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Outline
Investigations on the link between brain oscillations and brain functions are mainly based on
temporal correlations. The causal relationship, however, so far remained largely unclear. In
order to probe the causal relationship of oscillations and brain functions, external stimulation
can be applied to alter ongoing oscillations and observe the resulting behavioral changes. As
an external stimulation source, a focused rhythmic flickering light can be applied, but its
ability to entrain brain oscillations is yet subject of contentious debate.
This dissertation aimed to investigate the underlying mechanism of Steady-state visual evoked
potential (SSVEP), the electrophysiologic signal that occurs during rhythmic visual stimulation. Chapter 1 introduces functional correlates of specifically characterized brain oscillations.
Further, the physical mechanism of externally driven oscillations (entrainment) is described
in this chapter, closing with a review of the current literature of investigations on causality
between brain oscillations and function. Chapter 2 and 3 contain two peer reviewed articles
studying the impact of rhythmic visual stimulation on brain oscillations. In chapter 4, the
findings are summarized and discussed in a broader context. Finally, based on the gained
knowledge, future studies and applications are outlined.

9

Chapter 1

General Introduction
A brief light flash that reaches the eye may be seen in some instances, in others not. This
is due to the fact that the brain has limited capacity for information processing. But what
does the successful perception depend on? The two most obvious questions that arise are:
how bright and how brief is the flash that is to be perceived? Surely, these two factors are
decisive for the percept, but in addition, one should ask: at what brain state does the flash
reach the cortex?
The brain’s instantaneous state contributes decisively to the success of perception. With an
attentional focus on visual events, the flash is more likely to be seen than during times when
one focuses on a math calculation, for instance. So far, this is not surprising. However, during
times of internally oriented attention (e.g. during the aforementioned math calculation),
perception is not completely turned off. It is rather reduced to brief sequential ’perception
checks’, which are realized through brain oscillations. If, at a precise point in time, the
flash reaches the cortex and the targeted neurons are in a state of inhibition, this means
the end of the signal’s journey. The light flash remains unnoticed by the observer. These
sequential perception checks, alternating with phases of inhibition, are realized through brain
oscillations.

1.1

Brain oscillations

A large body of research demonstrates that neural populations may be allocated alternately
in an excitatory state and an inhibitory state. These phasic changes appear as brain oscillations in electrophysiologic measurements (Klimesch et al., 2007).
On a physiological level, oscillations reflect a rhythmic firing pattern of large neuronal popu-
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lations. Assuming that neural oscillations are mainly based on potential changes of inhibitory
neurons (Klimesch et al., 2007), excitatory cells develop action potentials (spikes) when inhibition is low. During states of strong inhibition, on the other hand, spike rates of excitatory
neurons are reduced (Figure 1.1).
In the electroencephalogram (EEG), oscillations are measured as changes in the post-synaptic
potentials (PSPs) that develop at the dendritic and somatic membrane of large populations
of pyramidal cells (excitatory neurons, Luck, 2007, Klimesch et al., 2007).

It has further been shown that rhythmic firing allows binding between neuronal populations
despite a lack of hard wired connections and controls the timing of neuronal firing (Engel
et al., 2001; Varela et al., 1981; Kahana et al., 2001). Just like a radio and the broadcasting
station information from one area in the brain can be sent to another, (non-) adjacent area
and received only by the targeted area via a frequency1 specific response. In this way a highly
specific selection of input is implemented.

In addition to advantages in communicational processes, the mechanism allows multiple parallel operations (Buzsáki and Draguhn, 2004). The number of excitatory periods per second
decreases with increasing distance and the amount of interneurons of a feedback cycle. Slow
oscillations (few excitatory periods per second) interconnect far distances and reflect global
state changes (Engel and Fries, 2010), whereas local communication in smaller feedback cycles is characterized by faster oscillations (Steriade et al., 2001; Csicsvari et al., 2003; Kopell
et al., 2000). Rhythmic fluctuations of the subthreshold membrane potential may further
contribute to frequency specific response amplitudes (Engel et al., 2001; Llinás et al., 1991).
In the preceding paragraphs, it has already been mentioned that oscillations can differ with
regard to their specific characteristics, such as the number of excitatory states per second. In
the following, these characteristics will be described in more detail. It is worth disentangling
these characteristics, as several brain functions can be related to more or less specific characteristics of brain oscillations (Fries, 2005). Those brain functions will then be introduced
subsequently.
1

The term frequency describes the number of alternations between inhibitory and excitatory states per
second and is introduced in more detail in the next chapter
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Figure 1.1: From neural spikes to EEG oscillations. (A) Each dot represents a neural spike. Spikes
do not appear randomly distributed over time but follow a rhythm (10Hz in this example). (B) The
spike frequency over time is plotted in a histogram. (C) The EEG measures the sum of postsynaptic
electric potentials, co-occurring with neural spikes. (D) On the exemplary wave, the parameters
phase, amplitude and period length are depicted. The frequency can be calculated from the period
length.

1.1.1

Characteristics of brain oscillations

An oscillation can be defined by three characteristics: its phase, its frequency and its amplitude (Figure 1.1D). The phase term has already been mentioned in the previous section
and determines the state the respective neural population is in, thus it can be inhibitory
or excitatory. These states appear as a sinusoidal wave, resulting in an alternation with all
kinds of transitional states.
The term frequency refers to the number of alternations between excitatory and inhibitory
states per second or the reciprocal of the time it takes from one excitatory state to the
next. A pronounced frequency in the EEG relates to increased synchronization among neural
populations and the degree of synchronization determines the amplitude of the oscillation
(Figure 1.1, Klimesch et al., 2007).
Regarding the assignment of oscillatory characteristics and brain functions, correlations are
broadly reported for frequency bands- rather than exact frequencies. It shall moreover be
noticed that dividing brain frequencies into bands and attributing specific functions to these
bands is rather vage and overlapping, and conversely discussed in literature (Herrmann et al.,
13
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2015). An overview of the band subdivision and the main functions is however provided here,
as the main focus of this dissertation lies on a specific range of frequencies and its attributed
functions.
Five frequency bands are distinguished with each being particularly more or less prominent
during certain functions (Klimesch, 1999; Csicsvari et al., 2003). These ranges of frequencies
are known as the delta band (∼0.5 to 3Hz), the theta band (∼3.5 to 7Hz), the alpha band
(∼8 to 13Hz), the beta band (∼14 to 30Hz) and the gamma band (>30Hz, Başar et al., 2001;
Engel and Fries, 2010).
The following sections provide a rough introduction to all frequency bands to depict the comprehensive set of functions oscillations are linked to. The behavioral correlates of amplitude
and phase characteristics of the frequency bands are provided in the respective sections. The
alpha band, as main focus of this dissertation, will subsequently be introduced in more detail.

Delta band (∼ 0.5 to 3Hz)
The delta band comprises the slowest frequencies in the cortex and is most prominent during
non-rapid eye movement sleep (non-REM sleep), also known as slow-wave sleep. During this
sleep period, memory consolidation is suggested to take place by connecting the neocortex and
the hippocampus (Sirota et al., 2003). The delta band waves may, however, occur in awake
mammalian brains as well. Başar-Eroglu et al. (1992) describe increased delta amplitudes
during repetitive stimulation with eventually occurring deviant stimuli (oddball paradigm).
Furthermore, two networks exist that direct attention to external or internal processes. Those
can be distinguished for instance by the amplitude of delta oscillations. During concentration on internally oriented processes, like mental calculation or semantic tasks, an increase of
the delta amplitude in the frontal cortex can be observed (Harmony et al., 1996; Harmony,
2013). In a go/no-go task, these increased amplitudes were found during the no-go condition,
suggesting an inhibitory function of increased delta power (Harmony, 2013; Vincent et al.,
2008). A decreased delta amplitude, on the other hand, has been reported during externally
oriented attention (Harmony, 2013).

Theta band (∼3.5 to 7Hz)
First described by Saul and Davis (1933), theta band oscillations are best known in the
context of memory operations (Kahana et al., 2001; O’Keefe and Recce, 1993; Buzsáki and
Chrobak, 1995). They occur most prominently in the hippocampus but seem to depend on
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input from the medial septum/diagonal band of the Broca area, as lesions in this area abolish the ongoing rhythm in the hippocampus region in rats (Winson, 1978). Furthermore,
prefrontal midline regions can generate theta activity that oscillates in synchrony with hippocampal theta (or limbic theta activity, Jensen, 2005; Buzsáki, 2002).
As a consequence of the abolished theta rhythm, memory impairment has been observed,
evaluating the crucial function of theta oscillations in this context. More specifically, synchronization of theta oscillations increases during memory encoding (Klimesch, 1999). The
phase of theta band oscillations was further found to influence long-term potentiation (LTP):
if a stimulus event coincides with a peak of a theta cycle, LTP is facilitated, whereas a trough
of a theta wave coinciding with a stimulus event rather results in long-term depression (LTD).
This relation of theta band oscillations and synaptic plasticity has been shown in vivo and
in vitro (Kahana et al., 2001), revealing the robustness amongst mammalian species (Gray
et al., 1989; Laurent, 2002). Regarding perception, theta oscillations are suggested to synchronize with the speech rhythm (Giraud and Poeppel, 2012).

Alpha band (∼8 to 13Hz)
Alpha band synchronization is primarily attributed to attention processes and is distributed
over the whole brain (Klimesch et al., 2007). Its large amplitude allows identification in EEG
measures with the bare eye in the time domain and has been discovered as early as 1929
by Hans Berger (Berger, 1929). During relaxed wakefulness with eyes closed, these large
amplitude oscillations become even more obvious (Lindsley, 1952).
First described as cortical idling, the functional relevance of the alpha band has been found
to be much more diverse (Klimesch et al., 2007). A detailed introduction to the functional
relevance of alpha oscillations broken down to the specific characteristics of the oscillatory
wave will be given in the next section (chapter 1.1.2).

Beta band (∼14 to 30Hz)
The beta band is classically interpreted as sensory-motor related and desynchronizes during
movement. Pfurtscheller et al. (1996) described this post-movement activity as the idling correlate of the sensory-motor cortex, referring to the meanwhile obsolete functional correlate of
the alpha rhythm. During recent years- although relatively under represented- the beta band
gained increasing interest, moving away from the idling hypothesis as well. Synchronized
beta activity between somatosensory cortex and motor cortex has been reported to allow
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sensory control of the motor action (Baker, 2007). With regard to perception, an upcoming
sensory event can be predicted via synchronized beta oscillations in the somatosensory cortex when related to a required (or inhibited) motor response (Zhang et al., 2008). Besides
sensory-motor related functions, altered beta band oscillations can be observed in cognitive
processes: in tasks with increased top-down activity, beta band synchronization has been
shown to increase as well, e.g. during bistable image perception (Okazaki et al., 2008; Iversen
et al., 2009).

Gamma band (>30Hz)
Pioneer works on gamma oscillation were initiated in the late 1980 in the context of perceptual binding (Gray et al., 1989; Singer and Gray, 1995; Engel et al., 1991). If a complex
visual object, itself comprised of several geometric objects, is identified with all its attributes
(location, direction of motion etc.), each of these attributes is processed in a different part
of the brain. Gamma band synchronization of oscillation has been suggested to allow short
distance communication between the respective neural populations to reassemble the information.
In the described situation, features of only one modality are bound. Binding between modalities, however, can also be facilitated via gamma band synchrony as well. A powerful tool
to demonstrate neural binding via gamma oscillations is the sound-induced flash illusion:
a single flash presented together with a double sound is perceived as two flashes in trials
with higher gamma band synchrony (Shams et al., 2000; Bhattacharya et al., 2002). Besides
feature integration, also memory formation (Jensen et al., 2007), matching between stimulus
and memory content (Herrmann et al., 2004) and visual awareness (Tallon-Baudry, 2009) has
been connected to gamma band synchrony.

1.1.2

Alpha band oscillations

The alpha band is termed ’alpha’, because it was the first frequency band that has been
discovered and associated with specific brain functions (Berger, 1929). The phase dependent (cyclic) changes in excitability have been discovered only few years later (Bishop, 1933).
Bishop (1933) concluded that stimulation of the optic cortex does not only depend on the
number of optic fibers being stimulated but the rhythmic variation of excitability in the
respective cortex areas. Again some years later, in the 1960s, this cyclic dependency of excitability has been corroborated by phase-dependent differences in reaction time (Callaway
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and Yeager, 1960).
Nunn and Osselton (1974) then suggested that the alpha rhythm reflects a periodic inhibition
of visual perception. This hypothesis has been supported by multiple subsequent studies in
the context of alpha power differences (see also Ray and Cole, 1985). In the 90es and 00er,
a considerable development of alpha research took place, in particular through the work of
Klimesch and colleagues. In the following, the recent development will be introduced, categorized by its characteristics amplitude, phase and frequency.

Amplitude
The amplitude of the alpha band correlates negatively with perception: a visual target is more
likely to be perceived, when (occipito-) parietal prestimulus alpha power is low (Figure 1.2
and 1.3A, Ergenoglu et al., 2004; Hanslmayr et al., 2005; Thut et al., 2006; Mathewson et al.,
2009; van Dijk et al., 2008), suggesting an inhibitory effect of alpha oscillations. The correlation between likelihood of perception and prestimulus alpha power was shown within as
well as between subjects (Figure 1.2b and c, Hanslmayr et al., 2007a). Moreover, this mechanism even correlates with spatial attention. If attention is shifted towards one hemifield, the
contra-lateral hemisphere of the parieto-occipital cortex shows decreased alpha amplitudes.
The ipsi-lateral hemisphere, on the contrary, seems to be inhibited via increased alpha amplitudes (Ikkai et al., 2016; Worden et al., 2000; Thut et al., 2006; Rihs et al., 2007).

One possible oscillation based explanation for the negative correlation could be the following:
an increase in alpha power is measured in EEG when an increased number of neural cell
assemblies fires in synchrony (neural coherence, Nunez et al., 2001; Fries, 2005).
As a consequence, at certain phases, stimulus perception is expected to be optimal. A large
number of neurons is capable of receiving and processing the stimulus. At the opposite
phase angle, however, the synchronized neural populations are in an inhibitory state where
the stimulus cannot be processed (Steriade et al., 1993; Lakatos et al., 2005; Schroeder and
Lakatos, 2009; Klimesch et al., 2007). Being synchronized, populations reflect distinct windows of maximum or minimum excitability, depending on the phase of the oscillation (cf.
Figure 1.1). Thus, perception is inhibited during certain phase periods. Desynchronized
neural populations, on the contrary, show a small amplitude in the EEG and reflect various
phase positions of the oscillatory waves at any point in time. As a consequence, a certain
amount of neurons is always capable of receiving the stimulus input.
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Figure 1.2: Alpha amplitudes and perception (between subjects comparison). (a) Time frequency
plots of electrode O2 around stimulus presentation at time zero. Increased alpha amplitudes were
found for non-perceivers (P-) as compared to perceivers (P+). (b) this is also reflected in a negative
correlation between detection rate and alpha power rank for parieto-occipital electrodes. (c) During
resting state, perceivers (P+, blue graph) showed lower alpha power compared to non-perceivers (P-,
red graph). Figure from Hanslmayr et al. (2007a)

These variations of alpha amplitudes have been shown to reflect a decisive role in the process
of perception, even with regard to spatial attention. However, the inhibitory effect of alpha
oscillations has moreover been interpreted as a mechanism to e.g. suppress sensory input in
order to focus on internal processes, taking place in the meantime in other areas of the brain
(Klimesch et al., 2007). Areas that are not involved in performing the demanded mental
process are ’turned down’ via increased amplitudes in the alpha frequency range, whereas
areas involved in a specific task (e.g. mental imagery) show reduced alpha power (Cooper
et al., 2003; Foxe and Snyder, 2011; Doppelmayr et al., 1998).

Furthermore, the inhibitory effect on perception has been shown to play a role in memory tasks, where distracting input is suppressed via increased alpha synchrony (Jensen et al.,
2002; Wilsch and Obleser, 2016). More precisely, an increase of alpha band power was shown
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to correlate with memory load during the retention phase in a short-term memory task as
well as during retention in working memory (Jensen et al., 2002; Stipacek et al., 2003; van
Dijk et al., 2010).

Besides intrinsic modulations of the alpha power, chances might also be induced externally.
Triggered by an event, like a presented item that is to be stored in memory, multiple neurons
can be synchronized and continue oscillating at alpha frequency (event-related synchronization ,ERS, Klimesch, 1999). During memory retention, the amplitude of the alpha oscillations (or the synchrony) further increases (Herrmann et al., 2004; Busch and Herrmann,
2003; Jensen et al., 2002). The opposite phenomenon occurs during working memory load
and retrieval: previously synchronized oscillatory units become desynchronized by an event
(event-related desynchronization, ERD, Pfurtscheller and Klimesch, 1991; Worden et al.,
2000; Foxe et al., 1998).
The described decrease in sensory excitability with increasing alpha power (neural coherence)
is associated with a decrease of the blood-oxygen level dependent (BOLD) signal during functional magnetic resonance imaging (fMRI, Goldman et al., 2002; Laufs et al., 2003; Moosmann
et al., 2003). The same reciprocal relationship between blood flow and EEG power has been
revealed in previous positron-emission tomography (PET)-studies (Buchsbaum et al., 1984;
Sadato et al., 1998) as well. This negative correlation was, however, not present in occipital
areas (Laufs et al., 2003), questioning a generalizability of the relationship between the increased oscillatory alpha power and the decreased BOLD signal. The negative relationship
between alpha amplitudes in the EEG and BOLD signal in the fMRI more consistently relates to attention modulating networks of the fronto-parietal cortex. Whenever attention is
increased, alpha power is diminished in these areas (von Stein et al., 2000; Linkenkaer-Hansen
et al., 2004), while the BOLD signal increases. This relationship between BOLD signal and
attention but inconsistent findings on the meanwhile measured alpha power opens the debate
on the actual causal link between alpha oscillations and attention, despite broadly reported
simultaneous occurrence of the two phenomena.

Phase
As mentioned above, alpha oscillations can be described as a phasic alternation of time
windows with increased inhibition or excitability (Figure 1.1). When brief visual stimuli,
presented at random spontaneous alpha phases, are sorted depending on whether the viewer
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perceived the flash or not, a clear difference occurs with regard to the phase angle in the
posterior brain (Figure 1.3C-D, Bishop, 1933; Dustman and Beck, 1965; Mathewson et al.,
2009; Busch et al., 2009).

Figure 1.3: Alpha phase and perception. (A) Alpha power was sorted and subcategorized into
quartils. Detection rates decreased with increasing alpha power.(B) Regarding alpha phase angles, the
significant impact on perception was limited to trials with higher alpha power. (C) The directionality
of the phase difference between detected and undetected targets indicates that the phase angle at target
onset is meaningful. (D) Phases of detected (blue) and undetected (red) trials show into opposite
directions. (E) After bootstrapping, this distribution becomes even more obvious.(F) Grand average
of the EEG signal at Pz as well as separate averages for detected and undetected trials. The phases
clearly differ between detected and undetected trials. Figure from Mathewson et al. (2009)

Phases of excitability that are intermitted by phases of inhibition create a ’perceptual frame’,
within which stimuli are merged to a single percept (Varela et al., 1981; VanRullen and Koch,
2003; Gho and Varela, 1988; VanRullen et al., 2006). Following this concept, the environment
is suggested to be perceived in a series of snapshots that are concatenated to a continuous
percept, just like in televisions. In their experiment, Varela et al. (1981) found that two
spatially distant brief visual stimuli (6ms) are perceived as one if presented within a single
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oscillatory alpha cycle (Figure 1.1D, onset asynchrony of the two stimuli <50ms2 ). Between
50 and 100ms, the two stimuli were perceived as moving. Only if the onset asynchrony exceeded 100ms, the two stimuli were perceived as what they were: two independent flashes.
The polarity of the alpha wave seemed to have a prominent influence on behavior as well,
corroborating the phase-dependent inhibition theory of alpha oscillations (cf. Lichtenstein,
1961; Klimesch, 1999).

Frequency
Especially when measured with eyes closed, most human beings show a peak in the power
spectrum of an EEG recording over the parieto-occipital cortex. This peak frequency is usually found within the alpha range (Ergenoglu et al., 2004) and is called the Individual Alpha
Frequency (IAF). For young healthy adults, it usually ranges between 9.5 and 11.5Hz (average: ∼10Hz, cf. Figure 1.2c, is largely robust over measurements (whithin subjects, Haegens
et al., 2014) and differences between subjects can partly be reduced to genetic origins (Smit
et al., 2006; Bodenmann et al., 2009; van Beijsterveldt and van Baal, 2002). Only with age,
certain changes in peak frequency are observed: the frequency increases with age until adulthood, when it starts to decrease again (Lindsley, 1952). While in some studies, 10Hz as the
center frequency is used for analysis, others determine the IAF. The advantage of adapting
an analysis or a stimulation paradigm to the individual frequency is that it prevents from
neglecting alpha power or erroneously including oscillatory power from neighboring frequency
bands when estimating the total alpha band power. This difference is crucial especially for
subjects with an IAF deviating strongly from the most frequent IAF, 10Hz (Haegens et al.,
2014; Klimesch et al., 1999).
Regarding inter-subject differences, a subject with a higher alpha frequency (e.g. 11Hz) reveals more excitatory periods per second compared to a subject with slower oscillation (e.g.
9Hz). In line with this theory, perception could be shown to correlate positively with the
individual alpha cycle duration (Figure 1.4, Klimesch, 1999; Cecere et al., 2015). A flash,
presented together with a double beep, is perceived as two if the inter-beep interval did not
exceed the duration of an alpha cycle. In a psychometric curve, the inflection point, where
the illusion occurred in 50% of the trials, increased with cycle duration. In line with these
accuracy based results, another visual perception task showed that subjects with faster os2
Most humans show a resting state alpha amplitude of 10Hz, which refers to a cycle length of 100ms. 50ms
is thus the average duration of a half-cycle or the duration of the inhibitory or excitatory state. The frequency
characteristics of alpha oscillations are introduced in the next paragraph.
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cillations reacted faster on target stimuli (Callaway and Yeager, 1960).

