

the opposite phase angle, the synchronized neural population is in an inhibitory state 

(Klimesch, Sauseng, & Hanslmayr, 2007; Lakatos et al., 2005; Schroeder & Lakatos, 2009; 

Steriade, McCormick, & Sejnowski, 1993). On the other hand, small amplitudes in the EEG repre-

sent desynchronized neural populations, constituting of various phase positions of the oscilla-

tion at any point in time. Consequently, a certain number of neurons is always in an excitatory 

state, thus processing some amount of information. This could explain, why power increases in 

certain frequency bands are associated with inhibitory processes (e.g. in sensory perception). In 

regard of the temporal pattern of neural oscillations in the human brain, five frequency bands 

have been described, which are named after Greek letters in chronological order of their dis-

covery. These include: alpha (around 8 Ð 12 Hz), beta (around 15 Ð 30 Hz), gamma (> 30 Hz), delta 

(around 0.5 Hz Ð 3 Hz), and theta (around 4 Hz Ð 7 Hz). These frequency bands have been de-

scribed in relation to distinct cortical networks (Buzs‡ki & Draguhn, 2004; Mantini et al., 2007) 

and also in association with various brain functions and behavioral correlates (e.g. Ward, 2003). 

Note that the distinction in frequency bands is somewhat vague and there is no exact defini-

tion of the range of frequencies in each band.  

In the following, I will provide a brief overview of the different frequency bands and their func-

tional role they have been associated with in the healthy human brain. A more detailed exposi-

tion of roles of brain oscillations in perception and memory will be discussed in the subsequent 

sub-chapters.  

 

1.2.3.1! Frequency bands of neural oscillations 

The alpha rhythm was the first oscillation measured in the human brain by Hans Berger 

(Berger, 1929). The oscillation, showing often a clear peak at around 10 Hz, has since been the 

most studied of the human brain rhythms. An increase in alpha power has been reported dur-

ing relaxed wakefulness (Lindsley, 1952), whereas a decrease in alpha is related with the execu-

tion of, or the cognitive engagement in a task (Pfurtscheller & Aranibar, 1979; Pfurtscheller & 

Lopes da Silva, 1999; Pfurtscheller, Neuper, & Mohl, 1994). For this reason, alpha was long 

thought to reflect a mechanism of cortical idling. More recent research however, found alpha 

to have a more active role in gating information by inhibiting task-irrelevant areas (Jensen & 

Mazaheri, 2010; Klimesch et al., 2007). Most prominently, alpha oscillations have been associat-

ed with sensory perception in the visual and somatosensory domain and memory processes. 

Beta oscillations are classically interpreted as sensorimotor rhythm. A desynchronization dur-

ing movement and sensory stimulation in combination with a subsequent strong increase in 

synchronization, led to the believe that beta was the idling correlate of the motor and soma-

tosensory cortices (Pfurtscheller, 1981; Pfurtscheller, Stancak Jr, & Neuper, 1996b). Like in alpha, 
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recent findings however suggest a more active role for beta oscillations. Because the pattern of 

desynchronization and synchronization resulting from stimulation resembles alpha activity, 

beta is thought to play a role in sensory gating in the sensorimotor system (Neuper, Wšrtz, & 

Pfurtscheller, 2006). Reviewing the scarce literature, in comparison to other frequency bands, 

on the functional significance of beta, Engel and Fries (2010) conclude that beta relates to the 

maintenance of the current activity pattern in the motor system. A similar role has been found 

in cognitive and perceptual tasks, where beta inhibits unexpected or novel external events. 

Thus, the functional role of beta can be interpreted as signaling the Ôstatus quoÕ (Engel & Fries, 

2010). Recent findings, extended this view by showing content-specific beta activity during 

information processing in working memory and decision-making tasks (Spitzer & Haegens, 

2017).  

Gamma band oscillations reflect neural rhythms faster than 30 Hz and are found in many brain 

structures associated with various functions. In the visual cortex, gamma has been measured 

during perceptual binding or grouping of different stimulus features  (Tallon-Baudry & 

Bertrand, 1999). In this context, gamma band oscillations allow short-distance communication 

between neural populations, each processing a specific attribute of the visual input (e.g. direc-

tion, color, location). Gamma also plays a role in binding information between different modali-

ties. For example, studies have found that a single flash presented alongside two auditory 

stimuli, will sometimes be perceived as two flashes (Bhattacharya, Shams, & Shimojo, 2002; 

Shams, Kamitani, & Shimojo, 2002). This sound-induced illusion is dependent on gamma syn-

chronization between visual and auditory areas, higher synchrony resulting in more pro-

nounced misperceptions. Other functional roles of gamma band oscillations are considered to 

be in memory formation, attention and movement preparation  (Fries, 2009; Jensen, Kaiser, & 

Lachaux, 2007).  

For a long time, delta band oscillations have been primarily associated with slow wave sleep 

(Amzica & Steriade, 1998; Steriade et al., 1993), but have more recently also been found during 

learning and motivational and reward processing (Knyazev, 2007, 2012). Moreover, they likely 

play a role in temporal orienting to upcoming events (Schroeder & Lakatos, 2009). 

Theta rhythms have been shown to correlate with fear conditioning  (Lesting et al., 2011; 

Seidenbecher, Laxmi, Stork, & Pape, 2003) and uncertainty during explorative behavior 

(Cavanagh, Figueroa, Cohen, & Frank, 2012). Further, theta band activity, especially in the hip-

pocampus, has been shown to serve a crucial function in episodic and working memory (Lega, 

Jacobs, & Kahana, 2012; Nyhus & Curran, 2010; Raghavachari et al., 2001; T. Staudigl & 

Hanslmayr, 2013). 

Although research from the last decades provide consistent evidence of the involvement of 

distinct frequency bands of neural oscillations in the processing of human cognition, percep-
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tion and behavior, a clear allocation of frequency to function is mostly not appropriate. First, 

each frequency band has been connected to various brain functions, and vice versa, each brain 

functions has been found to be correlated with a variety of frequency bands (e.g. for memory 

processes, see Hanslmayr & Staudigl, 2014). Second, neural oscillations are often organized in 

hierarchies of frequencies coordinating other frequencies of different temporal scales (Canolty 

& Knight, 2010; Jensen & Colgin, 2007). This phenomenon is called Ôcross-frequency couplingÕ, 

and has been a research focus of recent advances for a unifying theory of the functional rele-

vance of different neuronal frequency bands. 

 

1.2.3.2! Neural oscillations and perception 

As introduced above, neural oscillations are thought to reflect rhythmic fluctuations in the ex-

citability of neural populations. Most findings that support this hypothesis, come from research 

investigating perceptual processing across different modalities in relation to neural oscillations 

(Iemi, Chaumon, Crouzet, & Busch, 2017; Lakatos et al., 2005; Schroeder, Wilson, Radman, 

Scharfman, & Lakatos, 2010; Weisz et al., 2014). If neural oscillations are in a state of high excit-

ability, processing of a sensory input is amplified, whereas states of low excitability coincide 

with a decreased probability of information processing of a sensory input (Arnal & Giraud, 2012; 

Neuling, Rach, Wagner, Wolters, & Herrmann, 2012; VanRullen, 2016). In other words, neural 

oscillations reflect the brainÕs mechanism of filtering sensory information. Such filtering of per-

ceptual input is essential to avoid overflow and provides the basis of attentional processes 

across modalities (Ba"ar, 2004). The two modalities which have gained most interest in the 

research of an involvement of neural oscillations in perceptual processes, are the visual and the 

somatosensory domain. 

If presented with a near-threshold stimulus, the phase of brain oscillations at various frequen-

cies in the visual and somatosensory domain, has been related to trial-by-trial fluctuations in 

perceptual performance (Ai & Ro, 2014; Baumgarten, Schnitzler, & Lange, 2015; Busch, Dubois, 

& VanRullen, 2009; Hanslmayr, Volberg, Wimber, Dalal, & Greenlee, 2013; Mathewson, Fabiani, 

Gratton, Beck, & Lleras, 2010; Mathewson, Gratton, Fabiani, Beck, & Ro, 2009; VanRullen, Busch, 

Drewes, & Dubois, 2011). Speed of sensory processing has also been shown to be associated to 

the phase of ongoing brain oscillations. This was concluded from findings showing that reac-

tion times to a stimulus were correlated with the phase of ongoing brain oscillations (Drewes 

& VanRullen, 2011; FrŸnd, Busch, Schadow, Kšrner, & Herrmann, 2007). Confirming the hypoth-

esis that oscillatory phases reflect fluctuations of more and less optimal frames for perceptual 

processing, another line of research has shown that two stimuli presented shortly after each 

other in certain oscillatory phases, will be merged and perceived as single stimulus (Ronconi, 

Oosterhof, Bonmassar, & Melcher, 2017; Samaha & Postle, 2015; VanRullen & Koch, 2003). 
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As discussed above, synchronized fluctuations of excitatory and inhibitory states of cortical 

networks are closely related to the measured power of the system. Therefore, it may come as 

no surprise that similar findings on perceptual performance and reaction times have been 

made in regard of power of ongoing neural oscillations (Kilavik, Zaepffel, Brovelli, MacKay, & 

Riehle, 2013; Lange, Oostenveld, & Fries, 2013; Linkenkaer-Hansen, Nikulin, Palva, Ilmoniemi, & 

Palva, 2004; Pfurtscheller, Stancak Jr, & Neuper, 1996a; Romei, Rihs, Brodbeck, & Thut, 2008). 

Linkenkaer-Hansen et al. (2004) found participantsÕ detection rate and reaction time to a near-

threshold tactile stimulus to be improved with intermediate levels of preceding oscillatory 

power in the somatosensory system for both, alpha and beta oscillations. More recent studies 

found similar effects of alpha and beta oscillations, however mostly reporting a more linear 

relationship between oscillatory power and sensory detection. For example, Frey et al. (2016), 

which had participants perform a near-threshold detection task, found reduced alpha and beta 

power in the contralateral somatosensory region prior to detected stimuli compared to unde-

tected (Frey et al., 2016). In the visual domain, most research has focused on alpha oscillations, 

reflecting similar functional mechanisms of oscillatory power and perceptual performance as 

seen in the somatosensory domain (Hanslmayr et al., 2007; Klimesch et al., 2007; Romei, 

Brodbeck, et al., 2008; van Dijk, Schoffelen, Oostenveld, & Jensen, 2008). This correlation be-

tween likelihood of perception and prestimulus alpha power confirms the assumption of alpha 

as an inhibitory rhythm. 

Another neural oscillatory frequency band that gained a lot of attention especially in associa-

tion with visual perception is gamma. Electrophysiological studies have shown that gamma 

oscillations are related to sensory processing, feature binding, perceptual switching of bistable 

stimuli, visual suppression and perceptual decision making (Ba"ar-Eroglu, StrŸber, Kruse, Ba"ar, 

& Stadler, 1996; Castelhano, Rebola, Leit‹o, Rodriguez, & Castelo-Branco, 2013; Honkanen, 

Rouhinen, Wang, Palva, & Palva, 2015; Panagiotaropoulos, Deco, Kapoor, & Logothetis, 2012). 

When a visual input is received in both visual hemifields, perception of a consistent single visu-

al field is thought to be facilitated by interhemispheric synchronization between early visual 

areas of both hemispheres in the gamma band (Bressler, Coppola, & Nakamura, 1993; 

Gazzaniga, 2000; Mima, Oluwatimilehin, Hiraoka, & Hallett, 2001; Srinivasan, Russell, Edelman, 

& Tononi, 1999). The constructive feature of bilateral visual perception is emphasized by alter-

nating visual awareness to physically unchanged stimuli in visual illusions. Examples of such 

ambiguous illusions are the Necker Cube, structure-from -motion (SFM), the spinning wheel 

illusion or stroboscopic alternative motion (SAM; also: motion quartet), which have been ex-

tensively studied in regard of the underlying neuronal mechanisms of bistable perception (for 

reviews, see Leopold & Logothetis, 1999; Sterzer, Kleinschmidt, & Rees, 2009). It has been sug-

gested that synchronized gamma activity (also: coherence) increases during interhemispheric 

communication, therefore facilitating feature binding from both visual hemifields (Bressler et 
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al., 1993; Doesburg, Kitajo, & Ward, 2005; Mima et al., 2001; Srinivasan et al., 1999; StrŸber, 

Ba"ar-Eroglu, Hoff, & Stadler, 2000). 

 

1.2.3.3! Neural oscillations and memory 

In order to maintain a coherent internal representation of the outside world, the human brain 

extracts and integrates new environmental information that accompanies perception (Cowan, 

1988). This rhythmic synchronization of neuronal activity in and between neuronal populations 

is not only a key mechanism for perception processes (VanRullen, 2016), but also for the inte-

gration of new experiences into existing neural representations, allowing for the formation of 

new memories (Fell & Axmacher, 2011). Research has established a strong link between neural 

oscillations and the formation of new episodic memories (DŸzel, Penny, & Burgess, 2010; 

Hanslmayr & Staudigl, 2014; Klimesch, 1999). The successful encoding of visual stimuli has 

been characterized by an increase in theta and gamma and a decrease in alpha power (Friese et 

al., 2013; Osipova et al., 2006). Theta oscillations serve to order and bind perceptual information 

which is reflected in gamma synchronization processes. Thus, these two frequency bands form 

a neuronal coupling (Lisman & Jensen, 2013). This is confirmed by theta-gamma phase-

amplitude coupling processes (Canolty et al., 2006), which increase with successful memory 

encoding in cortical networks (Friese et al., 2013; Heusser, Poeppel, Ezzyat, & Davachi, 2016; 

Kšster, Martens, & Gruber, 2019; T. Staudigl & Hanslmayr, 2013). Reduced alpha oscillations 

during successful encoding may reflect the visual cognitive and attention gating processes 

described above (Jensen & Mazaheri, 2010; Klimesch, 2012; Kšster et al., 2019). 

Episodic memory refers to humans' ability to mentally reconstruct past events. Recent studies 

have found evidence that remembering entails the reinstatement of brain activity that was 

present when an event was initially experienced (Hanslmayr & Staudigl, 2014; Jafarpour, 

Fuentemilla, Horner, Penny, & Duzel, 2014; Waldhauser, Braun, & Hanslmayr, 2016; Wimber, 

Maass, Staudigl, Richardson-Klavehn, & Hanslmayr, 2012). Wimber et al. (2012) found tha t spe-

cific patterns of neural activation measured during an encoding event reoccur during success-

ful retrieval. This principle has been tested by encoding words which are displayed together 

with one of two different flickering backgrounds, each oscillating at a specific frequency. Expo-

sure to visual flickering patterns produces so called steady-state visually evoked potentials 

(SSVEPs) in visual areas of the brain, which appear at the same frequency as the visual input 

and can be measured using electroencephalography (EEG). Intriguingly, during the subsequent 

recognition task which was performed with a neutral background, it was found that successful 

retrieval was accompanied by intrinsically evoked neural activity at the same oscillatory fre-

quency as extrinsically evoked during encoding, suggesting that neural reinstatement supports 

memory recall (Wimber et al., 2012). 
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Taken together, neural oscillations during encoding of new information and also the match 

between oscillatory patterns during encoding and subsequent retrieval, play an important role 

for human episodic memory formation and performance. 

1.2.4! Measuring brain oscillations 

The most prominent non-invasive method of measuring the above described electrical fluctua-

tions of neural populations in humans is electroencephalography (EEG). EEG is a non-invasive 

method, which uses electrodes on the scalp to measure small voltage fluctuations (in reference 

to another electrode). For the most part, EEG measures post-synaptic potentials of many thou-

sands to millions pyramidal neurons in superficial layers of the cortex (Lopes da Silva, 2013; 

Nunez & Srinivasan, 2006). In other words, the amplitude of the EEG signal strongly depends 

on how synchronous the activity of the underlying cortical area is. EEG is one of the most pow-

erful techniques for non-invasively studying the electrophysiological dynamics of the brain, and 

linking those dynamics to cognition and disease (Bear et al., 2007). EEG has many advantages, 

including high temporal precision and direct measurement of neural activity in humans. The 

main disadvantage is that EEG is limited to large, synchronous populations of neurons, result-

ing in a poor spatial resolution (Cohen, 2017). 

1.3! Neural entrainment  

Although research has provided strong evidence for an active role of neural oscillations in a 

vast amount of perceptual and cognitive processes, the direction of this relationship has been 

uncertain for a long time. Whether neural oscillations are causally responsible for behavioral 

processes, or whether they represent merely an epiphenomenon of the involved system, cannot 

be concluded from observational studies. To address this issue, recent methodological advanc-

es have aimed to interfere with oscillatory activity, thus clarifying the associations between the 

brainÕs functions and its underlying neural rhythms (Herrmann & StrŸber, 2017). Only if behav-

ior can be altered as a consequence of modulated neural oscillations, the assumption of a 

causal relationship can be confirmed. The modulation of neural oscillations by externally driven 

forces is called entrainment (Thut et al., 2011). Non-invasive, rhythmic brain stimulation is an 

ideal tool for neural entrainment and investigating causalities regarding human brain function 

(Thut et al., 2017). 
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1.3.1! Neural entrainment by electric and electromagnetic stimulation  

The most common rhythmic interventions use frequency-specific techniques such as repetitive 

transcranial magnetic stimulatio n (rTMS) or transcranial alternating current stimulation (tACS) 

(Helfrich, Schneider, et al., 2014; Thut et al., 2011). While rTMS uses electromagnetic currents 

induced through a coil placed over the brain area of interest (Hallett, 2000), tACS applies weak 

electrical currents through electrodes attached to the scalp (Paulus, 2011). Recently, these 

methods have produced promising results suggesting a causal modulation of human behavior 

through neural entrainment in a nu mber of studies (Cecere, Rees, & Romei, 2015; Helfrich, 

Knepper, et al., 2014; Polania, Nitsche, Korman, Batsikadze, & Paulus, 2012; Roberts, Clarke, 

Addante, & Ranganath, 2018; Zaehle, Rach, & Herrmann, 2010; Zoefel, Archer-Boyd, & Davis, 

2018). Although a wide range of behavioral processes have been targeted through these en-

trainment methods, in the following I will focus on studies providing evidence for entrainment 

effects in the modulation of human perception and memory. 

 

1.3.1.1! rTMS and tACS effects on perception 

The underlying concept of investigating a causal link between neural oscillations and percep-

tion is simple. If the perceptual outcome (e.g. target detection) changes in response to a 

rhythmic manipulation  (e.g. with tACS or rTMS) but not in a control condition (e.g. sham stimu-

lation), then the oscillatory activity is thought to  causally contribute to perception.  

One of the few studies using rTMS to modulate perceptual performance in humans was carried 

out by Jaegle and Ro (2014). During a visual perception task, they demonstrated entrainment of 

alpha activity that induced modulation of target detection performance. Their stimulation pro-

tocol included rTMS pulses at a frequency of 10 Hz over the occipital cortex with simultaneous 

EEG recording (Jaegle & Ro, 2014). A similar effect has also been found in the somatosensory 

domain on the ability to detect stimuli. Gundlach et al. (2016) stimulated participantsÕ bilateral 

primary somatosensory cortices with alpha tACS while a tactile detection task was performed. 

Although no overall effect of tACS on detection threshold was reported, variations in perfor-

mance were found regarding the phase of ongoing stimulation in relation to the onset of the 

tactile stimulus  (Gundlach, MŸller, Nierhaus, Villringer, & Sehm, 2016). In a later study, they 

found that alpha power in the somatosensory system decreased after tACS stimulation at par-

ticipantsÕ endogenous alpha rhythm (Gundlach, Muller, Nierhaus, Villringer, & Sehm, 2017). 

Another study found that alpha tACS modulated reporting rates in a tactile detection task, 

meaning that hit rates (but also false alarm rates) were increased (Craddock, Klepousniotou, El-

Deredy, Poliakoff, & Lloyd, 2019). Neuling et al. (2012) induced alpha (10 Hz) stimulation to show 
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a causal relationship between phase of oscillatory activity in temporal regions and auditory 

perception (Neuling et al., 2012). 

As discussed earlier, brain oscillations reflect fluctuations between optimal and less optimal 

time frames for perceptual processing (Ronconi et al., 2017; Samaha & Postle, 2015; VanRullen & 

Koch, 2003). To provide further evidence of this cyclical human perception, Cecere et al. (2015) 

used alpha tACS in order to modulate cross-modal perception. In their study, they used the 

double flash illusion, where a single light flash is perceived as two flashes, when accompanied 

by a double auditory tone (e.g. Shams et al., 2002). The illusion of two flashes was more likely if 

participants were stimulated with lower frequencies within the alpha range (longer cycle 

lengths) compared to higher frequencies (Cecere et al., 2015). Another role for neural oscilla-

tions in human visual perception is feature binding from both visual hemifields. StrŸber et al. 

(2014) stimulated visual areas with tACS in- or out-of-phase across hemispheres, while partici-

pants observed a stroboscopic alternating motion (SAM), in which perceived motion of two 

dots alternates between horizontal or vertical movement. As discussed earlier, perception of 

the horizontal motion requires the integration of information across both hemifields, which 

has been related to increased interhemispheric gamma-band coherence compared to the per-

ception of vertical motion (Rose & BŸchel, 2005). Accordingly, the authors reported that anti-

phase 40 Hz tACS across hemispheres decreased the proportion of horizontal motion percep-

tion, although no corresponding increase in horizontal motion perception was observed when 

in-phase stimulation was applied (StrŸber, Rach, Trautmann-Lengsfeld, Engel, & Herrmann, 

2014). In a follow-up study, Helfrich et al. (2014) replicated the initial finding that anti-phase 

gamma tACS decreased horizontal perception of the SAM stimulus, and found in addition, that 

in-phase stimulation increased horizontal motion perception. It was also observed that 

interhemispheric gamma-band coherence measured with EEG was always higher for the hori-

zontal than for the vertical percept, regardless of the tACS stimulation condition. Nevertheless, 

in-phase tACS increased interhemispheric gamma-band synchronization over parieto-occipital 

cortex while anti-phase stimulation decreased it. Additionally, 40 Hz tACS decreased alpha 

power in parieto-occipital areas as compared with sham, regardless of the stimulation condi-

tion (in-phase or anti-phase) (Helfrich, Knepper, et al., 2014). These results support a hypothe-

sized antagonistic role of gamma and alpha oscillations and suggest that cross-frequency cou-

pling is causally linked to perceptual binding and conscious perception (Canolty & Knight, 

2010). Similar findings regarding gamma tACS and visual ambiguity came from Cabral-Calderin 

et al. (2015). In their study, tACS was applied over the occipital cortex at sham, 10, 60, or 80 Hz. 

While no significant effects of 10 and 80 Hz tACS were observed, 60 Hz tACS increased the 

number of spontaneous perceptual reversals (i.e. perceptual switches) of a stimulus, suggest-

ing that gamma oscillations causally contribute to resolving perceptual ambiguity (Cabral-

Calderin, Schmidt-Samoa, & Wilke, 2015).   
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1.3.1.2! rTMS and tACS effects on memory 

Although not as conclusively as on perception, non-invasive rhythmic neural entrainment has 

also been shown to have effects on human memory processes.  

First evidence has been provided from a tACS study showing that slow frequency (< 1 Hz) tACS 

during sleep enhanced memory consolidation in humans (Marshall, Helgad—ttir, Mšlle, & Born, 

2006). Further, theta tACS and theta-gamma tACS protocols have been shown to enhance 

working memory (Alekseichuk, Turi, de Lara, Antal, & Paulus, 2016; Jau$ovec & Jau$ovec, 2014; 

Reinhart & Nguyen, 2019; Vosskuhl, Huster, & Herrmann, 2015), however, findings seem rather 

inconsistent (e.g. see Pahor & Jau$ovec, 2018). In an rTMS study, Hanslmayr et al. (2014) found 

impaired memory encoding during beta stimulation, but not with alpha or theta. Additionally, 

EEG measures found only beta stimulation aftereffects (a so-called Ôentrainment echoÕ), out-

lasting the stimulation for more than a second (Hanslmayr, Matuschek, & Fellner, 2014). 

 As introduced before, studies have found evidence that remembering episodic information 

entails the reinstatement of brain activity that was present when an event was initially encod-

ed (e.g. Wimber et al., 2012). Javadi et al. (2018) found causal evidence for this hypothesis, re-

porting in their tACS study improvements of memory performance when oscillatory brain activ-

ity was experimentally modulated such that a specific oscillatory frequency in the high gamma 

range was entrained during the encoding of words and subsequently reinstated during retriev-

al (Javadi, Glen, Halkiopoulos, Schulz, & Spiers, 2017). 

1.3.2! Neural entrainment with rhythmic sensory stimulation  

The above-mentioned effects of non-invasive rTMS and tACS on human perception and 

memory provide useful insights into the causal link between brain functions and the underly-

ing neural oscillatory activity. However, one major caveat prevents a persuasive conclusion re-

garding the exact effects of the stimulation on neural oscillations. As online effects in electro-

physiological measures (e.g. EEG) are covered by strong stimulation artifact s, the findings 

mostly rely on behavioral outcome measures. Although some studies have proposed artifact  

cleaning procedures and therefore were able to combine brain stimulation and EEG simultane-

ously (e.g. Helfrich, Schneider, et al., 2014), the approach remains difficult (see Bergmann, 

Karabanov, Hartwigsen, Thielscher, & Siebner, 2016; Noury, Hipp, & Siegel, 2016). 

Since the early recordings of human electrophysiological brain activity, a vast amount of stud-

ies has found that rhythmic sensory stimulation (e.g. flashing lights) produces brain activity 

that entails the rhythmic pattern  of the stimulation input (Adrian & Matthews, 1934; 

Herrmann, 2001; Regan, 1966). The neural response to rhythmic sensory stimulation is called 

steady-state evoked potential (SSEP) and has been reported in the visual (steady-state visually 
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evoked potential, SSVEP), the somatosensory (stead-state somatosensory evoked potential, 

SSSEP), and the auditory domain (auditory stead-state response, ASSR) (for a review, see 

Vialatte et al., 2010). SSEPs are characterized by an increase in power of the neural measure at 

the frequency of the stimulation and have been interpreted as entrained neural oscillations 

(Herrmann, 2001). 

However, whether SSEPs actually reflect modulations of endogenous brain oscillations, is still 

not clear. Critics of this interpretation argue that SSEPs cannot be distinguished from a series of 

evoked potentials, which would arguably not involve an engagement of intrinsic neural oscilla-

tions (Capilla, Pazo-Alvarez, Darriba, Campo, & Gross, 2011; Galambos, Makeig, & Talmachoff, 

1981; C. Keitel, Quigley, & Ruhnau, 2014). To test whether brain responses to rhythmic sensory 

stimulation reflect entrainment, it is necessary to provide evidence of a dependency on ongo-

ing brain oscillations. This dependency arises from theoretical considerations and has been the 

main research interest in studies supporting the entrainment hypothesis (see Zoefel, Ten 

Oever, & Sack, 2018). The so-called Arnold tongue describes a classical model of entrainment 

between two oscillators depending on stimulation rhythm and intensity (Pikovsky, Rosenblum, 

Zaks, & Kurths, 1999). The model predicts entrainment effects to be more pronounced (e.g. 

larger SSEPs) with higher stimulation intensity, and with stimulation frequencies closer to the 

endogenous frequency of the underlying system (e.g. brain oscillations), compared to stimula-

tion  frequencies further away (Fršhlich, 2015; see Figure 1.2). In a recent study, Notbohm et al. 

(2016) found that SSVEPs around participantsÕ alpha frequency showed non-linear features that 

contradict the linear summation of single event related potentials. In line with the hypothe-

sized Arnold tongue, they argue that their results provide evidence that visual rhythmic stimu-

lation actually entrains neural oscillations (Notbohm, Kurths, & Herrmann, 2016). While such 

electrophysiological findings are important, demonstrating behavioral modulation as a conse-

quence of the changes in brain oscillations would serve as a convincing outcome measure 

(Haegens & Zion Golumbic, 2018). Although such findings are scarce, some studies have pro-

posed to have found behavioral modulations via rhythmic sensory stimulation, comparable to 

findings from rTMS and tACS studies (see below). 
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Figure 1.2 Schematic depiction of the Arnold tongue. Successful synchronization (i.e. entrainment) of an 

oscillating system (e.g. neural oscillations) to a driving stimulus (e.g. rhythmic sensory stimulation) re-
quires stimulation parameters (intensity and frequency) to be inside the Arnold tongue. 

 

1.3.2.1! Rhythmic sensory stimulation effects on perception 

Because of the broad literature regarding correlative findings, as well as recent attempts to 

reveal causal relationships with rTMS and tACS, most studies using sensory rhythmic stimula-

tion investigated effects on human perceptual performance. For example, Mathewson et al. 

(2010) presented a 12 Hz visual flicker followed by masked visual stimuli. The results indicate 

that the phase of the elicited SSVEP at stimulation onset was predictive of whether the stimu-

lus was perceived or not. The effect was even stronger when duration of alpha stimulation was 

increased (Mathewson et al., 2010). Confirming these results, de Graaf et al. (2013) found visual 

task performance to follow the cyclic pattern of the rhythmic visual stimulus, but only in the 

alpha frequency range (de Graaf et al., 2013). Another study found that the interaction between 

rhythmic visual stimulation and endogenous neural oscillations can have frequency specific 

behavioral effects (Gulbinaite, van Viegen, Wieling, Cohen, & VanRullen, 2017). Visual stimulus 

processing in a selective attention task was impaired by a 10 Hz flicker, as long as participantsÕ 

endogenous alpha frequency matched the stimulation frequency (Gulbinaite et al., 2017).  

These findings are in line with the concept of the Arnold tongue that predicts entrainment to 

be more pronounced when the rhythmic stimulation lies within a close range around endoge-

nous neural frequencies (Pikovsky et al., 1999). 

 

1.3.2.2! Rhythmic sensory stimulation effects on memory 

Only a few studies have investigated the effect of rhythmic sensory stimulation on human 

memory performance. In a task depicting familiar and unfamiliar objects, one early study re-

ported increased theta SSVEPs for unfamiliar stimuli and higher alpha SSVEPs for familiar 
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stimuli  (Kaspar, Hassler, Martens, Trujillo-Barreto, & Gruber, 2010). As mentioned earlier, 

Wimber et al. (2012) found in a memory task that the evoked oscillations from an encoding 

phase reactivated during subsequent successful retrieval. Note, that there was no effect of en-

coding stimulation frequency (6 and 10 Hz) on memory performance. However, a replication 

study by Lewis et al. (2018) found the results regarding reinstated neural oscillations critically 

dependent on the approach used for multiple comparison correction in the statistical analysis. 

