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Abstract

Brain rhythms seem central to understanding the neurophysiological basis of human cognition.
Yet, despite significant advances, key questions remain unresolved. In this comprehensive
position paper, we review the current state of the art on oscillatory mechanisms and their
cognitive relevance. The paper critically examines physiological underpinnings, from phase-
related dynamics like cyclic excitability, to amplitude-based phenomena, such as gating by
inhibition, and their interactions, such as phase-amplitude coupling, as well as frequency
dynamics, like sampling mechanisms. We also critically evaluate future research directions,
including travelling waves and brain-body interactions. We then provide an in-depth analysis of
the role of brain rhythms across cognitive domains, including perception, attention, memory,
and communication, emphasising ongoing debates and open questions in each area. By
summarising current theories and highlighting gaps, this position paper offers a roadmap for
future research, aimed at facilitating a unified framework of rhythmic brain function underlying
cognition.
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Introduction

Brain rhythms - neuronal oscillations - are periodic changes of excitability in neuronal
populations. Ubiquitous in the brain, rhythmic activity can be observed at different levels of the
neuronal hierarchy as well as at different timescales. We typically consider activity with
frequencies between 1-100 Hz, but rhythms can range further into infra-slow or very-high
frequency realms. The scientific interest in brain rhythms has soared in recent years, and
multidisciplinary efforts have led to considerable progress on putative mechanisms and their
importance for perception and cognition. However, burgeoning knowledge and methodological
advances have also generated a multitude of new questions.

The main purpose of this extensive consensus paper is to highlight the state-of-the-art
knowledge and currently unsolved questions, controversies, and debates related to oscillatory
cognitive neuroscience. First, we present our knowledge of what brain rhythms do, i.e., the
current idea of fundamental oscillatory mechanisms and functions (Figure 1). We also cover
oscillatory activity during rest and interactions with other bodily rhythms, a promising sub-field
of oscillatory neuroscience. We then provide a snapshot of the role of oscillatory mechanismsiin
cognitive processes spanning perception, attention, memory and communication, and highlight
open questions in each area.

Oscillatory Functions Cognition
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Figure 1. Overview of putative oscillatory mechanisms and functions, and cognitive processes in which
they are described to be relevant. Note that the conceptual level of proposed functions ranges from close
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to neurophysiological processes (e.g., cross-frequency coupling) to cognitive interpretations (e.g., gating
by inhibition).

We adopt the widespread approach that observations about rhythmic brain activity and
processes involving brain rhythms can largely be described by using concepts from oscillatory
mechanics (Buzsaki, 2006). From this perspective, rhythms are quantified as sinusoidal
oscillations that undergo changes in power (amplitude), phase (phase shifts, phase resets), and
frequency. Consequently, oscillations are typically extracted from electro- or magneto-
encephalographical (M/EEG) time-series data by filtering them into narrow frequency bands or
using Fourier-based spectral and spectro-temporal decompositions, including fast Fourier
transform (FFT) and wavelet convolution (e.g., Gross, 2014).

While this Fourier-based oscillatory view of brain rhythms is convenient, we note that other
methodological approaches are available for capturing existing non-sinusoidal or non-stationary
characteristics of rhythmic activity (waveform shape: Cole & Voytek, 2019; empirical mode
decomposition: Huang et al., 1998; multi-scale entropy: Kosciessa et al., 2020; Myrov et al.,
2024) (and burst detection: Hughes et al., 2012; Myrov et al., 2024; Wilson et al., 2022) and that
equating the methodological approach with physiological and cognitive interpretations can
produce misinterpretations, such as the Fourier fallacy (Jasper, 1948).