Figure 1.4: Individual alpha frequency (IAF) and perception. The IAF determines the alpha cycle
duration (100ms cycle duration =
ˆ 10Hz) and is plotted against the inflection point of the sigmoid
fit (the inter-beep interval at which 50% of the meanwhile presented single flashes were perceived as
two). The inflection point increases with increasing alpha cycle duration (decreasing IAF, Figure from
Cecere et al. (2015))

Besides correlations with the peak frequency, some studies have shown that alpha ’sub-bands’,
defined as frequencies within the alpha range below and above the IAF, show distinctive functional correlates (Klimesch, 1999). Alterations of the upper alpha sub-band, for instance, have
been shown to be relevant for semantic processing tasks (Klimesch et al., 1992, 1994, 1997).

Pathological alterations of the alpha band
Alterations of oscillations have been identified to play a role in a number of psychiatric diseases, such as schizophrenia (Başar-Eroglu et al., 2009; Alfimova and Uvarova, 2008), bipolar
disorders (Jiang et al., 2016; Başar, 2012), attention deficit hyperactivity disorder (ADHD,
Lenartowicz et al., 2016; Alderson et al., 2013) and Alzheimer’s disease (Besthorn et al., 1994;
Locatelli et al., 1998) as well as mild cognitive impairment (MCI, Koenig et al., 2005). For
all given examples, respective patients show a decrease in alpha power, mostly correlating
with severity of the disease (Jiang et al., 2016). The described oscillatory alterations were
also found in first-degree relatives (Clementz et al., 2004; Alfimova and Uvarova, 2008).
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The observed general task independent alteration of the alpha band (as compared to healthy
subjects), again raises the question of the causality of oscillations and brain function. Does a
’normalized’ oscillation, like an enhancement of alpha power, encounter the specific symptoms
of psychiatric diseases? In most of the above-mentioned psychiatric diseases, alterations are
not limited to alpha band power (Başar-Eroglu et al., 2009; Besthorn et al., 1994). Moreover,
the functional alterations seem to be rather unspecific, as in the given examples a decrease
of alpha power is related to different diseases.

1.2

Entrainment

Despite the enormous body of research on oscillations and brain functions that reveal convincing evidence for a connection between oscillations and brain functions, the aforementioned
introduced findings have one major detriment in common: they are based on a correlative
relation between the two observations. Moreover, certain inconsistencies were described, e.g.
with regard to BOLD signal and alpha amplitudes.

As a consequence, the question arises: are oscillations in fact causally linked to brain functions? And if so, what role do they play in particular? Are they involved in representation
of information? Or is it rather the flow of information which is regulated by oscillations? Do
they code for storage and retrieval? Or is it in the end a representation of an epiphenomenon
that we measure in EEG (Herrmann et al., 2015; Sejnowski and Paulsen, 2006)?
To address these questions a compelling approach is to alter brain oscillations via an external
driving force and observe potential behavioral changes. If in fact behavior can be altered as
a consequence of externally driven brain oscillations, then the causal relation between oscillations and brain functions can be assumed. The mechanism that underlies the concept of
externally driven oscillations is called entrainment (Pikovsky et al., 2003).

1.2.1

Theoretical concept

Entrainment is a form of synchronization, where two oscillators with their frequencies f1 and
f2 are coupled and oscillate at a common frequency. Whether coupling is successful or not
depends on two crucial factors: coupling strength and frequency detuning (Pikovsky et al.,
2003).
The coupling strength describes the degree of interaction between the two oscillators. Broken
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down to the simplest example, two pendulum clocks that are fixed to the same slightly flexible
beam synchronize to the frequency of the clock with the higher amplitude of the pendulum.
Frequency detuning describes the distance ∆f between f1 and f2 (∆f = f1 − f2 ), where
f1 and f2 reflect the oscillating frequency when the two oscillators are uncoupled (i.e., the
oscillations are completely independent). With regard to the pendulum clocks, the length of
the pendulum defines the frequency. For a certain range of ∆f 0 s, the two clocks synchronize
their frequencies when the force can be transferred from one pendulum to the other, as it
is the case when being fixed to the flexible beam. The resulting frequency difference during
entrainment is then defined as ∆F = 0.
During entrainment, the phase does not necessarily have to be identical for the two oscillators, but the difference between the two (∆ϕ) has to remain robust to maintain ∆F = 0
(Pikovsky et al., 2003; Thut et al., 2011). Two concepts, the so called Arnold tongue and
intermittency of phase locking between driving oscillator and entrained oscillator, combine
the factors frequency detuning and coupling strength to identify an entrained system and will
be introduced in more detail in chapter 2.2. (see also Figure 2.1 and 3.1).

On a theoretical level, Entrainment is distinguishable from resonance, where a system oscillates always at the externally provided frequency. An example for resonance is a pendulum
without a clock. The pendulum does not have an eigenfrequency that is maintained by the
clockwork. Thus, it cannot oscillate without an externally applied driving force. If the pendulum is driven by an electromagnet, for instance, that is located nearby with an alternating
electrical current at the frequency f1 , it will oscillate at the frequency f1 of the magnetic field
and will stop oscillating after decoupling, while after decoupling of synchronized oscillators,
both systems will continue oscillating (Pikovsky et al., 2003).

Why is it important to distinguish between the two? A power spectrum, taken from EEG
measurements of the resting brain reveals power at multiple frequencies (see e.g. Figure 1.2c).
These may stem from different processes that take place in the cortex: some neural populations oscillate at a certain frequency (Fröhlich and McCormick, 2010) and may be synchronized among neural populations, which leads to a power peak at that specific frequency.
Others fire rather randomly in an arrhythmic fashion, resulting in a rather frequency- unspecific elevation of the power spectrum (Softky and Koch, 1993). And lastly, resonance
neurons may be driven by the oscillatory populations in the cortex (or from other regions),
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enhancing the specific power at the driving frequency (Hutcheon and Yarom, 2000). In other
words, there seem to be both- self-sustained oscillators as well as pendulum-like neural resonator populations that do not oscillate without driving force during resting state. In order
to study the causal link between oscillations and correlated function, it is however necessary
to target oscillators (the pendulum clocks of the neurons) via entrainment and drive them
with externally applied parameters, to actually alter what was previously determining the
behavior towards a different frequency, amplitude or phase. During pure resonance of neural populations, on the contrary, an additional rhythmic firing pattern is induced (Pikovsky
et al., 2003), that has not necessarily been linked to a specific brain function before, and, as
a consequence, cannot readily be applied to study causality.
The first study of this dissertation investigates the underlying mechanism of rhythmic external stimulation on a psychophysical level, based on the introduced concepts of the Arnold
tongue and intermittency of phase locking (chapter 2).

There are multiple ways to couple intrinsic brain oscillations to a controllable oscillating
stimulator. These can either be invasive or non-invasive. As invasive brain stimulation can
target single cell units, e.g. via brief electric pulses, it reveals a high spatial resolution
(Fröhlich and McCormick, 2010), but applies mainly for animal subjects. Non-invasive brain
stimulation is, due to improved feasibility, the method of choice when studying entrainment
in human subjects. Two main types of non-invasive brain stimulation are broadly applied
with the aim of alternating ongoing brain oscillations: sensory and transcranial stimulation
(Thut et al., 2011). First, transcranial stimulation will be briefly introduced. A more detailed introduction to sensory stimulation as the applied method in the two studies of this
dissertation is provided subsequently.

1.2.2

Transcranial rhythmic stimulation

Using either electric currents or magnetic fields, the stimulation is emitted through the skull
directly to the targeted cortical areas. Thus, as opposed to sensory stimulation, the sensory
pathways from the organ to the cortex remain widely unaffected.
Transcranial alternating current stimulation (tACS, (Herrmann et al., 2013; Antal and Paulus,
2013) can be induced over the skull of the targeted cortex. Due to the ability of alternating
the current direction, specific oscillations can be targeted by changing the period length.
Magnetic stimulation can be applied with isolated burst, or, like tACS, repetitively (repet-
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itive transcranial magnetic stimulation, ((r)TMS, Herrmann et al., 2013). TMS is spatially
more precise, but can only be delivered as squared pulses (Walsh and Cowey, 2000). The
magnetic field induces an electric current in the brain, that is strong enough to produce action potentials, as can be convincingly demonstrated by stimulations over the motor cortex
with subsequent motor contraction, e.g. in the finger (Hallett, 2000). The electric field that
is induced by tACS is much weaker (applied with up to 2mA at the scalp) and does not
directly elicit action potentials but rather shifts the resting potential of the membrane voltage (Antal and Herrmann, 2016). Compared to TMS it allows all kinds of signal variations
from sine waves to saw-tooth waves or square waves (Dowsett and Herrmann, 2016), whereas
with TMS, frequencies cannot be targeted directly, as a transient pulse is imprecise in the
frequency domain (Debnath, 2012).

Behavioral changes during entrainment depict the most convincing, but however indirect
argument in the discussion of the underlying mechanism of external rhythmic brain stimulation. If, during rhythmic stimulation in the alpha frequency range, a brief light flash is
less likely to be perceived compared to a sham stimulated control group, it can be assumed
that the stimulation influenced perception (given all other influences where equal between
the two conditions). Increased alpha power has been shown to correlate with diminished
perception. If the direction of the measured effect is in line with this finding, we can infer an
interaction of the stimulation and the ongoing alpha oscillation. If the same alteration does
not occur during stimulation outside the Arnold tongue, where no entrainment is supposed
to take place, this would corroborate the hypothesis of entrainment.
In the following, selected studies are introduced, that show behavioral changes in line with
the correlative function of the non-stimulated brain.
Using electric stimulation, tACS applications in the alpha range revealed specific improvement of motor learning during stimulation (Antal et al., 2008). In the auditory modality,
Neuling et al. (2012) could induce 10Hz stimulation phase dependent perception of near
threshold auditory stimuli. The double flash illusion, where a single flash is perceived as two
when accompanied by a double beep (sound-induced flash illusion, Figure 1.4, Shams et al.,
2000), has been shown to relate to the individual alpha cycle length. The likelihood of the
illusory percept was shifted respective to the electric stimulation frequency and its distance
to the IAF, thus alpha oscillations and illusory percept were suggested to reflect a causal
relationship (Cecere et al., 2015). The illusory percept was more likely to be gained with
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increasing alpha cycle length (lower frequency), as the likelihood of the two beeps to fall into
one cycle increased. Thus stimulating below the IAF increased the likelihood of an illusory
percept, whereas faster stimulation (shorter cycle length) decreased the number of illusions.
For other frequency bands, tACS in the gamma range has been shown to influence bistable
motion perception switches, when focusing four flickering LEDs, arranged at square (Strüber
et al., 2014). Bistable perception describes visual ambiguous patterns that are not distinctly
interpretable. Additionally, Vosskuhl et al. (2015b) found improved short term memory effects during theta stimulation. These studies were, however, purely behavioral, as online
effects on alpha oscillations are covered by the tACS artifact, complicating psychophysical
investigations on the interaction of ongoing oscillations and stimulation signal.

1.2.3

Sensory rhythmic stimulation

An event-related potential (ERP), the brain’s response to a brief sensory stimulus, usually
consists of temporally isolated components (Norcia et al., 2015). For the visual domain,
this response occurs mainly in the occipital cortex and is known as visual evoked potential
(VEP), that contains three major components: C1 at 60-80ms, P1 at 80- 120ms and N1 at
120-180ms (Zani and Proverbio, 2002). It is called ’transient’ as opposed to the response
to stimulation of a series of light flashes, which results in the so-called steady-state visual
potential (SSVEP).
In the auditory modality, a series of rhythmic tones produces an auditory steady-state response (ASSR). However, as this dissertation focuses on visual stimulation, in the following,
the SSVEP will be explained in more detail.
The SSVEP signal in electrophysiology
A light stimulus strikes the retina, where among others, the light sensitive photoreceptor
cells are located. From the photoreceptor cells, via bipolar cells, the signal is transduced to
the retinal ganglion cells. If the light emission was sufficient, an action potential (or spike)
is conducted along the optic nerve mainly to the lateral geniculate nucleus (LGN) of the
thalamus, which bundles axons from the retinal ganglion cells. From there, neurons connect
directly to the primary visual cortex in the occipital lobe. Then, information is further transported to different hierarchical ordered visual cortices, subdivided into the dorsal and the
ventral stream (Mishkin et al., 1983). The dorsal stream leads towards the parietal cortex
and processes spatial information to coordinate eye- and hand movements and comes into
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play when focusing simple light flashes containing no specific color information. The ventral
stream is rather involved in recognition and identification of the stimulus and orients towards
the temporal cortex (cf. Figure 1.5, Bear et al., 2007; Vialatte et al., 2010).

Figure 1.5: Schematic stations of the visual pathway. The diagram illustrates areas that are potentially
affected by the visual stimulation. Figure fromVialatte et al. (2010)

Observing the electrophysiological response to rhythmic stimulation with brief visual stimuli
or sinusoidally modulated light is not new. It was first analyzed in order to study the brain
response to sensory stimulation and compare it between human beings (Dawson, 1954; Regan, 1966).
Depending on the stimulation frequency, the SSVEP is reflected in a more or less sinusoidal
brain response in EEG (cf. Figure 2.3, Box 1A, Regan, 1989), visible on a single trial level
(Effern et al., 2000). Although most SSVEP studies present stimuli ca. every 100ms, SSVEPs
can be recorded for a wide range of frequencies and maximal amplitudes were recorded in
the occipital cortex (Müller et al., 1996; Di Russo et al., 2007). As for VEPs, the temporal
frequency and the luminance or contrast of the stimulus as well as its color have been shown
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to correlate with the SSVEP’s amplitude (Regan, 1989). The maximal amplitude of SSVEPs
in response to different stimulation frequencies has been reported at around 10Hz (Regan,
1966; Herrmann, 2001).
Besides the stimulation frequency, SSVEPs can contain harmonics and subharmonics. Harmonics describe frequency components at the positive integer multiple of the stimulus frequency f (2f, 3f, 4f, etc.), subharmonics refer to frequencies below the fundamental frequency
(e.g. 1/2f, Herrmann, 2001). If light stimulation is not completely sinusoidal, the stimulus contains harmonic frequencies and might explain the occurrence in the EEG spectrum.
However, as harmonics have also been observed during sinusoidal stimulation (Dreyer and
Herrmann, 2015), the source of the harmonic frequencies might as well be intrinsic due to
non-linear stimulus processing (Norcia et al., 2015).

As for alpha oscillations, the parieto-occipital cortex has been identified as the generator of
the SSVEP in most studies (Srinivasan et al., 2006, 2007; Pastor et al., 2003, 2007; Fawcett
et al., 2004; Vialatte et al., 2010). The similar topographies of alpha oscillations and SSVEPs
together with further physiologic similarities like amplitude peaks at the same frequencies,
e.g., suggests a joint mechanism of the two phenomena. The hypothesis of a joint mechanism
gained support in several behavioral studies (see below). It has thus been suggested that
SSVEPs reflect entrained alpha oscillations (Nikulin et al., 2007; Herrmann, 2001; Schwab
et al., 2006; Halbleib et al., 2012). Others, on the contrary, counter this line of argumentation by showing that, despite similarities with the alpha rhythm, transient ERPs that were
synthetically superimposed at a given frequency, significantly resemble the SSVEP measured
in EEG (Figure 1.6, Capilla et al., 2011). This hypothesis, on the other hand, is supported
by the similarities between the VEP and the SSVEP, as decribed above. Keitel et al. (2014)
further reported that sources of the two signals are only roughly equal but differ at more
precise consideration.

If using the SSVEP with the aim to investigate the function of ongoing brain oscillations via
entrainment, only the first hypothesis would evaluate visual stimulation as a potential driving
force (SSVEPs reflect an entrained alpha rhythm). If, on the other hand, superposition of
transient responses explained the SSVEP, this would classify visual rhythmic stimulation as
inadequate tool in this context.
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Figure 1.6: Superposition of ERPs. (A-C) depicts the step-wise process of superimposing transient
responses (per subject) as performed by Capilla et al. (2011). This procedure was repeated for different
frequencies. The grey shaded area was taken for comparison between synthetic and EEG signal. (D)
In black, the synthetic signals (composed as shown left) for 2.7,4.5,7.1,12.5 and 20Hz are depicted.
The grey almost identical graph depicts EEG data during rhythmic light stimulation at the respective
frequency. Figure adopted from Capilla et al. (2011).

Behavioral studies applying visual entrainment
Altered via sensory stimulation, behavior can be analyzed with regard to alpha amplitude
enhancement, flicker-to-alpha phase coupling or the shift of the intrinsic frequency towards
the flicker frequency.
Mathewson et al. (2011) reported phase coupling of the two oscillators by showing that perception of a backwards masked target stimulus is phase dependent when preceded by a flicker
sequence at 12Hz. Moreover, the longer the flicker sequence the stronger the phase dependent perception modulation. These entrainment effects seem to show spatial specificity, as
hemifield entrainment leads to hemisphere specific effects (Spaak et al., 2014).
de Graaf et al. (2013) further applied a flicker at different frequencies and report that visual entrainment affected behavior only in the alpha range (10.6Hz), in contrast to flicker
sequences outside the alpha range at 3.9, 7.1 and 14.2Hz. These results are in line with the
physical concept of the Arnold tongue, that predicts entrainment when frequency detuning
lies within a certain window around the IAF (Pikovsky et al., 2003). These window limits
seem to be exceeded in the study reported by de Graaf et al. (2013) for all stimulation frequencies but 10.6Hz.
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Sensory stimulation has the clear advantage of allowing artifact free online analysis of physiological effects, which reflects the most direct approach to analyze entrainment effects. It
is, however, confounded by masking effects: stimulation and targets have to be presented in
the same modality to affect the same neural populations, which complicates the design of the
stimulation paradigm. Highly frequent presented stimuli may induce backwards and forwards
masking (Eriksen, 1966; Mathewson et al., 2011), which has to be controlled for. Also, temporal attention, which occurs during rhythmic stimulation (Herrmann et al., 2016a) cannot
clearly be distinguished from entrainment in most paradigms (Nobre et al., 2007; Mathewson
et al., 2012b). The second study of this dissertation is facing these confounds and provides
a more detailed introduction with regard to temporal attention and masking effects. Therefore, a behavioral measure will be introduced, that rejects the confounding factors to allow
studying entrainment effects of visual rhythmic stimulation on a behavioral level (chapter 3).

1.2.4

Comparison of sensory and transcranial stimulation

During sensory entrainment, the stimulation train has to pass long physiological distances,
until it reaches the cortex, where the stimulated neurons can be analyzed via EEG. Before
reaching the occipital cortex, the light stimulus has been transduced via oscillatory neurons.
Bsides other reported sources, several studies emphasize the particular relevance of alpha
oscillations in the LGN (thalamus, Wall et al., 1979; Deschnes et al., 1984; Lorincz et al.,
2009; Hughes et al., 2004) and it has been suggested, that the global alpha rhythm is in fact
generated there (Lorincz et al., 2009; Lopes da Silva et al., 1980; Saalmann and Kastner,
2011).
Thus, the sensory stimulus train passes some of the potential generators of the alpha rhythm.
Transcranial stimulation, on the other hand, allows circumventing the sensory pathway. The
effects of rhythmic stimulation can be applied more focal and potential preprocessing of the
stimulus before it reaches the targeted cortical area can be avoided. This may, depending on
the research question, be disadvantageous as well, because it leaves out potential sources of
the rhythm generation, like the LGN in the thalamus.
Furthermore, transcranial stimulation produces a large artifact in the EEG data, which,
despite great process in its correction (Helfrich et al., 2014; Neuling et al., 2015), so far
makes it difficult to analyze brain oscillations during stimulation (Noury et al., 2016). Until
now, the actual mechanism that underlies electrical rhythmic stimulation remains largely

31

General Introduction
unknown. Physiological evidence for successful entrainment during tACS mainly stems from
BOLD signal changes during tACS stimulation in the alpha range (Vosskuhl et al., 2015a;
Cabral-Calderin et al., 2016) or offline effects, measured after stimulation periods (Neuling
et al., 2013; Kasten et al., 2016). Sensory stimulation, on the other hand, is particularly
suitable to investigate the underlying mechanism during stimulation, as introduced in the
two experiments of this dissertation.

1.2.5

Applications of rhythmic visual stimulation

SSVEPs have early been considered in the clinical context (Regan, 1989) to discover pathological brain dynamics. While VEPs can be used to determine the delay from stimulation to
brain activity (Wandell et al., 2007), the advantage of an SSVEP is its reflection in the spectrogram with amplitude and phase components and the decreased susceptibility to artifacts
(Vialatte et al., 2010).
Abnormal functions of the magnocellular pathway that is processed via the dorsal stream
(see Figure 1.5) has been described for patients with Alzheimer’s disease. Schizophrenic
patients show smaller amplitudes of the SSVEP (Clementz et al., 2004) along with higher
BOLD responses in fMRI (Renshaw et al., 1994). Further relationships were described for
migraine (de Tommaso et al., 1997; Shibata et al., 2008), depression (Kemp et al., 2004),
autism (Belmonte, 2000), anxiety (Gray et al., 2003) and others. These finding support the
hypothesis of a unifying mechanism of SSVEPs and alpha oscillations, as both show decreased
amplitudes in some of the listed psychiatric diseases.
Besides differences in SSVEP parameters between patients and healthy controls, which qualifies its analysis as a diagnostic tool, rhythmic visual stimulation can also be applied for
therapy, e.g. to enhance memory performance (Williams et al., 2006).