Further, they also found no general effect on memory performance when to-be-learned items 

were encoded with a 6 or 15 Hz background flicker (Lewis, Schriefers, Bastiaansen, & Schoffelen, 

2018). While not investigating the reinstatement effects of rhythmic visual stimulation during 

encoding, a recent study found general memory performance differences between theta and 

alpha entrainment  (Kšster et al., 2019). The authors argue that the memory entrainment effect, 

showing an improved memory performance when encoded with a theta flicker, compared to an 

alpha flicker, was driven by a visually evoked theta-gamma coupling. They provide further evi-

dence for their hypothesis by showing increased theta-gamma phase-amplitude  coupling for 

remembered items compared to forgotten ones (Kšster et al., 2019). However, as the control 

condition (no flicker during encoding) revealed even better memory performance than theta 

stimulation, the argument of entraining neural oscillations to modulate memory pr ocesses 

seems a bit farfetched. 

In conclusion, previous studies have failed to provide convincing evidence of an effect of 

rhythmic sensory stimulation on human memory performance. 

1.4! Outlook and goal of the present doctoral thesis 

As discussed, a vast body of studies have found neural oscillations to be crucially associated 

with human behavior. The most reliable and replicable findings show that frequency, phase 

and power components of endogenous neural oscillations correlate with perceptual and 

memory processes and performance. Additionally, studies applying non-invasive entrainment 

with electrical or electromagnetic stimulation protocols have confirmed the hypothesized cor-

relations and added causal directionality to the effects. To further specify the effects of modu-

lated neural oscillations on human behavior, recent studies have aimed to entrain neural activi-

ty with rhythmic sensory stimulation, enabling the simultaneous modulation and measure-

ment of brain activity without inducing electrical artifacts. Although some studies provide evi-

dence in favor of entrainment of rhythmic sensory stimulation, unreserved findings are scarce. 

This thesis provides a thorough examination of this topic by presenting a line of findings from 

studies targeting  various behavioral measures in different modalities combined with electro-

physiological (EEG) data. The experimental paradigms are either based on previous correlation-
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al studies investigating neural oscillations and behavior, or adopted from tACS/rTMS studies 

providing evidence for entrainment effects, or exact replications from previous studies to un-

cover and further investigate open questions and uncertainties. In the followin g, I will provide a 

short overview of the experimental chapters of this thesis, stating the aim and the hypotheses 

for each study.  

1.5! Overview of the experimental chapters 

1.5.1! Chapter 2 

In chapter 2, we ask whether the alpha and beta rhythms in primary sensorimotor cortex are 

susceptible to entrainment via vibrotactile stimuli. We hypothesized that repetitive tactile 

stimulation at or close to the intrinsic alpha and beta frequency peaks of the sensorimotor sys-

tem should be more effective than stimulation at other frequencies. To that end, we probed 

whether  characteristics of the Arnold tongue can be found when measuring phase synchroni-

zation in response to vibrotactile  stimulation at different frequencies in the alpha and beta 

bands. Three different stimulation intensities were applied for each frequency which were de-

fined relative to individual sensory threshold. We expected steady-state evoked potentials 

(SSEPs) to be more pronounced for (i) high-intensity stimulation compared to low intensities, 

and (ii) at stimulation frequencies closer to individual alpha (IAF) and/or beta frequencies (IBF) 

compared to frequencies more distant from endogenous oscillations. 

1.5.2! Chapter 3 

In chapter 3, we present a study investigating whether rhythmically induced brain oscillations 

via vibrotactile  stimulation reveal a behavioral effect on tactile detection thresholds and detec-

tion rates, thus demonstrating convincing evidence for neural entrainment as a result of senso-

ry rhythmic stimulation. In line with previous findings, we focused on alpha and beta stimula-

tion frequencies, applied to participantsÕ index finger of the dominant hand. To uncover en-

trainment effects on a neurophysiological level, we measured EEG throughout the experiment 

and applied also jittered (= non-rhythmic)  stimulation signals as additional control condition.  

We hypothesized an increase in somatosensory alpha and beta power as result from our stimu-

lation paradigm and further, this power increase to entail a decrease in detectability of a tactile 

stimulus . 
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1.5.3! Chapter 4 

The goal of the study presented in chapter 4 was to test whether oscillatory brain activity in 

visual areas can selectively be modulated with flickering visual stimuli and as a result, alter 

perception of a bistable motion illusion. In line with previous research, we focused on alpha 

and gamma stimulation frequencies applied to both visual hemifields. As behavioral output, 

we chose perceived motion (horizontal or vertical) and number of perceptual switches during 

presentation of a stroboscopic alternative motion (SAM). To uncover entrainment effects on a 

neurophysiological level, we measured EEG throughout the experiment and compared rhyth-

mic stimulation with jittered stimulation signals.  We aimed to increase alpha power in the vis-

ual cortex with a rhythmic 10 Hz stimulation and hypothesized this power increase to be asso-

ciated with a decreased number of perceptual switches compared to control. In addition, bilat-

eral 40 Hz stimulation was expected to increase interhemispheric gamma coherence and thus, 

increasing horizontal motion perception. 

1.5.4! Chapter 5 

The study in chapter 5 was conducted to modulate encoding processes and retrieval perfor-

mance in a memory task by rhythmic visual stimulation. Building on previous research, we used 

stimulation frequencies in theta and alpha bands during incidental encoding of wordlists and 

compared memory performance from reinstated vs non-reinstated rhythmic stimulation fre-

quencies in a subsequent recognition task. Two hypotheses in regard of an effect of rhythmic 

visual stimulation on memory performance were formulated. First, we expected theta en-

trainment during encoding to result in enhanced memory formation processes, thus leading to 

better memory performance. Second, in line with the neural reinstatement hypothesis, we ex-

pected reinstatement of neural oscillations from encoding during retrieval to increase memory 

performance in comparison to non-reinstated or incongruent (i.e. reinstatement with a differ-

ent frequency) conditions. 

1.5.5! Chapter 6 

The final study in chapter 6 investigated three hypotheses regarding the visual properties of 

memory enhancing contextual cues. First, we tested the idea that reinstating simple visual 

cues has an effect on recall performance and subsequently investigated how much visual con-

tent is needed for contextual information to have a reliable effect on memory performance 

when reinstated. Second, we investigate the effectiveness of local versus global contexts using 
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fully surrounding virtual environments presented via head-mounted display (HMD). Third, we 

investigated whether memory recall can be enhanced via neural reinstatement, which can be 

interpreted as internal context. We used visually induced neural entrainment to modulate and 

reinstate oscillatory brain activity and tested its effects on memory recall. 
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CHAPTER 2 

 

 

2.! Steady-state responses in the somatosensory system 

interact with endogenous beta activity  

WŠlti, M. J., BŠchinger, M., Ruddy, K. L., & Wenderoth, N. Steady-state responses in the soma-

tosensory system interact with endogenous beta activity. In preparation. 

Contributions: Experimental design, behavioral and EEG measurements, data analysis, writing 

of manuscript. 

2.1! Abstract 

Brain oscillations have been related to many aspects of human behavior. To understand a po-

tential causal relationship, it is of great importance to develop methods for modulating ongo-

ing neural activity. It has been shown that external rhythmic stimulation leads to an oscillatory 

brain response that follows the temporal structure of the presented stimulus and is assumed 

to reflect the synchronization of ongoing neural oscillations with the stimulation rhythm. This 

interaction between individual brain activity and so called steady-state evoked potentials 

(SSEPs) is the fundamental requirement of neural entrainment. Here, we investigate whether 

neural responses to rhythmic vibrotactile stimulation, measured with EEG, are dependent on 

ongoing individual brain oscillations, and therefore reflect entrained oscillatory activity. For 

this, we measured phase synchronization in response to rhythmic stimulation across various 

frequencies in the alpha and beta band. Three different stimulation intensities were applied for 

each frequency relative to the individual sensory threshold. We found that a higher stimulation 

intensity, compared to lower intensities, resulted in a more pronounced phase synchronization 

with the stimulation signal. Moreover, EEG responses to low stimulation frequencies closer to 

individual beta peak frequencies revealed a higher degree of entrainment, compared to stimu-

lation conditions with frequencies that were more distant to endogenous oscillations. Our find-

ings provide evidence that the efficacy of vibrotactile rhythmic beta stimulation to evoke a 

SSEPs is dependent on ongoing brain oscillations. 
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2.2! Introduct ion 

During cognitive tasks brain rhythms of different frequencies can be recorded at the scalp us-

ing electroencephalography (EEG), that are correlated with cognitive and behavioral processes. 

In recent years, it has been suggested that various non-invasive methods, such as repetitive 

transcranial magnetic stimulation (rTMS) or transcranial alternating current stimulation (tACS) 

are capable of frequency-specific modulation of brain rhythms. Hence, they have been used to 

test the causal relationship between the strength of neuronal oscillations and behavior (for a 

review, see Thut et al., 2011). However, the interaction of these externally applied magnetic or 

electric fields with ongoing brain rhythms is still poorly understood. An alternative form of fre-

quency-specific modulation of brain rhythms can be achieved with rhythmic sensory stimula-

t ion which induces steady-state evoked potentials (SSEPs) following the temporal frequency of 

the driving stimulus (Regan, 1977). SSEPs are usually measured with electroencephalography 

(EEG) and have been documented in the visual (steady-state visually evoked potentials, SSVEPs), 

the auditory (auditory steady-state responses, ASSRs) and the somatosensory (steady-state 

somatosensory evoked potentials, SSSEPs) systems (for a review, see Vialatte et al., 2010). How-

ever, the underlying mechanism of SSEPs, is still debated (see Zoefel, Ten Oever, et al., 2018). 

While some studies report evidence for entrainment of ongoing brain oscillations by showing 

an interaction between stimulation a nd endogenous activity (Notbohm et al., 2016; Schwab et 

al., 2006), others found responses to be nothing more than regular repetitions of evoked neural 

potentials (Capilla et al., 2011; C. Keitel et al., 2014). In contrast to simply overlaying evoked po-

tentials, entrainment modulates brain oscillations. To test whether brain responses to rhyth-

mic sensory stimulation reflect entrainment, it is therefore necessary to provide evidence of a 

dependency on ongoing brain oscillations. This dependency arises from theoretical considera-

tions and has been the main research interest in studies supporting the entrainment hypothe-

sis (see Zoefel, Ten Oever, et al., 2018). The so-called Arnold tongue describes a classical model 

of entrainment between two oscillators depending on stimulation rhyt hm and intensity 

(Pikovsky et al., 1999). The model predicts that a high stimulation intensity evokes a larger re-

sponse than a low intensity but also entrainment to be most pronounced when the stimulation 

frequency matches the frequency of the endogenous system (e.g. Fršhlich, 2015). In a recent 

study, Notbohm et al. (2016) reported that the coupling of EEG oscillations with rhythmic visual 

flicker follows the characteristics of the Arnold tongue. They showed that the EEG response to 

the stimulation depends on both the stimulation intensity and the distance between the flicker 

frequency and the participants' individual alpha frequency (IAF; Notbohm et al., 2016). Other 

studies found similar effects for tACS over occipital cortex which either increases EEG power at 

participantsÕ visual alpha frequency (Helfrich, Schneider, et al., 2014; Zaehle et al., 2010), or bias-
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es ongoing alpha oscillations in visual cortex towards the exogenous stimulation frequency 

(Minami & Amano, 2017). Most previous studies have tested entrainment in visual cortex tar-

geting the alpha rhythm. Here we test whether it is also possible to entrain endogenous brain 

rhythms of primary sensorimotor cortex via rhythmic tactile stimuli. It is well known that the 

sensorimotor cortex exhibits strong activity in the alpha (8 Ð 12 Hz) and beta band (15 Ð 30 Hz) 

when subjects are at rest (Crone et al., 1998; Fransen, Dimitriadis, van Ede, & Maris, 2016). Dur-

ing sensorimotor processing and, particularly, during motor execution, both rhythms desyn-

chronize (Bauer, Oostenveld, Peeters, & Fries, 2006; Kilavik et al., 2013; Spitzer & Haegens, 2017) 

but re-synchronize quickly once the movement is completed, implicating both rhythms in sen-

sorimotor processing (Kilavik et al., 2013; Pfurtscheller & Lopes da Silva, 1999; Ploner, Gross, 

Timmermann, Pollok, & Schnitzler, 2006; Rajagovindan & Ding, 2011). Here we ask whether the 

alpha and the beta rhythms in primary sensorimotor cortex are equally susceptible to entrain-

ment via tactile stimuli. We hypothesized that repetitive tactile stimulation at or close to the 

intrinsic alpha and beta frequency peaks of the sensorimotor system should be more effective 

than stimula tion at other frequencies. To that end, we probed whether characteristics of the 

Arnold tongue can be found when measuring phase synchronization in response to vibrotactile 

stimulation at different frequencies in the alpha and beta bands. Three different stimulation 

intensities were applied for each frequency which were defined relative to individual sensory 

threshold. We expected steady-state EEG responses to be more pronounced for (i) high-

intensity stimulations compared to low intensities, and (ii) at stimulation frequencies closer to 

individual alpha (IAF) and/or beta frequencies (IBF) compared to frequencies more distant from 

endogenous oscillations.  

2.3! Materials and methods 

Participants 

25 participants took part in the experiment in exchange for monetary compensation (20 Swiss 

francs per hour). The participants had no reports of psychiatric disorders and were all right-

handed according to the Edinburgh Handedness Inventory (Oldfield, 1971). The study protocol 

was approved by the local ethics committee and was conducted in accordance with the Decla-

ration of Helsinki. All participants provided written consent. 3 participants were excluded from 

the analysis due to technical problems during EEG recording or because they did not follow the 

instructions  (e.g. falling asleep during the EEG recording), resulting in a final sample of 22 par-

ticipants (female: 8; age: range = 18 Ð 29, M ± SD = 22.8 ± 2.6). 
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Design and procedure 

The experiment was conducted in two parts. In a first part, we determined participantsÕ IAF and 

IBF in a simple finger tapping task. The second part consisted of the main experiment with dif-

ferent conditions of vibrotactile stimulation to participantsÕ right index finger. Throughout 

both parts, EEG was recorded (see below).  

 

Part I: Detection of IAF and IBF 

Participants were comfortably seated in a dark sound-attenuated room, approximately 100 cm 

away from a computer screen (27-inch) and were instructed to execute a self-paced finger tap-

ping task with their right hand, in which they ta pped and gently squeezed their thumb against 

each of the other fingers successively. One run consisted of an alternating green and red fixa-

tion cross appearing in the center of the screen (each 9 times for 10 seconds). Green indicated 

that the participant should execute the finger tapping, and red indicated that they should rest 

their hand. Each participant performed two runs.  

 

Part II: Vibrotactile stimulation  

During the main experiment, participantsÕ right index finger was stimulated with a rhythmic 

vibrotactile stimulation. For the stimulation, an earphone (YVE-01B-03, Yeil Electronics Co., 

South Korea) with a diameter of 17 mm was taped to the participants finger. The earphone was 

modified to produce vibrations via a coil actuator with a mass attached which vibrates when 

current is passed through. The stimulation signals were generated in MATLAB (The MathWorks 

Inc., USA) and sent to the stimulation devices via a National Instruments Card (NI-USB 6343) 

and an amplifier (Dancer Design, St. Helens, UK). The stimulation was elicited by driving the 

stimulator with a carrier frequency of 200 Hz which was frequency-modulated by a square 

wave corresponding to the stimulation frequency (Breitwieser, Kaiser, Neuper, & MŸller-Putz, 

2012). This time course of the driving voltage had a resolution of 0.1 ms. For each participant, 

the individual stimulation threshold was determined prior to the main experiment by applying 

a 20 Hz stimulation stimulus which started at sub-threshold intensity and increased in steps of 

10% increments of output voltage until it was perceived. This procedure was repeated three 

times. The mean values of the detection thresholds indicated the individual stimulation 

threshold for each participant. Based on the individual stimulation threshold three stimulation 

intensities were set: (i) sub-threshold intensity corresponding to 0.5 x threshold intensity (sub-

threshold), (ii) a low supra-threshold intensity corresponding to 20 x threshold intensity (low), 

and (iii) a high supra-threshold intensity corresponding to 200 x threshold intensity (high). Dur-

ing the main experiment (Figure 2.1), all stimulatio n frequencies (i.e. 6 Ð 24 Hz) were applied 
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with the same sub-threshold, low and high intensities, respectively. Note that the range of our 

experimental frequencies was rather narrow such that all activate the same tactile mechano-

receptors (MeissnerÕs corpuscles, 5 Ð 50 Hz; see Johansson & Flanagan, 2009). After threshold 

detection, the main experiment began which consisted of 3 blocks each consisting of 10 stimu-

lation conditions which were carried out in random order (resulting in 30 stimulation condi-

tions in total). These 30 conditions were composed of 10 different stimulation frequencies 

ranging from 6 to 24 Hz in steps of 2 Hz, each administered with the three stimulation intensi-

ties (sub-threshold, low or high). Each stimulation lasted for 40 seconds and was preceded by a 

10 second period without stimulation. Participants were instructed to sit as still as possible and 

direct their gaze at a white fixation cross centered on a black screen.  

 

Figure 2.1 Experimental procedure. ParticipantsÕ right index finger was stimulated with frequencies rang-
ing from 6 to 24 Hz at 3 different stimulation intensities. Each stimulation lasted for 40 s, preceded by a 

10 s period without stimulation (rest). 

 

Data acquisition 

EEG data were acquired at 1000 Hz using a 64-channel Hydrocel Geodesic EEG System (Electri-

cal Geodesic Inc., USA), referenced to Cz (vertex), with an online Notch filter (50 Hz) and high-

pass filter at 0.3 Hz. Impedances were kept below 50 k!. 

 

Preprocessing of EEG data 

EEG data for both parts of the experiment were preprocessed and analyzed offline. Data were 

cleaned (detection and interpolation of bad electrodes), band-pass filtered (5 Ð 25 Hz) and fur-
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ther processed using independent component analysis (ICA). Artifact  components (ICs) were 

automatically detected and removed from the data using a custom built toolbox (see Liu, 

Ganzetti, Wenderoth, & Mantini, 2018). 

 

EEG data analysis 

Part I: IAF and IBF 

To detect IAF and IBF, preprocessed data were epoched regarding the two conditions (move-

ment and rest; each from +1 s to +9 s after start of the condition) and analyzed using fast Fouri-

er transform (FFT). For each subject, frequency-band specific power differences in the alpha (8 Ð 

12 Hz) and beta band (15 Ð 25 Hz) were calculated between movement and rest to detect event-

related de-synchronization (ERD) that typically appears during movement as well as event-

related synchronization (ERS) immediately after movement. Power changes were determined 

as percentage change from rest versus movement (Pfurtscheller & Lopes da Silva, 1999): 

! Power = [powerrest Ð powermovement] / powermovement x 100. The electrode(s) exhibiting the strong-

est ! Power over the contralateral hemisphere (right hand, left hemisphere) for the alpha and 

beta band, respectively, was selected and we determined (i) IAF as the frequency with the big-

gest power increase between 6 and 14 Hz (range of the stimulation frequencies); and (ii) IBF as 

the frequency with the most pronounced power increase between 16 and 24 Hz. Similar to be-

fore, we defined power increases as percentage change in power in the rest condition com-

pared to the move condition (! Power) and normalized the resulting power spectrum to the 

power at the alpha or beta peak respectively.  

 

Part II: Steady-state evoked potentials 

In order to evaluate general effects of vibrotactile stimulation on EEG signals, we measured 

frequency-specific power and phase-based consistency of EEG time-series during stimulation. 

For this, preprocessed EEG data from the main experiment were epoched to each stimulation 

condition (+1 s to +39 s relative to stimulation onset). Further, time-series data were cropped in 

1 s segments without overlap which were later treated as separate trials. In order to analyze 

steady-state responses to the stimulation frequencies we pre-defined a region of interest (ROI) 

consisting of nine electrodes over the somatosensory area. For each participant, we evaluated 

the electrode that showed the strongest SSEPs across alpha (6 Hz, 8 Hz, 10 Hz, 12 Hz, 14 Hz) and 

beta (16 Hz, 18 Hz, 20 Hz, 22 Hz, 24 Hz) stimulation conditions separately. For this, data averaged 

across trials of each high-intensity stimulation condition were transformed into its frequency 

components using a fast Fourier transform (FFT) and power at the corresponding stimulation 

frequency as well as neighboring frequencies (-2 Hz, -1Hz, +1Hz, +2Hz) were determined for each 
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electrode within the ROI. We then calculated percentage increase of power at the stimulation 

frequency compared to power at neighboring frequencies for each electrode. To evaluate the 

electrode showing the strongest response across the alpha stimulation conditions, we aver-

aged the calculated power changes across the corresponding conditions. The same procedure 

was carried out for the beta stimulation conditions. To determine stimulation effects on fre-

quency-specific power, FFT was performed on data that had been preprocessed and averaged 

across trials, derived from these electrodes (strongest alpha and beta for each participant). To 

determine frequency-specific phase consistency of the EEG signals, we further calculated inter-

trial phase clustering (ITPC), which measures the extent of phase angle distributions at each 

time -frequency point across trials (Cohen, 2014). 

 

Part II: Phase-based synchronization between EEG and stimulation signal (entrainment) 

To determine entrainment, we used data from the electrodes which were earlier defined as 

detecting the strongest alpha and beta signals. We then measured changes in intersite phase 

clustering (ISPC) between the preprocessed and averaged time-series data of each stimulation 

condition and the corresponding stimulation signal. ISPC is a measure of phase-based connec-

tivity between two time -series signals (Cohen, 2014). Similar to ITPC, ISPC measures phase an-

gle distributions, with the key distinction that phase angle differences between two signals are 

measured. Similarly, to the EEG data, the stimulation signals were band-pass filtered in the 

range from 5 to 25 Hz and down-sampled to 1000 Hz. The single-channel EEG time-series were 

further band -pass filtered in the range of ±2 Hz regarding the corresponding stimulation fre-

quency. To detect changes in phase-locked activity in response to the stimulation, we com-

pared ISPC between the stimulation signal and the EEG signal during stimulation with ISPC 

prior to each condition (i.e. preceding rest period). Similar to the previously described proce-

dure, EEG data prior to stimulation onset (-9 s to -1 s) was cropped in 1 s segments and then 

averaged across trials. ! ISPC was calculated by subtracting the mean pre-stimulation ISPC from 

the mean ISPC during stimulation for each of the 30 conditions. All scripts to execute the exper-

iment and to preprocess and analyze EEG data were written in MATLAB (The MathWorks Inc., 

USA), and used functions from EEGLAB (Delorme & Makeig, 2004). Scripts using FFT, ITPC and 

ISPC analysis were adapted from M. X. Cohen (Cohen, 2014). For the experiment presentation 

code, PsychToolbox was used (Brainard, 1997). 

 

Statistical analysis 

All statistical analyzes were performed separately for conditions targeting alpha oscillations 

(stimulation frequencies: 6 Hz, 8 Hz, 10 Hz, 12 Hz, 14 Hz) and beta oscillations (stimulation fre-

quencies: 16 Hz, 18 Hz, 20 Hz, 22 Hz, 24 Hz). General effects of the stimulation signals on fre-
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quency-specific power and ITPC were analyzed using repeated-measures ANOVA models in 

SPSS Version 25 (IBM, USA). To test the hypothesized effects regarding phase-based connectivi-

ty between stimulation and EEG signals, we used R (R Core Team, 2018) and the lme4 package 

(Bates, MŠchler, Bolker, & Walker, 2015) to perform linear mixed effects analyzes. We used line-

ar mixed effects models because they account for variance arising from individual differences 

(Baayen, Davidson, & Bates, 2008). To ensure that observed effects are not driven by individual 

variability, subjects were included in the models as random factors. Fixed effects represent the 

influence of experimental factors on the dependent variable (here: ! ISPC). In our models, the 

fixed effects include stimulation intensity ( sub-threshold intensity as baseline) and distance of 

the stimulation frequency to individual endogenous frequencies in the alpha (! IAF), or the beta 

(! IBF) band. Validation of our models was done by plotting residuals against fitted values. 

2.4! Results 

The current study was designed to reveal variations in the effect of vibrotactile stimulation on 

the individual neuronal response in sensorimotor cortex. Participants were rhythmically stimu-

lated at their right index finger (dominant hand) using three stimulation intensities and ten 

stimulation frequencies across the alpha and beta bands. Each stimulation lasted for 40 se-

conds and was preceded by a 10 second period without any stimulation.  

 

Detection of IAF and IBF 

To detect IAF and IBF, frequency-band specific power changes due to event-related de-

/synchronization (ERD/ERS) in a simple finger tapping task were determined for each subject in 

the alpha and beta bands. Figure 2.2 A/B show topographical plots and power spectra from an 

example subject, revealing strong power increases in the left primary motor areas (rest vs. 

movement) and clear peaks in the power spectra in both alpha and beta bands. Across subjects, 

average IAF was 11.0 Hz (± 2.1) and average IBF was 20.3 Hz (± 1.9) (see Figures 2.2 C/D). To evalu-

ate whether the two spectral peaks in alpha and beta present two independent rhythms, we 

calculated linear correlation with the Pearson correlation coefficient between IAFs and IBFs 

across subjects. We found only a weak negative correlation (r = -0.22, p = 0.319) and conclude 

that the power changes related to the finger tapping task found in alpha and beta represent 

two distinct endogenous brain rhythms rather than harmonics. 
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Figure 2.2 ParticipantsÕ IAF and IBF. Detection of participantsÕ endogenous peak frequencies in the alpha 
(IAF) and beta (IBF) bands by calculating frequency-band specific power changes due to event-related de-

/synchronization (ERD/ERS) in a simple finger tapping task. A: Example subjectÕs topographical plot of 

! Power in the alpha band and power spectrum of the electrode showing the highest value (red dot). IAF 

was determined as frequency with the highest ! Power (here: 9.875 Hz, marked with an asterisk). B: Same 

example subjectÕs topographical plot and power spectrum as in A, but for the beta band (IBF: 22 Hz, 

marked with an asterisk). C: Ordered IAF frequencies across all subjects. D: Ordered IBF frequencies across 
all subjects. E: Depiction of correlation with regression line between IAF and IBF values. Pearson correla-

tion coefficient reveals only a weak negative linear dependency (r = -0.22). 

 

Stimulation intensity differences on steady-state evoked potentials in alpha and beta 

In order to evaluate entrainment effects, we first need to determine whether our stimulation 

protocol reveals typical characteristics of steady-state evoked potentials over the somatosenso-

ry area across alpha and beta frequencies. Further, we are interested in general differences be-

tween the two frequency bands regarding effects of stimulation intensity. Therefore, a two-

way repeated measures ANOVA with factors frequency band (alpha and beta) and stimulation 
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intensity (sub-threshold, low, high) was used to detect general effects of different stimulation 

conditions on frequency-specific power and phase-clustering (ITPC) values. Figures 2.3 and 2.4 

depict stimulation effects averaged across all subjects. Figure 2.3 shows changes in the power 

spectra across all stimulation conditions and Figure 2.4 reveals effects on ITPC. Our first analysis 

used power as dependent variable (derived from FFT). The results from the ANOVA reveal a 

main effect of stimulation intensity (F(2,20) = 50.7, p < 0.001), but not of frequency band (F(1,21) 

= 0.7, p < 0.411). Bonferroni adjusted post-hoc comparisons between intensities revealed a sig-

nificant difference between all three levels (sub-threshold vs. low: p = 0.030; sub-threshold vs. 

high: p < 0.001; low vs. high: p < 0.001). Further, the interaction between frequency band and 

stimulation intensity show a signific ant effect, meaning that vibrotactile stimulations in alpha 

and beta have different effects on frequency-specific power across the different intensities 

(F(2,20) = 3.7, p = 0.041). This steeper increase in power across the stimulation intensities at 

beta compared to alpha (see Figure 2.5 A) is in line with previous research suggesting that the 

somatosensory system has a temporal resonance frequency in the beta band (MŸller, Neuper, 

& Pfurtscheller, 2001; Snyder, 1992; Tobimatsu, Zhang, & Kato, 1999), thus, responding with 

greater amplitudes to stimulation frequencies in beta. The same approach was used to detect 

effects on ITPC across the two frequency bands and three stimulation intensities. Again, we 

found a main effect of stimulation intensity (F(2,20) = 24.8, p < 0.001), but not of frequency 

band (F(1,21) = 1.0, p = 0.341). Post-hoc comparisons between intensities revealed a significant 

difference between high intensity compared to the other two, but not between sub-threshold 

and low levels (sub-threshold vs. low: p = 0.293; sub-threshold vs. high: p < 0.001; low vs. high: p 

< 0.001). Further, no significant interaction between frequency band and stimulation intensity 

on ITPC was observed (F(2,20) = 2.7, p = 0.093). We conclude that rhythmic vibrotactile stimula-

tion has similar effects on alpha and beta band frequencies regarding phase-angle distribu-

tions across trials (ITPC). 
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Figure 2.3 Power-based analysis of each stimulation condition averaged across subjects. A: Topograph-
ical plot of changes to electrode power across high-intensity alpha stimulations (red dots: ROI electrodes 

in the somatosensory area). B: Power spectra (FFT) of time-series of the selected electrode for stimulation 
frequencies in the alpha range. C: Closer depiction of power spectra at stimulation frequencies. D-F: 

Equivalent to A-C, across beta stimulation frequencies. 
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!
Figure 2.4 Phase-based analysis of each stimulation condition averaged across subjects. Time-series data 
from chosen electrodes (see Figure 2.3 A&D) were cropped in 1 s segments. A: Time-frequency plots of 

ITPC for stimulation frequencies delivered with high intensity in the alpha band with indication of the 
stimulation frequency (white transparent area). B: Time course of ITPC for each stimulation across alpha 

conditions. Dotted lines represent mean ITPC for each condition over the time course of the 1 second 
segment (averaged across trials). C&D: Equivalent to A&B, across beta stimulation frequencies. 
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Figure 2.5 Differences of vibrotactile stimulation on frequency-specific power and ITPC across both fre-

quency bands. A: Higher stimulation intensities reveal higher power values across the frequency bands. 
This main effect of intensity seems to be similar for alpha and beta (no interaction effect of frequency 
band and intensity). B: Also for ITPC we found a main effect of stimulation intensity. However, a signifi-

cant interaction effect between frequency band and intensity suggests that the intensity effect differs 
between alpha and beta. 

 

ISPC in alpha and beta depend on stimulation intensity 

To investigate entrainment effects of the stimulation signals, we computed changes to inter-

site phase clustering (! ISPC) for each condition and used linear mixed effects models for the 

statistical analysis. Our model for the alpha band conditions included stimulation intensity and 

absolute distance from stimulation frequency to IAF (! IAF) as fixed factors. Any variations in 

slope and intercept of the data regarding individual variability was accounted for with the in-

clusion of subject as random variable. To test for an effect of stimulation intensity across all 

stimulation frequencies, we used mean-shifted ! IAF values. Using the mean-shifted values 

allowed us to determine stimulation frequency-independent differences across the three in-

tensity levels by directly comparing the resulting intercepts of the factor stimulation intensity. 