1 Putative oscillatory mechanisms

Oscillations can be described by their phase, amplitude (or power), and period (usually
quantified by frequency, Figure 2). These three parameters have been linked to partially distinct
physiological mechanisms, functions, and processes. However, defining what constitutes an
oscillatory mechanism is far from trivial, and it is often difficult to disentangle different levels of
processing, from basic physiological processes at the level of neurons to cognitive processes.
Oscillations have intrinsic timescales that depend on the period of the oscillations (cycle).
Whereas higher-frequency oscillations occur on shorter time scales, lower-frequency
oscillations describe longer cycles.
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Figure 2. Basic properties of oscillations. A-C show one cycle of an oscillation with variations in amplitude,
instantaneous phase, and frequency in the time domain. D-F translate these into the spectral domain.
Amplitude in D is usually expressed as oscillatory power (= amplitude squared). The phase angle ¢ in E
expresses the lie of peaks and troughs relative to an oscillation ¢ = 0. (Note that ¢ in E does not match the
oscillation in B for illustrative purposes).

At the neuronal level, oscillations reflect the waxing and waning of neuronal excitability, thus
regulating neuronal spiking and communication in neuronal circuits. Both neurophysiological
evidence and computational biophysical models of neuronal circuit mechanisms suggest that
synaptic interactions among excitatory pyramidal neurons (PNs) and GABAergic inhibitory
interneurons (INs) form the simplest universal microcircuit that intrinsically generates
synchronised oscillations through recurrent and reciprocal interactions (Onslow et al., 2014;
Traub et al., 2005; Voloh & Womelsdorf, 2016). The frequency of an oscillation is determined by
several factors including the strength of the excitatory drive, axonal conduction delays, and the
time constants of GABA-A- and GABA-B-receptor-mediated inhibitory postsynaptic potentials
(Buzsaki & Wang, 2012).

Human brain rhythms tend to occur within characteristic frequency bands (Groppe et al., 2013;
Mahjoory et al., 2020). Conventionally, oscillations have been separated into canonical bands of
lower frequencies in delta (1-4 Hz), theta (4-8 Hz), and alpha (8-14 Hz) ranges, as well as higher
frequencies in beta (14-30 Hz) and gamma (30-120 Hz) ranges. These bands are framed by infra-
slow (<1Hz) and high-frequency oscillations (HFOs; >120Hz). This classification was originally
borne out of the low sensitivity of early EEG recordings and analysis approaches, that simplified
a more complex reality of multiple rhythms in overlapping frequency bands that are present in
brain activity at any pointin time. Recent data-driven approaches show that frequency bands can
vary considerably between individuals and brain anatomy (e.g., Haegens et al., 2014) and tasks
(e.g., Cruz et al., 2025; Sattelberger et al., 2024) while also demonstrating more fine-grained
frequency distributions or sub-bands.

1.1 Mechanisms of oscillatory phase

Instantaneous phase describes the momentary state of an oscillating system within its cycle
(Figure 2). During each cycle, the system traverses different states, including one peak (positive
maximum) and one trough (negative maximum). Two oscillators are considered synchronised
when their peaks and troughs align or show statistically significant coupling over time or across
trials. In this section we discuss what the different phases and phase synchronisation of a
neuronal oscillation might reflect, providing the basis for how they can be mechanistically linked
to cognitive function (Section 2).

1.1.a Excitation-inhibition cycle in oscillation dynamics

Evidence that rhythmicity plays a fundamental role in neuronal processing first arose in the early
20" century, when Bishop (1933) applied periodic stimuli to the optic nerve of a rabbit and
observed that the amplitude of the cortical responses varied rhythmically. This was taken as
evidence that the phase of cortical oscillations reflected the cortex’s momentary excitability
(Lindsley, 1952). In line with this, later behavioural studies showed that oscillatory phase
predicts the sensitivity to sensory stimulation (e.g., visual stimulation: (Busch et al., 2009;
Dustman & Beck, 1965; Harris et al., 2018; Lansing, 1957), auditory stimulation: (Kayser et al.,
2016; Neuling et al., 2012; Ng et al., 2012). Cycling through phases has therefore been proposed
to provide “windows of opportunity” for perceptual processing, also known as “perceptual
cycling” (Lindsley, 1952; VanRullen, 2016), a notion revisited in more detail in Section 2.1.
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Potentially underpinning this notion at the neuronal level, rhythmic activity plays a fundamental
role in the top-down regulation of neuronal processing. High-excitability phases are associated
with, or defined by, higher neuronal firing rates compared with low-excitability phases. This
structure creates a temporal scaffolding for information processing across frequency bands
(Buzsaki, 2006). The same principle is thought to apply to oscillations across multiple
frequencies. For example, beta and gamma-band oscillations are associated with tight LFP-
spike time relationships and therefore thought to reflect periods of active neuronal processing
(Fries, 2015; Womelsdorf et al., 2007). Slower rhythms (1-14 Hz) have been ascribed a
modulatory influence by setting the temporal scaffolding for neural processing (Gips et al., 2016;
J. M. Palva & S. Palva, 2018; von Stein & Sarnthein, 2000).