Another major field of SSVEPs analysis are brain-computer interfaces (BCI). BCIs are systems that translate brain responses to commands and support or replace brain-body connections (Guger et al., 2012). The SSVEP is especially suitable to interpret the visual focus, as
the signal-to-noise ratio is high for most subjects. Thus, items that are coded with different
flicker frequencies can be chosen by subjects via focusing of the selected item and subsequent
EEG frequency analysis of the resulting SSVEP (Guger et al., 2012).
Regarding the underlying mechanism of SSVEPs, a negative correlation for amplitudes of the
SSVEPs and alpha oscillations were shown during attentional processes. Morgan et al. (1996)
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found amplitudes of the SSVEP to increase with attention, whereas amplitudes of alpha oscillations are diminished (Worden et al., 2000). When subjects attended a letter sequence
presented on top of an irrelevant flickering background (in the alpha range), amplitudes of the
SSVEP were increased compared to non-attended flicker stimulation. This reflects a negative
correlation of alpha amplitudes and the the amplitudes of the SSVEP. Furthermore, just
like for the SSVEPs, attended stimuli produce increased VEP amplitudes during transient
stimulation (Hillyard and Anllo-Vento, 1998; Müller and Hillyard, 2000). On the other hand,
reaction times during mental rotation have been found to correlate with conduction speed
of the SSVEP (Wilson and O’Donnell, 1986), suggesting a connection between SSVEPs and
the alpha rhythm, that is related to mental rotation (see above).

Parkes et al., 2004 reports an fMRI study, where rhythmic visual stimulation leads to decreased BOLD responses when stimulated close to 10Hz. Alpha oscillations correlate negatively with the BOLD signal as well, leading to the conclusion that the SSVEP interacts
with ongoing alpha oscillations. To sum up, the underlying mechanism of SSVEPs remains
subject of open debate.

1.3

Introduction to the Published Articles

The following two chapters contain the two published articles of this dissertation. The major
aim was to investigate the underlying mechanism of SSVEPs. In the first study, SSVEPs
where analyzed on a psychophysical level. During visual stimulation in the alpha range
(IAF±3Hz), the brain response was measured via EEG over the occipito-parietal cortex.
Besides varying frequencies of the flicker, as a second factor the light intensity was altered.
Based on the physical concept of the Arnold tongue, entrainment is more likely to occur
when frequency detuning is low (∆f, see chapter 2.2 for details) and the coupling strength
is sufficiently strong. With increasing stimulation intensity (brightness) and at frequencies
closer to the IAF, we expected stronger coupling, if the SSVEP reflects entrainment of the
alpha oscillator.
The window of coupled phases between flicker and intrinsic oscillations around the IAF was
found to be small at low flicker brightness but widened as increasing. This was interpreted
as region of entrainment (within the Arnold tongue). When the limits of this region were
exceeded, the intrinsic alpha oscillation started to readopt the IAF, independently of the
externally applied flicker frequency. Furthermore, despite constant stimulation conditions,
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the alpha oscillator showed phase coupling over certain periods, which were intermitted by
phase drifts. The response pattern resembles the concept of intermittency, which has also
been described for entrainment (Pikovsky et al., 2003; Tass et al., 1998). These periods of
intermittency increased in duration with increasing frequency distance and decreased brightness. The results argue for the SSVEP to reflect entrainment and evaluate visual stimulation
as a suitable tool to study causality.

In the second study, a paradigm was developed that is capable of investigating the phase
coupling of the alpha oscillator to the visual stimulation and relate it to behavioral changes.
Because it was shown in the first study, that entrainment effects are limited to rhythmic
stimulation, behavioral effects were probed during rhythmic stimulation and compared to
behavior during arrhythmic stimulation. Brief visual targets were presented at two different
phases of the visual stimulation in both rhythmic and arrhythmic conditions and contrasted in
order to correct for several inter-individual differences. The study corroborated the hypothesis drawn from the first study, that the SSVEP reflects entrainment rather than inducing an
independent signal to the parieto-occipital cortex. This conclusion was drawn based on the
finding that target perception was dependent on phase locking between external stimulation
and intrinsic oscillation. Furthermore, the individual phase at target onset correlated with
the successful detection of the target. Moreover, as suggested by the concept of the Arnold
tongue, increased light intensity led to stronger behavioral modulation due to rhythmic flicker
stimulation.
Additionally, the newly developed measure of the behavioral modulation depth was evaluated
for future application.
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2.1

Abstract

The functional relevance of brain oscillations in the alpha frequency range (8-13Hz) has been
repeatedly investigated through the use of rhythmic visual stimulation. The underlying mechanism of the steady-state visual evoked potential (SSVEP) measured in EEG during rhythmic
stimulation, however, is not known. There are two hypotheses on the origin of SSVEPs: entrainment of brain oscillations and superposition of event-related responses (ERPs). The
entrainment but not the superposition hypothesis justifies rhythmic visual stimulation as a
means to manipulate brain oscillations, because superposition assumes a linear summation
of single responses, independent from ongoing brain oscillations. Here, we stimulated participants with a rhythmic flickering light of different frequencies and intensities. We measured
entrainment by comparing the phase coupling of brain oscillations stimulated by rhythmic
visual flicker with the oscillations induced by arrhythmic jittered stimulation, varying the
time, stimulation frequency, and intensity conditions. In line with a theoretical concept of
entrainment (the so called Arnold tongue), we found the phase coupling to be more pronounced with increasing stimulation intensity as well as at stimulation frequencies closer to
each participants intrinsic frequency. Only inside the Arnold tongue did the conditions significantly differ from the jittered stimulation. Furthermore, even in a single sequence of an
SSVEP, we found non-linear features (intermittency of phase locking) that contradict the linear summation of single responses, as assumed by the superposition hypothesis. Our findings
provide unequivocal evidence that visual rhythmic stimulation entrains brain oscillations,
thus validating the approach of rhythmic stimulation as a manipulation of brain oscillations.
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2.2

Introduction

A relationship between ongoing alpha amplitudes and perception has been a subject of investigation since Bergers findings in the early 1930s (Berger, 1930). He described an occipital
alpha-amplitude decline after stimulation, which was later shown to reflect event-related
desynchronization of the ongoing alpha rhythm (Pfurtscheller and Aranibar, 1977). Experimental data largely reveal this cortical state to represent an electrophysiological correlate of
activation (Arieli et al., 1996; von Stein and Sarnthein, 2000), whereas an increased amplitude in the alpha range co-occurs with inhibited perception (Klimesch et al., 2007). Besides
the amplitude, alpha phase angles were found to correlate with behavior (Hanslmayr et al.,
2007b; Klimesch et al., 2007). These findings support the key role of brain oscillations in the
perception process (Hanslmayr et al., 2005; Lakatos et al., 2008; Busch et al., 2009; Jensen
and Mazaheri, 2010). It is yet unclear, however, whether oscillations indeed reflect a fundamental mechanism of information processing or rather appear as an epiphenomenon (Buzsáki
and Draguhn, 2004; Herrmann et al., 2015).
Numerous studies report a modification of brain oscillations, making considerable gains in addressing this question. Besides transcranial approaches, such as magnetic stimulation (TMS;
e.g. (Dugué et al., 2011; Romei et al., 2011) or alternating current stimulation (tACS, Zaehle
et al., 2010; Helfrich et al., 2014) a rhythmic flickering light can serve as a stimulation source.
Behavioral studies show that a stream of rhythmic light stimuli improves the perception of
targets presented in phase with the rhythmic stimuli (Mathewson et al., 2012a; de Graaf
et al., 2013; Spaak et al., 2014). Such rhythmic presentation of visual stimuli results in an
electrophysiological signal, referred to as a steady-state visual evoked potential (SSVEP) in
humans (Regan, 1982; Herrmann, 2001; Müller et al., 2003; Di Russo et al., 2007) as well
as in animals (Mechler et al., 1998; Xu et al., 2013). The SSVEP is believed to derive from
entrainment of an internal oscillator by an external visual rhythmic driving force. In the
occipital cortex, this internal oscillator oscillates at the individual alpha frequency (IAF),
which is then shifted towards the external frequency during entrainment.
Entrainment as the fundamental mechanism of SSVEPs is a basic requirement when applying
rhythmic stimulation to investigate the causal link between oscillations and behavior (Thut
et al., 2011), as the term entrainment implies interference with the ongoing brain oscillations.
Recently, however, it has been questioned whether the SSVEP indeed reflects entrainment.
While some studies report an interaction of stimulation and internal oscillations (Schwab
et al., 2006; Halbleib et al., 2012), others found the stimulation to produce a series of event38
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related responses (ERPs), superimposing to a nearly sinusoidal oscillatory response (Capilla
et al., 2011). Furthermore, Keitel et al. (2014) identified different topographies of SSVEPs
and internal oscillations, thus indicating a lack of clear understanding of the underlying mechanism of the SSVEP. The superposition hypothesis entails independence of SSVEPs and the
ongoing oscillations (Capilla et al., 2011). Hence, if the superposition of ERPs can indeed
fully explain SSVEPs and entrainment cannot be demonstrated, altered behavior as a consequence of rhythmic light stimulation could not be considered evidence of the functional
connection between oscillations and behavior.
To shed more light on this debate, here we used two physical concepts to systematically investigate the underlying mechanism of SSVEPs: the Arnold tongue and intermittency of phase
locking (Pikovsky et al., 2003; Figure 2.1B shows a schematic Arnold tongue from synthetic
data).
The Arnold tongue predicts the degree of synchronization (entrainment) of an oscillator coupled to a rhythmic driving force, depending on two parameters: the amplitude of the driving
force (here: light intensity) and driving frequency. With a driving frequency that approaches
the intrinsic frequency (here: IAF), entrainment is more likely to occur. With increasing
intensity, the window of entrainment widens around the intrinsic frequency, allowing more
distant stimulation frequencies to entrain the intrinsic oscillator compared to weaker stimulation intensities. This prediction would result in a triangular shaped area of entrainment
when plotted as a function of driving intensity and frequency (green area in Figure 2.1B).
At the border of this triangular shaped Arnold tongue (blue shaded area of Figure 2.1B)
entrainment is intermitted by uncoupled time periods, so called phase slips. In other words,
the intrinsic oscillator is coupled to the external stimulation phase for certain time periods,
until, during constant prevailing stimulation, the internal oscillator slips back to the intrinsic
frequency until it is again driven by the external stimulation. As opposed to the superposition of ERPs, the Arnold tongue predicts a non-linear response (Regan, 1982) that clearly
identifies entrainment (Pikovsky et al., 2003).
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Figure 2.1: Exemplary data (one representative subject in A and C) from different areas of the
schematic Arnold tongue (synthetic data in B). If the stimulation properties (frequency/ intensity)
fall inside the Arnold tongue (triangular shaped color gradient in subfigure B), EEG and flicker show
phase clustering (green phase plot in C) while outside the Arnold tongue phase angles are randomly
distributed (lilac phase plot in C). (A) Phase difference between stimulation and EEG signal over
time. Each plot represents one stimulation frequency, from IAF (individual alpha frequency, 0 Hz)
to 3 Hz in 1 Hz steps. All 5 stimulation intensities are shown. The asterisk and arrow in subfigure A
mark an exemplary horizontal plateau of zero phase difference (synchronization, *), and an exemplary
phase slip (ρ̃), respectively. At 3 Hz phase drift was observed for the 5 intensities. (B) Schematic
view of the hypothesized Arnold tongue (synthetic data). Within the Arnold tongue (green area)
the intrinsic oscillator (EEG) is synchronized to the external stimulation. Outside the Arnold tongue
(lilac area) EEG and external stimulation constantly show a phase drift. At the border (blue area),
switches between the two states can be observed. Each square of the grid demonstrates one of the
35 stimulation condition. (C) Based on the data from A (third plot), three exemplary polar plots
of the distribution of phase differences are shown for 2 Hz (12 Hz in this subject) and 3 stimulation
intensities (1, 3 and 5). Top (intensity level 5): phase clustering was revealed by relatively high
normalized Shannon entropy (ρ̃=0.0742). Bottom (intensity level 1): outside the Arnold tongue,
phase angles between EEG and stimulation signal are equally distributed in the phase plane. The
normalized Shannon entropy as the quantitative measure is relatively low (ρ̃=0.0047).

Superposition of ERPs is described as processing of single events, independent of ongoing
brain oscillations. Thus, we hypothesize that phase coupling should be independent of the
regularity of the inter-stimulus interval at which the flicker is presented. Subjects were stim40
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ulated with 35 different conditions: five different light intensities and 7 different frequencies,
which were distributed around the IAF in steps of 1Hz. Each of these rhythmic stimulation
sequences was preceded by a jittered frequency with the same intensity and average number
of flashes per second as the subsequent rhythmic condition. If superposition could indeed
explain the SSVEP, the phase locking pattern of the 35 jittered sequences would not differ
from that of rhythmic stimulation. Furthermore, a triangular entrainment region as predicted
by the Arnold tongue would not be expected.
For the rhythmic stimulation conditions, phase locking was found to increase with increasing
stimulation intensity as well as when the stimulation frequency approached the IAF, resulting
in the triangular shaped pattern that is predicted by entrainment. Inside the triangular shape
of the Arnold tongue, we found the rhythmic stimulation to show significantly stronger phase
locking compared to the jittered conditions. Outside the Arnold tongue, the two hypotheses
(superposition and entrainment) were indiscernible, as they both predict that no entrainment
would occur, and here we found that phase locking showed no significant difference.
For the first time, we systematically compared the EEG of rhythmic and jittered stimulation
with regard to the two hypotheses of the mechanism underlying SSVEPs: superposition of
ERPs and entrainment of oscillations. We found that rhythmic- but not jittered- stimulation
is capable of entraining ongoing brain oscillations.

2.3
2.3.1

Materials and Methods
Participants

Thirty students from the University of Oldenburg were recruited (age 24.8±3.4 years, 8 male
subjects) for the study. All subjects gave written informed consent before their participation. Two subjects data sets had to be discarded due to technical errors. Participants in
the remaining sample reported no vision deficits, psychiatric disorders, epilepsy in family
history or febrile convolutions during childhood. According to the Edinburgh handedness
inventory (Oldfield, 1971), 5 of the 28 subjects were left-handed. The experimental protocol
was approved by the ethics committee of the University of Oldenburg and was conducted in
accordance with the Declaration of Helsinki.
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2.3.2

Design and procedure

Subjects were seated in a dark sound-attenuated EEG chamber 60 cm away from an LED
light, which was embedded into a black background, adjusted at individual eye-level. The
experiment consisted of two parts. In the first part, EEG was recorded during resting state
for 2 minutes in the dark. From this data, the individual alpha frequency (IAF) was determined (see below).
In the main experiment (after resting state measurement), participants visually fixated onto
an LED which flickered at five different light intensities and seven different frequencies. The
flicker was elicited in the LED by driving it with a square wave voltage (cf. Figure 2.2, Box
1A, B and C). We choose a square wave instead of a sine, as the linear luminance increase of
the LED was located in a low voltage range, insufficient for covering the potential area of the
Arnold tongue. In other words, it was not possible to drive the LED in a perfect sine using
the intensities necessary to entrain the internal oscillations at multiple light intensities. This
is, however, not a restriction, as Dreyer and Herrmann (2015) showed that also sine wave
stimulation produces harmonics in the EEG spectrum. The five stimulation intensity levels
altered in luminance between 1.42 cd/m2 (minimum voltage, close to visual threshold) and
either 8.34, 52.8, 326, 1756 or 7158 cd/m2 (maximum voltage for the five different intensities),
which corresponds to a linear increase in voltage. These intensities will henceforth be referred
to as intensities 1 to 5. The stimulation frequency was varied from -3 to +3 Hz around the
IAF, determined in the preceding resting state measurement. The LED was operated by
a NIDAQ device (National Instruments Data Acquisition, National Instruments Germany
GmbH, Munich, Germany), which converted the digital output generated by a script written
in MATLAB R2012b (The MathWorks Inc., Natick, MA, USA) into an analog voltage.

Conditions were created with the 5 x 7 intensity- frequency combinations and each condition was presented to the participants for 30 s, followed by a 2 s pause. Preceding each
single condition, a 30 s stimulation of jittered flickering light was presented, where instead of
a rhythmic flicker inter stimulus intervals (ISIs) of the square wave were jittered with a maximum of 60% (ISI from the subsequent rhythmic condition, e.g. 50ms in the 10Hz condition
x1.6, x1.3, x1, x0.7, x0.4, resulting in 20, 35, 50, 65 or 80ms). The ISIs were randomized with
a uniform distribution over the whole stimulation period and the same ISIs never appeared
twice in a row. Figure 2.2A shows an exemplary 1 s sequence of a rhythmic and a jittered
stimulation interval. Below (2.2B), the averaged power spectrum (FFT, Hanning window,
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Figure 2.2: Demonstration of the stimulation signal and the corresponding power spectra of the
stimulation and the EEG signal. Left: Rhythmic stimulation at 10Hz, right: jittered stimulation at
10 Hz (20, 35, 50, 65 or 80ms ISI). (A) Stimulation signal in Volt [V] for one exemplary second from
the 30 s stimulation interval at medium intensity (black) and low intensity (red; rhythmic and jittered,
respectively). (B) Power spectra of the two signals above (FFT, Hanning window, 1 second pieces,
26 seconds, center of the stimulation interval). (C) Power spectra (FFT, Hanning window, 1 second
pieces, 26 seconds) of the corresponding EEG signal at Pz.

1s pieces) of the stimulation signal shows a clear peak at 10Hz for the rhythmic stimulation
(plus power at the harmonic frequencies). The arrhythmic character of the jittered stimulation is revealed by a flat noisy spectrum with less power at the stimulation frequency
than the rhythmic stimulation at around 10Hz. These characteristics are found likewise for
the EEG spectrum at Pz (FFT, Hanning window, 1s data pieces). The jittered stimulation
was used as a control for the rhythmic condition. The order of the stimulation-jitter pairs
was randomized between subjects. The main experiment was subdivided into three blocks
of 12.4 min with pauses of individual length between the blocks. The duration of the whole
procedure including EEG cap preparation was approx. 90 min.
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2.3.3

EEG measurement

The EEG was measured from 4 sintered Ag-AgCl electrodes at O1, Oz, O2 and Pz, mounted
in an elastic cap (Easycap, Falk Minow, Munich, Germany) with an extended 1020 system
layout, referenced to the nose. For further analysis steps, only Pz was chosen as the alpha
oscillator has been described to show its maximum peak in a power spectrum in that region
(Ergenoglu et al., 2004). Furthermore, averaging of multiple electrodes might reduce the
overall effect due to phase shift between the channels. The ground electrode was placed at
FPz, impedances were kept below 10 kΩ. EEG was recorded using a 16-bit Brain Amp DC
amplifier and Brain Vision Recorder software (Brain Products GmbH, Gilching, Germany).
An online band pass filter of 0.016-250 Hz and a sampling rate of 5000 Hz were used. EEG
was amplified in the range of ± 16.384 µV at a resolution of 0.5 µV/bit. Stimulus markers
and EEG data were stored digitally for further offline analysis. Raw exemplary EEG data is
displayed in Figure 2.3 (Box 1).

2.3.4

Data analysis

Data were down-sampled to 1000 Hz and filtered using a windowed sinc type I linear phase
FIR filter (band pass: IAF±3.5 Hz, filter order: 6002) and did not induce a phase shift in
the alpha range (6 to 14 Hz). The identical filter was used for the stimulation signal and
the EEG data (Widmann and Schröger, 2012). Filtered EEG data are shown in Figure 2.3
(Box 2). For each condition, the first and last two seconds were discarded, since the steadystate condition has to build up and to avoid edge effects (Halbleib et al., 2012). All analysis
steps were performed in MATLAB R2012b (The MathWorks Inc., Natick, MA, USA) and
EEGLAB 11.0.4.3 (Delorme and Makeig, 2004).

Determination of individual alpha frequency
Prior to the experiment, 2 min of resting state EEG at the Pz electrode were recorded in
a dark and sound-attenuated EEG chamber with eyes closed. A power spectrum was calculated using Fast Fourier transformation on 1 s data pieces, windowed with a rectangular
taper. The induced spectra were averaged. The individual alpha frequency was then defined
as the maximum peak within the alpha range (9-11 Hz) in the eyes closed condition to remain
within a comparable stimulation range. Ten of the 28 subjects showed no clear peak within
this range. These subjects were assigned a standard IAF of 10Hz, resulting in a mean center
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Figure 2.3: Method for determination of Shannon entropy. All processing steps were performed on
three exemplary data pieces (500ms) from three different conditions: (A) Stimulation intensity 5
(max), frequency: IAF (individual alpha frequency, 10 Hz here), (B) Stimulation intensity 1 (min),
frequency: IAF+ 3 Hz, 13 Hz here and (C) Jittered stimulation at 10 flashes per sec. Box 1:
LED stimulation signal (square wave, green/lilac) and EEG raw data (black). Box 2: filtered LED
stimulation signal (green/lilac) and EEG (black). Box 3: unwrapped phase angles of LED stimulation
signal (green/lilac) and EEG data (black). The red line depicts the time course of ∆ phase (EEG
LED stimulation). Box 4: distribution of wrapped ∆ phase angles. The almost horizontal course of ∆
phase angles in Box 3A (red graph) is approaching a Dirac-like distribution, quantified by a relatively
high Shannon entropy (ρ̃ = 0.7987), whereas the rather uniform distributions and a lower Shannon
entropy (ρ̃ = 0.0181 and 0.04325) in Box 4B and 4C reflect a drift of the two phase angles (LED
stimulation and EEG signal) and as a consequence an ascending ∆ phase angle over time (Box 3B,
red line).

stimulation frequency of 9.96±0.42 Hz. Furthermore, the 9Hz subjects had to be excluded
from the analysis (3 subjects) as the harmonics of the IAF3 Hz stimulation (= 6 Hz) lay
within the band pass window, leaving 25 subjects for the analysis.