In line with our results from the power and ITPC analysis, we found the ! ISPC between stimula-

tion and EEG signal to be more pronounced with increasing stimulation intensity. A post-hoc 

Tukey test revealed higher ISPC for the high intensity compared to sub-threshold and low (sub-

threshold vs. high: p < 0.001; low vs. high: p = 0.004). However, the increase in ! ISPC from sub-

threshold to low intensity showed no difference (p = 0.936). Testing the effect of stimulation 

intensity  in the beta band, revealed similar results as seen for alpha. Again, linear mixed effects 
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models were used with ! ISPC as dependent variable, stimulation intensity and mean-shifted 

distance from stimulation frequency to IBF (! IBF) as fixed variables and subject as random vari-

able. Positive and statistically significant estimates for the post-hoc comparison between all 

intensity levels (sub-threshold vs. low: p < 0.001; sub-threshold vs. high: p < 0.001; low vs. high: 

p < 0.001), confirm the effect of stimulation intensity on steady-state neuronal response as 

hypothesized. 

 

Phase-coupling in beta depends on the interaction of intensity and distance to IBF 

In order to test the main requirement regarding entrainment effects, and therefore the most 

important fea ture of the Arnold tongue, the dependency of stimulation effects on endogenous 

neuronal activity was investigated. We started with the analysis of the data obtained from 

stimulation conditions targeting alpha oscillations (stimulation frequencies from 6 to  14 Hz). 

The shape of the Arnold tongue suggests a dependency of entrainment effects (here: ! ISPC) on 

the distance between stimulation frequency to endogenous peak frequency (! IAF/IBF). In our 

statistical model this dependency can be depicted by plotting ! ISPC values according to their 

! IAF/IBF (see Figure 2.6 A/B). Negative slopes (derived for each stimulation intensity) which 

significantly differ from 0 can be expected, if the hypothesized dependency is true (i.e. stimula-

tion frequencies closer to IAF/IBF lead to higher ! ISPC values). Although the slopes in the alpha 

conditions for low and high intensities show a negative direction (see Figure 2.6 A), statistically, 

they were not significantly different from 0 ( ! IAF:low: p = 0.998; ! IAF:high: p = 0.915). Our next 

analysis focused on the beta band conditions (stimulation frequencies from 16 to 24 Hz). For 

beta, the slope of the low intensity differed significantly from 0 (p = 0.013), while sub-threshold 

and high intensities showed no such effect (! IBF:sub-threshold: p = 0.998; ! IBF:high: p = 

0.999). Our results from the beta band reveal a relationship between endogenous oscillations, 

stimulation intensity and phase coupling as would be assumed by the Arnold tongue. In our 

low intensity conditions, the distance of the stimulation frequency to IBF plays a crucial role in 

predicting coupling between stimulation and the underlying oscillation. The Arnold tongue 

widens by increasing the stimulation intensity, inferring a decreased effect of ! IBF. This is be-

cause the system experiences such a strong enforcement that the ongoing oscillatory activity 

has no effect on ISPC. 
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Figure 2.6 Depiction of the effects of different stimulation intensities on changes in ISPC in relation to 

the distance to endogenous frequencies (IAF and IBF). A: Stimulation conditions in the alpha band reveal 
no difference from 0 for any of the slopes and therefore no evidence for entrainment. B: In the beta band, 

low stimul ation intensity reveals a negative slope which differs significantly from 0. This dependency of 

entrainment effect ( ! ISPC) is in line with the hypothesized shape of the Arnold tongue. 

2.5! Discussion 

In the present study, we investigated the effects of rhythmic vibrotactile stimulation across 

alpha and beta frequencies on neuronal activity in the somatosensory cortex. Our main results 

reveal a clear effect of stimulation intensity on frequency-specific power and intertrial phase 

clustering (ITPC) across both frequency bands. A significant interaction effect revealed a differ-

ence between alpha and beta stimulation frequencies with regard to their effect on frequency-

specific power. The steeper power increase across the three stimulation intensities in beta 

compared to alpha, as well as the higher power values attained from high-intensity stimulation 

(Figure 2.5 A) is in line with previous findings suggesting that the resonance frequency of the 

somatosensory system is in the beta band (MŸller et al., 2001; Snyder, 1992; Tobimatsu et al., 

1999). Further, we provide evidence for the hypothesized entrainment effect by revealing a de-

pendency of phase-locked activity between stimulation signal and endogenous beta brain os-

cillations on the interaction of stimulation intensity and frequency regarding its distance to 

individual beta peaks. This dependency is in line with the hypothesized Arnold tongue which 
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predicts that entrainment via external signals of low intensity is stronger when the stimulation 

frequency matches the frequency of the endogenous system (Fršhlich, 2015; Notbohm et al., 

2016; Pikovsky et al., 1999). Stimulation conditions in the alpha band revealed no such entrain-

ment effect although effects of stimulation intensity on ISPC were found as well.  

 

Rhythmic sensory stimulation reveals online entrainment effects 

Entrainment effects of sensory and non-invasive transcranial stimulation have been reported in 

various studies (for reviews see: Thut et al., 2011; Zoefel, Ten Oever, et al., 2018), yet our study is 

the first to demonstrate this effect for a wider range of endogenous brain oscillations in the 

somatosensory cortex. Our main finding that external rhythmic stimulation interacts with on-

going endogenous brain rhythms of the sensorimotor cortex is in line with previous reports 

using either sensory stimulation (Gulbinaite et al., 2017; Notbohm et al., 2016) or various forms 

of rhythmic, non-invasive brain stimulation methods (Helfrich, Schneider, et al., 2014; Minami 

& Amano, 2017; Zaehle et al., 2010). However, until now entrainment effects have been mainly 

studied by targeting the visual alpha rhythm and its behavioral correlates. Previous studies 

revealed that steady-state evoked potentials depend on endogenous brain oscillations 

(Gulbinaite et al., 2017; Notbohm et al., 2016) and that modulating these endogenous rhythms 

of the visual cortex affects visual processing as measured at the behavioral level (Cecere et al., 

2015; Ronconi, Busch, & Melcher, 2018; Ronconi & Melcher, 2017). Together, these findings pro-

vide evidence for alpha entrainment effects in the visual system and also demonstrate the un-

derlying causal relationship between brain oscillations and human behavior. 

Few studies have investigated the modulation of neuronal oscillations in human somatosenso-

ry cortex. Two recent studies used transcranial alternating current stimulation (tACS) of the 

mu-rhythm (i.e. the alpha rhythm of sensorimotor cortex) to modulate sensorimotor percep-

tion threshold (Gundlach et al., 2016) and to reveal entrainment effects specific to endogenous 

mu-frequencies (Gundlach et al., 2017). In a first study, Gundlach et al. (2016) applied tACS 

stimulation at individual mu -alpha frequencies and revealed phase-dependent modulations of 

human somatosensory perception. However, in a tACS-EEG follow-up study, investigating the 

electrophysiological correlates of their tACS stimulation on endogenous mu-alpha oscillations, 

their findings reveal a counter-intuitive effect of a decrease of mu-alpha amplitude after stimu-

lation  (Gundlach et al., 2017). While the authors argue that homeostatic neuroplastic processes, 

as well as the electrode placement (bilateral) might have led to the decrease in mu-alpha, the 

underlying neural mechanism of their first study remains unclear. Even though their approach 

is well-suited to reveal functional modulations with tACS, it does not allow to investigate 

online entrainment effects due to large electrical artifact s. Further, due to the lack of different 

stimulation intensities, as well as variations in stimulation frequencies away from endogenous 
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frequencies, the Arnold tongue cannot be derived from these studies. In addition, only mu-

alpha frequency stimulation was applied, preventing conclusions in regard of other frequency 

bands. Here, we used tactile stimulation across various frequencies covering alpha and beta 

frequencies, which was provided mechanically and, therefore, did not interfere with the EEG 

recordings, thus, enabling the analysis of potential entrainment effects during stimulation. Our 

results suggest that rhythmic activity in somatosensory cortex can be influenced, but that po-

tential entrainment effects were only found in the beta band. 

 

Stronger response to rhythmic beta stimulation in the somatosensory system 

Although studies investigating spontaneous (resting-state) EEG activity, found both beta (mu-

beta) and alpha (mu-alpha) oscillations in sensorimotor areas (Hillebrand, Barnes, Bosboom, 

Berendse, & Stam, 2012; A. Keitel & Gross, 2016; Ramkumar, Parkkonen, & Hyvarinen, 2014), the 

steady-state evoked potentials in the two frequency bands differ clearly (see Figure 2.3). This 

finding is in line with previous studies using rhythmic sensory stimulation, revealing that each 

sensory system responds maximally to a specific stimulation frequency (for a review: Vialatte 

et al., 2010). Arguably, this represents a mechanism by which each of the sensory systems pro-

cesses information optimally (Hutcheon & Yarom, 2000). Such a temporal tuning function ap-

pears in the visual system around 10 Hz (Regan, 1989), in the auditory system around 40 Hz 

(Stapells, Makeig, & Galambos, 1987) and in the somatosensory system around 21 Hz (MŸller et 

al., 2001; Snyder, 1992; Tobimatsu et al., 1999; Tobimatsu, Zhang, Suga, & Kato, 2000). Such 

resonance mechanisms could be responsible for our mixed results for alpha and beta stimula-

tion frequencies. 

 

True entrainment or rhythmically evoked potentials? 

 Our results are in line with previously stated dependencies of EEG responses to rhythmic stim-

ulation on endogenous brain oscillations. However, it is difficult to draw a final conclusion on 

whether steady-state somatosensory evoked potentials (SSSEPs), as produced in our study with 

vibrotactile stimulation, represent entrained neural oscillations. As Haegens and Zion-

Golumbic (2018) point out in a recent review, the interpretation of neuronal responses to 

rhythmic stimulation as neural entrainment might lack the fundamental distinction from a 

rhythmic series of evoked potentials. Although some studies have shown that non-rhythmic (= 

jittered) stimulations do not reveal a non-linear response with dependency on endogenous 

oscillations (Kayser, Ince, Gross, & Kayser, 2015; Notbohm et al., 2016), others found the oppo-

site effect (Capilla et al., 2011; C. Keitel, Thut, & Gross, 2017; see also: Zoefel, Ten Oever, et al., 

2018). Our findings can be seen in agreement with an entrainment mechanism, as we find de-

pendencies of SSSEPs on endogenous oscillations only with a low stimulation intensity and 
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only in beta. Arguably, if SSSEPs would in fact represent only regular repetitions of evoked po-

tentials, we should have seen the same effects for alpha and beta stimulation. However, we do 

not evaluate our finding in comparison to non-rhythmic stimulation. Regarding the ongoing 

debate on whether neural entrainment occurs in response to rhythmic sensory stimulation, 

modulating functional correlates of neural oscillations (e.g. perception, memory) would serve 

as a convincing outcome measure (Haegens & Zion Golumbic, 2018). Further, in the present 

study, we used sensory data from selected electrodes that revealed strongest frequency-

specific power changes in a finger tapping task prior to the main experiment. Although our 

data reveal clear peaks in the alpha and beta bands for most of the participants, our analyses 

have to be interpreted with caution. For example, a decline in attention and alertness through-

out the experiment could have led to variations in IAF and/or IBF (Mierau, Klimesch, & Lefebvre, 

2017), reducing potential entrainment effects as analyzed here. Nevertheless, our findings pro-

vide valuable insight in the neural processing of rhythmic sensory stimulation and should be 

considered in future studies using somatosensory entrainment. 

 

Conclusion 

The concept of modulating brain oscillations by rhythmic stimulation has become increasingly 

popular in research on brain rhythms and their underlying functions (Thut et al., 2011). Despite 

the limitations of the present study, we show that there is a significant frequency-specific de-

pendency of brain responses to rhythmic vibrotactile stimulation on individual neuronal activi-

ty in the beta band. We conclude that our findings support the notion of entrainment of en-

dogenous brain oscillations in somatosensory cortex. This opens up possibilities to causally test 

interactions between oscillatory activity and behavior by utilizing entrainment via somatosen-

sory stimulation. 
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CHAPTER 3 

 

 

3.! Modulation of tactile detection threshold with rhyth-

mic somatosensory entrainment 

WŠlti, M. J., BŠchinger, M., & Wenderoth, N. Modulation of tactile detection th reshold with 

rhythmic somatosensory entrainment. In preparation. 

Contributions: Experimental design, behavioral and EEG measurements, data analysis, writing 

of manuscript. 

3.1! Abstract 

Ongoing neural activity in human somatosensory cortex has a strong impact on the detectabil-

ity of weak tactile stimuli. Recent studies suggest that brain oscillations, which determine the 

state of excitability of a cortical area, play a crucial role in this process. Mainly two frequency 

bands have been reported to be involved in conscious sensory perception: alpha (8 Ð 12 Hz) and 

beta (15 Ð 30 Hz). In addition to correlative findings, more recent studies investigated causality 

by measuring the extent to which directly modulating brain oscillations affects sensory percep-

tion. While most of these studies use transcranial alternating current stimulation (tACS), 

rhythmic sensory stimulation has been suggested as a simple and safe alternative to entrain 

ongoing neural activity. However, convincing findings demonstrating the modulation of neural 

signals and related behavioral function are scarce.  

Here, we investigated whether rhythmically induced brain oscillations by means of vibrotactile 

stimulation ( i.e. sensory entrainment) modulate tactile detection. In line with previous findings, 

we show in trials without sensory entrainment that preceding alpha power and phase-angles 

in beta oscillations predict the detection rate of a weak tactile stimulus. Further, we reveal a 

masking effect induced by sensory entrainment stimulation resulting in higher perception 

thresholds. Intriguingly, we find that the masking effect is modulated by the strength of neural 

entrainment resulting from 20 Hz stimulation.  Our data provide evidence for the possibility to 

modulate sensory processing with rhythmic sensory stimulation. However, in light of the in-

duced masking effects, the feasibility of this entrainment method remains questionable. 
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3.2! Introduction  

Whether a weak stimulus is consciously perceived or not depends not only on the characteris-

tics of the stimulus, but also on ongoing neuronal processes. A variety of recent studies suggest 

that part of the variability in perception can be explained by the state of excitability of a cortical 

area as reflected by the specific signature of the underlying brain oscillations (Hanslmayr, 

Gross, Klimesch, & Shapiro, 2011; Iemi et al., 2017; Jensen & Mazaheri, 2010; Klimesch et al., 

2007; Lange et al., 2013; Limbach & Corballis, 2016).  

Among studies investigating oscillatory activity prior to weak stimuli in perceptual detection 

tasks, mainly two frequency bands have been reported to be involved in conscious sensory per-

ception: alpha (8 Ð 12 Hz) and beta (15 Ð 30 Hz). Alpha band power in occipital areas has been 

shown in many studies to be correlated with visual perception (Hanslmayr et al., 2007; Iemi et 

al., 2017; Mathewson et al., 2009; Rajagovindan & Ding, 2011; Romei, Gross, & Thut, 2010; Thut, 

Nietzel, Brandt, & Pascual-Leone, 2006; van Dijk et al., 2008). In the somatosensory system, not 

only alpha, but also beta band power and phase characteristics have been reported to be relat-

ed to tactile processing of near-threshold stimuli (Ai & Ro, 2014; Baumgarten et al., 2015; 

Linkenkaer-Hansen et al., 2004; Palva, Linkenkaer-Hansen, Naatanen, & Palva, 2005; Schubert, 

Haufe, Blankenburg, Villringer, & Curio, 2009; Zhang & Ding, 2010). Linkenkaer-Hansen et al. 

(2004) found participantsÕ detection rate to a near-threshold stimulus to be improved with 

intermediate levels of preceding oscillatory power in the somatosensory system for both, alpha 

and beta. More recent studies found similar effects of alpha and beta, however, most report a 

more linear relationship between oscillatory power and sensory detection. For example, Frey et 

al. (2016), which had participants to perform a near-threshold detection task, found that low 

alpha and beta power in the contralateral somatosensory region predicted whether a weak 

stimulus was detected (Frey et al., 2016). While most of these findings are based on electroen-

cephalography (EEG) or magnetoencephalography (MEG) recordings and are correlative in na-

ture, more recent studies investigated the causality of this effect by directly modulating brain 

oscillations to reveal their effect on sensory perception.  

Transcranial alternating current stimulation (tACS) is a common method to alter neuronal ac-

tivity and has been reported to affect power, phase and frequency of ongoing brain oscillations 

(e.g. Cecere et al., 2015; Zaehle et al., 2010). In the visual domain, 10 Hz tACS over occipital areas 

has been shown to modulate visual detection performance in a phase-dependent manner 

(Helfrich, Schneider, et al., 2014). In the somatosensory domain, tACS at participantsÕ individual 

alpha frequency (IAF) has been shown to modulate tactile detection: Gundlach et al. (2016) 

stimulated participantsÕ bilateral primary somatosensory cortices with tACS while a tactile de-

tection task was performed. Although no overall effect of tACS on detection threshold was re-

ported, variations in performance were found regarding the phase of ongoing stimulation in 
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relation to the onset of the tactile stimulus  (Gundlach et al., 2016). In addition, it has been 

shown that alpha power in the somatosensory system decreased after tACS (Gundlach et al., 

2017) and that t his decrease would result in an increase of reporting rates in a tactile detection 

task (increase in hit rates but also in false alarm rates) (Craddock, Poliakoff, El-Deredy, Klepous-

niotou, & Lloyd, 2017). Although tACS represents a widely used method for modulating brain 

oscillations, online interactions between the externally applied electric fields and the ongoing 

endogenous brain rhythms are still poorly understood. This is at least partly because electrical 

artifacts induced by tACS cause a rhythmic contamination that is several magnitudes larger 

than the recorded EEG signals (Thut et al., 2011).  

An alternative method to entrain brain oscillations is rhythmic sensory stimulation, which in-

duces steady-state evoked potentials (SSEPs) in corresponding cortical areas following the 

temporal frequency of the driving stimulus (Regan, 1977). SSEPs have the advantage that they 

can be measured simultaneously with EEG and have been documented in the visual (steady-

state visually evoked potentials, SSVEPs), the auditory (auditory steady-state responses, ASSRs) 

and the somatosensory (steady-state somatosensory evoked potentials, SSSEPs) systems (for a 

review, see Vialatte et al., 2010). The underlying mechanism of SSEPs, however, is still debated 

(see Zoefel, Ten Oever, et al., 2018). Although some studies found evidence for entrained brain 

oscillations by revealing an interaction between stimulation and ongoing neuronal activity 

(Notbohm et al., 2016; Schwab et al., 2006; WŠlti, BŠchinger, Ruddy, & Wenderoth, in prep.), 

findings that show an established behavioral modulation as a consequence of rhythmically 

entrained brain oscillations are scarce (see Haegens & Zion Golumbic, 2018).  

The present study aims to investigate whether rhythmically induced brain oscillations via vi-

brotactile stimulation reveal a behavioral effect on tactile detection thresholds and/or detec-

tion rates, thus demonstrating behavioral evidence for neural entrainment as a result of 

rhythmic sensory stimulation. In line with previous findings, we focus on alpha (10 Hz) and beta 

(20 Hz) stimulation frequencies, applied to the thumb (dominant hand). To uncover entrain-

ment effects on a neurophysiological level, we measure EEG throughout the experiment and 

apply jittered stimulation signals with  an average frequency of 20 Hz as an additional control 

condition. 

3.3! Materials and methods 

Participants 

40 healthy right -handed participants were recruited and tested in this study. 5 participants 

were excluded from the analysis due to technical problems during the EEG recording or be-

cause they did not follow the instructions, resulting in a final sample of 35 participants (female: 
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22; age: M ± SD = 24.0 ± 4.1). The study protocol was approved by the local ethics committee 

and was conducted in accordance with the Declaration of Helsinki. Participants signed an in-

formed consent and were informed about the procedure of the experiment, but were kept na-

•ve with regard to the hypothesis of the study. 

 

Design and procedure 

Participants were comfortably seated in a dark sound-attenuated room, approximately 80 Ð 120 

cm away from a computer screen (27-inch). EEG data were recorded throughout the whole ex-

periment (see below). Participants were allowed to comfortably rest their right arm on a pillow 

placed on a desk next to them to ensure a relaxed position of the stimulated fingers for the 

duration of the experiment.  

Participants were instructed to indicate with a button press whether a weak tactile stimulus 

(tactile burst; sine wave at 205 Hz for 250 ms) administered to the tip of the index finger of 

their right hand was perceived or not. In some trials, they received a vibrotactile stimulation 

(sensory entrainment) of 2 s duration to their thumb of the right hand prior to performing the 

tactile detection task for stimul i applied to the index finger (Figure 3.1). In total 6 entrainment 

conditions were used covering a range of different vibrotactile frequencies and intensities. The 

entrainment conditions consisted of 10 Hz, 20 Hz and jittered vibration (with an average of 20 

on-off cycles per second), each at a low and high stimulation intensity. Vibrotactile stimulation 

signals were generated as previously reported (WŠlti, BŠchinger, Ruddy, et al., in prep.). The 

behavioral effect of vibrotactile entrainment was compared to a control condition (no entrain-

ing stimulation) by determining individual detection thresholds using a staircase procedure 

(Quest algorithm from PsychToolbox; A. B. Watson & Pelli, 1983). The detection threshold was 

determined over 25 trials converging on 82 % correct answers (as predicted by the Weibull 

psychometric function; see A. B. Watson & Pelli, 1983) and revealed the minimal intensity of the 

tactile stimulation to be perceived by the participant. Immediately after determination of the 

threshold estimation, participants were asked to perform 10 additional trials of the perceptual 

detection task, each trial using tactile stimulation at the previously estimated threshold. For 

each of the 7 conditions (6 entrainment conditions and 1 control condition), this procedure of 

threshold estimation followed by trials at estimated threshold was performed once per block in 

randomized order. In total, the experiment consisted of 3 blocks, resulting in 3 estimated 

thresholds and 30 (3 x 10) trials at individual perception threshold for each condition. 
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Figure 3.1 Experimental procedure. Perceptual detection task at index finger preceded by vibrotactile 
stimulation at thumb. Stimulation was administered to the right hand and responses were given using 

the left hand. The procedure was the same for threshold estimation and subsequent trials at individual 
perception threshold. 

 

Behavioral data analysis 

In order to compare individual estimated thresholds across conditions, for each block we sub-

tracted the estimated threshold in the control condition from values of the 6 entrainment con-

ditions. Then, z-scores were calculated from log-transformed threshold differences (!  estimat-

ed threshold). To determine statistical differences between stimulation conditions, we used R 

(R Core Team, 2018) and the lme4 package (Bates et al., 2015) to perform a linear mixed effects 

analysis. A linear mixed effects model was used to account for variance arising from individual 

differences and systematic differences across trials (Baayen et al., 2008). To this end, subjects 

and trial number were included in the model as random factors. Fixed effects represent the 

influence of the stimulation conditions on the dependent variable (here: !  estimated thresh-

old). 

 

EEG data acquisition and preprocessing 

EEG data were acquired at 1000 Hz using a 64-channel Hydrocel Geodesic EEG System (Electri-

cal Geodesic Inc., USA), referenced to Cz (vertex), with an online Notch filter (50 Hz) and high-

pass filter at 0.3 Hz. Impedances were kept below 50 k!. 
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EEG data were preprocessed and analyzed offline. Data were cleaned (detection and interpola-

tion of bad electrodes), band-pass filtered (0.5 Ð 30 Hz) and further processed using independ-

ent component analysis (ICA). Artifact  components (ICs) were automatically detected and re-

moved from the data with a custom built toolbox (see Liu et al., 2018). Finally, EEG data were 

average re-referenced. 

 

EEG data analysis 

To determine electrophysiological correlates of sensory entrainment and perceptual perfor-

mance, we determined for each participant the electrodes over the contralateral somatosenso-

ry region showing the strongest responses to alpha (10 Hz) and beta (20 Hz) stimulation, both 

delivered at high intensity. For this, data from each channel from high alpha and high beta 

stimulation conditions were epoched separately (-0.5 s to +2.0 s regarding stimulation onset).  

To estimate power across time and frequencies, data from each channel and trial were con-

volved with a family of complex Morlet wavelets spanning 6 Ð 24 Hz in 20 steps with wavelet 

cycles increasing logarithmically between 4 and 10 cycles as a function of frequency. Alpha (9.5 

Ð 10.5 Hz) and beta (19.5 Ð 20.5 Hz) power were obtained by squaring the absolute value aver-

aged over time points and trials. Further, power values were normalized to baseline (-0.5 s to -

0.25 s) by converting to the decibel scale (Cohen, 2014). For subsequent analyses involving 10 Hz 

entrainment conditions, EEG data at each subjectÕs strongest alpha electrode were used. Like-

wise, analyses involving 20 Hz and jittered conditions were based on EEG data at the individual 

strongest beta electrode. 

To test the hypotheses regarding prestimulus alpha and beta power, and phase angle deter-

mining subsequent sensory detection performance, data from the control condition were ana-

lyzed. For this, we epoched data around the onset of tactile bursts (-0.5 s to +1.0 s) and derived 

power and phase values from a time-frequency analysis as described above. Pre-stimulus alpha 

and beta power was calculated as averaged power across 500 ms preceding stimulus onset for 

each trial separately. Further, for each trial, we derived phase angles at stimulation onset at 10 

and 20 Hz. Pre-stimulus power values were further divided in three bins with an equal number 

of trials. For each power bin, detection rates were assessed. To determine phase angle effects 

on detection performance across levels of low and high frequency-specific power, pre-stimulus 

power values were divided in two bins (low and high power) and each bin was further divided 

in peaks and troughs, with regard to the phase angle value of the signal at stimulation onset. If 

phase angle values exceeded "/2, they were identified as peak trials, else, as trough trials. 

Again, detection rates were calculated and compared across the power and phase angle bins.  

To show general EEG effects of sensory entrainment, alpha and beta power (baseline corrected) 

were calculated and averaged across trials for each stimulation condition separately.  
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In order to further test effects of sensory entrainment on perceptual performance, we analyzed 

10 and 20 Hz stimulation conditions and compared low and high stimulation intensities. Trials 

from each condition were divided into trough and peak trials using the same procedure as de-

scribed above. 

To determine the level of entrainment, we measured changes in intersite phase-clustering 

(ISPC), which is a measure of phase-based connectivity between two time-series signals 

(Cohen, 2014). ISPC was calculated between the averaged time-series data of each stimulation 

condition and the corresponding stimulation signal (see WŠlti, BŠchinger, Ruddy, et al., in 

prep.). 

A repeated-measures ANOVA with Bonferroni-corrected post-hoc pairwise comparisons and 

paired t-tests in SPSS Version 25 (IBM, USA) were used for further statistical analyses. 

3.4! Results 

The current study was designed to measure the effect of sensory entrainment through vi-

brotactile stimulation of the thumb on subsequent tactile detection performance of the index 

finger. Our goal was to investigate the importance of alpha and beta power and phase angles 

on sensory perception and to further evaluate the entrainment of ongoing brain oscillations via 

rhythmic sensory stimulation as a possible mechanism for modulating behavior.  

 

Effects of preceding alpha power and beta phase angles on detection rates 

First, we analyzed control condition data (no sensory entrainment) in order to replicate previ-

ous work that demonstrated that preceding alpha and beta power, and phase angles are asso-

ciated with  sensory detection performance. Comparison of detection rates across three levels 

of preceding alpha power revealed an optimum at an intermediate level as reported in previous 

studies (e.g. Linkenkaer-Hansen et al., 2004; Figure 3.2 A). A repeated-measures ANOVA re-

vealed a significant effect of power level (F(2,33) = 4.456, p = 0.019) and post-hoc pairwise com-

parison showed a significant difference between intermediate and high levels (p = 0.039). No 

significant dif ference was found between low and intermediate, and low and high levels of 

alpha power. No effects on detection rates were found between phase angles in low and high 

alpha trials (2x2 ANOVA with factors power and phase; main effects: power: F(1,34) = 0.622, p = 

0.436, phase: F(1,34) = 0.166, p = 0.686; interaction: F(1,34) = 0.009, p = 0.923; Figure 3.2 B). Pre-

ceding beta revealed a linear decrease of detection rate with increasing power (Figure 3.2 C). 

Although not reaching significance (F(2,33) = 0.451, p = 0.641) this is in line with previous re-

ports (e.g. Jones et al., 2010). Further, detection rates in high beta trials revealed a significant 
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dependence on phase angle values (t(34) = 2.264, p = 0.030). As previously reported, sensory 

detection was enhanced during troughs compared to peaks (Figure 3.2 D). This confirms previ-

ous results showing that beta oscillations define perceptual cycles in the somatosensory cortex 

(Baumgarten et al., 2015). 

 

Figure 3.2 Effects of preceding alpha and beta on detection rates in the control condition. Detection rates 
were measured as mean number of detected stimuli at estimated thresholds in the control condition (no 
sensory entrainment). A: Preceding alpha power reveals an optimum at an intermediate level for tactile 

detection. B: No phase-dependent effect on detection was found in low and high alpha power trials. C: 

On average, detection rates decrease with increasing preceding beta power (not significant). D: High 
beta power trials reveal a phase-dependent effect on detection. Tactile burst presentation at troughs of 

the beta phase lead to higher detection rates compared to presentation during peaks. (* = p < 0.05, error 
bars = standard error of mean, SEM) 

 

Sensory entrainment reveals effects on beta but not alpha power 

In order to determine whether our stimulation protocol reveals typical characteristics of steady-

state responses over the somatosensory area across alpha and beta frequencies, we looked at 

10 and 20 Hz power during the stimulation phase of each of the 6 entrainment conditions. Fig-

ure 3.3 depicts topographical power during high-intensity 10 and 20 Hz stimulation (Figure 3.3 

A, C) and the resulting power spectrum derived from the strongest electrode, marked as a red 

dot (Figure 3.3 B, D). Highest power values were found over contralateral somatosensory areas 

for both stimulation conditions. Note that these data were derived from EEG data averaged 

across all subjects and trials (ÔsupersubjectÕ), hence showing stronger effects compared to indi-

Effects of preceding Alpha/Beta Power and Phase Angle on Detection Rate (N=35)

Low Intermediate

Alpha Power Bins

0.7

0.75

0.8

0.85

D
et

ec
tio

n 
R

at
e

Low Intermediate

Beta Power Bins

0.7

0.75

0.8

D
et

ec
tio

n 
R

at
e

Low High

Alpha Power

0.65

0.7

0.75

0.8

0.85

0.9

D
et

ec
tio

n 
R

at
e

Low High

Beta Power

0.65

0.7

0.75

0.8

0.85

0.9
D

et
ec

tio
n 

R
at

e

Alpha Power

Beta Power Beta Power
Low High

*

Alpha Power
Low High

Bin 1 Bin 3Bin 2

Bin 1 Bin 3Bin 2

D
et

ec
tio

n 
R

at
e

D
D

et
ec

tio
n 

R
at

e

B

D
et

ec
tio

n 
R

at
e

C

D
et

ec
tio

n 
R

at
e

A

*



 
47 

vidual data. Figure 3.4 depicts alpha and beta power relative to the control condition for all en-

trainment conditions. To our surprise, statistical analysis revealed no effect of stimulation con-

dition on alpha power (F(5,30) = 0.241, p = 0.941). Beta power on the other hand, was clearly 

increased by high intensity 20 Hz entrainment stimulation (F(5,30) = 10.647, p < 0.001), reveal-

ing highly significant differences compared to the other conditions in pairwise post-hoc tests (p 

< 0.001 for all comparisons). 