In human non-invasive recordings, it is impossible to measure excitability, neuronal firing rates
or high-/low-excitability phases in absolute terms. Instead, various indirect measures yield a
‘proxy’ of these phenomena. For example, phase opposition can be used to distinguish high- and
low-excitability phases (VanRullen, 2016). Both invasive and non-invasive recordings have found
evidence of distinct high-/low-excitability phases in slow oscillations (< 1 Hz, Bergmann et al.,
2012; Vanhatalo et al., 2004), mu oscillations (Zrenner et al., 2023), alpha oscillations (Bishop,
1933; Bollimunta et al., 2008; Haegens et al., 2011), beta oscillations (Maki & [lmoniemi, 2010;
van Elswijk et al., 2010), and gamma oscillations (Berger et al., 2014).

1.1.b  Synchronisation between neuronal populations

Neuronal oscillations are invariably associated with neuronal phase synchronisation (also:
phase coherence) between distinct oscillating populations. The general idea pointed out in
section 1.1.a, that the phase of an oscillation reflects fluctuations of excitability/inhibition,
suggests that a large portion of neurons influenced by the excitation/inhibition cycle should
therefore be activated and deactivated synchronously. At the neuronal level, this should be
reflected as synchronous neuronal spiking across simultaneously oscillating neuronal
assemblies (Fries, 2015). Therefore, neuronal synchronisation has been suggested to underlie
the regulation of neuronal processing at the circuit level across spatially distributed neuronal
assemblies (Fries, 2015; Singer, 1999). This ‘binding-by-synchrony’ hypothesis posits that
temporally coincident spikes evoke action potentials in downstream neurons more effectively
than asynchronous inputs (Singer, 1999; Singer & Gray, 1995), a position that has been
challenged subsequently (Ray & Maunsell, 2010; Roelfsema, 2023).

Taking this idea further, the communication-through-coherence (CTC) hypothesis holds that
synchronised firing of distinct neuronal populations allows flexible establishment of stable
communication channels across the brain (Fries, 2015). More specifically, any two neuronal
populations will exchange information most effectively when their firing patterns are aligned
through phase coherence of (high-frequency) rhythms. The stability of CTC is grounded in the
temporal predictability of upcoming cycles when sender and receiver activity is phase-coherent.
Within limits, even the direction of information transfer can be estimated using Granger causality
approaches or directed-coherence measures (Bastos et al.,, 2015b; Bressler et al., 2021;
Kaminski et al., 2016).

However, it is well established that GABA-ergic interneurons play a crucial role in generating
brain oscillations (Buzsaki, 2006; Fries et al., 2007; Mann & Paulsen, 2007) and that the number
of these inhibitory interneurons is far smaller than that of excitatory pyramidal neurons. Thus,
phase-coherent oscillations recorded on a macroscale could potentially also arise without any
related synchronised spiking of excitatory neurons (Pesaran et al., 2018; Schneider et al., 2021).