Phase detection
To classify the degree of entrainment, we determined the phase-locking of the stimulation
and the EEG signal. Each step of the analysis is depicted in Figure 2.3 for two rhythmic
conditions as well as one jittered condition. We used the Hilbert transform function (Matlab)
on electrode Pz, because it shows the maximum alpha amplitude (Ergenoglu et al., 2004).
To calculate the difference of the phase angles of the EEG data and the stimulation signal
(∆ phase angles), the unwrapped phase angles of the Hilbert transform (Figure 2.3, Box 3A
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and B) were subtracted (EEG phase minus stimulation phase) and wrapped to the range
of −π to π (Figure 2.3, Box 4). To quantify entrainment for each subject and condition,
the distribution of ∆ phase angles was quantified in a range between uniform distribution
(complete independence of the two signals) and a Dirac-like distribution (perfect phase synchronization). Therefore, the normalized Shannon entropy (Tass et al., 1998) was determined
for the π phase angles at each time point, condition and subject, in the range of −π to π to
quantify the phase locking over time.

The normalized Shannon ρ̃ entropy is defined as:

ρ̃ =

P
Smax − S
with S = N
k=1 pk lnk and Smax = lnN
Smax

where N is the number of bins (N = 80), pk is the probability of the k th bin and S is
the classic Shannon entropy of a fixed window between −π to π. The normalized Shannon
entropy can take values between 0 and 1, where ρ̃ = 0 corresponds to a uniform distribution
and ρ̃ = 1 to a Dirac-like distribution (Tass et al., 1998). At a glance, high entropy S (low
normalized Shannon entropy reflects a rather random distribution of ∆ phase angles over the
bins of a polar histogram, indicating no entrainment (Figure 2.3, Box 4B), while low classic
Shannon entropy (high normalized Shannon entropy ρ̃ results from a rather constant phase
coupling (i.e. entrainment, Figure 2.3, Box 4A). Perfect coupling gathers all values within a
single bin (Dirac- like distribution).
The normalized Shannon entropies were calculated for all subjects and conditions. We predicted that in case of entrainment should increase with increasing stimulation intensity and
with decreasing distance from IAF. Thus, conditions were arranged in a two-dimensional
plane as a function of intensity (5 levels) and frequency (7 levels).

Intermittency
When the intrinsic brain oscillations are entrained by the driving force, the ∆ phase angles
between EEG and driving force are close to zero and, as a consequence, are considered a
phase plateau. This is the case when frequency and intensity are chosen such that they are
located inside the triangular shape of the Arnold tongue. Outside the Arnold tongue, the
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EEG is not synchronized to the driving force and ∆ phase angle constantly increases over
time. Intermittency is defined as an alternation of phase plateaus and phase slips (see below)
and is observed at the border zone of entrainment regions. Phase plateaus are horizontal
periods of the unwrapped ∆ phase angles when plotted over time (see exemplary data of Figure 2.1A, marked by a *). Plateaus show increasing length with increasing driving intensity
and decreasing frequency distance from IAF. To test for the effects of intensity and frequency,
plateaus were identified for each sampling point by determining the slope (±100 samples).
A gradient of 0 ± 0.005 was defined as plateau and the duration was then counted. This
gradient was implemented to account for noise in the data. Ten plateaus were therefore classified as such by visual inspection. The mean standard deviation of these 10 random plateaus
was taken as deviation for the plateau classifier algorithm. Stronger gradients of ∆ phase
angles were considered phase slips. Intermittency was quantified as the maximum plateau
duration per condition and was averaged across subjects. When intermittency occurs, the
characteristics of the driving oscillator (intensity and frequency) neither describe conditions
outside the Arnold tongue, where the two phases linearly drift apart (constant phase slip),
nor inside the triangular shape of the Arnold tongue, where the two oscillators are coupled
(constant plateau).

2.3.5

Statistical Analysis

Normalized Shannon entropy
In the first step, the normalized Shannon entropies of the ∆ phase angles for the rhythmically
stimulated conditions were tested against of the ∆ phase angles for the corresponding jittered
conditions. Because data failed to be normally distributed, non-parametric Mann-Whitney
U-tests (Fay and Proschan, 2010) were applied. From the resulting z-values the effect sizes
(r) were calculated:

r = abs( √xN ), with N = 50. (Fritz et al., 2012)
For the superposition hypothesis, we would expect brain responses to be independent of
the driving rhythm. The resulting p-values were corrected for false discovery rate (FDR)
at .001, .01 and .05. This procedure was applied in order to control for Type I errors by
sorting the p values, then correcting for multiple comparisons starting with the smallest p
value (Benjamini and Hochberg, 1995).
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In the second step, the resulting shape of the pattern in the two-dimensional plane was tested.
Therefore, ρ̃-values were z-standardized subject-wise to guarantee normal distribution and
reduce inter-subject variance. Then, a linear model (see below) was fitted to the normalized
Shannon entropies. Based on the hypothesized pattern of the Arnold tongue, we expect the
normalized Shannon entropy values to increase with increasing stimulation intensity. For the
factor frequency, we expect a positive impact on the normalized Shannon entropies for the
left half of the triangular shape, the closer the stimulation frequency was to the IAF (scaled
from ∆3Hz = 1 to ∆0Hz = 4), the higher the ρ̃ (= stronger entrainment). As the factor
frequency shows non-linear characteristics in the Arnold tongue (the strongest entrainment
is predicted for the center of the Arnold tongue), the 5x7 (intensity x Frequency) data structure as depicted in the two-dimensional plane of the Arnold tongue in Figure 2.5A and B
was mirrored to the left side to gain linear characteristics. The linear model is depicted in
Figure 2.4.

The model was then fitted to each of the 25 subjects and for both sides of the Arnold
tongue (Figure 2.4B) separately, resulting in 5 stimulation intensities and 4 frequencies per
linear model. The 2 x 25 coefficients (sides of the predicted Arnold tongue x subjects) were
concatenated into one data matrix for the independent variables intensity and frequency as
well as the interaction term, respectively, resulting in 3 x 50 coefficients (Intensity, Frequency
and Interaction term x coefficients of two sides for 25 subjects).

y = a ∗ int + b ∗ f req + c ∗ int ∗ f req

This procedure was repeated for both the rhythmic and the jittered stimulation. The 3
x 50 coefficients of the rhythmic stimulation condition were then compared to the respective
jittered coefficient, using a one-sided Mann-Whitney- U test (Fay and Proschan, 2010 ) as
data failed to show normal distribution using a Shapiro- Wilk test (Royston, 1993). Effect
sizes r were calculated with N = 100 following the above described formula (Fritz et al., 2012).

Plateaus
Again the above described linear model was fitted to the 90 percentile of the sorted plateau
durations for the rhythmic condition. The two-dimensional data matrix (intensity x frequency) was therefore reshaped as described above to include the factor frequency as a linear
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Figure 2.4: Description of how a linear model (model description) was used to test for the existence
of a triangular entrainment region. (A) The theoretical concept of entrainment predicts a triangular
region of synchronization referred to as Arnold tongue, i.e. both independent variables intensity
and frequency are predicted to correlate positively with the entrainment measure (either normalized
Shannon entropies or 90 percentile of plateau durations). (B) If the Arnold tongue is split in two
halves and the right half is flipped in frequency, a linear model can test for the triangular shape.
Whenever the two coefficients for intensity (a) and frequency (b) in the linear model are both positive
such a triangular pattern results (unless the coefficient c which represents the interaction is negative).
The shown plots were achieved by setting the parameters a and b of the linear model to 1. Parameter
c was set to zero.

independent variable (see Figure 2.4) and plateau durations were z-normalized before fitting
the linear model. Then, t-tests were performed for the three coefficients (intensity, frequency
and the interaction term) to test against zero. If it is true that plateau duration (as a measure
of phase coupling over time) increases with increasing stimulation intensity, we expect the
coefficients to be significantly greater than zero. Furthermore, if it was true that frequency
increase (for the left half of the triangle, mirrored for the right half) has a positive impact
on plateau duration, then we expect the coefficient to be significantly greater than zero. The
effect sizes r were calculated by the following formula:

r=

q

t2
t2 +df

(Cohen, 1988)
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2.4

Results

The paradigm was designed in a way that allowed the comparison of different fields in the
hypothesized plane of the Arnold tongue. Subjects were stimulated with a rhythmically
flickering light at 5 intensity levels and at 7 frequencies, centered at the IAF in steps of 1Hz,
resulting in 35 conditions. Each condition was presented for 30s, with a preceding jittered
sequence (also for 30s).
The intrinsic frequency of the parietal brain oscillations is defined as the individual alpha
frequency (IAF), whose most prominent peak in the individual power spectrum is located
in the parieto-occipital cortex during resting state (Berger, 1929). Following the concept of
the Arnold tongue (Pikovsky et al., 2003), we expect an increased likelihood for a driving
frequency close to the IAF to entrain the internal oscillator as compared to frequencies more
distant to IAF. As a second factor, brighter light flicker should result in stronger phase
coupling compared to weaker stimulation intensities. If these dependencies of stimulation
frequency and light intensity can be shown, entrainment but not superposition of ERPs is
the most likely explanation for SSVEPs.
Two measures were applied to quantify the level of entrainment, plateau duration of phase
locking over time (the longer the plateau, the stronger the entrainment) and the overall
phase locking, defined as the normalized Shannon entropy (the less entropy (larger value) the
stronger the entrainment, because strong phase locking = entrainment). Note, that a larger
value of normalized Shannon entropy indicates less entropy and stronger phase coupling,
which is interpreted as stronger entrainment.
When depicting the quantified ∆ phase angle distributions (normalized Shannon entropy of
the phase of the EEG signal minus the visual flicker phase) as a function of frequency and
intensity, a resulting triangular shape would reveal entrainment of an oscillator, as defined by
the physics principle of the Arnold tongue. Additionally, the entrained areas of the Arnold
tongue (inside the triangle) are expected to show a low phase difference (strong directionality
of phase angle distributions). The effects of stimulation intensity and frequency were tested
and the shape of the resulting plot was compared to the triangular shape predicted by the
Arnold tongue. Next, the plateau durations and the normalized Shannon entropies were
compared to the jittered (arrhythmic) conditions.
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2.4.1

The normalized Shannon entropy as a measure of entrainment

At the IAF, all five stimulation intensities showed constant phase locking. This phenomenon
is depicted by a slope close to zero (Figure 2.1A, first plot), reflecting strong phase locking, i.e. high normalized Shannon entropy (= strong entrainment). In the schematic Arnold
tongue from synthetic data in Figure 2.1B the expected position in the two-dimensional plane
are indicated. On the contrary, at greater distance from IAF outside the Arnold tongue, no
entrainment was expected. This was reflected in the phase of the EEG signal by (almost) unlocked phases, independently of the stimulation intensity, as shown for the exemplary dataset
in Figure 2.1A, fourth plot. Thus, for these two frequency conditions (at IAF and far away
from IAF) phase locking was found to be robust over time, representing entrainment by a
slope close to zero in the first case and a linearly ascending slope, reflecting no entrainment
in the second case.
At intermediate distance from the IAF (∆ 2Hz), the effect of intensity becomes particularly
clear: at lower intensities, the phase angles of the EEG signal and the stimulation signal
appeared to be similarly unlocked as in the ∆ 3Hz condition, as reflected in the constant
increase of ∆ phase angles (cf. lilac graph in Figure 2.1A, third plot). With increasing
stimulation intensity, the slopes of ∆ phase angles show a weaker linear increase, indicating
stronger phase locking (entrainment; cf. blue and green graph in Figure 2.1A, third plot).
Figure 2.1C depicts how the slopes of ∆ phase angles translate to the distribution over the
unit cycle, which was then expressed as normalized Shannon entropy for three intensities
(minimum (1), mediate (3), and maximum (5)) of the exemplary data at ∆2 Hz. The distribution of ∆ phase angles was determined to quantify the phase locking over time. While
the low intensity levels are reflected by a uniform distribution of ∆ phase angles (outside
the Arnold tongue), the distribution becomes more directional with increasing stimulation
intensity (towards areas inside the Arnold tongue). This directionality is expressed by , which
increases in the same manner (ρ̃1 = 0.0047, ρ̃3 = 0.0085, ρ̃5 = 0.0742).
The ρ̃ values, arranged in the two-dimensional plane as a function of intensity and frequency,
resulted in a triangular shape, showing increasing normalized Shannon entropy (increased
synchronization) at and around the intrinsic frequency (IAF, Figure 2.5). The triangular
shape was reflected by the following statistical tests:

First, the distributions of ∆ phase angles from rhythmic stimulation were compared to
the jittered conditions. Each of the 35 rhythmic stimulation conditions was preceded by its

51

Study I: Rhythmic Stimulation Entrains Brain Oscillations
Rhythmic stimulation

Jittered stimulation

.09

4

1.2
1
0.8
0.6
0.4
0.2
0
-0.2
-0.4
-0.6
-0.8

.08 5

**
0.51

***
0.66

***
0.62

***
0.64

***
0.66

***
0.56

**
0.54

*
0.40

***
0.70

***
0.71

***
0.67

**
0.54

0.18

0.31

**
0.51

***
0.63

***
0.57

***
0.67

**
0.50

0.14

0.36

*
0.36

***
0.58

***
0.74

0.29

0.36

0.12

0.10

0.21

0.35

***
0.64

0.35

0.06

0.32

coefficent from linear model

Stimualtion Intensity

5

0.23

.07
.06 4
.05

3
2
1
-3

.04
.03

-2
-1
0
1
2
3
Stimulation frequency minus IAF

3
2

.02
.01 1
0

-3

0
3
-2
-1
1
2
Stimulation frequency minus IAF

Figure 2.5: Two two-dimensional planes showing averaged Shannon entropies (25 subjects) as a function of frequency and intensity of the external stimulation, centered at individual alpha frequency
(IAF). (A) Rhythmic stimulation. Stronger phase locking is shown in darker shading (higher ρ̃ value). This region was found around IAF and widens with increasing intensity, resulting in a triangular shape. This shape corresponds to the hypothesized Arnold tongue. Effect sizes (r) from a
Mann-Whitney U-test show the comparison between the rhythmic condition and the respective jittered
condition. Asterisks mark level of significance after FDR correction (*** p<0.00008, ** p<0.0004, *
p<0.005). (B) Jittered stimulation. No such triangular shape was observed in the jittered condition.
(C) Box plots of the coefficients of the linear model, fitted to rhythmic (grey) and jittered (white)
stimulation of the normalized Shannon entropies subjects-wise for the two sides of the triangle (see Figure 2.4 for model description). A Mann-Whitney-U test was performed to test for differences between
jittered and rhythmic stimulation for the dependent variables frequency and intensity. Both factors
but not the interaction term were found to differ significantly (Intensity: r = 0.19, z = 1.92, p < 0.05;
Frequency: r = 0.27, z = 2.66, p < 0.01; Interaction: r = 0.08, z = −0.78, p = 0.78). In the plot,
the middle of the box represents the median. The box represents the 95% confident interval and the
whiskers the 25th and 75th percentiles.

corresponding jittered condition with a mean frequency of the subsequent rhythmic stimulation frequency during the experiment. The intensity was also matched.
The effect sizes were found to increase gradually towards the IAF and with increasing stimulation intensity. Moreover, the normalized Shannon entropy was found to significantly differ from the jittered condition only within a triangularly shaped pattern around the IAF,
as revealed by Mann-Whitney U-test statistics, which were performed on each rhythmicjitter pair. The significance level was false discovery rate (FDR) -corrected (p < 0.00008,
z ≥ 3.96, r ≥ 0.56; p<0.00044, z ≥ 3.54, r ≥ 0.50; p ≤ 0.00490, z ≥ 2.55, r ≥ 0.36). z-values
were transformed to effect sizes (r), which are shown together with the p values for each
condition in the respective field of Figure 2.5A. Figure 2.5B shows the two dimensional plane
of normalized Shannon entropies for the jittered condition.
In order to test for the triangular shape in the two-dimensional plane, a linear model with the
independent variables intensity and frequency was fitted to the data (see Methods section
and Figure 2.4 for details) of each individual subject. The linear model was fitted to the
normalized Shannon entropies from both, rhythmic and jittered stimulation conditions.
The coefficients for the rhythmic stimulation of both variables-intensity and frequency- were
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found to significantly differ from the jittered stimulation in a one-sided Mann-Whitney U-test
(Intensity: r = 0.19, z = 1.92, p < 0.05; Frequency: r = 0.27, z = 2.66, p < 0.01; Interaction:
r = 0.11, z = −0.78, p = 0.78). The box plot in Figure 2.5C shows the distribution of the
coefficients. As explained in the Methods section and shown in Figure 2.4, the positive coefficients for intensity and frequency imply a triangular shape of the region of entrainment
and are thus in line with an Arnold tongue.

2.4.2

The plateau duration as a measure of entrainment

Besides the slope of ∆ phase angles, the intermittency of phase locking is an important criterion to identify synchronization (Pikovsky et al., 2003). The phenomenon, known from
entrainment of isolated physical oscillators, describes disturbed phase locking (phase slips)
during constant prevailing stimulation. While a linear addition of single responses (superposition hypothesis) is expected to result in a constant EEG response, synchronization caused
by entrainment can take different states of phase locking over time. The duration of the respective states depends on the frequency and intensity of the driving oscillator, as described
by the Arnold tongue. Phase slips, which result from drifting apart of the two phases, are
expected to be extended in time and to appear more frequent with decreasing coupling of the
two oscillators (Tass et al., 1998; Pikovsky et al., 2003).
Intermittency becomes particularly obvious at the border of the Arnold tongue (light green
to blue shaded area in Figure 2.1B). The data of the exemplary subject shows phase locking
plateaus at higher stimulation intensities (Figure 2.1A, third plot, green curves; exemplary
period marked by the asterisk) with intermittent drifting apart of the two oscillators (phase
slips, one exemplary period is marked by the arrow).
Phase locking plateaus were quantified in order to test for the predicted effects of intensity and frequency. Therefore, the linear model was fitted to the z-normalized 90 percentiles of plateau durations subject wise. We found the independent variable intensity
to significantly influence the plateau duration by testing the referring coefficients of the linear model using t-tests (95%CI[0.46, 0.21], 0.17 ± 0.07, t(49) = 3.18, p < 0.01, r = 0.41).
The coefficients for the factor frequency were also found to significantly differ from zero
(95%CI[0.30, 0.52], t(49) = 7.68, p < 0.001, r = 0.74). No significant effects were found for
the interaction term: 95%CI[−0.02, 0.05], t(49) = 0.67, p = 0.50, r = 0.10).
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2.5