 

Figure 3.3 Averaged effects of high-intensity 10 and 20 Hz stimulation. A: Topographical depiction of 

electrode power at 10 Hz reveals strongest response to high 10 Hz stimulation over left somatosensory 
regions (contralateral to vibrotactile stimulati on). Red dot indicates electrode with strongest 10 Hz re-

sponse. B: Power spectrum derived from the strongest electrode from A in response to high 10 Hz stimu-
lation. C: Electrode power at 20 Hz in response to high 20 Hz stimulation. Red dot indicates electrode 

with strongest 20 Hz response. C: Equivalent to B for high 20 Hz stimulation. 
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Figure 3.4 Effects of all stimulation conditions on alpha and beta power. A: Alpha power changes com-
pared to control reveal no effect of stimulation. B: High intensity 20 Hz stimulation leads to strongest 

increase (compared to control) in beta power across stimulation conditions. (* = p < 0.001, error bars = 
SEM) 

 

No phase-specific effects on detection rate from low and high stimulation intensity  

So far, our analyses of the control condition have revealed that the detection rate was influ-

enced by preceding alpha power and the phase of high power beta oscillations. Further, we 

found that strongest beta power increases (compared to control) resulted from high intensity 

20 Hz stimulation. Consequently, we argue that a phase-dependent effect on detection rate 

should be found in high-intensity 20 Hz stimulation conditions. However, as depicted in Figure 

3.5, none of our rhythmic stimulation conditions resulted in a difference in detection rates with 

regard to their phase angle at the onset of the tactile burst. We compared detection rates from 

trough and peak trials for each of the stimulation conditions separately using paired t-tests. 

Note that a direct comparison of detection rates between low and high stimulation intensities 

(main effect of intensity) would be problematic, as detection rates were derived for different 

estimated thresholds for each condition. 
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Figure 3.5 Alpha and beta stimulation conditions do not result in phase-dependent effects on detection 

rate. A: Trials with stimulus presentation at troughs and peaks do not differ with regard to detection rate 
in low- and high-intensity 10 Hz stimulation conditions. B: Equivalent of A for 20 Hz stimulation condi-

tions. (error bars = SEM) 

 

Masking effect of stimulation intensity on estimated detection threshold  

Sensory entrainment affected perceptual thresholds (Fig 3.6) as confirmed by a main effect of 

stimulation intensity (p < 0.001). Stimulation frequency and the interaction between frequency 

and intensity revealed no significant differences (10 Hz vs. 20 Hz: p = 0.294; 10 Hz vs. jittered: p 

= 0.532; 20 Hz vs. jittered: p = 0.937; 10 Hz low:high vs. 20 Hz low:high: p = 0.319; 10 Hz low:high 

vs. jittered low:high: p = 0.639; 20 Hz low:high vs. jittered low:high: p = 0.830; Figure 3.6). The 

main effect of stimulation intensity can be interpreted as a masking effect caused by the pre-

ceding vibrotactile stimulation. High intensity stimulation resulted in higher estimated detec-

tion thresholds compared to low intensity stimulation, independent of rhythmicity of the stim-

ulation (rhythmic vs. jittered) or the stimulation frequency (10 Hz vs. 20 Hz). As depicted in Fig-

ure 3.6, preceding stimulation (sensory entrainment) increased perceptual thresholds in com-

parison to control, in each condition, with stronger masking effects for high intensity stimula-

tion. Masking refers to the phenomenon in which one stimulus decreases the detectability of 

another (e.g. Gilson, 1969). Here, the effect is caused by forward masking, because the to-be-

detected stimulus (tactile burst) was preceded by a masking stimulus (sensory entrainment). 
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Figure 3.6 Estimated perceptual thresholds derived from all stimulation conditions in comparison to 

control. Increased thresholds resulting from higher stimulation intensities across all stimulation condi-
tions can be interpreted as stronger masking effects. (* = p < 0.001, error bars = SEM) 

 

Beta stimulation results in highest phase-coupling (ISPC) 

Next, we tested whether individual differences in the magnitude of neural entrainment re-

vealed changes in perceptual performance. Previous research has shown that entrainment of 

an oscillating system is strongly dependent on the intensity and frequency of the stimulating 

input  (Pikovsky et al., 1999). The model of the so-called Arnold tongue predicts that a high 

stimulation intensity evokes a larger response than a low intensity, but also that entrainment 

will be more pronounced when the stimulation frequency matches the frequency of the en-

dogenous system (e.g. Fršhlich, 2015). Based on previous findings describing entrainment ef-

fects following th e Arnold tongue (WŠlti, BŠchinger, Ruddy, et al., in prep.), we argue that the 

difference in phase-locking to the stimulation signal between low - and high-intensity condi-

tions reveals an indication of the strength of the stimulation frequency (see Discussion). As 

measure of phase-locking, we measured inter -site phase clustering (ISPC) between EEG signals 

and entrainment  signals for each condition (see WŠlti, BŠchinger, Ruddy, et al., in prep.). 

In line with previous findings, we found ISPC to be highest for the 20 Hz stimulation frequency 

and with high intensity compared to low intensity (2x2 ANOVA: main effects: frequency: F(2,33) 

= 42.216, p < 0.001, intensity: F(1,34) = 24.674, p < 0.001; interaction: F(2,33) = 2.550, p = 0.093; 

Figure 3.8).  
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Figure 3.7 ISPC across stimulation conditions. Phase-coupling between sensory entrainment signal and 
resulting EEG time-series is most pronounced for 20 Hz stimulation. Further, in all conditions, high inten-

sity resulted in higher ISPC. (* = p < 0.05, error bars = SEM) 

 

ISPC increase between low and high beta stimulation correlates with difference in perceptual 

thresholds 

Next, we calculated ISPC differences (!  ISPC) and tested whether a stronger gain of entrain-

ment from low - to high-intensity stimulation also results in stronger behavioral effects. Differ-

ences in estimated perceptual thresholds between low and high stimulation intensities (high 

10 Hz Ð low 10 Hz; high 20 Hz Ð low 20 Hz; high jittered Ð low jittered) were used as a behavioral 

measure (!  TH). Correlational analyses revealed a positive relationship between !  ISPC and !  

TH for the 20 Hz stimulation (r = 0.42, p = 0.016; Figure 3.8 B). For 10 Hz (Figure 3.8 A) and jit-

tered stimulation (Figure 3.8 C) conditions, significant correlations were not found (10 Hz: r = 

0.06, p = 0.727; jittered: r = - 0.06, p = 0.731). 

To further investigate the positive correlation between !  ISPC and !  TH in the 20 Hz stimula-

tion  condition , we divided the subjects into two equally sized groups using a median split 

based on !  ISPC. Figure 3.8 D shows that the differential behavior of the two groups was driven 

by the response to high-intensity 20 Hz stimulation: individuals with high !  ISPC had a signifi-

cantly higher detection threshold for high intensity entrainment than individuals with low !  

ISPC (paired t-tests: high intensity: p = 0.036). No such effect was found for low-intensity 20 Hz 

stimulation (paired t -tests: low intensity: p = 0.554).  
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Figure 3.8 Correlations between !  ISPC and !  TH. !  ISPC was calculated as difference between low- and 

high-intensity stimulation for 10 Hz, 20 Hz and jittered stimulation separately. !  TH refers to estimated 

thresholds in low-intensity conditions subtracted from estimated thresholds in high-intensity condi-

tions. A: No correlation was found for the 10 Hz stimulation frequency. B: A positive correlation was 
found for 20 Hz stimulation. C: Jittered stimulation revealed no significant correlation. D: Further inves-

tigation of the positive correlation in the 20 Hz condition revealed that participants with closer ISPC val-
ues differed from participants with more remote ISPC values in the high-intensity entrainment condi-

tion, whereas !  estimated threshold from low -intensity entrainment did not differ between the two 

groups. (* = p < 0.05, error bars = SEM) 

3.5! Discussion 

In the present study, we investigated the effects of sensory entrainment on detection of a tac-

tile stimulus . For this, we applied various rhythmic vibrotactile stimulations to the thumb, fol-

lowed by a short to-be-detected stimulus to the index finger. For each condition, we estimated 

the detection threshold and subsequently estimated the detection rate of stimuli presented at 

the estimated threshold. Building on previous findings, we focused on alpha (10 Hz) and beta 

(20 Hz) entrainment frequencies, hypothesizing decreasing detection performance with in-

creasing power in both frequency bands (Baumgarten et al., 2015; Ergenoglu et al., 2004; 

Mazaheri & Jensen, 2010; Romei, Brodbeck, et al., 2008; Schubert et al., 2009; van Dijk et al., 

2008; Weisz et al., 2014). Further, phase-dependent effects in alpha and beta have been report-

ed previously, revealing the importance of ongoing neural oscillations in somatosensory cortex 
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(Baumgarten et al., 2015; Mathewson et al., 2011; Mazaheri & Jensen, 2010). Improved detecta-

bility of a weak stimulus can be predicted if stimulus onset is at the trough of the ongoing os-

cillation, in comparison to onset at the peak. 

 

Mixed relationships between preceding alpha and beta, and detection rate 

We first tested the validity of our hypotheses by inspecting preceding alpha and beta power in 

the control condition (no sensory entrainment). In line with previous reports, we found an in-

termediate level of preceding alpha power to result in the highest detectability of a weak stim-

ulus (administered at estimated threshold). In contrast, preceding beta revealed a more linear 

relationship (i.e. higher beta power results in lower detection performance). However, statisti-

cally, different levels of beta power did not result in variations in detection performance. In or-

der to reveal phase-dependent effects of alpha and beta oscillations on detection rate, we fur-

ther divided preceding neural activity in both frequency bands into low- and high-power trials. 

Both power levels were then further divided into two groups of trials dependent on the phase 

angle of the ongoing oscillation at the onset of the tactile stimulus (troughs and peaks). While 

no phase-dependent effect was found in both alpha power levels, high beta power trials re-

vealed greater detectability of a stimulus onset at troughs compared to peaks. 

In general, although not conclusively, our results are in line with previous findings. One of the 

first studies investigating preceding neural activity as a predictor of detectability of a tactile 

stimulus revealed similar findings regarding preceding power. Linkenkaer-Hansen et al. (2004) 

revealed an inverted-U relationship between alpha and beta power and subsequent detection 

of a weak electrical stimulus, suggesting an intermediate level of neural activity facilitating 

sensory processing (Linkenkaer-Hansen et al., 2004). While others have found similar effects (Ai 

& Ro, 2014; Zhang & Ding, 2010), some studies found a more linear relationship. Especially in 

the alpha band, it has been shown that correctly perceived weak tactile stimuli are preceded by 

low power in somatosensory cortical areas (Schubert et al., 2009; Weisz et al., 2014). The finding 

of a linear relationship is usually interpreted according to the notion that alpha reflects the 

local cortical excitability (i.e. increased alpha reflects functional inhibition) (Harvey et al., 2013; 

Iemi et al., 2017). On the other hand, an inverted-U relationship has been explained by either 

sensorimotor processing using intrinsic stochastic resonance in which the ongoing activity 

plays the role of an intrinsic noise source (see Linkenkaer-Hansen et al., 2004), or, a failure to 

reach neuronal firing thresholds in a neural system with low levels of spontaneous activity, and 

reduced sensory-evoked responses in response to excessive levels of spontaneous oscillations 

(see Zhang & Ding, 2010). In conclusion, the relationship between alpha and beta power, and 

sensory perception, especially in the somatosensory system, is not fully understood.  
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The finding of a phase-dependent effect on detection rate in high beta power trials is in line 

with previous work reporting that sensory stimulation is discretely processed, and that the un-

derlying perceptual cycles are determined by ongoing alpha and beta cycles (Baumgarten et al., 

2015; Klimesch et al., 2007; Mathewson et al., 2009; Mathewson et al., 2011; Mazaheri & Jensen, 

2010). These findings suggest a link between oscillatory phase angle at stimulus onset and de-

tection performance. Alpha and beta activity is thought to produce pulses of inhibition that 

appear during the peaks of the oscillatory cycle. As a result, neural firing and sensory perception 

is reduced at these specific phases. In line with the present finding, Ai and Ro (2013) reported 

that preceding oscillatory power (in their study: alpha) and phase are interrelated with respect 

to their effect on tactile perception. They found that when alpha power was high and the stim-

ulus was presented during a trough, detection rates were significantly higher than for those 

presented during a peak (Ai & Ro, 2014). However, a similar interpretation of our results is diffi-

cult, because we did not find a power-specific effect of beta on detection rate and therefore 

cannot argue that increases in detection rate resulting from different power levels would 

overwrite phase-specific effects.  

With regard to the mixed alpha and beta results in the present study, it needs to be acknowl-

edged that our experiment was not primarily designed to reveal effects of ongoing neural ac-

tivity on tactile detection, but rather to compare perceptual changes resulting from sensory 

entrainment to a control condition. Thus, only a small fraction of trials was used to determine 

effects in the control condition, which was further reduced by dividing trials into different 

power levels. 

 

20 Hz entrainment increases beta power, but does not result in phase-effects on detection rate 

The purpose of the sensory entrainment used in this study was to modulate neural processing 

of perceptual information by changing ongoing brain oscillations in the alpha (10 Hz) and beta 

(20 Hz) band. In order to detect effects of our entrainment signals on EEG activity, we measured 

frequency-specific power changes during stimulation in comparison to control. We found that 

20 Hz high-intensity stimulat ion resulted in a clear beta power increase compared to control 

and other entrainment conditions. To our surprise, no effect on alpha power was detected dur-

ing 10 Hz high-intensity stimulation. One explanation for this lack of alpha response to our en-

train ment signal could be an already increased level of alpha power during the control condi-

tion. A relaxed state is known to be associated with increased alpha-band activity (Adrian & 

Yamagiwa, 1935). In addition, sensory stimulation results in a desynchronization in the alpha 

band (Pfurtscheller & Lopes da Silva, 1999), thus diminishing the enhancement effect of senso-

ry entrainment on alpha power. Further, previous studies have shown that vibrotactile stimula-

tion results in the strongest responses with frequencies in the beta range (MŸller et al., 2001; 
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Snyder, 1992; Tobimatsu et al., 1999; Tobimatsu et al., 2000; WŠlti, BŠchinger, Ruddy, et al., in 

prep.). These findings have been interpreted as a resonance mechanism in the somatosensory 

system, which represents the frequency band in which sensory information is processed opti-

mally (Hutcheon & Yarom, 2000). Such a resonance mechanism could be responsible for the 

lack of an effect of 10 Hz stimulation in our study. ISPC values derived across all stimulation 

conditions confirms a resonance-like mechanism. In line with previous findings, we found 

phase-coupling between the sensory entrainment signal and resulting EEG time-series to be 

pronounced for 20 Hz stimulation. 

Taking together our findings of a phase-dependent effect on detection rate in trials with high 

beta power and the strong beta power differences resulting from low and high intensity 20 Hz 

sensory entrainment, we further analyzed perceptual performance in those two stimulation 

conditions. We found that both conditions revealed no effect of phase angle at tactile stimula-

tion onset on detection rate. While our strong effects of beta stimulation on ISPC is evidence 

against a lack of entrainment, we argue that the fragile effect of the ongoing oscillatory phase 

on tactile perception is erased by the strong effect caused by any preceding tactile stimulation. 

Such a masking effect occurred in our study throughout the entrainment conditions and will be 

discussed in the following paragraphs. 

 

Sensory entrainment masks subsequent tactile detection 

Masking refers to the phenomenon that one sensory stimulus decreases the detectability of 

another when activating the sensory system simultaneously or in close temporal relationship 

(Verrillo, Gescheider, Calman, & Van Doren, 1983). Such an effect can also occur when the two 

stimuli are applied to different locations on the skin (e.g. different fingers), which has been 

suggested to represent inhibition effects across neurons which process projections from multi-

ple peripheral locations (Biermann et al., 1998; Forss, JousmŠki, & Hari, 1995). 

The stimulation paradigm in the present study is prone to such a masking effect, because sen-

sory entrainment (vibrotactile stimulation) of the thumb is preceding a weak tactile stimulus to 

the index finger within 25 Ð 75 ms. Exploration of the estimated thresholds derived from each 

entrainment condition revealed clear decreases in detectability (i.e. increases in estimated 

thresholds) in comparison to control without preceding entrainment. This effect was stronger 

for high intensity entrainment conditions compared to low, reflecting stronger masking ef-

fects. Further, this finding was independent of stimulation rhythmicity (rhythmic vs. jittered) 

and frequency (10 Hz vs. 20 Hz). 
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Masking effect depends on strength of neural entrainment  in beta 

Since masking is believed to relate to the neuronal processing of sensory information, and en-

trainment modulated the neural activity which is thought to underlie these processes, we in-

vestigated whether a relationship between the masking effect and the gain of the sensory en-

trainment (i.e. the increase of ISPC from low intensity to high intensity entrainment, !  ISPC) 

could be uncovered. Our analysis found a significant correlation between the entrainment gain 

(!  ISPC) from low to high intensity and the behavioral masking effect (!  TH) only for the beta 

band. A median-split of the data revealed that those individuals with higher neural entrain-

ment gains had a stronger increase of detection thresholds, and therefore an increased mask-

ing effect for high-intensity 20 Hz stimulation than those with a low gain (i.e. small !  ISPC).  

Previously, we showed that ISPC between a vibrotactile beta stimulation and the EEG response 

in the contralateral somatosensory area revealed characteristics of the Arnold tongue (WŠlti, 

BŠchinger, Ruddy, et al., in prep.). While high-intensity beta stimulation resulted in high ISPC 

independent from stimulation frequency, we found that ISPC derived from low-intensity beta 

stimulation was dependent on the distance between the stimulation frequency and endoge-

nous beta frequency (IBF). In other words, the closer the stimulation frequency to IBF, the closer 

were ISPC values between low- and high-intensity beta stimulation  (see Figure 2.6). Derived 

from this finding, we speculate that !  ISPC derived from 20 Hz entrainment conditions reveal 

the distance from the stimulation frequency to participantsÕ IBF. Following this logic, a closer 

proximity between 20 Hz and IBF could have resulted in a decreased masking effect from high-

intensity 20 Hz stimulation . An explanatory depiction of th is interpretation is  shown in Figure 

3.9. While the exact relationship between entrainment and masking remains speculative, our 

finding shows that rhythmic sensory entrainment  in the beta band influences sensory process-

es. 

 

Figure 3.9 Explanatory depiction of the results regarding threshold differences resulting from high-

intensity 20 Hz stimulation. If a subject with IBF at 20 Hz is stimulated with a 20 Hz vibrotactile stimula-
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tion, detection of a subsequent tactile burst is masked and therefore detection threshold increases com-

pared to control (without preceding stimulation). If stimulation intensity of the 20 Hz stimulation is in-
creased, no further increase in detection rate results. If a subject with IBF further away from 20 Hz (here: 

24 Hz) receives sensory entrainment at 20 Hz, the effect is different. Low intensity stimulation will again 
increase the detection threshold compared to control. In addition, stronger masking results from an in-

crease in stimulation intensity, which will further increase the detection threshold. 

 

Conclusion 

Our study shows that rhythmic sensory stimulation causes resonance-like effects of brain activ-

ity that are present in the EEG signal. Moreover, it can alter neuronal information processing by 

modulating sensory perception. Even though every supra-threshold sensory stimulation ap-

pears to affect sensory perception, the only significant brain-behavior correlation was found for 

entrainment in the beta band, confirming that beta activity is closely linked to somatosensory 

processing. 
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CHAPTER 4 

 

 

4.! No modulatory effect of rhythmic visual alpha/gamma 

stimulation in a bistable motion illusion  

WŠlti, M. J., BŠchinger, M., & Wenderoth, N. Reduction of perceptual switches in a bistable mo-

tion illusion with rhythmic visual alpha stimulation. In preparation.  

Contributions: Experimental design, behavioral and EEG measurements, data analysis, writing 

of manuscript. 

4.1! Abstract 

The Ômotion qu artetÕ, also called stroboscopic alternative motion (SAM), is a bistable apparent 

motion paradigm where dots are perceived as moving either horizontally or vertically. These 

two percepts are known to switch randomly depending on both alpha (8 Ð 12 Hz) and gamma 

(30 Ð 80 Hz) oscillations within and between hemispheres, respectively. However, whether the-

se oscillations play a causal role in triggering perceptual switches remains unknown.  

Here, we aimed to entrain brain oscillations in the visual system by presenting flickering stimu-

li. Two LEDs were flickering either at 10 Hz, 40 Hz or corresponding jittered stimulation fre-

quencies on the left and right sides of the visual field during the presentation of a motion quar-

tet. In our control condition (no stimulation), we show that interhemispheric gamma connec-

tivity (spectral coherence) between the visual cortices of both hemispheres is important for 

sensory feature integration. On the other hand, alpha power did not predict perceptual switch-

es for the motion quartet. Rhythmic visual stimulation with 10 Hz and 40 Hz evoked resonance-

like neural responses but did not alter visual perception.  

Thus, although sensory stimuli seem to entrain ongoing brain rhythms, the effect on human 

behavior differs from the principles observed for endogenous brain oscillations. 
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4.2! Introduction  

Conscious human perception is assumed to be established by the synchronization of oscillatory 

neuronal brain activity both within local areas and across several remote cortical regions 

(Engel, Fries, & Singer, 2001). In the visual system, the perception of a consistent single visual 

field is thought to be facilitated by interhemispheric synchronization between early visual are-

as of both hemispheres (Bressler et al., 1993; Gazzaniga, 2000; Mima et al., 2001; Srinivasan et 

al., 1999). For certain stimuli requiring bilateral visual perception, visual awareness can alter-

nate between two different percepts, even if the physical properties of the stimulus are un-

changed. Examples of such ambiguous illusions are the Necker Cube, structure-from -motion 

(SFM), the spinning wheel illusion or stroboscopic alternative motion (SAM; also: motion quar-

tet), whose underlying neuronal mechanisms of bistable perception have been extensively 

studied (for reviews, see Leopold & Logothetis, 1999; Sterzer, Kleinschmidt, & Rees, 2009). The 

bistable perception in SAM is somewhat unique because it either requires (i) the unilateral pro-

cessing of a perceived motion separately for each of the visual hemifields when vertical move-

ments are perceived, or (ii) an interaction between both hemispheres when the motion of the 

visual stimulus crosses the retinal midline so that a horizontal movement is perceived (Genc, 

Bergmann, Singer, & Kohler, 2011; Ramachandran & Anstis, 1983; Rose & BŸchel, 2005).  

Electrophysiological studies in humans identified two main frequency bands that relate to such 

perceptual ambiguities: alpha (8 Ð 12 Hz) and gamma (30 Ð 80 Hz). While alpha band activity is 

thought to regulate neuronal network excitability through functional inhibition or destabiliza-

tion of the actual percept (Flevaris, Martinez, & Hillyard, 2013; Foxe & Snyder, 2011; Jensen & 

Mazaheri, 2010; Lange, Keil, Schnitzler, van Dijk, & Weisz, 2014), gamma band activity has been 

proposed to be related to interhemispheric communication (Hipp, Engel, & Siegel, 2011; Rose & 

BŸchel, 2005). It has been shown that a decrease of inhibitory alpha power is correlated with an 

increased probability of a perceptual switch (Helfrich et al., 2016; Isoglu-Alka• et al., 2000; 

Isoglu-Alkac & Struber, 2006; Piantoni, Romeijn, Gomez-Herrero, Van Der Werf, & Van 

Someren, 2017; Sangiuliano Intra et al., 2018; StrŸber & Herrmann, 2002) and that synchronized 

gamma activity (also: coherence) increases during interhemispheric communication (Bressler 

et al., 1993; Doesburg et al., 2005; Mima et al., 2001; Srinivasan et al., 1999; StrŸber et al., 2000). 

Further evidence of the involvement of brain oscillations in the perceptual integration of am-

biguous visual stimuli stems from studies that selectively interfere with these oscillations. In 

recent years, methods for entrainment of brain oscillations have been proposed to alter percep-

tion by modulating gamma  (Cabral-Calderin et al., 2015; StrŸber et al., 2014) and alpha oscilla-

tions (Helfrich, Schneider, et al., 2014). While various non-invasive methods have been proposed 
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to be capable of frequency-specific modulation of brain rhythms (for a review, see Thut et al., 

2011), transcranial alternating current stimulation (tACS) has been predominantly used to alter 

the perception of ambiguous stimuli (for a review, see Herrmann, Rach, Neuling, & StrŸber, 

2013). Using tACS, StrŸber et al. (2014) found that externally desynchronizing gamma oscilla-

t ions between occipital hemispheres impaired interhemispheric integration of perceived mo-

tion  (StrŸber et al., 2014). Similar results were described by Helfrich et al. (2014) who modulated 

interhemispheric connectivity with gamma band tACS in a phase-specific way. While in-phase 

stimulation was accompanied by enhanced synchronization, anti-phase stimulation impaired 

synchronization. In addition to their gamma-coupling effect, they revealed a decrease in alpha 

power in response to gamma stimulation (Helfrich, Knepper, et al., 2014). 

Altering brain oscillations with tACS is an attractive approach, however, one main disadvantage 

is that the interaction of the externally applied electric fields with the ongoing brain rhythms is 

difficult to assess because of electrically induced artifacts during tACS. In particular, the rhyth-

mic contamination of recorded electrophysiological signals makes online analyses extremely 

challenging leading mainly to the investigation of neuronal activity aftereffects (Thut et al., 

2011). An alternative form of frequency-specific modulation of brain rhythms can be achieved 

with rhythmic sensory stimulation, which induces steady-state evoked potentials (SSEPs) fol-

lowing the temporal frequency of the driving stimulus  (Regan, 1977). SSEPs can be measured 

with electroencephalography (EEG) and have been documented in the visual (steady-state vis-

ually evoked potentials, SSVEPs), the auditory (auditory steady-state responses, ASSRs) and the 

somatosensory (steady-state somatosensory evoked potentials, SSSEPs) systems (for a review, 

see Vialatte et al., 2010). Similar to other methods of neural entrainment, the underlying mech-

anism of SSEPs is still debated (see Zoefel, Ten Oever, et al., 2018). While some studies report 

evidence for entrained ongoing brain oscillations by showing an interaction between stimula-

tion and endogenous activity (Notbohm et al., 2016; Schwab et al., 2006; WŠlti, BŠchinger, 

Ruddy, et al., in prep.), others found responses to be only regular repetitions of evoked neural 

potentials (Capilla et al., 2011; C. Keitel et al., 2014). In contrast to overlaying evoked potentials, 

entrainment modulates ongoing brain oscillations. However, to convincingly demonstrate that 

SSEPs actually represent neural entrainment, a dependency on endogenous oscillations might 

not be sufficient to fundamentally distinguish entrainment from a rhythmic series of evoked 

potentials  (Haegens & Zion Golumbic, 2018). With regard to the ongoing debate on whether 

neural entrainment occurs as response to rhythmic sensory stimulation, establishing whether 

changing brain oscillations with SSVEPs modulates behavior in a predictable manner seems to 

be an important outcome measure (Haegens & Zion Golumbic, 2018). 

The goal of the present study was to test whether oscillatory brain activity can selectively be 

modulated with flickering visual stimuli and alter the perception of a bistable motion illusion. 

In line with previous research, we focused on alpha (10 Hz) and gamma (40 Hz) stimulation 
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frequencies, applied to both visual hemifields. Our behavioral measures were perceived motion 

(horizontal or vertical) and number of perceptual switches in a SAM illusion. To uncover en-

trainment effects on a neurophysiological level, we measured EEG throughout the experiment 

and compared rhythmic stimulation with jittered stimulation signals of equivalent frequencies.  

4.3! Materials and methods 

Participants 

A total of 34 healthy participants with normal or corrected-to-normal vision were recruited and 

participated in the experiment. 1 participant was excluded from the analysis due to technical 

problems during the EEG recording and 4 others were not able to perceive a change in motion 

of the dots during baseline testing of the SAM. This resulted in a final sample of 29 participants 

(female: 14; age: M ± SD = 24.5 ± 3.4). The study protocol was approved by the local ethics com-

mittee and was conducted in accordance with the Declaration of Helsinki. Participants signed 

an informed consent and were informed about the procedure of the study. Participants were 

na•ve to the hypothesis of the study and that the bistability of the SAM was merely a perceptu-

al phenomenon and not a difference in stimuli presentation. This was important because it has 

been shown that perceptual switches of a bistable stimulus can to some extent be under the 

voluntary control of the participant (Kohler, Haddad, Singer, & Muckli, 2008; Sangiuliano Intra 

et al., 2018). 

 

Design and procedure 

Participants were comfortably seated in a dark sound-attenuated room approximately 70 Ð 80 

cm away from a computer screen (27-inch). A chin rest was used to ensure a consistent distance 

to the computer screen. EEG data were recorded through the whole experiment (see below). 

 

Bistable motion illusion: SAM 

In the bistable motion paradigm used in this study, the perception of apparent motion was 

induced by flashing two dots that simultaneously appeared in diagonally opposite corners of a 

virtual rectangle with a constant vertical distance and variable horizontal distance. Dots were 

alternately switched on and off between the corners of both diagonal axes (Figure 4.2). This 

causes an apparent motion of the dots that can be perceived either along the vertical or the 

horizontal axis. 
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Determination of parity ratios 

Previous studies presenting SAM over longer time periods (until a perceptual switch was per-

ceived) have shown that the ratio between vertical and horizontal distance that leads to equal 

durations of vertical and horizontal motion perception can vary strongly between observers 

(Chaudhuri & Glaser, 2009; Kohler et al., 2008). To determine individual ratios at which vertical 

and horizontal motion perception were equally likely (parity ratio, PR), we presented SAM be-

fore the start of each block of the main experiment at 10 vertical-horizontal distance ratios. The 

moving dots were presented for 3 cycles (1 cycle = dots disappear along one diagonal axis and 

appear along the other) and participants were asked to indicate with a key press whether they 

perceived horizontal or vertical movement of the dots. The 10 ratios were presented in random 

order and the procedure was repeated in total 4 times. Averaged across the 4 runs, this resulted 

in a ratio of vertical motion perception for each of the 10 ratios. We calculated individual parity 

ratios by extracting the value at 50 % likelihood of perceiving vertical or horizontal movement 

along the resulting sigmoid distribution of the data points (see Figure 4.1). 