9



Keitel, Keitel, et al. Brain rhythms in cognition

In line with this, Schneider et al. (2021) recently introduced an alternative to CTC. This account
posits that (phase) coherence between sending and receiving populations may merely be a
consequence of the transmission. Their “Synaptic-Source-Mixing" (SSM) model therefore
challenges the functional role of rhythmic activity in communication between neuronal
populations and identifies alternative determinants that do not require oscillatory coupling
between sender and receiver: their afferent connectivity, their individual spectral profiles, and
the coherence between the sender’s local-field potential and the projected signal (‘source-
projection coherence’) itself. According to SSM, variations in inter-areal coherence can largely
be explained as a function of afferent connectivity and sender spectral power (see section 1.2.a).
Frequency-specific coherence can then arise as a by-product of a strong oscillatory component
in the sender projection. Future work will tell whether SSM generally provides a refined
perspective that goes beyond CTC, withstanding experimental challenges in which ‘causality’ is
probed by perturbing neuronal populations (Uran et al., 2022) and, more generally, explaining
aspects of human cognition. If so, the previously held view of the role of rhythmic activity in
‘brain-wide broadcasting’ may have to be reconsidered (also see (Vinck et al., 2023).

This recent idea notwithstanding, changes in information processing and exchange are currently
associated with time-varying phase synchronisation across brain areas (Palva & Palva, 2012;
Womelsdorf et al., 2014). These changes may follow modulations in amplitude (see section 1.2)
in at least one of the synchronised neuronal populations (Palva & Palva, 2012) or arise as result
of discontinuities in instantaneous phase, known as a ‘phase reset’ (Voloh & Womelsdorf, 2016).
However, macroscopic EEG and MEG recordings alone make it difficult to assess whether phase
has truly reset or whether a previously silent population of neurons has started generating new
rhythmic activity (Sauseng et al., 2007). Including behavioural readouts is one way to better
understand the dynamics of phase synchronisation. This makes it easier to identify synchronised
activity that reflects actual communication between brain areas (Palva & Palva, 2012).

Experimentally, synchronisation as a means of communication between neuronal populations
in distinct brain areas has also been probed with rhythmic neurostimulation. Studies using
bifocal transcranial magnetic stimulation (TMS) or transcranial alternating current stimulation
(tACS), i.e., externally applied magnetic or electrical signals that influence endogenous brain
rhythms, suggest that phase synchronisation between distant regions can be manipulated (Biel
et al., 2022; Plewnia et al., 2008; Polania et al., 2012; Salamanca-Giron et al., 2021). Critically,
this approach emulates an oscillatory process — entrainment — that is thought to be involved in
establishing naturally occurring phase synchronisation between neuronal populations.

Entrainment occurs when a rhythm-generating neuronal population, a ‘neural oscillator’,
synchronises to the input rhythm of a second neuronal population that can be different from the
natural, or eigen-frequency of the entrained population (Herrmann et al., 2016). Although
sometimes used synonymously, entrainment needs to be distinguished from the effect of
resonance, where an external rhythm drives an increase in the amplitude of a neural oscillator at
its eigenfrequency. Both phenomena depend on the strength of the external drive and the
difference of driving frequency and neural eigenfrequency. Resonance can transition into
entrainment when the input drive is strong enough. Note that, while Communication-Through-
Coherence requires entrainment, newer frameworks, also based on the idea of Synaptic Source
Mixing mentioned above, challenge its purported role in establishing synchrony-based neuronal
communication (Vinck et al., 2023).

10
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1.1.c Sensory entrainment

Sensory entrainmentis a special case of entrainment that assumes that some rhythm-generating
neuronal populations, i.e., self-sustained neural oscillators, can also synchronise to
periodicities in external sensory input (Lakatos et al., 2019). Although widely assumed, genuine
sensory entrainment has been challenging to observe in neurophysiological data, due to
methodological limitations in separating its spectral signatures from those of stimulus-evoked
responses driven by periodic input signals (Duecker et al., 2024; Keitel et al., 2019; Zoefel et al.,
2018b). Put differently, it is not trivial to discern whether a spectral peak at the stimulation
frequency, as observed in neurophysiological recordings following periodic stimulation, reflects
the tracking of periodic input dynamics (Capilla et al., 2011; Keitel et al., 2017) or indicates the
involvement of entrained neural oscillators (Doelling et al.,, 2019; Gulbinaite et al.,, 2019).
Realistically, it is reasonable to assume that periodic stimulation, as any other type of
stimulation, will always produce a stimulus-evoked response. From this perspective, sensory
entrainment should therefore manifest as indications of entrained neural oscillators in addition
to stimulus-related processing in measures of stimulus-brain coupling.