Discussion

The present study reveals evidence that the SSVEP reflects entrainment. Our findings support the assumption that a visual flickering light stimulation can be applied to study the
functional relevance of brain oscillations.
Sensory rhythmic stimulation is broadly accepted as an eligible tool to produce entrainment.
Mathewson et al. (2010) stimulated subjects with a 12.1Hz rhythmic flickering light and presented a masked target in phase after stimulation offset. The number of rhythmic flicker
stimuli varied between 1 and 8 and was shown to positively correlate with in-phase target
detection. Likewise, as a consequence of 10Hz rhythmic stimulation Spaak et al. (2014) found
the detection rate to significantly depend on stimulation phase. In their study, a 10Hz flicker
was presented to one hemifield; the other hemifield was stimulated with a flicker stream with
jittered inter-flash intervals. Phase effects were found solely for the rhythmic condition. In
both studies, entrainment is inferred as the fundamental mechanism of the produced SSVEP.
To clearly trace back the described behavioral changes after visual rhythmic stimulation, it
is however necessary to provide evidence that SSVEPs indeed reflect entrained oscillations.
The interaction of the rhythmic visual stimulation and the targeted oscillation has recently
been questioned (Capilla et al., 2011; Keitel et al., 2014), which highlights the particular
relevance and the timeliness of this investigation. By probing two physics concepts that unambiguously define entrainment: intermittency of phase locking and the Arnold tongue, we
systematically tested the two hypotheses suggested to reflect the fundamental mechanism of
SSVEPs, superposition and entrainment.
A non-rhythmic (jittered) stimulation is unable to entrain the intrinsic frequency (Parkes
et al., 2004; Capilla et al., 2011). Thus we predicted a similar pattern for the phase locking of
the jittered condition and the rhythmic stimulation, assuming the superposition hypothesis
was true. This was not the case. Our data were in line with the entrainment hypothesis: the normalized Shannon entropies of the rhythmic condition tested against those of the
jittered condition showed an increasing effect size with increasing intensity and decreasing
frequency distance to IAF in the condition wise comparison (Mann-Whitney-U tests). At the
maximum distance from IAF (∆3Hz here) and at low stimulation intensity, the two signals
revealed non-distinctive phase coupling with lower effect sizes and non-significant differences
between jittered and rhythmic stimulation. The fitted linear model revealed significance for
the observed triangular shape of the normalized Shannon entropies, as both factors-frequency
and intensity-showed a positive value (Figure 2.5C). This can only result in the predicted
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triangular pattern and was significantly different from the jittered stimulation condition.
The areas outside the Arnold tongue are characterized by relatively lower stimulation intensity and/or a driving frequency that is more distant to the intrinsic frequency (IAF). These
characteristics are ineligible to entrain the internal oscillator. Hence, outside the Arnold
tongue, stimulation responses are independent from the intrinsic alpha oscillation and thus
rather resemble sequences of ERPs, as also predicted by the superposition hypothesis. Inside
the Arnold tongue, however, the normalized Shannon entropy showed significantly stronger
phase coupling (increased effect size r in a Mann-Whitney-U test between jittered and rhythmic stimulation), which is interpreted as entrainment. Oscillations are entrained, such that
the intrinsic frequency is shifted towards the driving frequency. As a consequence, only under
these circumstances one can investigate the function of the intrinsic oscillations. de Graaf
et al. (2013) found behavioral entrainment effects at 10.6Hz, whereas effects disappear at
7.1Hz and below as well as at 14.2Hz, which is in accordance with the presently identified
borders of the Arnold tongue at intermediate intensity.
Intermittency of phase locking reflects a non-linear process, where the oscillator is phase
locked over certain periods, but then changes its phase during constant prevailing circumstances (Pikovsky et al., 2003). In the center of the Arnold tongue, in line with the prediction
of this concept, these intermittent phase slips are rather unlikely to appear, as phase locking
remains robust over the stimulation period (Figure 2.1A, plot 1). The method for plateau detection was designed in a rather conservative way, which explains why the maximum plateau
duration for IAF entrainment did not span over the entire stimulation period, as inferred
from Figure 2.1A, plot 1. Noise eventually interrupted the plateaus, but as the procedure
was identical in all conditions, the relative comparison is unaffected by noise. While the normalized Shannon entropies reflect a relative measure that identifies the shape of the Arnold
tongue when comparing different intensity-frequency stimulations, intermittency is a measure
that provides evidence for entrainment on a single subject level. Therefore, in order to show
entrainment, it is sufficient to examine the intermittency at a stimulation condition at the
border of the Arnold tongue, between the non-significant normalized Shannon entropies (suggested area outside the Arnold tongue) and the conditions expected to lie inside the Arnold
tongue (Figure 2.5A). The phase slips are expected to result from a transient uncoupling of
the driving oscillator (light flicker), where the intrinsic oscillator temporarily rotates at IAF.
Although alpha amplitudes fluctuate over time as they correlate with cognitive functions
(Worden et al., 2000; Foxe and Snyder, 2011; Klimesch, 2012) it is rather unlikely that this
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would cause phase slips. The effect of attention should be distributed equally over conditions. Quite on the contrary, we found the plateau duration to reveal a shape that resembles
an Arnold tongue. Both factors frequency and intensity were significantly greater than zero
when fitting a linear model. As depicted in Figure 2.4, this can only result in a triangular
shape on the 5x4 half of the Arnold tongue.
Despite the clear triangular shape as predicted by the concept of the Arnold tongue, the
maximum values were not located at the highest stimulation intensity, but rather at intermediate intensity, which might be due to intensity saturation. Buchsbaum and Pfefferbaum
(1971) showed a decreased ERP amplitude when an individual threshold intensity level was
exceeded. In their study, the level was highly variable between subjects. This might also
explain why we did not find significant effects for the interaction term in the linear models
for normalized Shannon entropies and plateau durations.
The triangular shape of normalized Shannon entropies is slightly skewed to the left. This
could be due to the fact, that participants were passively stimulated without performing a
demanding task, as the alpha frequency has been shown to positively correlate with cognitive
demands (Haegens et al., 2014).
The notion that SSVEPs are generated via the entrainment of an intrinsic brain oscillation
also explains non-linear phenomena of SSVEPs that could not be explained by linear superposition of ERPs. For example, Herrmann (2001) demonstrated that the SSVEP in response
to 80Hz flickering light showed a clear 10Hz oscillation. Superposition of ERPs would have
predicted an SSVEP of 80Hz. However, in case of entrainment, synchronization of the EEG
to the external driving force can happen in multiple Arnold tongues. Synchronization typically not only occurs at the frequency of the intrinsic brain oscillator (1:1 Arnold tongue) but
also harmonics (N * intrinsic frequency) and subharmonics (intrinsic frequency/N) where N
is an integer (e.g. 1:2 and 2:1). Thus, the 80 Hz flickering LED was entraining the EEG in
an 8:1 manner resulting in a 10Hz oscillation. Harmonic entrainment has been shown on a
behavioral level by de Graaf et al. (2013), who found a cyclic pattern of visual detection at
a 5.3Hz entrainment as well as at 10.6Hz, but not outside the Arnold tongue.
The reported finding of the Arnold tongue with intermittent phase locking at the border of
the triangular pattern supports the assumption, that visual entrainment is a valid tool to entrain brain oscillations. Moreover, it reveals evidence for behavioral changes as a consequence
of rhythmic visual stimulation to reflect causality. Furthermore, it encourages further investigation using electric and magnetic stimulation, as it confirms that oscillations can generally
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be entrained by an external driving force.

2.6

Conclusion

We showed for the first time in a systematic analysis that visual flickering stimulation results
in entrainment of brain oscillations. Our data demonstrate that the visual cortex responds
in a non-linear fashion when being exposed to rhythmic visual stimulation, which contradicts
the hypothesis of linear superposition of event-related responses. Multiple studies apply
a flickering light source to investigate the causal link of brain oscillations and perception
(Hanslmayr et al., 2005; Lakatos et al., 2008; Busch et al., 2009; Jensen and Mazaheri, 2010;
Mathewson et al., 2011). By showing that visual rhythmic stimulation modifies ongoing brain
oscillations, this study reveals evidence that visual entrainment is capable of probing causality.
The effect, however, depends on the frequencys distance from the intrinsic frequency (IAF)
as well as on the stimulation intensity, which should both be considered for the design of
future experiments. The pattern of the Arnold tongue, as well as intermitted phase locking
during rhythmic visual stimulation, reveals strong evidence for entrainment as the underlying
mechanism of SSVEPs.
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3.1

Abstract

Previous studies have shown that alpha oscillations (8-13 Hz) in human electroencephalogram (EEG) modulate perception via phase-dependent inhibition. If entrained to an external driving force, inhibition maxima and minima of the oscillation appear more distinct in
time and make potential phase-dependent perception predictable.
There is an ongoing debate about whether visual stimulation is suitable to entrain alpha
oscillations. On the one hand, it has been argued that a series of light flashes results in
transient event-related responses (ERPs) superimposed on the ongoing EEG. On the other
hand, it has been demonstrated that alpha oscillations become entrained to a series of light
flashes if they are presented at a certain temporal regularity. This raises the question under
which circumstances a sequence of light flashes causes entrainment, i.e. whether an arrhythmic stream of light flashes would also result in entrainment.
Here, we measured detection rates in response to visual targets at two opposing stimulation phases during rhythmic and arrhythmic light stimulation. We introduce a new measure
called ’behavioral modulation depth’ to determine differences in perception. This measure
is capable of correcting for inevitable artifacts that occur in visual detection tasks during
visual stimulation. The physical concept of entrainment predicts that increased stimulation
intensity should produce stronger entrainment. Thus, two experiments with medium (Experiment 1) and high (Experiment 2) stimulation intensity were performed. Data from the first
experiment show that the behavioral modulation depth (alpha phase-dependent differences
in detection threshold) increases with increasing entrainment of alpha oscillations. Furthermore, individual alpha phase delays of entrained alpha oscillations determine the behavioral
modulation depth: the largest behavioral modulation depth can be found if targets presented
during the minimum of the entrained oscillation are compared to those presented during the
maximum.
In the second experiment stimulation with higher light intensity during both rhythmic and
arrhythmic stimulation lead to an increased behavioral modulation depth, supposedly as a
consequence of stronger entrainment during rhythmic stimulation. Altogether, our results
reveal evidence for rhythmic and arrhythmic visual stimulation to induce fundamentally different processes in the brain: we suggest that rhythmic but not arrhythmic stimulation
interacts with ongoing alpha oscillations via entrainment.
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3.2

Introduction

A near-threshold visual light flash may in some occasions be perceived by an observer, in
others not, although the physical stimulus is identical in both instances. Several studies
have revealed a decisive role of oscillatory neural activity in this context. More precisely, the
oscillatory phase (Haegens et al., 2011b; Klimesch et al., 2007; Mathewson et al., 2009) and
amplitude (Hanslmayr et al., 2005; Ergenoglu et al., 2004) in the alpha range (8-13Hz) have
been shown to correlate with detectability of the visual stimulus. A higher amplitude of the
alpha frequency band measured in EEG (electroencephalogram) is based on stronger phase
synchrony between neural populations (Klimesch et al., 2007; Hanslmayr et al., 2007a). Thus,
EEG-phase angle dependencies come more into play when the optimal phase for perception
coincides in time for a large amount of neurons (Figure 3.1, right panels).

Via external visual stimulation, it has been suggested that neuronal populations that are
involved in generating intrinsic alpha oscillations can be forced to oscillate at the externally
applied frequency, but this mechanism is still a matter of debate.In a previous experiment, we
found that rhythmic visual stimulation can synchronize ongoing alpha oscillations (Notbohm
et al., 2016). The phase of the alpha oscillation was locked to the external visual oscillator
if the stimulation frequency was close to the intrinsic individual alpha frequency (Halbleib
et al., 2012; Tass et al., 1998). Additionally, the light intensity of the external driving oscillator correlated positively with the degree of phase coupling between internal and external
phase. Plotted as a function of stimulation frequency and phase, phase locking was strongest
close to the individual alpha frequency and increased with increasing light intensity. The
resulting pattern resembled the physical concept of entrainment, called the Arnold tongue
(Tass et al., 1998; Pikovsky et al., 2003). This pattern was not found if the light stimulation
was arrhythmic (Notbohm et al., 2016). These findings reveal evidence that entrainment is
the underlying mechanism of the steady-state visual evoked potential (SSVEP). The SSVEP
defines the brain response in the occipito-parietal cortex that appears during rhythmic light
stimulation (Roberts and Robinson, 2012; Herrmann, 2001; Hillyard et al., 1997). SSVEPs
seemed to differ from brain responses during arrhythmic stimulation, where the brain responses were rather independent from the ongoing brain oscillations (Notbohm et al., 2016).
This theory is supported by Parkes et al. (Parkes et al., 2004), who found that rhythmic
but not arrhythmic stimulation resulted in decreased blood-oxygen level dependent (BOLD)
responses. BOLD responses, measured during functional MRI (magnetic resonance imaging),
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are known to correlate negatively with the amplitude of alpha oscillations (Hillyard et al.,
1997; Parkes et al., 2004). Thus, rhythmic but not arrhythmic stimulation led to an actual
interaction with the ongoing oscillation.

Capilla et al. (2011), on the contrary, showed that SSVEPs resembled a synthetic signal
where several isolated event-related responses (ERPs) were superimposed with inter-trial
intervals as determined by the stimulation frequency. They concluded that rhythmic and arrhythmic stimulation resulted in the same responses in a way that independently of stimulus
regularity a single light flash always results in an ERP. A sequence of ERPs resembles the
alpha rhythm if induced at a similar frequency. As opposed to entrainment, however, ERP
generation results in enhanced EEG power, while entrainment rather shifts ongoing oscillations towards the external frequency of the driving force (Parkes et al., 2004). Entrainment
could happen without power enhancement if only the phase of the intrinsic oscillations is
aligned to the external driving force. If, however, multiple oscillators are recorded in EEG,
their aligned phases add up and appear like an enhanced amplitude. Moreover, entrainment
can only occur if a driving force couples to an oscillator, that generates self-sustained oscillations, whereas ERPs can be generated also by randomly firing cells (Pikovsky et al., 2003).
Considering the findings on alpha oscillations, perception and entrainment as a whole, we
here hypothesize that if perception is modulated by the alpha phase and if alpha phase can
be modulated via entrainment, then entrainment but not superposition are expected to lead
to changes in perception.
The relation between entrainment and perception has been addressed in previous studies.
A series of visual rhythmic stimuli resulted in modulated detection rates of near threshold
stimuli, depending on the phase angle of the stimulation they were presented at. Mathewson
et al. (2011) showed that targets presented after a train of rhythmic visual stimuli were more
likely to show phase dependent-detection rates after an extended stimulation train, whereas
a short stream (4 stimuli) resulted in a weaker phase-dependency for target detection. The
experiment generally corroborates the theory of entrainment, because phase-locking between
stimulation phase and EEG phase resulted in predictable phase-dependent detection rates.
Interestingly, a subsequent experiment showed that the observed effect of phase-dependent
target detection can also be gained via arrhythmic stimulation (Mathewson et al., 2012b),
agreeing with Capilla et al. (2011) that both types of stimulation result in the same kind
of brain response. Mathewson et al. (2012b), however, suggest temporal attention to be the
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underlying mechanism of entrainment, whereas (Capilla et al., 2011) suggest superimposed
ERPs to explain both types of signals. Temporal attention occurs if a temporal concept is
provided that allows prediction, as it is the case when presenting stimuli at a certain rhythm
(Nobre et al., 2007).
This leads to the question: is rhythmicity crucial for entrainment? To investigate whether arrhythmic stimulation just as rhythmic stimulation can produce entrainment, we designed a
behavioral paradigm that allows a distinction between the two. We introduce a new measure
of behavioral modulation depth that combines both types of stimulation in a single measure.
In order to relate to the physical concept of the Arnold tongue, the behavioral measure was
chosen such that it is capable of controlling for several confounds: pupil size differences between conditions (Cheng et al., 2006), contrast differences and differing impact of temporal
attention (Lasley and Cohn, 1981; Nobre et al., 2007; Rolke and Hofmann, 2007).
Targets were presented at two opposing phase angles during rhythmic or arrhythmic stimulation. If alpha oscillations are entrained during rhythmic stimulation, the detection threshold
will be modified phase-dependently, such that the perception threshold for target detection
differs from stimulation-phase dependent the perception threshold during the arrhythmic
stimulation.
In order to validate the newly introduced measure of modulation depth, we investigated the
relationship between modulation depth and EEG measures of entrainment. We expect EEG
measures of the alpha oscillation, namely the inter-trial coherence and the alpha phase at
target onset, to predict the behavioral modulation depth. With increasing phase-coupling
and at optimal phases (see Figure 3.1, right two top panels), the modulation depth should
increase (during entrainment).

Differences in the phase-dependent detection rates after rhythmic and arrhythmic stimulation, however, were also described by Mathewson et al. (2012b) and might be due to temporal
attention that is weaker but also present during arrhythmic stimulation (Nobre et al., 2007).
Thus, after evaluation of the behavioral measure of the modulation depth, in a second experiment we stimulated subjects with higher luminance when performing exactly the same
task. Based on the concept of the Arnold tongue, higher stimulation intensity is expected
to result in stronger entrainment during the rhythmic conditions (compare Figure 3.1 top
right and middle right panel), but not during the arrhythmic conditions. Subjects are thus
expected to show a stronger modulation of the detection threshold (increased modulation
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Figure 3.1: The hypothesized effect of visual entrainment on alpha oscillations and, as a consequence,
on the behavioral modulation depth. Left: The Arnold tongue (Pikovsky et al., 2003) predicts the
degree of entrainment as a function of frequency and intensity of the flickering light. Close to the
individual alpha frequency (IAF) and with increasing light intensity entrainment (grey shaded triangular area) becomes more likely. Two different stimulation intensities (experiments 1 and 2, E1 and
E2, reported here) are expected to result in different degrees of entrainment compared to baseline
(BL) see also Notbohm et al. (2016). The right panels depict an increasing degree of entrainment of
alpha subpopulations from bottom to top with the mean oscillatory phase in black. The behavioral
modulation depth (red arrows) is expected to increase accordingly. Bottom: Outside the suggested
Arnold tongue, alpha oscillations not entrained just as in the resting state. Medium stimulation
intensity (Experiment 1): due to entrainment, phases are aligned to the external stimulation. Amplitude extrema (peak/trough) reflect phases of maximum/minimum excitability and become more
distinct in time during entrainment. Top panel: this effect is expected to be increased in Experiment
2 (E2, higher stimulation intensity).
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depth, red arrows in Figure 3.1) as compared to Experiment 1 (lower intensity). If the same
fundamental mechanism explained both - rhythmic and arrhythmic stimulation (either via
temporal attention or superposition of ERPs) no changes of the modulation depth between
the two Experiments would be expected.

3.3

Methods

3.3.1

Subjects

In Experiment 1, twenty healthy students (25.4±4.2 years, 10 females) from the University
of Oldenburg participated. All subjects gave written informed consent before their participation. The experimental protocol was approved by the ethics committee of the University
of Oldenburg and was conducted in accordance with the Declaration of Helsinki. Three subjects’ data sets had to be discarded. For two of them the 50% threshold in the behavioral
target detection task was outside of the examined range of light intensities (one above and
one below). The third subject showed a sudden impedance drift during the EEG recording.
In Experiment 2, twenty healthy students (23.2±2.4 years, 12 females) from the University
of Oldenburg participated; none of them participated in the first experiment. The datasets
of six subjects had to be excluded, because the 50% threshold of the detection task was
above the examined range. The number of excluded subjects exceeds that of Experiment 1
probably due to the higher luminance in Experiment 2. Increased luminance causes pupil
downsizing (Spring and Stiles, 1948; Watson and Yellott, 2012), which in turn is accompanied
by decreased light sensitivity (Troland, 1917).

Participants in the remaining samples had normal or corrected to normal vision and reported
no psychiatric disorders, epilepsy in family history or febrile convolutions during childhood.
According to the Edinburgh handedness inventory (Oldfield, 1971), all subjects were righthanded.
Experiment 1 and 2 The procedure was exactly the same for both experiments. The only difference was the light intensity of the visual flicker (Experiment 1: 118cd/m2 , Experiment 2:
262cd/m2 ). The target light intensity, frequency of the flicker, as well as any other parameter
(see below) was identical in both experiments.
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3.3.2

Stimuli and Procedure

Subjects were seated in a dark sound-attenuated EEG chamber, 60cm from a 24” monitor
(Samsung SyncMaster P2470) with a refresh rate of 100Hz. The flicker was generated by a
flashing annulus, located in the center of the screen at a visual angle of 2◦ (outer margin and
1◦ inner margin, see Figure 3.2) with a light intensity of 118cd/m2 (262 cd/m2 in Experiment
2). To produce a 10Hz rhythm in the rhythmic conditions, the annulus was presented for
50ms followed by a 50ms black screen (Figure 3.2). The experiments were structured in a
2x2 design with factors rhythmicity (rhythmic (R), arrhythmic (A)) and target position (90◦
(1)/270◦ (2), see Figure 3.2).

Figure 3.2: Experimental design. Both Experiments 1 and 2 consisted of the same experimental 2x2
paradigm with factors (1) Flicker regularity and (2) Target position. Factor 1: As flicker stimulus, an
annulus flickered with 118cd/m2 (262cd/m2 in Experiment 2) either rhythmically (50ms on, 50ms off;
10Hz) or arrhythmically (50ms on, 10-90ms off). Factor 2: Target position. Targets were presented
during continuous flicker stimulation every 3-5 sec in the center of the flickering annulus either during
the annulus presentation (R1 and A1) or between two annuli (R2 and A2) for 10ms in 8 different
light intensities. Subjects were asked to press a button whenever a target was detected. The grey
boxes mark time periods around the target where inter-annulus intervals were kept constant between
referring R/A conditions (50ms; R1/A1 and R2/A2, respectively).

For the arrhythmic condition, the duration of the black screen was jittered between 10
and 90ms (mean = 50ms), while the flicker-on phases were kept at 50ms to maintain constant
luminous energy in both conditions (rhythmic/arrhythmic, see Figure 3.3 for stimulation details).
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The same jitter duration never appeared twice in a row to preclude potential short-term
entrainment, except for the target presentation period: before and after target presentation
a black screen was always presented for 50ms to keep light conditions constant around the
target and preclude differences in target perception due to backward or forward masking
(Eriksen, 1966) between the rhythmic and the arrhythmic target presentation. Targets were
presented in the center of the flicker annulus at a visual angle of 1◦ (outer margin) for a
duration of 10ms either during presentation of an annulus or between two annuli (see study
design, Figure 3.2) and could appear at eight different light intensities between 0 and 262
cd/m2 in logarithmic steps. Each target presentation was repeated 20 times, resulting in
160 target presentations per condition, 640 targets in total. The experiment was written
in MATLAB R2012b (The MathWorks Inc., Natick, MA, USA) using the Psychophysics

amplitude [a.u.]

light intensity [a.u.]