 

Figure 4.1 Determination of individual parity ratios.  Prior to each block, parity ratio was determined for 
each subject by presenting SAM at several different dot distance ratios (horizontal distance divided by 

vertical distance), which generates a sigmoid distribution of data points. Depicted are data from an ex-
ample subject (red circles) and the corresponding fit of a logistic function (black line). The ratio at which 

vertical motion perception is at 50 % determines the subjectÕs parity ratio (PR, here: 1.03). 

 

Bilateral visual stimulation 

Bilateral stimulation of the visual system was caused by means of two white light emitting 

diodes (LEDs) with a diameter of approximately 2 mm that were mounted on the left and right 

side of the computer screen. Left and right LEDs flickered in-phase with either 10 Hz, jittered 

around 10 Hz, 40 Hz, or jittered around 40 Hz frequencies. A custom-written Matlab script (The 

MathWorks Inc., USA) generated the rhythmic and jittered square waves which were sent to 

the stimulation devices via a National Instruments Card (NI-USB 6343) and an amplifier. Stimu-

lation intensity was kept constant across all stimulation conditions. 

0 0.5 1 1.5 2

Ratio

0

0.2

0.4

0.6

0.8

1

H
or

iz
on

ta
l -

 V
er

tic
al data

fitted curve

Dot Distance Ratio 
(Horizontal / Vertical)

R
at

io
 V

er
tic

al
 

M
o

tio
n 

P
er

ce
p

tio
n

Data
Fit

PR



 
63 

Main experiment 

Figure 4.2 depicts the procedure of the main experiment. For the SAM, varying distances be-

tween the dots along the horizontal axis were used, while distance along the vertical axis was 

held constant. 9 horizontal distances derived from individual parity ratio (PR) were used (PR, PR 

± 0.05 x PR, PR ± 0.2 x PR, PR ± 0.4 x PR, PR ± 0.6 x PR). One trial consisted of a 1 s rest period, 

after which the LEDs were turned on and either started to flicker at one of the 4 stimulation 

frequencies, or stayed on without flicker during the control condition. Subsequently, SAM 

started by randomly presenting one of the 9 distance variations for 3 cycles. Presentation of 

SAM was followed by a screen depicting a question mark and all 4 statically presented dots 

(decision screens). Participants were instructed to indicate whether they had perceived vertical 

or horizontal motion of the dots by a key press. Then, a 1.5 s rest period was followed by the 

next SAM with a different horizontal dot distance. Throughout the presentation of the 9 dis-

tance variations (including decision screens), flickering (or static light) of the LEDs was contin-

ued. The experiment was conducted in 4 blocks, each consisting of 2 runs (including all 9 dis-

tance ratios presented in random order) per condition (10 Hz, 10 Hz jittered, 40 Hz, 40 Hz jit-

tered, control), presented in pseudo-randomized order. Each of the blocks was preceded by the 

determination of the individual parity ratio as described before. 

 

Figure 4.2 Design of the main experiment. A trial is depicted with the first two (out of 9) different hori-
zontal distances of the presented dots during SAM. Each SAM is followed by a decision screen, where the 
subject indicates whether horizontal or vertical movement of SAM was perceived. Horizontal distances 

are customized to participants parity ratio and adjusted for each block. 

 

EEG data acquisition 

EEG data were acquired at 1000 Hz using a 64-channel Hydrocel Geodesic EEG System (Electri-

cal Geodesic Inc., USA), referenced to Cz (vertex), with an online Notch filter (50 Hz) and high-

pass filter at 0.3 Hz. Impedances were kept below 50 k!. 
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Preprocessing of EEG data 

EEG data were preprocessed and analyzed offline. Data were cleaned (detection and interpola-

tion of bad electrodes), band-pass filtered (0.5 Ð 85 Hz) and further processed using independ-

ent component analysis (ICA). Artifact  components (ICs) were automatically detected and re-

moved from the data using a custom toolbox (see Liu et al., 2018). 

 

Behavioral data analysis 

In order to determine the rate of both directions of motion perception, we counted the number 

of vertical percepts and divided this value by the total amount of perceptual choices across tri-

als (perception rate of vertical motion). This was repeated for each condition. Next, we sub-

tracted the rate of vertical perception in the control condition from the rates in each of the 

stimulation conditions ( !  perception rate of vertical motion). A one-factor repeated measures 

ANOVA analysis was then used to determine differences across stimulation conditions. 

A similar approach was followed to determine whether the number of perceptual switches was 

modulated by our stimulation conditions. For each trial (except the first) we determined 

whether the response (vertical or horizontal) was equal or switched in comparison to the previ-

ous trial. For each condition, we counted the number of perceptual switches across trials (max-

imal number of switches = 64). The number of perceptual switches in the control condition was 

then subtracted from the number of perceptual switches in each experimental condition (!  

perceptual switches). Again, a one-factor repeated measures ANOVA was used for statistical 

analysis. 

 

EEG data analysis 

First we tested the hypothesized effects of gamma connectivity and alpha power. To do so, da-

ta from the control condition were epoched around the onset of each SAM presentation (-500 

ms to + 1000 ms) and analyzed.  

For gamma connectivity, spectral coherence was assessed in averaged data from 5 occipital 

electrodes from each hemisphere. Spectral coherence is a measure of phase-based connectivity 

with phase values being weighted by power values (see Cohen, 2014). Coherence was analyzed 

across the whole epoch for each trial and then averaged within the low gamma frequency band 

(36 Ð 44 Hz). Next, individual trials were divided in two equally-sized groups based on gamma 

connectivity (low and high coherence). For each subject, we determined the rate of vertical mo-

tion perception in both of the groups, which were then statistically compared using a paired-

samples t-test. 
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Alpha power in the control condition was calculated as averaged power across 500 ms preced-

ing the onset of each SAM. For power extraction, a family of complex Morlet wavelets spanning 

6 Ð 14 Hz (in 20 steps) was used with wavelet cycles increasing logarithmically between 4 and 

10 cycles as a function of frequency. Decibel baseline-normalized alpha (8 Ð 12 Hz) power was 

averaged across all SAM presentations and trials from a pre-defined set of 10 occipital elec-

trodes (excluding electrodes from the midline). We used a 250 ms epoch before the onset of the 

stimulation in each trial as baseline (-500 ms to -250 ms preceding stimulation onset). Again, 

for each subject we divided trials in two equally-sized groups (low and high power). The num-

ber of perceptual switches was then determined in both groups and compared using a paired-

samples t-test. 

To determine electrophysiological responses to our stimulation conditions, for each participant 

we identified the electrodes over visual areas that revealed the strongest alpha and gamma 

steady-state visually evoked potentials (SSVEPs). Data derived from 10 and 40 Hz stimulation 

were epoched and analyzed separately. Power was extracted as described above, with complex 

Morlet wavelets spanning 6 Ð 55 Hz (in 40 steps). Decibel baseline-normalized (see Cohen, 2014) 

alpha (9.5 Ð 10.5 Hz) and gamma (39.5 Ð 40.5 Hz) power was calculated for each electrode, aver-

aged across all SAM presentations and trials. We used 500 ms time-windows preceding each 

SAM as the stimulation signal and 250 ms before onset of the stimulation in each trial as base-

line (-500 ms to -250 ms before stimulation onset). From a pre-defined set of 10 occipital elec-

trodes (see Figure 4.4 A&C) we determined for each subject the electrodes that revealed 

strongest power changes to alpha (10 Hz) and gamma (40 Hz) stimulation. Because we were 

interested in gamma connectivity between left and right hemispheres, the electrode that mir-

rored the strongest gamma electrode on the other hemisphere was selected as second gamma 

electrode. 

The extent of spectral coherence in the stimulation conditions was determined for the two 

selected gamma electrodes. For this, we calculated spectral coherence between the two elec-

trodes in a -500 ms to +1000 ms time-window relative to the onset of each SAM. Coherence 

values measured during the control condition were then subtracted from coherence values 

measured during the stimulation conditions (!  gamma connectivity). 

Alpha power changes were calculated for each condition as described above by extracting 

time -series EEG data from the best alpha electrode. Morlet wavelets spanned from 6 Ð 14 Hz in 

20 steps.  
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4.4! Results 

The current study was designed to reveal effects of visually-induced sensory entrainment in a 

bistable motion paradigm. Our goal was to support previous findings showing the importance 

of interhemispheric gamma connectivity and occipital alpha power on sensory perception, and 

to further evaluate rhythmic sensory stimulation of the visual system as a possible mechanism 

to entrain ongoing brain oscillations and modulate associated behavioral functions. 

 

Gamma connectivity predicts direction of perceived motion 

We analyzed control condition data (no sensory entrainment) in order to replicate previous 

findings regarding gamma- and alpha-band oscillations associated with visual perception. In 

line with previous findings, interhemispheric connectivity in the gamma band was related to 

the direction of perceived motion in SAM. A median-split of the data and a subsequent paired-

samples t-test revealed that trials with low gamma connectivity (coherence: M = 0.49, SD = 

0.19) are more often perceived as vertical motion, compared to trials with high gamma connec-

tivity (coherence: M = 0.65, SD = 0.14; t(28) = 3.008, p = 0.006; Figure 4.3 A). Perception of hori-

zontal motion, which crosses the retinal midline, is thought to involve a stronger connection 

between visual areas in the two hemispheres. Our finding confirms this assumption and pre-

sents validation of the chosen study design.  

On the other hand, the number of perceptual switches did not differ between low (power: M = 

4.41, SD = 4.01) and high (power: M = 10.07, SD = 4.32) alpha power trials as was hypothesized 

by previous findings (t(28) = -0.120, p = 0.905; Figure 4.3 B). 

 

Figure 4.3 Behavioral correlates of gamma connectivity and alpha power in the control condition. A: 
More vertical motion of SAM is perceived in trials with low gamma connectivity compared to high gam-
ma connectivity. B: Alpha power level is not predictive for the number of perceptual switches in our study 
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design. (* = p < 0.01, error bars = SEM) 

 

Rhythmic visual stimulation increases alpha power but has no effect on gamma connectivity 

In order to determine whether our 10 and 40 Hz stimulation conditions lead to the hypothe-

sized changes in alpha power and gamma connectivity, we first inspect topographical plots and 

power spectra derived from time-series EEG data during stimulation. Figure 4.4 depicts topo-

graphical power during 10 and 40 Hz stimulation across all electrodes and the resulting power 

spectrum (derived from the strongest electrode, marked as red dot) around the stimulation 

frequency. The highest power values were found over lateral occipital areas for both stimula-

tion conditions. Note that these data were derived from EEG data over long stimulation time-

periods (30 s) averaged across all subjects and trials (ÔsupersubjectÕ), hence showing stronger 

effects compared to individual data. 

 

Figure 4.4 Averaged effects of 10 and 40 Hz stimulation. A: Topographical depiction of electrode power 

at 10 Hz reveals strongest response to 10 Hz stimulation over visual cortex. Red dot indicates electrode 
with strongest 10 Hz response. White dots represent pre-selected electrodes from left and right visual 

cortices. B: Power spectrum derived from the strongest electrode from A for 10 Hz and 10 Hz jittered con-
ditions. C: Electrode power at 40 Hz in response to 40 Hz stimulation. Red dot indicates electrode with 

strongest response. C: Equivalent to B for 40 Hz stimulation. 

 

In Figure 4.5 gamma connectivity and alpha power changes across all stimulation conditions (in 

comparison to control) are depicted. Statistical analysis revealed no effect of visual flicker on 

interhemispheric gamma connectivity (!  gamma connectivity; F(3,25) = 0.532, p = 0.665). On the 

other hand, alpha power was significantly different across stimulation conditions (!  alpha 

power; F(3,25) = 9.303, p < 0.001). Bonferroni-corrected pairwise comparisons revealed 10 Hz 
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rhythmic stimulation resulted in significantly higher !  alpha power compared to all other stim-

ulation conditions (10 Hz vs. 10 Hz jittered: p < 0.001; 10 Hz vs. 40 Hz: p = 0.001; 10 Hz vs. 40 Hz 

jittered: p = 0.031).  

 

Figure 4.5 Effect of all stimulation conditions on gamma connectivity and alpha power. A: Gamma con-

nectivity changes compared to control reveal no effect of stimulation. B: 10 Hz stimulation leads to 
strongest increase (compared to control) in alpha power across stimulation conditions. (** = p < 0.001, * = 

p < 0.01, error bars = SEM) 

 

No effect of rhythmic visual stimulation on perceived motion direction or perceptual switches 

Contrary to our hypotheses, rhythmic visual stimulation had no effect on perception across all 

conditions. As we found no effect on !  gamma connectivity, it may come as no surprise that the 

stimulation conditions did not differ with respect to the rate of vertical motion perception 

(F(3,26) = 0.614, p = 0.612; Figure 4.6 A) and that there was no effect of stimulation on the num-

ber of perceptual switches (F(3,26) = 1.274, p = 0.304; Figure 4.6 B). In an additional analysis, we 

investigated the influence of the visual flicker on the above describe brain-behavior relation-

ship, i.e. that low interhemispheric gamma coherence favors the perception of vertical motion. 

For this, we included data from all stimulation conditions into the analysis and divided trials 

into two equally sized groups of low- and high-gamma connectivity trials. A paired-samples t-

test revealed that gamma coherence did not have an effect on direction of perceived motion 

during visual stimulation (t(28) = 0.460, p = 0.649). 
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Figure 4.6 No effect of stimulation conditions on perception. A: Rate of vertical motion perception (com-
pared to control) revealed no differences across stimulation conditions. B: No effect of stimulation was 

found on changes in perceptual switches compared to control. (error bars = SEM) 

4.5! Discussion 

In the present study we investigated the effects of bilateral visual stimulation on neuronal ac-

tivity in the visual system and its modulation of subjective perception of bistable motion. Based 

on previous literature, we hypothesized a causal role of interhemispheric gamma connectivity 

on feature integration across both hemispheres (Engel, Kšnig, Kreiter, & Singer, 1991), thus be-

ing predictive of the motion direction of a bistable apparent motion. Further, we expected oc-

cipital alpha power increases to reduce the number of subjective direction reversals of appar-

ent motion. To this end, we entrained brain oscillations in the visual system by presenting flick-

ering LEDs in the gamma (40 Hz) and alpha (10 Hz) frequency band bilaterally while observers 

reported whether they perceived the motion direction of a stroboscopic alternative motion 

(SAM) as horizontal or vertical.  

 

Gamma connectivity predicts direction of perceived motion 

In our paradigm, the switch between horizontal and vertical apparent motion is likely to involve 

a change in interhemispheric connectivity, because information from both hemispheres has to 

be integrated in the case of perceived horizontal motion (Fries, 2009). As demonstrated previ-

ously in a correlative EEG study (Rose & BŸchel, 2005), interhemispheric gamma band coher-
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ence is increased during perceived horizontal motion compared to vertical motion in SAM, with 

a peak at 40 Hz. To replicate this finding, we measured phase-based connectivity (spectral co-

herence) around 40 Hz (36 Ð 44 Hz) in our control condition and compared perception in low 

versus high coherence trials. In line with our hypothesis, high gamma connectivity was associ-

ated with more horizontal motion perception compared to low gamma connectivity. This find-

ing provides further evidence that gamma oscillations represent a mechanism to facilitate in-

tegration of distributed neuronal ensembles enabling behavioral functions such as visual at-

tention and perception (Fries, 2009; Singer, 1999; Tallon-Baudry, 2009). However, this effect is 

disrupted if the SAM is observed while flickering stimuli are presented, irrespective of the flick-

ering frequency. This suggests that visual stimulation itself evokes gamma activity which is 

unrelated to processing the SMA stimuli and is likely to mask associations between the gamma 

coherence level and the participantÕs percept (Singer, 1999). Moreover, previous literature has 

found gamma to be susceptible to attentional modulation (e.g. Kohler et al., 2008), which could 

have occurred in our study because the flickering in the visual periphery might have acted as a 

distractor. 

 

Study design does not promote direct perceptual switches 

Apart from gamma activity, alpha-band power has also been repeatedly found to correlate 

(negatively) with perceptual changes of bistable patterns (Ba"ar-Eroglu et al., 1996; Isoglu-Alka• 

et al., 2000; Piantoni et al., 2017; StrŸber & Herrmann, 2002). However, our control condition 

did not reveal a difference in the number of perceptual switches preceded by low and high al-

pha power. A similar absence of the alpha-power-effect was reported by Cabral-Calderin et al. 

(2015). The authors argue that alpha power might not be causally relevant for perceptual 

switches, but rather linked to processes of decision-making, motor preparation, or attention  

(Cabral-Calderin et al., 2015). More research is needed to clarify the underlying role(s) of alpha 

oscillations in bistable motion perception. Regarding our results, we have to stress that the 

chosen study design differed in a crucial way from other studies that reported alpha-power 

effects on perceptual switches. We adapted our design from an fMRI study that investigated 

neural connections contributing to interhemispheric integration (Genc et al., 2011) and present-

ed SAM with various horizontal-vertical ratios, each for a short time period, and each followed 

by a decision screen. By contrast findings confirming alpha power changes during perceptual 

switches come from studies using a paradigm that had participants to observe a bistable mo-

tion (e.g. SAM) or ambiguous figure (e.g. Necker cube) until a reversal in perception occurs 

(Isoglu-Alka• et al., 2000; Piantoni et al., 2017; StrŸber et al., 2014; VanRullen, Reddy, & Koch, 

2006). This offers more time to shift into a relaxed state, which is known to be associated with 
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increased alpha-band activity (Adrian & Yamagiwa, 1935). It is possible that this increase is nec-

essary to exert a causal influence on bistable perception. 

 

Rhythmic sensory stimulation reveals resonance-like response in visual system  

In order to test the causal role of alpha and gamma oscillations on bistable motion perception, 

we aimed to entrain neural activity with sensory rhythmic stimulation. Previous studies using 

tACS have shown that tACS-induced desynchronization of gamma oscillations (40 Hz) between 

hemispheres biases the perception of SAM toward vertical motion (StrŸber et al., 2014). Helfrich 

et al. (2014) used 40 Hz tACS in- or out-of-phase across hemispheres and found that these 

stimulation conditions induced opposite effects on the perception of SAM. While in-phase 

stimulation increased horizontal motion perception, anti-phase tACS led to a decrease 

(Helfrich, Knepper, et al., 2014). Although it has been shown that rhythmic sensory stimulation 

depends on ongoing oscillations (Notbohm et al., 2016; WŠlti, BŠchinger, Ruddy, et al., in prep.), 

thus representing entrainment of rhythmic neural activity, and that sensory processes can be 

modulated with this method  (WŠlti, BŠchinger, & Wenderoth, in prep.), to our knowledge, no 

study has used sensory entrainment in a bistable perception paradigm yet.  

While rhythmic 10 Hz stimulation revealed the hypothesized increase in alpha power, bilateral 

rhythmic 40 Hz stimulation had no effect on interhemispheric gamma connectivity, therefore, 

it comes as no surprise that our stimulation condition did not have an effect on direction of 

apparent motion or number of perceptual switches. One explanation for the lack of a 40 Hz 

stimulation effect on interhemispheric coherence might stem from the resonance mechanism 

in neural populations in the visual system. Studies using steady-state sensory stimulation have 

shown that each sensory system responds maximally to a specific stimulation frequency (for a 

review, see Vialatte et al., 2010). In the visual system, alpha activity (around 10 Hz) is thought to 

represent a mechanism for optimally processing sensory information (Hutcheon & Yarom, 

2000; Regan, 1989). In addition, individual stimulation frequencies within a frequency band are 

thought to be crucial for entrainment effects. This effect has been shown for the individual 

alpha frequency (IAF) in the visual system (Gulbinaite et al., 2017; Notbohm et al., 2016) and for 

the individual beta frequency (IBF) in the somatosensory system (WŠlti, BŠchinger, Ruddy, et al., 

in prep.; WŠlti, BŠchinger, & Wenderoth, in prep.). In both systems, stimulation frequencies 

closer to individual ongoing brain oscillations result in stronger entrainment effects and are 

more likely to modulate perceptual and attentional processes. We therefore argue that future 

studies using rhythmic sensory stimulation as an entrainment method to modulate perceptual 

processes should limit the range of stimulation to the systemÕs resonance frequency band and 

provide individually adjusted frequencies based on endogenous neural activity in the targeted 

sensory system. 
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Conclusion 

Our study provides further evidence that interhemispheric gamma connectivity in the visual 

system has a crucial role in featuring integration across both hemispheres. However, we also 

show that it is very difficult  to evoke behavioral entrainment effects using rhythmic sensory 

stimulation.  



 
73 

CHAPTER 5 

 

 

5.! Assessing rhythmic visual entrainment and reinstate-

ment of brain oscillations to modulate memory per-

formance 

WŠlti, M. J., Woolley, D. G., & Wenderoth, N. Assessing rhythmic visual entrainment and rein-

statement of brain oscillations to modulate memory performance. In preparation. 

Contributions: Experimental design, behavioral and EEG measurements, data analysis, writing 

of manuscript. 

5.1! Abstract 

The human brainÕs ability to store information and remember past events is thought to be or-

chestrated by the synchronization of neuronal oscillations in various frequency bands. A vast 

amount of research has found that neural oscillations in the theta (4 Ð 7 Hz) and alpha (8 Ð 12 

Hz) band play an important role in memory formation. More specifically, it has been suggested 

that memory performance benefits if the same oscillatory pattern is present during encoding 

and retrieval. However, the causal relevance of these oscillations is not well understood. 

Rhythmic sensory stimulation is thought to entrain ongoing brain oscillations and modulate 

associated functions (e.g. memory formation).  

In the present study, we used rhythmic visual stimulation at 6 and 10 Hz to experimentally 

modulate the memory encoding process in a recognition memory task. In addition, we rein-

stated oscillatory activity from the encoding episode during retrieval, which has been hypothe-

sized to result in memory performance improvements, compared to non-reinstated conditions 

and incongruent reinstatement.  

Contrary to our hypothesis, we find no effect of neural entrainment during encoding on subse-

quent memory performance. Likewise, memory retrieval does not benefit from neural rein-

statement. The results are discussed with respect to the validity of rhythmic sensory stimula-

tion as a means to alter cognitive processes and induce context-dependent memory effects.  
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5.2! Introduction  

Memory processes in humans are characterized by the ability to store and mentally reconstruct 

episodic information. A vast amount of research has found brain activity to be an important 

mechanism for the formation and reactivation of memories, especially neural oscillations (for 

reviews, see DŸzel et al., 2010; Fell & Axmacher, 2011; Klimesch, 1999). 

The formation of episodic memories has been associated with neuronal oscillatory activity in 

the theta (4 Ð 7 Hz), alpha (8 Ð 12 Hz), beta (15 Ð 30 Hz), and gamma (> 30 Hz) frequency bands 

(Friese et al., 2013; Hanslmayr & Staudigl, 2014). The encoding of visual information has been 

specifically linked to increases in theta and gamma power and decreases in alpha power 

(Clarke, Roberts, & Ranganath, 2018; Friese et al., 2013; Klimesch, Doppelmayr, Schimke, & 

Ripper, 1997). Theta is known to be enhanced during successful encoding in context-dependent 

memory tasks (Addante, Watrous, Yonelinas, Ekstrom, & Ranganath, 2011; Clarke et al., 2018; T. 

Staudigl & Hanslmayr, 2013), because it is believed to facilitate associative binding of perceptu-

al information (Clouter, Shapiro, & Hanslmayr, 2017; Hanslmayr et al., 2011). In combination, 

theta and gamma oscillations form theta-gamma phase-amplitude coupling in the human 

cortex (Canolty et al., 2006; Kšster et al., 2019), which is thought to be responsible for ordering 

and integrating novel perceptual information into existing memory networks (Buzs‡ki, 2006). 

Reduced alpha power is thought to reflect cognitive and attentional gating processes during 

encoding by dis-inhibiting relevant brain areas (Jensen & Mazaheri, 2010; Klimesch et al., 1997; 

Kšster et al., 2019). 

Successful remembering is not only determined by neuronal processes during encoding, but 

also depends on how the information is later retrieved. This claim originates from early studies 

showing that memory performance depends on the overlap of the encoding and retrieval situa-

tion (Godden & Baddeley, 1975; Morris, Bransford, & Franks, 1977; Tulving & Thomson, 1973). 

This so-called encoding specificity principle states that memory performance is higher if con-

textual features during retrieval match those of the encoding episode, compared to non-

matching situations (for a review, see Smith & Vela, 2001). Intriguingly, neural activity has been 

shown to reveal similar patterns during memory tasks. This neural reinstatement hypothesis 

claims that patterns of cortical activity during encoding are reinstated during successful re-

trieval (Nyberg, Habib, McIntosh, & Tulving, 2000; Wheeler, Petersen, & Buckner, 2000). Recent 

studies using electrophysiological measures of brain activity (EEG or MEG) found evidence for 

reinstatement by demonstrating the re-occurrence of oscillatory patterns present at encoding 

during retrieval (Jafarpour et al., 2014; T. Staudigl, Vollmar, Noachtar, & Hanslmayr, 2015; 

Waldhauser et al., 2016). Wimber et al. (2012) reported that reinstated neural patterns are not 

restricted to naturally ongoing brain activity, but can also represent previously evoked oscilla-

tions (Wimber et al., 2012). During encoding, participants were exposed to visual flickering (6 or 
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10 Hz) which is known to produce steady-state visually evoked potentials (SSVEPs) in visual are-

as of the brain at the same frequency as the visual input (Regan, 1977). Intriguingly, during the 

subsequent recognition task which was performed with a neutral background, the authors 

found that successful retrieval was accompanied by intrinsically evoked neural activity at the 

same oscillatory frequency as extrinsically evoked during encoding (Wimber et al., 2012). This 

finding confirms the view th at neural reinstatement supports memory recall, and provides fur-

ther evidence for the possibility of tagging memories with rhythmical sensory stimulation. 

Although Wimber et al. (2012) found no effect of visual stimulation on memory performance, 

others have found a correlational relationship between neural oscillations and memory pro-

cesses, with modulated memory performance resulting from experimentally altered neuronal 

activity. Transcranial alternating current stimulation (tACS) is a common method to alter neu-

ronal activity and has been reported to affect the power, phase and frequency of ongoing brain 

oscillations (e.g. Cecere et al., 2015; Zaehle et al., 2010). While early research used tACS to target 

consolidation processes during sleep (Marshall et al., 2006), more recent findings aimed to al-

ter neural activity during encoding and retrieval (Javadi et al., 2017; Nomura, Asao, & Kumasaka, 

2019). Applying tACS during a declarative memory task at gamma frequencies (60 and 90 Hz) 

to the left dorsolateral prefrontal cortex, Javadi et al. (2017) revealed that applying the same 

stimulation frequencies during encoding and recognition, caused a significant memory im-

provement relative to sham stimulation  (Javadi et al., 2017). 

An alternative method to entrain brain oscillations is rhythmic sensory stimulation as described 

above. Compared to tACS, this method has the advantage that no electrical artifacts are in-

duced, thus EEG recording during stimulation is feasible (for a review, see Vialatte et al., 2010). 

Regarding processing of visual stimuli, research using an object-recognition task has shown 

that SSVEPs in the theta band are increased for unfamiliar stimuli, while SSVEPs in the alpha 

band revealed a similar increase for familiar stimuli (Kaspar et al., 2010). Applying audio-visual 

entrainment, a recent study found that in-phase visual and auditory theta stimulation en-

hanced associative memory formation (Clouter et al., 2017). This finding provides causal evi-

dence that memory formation relies on the synchronization of sensory inputs in the theta 

band. A similar study was conducted by Roberts et al. (2018), who exposed participants to au-

dio-visual theta entrainment during the consolidation phase of an episodic memory task. Con-

firming the crucial role of theta oscillations in memory formation, they found that entrainment 

resulted in increased theta power during memory retrieval, which was associated with better 

memory performance (Roberts et al., 2018). In order to modulate memory performance, Kšster 

et al. (2019) had visual objects in an object-recognition task flicker at individually adjusted theta 

and alpha frequencies. In line with the hypothesized effects of the chosen frequency bands, 

they found that theta enhanced the formation of  novel memories, in contrast to alpha stimula-

tion. Their EEG results revealed that this behavioral effect could not be explained by changes in 
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theta power alone, but by theta -gamma phase-amplitude coupling in wide-spread cortical 

networks (Kšster et al., 2019). Regarding the memory effects of theta and alpha entrainment, it 

has to be noted that encoding without visual stimulation resulted in the best overall memory 

performance, suggesting that flickering had primarily a disruptive effect, confounding the po-

tential effect of neural entrainment on memory formation.  

Taken together, neural oscillations during encoding of new information and the match be-

tween oscillatory patterns during encoding and subsequent retrieval play an important role for 

episodic memory formation and performance. Additionally, rhythmic sensory stimulation is 

thought to entrain ongoing brain oscillations and modulate associated functions (e.g. memory 

formation). Building on the above-mentioned findings, in the present study, we used rhythmic 

visual stimulation in the theta (6 Hz) and alpha (10 Hz) frequency band during encoding to ex-

perimentally modulate the memory for mation process in a recognition memory task. In addi-

tion, we hypothesized that reinstating the same oscillatory activity during encoding and re-

trieval via sensory stimulation would result in memory performance improvements, compared 

to non-reinstated conditions and incongruent frequency reinstatement. 

5.3! Materials and methods 

Participants 

A total of 34 healthy participants with normal or corrected-to-normal vision were recruited and 

participated in the experiment. 1 participant was excluded from the analysis due to technical 

problems. 3 others did not reach the minimum required performance rate of 80 % correct re-

sponses during the encoding task and were excluded because insufficient attention was sus-

pected. This resulted in a final sample of 30 participants (female: 17; age: M ± SD = 23.8 ± 4.5). 

EEG was recorded from 22 participants throughout the whole experiment, however, here we 

will focus on the behavioral effect which forms the basis for interpreting putative EEG dynam-

ics. The study protocol was approved by the local ethics committee and was conducted in ac-

cordance with the Declaration of Helsinki. Participants provided informed consent and were 

briefed on the study procedures. Participants were na•ve with regard to the hypothesis of the 

study. 

 

Design and procedure 

Participants were comfortably seated in a dark sound-attenuated room approximately 100 cm 

away from a computer screen (27-inch). The experimental procedure was adapted from a previ-

ous study (Wimber et al., 2012) and consisted of two consecutive parts: encoding and retrieval 
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of words presented on a computer screen. For this, 360 German nouns were derived from the 

Berlin Affective Word List (BAWL-R). Selected words were restricted to consist of 1 Ð 3 syllables, 

an imageability rating of at least 5.0, and an arousal rating of less than 3.0. Assignment of 

words to experimental conditions was randomized for each participant. 