Direct or even indirect evidence for sensory entrainment, for example in the context of auditory
stimulation, such as continuous speech and music, is sparse (but see, Kosem et al., 2018;
Lakatos et al., 2013; van Bree et al., 2021). Moreover, most naturalistic stimuli contain multiple,
hierarchical stimulation frequencies (Garcia-Rosales et al., 2018). Therefore, if entrainment
occurs in addition to stimulus-evoked responses, another question is whether it does so on all
levels of the hierarchicalinput, or only on a select few levels. For example, in the case of speech,
entrainment might only occur at the relatively ‘rhythmic’ syllable rate typically found in the theta
frequency range, but not at the word or phoneme rates (see section 2.3.a).

In sum, sensory entrainment is an often-assumed mechanism for the processing of (quasi-)
rhythmic input, but it is still unclear under which circumstances stimulus-brain coupling goes
beyond evoked neural responses. Researchers have adopted refined terminologies, such as
distinguishing between cortical ‘tracking’ vs. ‘entrainment’, or ‘entrainment in a broad sense’
(Obleser & Kayser, 2019) when brain-stimulus coupling is observed, but the involvement of
endogenous neural oscillators has not been established. Although these distinctions seem
semantic, they remain relevant for the correct interpretation of empirical findings and may be
consequential for applications that use rhythmic sensory stimulation such as Brain-Computer-
Interfaces (Liu et al., 2022) or potentially effective interventions in neurodegenerative diseases
(but see, He et al., 2021; laccarino et al., 2016; Yang & Lai, 2023).

1.2 Mechanisms of oscillatory power

Oscillatory amplitude or power are measures of the strength of oscillations (Figure 2). Similar to
phase, amplitude can be interpreted more meaningfully if oscillations are observed over several
cycles, indicating the presence of a genuinely rhythmic activity. In this section, we introduce the
neural processes that are hypothesised to underlie neuronal power dynamics, laying the
groundwork for understanding their role in cognitive function (see section 2).

1.2.a Macroscopic measures of power and excitation-inhibition balance in oscillation
dynamics

Phase and amplitude are intertwined features of oscillations — the more neurons are in phase,
the higher the amplitude in a specific frequency band will be. Higher amplitude is therefore taken
to reflect more wide-spread synchronisation within a neural population. However, amplitude

11
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modulations are also often discussed in terms of inhibition such that amplitude/power levels of
low frequencies from theta to low beta bands are considered to reflect a state of inhibition (e.g.,
Zarkowski et al., 2006), specifically in the alpha band (Jensen & Mazaheri, 2010; Klimesch et al.,
2007). This idea stems from findings that show that alpha oscillations are associated with
decreased neuronalfiring rates (Bollimunta et al., 2008; Haegens et al., 2011). This idea is further
supported by findings that TMS-induced phenomena, such as visual phosphenes and
myographic activity, are decreased with stronger alpha in respective visual or motor cortices
(Romei et al., 2008a; Samaha et al., 2017a; Sauseng et al., 2009a; Zarkowski et al., 2006).
However, this view is also debated as not all evidence supports with this framework (Palva &
Palva, 2007, 2011).

A further line of research investigates how excitation/inhibition (E/I) balance, i.e. the ratio
between excitatory and inhibitory signals, affects the power spectrum. Different approximations
have been developed to infer the underlying E/l balance from non-invasive EEG/ MEG data. These
approaches consider the functional E/I balance (Bruining et al., 2020) or slope of the 1/f power
spectrum (He, 2014; Plenz & Thiagarajan, 2007). A flatter slope (i.e., relatively lower power at low
frequencies and higher power at high frequencies) has been proposed to indicate a state of
excitation, while a steeper slope indicates a state of inhibition (Ahmad et al., 2022; Gao et al.,
2017). In parallel, the 1/f-like shape of the power spectrum and the spatiotemporally scale-free
nature of brain dynamics have been interpreted as evidence that the brain operates near
criticality (He, 2014; O'Byrne & Jerbi, 2022; S. Palva & J. M. Palva, 2018; Plenz & Thiagarajan,
2007), with these dynamics and aperiodic activity (Gyurkovics et al., 2022; Preston et al., 2025)
playing fundamental roles in neuronal processing.