Toolbox extensions (Brainard, 1997; Kleiner et al., 2007).
Rhythmic 10Hz stimulation
A. Stimulation signal
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Figure 3.3: Stimulation signals. During rhythmic 10Hz stimulation (left panels), square wave stimulation (annulus on or off, A.) resulted in a clear peak at 10Hz when regarding the power spectrum.
The 10Hz phase at annulus onset was 0 and the inter-trial phase coherence was 1 as indicated by the
mean resultant length (black line in C, left panel). During arrhythmic stimulation (A., right panel),
spectral power of the flicker was distributed over a range of frequencies around 10 Hz (B., right panel).
C. The phase angle at light onset was equally distributed over the unit cycle and the inter-trial phase
coherence was 0 as indicated by the mean resultant length (black dot in C, right panel).
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3.3.3

Study design

The experiments were structured in a 2x2 block design with the factors flicker regularity
(rhythmic/arrhythmic) and target position (peak (90◦ , 1)/ trough (270◦ , 2) of stimulation
phase) to modulate detection rates. Each of these four conditions was presented in a separate
block with continuous flicker presentation and targets appearing every 4±.58s (within the
range of 3 to 5s). The block order was randomized between subjects. No effect was found
for the order in an one-way Analysis of Variance (ANOVA, F(1,3) = 1.08, p = .36). Each
condition was repeated two times, resulting in 8 x 5min blocks. After 4 blocks, the experiment
was paused for at least 3min, 1min after each block. In the beginning and after the 3min pause
in the middle of the experiment, a short 1min adaptation block was presented. Subjects were
advised to press a button whenever a target (in the center of the flicker annulus) was detected.
The ongoing flicker was unaffected by the button press. Before the actual experiment, 2min
resting state with eyes closed was recorded. Subsequently, a feedback block was presented for
the subjects to learn the task. In contrast to the actual experiment, here subjects received
feedback after each target, depending on whether the target was detected (green happy
smiley), missed (1500ms after target presentation; red sad smiley) or when subjects pressed
a button when no target was shown during the preceding 1500ms. The feedback loop was
repeated until at least 80% of the test-targets (light intensities from 60 to 262cd/m2 ) were
detected.

3.3.4

EEG recording

Electroencephalogram (EEG) was recorded during the whole experiment at 32 Ag-AgCl electrodes, mounted in an elastic cap (Easycap, Falk Minow, Munich, Germany) with an extended
1020 system layout, referenced to the nose. FPz was used as ground electrode. As Pz has
been described to capture the peak of alpha power in the parieto-occipital region, we chose
this electrode for further analysis (Ergenoglu et al., 2004). Impedances were kept below 10
kΩ. EEG was recorded using a 16-bit Brain Amp DC amplifier and Brain Vision Recorder
software (Brain Products GmbH, Gilching, Germany) with an online band pass filter of 0.016250Hz and a sampling rate of 1000Hz. EEG was amplified in the range of ± 16.384µV at a
resolution of 0.5µV/bit. We recorded stimulus markers and responses were together with the
EEG using Brain Vision recorder and stored data for further offline analysis.
Via photo diode we monitored the temporal accuracy of the flicker during stimulation. No
inaccuracies were detected during measurements.
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3.3.5

Data Analysis

Behavioral analysis
For the behavioral data, psychometric functions were fitted to the 8 light intensities of the
target and the detection rates. This was done for each of the four conditions and for each
subject separately using a sigmoid function. This way, the 50% detection threshold was determined, resulting in four behavioral outcomes per subject. Due to confounding contrast
differences between target position 1 and 2 (R1 and R2; A1 and A2, respectively) and different
levels of temporal expectation (Cravo et al., 2013) between rhythmic and arrhythmic stimulation (Figure 3.9B), the individual modulation depth was calculated via the following formula:

M odulationDepth = abs(

thR1 thA1
−
)
thR2 thA2

with th being the 50% detection threshold from the psychometric function for the conditions
R1 and R2 (rhythmic stimulation, target positions 1 and 2) and A1 and A2 (arrhythmic
stimulation, target positions 1 and 2, see also Figure 3.2). Please find further details for the
derivation of this formula in the Supporting Information.

EEG analysis
EEG data were analyzed using MATLAB based EEGlab extensions (EEGLAB 11.0.4.3; Delorme and Makeig, 2004). For preprocessing of the EEG data, we first visually inspected the
data for eye blinks. If eye blinks affected the time period between -200 and 0ms before target
presentation, trials were ignored for further analysis. Then, a windowed sinc type I linear
phase FIR filter (band pass: 1 to 20Hz, filter order: 290) was applied to the data (Widmann
and Schröger, 2012).
EEG amplitude spectra were calculated from resting state data and stimulation data using
FFTs on 2s sequences with an overlap of 1s after band pass filtering between 1 and 20Hz.
We applied a hanning window and corrected for 1/f bias. For the induced spectrum (stimulated data), spectra were calculated for each single sequence and averaged subsequently. The
evoked spectra were calculated by averaging sequences in the time domain and calculating
an fft on averaged data subject wise.
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To determine the inter-trial phase coherence (ITC), data were epoched from 200ms before the
onset to the onset of the flicker annulus that precedes a target presentation in condition R1
and R2 (rhythmic stimulation, target positions 90◦ and 270◦ , see Mathewson et al. (2009).
The imaginary part of a Fast Fourier Transform (FFT) was then calculated at 10 Hz, no
additional window function was applied. In the next step, the inter-trial coherence (ITC)
was determined using the CircStat toolbox (Berens, 2009) by computing the absolute value
of the mean phase angle for conditions R1 and R2.

To further determine the phase angle at target onset, the above described EEG data processing was repeated for the 200ms interval right before target onset of condition 1 (R1). This
period is most likely unaffected by target related movement artifacts and has previously been
used to determine the phase at target onset (Mathewson et al., 2009). Instead of the ITC we
now calculated the mean phase angle again using the CircStat toolbox.

3.3.6

Statistical analysis

A linear correlation was calculated for the ITC and the behavioral modulation depth per
subject. Therefore, we took the minimum ITC from the two values gained from conditions
R1 and R2. We here chose to take the minimum of the two, because if only during one of
the two conditions entrainment was strong (high ITC), but in the other, for whatever reason,
ITC was rather low, behavioral modulation depth could not be explained by phase depended
behavior due to entrainment. The two values were anyhow highly correlated (R2 = .58, p <
.001), which justifies taking the minimum of the two conditions.

Furthermore, a sinusoidal model was fitted to the behavioral modulation depth as a function
of individual alpha phase angle at target onset (R1) In an iterative procedure, the parameters
b0 and b1 (offset and amplitude) were estimated.
Henry and Obleser (2012) showed that subjects have an individual EEG phase delay with
regard to the stimulus phase. Thus, targets were not necessarily presented at 90◦ and 270◦
of the EEG oscillation, just because this was the case for the stimulation phase.
Thus, we expected the behavioral modulation depth to depend on the EEG phase at target
onset. The modulation depth should increase when targets coincided with the maximum and
the minimum (R1 and R2) of the EEG oscillatory wave and decrease if targets were presented
more distant from the extrema. Hitting the minimum and maximum of the EEG wave could
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happen at two instances: R1 target presentation at the peak and R2 target presentation at
the trough (see Figure 3.2, right panel) or vice versa. As a consequence, two possible phases
at each of the two target onsets were expected to lead to a high modulation depth (1/2 π
and 3/2 π at R1). The two instances where both targets R1 and R2 coincide with a zero
crossing (0 and at R1) were expected to cause a minimal modulation depth (see Figure 3.4B
for visualization).

A.
Amplitude [a.u.]

TARGET C1

B.
Modulation depth

TARGET C2

0

+1/2π
π
+3/2 π
Individual phase angle [rad]

+2 π

Figure 3.4: Relationship between individual phase shift and expected behavioral modulation depth.
(A) Schematic image of the individual alpha oscillation (in grey shades) in relation to the stimulation
phase (depicted in red). Black sine represents the expected optimal shift for an increased modulation
depth (B) With increasing brightness of the shading, modulation depth decreases. At a phase angle
of 1/2 π and 3/2 π at target onset (equals a shift of 0 or from stimulation phase), target presentation
1 (90◦ ) would coincide with the peak (or trough, respectively) of the EEG peak of the alpha phase
(red graph in A.) and lead to a maximum behavioral modulation depth. No hypothesis was drawn for
the polarity (peak or trough) of the EEG oscillation, thus two peaks of modulation depth per alpha
cycle were predicted.

Therefore, we expected a sinusoidal relationship between the ITC and the behavioral
modulation depth. The sinusoidal model thus peaked twice per period. R1 was presented at
90◦ (1/2 π by definition), thus the -1/2 π term in the model corrects for this offset.
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1
y = b0 + b1 ∗ (2 ∗ ϕ − π)
2
with
b0 = of f set,
b1 = amplitude (of modulation depth),
t
ϕ=
, with t = time ; individual phase angles of all subjects at target onset (R1)
2π
Comparison of data from Experiment 1 and 2
The modulation depth was calculated subject-wise for participants in the second experiment
as described above. In order to show that the modulation depth was increased during increased stimulation intensity, we compared the two means of Experiments 1 and 2 using a
one-sided t-test for unequal variances (MATLAB). Due to the unequal sample sizes this test
applies Satterthwaite’s approximation for the effective degrees of freedom (Kreyszig, 1978).
The effect sizes were calculated via the formula of Cohen’s d (Cohen, 1988).

3.4

Results

It was here aimed to investigate whether the visual rhythmic flicker stimulation modulates
the perception threshold of brief visual targets via entrainment and, if so, whether this
modulation differs fundamentally from perception during arrhythmic stimulation.

3.4.1

Experiment 1

The modulation depth was the behavioral outcome combining the four conditions (of the
factors flicker regularity and target position) and reflects the modulation of phase- dependent perception due to differences in flicker regularity (see methods section and supporting
information (Figure 3.9) for derivation of the formula for the modulation depth).
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Figure 3.5: Amplitude spectra of the resting state and stimulation data, averaged over subjects. (A)
Resting state eyes closed (B) Induced spectrum for the two rhythmic stimulation conditions (R1, R2;
solid lines) and the arrhythmic conditions (A1,A2; dashed lines). Note that amplitudes (multiplied
by frequencies to correct for 1/f bias) cannot be compared to resting state (eyes closed) as stimulation
data were collected with eyes open. (C) Evoked spectra for the four conditions. Please refer to the
methods section for further details.

In the first step, amplitude spectra of the stimulated periods and the resting state data
were calculated and averaged over subjects. The averaged resting state spectra reveal slightly
enhanced amplitudes (normalized amplitudes in the figure reveal 1/f corrected amplitudes)
compared to the induced stimulated sequence (Figure 3.5A and B). This is because resting
state was measured with eyes closed, which generally results in higher amplitudes as compared to eyes open. As expected, rhythmic stimulation resulted in a peak at 10Hz, whereas
arrhythmic stimulation shows a rather unspecific elevated spectrum in the area of 10Hz (Figure 3.5B, induced spectrum). In the evoked spectrum (Figure 3.5C), where EEG sequences
were first averaged, the 10Hz peak cancels out in the arrhythmic conditions (A1/A2) but
shows a clear peak in the rhythmic conditions (R1/R2).
In the second step we validated this measure of the behavioral modulation depth. We predicted that with stronger entrainment during rhythmic stimulation, modulation depth should
increase. The ratio of the 50% detection threshold during A1 (arrhythmic stimulation, target position at 90◦ ) and the 50% detection threshold during A2 (arrhythmic stimulation,
target position at 270◦ ) varied strongly between subjects (between .75 and 1.63) and served
as a control on a single-subject level. The stronger the deviation of the ratio R1/R2 from
A1/A2 (target position 90◦ /270◦ ) on a single subject level, the greater the modulation depth.

If indeed entrainment was the causal reason for alternations of the detection threshold, then
an electrophysiological measure of entrainment, such as the inter-trial coherence (ITC) during rhythmic stimulation should correlate with the modulation depth. Figure 3.6 depicts the
relationship between these two factors, ITC and behavioral modulation depth (R2 = .25, p =
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.04). Subjects with low ITC, thus less entrainment, show a modulation depth close to zero.
Subjects with high ITC, on the other hand, reveal a stronger modulation depth, thus show
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Figure 3.6: Correlation between Inter-trial coherence (minimum ITC of the rhythmic conditions) and
the behavioral modulation depth (R2 = .25, p = .04). Each data point depicts one subject.

differences in the detection threshold during rhythmic compared to arrhythmic stimulation.
This correlation could not be found for ITC during arrhythmic stimulation (R2 = 0.03, p =
0.49). The relationship of ITC during rhythmic stimulation and the modulation depth is,
however, is, although significant, comparably small (R2 = .25) and further variance can be
explained by the subjects individual EEG phase shift (Henry and Obleser, 2012). Therefore,
the subjects’ mean phase angle at target onset (R1) was determined.

We then hypothesized, that an individual alpha phase angle at target onset of 1/2 π or 3/2 π
was optimal for the modulation depth (Figure 3.4), because these two phases reflect the peak
(or trough, respectively) of a sine and lead to maximal modulation depth (see Figure 3.1). An
alpha phase angle of 0 as well as π at target onset, on the other hand, is considered as least
optimal, because in that instance both targets would be presented during zero crossing of the
EEG oscillation (Figure 3.4A). Based on this assumption, we fitted a sine with two peaks
per period to the modulation depth of the 17 subjects as a function of the individual phase
at target onset (R1) with a fixed phase shift of 1/2 π (as described above). The model was
found to significantly describe the relationship between phase at target onset (Figure 3.7A,
F(1,15) = 5.28, p = 0.036, R2 = 0.26, compare also prediction in Figure 3.4B). The following
estimates resulted from the fitted function: b0 = 0.16±0.02 and b1 = 0.07±0.03, resulting in
the following model function:
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1
y = 0.16 + 0.07 ∗ sin(2 ∗ ϕ − π)
2
In Figure 3.7B, 17 panels additionally show the alpha phase during both target presentations R1 and R2 as well as the amplitude as a relative measure of the ITC. On a subject
level, it is shown that ITC as well as individual phase angle at target onset influence the
modulation depth.
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Figure 3.7: Relationship between the individual alpha phase angle at target onset and the Modulation
depth. Left: Each data point represents one subject’s Modulation depth as a function of the individual
phase angle at target onset in R1; grey shading of the data points depicts the ITC with black for the
maximal ITC and light grey for minimal values. The red 2Hz sine represents the best fit with estimated
parameters offset (b0 ) and amplitude (b1 ), see methods section. A phase angle of 1/2 and 3/2 caused
a maximum behavioral modulation depth as both extremes of the EEG oscillation coincide with a
target presentation. Numbers refer to the panels in B., where a sine is plotted schematically with the
individual alpha phase angle at target onsets for each subject. The amplitude of the 17 sines (right
panels) represents the individual ITC, the grey bars mark the time periods of target presentations in
R1 and R2. Subjects where both targets were presented at the extremes of the sine and with high
ITC have a higher modulation depth (e.g. subject 11), whereas for subjects with a phase angle of 0,
π or 2 π target presentation coincided with the zero-crossing of the sine in both conditions (R1 and
R2, e.g. subject 6), independently of the ITC, which results in a rather low modulation depth.

3.4.2

Experiment 2

In the second experiment, nothing but the visual flicker intensity in all four conditions was
altered. Instead of a flicker at 118cd/m2 , we presented the flickering stimulus with 262cd/m2 .
Most probably due to an altered pupil size (Spring and Stiles, 1948; Watson and Yellott, 2012;
Troland, 1917), we found increased detection thresholds for all four conditions (see Table 3.1
for details).
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Table 3.1: Mean 50% thresholds averaged over subjects (17 for Experiment 1 (Exp. 1) and 14 for
Experiment 2 (Exp. 2)). Standard error of the mean (SEM) given in parenthesis.

Target position

Flicker regularity
rhythmic
Exp.1
Exp.2
Peak (90)
.49 (.04) .64 (.17)
Trough (270) .44 (.03) .53 (.14)

arrhythmic
Exp.1
Exp.2
.56 (.04) .73 (19)
.50 (.03) .63 (.17)

Based on the concept of the Arnold tongue, an increased light intensity is expected to lead to
stronger phase locking. Indeed we found an increased inter-trial coherence using a one-sided
t-test for unequal variance (Figure 3.8, right panel; t(20) = 1.83, p = 0.041, d = 0.68). As
a consequence, the modulation depth was expected to increase. Our results show that modulation depth is increased during stimulation at increased light intensity (mean modulation
depth and standard error at medium intensity: 0.14±0.02 vs. high intensity: 0.24±0.05;
t(19.5) = 1.9, p = 0.037, d = 0.71).
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Figure 3.8: Increased light intensity causes a greater behavioral modulation depth which is suggested
to result from stronger inter- trial coherence (ITC). (A) The mean modulation depth from conditions
1 and 2 (rhythmic stimulation) compared between the two experiments (medium (Exp. 1) and high
(Exp. 2) light intensity of the flicker) revealed a significant increase (t(19.5) = 1.9, p = 0.037) as well
as the ITC (t(20) = 1.83, p = 0.041) shown in (B) Asterisks indicate the .05 significance level. Error
bars reflect the SEM.

3.4.3

Resting State

In order to investigate whether the resting state oscillation frequency relates to the strength
of entrainment, we determined the peak frequency in the alpha range for every subject prior
to the experiment. The overall mean frequency was 10.09±1.46Hz. The mean individual
distance from 10Hz was .91±1.12Hz. After median split of the minimum ITC of conditions
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R1 and R2 per subject, for the resulting two groups the mean individual alpha frequency
distances from 10Hz were determined. No significant differences were found using a signed
rank test (z= 0, p= 1).

3.5

Discussion

In the present study we found evidence for rhythmic visual stimulation to elicit entrainment.
In line with the concept of the Arnold tongue, which predicts the response of an oscillator
during entrainment, we found that rhythmic and arrhythmic stimulation led to differing
modulations of perception, suggesting different underlying mechanisms for the two types of
stimulation.

3.5.1

Behavioral Measure of the Modulation depth

The occipito-parietal alpha phase has been shown to modulate visual detection (Klimesch
et al., 2007). Based on these findings, we here designed a behavioral paradigm to investigate
the underlying mechanism of SSVEPs (steady-state visual evoked potentials). We therefore
introduced a new measure of modulation depth that includes arrhythmic and rhythmic stimulation at two opposing phase angles. Due to a number of confounds that necessarily appear
in visual detection tasks during visual stimulation (target contrast, temporal attention shifts,
pupil size; see below), the absolute detection thresholds of the four conditions (factors flicker
regularity and target position) are not suitable for a direct comparison (see also S1).

Our results show that the modulation depth increased with increasing inter-trial coherence
(ITC) as a measure of entrainment in the rhythmic condition. The ITC in the arrhythmic
condition appears not to be linked to the modulation depth. In other words, subjects that
showed stronger entrainment also had a higher modulation depth of their behavioral performance, whereas subjects that could not be entrained by the external flicker (low ITC)
revealed a behavioral modulation depth close to zero (Figure 3.4). A modulation depth close
to zero reveals either the fact that arrhythmic and rhythmic stimulation did not induce different effects on relative target detection or that the individual EEG phase angles did not
differ at the two target onsets of R1 and R2 (see below). This result is in line with previous
studies that reported phase dependent behavioral performance as a consequence of visual entrainment (Mathewson et al., 2011; Spaak et al., 2014; de Graaf et al., 2013), which evaluates
our measure of behavioral modulation depth.
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Additionally, we determined the alpha phase angle at 10Hz during target onset. Brain responses of the parietal cortex show an individual shift between EEG and stimulation phase
as it has previously been described for the auditory system (Henry and Obleser, 2012). We
found this individual shift in our data to predict the modulation depth: if the two target presentations (90◦ and 270◦ ) coincided with local maxima and minima of the alpha oscillation,
perception was modified maximally (high modulation depth). Target presentations near or at
the zero crossing of the alpha oscillation (0, π, 2π) led to rather similar detection thresholds
at the two target positions (see schematic explanation in Figure 1 and 5 and the sinusoidal
fit in Figure 3.7).

Furthermore, for subjects with low entrainment (small ITC) the determined phase angle
is rather coincidental and not a valid predictor for the modulation depth. In conclusion,
both factors, inter-trial coherence and phase angle at target onset play a crucial role in the
behavioral modulation depth. Altogether, the ITC and the alpha phase angle at target onset
validate the, to our knowledge, newly introduced measure of the modulation depth.

Likewise, the different contrast levels at which targets were presented in conditions R1 and
R2 did not bias our results, as the relative measure (R1/R2) was corrected by subtracting the
equivalent ratio of the arrhythmic stimulation (A1/A2). Thus, this confound was eliminated
from our behavioral measure as well.

3.5.2

Superposition or entrainment?

Based on these findings we further conclude that phase dependent detection modulation during rhythmic stimulation is not based on phase reset produced by an ERP (Capilla et al.,
2011; Hanslmayr et al., 2007b). During arrhythmic stimulation the flicker stimuli around the
target presentation were kept constant and identical to the rhythmic condition (grey boxes
in Figure 3.2). A potential ERP-elicited phase-reset would thus be the same for both flicker
regularities. As a conclusion, an ERP-elicited alpha synchronization cannot bias our results,
because if occurring at all it would be present in both types of stimulation and thus result in
a modulation depth at around zero.

As a conclusion, it seems likely that SSVEPs reflect an entrained alpha rhythm. Neural
populations oscillate between states of high and low excitability in resting state and have
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been shown to predict the likelihood of a visual stimulus to be perceived (Hanslmayr et al.,
2007a). These neural populations show more or less phase and frequency synchronized activity, with higher synchronization during decreased attention and less synchrony when attention
is focused on perception (Cooper et al., 2003). The flicker is suggested to entrain this ongoing
oscillator or enhance the amplitude by forcing neural populations to oscillate at the external
frequency. This induces a predictable detection of targets, presented at specific phases of this
entrained alpha rhythm.

3.5.3

Entrainment - a mechanism purely based on temporal attention?

However, Mathewson et al. (2012b) found that the effect of phase dependent detection can
also be gained via arrhythmic stimulation. As our measure only describes a difference of
the relative detection modulation during arrhythmic and rhythmic stimulation, we cannot
exclude that detection is modulated during arrhythmic stimulation as well, but to a lower
extent, which is why Experiment 2 was performed.