 

Encoding 

During encoding, 240 words were successively presented in the center of a computer screen 

with a grey background. Each trial started with the presentation of a fixation cross (0.75 Ð 1.25 

s), followed by a black-and-white checkerboard (see Figure 5.1). In half of the trials (120 words) 

the checkerboard flickered at 6 Hz, in the other half at 10 Hz. The order of the trials was ran-

domized. After 0.5 seconds a word appeared in a grey box in front of the flickering checker-

board for 2.5 s. Participants were instructed to count the number of syllables for each word and 

indicate via button press during the subsequently presented screen (depicting a question mark 

for 1 s) whether the number of syllables was odd or even. After the encoding phase of all 240 

words, participants were instructed to execute a 5-minute distraction task (counting back-

wards), before the retrieval phase started. 

 

Retrieval 

Retrieval trials consisted of the previously presented 240 words (old words) together with the 

remaining 120 words that participants had not yet seen (new words). Each trial started with a 

fixation cross in the center of a grey screen (0.75 Ð 1.25 s), followed by a black-and-white check-

erboard. After 0.5 s, a word appeared in front of the checkerboard for 2.0 s. The checkerboard 

flickered in one third of trials consisting of old words (= 80 words) at the same frequency as 

during encoding (congruent trials), in another third at the other frequency (incongruent trials), 

and finally in the last third of trials without flickering (no flicker trials). In trials consisting new 

words, one third (= 40 words) was flickering at 6 Hz, another third at 10 Hz, and the last third 

without flicker. Again, the order of the trials was randomized. After word presentation, a ques-

tion mark appeared in the center of the screen for 1.5 s and participants were instructed to indi-

cate with a button press whether the word was old (one that was previously encoded) or new. 
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Figure 5.1 Experimental procedure. Top: One trial during encoding. Participants were instructed to indi-

cate whether the presented word had an odd or even number of syllables. Bottom: One trial during re-
trieval, where all previously encoded words (old words) and 120 new words were presented successively. 

For each word, participants were instructed to indicate whether it was old or new. 

 

Data analysis and statistics 

As behavioral outcome measure, we compared hit rates across different encoding and retrieval 

conditions (see Results). For each condition, hit rates were calculated as number of correctly 

remembered old words divided by the total number of presented old words during retrieval. 

Repeated-measures ANOVAs in SPSS Version 25 (IBM, USA) were used to test statistical differ-

ences of the entrainment conditions on memory performance. 

5.4! Results 

No effect of encoding frequency on encoding and retrieval performance 

To rule out differences in recognition based on attentional processes during the encoding 

phase of the experiment, we first analyzed the encoding performance across both entrainment 

conditions (6 and 10 Hz). Encoding performance was determined as the rate of correct respons-

es in the syllable counting task. Although on average accuracy during 10 Hz flicker was higher 

(M = 0.95, SD = 0.04) compared to 6 Hz flicker (M = 0.94, SD = 0.04), a paired-samples t-test 

revealed no statistical difference between the two entrainment frequencies during encoding 

on syllable counting accuracy (t(29) = -1.366, p = 0.182). This result suggests comparable levels 

of attention during both ent rainment conditions. 
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Aiming to replicate the previously reported effect of enhanced memory performance after the-

ta entrainment during encoding compared to alpha entrainment (Kšster et al., 2019), we ana-

lyzed hit rates across old words that were encoded with 6 Hz flicker and compared them with 

hit rates for old words that were encoded with 10 Hz flicker. Note that this analysis included old 

words regardless of retrieval condition (congruent, incongruent, no flicker). A repeated 

measures ANOVA (2x3 factors: 2 encoding frequencies with 3 retrieval conditions) revealed no 

main effect of encoding frequency on hit rate (F(1,29) = 0.563, p = 0.459; Figure 5.2), thus failing 

to replicate the beneficial effect of theta compared to alpha entrainment. 

 

No effect of neural reinstatement on memory performance 

To test the hypothesized effect of reinstated neural oscillations on memory performance, the 

same analysis of variance (2x3 factor repeated-measures ANOVA) was used to uncover differ-

ences in old word hit rates between retrieval conditions (congruent, incongruent, no flicker) 

across both entrainment frequencies. Contrary to our hypothesis, reinstatement of neural oscil-

lations had no beneficial effect on hit rates (main effect of retrieval condition: F(2,28) = 0.513, p 

= 0.604; Figure 5.2).  

 

Figure 5.2 Effects of encoding frequency and retrieval conditions on hit rates for old words. A 2x3 repeat-
ed-measures ANOVA revealed no main effect of encoding frequency or retrieval condition on hit rates. 

(error bars = standard error of mean, SEM) 

5.5! Discussion 

Previous research has revealed that (i) theta and alpha neural oscillations play an important 

role in human memory formation, and (ii) reinstating the same oscillatory patterns during re-

trieval as during encoding improves remembering of stored information  (for a review, see 

Hanslmayr & Staudigl, 2014). In addition, a recent study found rhythmic sensory stimulation 

during encoding to modulate relevant brain oscillations, resulting in altered memory perfor-
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mance (Kšster et al., 2019). The aim of the present study was to build on these previous findings 

and to expand the suggested relevance of rhythmic sensory stimulation as a tool for neural 

entrainment by revealing the effects of neural reinstatement on memory performance. We 

used rhythmic visual stimulation in the theta (6 Hz) and alpha (10 Hz) frequency band during 

recognition memory task encoding, and induced reinstatement of oscillatory activity during 

retrieval with matching (congruent) or mismatching (incongruent) frequencies. In contrast to 

our hypotheses, we found no effect of entrainment on memory performance during encoding 

and no influence of matching entrainment frequenc ies during encoding and retrieval. 

 

Mixed findings regarding visual entrainment on memory performance 

Influencing memory performance by entraining neural oscillations via rhythmic sensory stimu-

lation has been a long-standing idea. For the visual system, Kšster et al. (2019) reported recently 

that  theta entrainment during encoding enhances subsequent memory retrieval compared to 

alpha entrainment  (Kšster et al., 2019). However, two other studies following a similar rationale 

could not reproduce the effect reported by Kšster et al. (2019). First, Wimber et al. (2012) en-

trained visual theta (6 Hz) or visual alpha (10 Hz) during encoding but found no difference in 

recognition performance between words that were encoded at 6 Hz and words that were en-

coded at 10 Hz (Wimber et al., 2012). The authors do not report whether such an effect was ini-

tially hypothesized, however, the choice of the two stimulation frequencies from well-known 

memory-frequency-bands (theta and alpha), which have opposite effects on memory perfor-

mance suggest that, at least partly, a behavioral effect was expected. To our knowledge, only 

one other study used a similar approach of rhythmic visual entrainment in a recognition 

memory task. Lewis et al. (2018) used 6 and 15 Hz visual entrainment during word encoding and 

also found no effect of stimulation frequency on memory performance (Lewis et al., 2018). The 

findings of these latter studies are in line with our results which also failed to reveal an effect 

of 6 versus 10 Hz visual stimulation during encoding.  

Two methodological differences between the study from Kšster et al. (2018) and the others 

(including our study) need to be pointed out.  

First, all studies included theta and alpha (or low beta, see Lewis et al., 2018) stimulation fre-

quencies, however, Kšster et al. (2019) used individually adjusted stimulation frequencies from 

theta (3 Ð 8 Hz) and alpha (8 Ð 13 Hz) ranges. Previous research has shown that neural entrain-

ment is partly dependent on the match of the frequency of the stimulating input and the fre-

quency of endogenous neural oscillations (Gulbinaite et al., 2017; Notbohm et al., 2016; WŠlti, 

BŠchinger, Ruddy, et al., in prep.). Possibly, our 6 and 10 Hz stimulation rhythms did not have 

the anticipated entrainment effect on neural oscillations in participants with different individ-
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ual theta and alpha frequencies. Additional analysis of the collected EEG data would provide 

further insight in to the electrophysiological responses to our stimulation signals. 

The second, and possibly crucial difference to Kšster et al. (2019), were the to-be-learned stimu-

li. While the present study, Wimber et al. (2012), and Lewis et al. (2018) used words, Kšster et al. 

(2019) used colored object pictures (e.g. animals, tools). Early research has found that recogni-

tion for pictures was enhanced compared to words (e.g. Paivio, Rogers, & Smythe, 1968; 

Snodgrass, Volvovitz, & Walfish, 1972), arguably because pictures automatically engage strong-

er associations with previously stored memories, thus enabling more elaborate encoding 

(Grady, McIntosh, Rajah, & Craik, 1998). In a positron emission tomography (PET) study, Grady 

et al. (1998) compared the neural correlates of encoding words versus pictures. While picture 

encoding revealed greater activity in medial temporal cortex, which is known to be a crucial 

brain region for episodic memory formation, words activated regions in the left hemisphere, 

known for their involvement in language tasks (Grady et al., 1998). Although differences in the 

neural processes between encoding words and pictures have been established, how these find-

ings explain the mixed results in our study and Kšster et al. (2018) remains elusive. On one 

hand, neural entrainment of pictures possibly induces rhythmic activation not only in primary 

visual cortex, but spreads to higher level processing areas (e.g. the medial temporal lobes which 

are involved in memory formation). On the other hand, flickering during encoding of words 

might reveal no spread of activation, or, only to areas of linguistic processing, thus not modu-

lating memory processes. More research, ideally using invasive electrophysiological measures 

(e.g. intracranial EEG), would be needed to evaluate the rhythmic spreading of steady-state 

evoked potentials.  

 

Mixed findings regarding neural reinstatement and visual flicker as contextual feature during 

memory formation  

The fact that contextual features surrounding the encoding event reemerge during later re-

trieval implies a process at the encoding stage which serves to bind items to their contextual 

features. This has been suggested to be a key component to form episodic memories (Tulving, 

1972; Tulving & Thomson, 1973). Visual flickering, used in the present study, not only entrains 

brain oscillations in visual areas, but also represents a visual context that arguably would en-

hance memory performance when later reinstated (for a review on environmental context -

dependent memory, see Smith & Vela, 2001). This idea stems from previous research showing 

that even simple visual context modulations (e.g. background color of a computer screen) can 

produce a context-dependent memory effect in humans (Isarida & Isarida, 2007; Murnane & 

Phelps, 1993). It is also in line with experimental  evidence for reactivated neural activity from 

the encoding period during successful retrieval (for a review, see Hanslmayr & Staudigl, 2014). 
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Causal evidence supporting this idea was provided by Javadi et al (2017) who externally induced 

oscillatory rhythms (with tACS) and showed that this neural reinstatement modulated memory 

performance (Javadi et al., 2017). However, a closer exploration of their results suggests that the 

comparison between active and sham stimulation conditions, which revealed an effect on 

memory performance for congruent but not for incongruent simulation, was, at least partly, 

driven by high variability in the sham conditions. In a similar vein, Wimber at al. (2012) claimed 

that successful retrieval is associated with re-activating the oscillatory activity of the encoding 

stage (Wimber et al., 2012). However, a later study from Lewis et al. (2018) was not able to repli-

cate the findings of reinstated SSVEPs during successful retrieval, most likely because Wimber 

et al. (2012) were too lenient in applying statistical correction for multiple comparisons. They 

conclude that reinstatement effects of SSVEPs are not robust enough to be used as a reliable 

index of lexical activation during language processing (Lewis et al., 2018). 

Our results revealed that frequency variations of visual flicker are not sufficient to evoke con-

textual reinstatement effects, however, future studies might assess this sort of visual context 

manipulation in direct comparison to other visual contexts (e.g. background colors, images). 

 

Conclusion 

In our study, memory performance was not modulated by visually induced neural entrainment 

of theta (6 Hz) and alpha (10 Hz) frequencies, and we observed no effect of reinstated entrain-

ment frequencies during retrieval. We argue that more studies using rhythmic sensory en-

trainment are needed to put  previous findings in perspective and evaluate the validity of this 

method as tool to modulate ongoing brain oscillations and memory processes. 



 
83 

CHAPTER 6 

 

 

6.!Reinstating verbal memories with virtual contexts: 

Myth or reality? 

WŠlti, M. J., Woolley, D. G., & Wenderoth, N. (2019). Reinstating verbal memories with virtual 

contexts: Myth or reality?. PloS one, 14(3), e0214540. 

Contributions: Experimental design, behavioral measurements, data analysis, writing of manu-

script. 

6.1! Abstract 

When learning new information, contextual information about the encoding situation is stored 

in addition to the focal memory content. Later, these strings of extra information can help re-

trieve the learned content as demonstrated by experiments where contextual cues from an 

encoding situation facilitate remembering and improve memory performance when reinstated 

during retrieval. This context-dependent memory effect has been investigated over the course 

of several decades and has been demonstrated with many different types of contexts. Based on 

this, the widely held belief is that context-dependent memory is a strong and robust effect, 

with transferable substance for everyday learning and potential clinical applications. Here we 

report the results of a multi-study design investigating the influence of reinstated visual con-

texts on memory performance. Data from 120 participants were included in three studies com-

prising a variety of visual cues. We show convincingly that even rich, salient and fully surround-

ing visual contexts provided by virtual reality are not sufficient to induce effects of context-

dependency in a free recall memory task. We also investigated contextual modulation of oscil-

latory brain activity in order to test the effect of reinstated neural contexts, which failed to 

evoke a robust effect when re-tested in an internal conceptual replication study. Moreover, a 

Bayesian sequential statistical analysis revealed moderate to strong evidence against the hy-

pothesis that reinstatement of visual contexts benefits free recall memory tasks indicating that 

effects are small and may not be suitable for transfer into everyday learning. 
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6.2! Introduction  

In his famous Madeleine Episode, Proust describes a sensation that the taste of a sweet tart 

arouses an incredibly vivid remembering of the past, awakening memories that have not come 

to mind for a long time (Proust, 1992). This kind of memory reactivation spawned by environ-

mental cues is called context-dependent memory, a phenomenon that has been studied in 

memory research for many decades (for a review, see Smith & Vela, 2001). The influence of con-

textual changes on behavior was first demonstrated by Watson (1907) who was able to disrupt 

spatial memory performance in rodents by altering the orientation of the maze between learn-

ing and retention  (J. B. Watson, 1907). Subsequent research extended this finding to other con-

textual manipulations  (e.g. odors: Herz, 1997; illumination: Patrick & Anderson, 1930) and 

memory domains (e.g. contextual fear conditioning: Bouton & Bolles, 1979; Bouton & King, 

1983; Phillips & LeDoux, 1992) and generally confirmed the influence of context reinstatement 

on behavior. Encouraged by positive findings in other species, experiments on human subjects 

were conducted but early studies struggled to transfer the effect of context-dependent 

memory to human behavior (Pessin, 1932; Reed, 1931) until Godden and Baddeley (1975) demon-

strated context-dependency of human recall performance in a seminal study. Their unusual 

experiment showed that learning lists of words either underwater or on dry land would lead to 

better recall performance when the retrieval process was performed in the same natural envi-

ronment compared to a change in context (Godden & Baddeley, 1975). Nowadays, the Godden 

and Baddeley study is part of every textbook in psychology and with the increasing availability 

of technology that provides easy access to virtual reality visualizations, it is tempting to trans-

fer the context-dependent memory effect to everyday learning scenarios and potential clinical 

applications. However, previous research has shown that this effect is highly variable across 

studies (Eich, 1985; Fernandez & Glenberg, 1985; Godden & Baddeley, 1980; Jacoby, 1983; 

Saufley, Otaka, & Bavaresco, 1985), which lead Smith (1994) and Smith and Vela (2001) to pro-

pose various methodological principles and frameworks for how contextual information affects 

recall. In particular, they hypothesized that the use of materials that are rich and salient in con-

tent are favorable for ensuring that manipulations of contextual features affect memory per-

formance (Smith, 1994; Smith & Vela, 2001). However, a systematic examination of how visual 

virtual environments need to be designed to evoke context-dependent memory improvements 

is currently lacking. 

Here we investigate three hypotheses regarding the visual properties of memory enhancing 

contextual cues. Although many studies have found that simple context manipulations of local 

visual features, such as background or font color (Isarida & Isarida, 2007; Macken, 2002; 

Murnane & Phelps, 1993, 1994, 1995; Murnane, Phelps, & Malmberg, 1999; Rutherford, 2004) 

are sufficient to reveal context dependent memory improvements, others could only find such 
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an effect on memory performance when screen contexts were perceptually rich and salient 

(Murnane & Phelps, 1993, 1994, 1995; Murnane et al., 1999). First, we replicate Isarida and Isari-

da (2007) to test the idea that reinstating simple visual cues has an effect on recall perfor-

mance (Study 1) and then investigate how much visual content is needed for contextual infor-

mation to have a reliable effect on memory performance when reinstated (Study 2).  

Second, we investigate the effectiveness of local versus global contexts. Local contexts sur-

round only the to-be-learned stimulus and can change quickly, while global contexts include a 

wider range of the surrounding environment, often contain contextual cues in multiple modal-

ities and change very slowly (Rutherford, 2004). Previous studies examined the effect of radical-

ly different global environments but revealed mixed results with some reporting a positive ef-

fect of reinstatement on memory (e.g. Godden & Baddeley, 1975; Smith, Glenberg, & Bjork, 1978; 

Thompson, Williams, & L'Esperance, 2001), but others failing to show such an effect (e.g. 

Fernandez & Glenberg, 1985; Godden & Baddeley, 1980; Saufley et al., 1985). It has been argued 

that local contexts are advantageous because they change quickly and are more easily associ-

ated with the learning stimulus. Whereas a conscious association in a global environment 

might be less likely, thus reducing its influence on the memory process (Rutherford, 2004). To-

dayÕs technological advances allow the experience of different global environments without 

the effort of physically changing locations and therefore provide the possibility to compare 

local and global contextual changes in a more controlled setting. Fully surrounding virtual envi-

ronments presented via a head-mounted display (HMD) represent an economical and well con-

trolled way to quickly switch between environments and provide a unique sense of presence as 

the user is fully immersed in different virtual worlds. Here we test the effect of reinstated local 

versus global contexts, by comparing the impact of a local on-screen context and a virtually 

presented and fully immersive environment on memory (Study 2 and 3).  

Third, we investigate whether memory recall can be enhanced via neural reinstatement, which 

can be interpreted as internal context. Various studies (Jafarpour et al., 2014; Tobias Staudigl & 

Hanslmayr, 2018; Waldhauser et al., 2016; Waldhauser, Johansson, & Hanslmayr, 2012; Wimber 

et al., 2012) have shown that specific patterns of neural activation measured during an encod-

ing event reoccur during successful retrieval. This principle has been tested by encoding words 

which are displayed together with one of two different flickering backgrounds, each oscillating 

at a specific frequency (Wimber et al., 2012). Exposure to visual flickering patterns produces so 

called steady-state visually evoked potentials in visual areas of the brain, which appear at the 

same frequency as the visual input and can be measured using electroencephalography (EEG). 

Intriguingly, during the subsequent recognition task which was performed with a neutral 

background, it was found that successful retrieval was accompanied by intrinsically evoked 

neural activity at the same oscillatory frequency as extrinsically evoked during encoding, sug-

gesting that neural reinstatement supports memory recall. Using a more causal approach, a 
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recent study reported improvements of memory performance when oscillatory brain activity 

was experimentally modulated by applying electrical alternating current stimulation such that 

a specific oscillatory frequency was entrained during the encoding of words and subsequently 

reinstated during retrieval (Javadi et al., 2017). Here we test whether modulating and reinstat-

ing oscillatory brain activity by visual flickering stimuli improves memory recall (Study 2 and 3). 

6.3! Materials and methods 

Participants 

Preceding the design of the studies and recruitment of the participants, a sample size calcula-

tion was carried out. This estimation was based on the effect sizes derived from 21 context rein-

statement experiments, which used recall as test type without promoting explicit associative 

processing, i.e. forming intentional mental connections between a learning item and the con-

text it is presented in (Smith & Vela, 2001). An average effect size of 0.46, paired t-test as statis-

tical measurement, statistical power set at a value of 0.8, and a significance level of 0.05 re-

vealed a minimum set of 39 participants per experiment. In order to fulfill this requirement, 40 

participants were included in each of the experiments. A total of 126 healthy young volunteers 

signed an informed consent document and participated in three studies. 6 participants were 

excluded from further analyses due to technical issues or because instructions were not fol-

lowed accurately (e.g. looking away from screen or closing eyes during recall). Here we report a 

total of 120 participants (female: 60, age: M ± SD = 23.96 ± 3.64). The study was approved by 

the local ethics committee (Ethics Committee Zurich) and all methods were performed in ac-

cordance with the committeeÕs guidelines and regulations. 

 

General design and procedure 

We report three studies which consisted of maximally three experiments, each testing the ef-

fect of a specific visual context property on free recall memory tasks (Figure 6.1). Common to all 

experiments was that two contextual settings were visually presented as a background to 24 

words that participants were instructed to memorize. The presentation order of the two con-

texts randomly changed word-by-word, with the restriction that no more than three successive 

contexts were the same and that both were presented with the same number of words, result-

ing in 12 words per context (Isarida & Isarida, 2007). Subsequently, following a 30 second dis-

tract ive counting task requiring participants to count backwards in steps of 7, 9 or 13, they were 

asked to freely recall all remembered words within 60 seconds, while only one of the encoding 

contexts was reinstated (Figure 6.2). This design was adopted from a previous study (Isarida & 
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Isarida, 2007) and was chosen in order to replicate and build on findings using simple visual 

context modulations causing context-dependent effects on memory performance. The number 

of words per context (n = 12) was chosen according to previous studies showing that this num-

ber of items per context is small enough to avoid effects of cue overload (Godden & Baddeley, 

1975; Isarida & Isarida, 2007; see also Smith, 1994). Further principles of successfully modulating 

memory performance by reinstating contextual cues were taken into account, such as, (i) not 

encouraging subjects to self-generate context cues, (ii) use of recall instead of recognition 

tests, and (iii) encoding of each item in only one contextual setting to avoid decontextualiza-

tion  (Smith, 1994; Smith & Vela, 2001). 

 

Figure 6.1 Multi -study design. Multi -study design consisting of three studies and seven experiments in 
total. In each experiment two visual contexts were presented during encoding, equally distributed across 

the learning items. 

 

 

Figure 6.2 Experimental design. In a free recall memory task, contexts were visually presented in the 
background of 24 words. Subsequently, following a 30 second distractive counting task, participants 

were asked to freely recall all remembered words within 60 seconds, while only one of the encoding 
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contexts was reinstated. Note that for Study 1, Pictures Landscape and Flickering Screens in Study 2 

words were presented for 3 seconds at the same time as the contextual background was presented. Pro-
cedure for Virtual Environments in Study 2 and all three experiments in Study 3 differed in regard that 

words were presented 2 seconds after the contextual background appeared (and stayed in front of the 
background for 3 seconds). 

 

 Word lists 

In each of the experiments, participants were required to study 24 two-syllable German nouns 

in two different alternating contextual settings. A total of 72 nouns from the Berlin Affective 

Word List (BAWL-R) were split up into three word lists with the restriction of having an emo-

tion -score between -0.6 and +0.6, an arousal-score of less than 3.0, and a frequency of 10 to 150 

(per 1 Million). Alongside these objective criteria, each word was screened regarding its related-

ness to other words from the same list and was, in cases of strong relationships, replaced. Also, 

words were excluded when obvious connections to one of the visual contexts could be identi-

fied. The three word lists were randomly used in one of three different experiments.  

 

Display of visual contexts 

Visual contexts were displayed either on a computer screen (15.4-inch) or via a head-mounted 

display (HMD) to create fully surrounding virtual environments (Oculus Rift DK2, Oculus VR, 

LLC). In both cases participants were seated comfortably in a chair with an approximate dis-

tance of 60 cm to a computer screen. During the memory task (encoding Ð distraction task Ð 

recall) the light was switched off to reduce any visual influences other than what was displayed 

on the computer screen or via HMD. To create and display the visual contexts, as well as for 

recording of the verbal listing of remembered words, Unity 3d (Version 5.6, 

https://unity3d.com/) was used.  

 

Design and procedure of Study 1 

Study 1 was set up as a replication of the Isarida and Isarida study (Experiment 1 in Isarida & 

Isarida, 2007) showing the effect of simple background color modulations on memory perfor-

mance. A pair of background colors was randomly selected from two pairs (light red and light 

green, or light yellow and light blue), with the restriction that both color pairs were distributed 

equally across participants. Each word was presented for three seconds in black font in the cen-

ter of a colored screen. A black fixation cross on a gray screen was presented between words for 

0.75 to 1.25 seconds. During recall, auditory recording was carried out and later analyzed. Our 

design was a replication of Isarida and Isarida (2007) except that we used German nouns in-

stead of Japanese characters. Based on previous reviews and meta-analyses, a design that uses 
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free recall to test memory is highly suitable to test contextual reinstatement on memory per-

formance since it prevents decontextualization of learning items, avoids cue overload and does 

not encourage participants to self-generate context cues. Free recall data from 40 participants 

were included (female: 19, age: M ± SD = 23.3 ± 3.27).  

 

Design and procedure of Study 2 

Study 2 contained three experiments (2.1 Ð 2.3) with varying richness, saliency and immersive-

ness of the visually presented contexts (Figure 6.1). In comparison to the simple visual contexts 

in Study 1, in Experiment 2.1 we used more distinct and visually richer contexts, showing one of 

two landscape images (desert or winter landscape) presented alongside the to-be-learned 

words. With the intention of displaying fully surrounding visual contexts to expand the num-

ber of visual cues, and giving rise to a sense of immersion into the context, virtual environ-

ments were used in a second experiment. Inspired by the seminal study of Godden and Badde-

ley (1975), Experiment 2.2 showed either an underwater scene or a scene on land (here: forest) 

which was displayed via a head-mounted display to the participants while to-be-remembered 

words were presented in the center of the visual field. The general procedure of experiment 2.2 

was similar to experiment 2.1, however, the presentation of fully surrounding virtual environ-

ments via HMD, required two small adjustments: First, preceding the experiment, participants 

were familiarized with the environments by presenting both scenes, each for 30 seconds. Se-

cond, to avoid confounds that might have been caused by switching between the two virtual 

environments, an additional two seconds delay was added before each word appeared in the 

center of the visual field. The duration of word presentation was three seconds, as in the other 

experiments. Finally, in Experiment 2.3 we tested the concept that memory performance is af-

fected by reinstating brain oscillations via flickering visual stimuli which were displayed on a 

computer screen. Therefore, words were presented in front of a gray and white flickering back-

ground. During encoding two flickering frequencies were randomly selected from two pairs (i.e. 

either 6 Hz and 15 Hz, or 4.29 Hz and 10 Hz) to induce steady-state responses at the respective 

frequency and its harmonics (Regan, 1977). The choice of the frequencies was inspired by previ-

ous research, depicting reinstated steady-state responses during successful memory retrieval 

(Wimber et al., 2012) and was constrained by the refresh rate of the computer screen used in 

the experiments (60 Hz). As in the other experiments, throughout recall, flickering in one of the 

encoding frequencies was displayed to reactivate oscillatory brain responses induced during 

encoding of half of the words. Research on steady-state visually evoked potentials has shown 

convincingly that the presentation of a flickering visual stimulus in the range of 1 to 100 Hz 

produces a robust response in visual areas of the brain in the corresponding frequency (for 

reviews, see Norcia, Appelbaum, Ales, Cottereau, & Rossion, 2015; Vialatte et al., 2010). The gen-

eral procedure of experiment 2.3 was identical to experiment 2.1. 40 participants (female: 22, 
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age: M ± SD = 24.4 ± 3.68) participated in the three experiments, which were carried out suc-

cessively with a break of five minutes after the first and second experiments. Three different 

lists of words were used and each list was paired with one of the experiments. The order of the 

experiments, as well as the pairing of the word lists with Experiment 2.1 Ð 2.3 were counter-

balanced across participants. 

 

Design and procedure of Study 3 

Study 3 was carried out as a conceptual replication of Study 2 and to control for potential con-

founds which might have influenced overall memory performance. 40 participants (female: 19, 

age: M ± SD = 24.1 ± 4.84) participated in three experiments 3.1 Ð 3.3. Similar to Study 2, Experi-

ment 3.1 showed visual cues displayed on a computer screen which depicted a still scene either 

underwater or in a forest. This time, these scenes were part of the virtual environment used in 

Experiment 2.2 and 3.2 to test whether the immersiveness of the visual cue affects the context-

dependent memory effect or general recall performance. Experiment 3.2 was an exact replica-

tion of Experiment 2.2. Finally, Experiment 3.3 was a conceptual replication of Experiment 2.3 

and investigated the effects of oscillatory reinstatement on memory performance by using the 

same gray-white flicker stimuli as in Experiment 2.3, except this time they were presented 

across the full visual field via HMD. Importantly, all Experiments of study 3 followed the exact 

same timing of stimulus presentation, i.e. after presenting the visual context cue, there was a 2 

second delay until the word was displayed. 

 

Data analysis and statistics 

Data from all three studies were analyzed with a main focus on the comparison of recall per-

formance of words with a reinstated context versus words that were presented without rein-

statement of contextual cues during recall. Paired t-tests were used to detect differences be-

tween the amount of recalled words with reinstated context, versus the amount of recalled 

words with a change in context within each experiment. On account of our directional hypoth-

esis of a positive effect of reinstatement on memory performance, one-tailed tests were used, 

with a significance level of p < 0.05. In addition, we analyzed general memory performance 

across the experiments that were performed by the same subjects (one-way repeated 

measures ANOVAÕs and paired sample t-tests for post-hoc comparisons). Matlab (Version 

R2014b, https://www.mathworks.com) was used for initial analysis of word count, SPSS (Ver-

sion 23, https://www.ibm.com) for statistical analyses. To extend interpretation of our results, 

Bayesian statistics were employed using JASP software (Version 0.8.6, https://jasp-stats.org/). 

These tests produce Bayes factors (BF10 and BF01), which are graded measurements indicating 

evidence in favor of the null (H0) or the alternative hypothesis (H1) (Rouder, Speckman, Sun, 
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Morey, & Iverson, 2009). Expressing evidence for or against hypotheses on a continuous scale 

(e.g. Jeffreys, 1961) is one main advantage of Bayesian statistics over a frequentist approach (for 

a systematic review on Bayes analyses in psychology experiments, see van de Schoot, Winter, 

Ryan, Zondervan-Zwijnenburg, & Depaoli, 2017) which allows no conclusion about the null hy-

pothesis. Under the assumption that the null hypothesis is true, a p-value reflects the probabil-

ity of obtaining an effect at least as extreme as the one in a tested data sample. Bayes statistics 

on the other hand allow a direct comparison between the null and the alternative hypothesis. 