Additionally, the relationship between oscillatory rhythms and blood oxygenation (BOLD),
measured with functional magnetic resonance imaging (fMRI), has been frequently studied. Most
of these studies have found negative correlations between alpha activity and the BOLD signal,
indicating that strong alpha amplitude is associated with reduced BOLD signal in occipital and
parietal cortex (Goldman et al., 2002; Laufs et al., 2003; Moosmann et al., 2003), but positive
correlations have also been found, for example in the thalamus, insula, and cingulate cortex
(Goldman et al., 2002; Moosmann et al., 2003; Sadaghiani et al., 2010). More recently, ultra-high
field 7T MR spectroscopy has been used to delineate biological underpinnings of the measure of
E/l-balance through 1/f slopes, revealing a contribution of inhibitory GABA activity (McKeon et al.,
2024). In summary, there is a complex relationship between oscillation amplitudes, 1/f
confounds, E/I balance, and metabolic activity, which is reflected in the complexity of
behavioural functions associated with oscillatory rhythms.

A further issue that complicates the use of measures of oscillatory power is that it is often an
underlying assumption that neural activity reflects sustained oscillations. However, it has been
shown that some patterns of neural activity are consistent with transient bursts of power,
especially in beta and gamma frequency bands (Jones, 2016; Lundqvist et al., 2016). To
distinguish between these two alternatives, using single-trial analyses and avoiding trial-wise
averaging has been recommended (Lundqvist et al., 2016; Stokes & Spaak, 2016).

1.2.b  Gating by inhibition

Alpha amplitude has also been linked to the gating of information of neural signals (Jensen &
Mazaheri, 2010), which, in turn, may relate to gain control of neural processes. Gating could
occur at the network level affecting the transfer of information between nodes. This is in line with
a view that alpha-amplitude (and -phase) dynamics reflect a network phenomenon (Palva &
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Palva, 2007). Alternatively, gating could occur at a local level in line with the notion that alpha-
amplitude fluctuations reflect up- or down-regulation of local excitability (Romei et al., 2008a).
These two mechanisms are not mutually exclusive. There is evidence that alpha influences both,
network and local activity, where a higher-lower band dissociation reflects network versus local
effects (Lobieretal., 2018). Orthogonalto this view are considerations on the level at which alpha
amplitude may gate processing of information (early versus late, or input versus access of
information). As alpha is a thalamocortical rhythm including geniculo-cortical connections
(Lorincz et al., 2009), gating may occur at an early input stage of sensory information processing.
Gating at this level may relate to gain modulation of early responses in V1, such as modulation
of early visual evoked potentials (Trajkovic et al., 2024); but see, (Morrow et al., 2023). On the
other hand, alpha oscillations are also observed in pulvino-cortical networks associated with
higher-order cognition where they have been shown to regulate synchronisation between cortical
areas (Saalmann et al., 2012). The latter findings highlight alpha’s role in cortico-cortical
interactions. This may point towards a stronger role in the gating of information at later
processing stages in the visual stream rather than early geniculo-cortical input.

1.2.c Predictive processing

An influential idea in cognitive neuroscience is that of the ‘Bayesian brain’: the brain is
continuously trying to figure out the hidden causes of its often-noisy input (Clark, 2013; Friston,
2010; Rao & Ballard, 1999). Computationally, this is well-implemented by the ongoing interaction
among prior expectations, the predictions generated from these, the incoming stimuli, and the
prediction error resulting from the comparison between those. We refer to the general framework
giving centre stage to priors and predictions as ‘predictive processing’, while a specific influential
model, allocating a key role to predictions errors, is known as ‘predictive coding’ (Bastos et al.,
2012).