Temporal attention describes a mechanism that prepares the brain for upcoming events after an expected time window (Nobre et al., 2007; Barnes and Jones, 2000) and entrainment
is often described as a mechanism that creates temporal attention (de Graaf et al., 2013;
Lakatos et al., 2008). Likewise, Mathewson et al. (2012b) described temporal attention as
the underlying mechanism of entrainment. In their study, targets were presented after a
rhythmic or an arrhythmic flicker sequence. The (average) frequency of the flicker sequence
enhanced perception of targets presented at an inter-trial interval that equals that of the
previous flicker (or the average of the inter-trial interval, respectively). In order to find out
if indeed arrhythmic stimulation may cause entrainment but to a weaker extent, we here intended to investigate whether, beyond temporal attention, the two types of stimulation elicit
different fundamental mechanisms in the brain. Compared to Mathewson et al. (2012b), who
presented targets subsequent to a fixed stimulation period of 576ms with a jittered interval
of 36 to 177ms, in our study temporal attention was strongly reduced due to the continuous
block paradigm. Targets were presented every 3-5s during a 5min flicker block.

On the millisecond scale, temporal attention may arise from flicker regularity (Lakatos et al.,
2008; Stefanics et al., 2010; Barnes et al., 2005). This confounding factor was eliminated by
the ratios of the 50% thresholds within the factor flicker regularity (R1 divided by R2 and
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A1 divided by A2).

The phase dependent performance modulation reported by Mathewson et al. (2012b), however, reflects amplitude differences of their behavioral measure between rhythmic and arrhythmic stimulation as well and we cannot exclude that temporal attention, even though
reduced to a minimum, may have biased our results (Lasley and Cohn, 1981). Interestingly, Schnuerch et al. (2013) showed, that temporal attention and stimulus intensity do not
interact, thus stronger stimulation intensity is not expected to result in stronger temporal
attention.

3.5.4

Increased stimulation intensity causes increased modulation depth
along with stronger entrainment

Thus, we performed a second experiment with the exact same parameters but with increased
light intensity for the flicker in both the rhythmic and the arrhythmic condition. Based on the
findings reported by Schnuerch et al. (2013), a difference in behavioral performance cannot be
explained by temporal attention. Furthermore, if both rhythmic and arrhythmic stimulation
revealed a superposition of ERPs, changes in the perceptual threshold would change equally
for all four conditions and result in a similar behavioral modulation depth, independently of
the flicker intensity.

In line with the concept of the Arnold tongue (Pikovsky et al., 2003) we here found a significant increase of the modulation depth when the stimulation intensity was increased. As
a function of stimulation frequency and intensity, the Arnold tongue predicts the brain responses of the parietal cortex during external stimulation in case entrainment is the underlying
mechanism (Notbohm et al., 2016).

Thus, our finding of increased entrainment (determined via ITC) and an increased behavioral modulation depth in Experiment 2 is interpreted as evidence for both stimulation types
causing different mechanisms in the brain. As possible explanation, we suggest that during
rhythmic stimulation the intrinsic alpha oscillator is entrained to the external stimulation in
a way that cannot be explained purely by temporal attention but may include a bottom-up
component that entrains alpha oscillations in addition to attentional modulation (Thut et al.,
2006), that has also been shown to interact with the SSVEP (Müller et al., 2003). While ar-
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rhythmic stimulation may induce temporal attention effects, we suggest that this bottom-up
component of entrainment is not induced via arrhythmic stimulation.

3.5.5

The role of the ongoing alpha oscillations

Here, we stimulated all subjects at 10Hz, independently of their individual alpha frequency.
This was mainly due to technical reasons: adjusting the paradigm to the individual alpha
frequency would mean that either the flicker on- and off times would have to differ between
subjects (at a refresh rate of 100Hz, 9Hz (ca. 111ms per cycle) can only be produced by
e.g. 50ms (5 screens) flicker on and 60ms (6 screens) flicker off (=9.09Hz) or the refresh
rate would have to alter between subjects, which would then result in different durations of
target presentation. We decided to avoid this confound at a cost of differing distances to the
individual alpha frequency, which was found to be rather low. Assuming these limitations
were not existent, stronger entrainment would be expected altogether, especially for those
subjects with greater deviance of the IAF from 10Hz.

3.5.6

Disentangling temporal attention and entrainment

Based on the comparison of the modulation depth between Experiment 1 and 2, we found
that rhythmic and arrhythmic stimulations produce fundamentally different responses in the
brain. While rhythmic stimulation produces an SSVEP, which is suggested to be based
on entrainment, arrhythmic stimulation was not found to substantially interact with the
ongoing alpha oscillation. The newly introduced behavioral measure (the modulation depth)
allowed us to compare perception at different stimulation intensities. The different stimulus
intensities used in Experiment 2 resulted in different degrees of modulation depth which
cannot be explained by temporal attention.

3.5.7

Future directions

The individual differences of entrainment (ITC variations) suggest future investigations with
respect to top-down control of alpha-oscillations (Haegens et al., 2011a; Wang et al., 2016).
Does an increased connectivity of the visual cortex with areas like the frontal cortex that exhibit top-down influence (Buschman and Miller, 2007) impair or improve entrainment? This
would provide further insight into directionalities of entrainment (Sokoliuk and VanRullen,
2016).
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Future studies may also apply the newly introduced measure of the behavioral modulation depth to test stimulation at different distances from the intrinsic alpha frequency. While
comparisons of the absolute thresholds would again be confounded by different backward and
forward masking effects due to altered distances between target and flicker (due to different
inter-trial intervals), the introduced measure remains unaffected of this confound. Based on
the predictions made by the concept of the Arnold tongue, at approx. 8 or 12Hz for instance,
entrainment should be less likely to appear (for a subject with an individual alpha frequency
at 10Hz). As a consequence, a modulation depth closer to zero would be expected. The
same prediction would hold for an even lower light intensity for the flicker stimulus as used
in Experiment 1.

3.6

Conclusion

We here introduced a new measure of behavioral modulation depth that allowed us to investigate the impact of rhythmic visual stimulation on perception modulation. Alpha oscillations
were shown to modulate perception in a phase-dependent manner (Klimesch et al., 2007).
Here, we found that rhythmic compared to arrhythmic stimulation led to significantly different modulations of this phase-dependent perception. In line with the concept of entrainment,
we conclude that a rhythmic but not an arrhythmic visual flicker can entrain the alpha oscillations in the parietal cortex, while temporal attention can be produced by both types of
stimulation. In the present study, we showed that entrainment is possible at or very close
to the individual alpha frequency (10Hz stimulation). The introduced study paradigm can
be applied in future studies to investigate whether we can shift alpha-dependent perception
towards different surrounding frequencies, as predicted by psychophysical studies (Notbohm
et al., 2016; Pikovsky et al., 2003). A comprehensive evaluation of alpha entrainment via
sensory stimulation will provide further implication also for clinical relevance.
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3.9

Supplemental Material

S1. Derivation of the introduced measure of the behavioral modulation depth

The 50% detection threshold was on average lower during rhythmic flicker (Condition R1
and R2; Figure 3.9A, left panel) and when targets were presented in the gap between two
flicker-stimuli (R2/A2, target position 270◦ , Figure 3.9A, two leftmost panels) as compared
to presentation together with the flicker stimulus (R1/A1, 90◦ ). However, a 2x2 ANOVA
neither revealed significant results for the main effects (Flicker regularity: F(1,15)= 3.75, p
= 0.06 and Target position: F(1,15) = 2.94, P = 0.09) nor for the interaction (F(1,30) =
0.01, p = 0.94). The expected missing effects result from a large inter- subject variability as
shown in Figure 3.9A. Six out of the 17 subjects had lower detection thresholds during A1
(arrhythmic stimulation, target with flicker) as compared to A2 (target presentation in the
gap between two flicker stimuli).
If targets are presented together with the surrounding entraining stimulus (see Figure 3.2
for stimulus introduction), the contrast between stimulus and surrounding is much lower as
in condition 2, where the target stimulus, presented in the gap between two stimuli, is presented on a surrounding black screen). A lower threshold means improved performance and
one would expect detection rates to be higher (low 50% threshold) if contrast is high. This
has been the case for 11 out of 17 subjects, but as mentioned earlier, for six the inverse was
found.
Therefore, we took the individual relative detection threshold (A1 divided by A2) as a control
term. This way, the individual relative detection threshold during arrhythmic stimulation
is determined and serves as a control for the relative detection threshold during rhythmic
stimulation (R1 divided by R2).
On average, again the two relative values R1/R2 (rhythmic stimulation at target positions
90◦ and 270◦ ) and A1/A2 (arrhythmic stimulation at target positions 90◦ and 270◦ ) did not
differ (1.13±0.28 for R1/R2 and 1.12±0.24 for A1/A2, see Figure 3.9A, right panel). This is
due to the fact that the direction of the effect differs largely between subjects (7 out of 17
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subjects show a larger relative threshold during arrhythmic stimulation, 10 subjects show the
inverse effect). A comparison over subjects of the two relative values is not representative,
because entrainment can affect perception modulation in both directions (see explanation on
individual phase delay and Figure 3.5 and 3.6 for further information).
We hypothesized, that in case rhythmic stimulation does not influence the perception threshold (compared to arrhythmic) then the relative thresholds (Figure 3.9, right panel) should
remain unaffected. Therefore, the absolute difference of the two relative thresholds on a
subject level was considered as modulation of baseline detection. Thus, a modulation depth
different from zero reflects an alteration of perception due to flicker regularity. Moreover,
this calculation eliminates the two confounding factors of target contrast differences and
temporal attention, which is expected to differ between rhythmic and arrhythmic conditions
(Figure 3.9B).

Figure 3.9: Individual behavioral performance. Single subject performance is shown in black, average
performance in red. (A) Left panel: 50% detection threshold at target position 90◦ (R1) and 270◦ (R2)
during rhythmic stimulation (R). Central panel: detection thresholds during arrhythmic stimulation
at target position 90◦ (A1) and 270◦ (A2). Right panel: Relative performance (target position 90◦
(1) divided by target position 270◦ (2)) for rhythmic (left) and arrhythmic (right) stimulation. Due
to the large variability between subjects, average values are not representative. The modulation
of perception during rhythmic compared to arrhythmic stimulation must be determined on a single
subject level. Error bars show standard deviations. (B) Two confounding factors, temporal attention
and difference in visual contrast level need to be considered and are eliminated in our behavioral
measure of the modulation depth.
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Chapter 4

General Discussion
The studies presented in this dissertation pave the way to future application of visual rhythmic stimulation to achieve entrainment. Both studies reveal evidence on two different levels
for rhythmic sensory stimulation to drive brain oscillations.
In the first study (chapter 2), the psychophysical background of sensory entrainment was
investigated. Therefore, the different hypotheses on how the brain is affected by rhythmic
flicker stimulation were contrasted and analyzed.
A visual flash that reaches the cortex through the eye results inevitably in an event-related
potential (ERP) in healthy human beings. It is thus considered a straight forward assumption that a series of light flashes produces a sequence of ERPs. As an ERP encompasses
several components that appear consecutively, these components would overlap once a certain frequency of flicker presentation is reached. Capilla et al. (2011) superimposed isolated
responses to create a synthetic signal and found it to resemble the SSVEP. The term ’steadystate’ reveals, however, the opposing hypothesis and suggests that the respective brain areas
have fallen into a ’state’. During flicker presentation in the alpha range, the EEG signal
appears to be sinusoidal and also resembles the ongoing alpha rhythm. Moreover, the alpha
rhythm is most prominent in the parieto-occipital cortex, leading to the question whether
the flicker influences the cortex in an alpha-like manner. The conflicting findings on this
important matter motivated the research of this dissertation.

4.1

Psychophysical Analysis of Entrainment

The first study reveals that responses of the internal brain oscillations during rhythmic visual
stimulation resemble the predicted concept of the Arnold tongue (Pikovsky et al., 2003, chap-
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ter 2.1). The rhythmic external flicker can drive ongoing brain oscillations, if the frequency
detuning (frequency distance of externally applied oscillator to the IAF) is sufficiently low
and coupling strength of the two oscillators (flickering light and ongoing alpha oscillator) is
sufficiently high. An increasing coupling strength allows an increased frequency distance to
the IAF to still produce entrainment (Figure 2.5). In study I, flicker stimulation at or close
to the IAF resulted in phase coupling to the external stimulation. With increasing distance
from IAF at stimulation frequencies of 7 or 13 Hz, phase locking between the two oscillators
became less and less robust until the intrinsic oscillator started again to run independently
(Figure 4.1-2D and -3D). With increasing brightness, however, the intrinsic frequency was
coupled to the external stimulation in a broader frequency window. This non-linear response
pattern was not expected for superimposed ERPs. Furthermore, the Arnold tongue could
not be detected for arrhythmic stimulation. Superposition of ERPs cannot explain different
results between rhythmic and arrhythmic stimulation. It was thus concluded that ERPs
cannot fully explain the SSVEP.

4.1.1

Analysis methods of entrainment- amplitudes or phases

While spectral amplitude increases may serve as evidence for entrainment in isolated oscillators, phase locking between stimulation and brain oscillations reflects the more holistic
approach when studying entrainment with EEG data. The approach is omre reasonable, because based on the theoretic concept of the Arnold tongue, an isolated oscillator is expected
to reveal a shift in spectral power from the eigenfrequency to the driving frequency during
entrainment. This is, however, not necessarily the case for EEG spectra. Alpha oscillations are influenced by attentional processes, vigilance, memory processes (Klimesch, 2012),
and other cognitive functions that compete with the external stimulation. These processes
complicate power comparisons in particular. Here, a hilbert transformation was applied to
analyze phase locking between the stimulus and the EEG signal. This way, the analysis is
not frequency specific but considers coupled - as well as uncoupled - oscillations of the alpha
range (a bandpass filter at IAF±3.5Hz was applied, see chapter 2.3.4 for further details).
Changes of the alpha power that are due to factors other than the external stimulation cannot be misinterpreted as entrainment induced amplitude increase this way.
Besides varying brain states, the following paradox appears during visual stimulation: the
rhythmic stimulation itself aims to enhance alpha amplitudes. At the same time, light stimulation and externally oriented attention results in decreased alpha power (Chawla et al.,
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1999; Chelazzi et al., 1993; Hillyard et al., 1998; Luck et al., 1997). Thus the overall effect is
difficult to predict (Keitel et al., 2014), whereas comparing phase coupling between stimulation conditions accounts for these confounding effects.
Altogether, with the methods applied in this study, the relative effect of entrainment can
be compared between conditions, but the absolute extend to which alpha oscillations were
entrained by the external stimulus could not be quantified. On the one hand, this is due to
the fact that the above mentioned varying brain states are reflected in a differing amplitude
of the alpha oscillations over time. In other words, the baseline activity is not robust over
time. On the other hand, spectral power increase at the stimulation frequency can be found
in EEG during stimulation outside the Arnold tongue (where no entrainment is assumed to
take place) as well. Therefore, an additional mechanism that induces rhythmic power to the
brain must take place in the meantime.

4.1.2

Entrainment or resonance

Another phenomenon that frequently occurs in stimulated neural populations is resonance.
As opposed to entrainment, resonance describes the response of a neuron that does not exhibit
self-sustained oscillatory activity (Pikovsky et al., 2003). Distinguishing the two phenomena
based on EEG measurements is not trivial. Baltus and Herrmann (2015) used auditory
rhythmic stimuli to determine the preferred frequency of the auditory cortex. The preferred
frequency of a resonance body is reflected in enhanced response amplitudes compared to amplitudes at surrounding frequencies, which is also expected for entrained brain oscillations.
The crucial difference between entrainment and resonance, however, is revealed in the fact
that via entrainment an otherwise self-sustained oscillator s that oscillates with a certain
phase and frequency (ϕs and νs ) is forced to adopt characteristics (ϕe and νe ) of an externally coupled oscillator e within the area of the Arnold tongue. A resonance body, on the
other hand, will always oscillate at the externally provided frequency, while the oscillator
readopts the eigenfrequency once the frequency difference (IAF minus stimulation frequency)
exceeds a certain limit (see also chapter 1.2.1).
The two concepts are not mutually exclusive and the SSVEP may partly occur as a result
of resonance responses as well (Hutcheon and Yarom, 2000; Barry W. Connors, 1997, Figure 4.1). They may, moreover, depend on one another. If distributed oscillators provide
rhythmic input to resonating neural populations of the parieto-occipital cortex, the EEG
signal of the oscillatory populations may be enhanced by resonators (see Figure 4.1). As
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yet no discrete alpha generator could be concordantly identified (Hutcheon and Yarom, 2000;
Andersen and Andersson, 1968; Lopes da Silva, 1991; Bollimunta et al., 2011), this distinction
remains unresolved to a certain degree. Sources are, however, frequently reported in areas
that are affected by the sensory flicker, such as the primary visual cortex and the lateral geniculate nucleus of the thalamus (Bollimunta et al., 2008, 2011; Destexhe and Sejnowski, 2001).
Based on this knowledge combined with the here presented results, it is consequently assumed,
that entrainment was one decisive mechanism that was induced during rhythmic stimulation,
which is furthermore supported by computational approaches (Roberts and Robinson, 2012;
Herrmann et al., 2016b).
Entrainment, however, cannot represent the exclusive mechanism during sensory stimulation, as a spectral power enhancement can also be found outside the Arnold tongue (see
e.g. Figure 4.1-3, here 7Hz is considered outside the Arnold tongue at the given stimulation
intensity).
Moreover, although entrainment is the more direct approach, resonance responses to rhythmic flicker might also contribute to investigating the causal link between oscillations and
functions: based on the above introduced hypothesis that alpha generators may also drive
resonating neural populations in the parieto-occipital cortex, an alternation of this partly
resonance-based rhythm may also be suitable to investigate causality of brain oscillations in
this particular case, as depicted in Figure 4.1-2). The entrained oscillators drive the surrounding resonating populations at 10Hz, leading to an enhanced 10Hz peak in the spectrum.
In general, a rhythm that is externally induced and is based on neural resonance, rather
increases neural excitation in sum as opposed to shifting oscillatory power in phase and/or
frequency (see also chapter 1.2.1). In other words, not the ongoing oscillations are driven and
probed for their function, but additional activity is induced that is not necessarily based on
brain oscillations. If, however, the external oscillator competes with an intrinsic one that is
not directly targeted by the flicker stream but is coupled to the same resonating populations
as the external driving force, resonance may in the end be of interest to study brain oscillations as well.
Figure 4.1 depicts these two cases. During 10Hz stimulation (sufficient stimulation intensity
is assumed), resonators enhance the oscillatory signal by synchronizing with the oscillators.
This is also the case during resting state, where resonating populations are in phase with
oscillatory populations (Figure 4.1-1). Thus, the resonance response can be interpreted as
related to alpha oscillations. At 7Hz, on the contrary, the 10Hz alpha oscillations remain
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unaffected. Some of the resonating populations fire at a 7Hz rhythm, but in this case, this
leads to an additionally induced rhythm.
Altogether, it is concluded from the first study, that oscillations were altered towards characteristics of the external driving force. Entrainment was revealed, which is indispensable to
study causality of oscillations and brain functions.
However, additional processes (ERP generation/resonance) are suggested take place in the
meantime and might thus explain findings by Capilla et al. (2011). Figure 4.1 depicts the
possible interaction of resonators and oscillators. It shall be noted that a possible mechanism
that underlies the generation of ERPs is not considered in this concept for two reasons: first,
ERPs may occur in addition to entrainment, but reveal a response pattern that is independent
of the intrinsic frequency. Thus, it was shown that superposition of ERPs does not reflect
the main underlying mechanism of SSVEPs in a previous section (chapter 2). Secondly, it is
yet subject of open debate whether ERPs reflect phase resetting of ongoing brain oscillations
(Makeig, 2002; Hanslmayr et al., 2007b; Klimesch et al., 2006)or rather reveal an additive
mechanism that is independent of the ongoing oscillations (Rousselet et al., 2008; Mäkinen
et al., 2005; Min et al., 2007). For the sake of clarity, this debated mechanism was neglected
in the concept. It further cannot be excluded, that the parieto-occipital cortex exclusively
consists of oscillatory neurons based on our findings (Bollimunta et al., 2008). The suggested
coexistence of resonators and oscillators however combines findings from other studies while
still being in line with the results presented here (Baltus and Herrmann, 2015; Hutcheon and
Yarom, 2000; Buzsáki and Draguhn, 2004).
Figure 4.1 aims to suggest the mutual non-exclusive existence of resonators and oscillators
without demand for a complete explanation of the neural response to the visual flicker.
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Figure 4.1: A possible concept of the parieo-occipital cortex, combining entrainment and resonance.
The enlarged region of the brain depicts a hypothetical pattern of neural populations with resonance (cycles) and oscillation (cycles with toothed wheel) characteristics. Oscillatory but not resonance populations reveal self-sustained oscillations. It is suggested that resonance populations are
driven by neighboring oscillatory populations (for improved comprehensibility connections between
non-neighboring populations are neglected here and the hypothesis is reduced to resonators and oscillators to suggest their possible co-occurrence). The degree of phase synchrony within a neural
population is reflected by the length of the phase vector, the direction indicates the mean phase angle, the peak frequency of a population is indicated in the center of each cycle in Hz. (1) In the
first column, resting state activity is depicted with most neurons oscillating (or resonating) at 10Hz,
surrounding frequencies (9, 11 and 12Hz, in this exemplary brain region) are less pronounced. Below
the hypothetical pattern, the spike rates and the modeled resulting EEG is depicted as well as the
spectrum. For more detailed information please refer to Figure 1.1. (2) During 10Hz stimulation,
oscillatory populations are entrained to the external flicker. This is reflected in frequency shift (oscillators with neighboring frequencies at 9 and 11Hz are shifted to 10Hz, based on the concept of
the Arnold tongue) and phase locking within the 10Hz oscillatory neurons. Resonance responses also
contribute to synchronized spike rates and, as a consequence, to the clear 10Hz peak in the modeled
EEG spectrum (D). (3) During 7Hz stimulation, the alpha oscillators remain broadly unaffected, as
the frequency detuning exceeds the limits of the Arnold tongue (at the depicted intensity).The 7Hz in
the spectrum of the modeled EEG (D) still contains a peak at 7Hz, which is suggested to reveal the
response of resonators. The main rhythm of the parieto-occipital cortex at 10Hz remains unaffected
compared to resting state.