For example, when the Bayes factor BF10 equals 5, the data are 5 times more likely under H1 

than under H0. Additionally, the Bayesian approach allows the monitoring of the evidential 

trajectory as the data accumulate (Marsman & Wagenmakers, 2016). We used such sequential 

analyses to illustrate how the evidence of H1 (e.g. words with reinstated contexts are recalled 

better) over H0 (no difference of contextual reinstatement regarding memory performance) 

changed with an increasing number of subjects. Note that for this, we pooled data from con-

ceptually similar experiments (e.g. Exp. 2.3 and Exp. 3.3, both with flickering backgrounds) in 

order to increase the number of data points and therefore statistical power. This approach en-

tails a statistical inaccuracy, as we treat repeated measurements (from within experiments) as 

independent observations. For reasons of understanding and to simplify interpreting the size of 

Bayes factors, we used the suggested scale of Jeffreys (1961) (BF10 = 1: no evidence; BF10 = 1 Ð 3: 

anecdotal evidence for H1; BF10 = 3 Ð 10: moderate evidence for H1; BF10 = 10 Ð 30: strong 

evidence for H1; BF10 = 30 Ð 100: very strong evidence for H1 and the inverse cutoffs Ð i.e. 1/3, 

1/10, 1/30, 1/100 Ð to describe the evidence in favor of the H0; Jeffreys, 1961). Cauchy prior width 

was set to JASPÕs default r = 0.707. The datasets generated and analyzed in the current study, 

are available at Open Science Framework (https://doi.org/10.17605/OSF.IO/C5369). 

6.4! Results 

In order to replicate previous findings by Isarida and Isarida (2007), our first study examined 

whether a background-color context effect would appear if two background colors were 

changed randomly word-by-word. Free recall data were analyzed and the number of correctly 

recalled words determined. Recalled words were classified as reinstated and not-reinstated 

according to whether the background color at test was the same or different as during encod-

ing. From the retrieval of 12 possible reinstated words, an average of 5.1 were recalled (M = 5.1, 

SD = 2.1), which is less than the average of 5.5 recalled not-reinstated words (M = 5.5, SD = 2.1; 

Figure 6.3). A paired t-test revealed no significant difference between the recall performance for 

reinstated and not-reinstated words (t(39) = -1.292, p = 0.898, CohenÕs d%=%-0.204) and the ob-

tained Bayes factors of BF10 = 0.1 and BF01 = 12.5 provide strong evidence in favor of the null 

hypothesis (H0), i.e. against the context-dependent memory hypothesis. Additionally, recall 
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performance was slightly worse for the reinstated than the not-reinstated condition. Thus, we 

could not replicate Isarida and Isarida (2007) and found no experimental support for a context 

dependent memory effect when using simple color context cues in Study 1.  

 

Figure 6.3 Memory performance in Study 1. Comparison of free recall performance for reinstated con-
texts and not-reinstated contexts in Study 1. Depicted are average recall performances and standard 
deviations across subjects. Background colors did not show a significant effect on memory when rein-

stated. 

 

Next, we investigated how richer and more salient visual features affect the context dependent 

memory effect in Experiment 2.1 Ð 2.3. The analysis of free recall data shows that no significant 

context effect could be found when visually rich background pictures showing two different 

landscapes were used (Figure 6.4 left side, left panel; t(39) = -1.723, p = 0.954, CohenÕs d%=%-0.272) 

and that the number of remembered reinstated words (M = 5.2, SD = 2.2) is again slightly fewer 

compared to not-reinstated words (M = 5.9, SD = 2.5). Analysis of Bayes factors again revealed 

strong evidence for the null hypothesis, i.e. against the context-dependent memory hypothesis 

(BF10 = 0.1, BF01 = 14.8). Increasing visual richness and immersiveness of the environmental 

context by virtually presenting two different fully surrounding environment s in Experiment 2.2 

revealed that the number of recalled reinstated words (M = 6.5, SD = 2.6) was slightly higher 

than the recalled not-reinstated words (M = 6.1, SD = 2.5; Figure 6.4 left side, middle panel). 

However, t-statistics revealed no significant context effect (t(39) = 0.934, p = 0.178, CohenÕs 

d%=%0.148), and Bayes factors were also small (BF10 = 0.4, BF01 = 2.4) revealing anecdotal support 

for the null hypothesis, i.e. against the context-dependent memory hypothesis. In Experiment 

2.3, the screen background provided the contextual cue by flickering at one of two frequencies 

during encoding and recall. Because a test of normality (Shapiro-Wilk) revealed that the data 

were not normally distributed, a Wilcoxon signed-rank test was used to compare the two 

paired measurements. This test showed that reinstatement of steady-state visually evoked 

potentials at a specific frequency improves recall performance (M = 5.8, SD = 2.8) compared to 

not reinstated conditions (M = 5.0, SD = 2.4) (W = 458.500, p = 0.023, matched rank biserial cor-

relation (mrbc) as measure of effect size =%0.118; Figure 6.4 left side, right panel). In addition, 

Bayes factors indicate that there is anecdotal evidence in favor of the alternative hypothesis H1 

(BF10 = 2.8, BF01 = 0.4), i.e. this is the first evidence revealed by our studies weakly supporting 
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the context-dependent memory hypothesis. Further analyses indicated that no frequency-

specific effect on memory performance could be found. An ANOVA with recall context as a 

fixed factor and total recall performance as a dependent variable revealed no significant differ-

ence between the four flickering frequencies (4.29 Hz, 6 Hz, 10 Hz, 15 Hz) presented during re-

call (F(3,36) = 0.303, p = 0.823). Similarly, comparing the effect of different flickering frequencies 

during encoding on memory performance, independently of whether they were reinstated dur-

ing recall, we found no difference between the four frequencies (F(3,76) = 0.420, p = 0.739). 

 

Figure 6.4 Memory performance in Study 2. Comparison of free recall performance for reinstated con-
texts and not-reinstated contexts in the three experiments of Study 2 (left side): Pictures of landscapes 
(Exp. 2.1; left panel) and virtual environments (Exp. 2.3; right panel) did not reveal an effect of reinstate-

ment on memory performance. Reinstated flickering screen backgrounds, however, led to better recall 
(Exp. 2.2; middle panel). Comparison of general memory performance across the experiments within 

Study 2 (right side): In Study 2, the amount of recalled words in Virtual Environments was significantly 

higher compared to the other two experiments. Statistically significant effects are indicated by *: p < 
0.05. 

 

General memory performance differed across the three experiments from Study 2 (ANOVA, 

F(2,78) = 6.057, p = 0.004; Figure 6.4 right side), with significantly better memory performance 

for Virtual Environments than Landscape Pictures (post-hoc Bonferroni t(39) = -2.793, p = 0.024, 

CohenÕs d%=%-0.442), or the Flickering Screens (post-hoc Bonferroni t(39) = 2.982, p = 0.015, Co-

henÕs d%=%0.472). No significant difference between Landscape Pictures and Flickering Screens 

was found (t(39) = 0.452, p = 1.000, CohenÕs d%=%-0.071). Thus, Study 2 revealed two interesting 

results: first, visually entraining a specific frequency via a flickering background might mediate 

a small contextual memory effect in agreement with previous reports (Javadi et al., 2017; 

Wimber et al., 2012). Second, overall memory performance was significantly better when stimu-

li were encoded within a virtual environment than with other context cues. However, both re-

sults need to be interpreted with care. First, the statistical evidence in support for context de-

pendent memory improvements induced by visual entrainment (Experiment 2.3) was weak 

(according to JeffreysÕ scale ÔanecdotalÕ), requiring an internal replication to rule out a random 

result (particularly, since three out of four experiments revealed anecdotal to strong support 

against contextual memory effects). Second, the superior general memory performance when 
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words were encoded within a virtual reality environment (Experiment 2.2) might have resulted 

from a slightly longer inter-stimulus  interval between the presentation of words in the Virtual 

Environments (i.e. additional two seconds compared to the other experiments) since partici-

pants experienced more time for the encoding of each word.  

Therefore, we performed Study 3 which was a conceptual replication of Study 2 but addressed 

this potential confound by using the exact same timing across all three experiments 3.1 Ð 3.3. 

Replicating the results from Study 2 using static landscapes (Experiment 3.1, Figure 6.5 left side, 

left panel) revealed no significant difference between the reinstated (M = 6.2, SD = 2.5) versus 

different context conditions (M = 6.1, SD = 2.7) (t(39) = 0.128, p = 0.449, CohenÕs d%=%0.020). 

Moderate evidence in favor of H0, i.e. against the context-dependent memory hypothesis, was 

provided by the resulting Bayes Factors (BF10 = 0.2, BF01 = 5.3). Also, using virtual environments 

(Experiment 3.2, Figure 6.5 left side, middle panel) did not show a significant effect of context 

reinstatement on memory performance (Wilcoxon signed-rank test: W = 347.500, p = 0.196, 

mrbc%=%-0.152; BF10 = 0.436, BF01 = 2.296), even though slightly more words were remembered 

in the reinstated (M = 6.2, SD = 2.6) than in the non-reinstated condition (M = 5.9, SD = 2.7). 

Since Experiment 3.2 was an exact replication of 2.2, we pooled the data of 80 participants but 

still found no significant effect of context reinstatement using virtual environments on recall 

performance (reinstated context: M = 6.3, SD = 2.6 vs. different context M = 6.0, SD = 2.6; Wil-

coxon signed-rank test: (W = 1281.500, p = 0.128, mrbc%=%-0.209). Resulting Bayes Factors (BF10 = 

0.5, BF01 = 1.8) reveal anecdotal evidence in favor of H0, i.e. against H1. 

 

Figure 6.5 Memory performance in Study 3. Comparison of free recall performance for reinstated con-
texts and not-reinstated contexts in the three experiments of Study 3 (left side): Screen pictures of the 

virtual environments (Exp. 3.1; left panel), virtual environments (Exp. 3.2; middle panel), and also flicker-

ing backgrounds presented via HMD (Exp. 3.3; right panel) did not reveal an effect of reinstatement on 
memory performance. Comparison of general memory performance across the experiments within 

Study 3 (right side): No difference between the three experiments was observed. 

 

Experiment 3.3 was a conceptual replication of 2.3 (methodological differences were the use of 

the HMD display instead of a computer screen and a 2 second longer inter-stimulus interval), 

however, this time reinstatement of oscillatory activity did not significantly affect memory per-
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formance (t(39) = -0.753, p = 0.772, CohenÕs d%=%-0.119; Figure 6.5 left side, right panel). In fact, 

recall in the reinstated condition was slightly worse (M = 5.3, SD = 2.6) than in the non-

reinstated condition (M = 5.6, SD = 2.6) and Bayes Factors (BF10 = 0.1, BF01 = 9.6) revealed mod-

erate evidence in favor of H0. Finally, we compared general memory performance across all 

three experiments from Study 3 (Figure 6.5 right side). In contrast to Study 2, there was no sig-

nificant difference between experiments 3.1 Ð 3.3 even though there was a trend towards signif-

icance most likely driven by better recall using virtual reality pictures than the flickering screen 

condition (F(2, 78) = 2.564, p = 0.083). Note, however, that we found no support for the finding 

from Study 2 that general memory performance is better in fully surrounding virtual environ-

ments. 

In order to further investigate our data and to depict the consistency of our findings, in an addi-

tional analysis step we pooled results from conceptually similar experiments across Study 2 and 

3 (Experiment 2.1 together with Experiment 3.1, and Experiment 2.3 together with Experiment 

3.3). Pooled data from experiments using background screen images (Experiment 2.1 and Exper-

iment 3.1) revealed no significant difference between reinstated (M = 5.7, SD = 2.4) and not-

reinstated conditions (M = 6.0, SD = 2.6) (t(79) = -1.075, p = 0.857, CohenÕs d%=%-0.120). Further, 

Bayes Factors (BF10 = 0.1, BF01 = 15.9) reveal strong evidence in favor of the null hypothesis (H0), 

i.e. against the context-dependent memory hypothesis. Similarly, pooled data from Experi-

ments 2.3 and 3.3 (flickering backgrounds) revealed no significant difference between reinstat-

ed and not-reinstated conditions (Wilcoxon signed-rank test: W = 1306.500, p = 0.205, mrbc%=%-

0.194) and moderate evidence in favor of H0, i.e. against the context-dependent memory hy-

pothesis, can be concluded from the Bayes Factors (BF10 = 0.3, BF01 = 3.0) which was derived 

from Bayesian updating after 80 participants. Figure 6.6 depicts graphical outputs from the 

sequential analyses of the three pooled datasets. While the reinstatement of simple back-

ground images on a computer screen reveal increasing evidence for the null hypothesis with 

increasing number of subjects (Figure 6.6 left panel), trajectories of the other two pooled da-

tasets show no such clear direction. Evidence for H0 in the two experiments using Virtual Envi-

ronments (Exp. 2.2 and 3.2) decreases from moderate to anecdotal with increasing number of 

subjects (Figure 6.6 middle panel). On the other hand, the flickering experiments (Exp. 2.3 and 

3.3) reveal more evidence for H0 over H1 only after approximately 60 subjects, increasing af-

terwards to moderate-anecdotal evidence in favor of H0 (Figure 6.6 right panel). 
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Figure 6.6 Sequential analysis of pooled data. Graphical output for the sequential analysis of pooled data 
for Studies 2 and 3. Displayed is the flow of evidence for H1 over H0 as the data (number of subjects) ac-

cumulate. Left panel: pooled data of Exp. 2.1 and 3.1, middle panel: pooled data of Exp. 2.2 and 3.2, right 
panel: pooled data of Exp. 2.3 and 3.3. 

 

Potential order effects of the experiments, as well as putative differences between the chosen 

word lists, were tested by additional between-group ANOVAÕs on the data from Study 2 and 

Study 3. We found no significant effect of experimental order (Study 2: F(2, 117) = 0.016, p = 

0.984; Study 3: F(2, 117) = 0.084, p = 0.919), or a significant effect of word list on memory per-

formance (word lists Study 2: F(2, 78) = 1.519, p = 0.225; word lists Study 3: F(2, 78) = 0.246, p = 

0.782). Because participants in Study 2 and 3 completed the three experiments successively, one 

concern might be that they could determine the procedure and, arguably, the purpose of the 

experiments. As a result, participants may have learned that the visual contexts only serve as a 

memory aid for some of the words during recall. Thus, they could have adapted their strategy 

by deliberately ignoring the contexts during encoding after the first experiment. Consequently, 

the experiments that were completed second and third, in contrast to the first experiment, 

would not show an effect of context reinstatement on memory. However, dividing the analysis 

for both Studies 2 and 3 regarding the order of the experiments into first, second and third, 

revealed that none of the experimental order positions, revealed a significant effect of context 

reinstatement on memory performance. Note that we cannot rule out the possibility of partici-

pants anticipat ing the retrieval design in the first experiments of Study 2 and 3.  

A recent study on free recall experiments divided the retrieval process in to two stages (Tarnow, 

2015): In a first stage, people tend to empty their working memory storage. This stage is affect-

ed by the serial-positions of the encoding items (recency effect and primacy effect). The second 

stage is more independent of working memory processes and involves searching for memo-

rized information. To test, whether effects of context reinstatement would more likely occur in 

one of the two stages, individual recall data from all seven experiments were divided in half 

regarding the order of recall (first half of recalled words and second half of recalled words) re-

sulting in 14 sets of data. Two-sided paired t-tests were used to compare reinstated and non-

reinstated words regarding recall performance in each of the data sets. None of the compari-
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sons revealed a significant difference. Further analysis of data pooled across all 7 experiments 

revealed no significant difference on memory performance between reinstated and different 

contexts either in the first half (t(279) = 1.170, p = 0.243, CohenÕs d%=%0.095) or second half 

(t(279) = -0.273, p = 0.785, CohenÕs d%=%0.023) of the recalled words. Our results suggest that 

neither the first or second stage of recall was affected by reinstated visual contexts.  

In a final statistical analysis, we conducted a one-way ANOVA with random effect for study 

number and found no difference in general memory performance across the seven experi-

ments, despite their pronounced differences in visual richness and immersiveness (F(6, 273) = 

1.298, p = 0.258; note that the statistical power of this analysis was somewhat inflated since we 

treated data from the same subject as independent measurements). 

6.5! Discussion 

In the present study, we investigated how visual virtual environments need to be designed to 

evoke context-dependent memory improvements. In particular, we tested the influence of the 

richness of the visual cue, local versus global features of the visual context and neural rein-

statement via flickering backgrounds on memory recall under reinstated and not-reinstated 

conditions. Overall, 6 out of 7 experiments revealed anecdotal to strong evidence in favor of the 

null hypothesis, even when pooling data across conceptually similar experiments to perform a 

well-powered statistical analysis. Only one experiment, which used a local flickering cue with 

the aim of employing a neural reinstatement mechanism, resulted in significantly better recall 

of words in a reinstated versus non-reinstated context based on a Wilcoxon signed-rank test (p 

= 0.023). However, Bayesian statistics yielded only anecdotal evidence in favor of a context-

dependent memory advantage and a conceptual replication using global flickering cues pro-

vided via the HMD and slightly longer encoding times failed to replicate the initial finding. 

Thus, overall, the most parsimonious interpretation of our series of studies is that visual cues, 

including immersive virtual environments, evoke only small to no contextual memory effects. 

Moreover, our data suggest that overall memory performance depends significantly on encod-

ing time but not on the visual context. 

 

General methodological considerations 

It has been argued previously that the chosen study design might have an important influence 

on whether or not context-dependent memory effects can be experimentally demonstrated. 

The design of our studies replicated earlier approaches to investigate context-dependent 

memory (e.g. Isarida & Isarida, 2007; Smith & Manzano, 2010) and followed several guidelines 
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regarding methodological aspects which would influence the effectiveness of reinstated con-

texts as identified in previous reviews and meta-analyses (Smith, 1994; Smith & Vela, 2001). 

These guidelines recommend (i) the use of free recall tasks rather than recognition tasks, (ii) the 

monitoring of cue overload, (iii) avoiding repetition of stimulus presentation, and (iv) limiting 

stimuli difficulty  (Godden & Baddeley, 1975; Smith et al., 1978). Isarida and Isarida (2007) com-

plemented previous reviews with their analysis of context-dependent memory effects of simple 

and local contexts (e.g. background colors, odors, music). For background colors, they conclude 

that simple-context-dependent recall is determined by an item-by-item change in background 

and the effect disappears, when only one common background is used, or with only five or 

more successive presentations of the same background (Isarida & Isarida, 2007, 2014; Pointer & 

Bond, 1998). A possible cause for the disappearance of an effect with one common background 

is cue overload. Cue overload refers to a predominance of a context that is paired with multiple 

items, thereby reducing its meaningfulness for each individual item (Smith & Vela, 2001). Ac-

cording to this proposal and following the design of previous studies (Isarida & Isarida, 2007; 

Smith & Manzano, 2010), contexts in our studies were paired with twelve items, which is 

thought to be small enough to avoid cue overload (Isarida & Isarida, 2007, 2014). Moreover, 

Fernandez and Glenberg (1985) found that increasing the number of presentations of to-be-

learned items reduced the effect of context on recall. Further, they assumed that items which 

are easier to remember are more likely to be influenced by contextual changes (Fernandez & 

Glenberg, 1985). In line with these suggestions, we chose familiar nouns as learning items and 

encoding comprised of only one presentation of each word. Although the number of to-be-

learned words per context seems small (n = 12), this should not influence the effect of context 

reinstatement on memory performance, as Smith and Vela (2001) pointed out in their meta -

analysis that the number of learning items was not a predictor of the effect. As such we are 

confident that our overall design was well suited to detect context-dependent memory effects.  

 

Simple visual context reinstatement does not facilitate recall 

Simple visual contexts did not affect recall performance as shown in Study 1 (Exp. 1.1). This ex-

periment was carried out as a close replication of Isarida and Isarida (Experiment 1 in Isarida & 

Isarida, 2007), maintaining every critical methodological aspect of the original study. Various 

discriminating factors, such as cue overload, difficulty of the stimuli and number of subjects 

were closely adhered to. Cautiously, Isarida and Isarida (2007, p. 1623) wrote about their find-

ings that Ôthe reliability of the present results needs to be confirmed by replicationÕ. Although 

an internal replication of their finding was successful (Experiment 2 in Isarida & Isarida, 2007), 

we failed to confirm their findings (Study 1). On the basis of our results, we cannot conclude 

whether concealed methodological differences caused these opposing results, or whether the 

original findings represent a Type I error and that a simple background color change is not suf-
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ficient to produce reliable context-dependent memory effects on recall. Further investigations 

are needed to clarify this uncertainty. 

 

Richness of visual cues does not facilitate contextual memory effect 

While some studies have found effects of context reinstatement with simple visual cues 

(Dulsky, 1935; Isarida & Isarida, 2007; Weiss & Margolius, 1954), others argue that a significant 

effect on memory recall is more likely to be evoked by richer contexts with more information 

content. Murnane and Phelps demonstrated in a series of experiments that rich visual contexts, 

such as photographs with meaningful content, are more likely to be memorized alongside a 

learning item compared to simple background color changes (Murnane & Phelps, 1993, 1994, 

1995). Other studies investigating the salience of context tested memory effects via a recogni-

tion task reported better context-dependent discrimination between correct recognition and 

false alarms (e.g. Hockley, 2008; Murnane et al., 1999). Although richer visual contexts, such as 

videos (Smith & Manzano, 2010) or virtual environments (Radvansky & Copeland, 2006) have 

been shown to produce context effects on recall memory, to our knowledge, no study that used 

different types of experiments, varying in the degree of visual richness, has been carried out for 

this test type. However, it is important to note that in most cases, where context-dependent 

discrimination was found, participants were instructed to make use of the presented context 

during learning by forming associations (Eich, 1985; Hockley, 2008; Murnane et al., 1999). Con-

textual information that is explicitly learned and associated with the stimulus is more likely to 

serve as a memory aid during test (Smith, 1988). In our studies, participants were not instructed 

to actively use contextual cues as a memory aid (Smith et al., 1978). Incidental information de-

rived from background contexts has been shown to be stored in memory and facilitate the re-

trieval process (Godden & Baddeley, 1975; Smith et al., 1978; Smith, Heath, & Vela, 1990). Alt-

hough an instructed building of associations between learning item and its surrounding would 

naturally lead to a higher weighting of contextual information in memory recall, a more casual 

handling of environmental cues seems more alike everyday learning situations. Across our 

studies, which all used intentional encoding, the results provide evidence that visual cues, even 

rich and salient ones, do not facilitate a contextual memory effect. 

 

Use of VR makes no difference regarding contextual memory effect 

By comparing the impact of a local on-screen context and a virtually presented and fully im-

mersive environment, we tested further the effect of reinstated local versus global contexts on 

memory. To our surprise, whether an environment that is presented on a computer screen, or 

in a fully surrounding virtual manner, had little effect regarding contextual binding of the to -
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be-learned words, which is in line with the lack of experimental evidence in support of a con-

text -dependent memory effect as reported above.  

We used virtual reality head-mounted displays in Studies 2 and 3 (Exp. 2.2, Exp. 3.2, Exp. 3.3), a 

technology that is increasingly used in cognitive and neuroscientific research because it allows 

for the creation of immersive, three-dimensional environments that can be fully controlled by 

the experimenter (Parsons, Gaggioli, & Riva, 2017). The level of immersion is determined by the 

number of sensory channels connected to the virtual environment and the quality of the per-

ceived stimuli (for a review, see Bohil, Alicea, & Biocca, 2011). In our experiments, sensory stimu-

lation was limited to the visual system, arguably providing moderate immersiveness. However, 

the whole visual field was stimulated and used as context, leading to a wider and more salient 

modulation compared to on-screen presentations. While virtual reality environments have 

been successfully used in other experiments to modulate context-dependent behavior (e.g. 

revealing context-specific conditioned fear memories: Huff et al., 2011; showing a location 

updating effect: Radvansky & Copeland, 2006), our studies revealed no such effect. Comparison 

of general memory performance revealed that the use of fully surrounding environments made 

no difference regarding memory performance compared to on-screen presentations. 

Weak findings, as well as failures to find effects of context reinstatement on memory in previ-

ous studies have been explained with a suppression of the immediate environment. A suppres-

sion of contextual cues can be intentional, such as when participants avert their gaze or even 

close their eyes (Glenberg, Schroeder, & Robertson, 1998), however, our task does not allow for 

this strategy since all items are displayed visually. On the other hand, non-intentional suppres-

sion might occur when the activity or task being performed by the participant requires such 

concentration and attention that it overshadows the environmental cues in the learning envi-

ronment or outshines any environmental cues if it occurs during retrieval. ParticipantsÕ individ-

ual mnemonic strategies could have led to such a requirement of concentration and therefore 

decreased attention towards the contexts (Baddeley, Eysenck, & Anderson, 2009), however, we 

tried to reduce the effect of overshadowing by using simple and highly familiar words. Thus, 

together with our results discussed above, our study revealed that displaying more salient envi-

ronmental cues Ð either in a richer context or by stimulating more parts of the visual field Ð did 

not provide sufficient support to significantly enhance the participantsÕ memory recall (Craik, 

Routh, & Broadbent, 1983). 

 

Neural reinstatement via visual flickering stimuli does not consistently evoke context depend-

ent memory effects 

While fully surrounding environments and on-screen presentations of colors or landscape pic-

tures were consistently unable to evoke context-dependent effects on memory in our studies, 
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flickering background screens (Exp. 2.3 and Exp. 3.3) showed varying results. The visual presen-

tation of flickering stimuli (here: gray and white flickering of a computer screen) are known to 

reliably elicit steady-state visually evoked potentials (SSVEPs) in visual areas of the brain 

(Regan, 1977). Although we did not measure the electrophysiological product of this visual 

stimulation, decades of research support our assumption of frequency-dependent evoked re-

sponses according to our stimulation frequencies (for reviews, see Norcia et al., 2015; Vialatte et 

al., 2010). Steady-state responses are used in cognitive (e.g. working memory) and clinical neu-

roscience (e.g. epilepsy), in brain-computer interfaces (BCIÕs) and most recently to depict rein-

statement of oscillatory brain activity during successful retrieval of memorized information 

(Wimber et al., 2012). Neurophysiological evidence for neural reinstatement in memory tasks 

has emerged from studies, showing that certain brain activity from an encoding situation re-

occurs during the successful retrieval of learned information (Jafarpour et al., 2014; Tobias 

Staudigl & Hanslmayr, 2018; Waldhauser et al., 2016; Waldhauser et al., 2012; Wimber et al., 

2012). Inspired by a recent study that was able to show an improvement of memory perfor-

mance when oscillatory brain activity was experimentally modulated during the encoding of 

words and subsequently reinstated during retrieval (Javadi et al., 2017), we modulated and rein-

stated neural oscillations in visual areas with the aim of evoking a context-dependent memory 

effect. As such, we aimed for a causal modification of memory performance by experimentally 

modulating oscillatory brain activity via external stimulation during e ncoding and recall. While 

previous studies used recognition tasks to show effects of neural reinstatement on memory 

performance (Javadi et al., 2017; Wimber et al., 2012), we aimed for the same effect in a free re-

call task because previous studies showed that neural oscillatory patterns reoccur during 

memory search in free recall tasks (Manning, Polyn, Baltuch, Litt, & Kahana, 2011; Polyn & 

Kahana, 2008; Polyn, Natu, Cohen, & Norman, 2005). In Experiment 2.3 (flickering stimuli on 

the screen) we were able to show improved memory performance of words with a reinstated 

neural context compared to words with no reinstatement. However, in Experiment 3.3 (flicker-

ing environment) we could not replicate this result when we used a HMD to present the visual 

flickering over the whole visual field. This design was chosen, firstly, to increase the possible 

influence of the visual context and secondly, to make an additional comparison of the general 

influence of the use of an HMD on memory performance. With an increased proportion of the 

visual field being stimulated, we would argue that steady-state responses would be induced in 

a greater area of the visual cortex and therefore lead to a stronger contextual trace alongside 

the learned items. Thus, to assume that steady-state responses from an on-screen presentation 

and HMD presentation would critically differ, seems unlikely. Studies have shown that reliable 

phase-locked responses can be evoked in the range from 1 Hz to 100 Hz when the whole visual 

field is presented with a flickering visual stimulation (Faller et al., 2017; Herrmann, 2001; Kishore 

et al., 2014). Additionally, general memory performance did not differ between both oscillatory 

reinstatement experiments. Note also that statistics of Experiment 2.3 revealed only anecdotal 
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evidence in favor of a context dependent memory effect. Moreover, a sequential analysis of 

pooled data from Experiments 2.3 and 3.3 reveal that with an increasing sample size, evidence 

against the context-dependent memory hypothesis increases. However, this analysis might not 

have revealed yet a robust estimate of the true effect suggesting that either H1 and H0 are very 

similar, that there might be large inter-individual differences or that certain experimental pa-

rameters strongly influence the behavioral results. Together, these analyses suggest that flick-

ering stimuli have only a small or very small effect on context-dependent memory recall at the 

group level. Future studies might investigate increased sample sizes and electrophysiological 

measures to uncover possible neural effects beyond behavioral performance.  

 

General memory performance does not differ between different visual contexts 

Although the use of a HMD did not affect context-dependent memory, Experiment 2.2 revealed 

significantly better general memory performance compared to the on-screen experiments of 

Study 2 (Exp. 2.1 and Exp. 2.3). However, as suspected, this effect could be explained with a 

longer encoding period for each learning item and disappeared when the encoding duration 

was better controlled in Study 3. This finding is in line with previous research showing that the 

level of immersiveness, or the individualÕs feeling of presence, is not associated with memory 

performance (Schiemie, Van der Straaten, Krijn, & Van der Mast, 2001). For example, Mania and 

Chalmers (2001) compared three types of lecturing (real classroom, virtual classroom and audi-

tory recording) and found no correlation between declared presence and memory performance 

(Mania & Chalmers, 2001). While only few studies were able to find a beneficial impact of an 

increased level of immersiveness on task behavior, the use of virtual reality devices have been 

shown to evoke reliable emotional responses (Schiemie et al., 2001). For instance, various anxie-

ties and phobias (e.g. acrophobia, arachnophobia, claustrophobia) can be elicited and treated 

with virtual  reality devices (for a review, see North, North, & Coble, 1997). 