Neural oscillations in different frequency bands show distinct associations with feedback and
feedforward processing, and it is this profile that has led several authors to propose an intimate
link between oscillatory activity and predictive processing. Briefly, a commonly held model is
that lower-frequency (alpha/beta) activity tends to carry predictions in feedback directions, while
higher-frequency (gamma) activity is associated with prediction errors carried forward (Bastos et
al.,2012). This is in line with earlier reports that synchrony between frontal and parietal cortex is
stronger specifically in low frequencies during top-down driven attention, while it is stronger in
high frequencies during bottom-up driven attention (Buschman & Miller, 2007). Recent studies
suggest that this communication between brain areas might be enabled by travelling waves
(Mohanta et al.; Tarasi et al., 2025) (see 1.4. below). The overarching view linking oscillations to
feedback/feedforward predictive processing has found support from non-human primate
studies (Bastos et al., 2015a), including those with laminar specificity (van Kerkoerle et al., 2014),
as well as human MEG (Michalareas et al., 2016).

These lines of evidence notwithstanding, recent work suggests that this elegant mapping of
predictions onto low frequencies and feedback, and prediction errors onto high frequencies and
feedforward projections, may be overly simplistic (Vinck et al., 2022). For example, highly
predictable visual input appears to be associated specifically with high-frequency
synchronisation in the visual cortex (Uran et al., 2022). In conclusion, even if the one-to-one
mapping between oscillatory frequency bands and predictions or prediction errors has been
questioned, it appears likely that neural oscillations are closely associated with predictive
processing.
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1.3 Cross-frequency coupling mechanisms

Cross-frequency coupling (CFC) has been suggested as a putative mechanism that integrates
and coordinates different elementary operations involved in cognitive function. Importantly, CFC
involves both local (within one population, or within one broadband time series in recorded data)
and inter-areal (between populations) mechanisms (Siebenhihner et al., 2020). Established
forms of CFC are phase-amplitude, phase-phase, and amplitude-amplitude coupling, although
others have also been proposed (Hyafil et al., 2015b; J. M. Palva & S. Palva, 2018).

Phase-amplitude couplings or ‘nested oscillations’ are the most investigated form of CFC, e. g.,
in the rodent hippocampus, non-human primates, and in human M/EEG and intracranial EEG.
Phase-amplitude coupling reflects the amplitude modulation of a faster oscillation through
excitability fluctuations imposed by the phase of lower-frequency oscillations (Canolty & Knight,
2010; Fell & Axmacher, 2011; Lisman & Jensen, 2013; Schroeder & Lakatos, 2009; Spaak et al.,
2012). Notably, the strength, frequency ratio, as well as the individual frequencies of PAC can
change to adapt to task demands (Canolty & Knight, 2010).

In contrast to phase-amplitude coupling, phase-phase-coupling, or cross-frequency phase
synchrony, describes a consistent spike-time relationship between two oscillations similarly to
phase synchrony, but at two different frequencies f1 and 2, where f1:f2 = m:n (Sauseng et al.,
2008; Siebenhuhner et al., 2016; Tass et al., 1998). Cross-frequency phase synchrony may
regulate neuronal communication at the speed of the higher frequency through consistent spike
time relationships, whereas phase-amplitude coupling and amplitude-amplitude coupling
operate on the time scale of the slower oscillation (Palva & Palva, 2012). Cross-frequency phase
synchrony has been observed in human M/EEG data during rest (Jirsa & Muller, 2013; Nikulin &
Brismar, 2006; Palva et al., 2005; Sauseng et al., 2008; Siebenhuhner et al., 2020) and attentional
and working memory tasks (Akiyama etal., 2017; Palva et al., 2005; Sauseng et al., 2008; Sauseng
etal., 2009b; Siebenhuhner et al., 2016), as well as in LFPs in the rat hippocampus (Belluscio et
al., 2012; Zheng & Zhang, 2013), and in human intracranial data during working memory task
performance (Chaieb et al., 2015) and at rest (SiebenhUhner et al., 2020). Critically, evidence
points to phase-amplitude coupling and phase-phase-coupling/ cross-frequency phase
synchrony being different CFC mechanisms as established by their differential contribution to
working memory (Siebenhuhner et al., 2016) and distinct spectral and anatomical patterns at
rest (Siebenhuhner et al., 2020).