4.2

Behavioral Analysis of Entrainment

In order to corroborate the drawn hypothesis of entrainment on a behavioral level and
to reveal that the induced and/or altered alpha rhythm is indeed responsible for phasic
inhibition (see chapter 1.1.2), a second study was performed (chapter 3). At two positions
inside the Arnold tongue, subjects were stimulated rhythmically and asked to detect
targets that were presented at two 180◦ differing phases of the stimulation signal. It was
hypothesized that if the SSVEP reflects an alpha rhythm, it should have a phase-dependent
inhibitory influence on perception, which then was expected to cause phasic modulation of
perception.
As hypothesized, it was found that during rhythmic stimulation phase dependent visual
perception differed from the same perceptual task during arrhythmic stimulation, as
predicted by the findings from study I. This was interpreted as corroborating evidence that
phase-dependent perception is not simply biased by ERP components. ERP components
contain spectral power in the alpha range, generated in the posterior cortex (Makeig,
2002), and may thus modulate subsequent target perception. If the behavioral modulation
had been related to the ERP components, at which the targets were presented, detection
would have been independent of rhythmicity of the meanwhile presented flicker stream.
Furthermore, based on the fact that behavior is phase dependent, it is assumed that relevant
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brain oscillations were altered. This would not be expected if the SSVEP was based on
resonance phenomena, which are independent of the ongoing rhythm.

Hence, based on behavioral alterations, entrainment was suggested to take place during rhythmic visual stimulation. The results corroborate findings from study I and are in
line with other reported research (Mathewson et al., 2012b; Spaak et al., 2014; de Graaf
et al., 2013).

4.2.1

Entrainment or temporal attention

As described in chapter 3, however, Mathewson et al. (2012b) found an arrhythmic flash
stream to impact detection in a phase dependent manner as well (although behavioral effects
were attenuated). This finding, on the other hand, is not in line with the prediction of
rhythmicity to be a crucial factor for entrainment, as reported here (chapter 2 and 3).
Mathewson et al. (2012b) assumed that temporal attention applies as a logical concept to
explain their findings. As discussed in chapter 3, however, temporal attention cannot explain
the results of study II. Besides the largely reduced impact of temporal attention (continuous
experimental paradigm), the behavioral effects are in line with the concept of the Arnold
tongue. As already shown on the psychophysical level in the first study, stronger stimulation
intensity (increased coupling strength) was associated with an increase in the behavioral
modulation depth in the second study. The unambiguous differences between rhythmic and
arrhythmic stimulation found in the studies of this dissertation suggest that the SSVEP can
neither be fully explained by temporal attention nor by the aforementioned superposition of
ERPs or resonance. It is rather suggested that the SSVEP encompasses different mechanisms
together with entrainment as one decisive underlying mechanism.

4.3

The Measure of the Behavioral Modulation Depth

Besides revealing evidence for entrainment on a behavioral level, the study introduced a
new measure of behavioral modulation depth. The particular strength of this measure is
reflected in its ability to correct for several artifacts that confound visual target detection
during visual stimulation. Therefore, it allows a comparison between different stimulation
intensities. Without controlling for this factor, differences in detection rates would be largely
covered by differing pupil sizes (Spring and Stiles, 1948).
The particular strength of the measure also lies in its ability to correct for the variance
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between subjects regarding the ratio of 50% thresholds in the two arrhythmic conditions (with
target presentation at 90◦ and 270◦ ). Surprisingly, not all subjects showed a higher detection
threshold when the target was presented between two flicker annuli, although the visual
contrast (target to background) was lower during this condition. Based on the here proposed
hypothesis, entrainment is not expected during the arrhythmic condition and therefore cannot
serve as an explanation for this result. It is rather assumed that effects of temporal attention
as well as forward and/or backward masking effects, triggered by the preceding or subsequent
flicker stimuli, respectively, may have contributed to the inter-subject variability (Eriksen and
Collins, 1965; Eriksen, 1966; Kranczioch et al., 2003; Klein et al., 2011; Dale et al., 2013).

4.4

Future Studies

With the results presented in study II, two fields within the area of the Arnold tongue
were covered along the center frequency. In the next step, it is now of particular interest
to explore the area outside the Arnold tongue to further corroborate the psychophysical
findings from chapter 2 (study I). At a frequency outside the alpha range, the modulation
depth is expected to be significantly decreased compared to the presented study with a
flicker at 10Hz.
To present the flicker stream on a screen is, however, a limitation to the choice of stimulation
frequency, due to the refresh rate of the screen. Thus not any desired frequency can be
chosen for stimulation. Moreover, the rectangular stimulation adds (stronger) harmonic
frequencies to the EEG. These might interfere with the second target position, as the peak
amplitude of the first harmonic occurs at the 180◦ phase angle of the stimulated cycle.
This coincides exactly with the second target presentation. Consequently, the effects of the
behavioral modulation could be even stronger if the flicker stream was presented sinusoidally,
as it is possible with respective LEDs. Therefore, it is suggested to install a flicker apparatus
of LEDs for future experiments.
It is, however, interesting as well to further investigate harmonic entrainment on a behavioral
level. In line with the concept of the Arnold tongue, which appears also at harmonic and
subharmonic frequencies of the stimulation stream, psychophysical evidence for entrainment
in these frequency ranges has been reported (Halbleib et al., 2012; Salchow et al., 2016).
Yet, however,behavioral evidence for harmonic entrainment is rather rare.

Although in general, phase dependent visual target detection was revealed by the pre95
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sented findings that can be reduced to entrainment, further questions remain that can be
investigated with the introduced measure. For instance, Lange et al. (2013) showed in an
illusion experiment (touch induced double flash illusion) that the amount of perceived double
flashes increases with decreasing alpha power although only a single flash was presented.
This finding is in line with the theory of increased excitability. On the other hand, a single
touch stimulus accompanied by a double flash again led to a double flash percept when
alpha was high. Subjects were more likely to perceive a flash fusion (perceive one when
there were two) when prestimulus alpha power was high. In the two studies, subjects with
lower prestimulus alpha power are more likely to perceive two stimuli instead of one. As a
conclusion, alpha oscillations do not seem to improve perception. It may rather be concluded
from this experiment, that low alpha power leads to increased excitability, as the authors
suggest (see also Romei et al., 2008; Sauseng et al., 2009). These findings gain further
support from Dugué et al. (2011), reporting that the perception of phosphenes (illusory
light perception), triggered by brief transcranial magnetic stimulation (TMS) pulses, depend
on alpha oscillations as well. To further test the suggested mechanism of entrainment, the
introduced behavioral paradigm could be applied to investigate perception of ambiguous
stimuli that are capable of distinguishing between the two phenomena, increased excitability
and improved vision. This would add evidence from phase dependent modulation to the
reported findings, which are based on prestimulus amplitude differences.

With regard to BOLD responses during visual entrainment, a negative correlation has
been described above. The BOLD signal decreases during alpha entrainment, which is in
line with correlations of resting state alpha amplitudes and the BOLD signal (Laufs et al.,
2003; Goldman et al., 2002; Scheeringa et al., 2011). Laufs et al. (2003), however, found this
negatively correlating relationship for the parietal but not the occipital cortex. Interestingly,
the modulation depth reported in study II increases with increasing ITC in the parietal
but not the occipital cortex (chapter 3). Repeating study II with measuring fMRI might
contribute to understanding the link between alpha oscillations and BOLD responses. The
relative BOLD response (rhythmic compared to arrhythmic stimulation) is expected to
decrease with increasing ITC and increasing modulation depth during 10Hz stimulation.
During stimulation outside the Arnold tongue (e.g. 7Hz), no correlation would be expected.
A modulation depth dependent change of the BOLD signal would further corroborate the
notion of alpha entrainment in the parietal cortex. Further, it would add the so far missing
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causal link between alpha oscillations and the BOLD signal, if present.

Besides investigating pure phenomena of sensory entrainment, another study may investigate the interaction of tACS and flicker stimulation in and out of phase. Ruhnau
et al. (2016) reported the combination of transcranial stimulation(e.g. tACS) and flicker
stimulation for the first time, but could not observe enhanced entrainment effects. However,
the individual phase delay between visual stimulus and SSVEP was neglected in their
study. Furthermore, the introduced measure of the behavioral modulation depth might be
more sensitive to weak behavioral effects. As tACS alternates the electric charge in the
extracellular space, whereas sensory stimulations affects the intra-cellular space, enhanced
entrainment effects are expected to take place.

In the clinical context, it has been shown that decreased power in alpha oscillations
is found in multiple psychiatric diseases (Başar-Eroglu et al., 2009; Alfimova and Uvarova,
2008; Jiang et al., 2016; Başar, 2012; Lenartowicz et al., 2016; Alderson et al., 2013;
Besthorn et al., 1994; Locatelli et al., 1998; Koenig et al., 2005; Clementz et al., 2004;
Alfimova and Uvarova, 2008). The here presented findings support clinical applications of
alpha entrainment to treat the respective patients. It will further help to disentangle more
distinguished functions of alpha oscillations and thus allow further insight into understanding
the origin of psychiatric diseases.

Altogether, the suggested studies will contribute to (1) improve the stimulation setting, (2) reveal further evidence for rhythmic visual entrainment to interact with the ongoing
alpha oscillations and (3) to further disentangle the functional relevance of alpha oscillations.

4.5

Practical Applications of Sensory Stimulation

As noted above, SSVEPs are applied in several contexts, like BCI, in clinical applications
to probe responsiveness of the visual cortex, or in the context of entrainment.

The

underlying mechanism of SSVEPs, however, was broadly discussed with non-agreeing
results (Capilla et al., 2011; Keitel et al., 2014; Schwab et al., 2006; de Graaf et al.,
2013). This dissertation now sheds light on this question. The two studies presented here
evaluate rhythmic stimulation as a tool to induce entrainment.

As pointed out in the

first study, the provided stimulation parameters are decisive for entrainment. The results
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suggest considering the stimulation frequency and intensity with respect to the desired effects.

Although SSVEPs are relevant in BCI, the research focus is completely different from
what was regarded in this dissertation. SSVEPs in BCI serve to identify the visual focus of a
subject, e.g. when reading letters that flicker at a certain frequency. Via EEG and spectral
analysis, the focused letter can be decoded. The excellent signal-to-noise ratio makes it’s
application particularly interesting. The underlying mechanism of the SSVEP is hence not
of major importance for the application of the flicker stimuli. The here presented findings
are, however, relevant for BCI, as entrainment reflects an undesired mechanism in this
context. Thus, even though probably best results will be gained for stimulation in the alpha
range (best signal-to-noise ratio due to entrainment), a parameter outside the Arnold tongue
is more suitable to not interfere with ongoing brain oscillations (Dreyer and Herrmann, 2015).

Research studies or clinical applications with the aim to entrain the alpha oscillator,
on the other hand, make a choice of parameters inside the Arnold tongue indispensable.
As the choice of frequency is determined by the individual alpha peak, the individual most
suitable intensity should be determined based on the individual Arnold tongue, as the
coupling strength shows variance between subjects.
Moreover, the presented findings reveal sensory stimulation as a means to alter alpha
oscillations in patients with psychiatric diseases. This finding is of economic interest as well,
as a rhythmically flickering light source is cheaper and easier to install even at the patients
home, compared to electric or magnet stimulation.
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Chapter 5

Conclusion
Coming back to the brief light flash, the likelihood of the flash being missed by the observer
has been initially described to depend on the instantaneous state of the parietal cortex
(besides the physical characteristics of that light flash). Here, it could be shown that this
state can be influenced externally. As a consequence, it can be predicted in advance, if the
upcoming flash will be perceived or not.

In this dissertation, it was revealed that this predictive behavior results from entrainment
of brain oscillations. Besides ERPs, resonance phenomena and temporal attention, which
have been discussed as concomitant phenomena, entrainment was identified as important
underlying mechanism of SSVEPs. As a consequence, a visual rhythmic flicker stream is
assumed to represent an eligible tool to study causality of oscillations and brain functions.

The findings further support the general idea of driving oscillations via external oscillators
and encourage further investigations, also in other modalities or frequency bands, applying
sensory as well as transcranial stimulation methods.
Besides the application of entrainment in research, the here presented findings are likewise
relevant in the clinical context. Alpha oscillations in particular reveal altered amplitudes in
patients with psychiatric diseases. Further investigation of suitable stimulation parameters
may thus facilitate new therapy options as well as new insights into brain dynamics that
appear in neural dysfunctions.

99

Summary
The studies in this dissertation reveal that rhythmic visual stimulation can entrain alpha
oscillations.
It has been previously shown, that the so-called alpha-rhythm (8-13Hz) of the parietooccipital cortex is weaker if attention is oriented towards perception of external stimuli.
Increased alpha power, on the contrary, has been attributed to inhibition of the respective
brain areas. This relationship between oscillations and perception is not restricted to alpha
amplitudes. Moreover, it could be shown that perception oscillates between states of inhibition and excitation at a frequency in the alpha range. Although these findings strongly
suggest a causal relationship between alpha oscillation and perception, most studies are based
on correlative observations, thus could also observe an indirect connection.
To further study the question of causality, a currently broadly applied procedure is to influence brain oscillations by externally applied driving forces. This oscillating driving force can
for instance be a flicking light. A light, flickering rhythmically in the alpha range is focused
by the observer and thereby forces intrinsic oscillations in the parieto-occipital cortex to oscillate at the provided frequency and phase.
So far, different underlying mechanisms where suggested to occur during this kind of stimulation and the suitability to study causality remained subject to debate. At the same time,
however, this method was applied to study causality, emphasizing the timeliness of this debate.
In this dissertation it could be shown on two different levels, that visual rhythmic stimulation
reflects a shift of the alpha rhythm towards externally applied parameters. The first study
investigates the underlying mechanism of electrophysiological potentials that are induced via
rhythmic visual stimulation on a psychophysical level. The results of this analysis reveal
that parieto-occipital oscillations resemble an isolated oscillator during entrainment, if stimulated via rhythmic flicker. The brain oscillations adopt the externally provided parameters
(frequency and phase) in a certain window around the intrinsic frequency (individual alpha
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frequency). If the frequency difference between intrinsic and external oscillations exceeds a
certain limit, the intrinsic frequency readopts its own phase and frequency. With increasing
coupling strength, the window of entrainment around the intrinsic frequency widens. These
phenomena could not be observed during arrhythmic stimulation.
The results of the first study have been evaluated in the second study by adding a behavioral
measure to the paradigm. The alpha oscillator is correlated with a phasic modulation of
perception, as mentioned initially, which means that the neurons oscillate between excitatory
and inhibitory phases.
If the alpha oscillator is fact influenced by the externally applied flicker sequence, its phases
must be predictable. It has been expected that target stimuli at two opposing phases of
the stimulation sequence are perceived up to different thresholds of brightness, which should
be greater during inhibitory phases as compared to excitatory phases. During arrhythmic
stimulation, on the contrary, this should not be the case.
As flicker and target stimuli are presented in the same modality, a number of confounding
factors needs to be considered and rejected. To achieve this, a new measure was introduced,
which comprises the behavioral modulation during rhythmic stimulation as compared to
arrhythmic stimulation. It was found that the behavioral modulation depth was larger for
subjects with stronger phase coupling. Moreover, a light flicker at increased brightness causes
stronger phase coupling and a greater modulation depth which is in line with the reported
concept of the Arnold tongue.
The studies reported here show that sensory stimulation is suitable to entrain brain oscillations in the alpha range. This finding evaluates its application in studies that investigate the
causal relationship of oscillations and brain functions.
Moreover, the acquired knowledge paves the way to future clinical applications of sensory
entrainment, as numerous psychiatric diseases are related to an altered alpha rhythm.
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Zusammenfassung
Die in dieser Dissertation präsentierten Ergebnisse zeigen, dass es möglich ist, Hirnoszillationen nicht-invasiv zu beeinflussen. Wie bereits aus der Literatur bekannt, ist der sogenannte alpha Rhythmus (8-13Hz) im parieto-okzipitalen Kortex schwächer ausgeprägt,
wenn die Aufmerksamkeit auf die Wahrnehmung externer Stimuli gerichtet ist.

Eine

höhere alpha Amplitude wird hingegen mit einer Inhibition der entsprechenden Hirnareale
in Verbindung gebracht.

Dieser Zusammenhang zwischen alpha Oszillationen und der

Wahrnehmung beschränkt sich nicht auf die Amplitude. Es konnte auch gezeigt werden,
dass die Wahrnehmung phasisch zwischen Inhibition und Exzitation oszilliert, und zwar im
Frequenzbereich des alpha-Rhythmus. Obwohl diese Erkenntnisse einen kausalen Zusammenhang von Alphaoszillationen und Wahrnehmung nahelegen, sind die Studien weitgehend
korrelativer Natur, könnten also auch auf einem indirekten Zusammenhang beruhen.
Um der Frage nach der Kausalität weiter nachzugehen, wird in einem nunmehr häufig
angewandten Verfahren versucht, Hirnoszillationen durch extrakortikale Oszillationen
anzutreiben. Dies kann zum Beispiel durch sensorische Stimulation geschehen. Ein im alphaFrequenzbereich rhythmisch flackerndes Licht wird fokussiert und forciert damit intrinische
Oszillationen im parieto-okzipitalen Kortex, an der vorgegebenen Phase und Frequenz zu
feuern.
Bislang waren sich Wissenschaftler nicht einig darber, welcher Prozess genau dieser Art von
Stimulation zugrunde liegt und ob sie sich tatsächlich eignet, die Kausalität von Hirnoszillationen und Hirnfunktionen zu untersuchen.
Gleichzeitig wurde die Methode aber schon angewandt, um der Kausalitätsfrage nachzugehen, was die besondere Aktualität der Fragestellung unterstreicht.
Im Rahmen der vorliegenden Dissertation konnte auf zwei unterschiedlichen Ebenen gezeigt
werden, dass visuelle rhythmische Stimulation tatsächlich zu einer Verschiebung des alphaRhythmus führt. Die erste Studie untersucht den zugrunde liegenden Mechanismus durch
rhythmische Stimulation induzierter elektrophysiologischer Potentiale auf der psychophysis-
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chen Ebene. Die Ergebnisse der Analyse zeigen, dass die parieto-okzipitalen Hirnoszillationen
unter visueller Stimulation tatschlich einem isolierten Oszillator gleichen, der an eine rhythmische Antriebskraft gekoppelt ist. In einem gewissen Bereich um die Eigenfrequenz (individuelle alpha- Frequenz) nehmen die Hirnoszillationen die Eigenschaften der externen Stimulation an, bis der Oszillator beim Überschreiten eines bestimmten Frequenzunterschiedes
auf seine eigene Frequenz und Phase zurckspringt. Mit steigender Kopplungsstärke weitet
sich der Bereich, indem der Oszillator die externen Eigenschaften annimmt. Diese elektrophysiologischen Hirnantworten konnten ür arrhythmische Stimulation nicht gezeigt werden.
Die Ergebnisse der ersten Studie wurden in einer zweiten Studie evaluiert, indem ein Verhaltensmaß hinzugenommen wurde. Wie anfänglich erwähnt, zeigt der alpha Oszillator eine
phasische Wahrnehmungsmodulation, wodurch die Neuronen zwischen inhibitorischen und
exzitatorischen Phasen schwanken. Wird er nun tatsächlich durch die extern applizierte
Flickersequenz beeinflusst, müssen seine Phasen vorhersagbar sein. Es wurde also erwartet,
dass Zielreize an zwei entgegengesetzten Phasen der Stimulationssequenz bis zu einer unterschiedlichen Helligkeitsschwelle hin wahrgenommen werden, welche in inhibitorischen Phasen
größer sein sollte als in exzitatorischen. Im Vergleich dazu sollte dies während arrhythmischer
Stimulation nicht der Fall sein.
Dadurch, dass sowohl die Stimulation als auch die Zielreize in der gleichen Modalität
präsentiert wurden, ergeben sich eine Reihe beeinflussender Faktoren, die ausgeschlossen
werden müssen. Um dies zu erreichen, wurde ein neues Maß eingeführt, welches die Verhaltensmodulation durch rhythmische Stimulation im Vergleich zu arrhythmischer ausdrückt.
Es konnte gezeigt werden, dass die Verhaltensmodulation bei Probanden stärker war, bei
denen die Hirnoszillationen stärker an die externen Stimulationssequenz gekoppelt waren.
Darüber hinaus führt ein helleres flackerndes Licht zu einer stärkeren Kopplung was zum
einen mit dem Konzept der Arnold Zunge übereinstimmt und zum anderen in einer größeren
Modulationstiefe resultierte.
Die hier vorgestellten Studien zeigen, dass sensorische Stimulation tatsächlich dazu geeignet
ist, Hirnoszillationen im Alphabereich zu beeinflussen. Dies rechtfertigt die Anwendung in
Studien zur Untersuchung von kausalen Zusammenhängen von alpha Oszillationen und Verhalten. Darüber hinaus ebnen die Erkenntnisse den Weg zur weiteren Anwendung im klinischen Bereich, da eine Vielzahl psychiatrischer Krankheitsbilder mit einem Veränderten alpha
Rhythmus im Zusammenhang stehen.
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