 

Limitations of our studies 

Our current results challenge the view that reinstatement of visual context cues can influence 

memory recall. However, it is important to note how Ôreinstatement Õ, ÔcontextÕ and ÔmemoryÕ 

have been operationalized in our study. More specifically, our experiments show that under the 

chosen set of conditions context-dependent memory is more likely to be a myth than beneficial 

reality. Nevertheless, we acknowledge that other studies have found effects of visual context 

reinstatement on memory by using different methodological approaches (e.g. participants are 

instructed to pay attention to context: Smith, Handy, Angello, & Manzano, 2014; Smith & 

Manzano, 2010). In their recently published book Humphreys and Chalmers (2016) discuss how 

context is used to control memory access and its effects on recognition, and summarize various 
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studies showing that contextual information is stored alongside to-be-learned items 

(Humphreys & Chalmers, 2016). Note however, that we limit our conclusion to free recall 

memory tasks and our results likely do not generalize to other forms of memory retrieval (e.g. 

recognition). Another important distinction to previous studies is the use of a short consolida-

tion time between encoding and recall. As discussed earlier, we chose our study design because 

it has been confirmed to evoke context-dependent effects on memory performance. However, 

other studies used longer retention intervals and some even modulated memory performance 

by experimentally interfering with memory consolidation  (e.g. stimulus cueing during sleep: 

Rasch, BŸchel, Gais, & Born, 2007; Rudoy, Voss, Westerberg, & Paller, 2009). Participants in our 

experiments executed a short distraction task, mainly to avoid serial-position effects (Bjork & 

Whitten, 1974). Indeed, Smith and Vela (2001) found in their meta -analysis that longer reten-

tion intervals (1 day to 1 week) increased the effect size of contextual reinstatement on memory 

(Smith & Vela, 2001). With the goal of replicating previous findings (Isarida & Isarida, 2007) we 

kept the consolidation duration short, although this might have diminished the contextual 

influence. Further, we only investigated the influence of context cues in the visual modality. 

Thus, our results do not readily generalize to multimodal contexts (as used in Isarida & Isarida, 

2007) or even other modalities like odor or sound. As discussed above, we did not encourage 

our participants to form active associations between the context cue and the to-be-

remembered words. However, it has been shown that intentional encoding paired with inci-

dental background contextual information is a suitable and often used paradigm for context-

dependent memory studies investigating the influence of environmental contexts on memory 

performance. Moreover, we only controlled for the Ôexternal contextÕ while the internal state of 

the participant was not experimentally modulated (except arguably neuronal oscillations in 

Exp. 2.3 and 3.3). However, also the internal state can represent a context relevant for memory 

recall (for a review on mood and state-dependent memory, see Ucros, 1989). Finally, we specifi-

cally tested the declarative memory domain. However, it is very likely that, for example, fear 

memories exhibit a much higher context sensitivity as shown in various studies focusing on 

fear conditioning in humans  (e.g. Hermans, Craske, Mineka, & Lovibond, 2006; Sehlmeyer et al., 

2009; Vansteenwegen et al., 2005). 

 

Conclusion 

In consideration of all seven experiments, we have to conclude that visual contextual infor-

mation does not affect memory performance when reinstated during free recall. This conclu-

sion, although surprisingly consistent across various levels of visual contexts, is in line with 

previous studies showing only weak or no effects of context-dependent memory (Eich, 1985; 

Fernandez & Glenberg, 1985; Godden & Baddeley, 1980; Jacoby, 1983; Saufley et al., 1985) and 

echoes the seminal study of Godden and Baddeley (1975, p. 325), stating that Ôthe evidence for 
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context-dependent memory is therefore far from convincingÕ. However, caution is advised 

when generalizing our findings to other context or memory modalities or to everyday learning. 

The process of memorizing information in everyday situations represents an overlap of coher-

ent events (Fernandez & Glenberg, 1985), where context is usually closely related to the infor-

mation and consists of a variety of sensory, cognitive and emotional features. We showed that 

selectively changing visual cues independent from the to-be-learned information is not suffi-

cient to elicit context-dependent memory which challenges current textbook knowledge and 

limits the applicability of this st rategy in real-world settings. 
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CHAPTER 7 

 

 

7.! General discussion and conclusion 

This thesis presented a series of experiments investigating the effects of rhythmic sensory 

stimulation on human behavior and its underlying neural activity, i.e. brain oscillations. In order 

to evaluate rhythmic vibrotactile stimulation as  a feasible method to modulate brain oscilla-

tions in the somatosensory cortex, our first study (chapter 2) aimed to uncover dependencies of 

steady-state EEG responses on endogenous neural activity in the targeted brain region. Build-

ing on the findings of chapter 2, we investigated the effects of rhythmic vibrotactile stimula-

tion on the sensory perception of a subsequently presented tactile stimulus in chapter 3. In 

chapter 4, we shifted our focus to the visual domain and attempted  to modulate the visual per-

ception of a bistable motion illusion via rhythmic visual stimulation. The aim of chapter 5 was 

to evaluate rhythmic sensory stimulation as a means of modulating human cognitive process-

es, i.e. the formation and recollection of declarative memories. Our last experiment depicted in 

chapter 6 investigated how visually presented contexts need to be designed to evoke context-

dependent memory improvements and further, whether memory improvement from neural 

reinstatement can be facilitated by rhythmic visual stimulation.  

First, I give a summary of the findings of each experimental chapter and will then discuss the 

findings in more general terms by focusing on the feasibility of rhythmic sensory stimulation as 

non-invasive method to entrain brain oscillations, i.e. whether rhythmic sensory stimulation 

should be used to modulate human behavior such as perception and memory. 

7.1! Vibrotactile stimulation entrains beta oscillations in the so-

matosensory cortex 

In chapter 2, we investigated the effects of alpha and beta rhythmic vibrotactile stimulation on 

neuronal activity in the somatosensory cortex. Based on previous literature, we hypothesized 

that steady-state evoked potentials (SSEPs) in response to rhythmic sensory stimulation repre-

sent entrainment of ongoing brain oscillations (instead of a simple rhythmic repetition of 

evoked potentials) exemplified by SSEPs depending on an interaction between stimulation in-
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tensity and the distance of stimulation frequency to the endogenous frequency of the stimu-

lated cortical region (based on the Arnold tongue). 

Our results revealed a clear effect of stimulation intensity on frequency-specific power and 

intertrial phase clustering (ITPC) across both frequency bands. A steeper power increase across 

the three stimulation intensities in beta compared to alpha, as well as the higher power values 

attained from high intensity stimulation confirms previous findings suggesting that the reso-

nance frequency of the somatosensory system lies in the beta band (MŸller et al., 2001; Snyder, 

1992; Tobimatsu et al., 1999). Regarding the hypothesized entrainment effect, we revealed that 

phase-locked activity between stimulation signal and endogenous beta brain oscillations was 

dependent on the interaction of stimulation intensity and frequency regarding its distance to 

individual beta peaks. This dependency is in line with the hypothesized Arnold tongue, which 

predicts that entrainment via external signals of medium intensity is stronger when the stimu-

lation frequency matches the frequency of the endogenous system (Fršhlich, 2015; Notbohm et 

al., 2016; Pikovsky et al., 1999). Stimulation conditions in the alpha band revealed no such en-

trainment effect although effects of stimulation intensity on ISPC were found as well. 

7.2! Entrained beta oscillations modulate tactile perception 

Building on the finding that vibrotactile stimulation entrains neural oscillations in the soma-

tosensory cortex, the experiment in chapter 3 was carried out to investigate the effects of sen-

sory entrainment on perception (i.e. detection of a tactile stimulus). 

In line with previous reports, we found an intermediate level of preceding alpha power to result 

in the highest detectability of a weak stimulus (administered at estimated threshold). In con-

trast, preceding beta revealed a more linear relationship (i.e. higher beta power results in lower 

detection performance). While no phase-dependent effect was found in trials with either low 

or high alpha power, high beta power trials revealed greater detectability of a stimulus onset at 

troughs compared to peaks. In order to detect the effects of our entrainment signals on EEG 

activity, we measured frequency-specific power changes during stimulation in comparison to 

control (no entrainment). We found that 20 Hz high-intensity stimulation resulted in a clear 

beta power increase compared to control and other entrainment conditions. To our surprise, no 

effect on alpha power was detected during 10 Hz high-intensity stimulation. Intersite phase 

clustering (ISPC) values derived across all stimulation conditions confirmed a resonance-like 

mechanism in the somatosensory cortex. In line with previous findings, we found phase-

coupling between the sensory entrainment signal and resulting EEG time-series to be most 

pronounced for 20 Hz stimulation. Exploration of the estimated thresholds derived from each 

entrainment condition revealed clear decreases in detectability (i.e. increases in estimated 
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thresholds) in comparison to control without preceding entrainment. This effect was stronger 

for high-intensity entrainment conditions compared to low, reflecting stronger masking ef-

fects. This masking effect was independent of stimulation rhythmicity (rhythmic vs. jittered) 

and frequency (10 Hz vs. 20 Hz). However, we found a significant positive correlation between 

the entrainment gain from low to high intensity ( !  ISPC) and the behavioral masking effect (!  

TH) in the beta band. 

7.3! No effects of visual entrainment on perceived direction of a 

bistable motion illusion  

In chapter 4, we investigated the effects of bilateral visual stimulation on neuronal activity in 

the visual system and its modulation of subjective perception of bistable motion. Based on pre-

vious literature, we hypothesized a causal role of interhemispheric gamma connectivity on fea-

ture integration across both hemispheres (Engel et al., 1991), thus being predictive of the mo-

tion direction of a bistable apparent motion. Further, we expected occipital alpha power in-

creases to reduce the number of subjective direction reversals of apparent motion. To this end, 

we entrained brain oscillations in the visual system by presenting flickering LEDs in either the 

gamma (40 Hz) or alpha (10 Hz) frequency band bilaterally while observers reported whether 

they perceived the motion direction of a stroboscopic alternative motion (SAM) as horizontal or 

vertical. 

In the control condition (no entrainment), we found interhemispheric increased gamma band 

coherence during perceived horizontal motion compared to vertical motion in SAM. This find-

ing provides further evidence that gamma oscillations represent a mechanism to facilitate in-

tegration of distributed neuronal ensembles enabling behavioral functions such as visual at-

tention and perception (Fries, 2009; Singer, 1999; Tallon-Baudry, 2009). However, when includ-

ing data from all entrainment conditions, we found no effect of gamma coherence on the per-

ceived motion of the SAM. We argue that the visual flickering overshadowed effects of 

interhemispheric neural connections by providing opposing sensory stimulation to the visually 

presented task. Apart from gamma activity, alpha-band power has also been repeatedly found 

to correlate (negatively) with perceptual changes of bistable patterns (Ba"ar-Eroglu et al., 1996; 

Isoglu-Alka• et al., 2000; Piantoni et al., 2017; StrŸber & Herrmann, 2002). However, our control 

condition did not reveal a difference in the number of perceptual switches preceded by low and 

high alpha power. We acknowledge that the chosen study design differed in a crucial way from 

other studies that reported alpha-power effects on perceptual switches and therefore appar-

ently did not promote perceptual switches. Finally, we found a power increase for alpha (10 Hz) 

stimulation to the rhythmic visual stimulation revealing resonance-like responses in the visual 
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system, however, gamma (40 Hz) stimulation had no effect on inter hemispheric gamma con-

nectivity. 

7.4! Visual entrainment and reinstatement reveal no effect on 

memory performance 

In chapter 5, we used rhythmic visual stimulation in the theta (6 Hz) and alpha (10 Hz) frequen-

cy bands during recognition memory task encoding, and induced reinstatement of oscillatory 

activity during retrieval with matching (congruent) or mismatching (incongruent) frequencies. 

We hypothesized improved memory formation during theta (resulting in better memory per-

formance) compared to alpha entrainment. In addition, we expect retrieval trials with reinstat-

ed visual stimulation to reveal enhanced memory performance in comparison to non-

reinstated or incongruent trials. 

Behavioral data were analyzed and revealed no effect of entrainment during encoding . Further, 

our results suggested that reinstatement  of visual flicker is not sufficient to reveal improve-

ments on memory performance. We conclude that more studies using rhythmic sensory en-

trainment are needed to evaluate previous findings and the validity of this method as tool to 

modulate ongoing brain oscillations and human behavior. Also, future studies might assess 

visual flicker as context manipulation in direct comparison to other visual contexts (e.g. back-

ground colors, images). 

7.5! No effect of reinstatement of visual contexts on free recall 

Chapter 6 built on the findings from chapter 5 and investigated how visual virtual environ-

ments need to be designed to evoke context-dependent memory improvements. In particular, 

we tested the influence of the richness of the visual cue, local versus global features of the vis-

ual context and neural reinstatement via flickering backgrounds on memory recall under rein-

stated and not-reinstated conditions. 

This multi-study design consisted of 7 experiments. Overall, all experiments revealed anecdotal 

to strong evidence in favor of the null hypothesis, even when pooling data across conceptually 

similar experiments to perform a well-powered statistical analysis. Our interpretation of these 

surprisingly consistent findings is that visual cues, including immersive virtual environments  

and entrained neural oscillations, evoke only small to no contextual memory effects. Moreover, 

our data suggest that overall memory performance depends significantly on encoding time but 

not on the visual context. 
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7.6! Does rhythmic sensory stimulation entrain brain oscillations? 

An entrainment of ongoing brain oscillations is the underlying assumption of modulating hu-

man behavior with rhythmic sensory stimulation. Since the early recordings of human electro-

physiological brain activity, a vast number of studies have found that rhythmic sensory stimu-

lation produces brain activity that include the rhythmic pattern of the stimulation input  (e.g. 

Adrian & Matthews, 1934; Herrmann, 2001; Regan, 1966). However, whether these steady-state 

evoked potentials (SSEPs) actually reflect modulations of endogenous brain oscillations, is still 

debated. Critics of this interpretation argue that SSEPs cannot be distinguished from a series of 

evoked potentials, which would arguably not involve an engagement of intrinsic neural oscilla-

tions (Capilla et al., 2011; Galambos et al., 1981; Hari, Hamalainen, & Joutsiniemi, 1989; C. Keitel 

et al., 2014). To test whether brain responses to rhythmic sensory stimulation reflect entrain-

ment, it is necessary to provide outcome measurements which would only result from altered 

neural oscillations and not from evoked potentials. Two approaches have been previously re-

ported and were adapted in the present thesis.  

First, it is necessary to provide evidence for a dependency of SSEPs on ongoing brain oscilla-

tions. This dependency arises from theoretical considerations and has been the main research 

interest in studies supporting the entrainment hypothesis (see Zoefel, Ten Oever, et al., 2018). 

The so-called Arnold tongue describes a classical model of entrainment between two oscillators 

depending on stimulation rhythm and intensity  (Pikovsky et al., 1999). The model predicts en-

trainment  effects to be more pronounced (e.g. larger SSEPs) with higher stimulation intensity, 

and with stimulation frequencies closer to the endogenous frequency of the underlying system 

(e.g. brain oscillations), compared to stimulation frequencies further away (e.g. Fršhlich, 2015; 

Notbohm et al., 2016). In chapter 2, we provided evidence for such a relationship between SSEPs 

produced with rhythmic vibrotactile stimulation and the ongoing beta oscillations in the soma-

tosensory cortex. A conclusive statement regarding neural entrainment however, is still diffi-

cult to draw. The main reason for this is that there is no clear consensus whether evoked poten-

tials have no such interrelation with ongoing brain oscillations. In fact, some studies found 

non-rhythmic (= jittered) sensory stimulation to reveal a non-linear response with dependency 

on endogenous oscillations, just as predicted from the Arnold tongue (Capilla et al., 2011; C. 

Keitel et al., 2017; see also Zoefel, Ten Oever, et al., 2018). Our findings can be viewed as being in 

agreement with an entrainment mechanism, as we find dependencies of SSEPs on endogenous 

oscillations only with an intermediate stimulation intensity and onl y in beta. Arguably, if SSEPs 

would represent only regular repetitions of evoked potentials, we should have seen the same 

effects for alpha stimulation. However, we did not evaluate our finding in comparison to non-

rhythmic stimulation.  
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A second approach to determine whether SSEPs reflect entrainment of ongoing brain oscilla-

tions is to test whether rhythmic sensory stimulation can modulate functional correlates of 

neural oscillations, such as human behavior (Haegens & Zion Golumbic, 2018). In the present 

doctoral thesis, we aimed to alter sensory perception (chapter 3: tactile; chapter 4: visual) and 

processes of memory formation and retrieval (chapters 5 and 6). Both behavioral outcomes 

have been linked to natural ongoing brain oscillations in many studies. Taken together, our 

findings provide limited evidence for the modulation of perceptual processes and no evidence 

for an effect on declarative memory performance.  

In chapter 3, we find that rhythmic  sensory stimulation in the beta band can alter neuronal 

information processing by modulating sensory perception. However, this effect is limited to a 

narrow range between the overshadowing masking effects of our two different stimulation 

intensities. Such masking reveals the main disadvantage of rhythmic sensory stimulation as 

means of neural entrainment, i.e. that every supra-threshold sensory stimulation alone affects 

sensory perception (see chapter 7.7). Regarding the assumption that rhythmic sensory stimula-

tion can alter perceptual processes, studies have found that rhythmic auditory (e.g. Barnes & 

Jones, 2000) or visual (e.g. Mathewson et al., 2010; Rohenkohl & Nobre, 2011) stimulation, as 

well as rhythmic engagement of the motor system (i.e. finger tapping; Morillon, Schroeder, & 

Wyart, 2014) can have phase-dependent effects on perceptual processing of a subsequent tar-

get. However, one concern about these studies is the fact that phase-effects are not consistent 

(in-phase vs. out-of-phase relative to the rhythmic stimulation; see Hickok, Farahbod, & Saberi, 

2015; Spaak, de Lange, & Jensen, 2014). Arguably, this shows that the assumption of entrained 

brain oscillations as modulatory mechanism resulting from rhythmic sensory stimulation in 

order to modulate perception cannot fully explain the findings.  

Another possible mechanism is the formation of rhythmic temporal predictions and attention-

al mechanisms (see Haegens & Zion Golumbic, 2018). A rhythmic presentation of a supra-

threshold stimulus will always produce anticipatory mechanisms in the brain (e.g. Sauseng et 

al., 2005; Thut et al., 2006). These mechanisms themselves are associated with neuronal activi-

ty and might therefore have an impact on perceptual processes. However, the distinction be-

tween these two forms of neural entrainment (directly through synchronization to the 

rhythmic stimulation and indirectly through phase -resetting to any stimulation; see Thut et al., 

2011) with respect to the underlying mechanism remains difficult (see Haegens & Zion 

Golumbic, 2018). Returning to our finding in chapter 2, where a phase-dependent effect of 

stimulation on detection rate of a weak tactile stimulus was only found in trials with high -

intensity beta stimulation: We argue that attentional processes or phase-resetting would not 

be restricted to the resonance-frequency-band in the targeted system (here: beta). This finding 

can be interpreted as further evidence for (direct) entrainment of the underlying system (soma-

tosensory cortex) in response to rhythmic sensory stimulation. The lack of an effect on visual 
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perception in chapter 4 could be explained by the resonance-like responses in the visual system 

and the choice of the study design which did not promote the hypothesized effect of perceptu-

al switches (see discussion in chapter 4.5). In order to interpret the negative findings in light of 

an effect of rhythmic sensory stimulation on declarative memory, we discuss the feasibility of 

this method of entrainment to modulate this type of complex cognitive process in section 7.8. 

In conclusion, we provide evidence that rhythmic sensory stimulation entrains endogenous 

oscillations in the targeted brain region. Our findings further highlight the importance of the 

chosen stimulation parameters (frequency and intensity) to reveal phase-locked (i.e. entrained) 

neural responses to rhythmic sensory stimulation. In line with the hypothesized Arnold tongue, 

we reveal in our experiments in chapters 2 Ð 4 that stronger entrainment effects result from 

higher stimulation intensity and that stimulation frequencies closer to the  endogenous fre-

quency of the cortical region are more likely to entrain neural oscillations (chapter 2, 3, and 4) 

and to have an effect on human behavior (i.e. tactile perception in chapter 3). 

7.7! Is rhythmic sensory stimulation  a feasible method to modu-

late sensory perception? 

So far, we have discussed whether rhythmic sensory stimulation results in entrained brain os-

cillations and whether it can modulate human behavior. Further, we have reviewed some side-

effects of this type of stimulation on neural activit y and attentional processes, which can hin-

der or overshadow effects of (direct) entrainment of neural oscillations, especially on percep-

tion. With regard to the ongoing debate about the feasibility of rhythmic sensory stimulation 

to modulate brain oscillations and human perception, benefits and caveats of this method in 

comparison to other stimulation methods (e.g. tACS) need to be addressed. 

The main advantage of rhythmic sensory stimulation, compared to tACS where effects meas-

ured by electrophysiology (e.g. EEG) can be covered by strong stimulation artifact s, is the possi-

bility to modulate human behavior and simultaneously measure underlying brain oscillations 

without inducing artifacts. Rhyt hmic sensory stimulation requires no expensive equipment and 

is considered safe with very limited and unlikely side-effects (e.g. in epilepsy). 

However, as presented in chapters 3 and 4, rhythmic sensory stimulation entails strong caveats 

when aiming to modulate sensory perception processes, which are not present in other forms 

of neural entrainment (e.g. tACS). In chapter 3, we found that our entrainment stimulations 

had a masking effect on the subsequent tactile stimulation . Masking refers to the phenome-

non that one sensory stimulus decreases the detectability of another when activating the sen-

sory system simultaneously or in close temporal relationship (Verrillo et al., 1983). Such an ef-
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fect can also occur when the two stimuli are applied to different locations on the skin (e.g. dif-

ferent fingers), which has been suggested to represent inhibition effects across neurons that  

process projections from multiple peripheral locations (Biermann et al., 1998; Forss et al., 1995). 

In chapter 3, exploration of the estimated thresholds derived from each entrainment condition 

revealed clear decreases in detectability (i.e. increases in estimated thresholds) in comparison 

to control without pr eceding entrainment. This effect was stronger for high intensity entrain-

ment conditions compared to low, reflecting stronger masking effects. Further, this finding was 

independent of stimulation rhythmicity (rhythmic vs. jittered) and frequency (10 Hz vs. 20 Hz). 

In chapter 4, we found that visual stimulation (regardless of frequency and rhythmicity) dimin-

ished the effect of gamma coherence on bistable motion perception. We argue that visual 

flickering overshadowed effects of interhemispheric neural connections by providing opposing 

sensory stimulation to the visually presented task. Taken together, our findings provide evi-

dence that supra-threshold sensory stimulation always entails unwanted effects (e.g. masking) 

on perception, which in our studies even overshadowed possible effects of entrained neural 

oscillations. The finding in chapter 3 convincingly shows how both of these mechanisms can 

affect the perception threshold of a tactile stimulus. Masking occurs regardless of stimulation 

frequency and rhythmicity, and appears stronger (higher thresholds) for higher stimulation 

intensities. Within this masking, however, neural entrainment in the beta band can have a 

modulatory effect on perceptual thresholds as well. We found that the masking increase from 

low- to high-intensity stimulation was positively correlated with the entrainment increase 

from low - to high-intensity stimulation.  

Because sensory rhythmic stimulation entails large side-effects on the targeted sensory sys-

tems, the feasibility of this method to modulate perception remains questionable. Possible 

approaches to overcome this issue would be to stimulate other sensory systems (aiming for 

cross-modal entrainment) or presenting stimulation at a sub-threshold intensity. However, 

stimulation of one modality is thought to have attentional effects on other modalities (cross-

modal attention; see Macaluso, Frith, & Driver, 2002). Further, entrainment of an oscillating 

system requires sufficient force (intensity) and would arguably not result from sub-threshold 

stimu lation  (see Thut et al., 2011). 

In conclusion, based on our findings rhythmic sensory stimulation represents a possible but not 

preferable method to modulate perception in the somatosensory and visual system when 

compared to other forms of neural entrainment. 
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7.8! Is rhythmic sensory stimulation  a feasible method to modu-

late memory processes? 

In chapters 5 and 6, we intended to modulate memory processes with visual stimulation. Chap-

ter 5 was designed to entrain the visual system during declarative memory formation with ei-

ther theta or alpha flicker frequency. In addition, during subsequent retrieval memory perfor-

mance was compared between reinstated and non-reinstated items in relation to their visually 

entrained frequency. In contrast to the hypothesized effect, we found no difference on memory 

performance between theta and alpha encoding, and likewise, between reinstated and not-

reinstated items. Chapter 6 used a similar approach of neural entrainment and reinstatement 

in a free recall memory task. Additionally, various other forms of contexts (background colors, 

background pictures, virtual environments) were used to determine effects of reinstatement of 

visually presented context on memory performance. To our surprise, we found no effect of re-

instatement on memory performance across all forms of visual contexts.  

Taken together, our results suggest that, although others have found visual entrainment of 

theta and alpha frequency bands to have a modulatory effect on memory performance (Kšster 

et al., 2019) and to reveal frequency-specific reinstated activity during retrieval (Wimber et al., 

2012), the feasibility of rhythmic sensory stimulation, and visual contexts in general, to modu-

late memory processes needs to be addressed.  

A vast amount of research has provided evidence for the involvement of brain oscillations in 

human memory processes. However, the somewhat na•ve assumption that single frequency 

bands in separated brain regions can be causally associated with memory processes has been 

challenged in recent years. In their review, Hanslmayr and Staudigl (2014) report that there is 

evidence for the involvement of each frequency band (from 3 to 100 Hz) with correlations for 

both increasing and decreasing amplitudes in memory formation (see also DŸzel et al., 2010). 

The authors conclude that brain oscillations during encoding primarily represent cognitive and 

perceptual processes, i.e. a mix of bottom-up and top-down governed effects. Further, they 

argue that successful memory retrieval is related mainly to two classical concepts of episodic 

memory (Hanslmayr & Staudigl, 2014). First, the level of processing during encoding (Craik & 

Lockhart, 1972), and second, the encoding specificity principle, which states that information  is 

more likely to be retrieved if conditions at the time of retrieval are similar to those at the time 

of encoding (Tulving & Thomson, 1973). 

While in chapter 6 participants were instructed to remember the presented words, thus ena-

bling them to use their own mnemonic strategies, chapter 5 used an incidental memory task. 

Here, participants were engaged in a syllable-counting task which led to incidental learning of 
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the presented words and arguably an equivalent level of processing across study conditions (6 

or 10 Hz encoding). Confirming this assumption, no difference was found between the two 

encoding conditions in the accuracy in the syllable-counting task. Nonetheless, we found no 

difference on memory performance between theta and alpha entrainment. A possible reason 

for this lack of an effect could be an oversimplified understanding of the involvement of brain 

oscillations in the formation of memories. While most early studies focused on specific fre-

quency bands (e.g. theta, gamma, alpha) and single measurement parameters (e.g. power, co-

herence), recent studies have revealed more complex mechanisms (e.g. cross-frequency phase-

amplitude coupling) (see DŸzel et al., 2010; Hanslmayr & Staudigl, 2014). These heterogeneous 

relationships between oscillatory dynamics and various forms of memory formation make 

modulations with external rhythmic stimulation extremely difficult.  

While reinstatement of visual flickering in our studies provides alterations in similarity be-

tween the encoding and retrieval situations, such narrow-band neural oscillations in a single 

sensory system might not be sufficient to reveal the hypothesized effects of encoding specifici-

ty. In addition, we found in chapter 6 that even fully surrounding environments and on-screen 

presentations of colors or landscape pictures were consistently unable to evoke context-

dependent effects on memory. We conclude that visual contextual information does not affect 

memory performance when reinstated during free recall. The process of memorizing infor-

mation  always consists of a variety of sensory, cognitive and emotional features (Fernandez & 

Glenberg, 1985). Rhythmic sensory stimulation would have to be presented to various sensory 

systems simultaneously, but even then, ongoing cognitive (top-down) processes, as for exam-

ple individual mnemonic strategies, might  overshadow possible effects. 

In conclusion, rhythmic sensory stimulation might not be considered as a feasible method to 

modulate memory processes. The heterogeneity of brain oscillations and regions involved in 

these complex processes make targeted entrainment difficult and further, cognitive top -down 

processes during encoding and retrieval are most likely expected to overshadow entrainment 

effects. This is even true for stationary presented (unimodal) contexts (see chapter 6). 

7.9! Conclusion and futu re directions 

The idea of externally changing brain activity has become increasingly popular in the last dec-

ades, resulting in a vast amount of research using different methodological approaches 

(Herrmann et al., 2013; Herrmann & StrŸber, 2017; Thut et al., 2011). Non-invasive, rhythmic 

brain stimulation is an ideal tool for neural entrainment and investigating causalities regarding 

human brain function  (Thut et al., 2017). Rhythmic sensory stimulation has been introduced as 
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a possible method for altering brain oscillations with some advantages over other methods 

such as tACS and rTMS.  

This thesis aimed to test the assumption that rhythmic sensory stimulation entrains ongoing 

brain oscillations and to assess its feasibility to modulate human behavior. Although our find-

ings from chapter 2 can be interpreted as further evidence for entrainment of oscillatory activi-

ty in the targeted brain region in response to rhythmic sensory stimulation, the following chap-

ters (3 Ð 6) reveal that modulating human perception and memory processes was not possible 

or only with strong side-effects. We conclude that rhythmic sensory stimulation, as used in our 

studies, can rather not be considered as a feasible method to modulate human perception or 

memory processes. However, more sophisticated approaches of sensory entrainment might 

reveal more promising results. The use of individually adjusted stimulation signals (e.g. in a 

closed-loop setup) applied to multiple sensory systems, possibly with cross-frequency coupling, 

could provide stronger entrainment effects. In addition, stimulation protocols that aim to en-

train neural activity in a resting state (e.g. during sleep) have the advantage of not interfering 

with the execution of a task and are less likely to be overshadowed by top-down processes (e.g. 

attention). Recently, studies revealed evidence that closed-loop auditory stimulation during 

sleep can promote memory consolidation (Ngo, Martinetz, Born, & Molle, 2013; but see Ngo, 

Seibold, Boche, Molle, & Born, 2019) and even have positive effects on immunological functions 

(Besedovsky et al., 2017). 

Steady-state evoked potentials (SSEPs) remain a valuable tool in other contexts, such as brain-

computer-interfaces (BCIs), where the excellent signal-to-noise ratio makes applications easier. 

BCIs have been used, for example, to detect participantsÕ visual focus (e.g. on a computer 

screen), thus, representing a tool that enables communication without the need to talk or write  

(e.g. Lesenfants et al., 2014). Although some research studies have suggested the use of rhyth-

mic sensory stimulation in clinical applications as treatment method (e.g. gait rehabilitation, 

see Ghai, Ghai, Schmitz, & Effenberg, 2018; treatment for AlzheimerÕs disease, see Iaccarino et 

al., 2016), findings have revealed mixed results or effects have not been evaluated in humans 

yet (e.g. Iaccarino et al., 2016). In the context of clinical applications, SSEPs remain a valuable 

diagnostic and study tool. Studies have found associations with SSEPs and spatiotemporal vis-

ual abnormalities in ParkinsonÕs disease, dysfunctions of the visual pathway in patients with 

schizophrenia, migraine periods, major depressive disorder, autism, anxiety and stress, and 

epilepsy (for a review, see Vialatte et al., 2010). 

Future studies would still have to provide convincing evidence in support of a feasible approach 

to modulate human behavior with rhythmic sensory stimulation. The present thesis provides 

limited evidence for rhythmic sensory stimulation to modulate human behavior and challenges 

its feasibility due to unavoidable side-effects. 
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