Amplitude-amplitude coupling, in which the amplitudes of the fast and slow oscillations are
coupled, has been observed in neuroimaging studies (Bruns & Eckhorn, 2004; de Lange et al.,
2008), but its functional relevance is less clear, since such coupling is independent of spike time
relationships per se (J. M. Palva & S. Palva, 2018).

Other putative forms of CFC in which the frequency of the faster oscillation itself is modulated,
like phase-frequency, amplitude-frequency, and frequency-frequency coupling have received
less attention, partially due to methodological problems, e.g., challenges in determining
instantaneous frequency peaks. Nevertheless, there have been a few studies that investigated
such CFC forms using EEG (Jirsa & Muller, 2013) or intracranial recordings (Ray & Maunsell,
2010). More research here seems warranted, as frequencies — especially in the gamma band -
are known to change during tasks, which may distort assessments of this type of CFC.

The exact relationship between different forms of CFC is still debated. Studies have shown
evidence that phase-amplitude coupling and cross-frequency phase synchrony differ in their
spectral and spatial patterns as well as functional relevance and likely fulfil distinct,
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complementary roles (Siebenhlihner et al., 2020; Siebenhuhner et al., 2016). Still, there is
evidence that they may interact and influence each other (Hyafil et al., 2015b) or that they may
all be assessed with non-specific methods such as bispectrum and bicoherence (Jirsa & Muller,
2013). Similarly, the relationship between local CFC, inter-areal CFC and phase synchrony are
not well understood.

A common critique is that observations of CFC might be spurious, caused by increases in SNR
during tasks, or by non-sinusoidal or non-zero mean waveforms (Aru et al., 2015; Cole & Voytek,
2017; Gerber et al., 2016; Jones, 2016). Methods have been proposed to control spurious
observation with graph-theory methods for inter-areal CFC (Lozano-Soldevilla et al., 2016;
Scheffer-Teixeira & Tort, 2016; Siebenhthner et al., 2020), based on waveform/signal shape
analysis (Cole & Voytek, 2019; Fabus et al., 2022; Giehl et al.; Jensen et al., 2016; van Driel et al.,
2015), time-frequency representation of the signal (Jurkiewicz et al., 2021), or statistical signal
models (Dupre la Tour et al., 2017). Using these, one study concluded that there was no evidence
for non-harmonic local phase-amplitude coupling in human MEG (Giehl et al., 2021), while
others reported that, in realistic modelling, harmonic content in nonsinusoidal oscillatory
dynamics does not necessarily indicate spurious CFC (Dellavale et al., 2020; Jensen et al., 2016;
Jurkiewicz et al., 2021; Velarde et al., 2019)

One common issue with mainly older studies of CFC is that those often-made a-priori
assumptions about the involved frequencies, potentially overlooking important interactions of
other frequency combinations. This can be overcome partially by either using wide ranges of
frequencies and frequency ratios or by methods that inherently identify coupled frequencies in a
data-driven manner (Sorrentino et al., 2022; Volk et al., 2018).

Finally, only few studies have attempted to study the causal direction of CFC. Particularly for
phase-amplitude-coupling, the common implicit assumption is that the low frequency entrains
the faster one. Yet, one study using Granger causality analysis reported that, in rat hippocampus,
gamma amplitude drives theta phase (high-to-low directionality) (Nandi et al., 2019) while
another, using non-linear auto-regressive models (Dupre la Tour et al., 2017), suggested low-to-
high directionality in rodent hippocampus, but high-to-low in rodent striatum and human cortex,
and other studies have reported evidence for phase-phase-coupling being bi-directional in
human EEG (Munia & Aviyente; Popov et al., 2018) and in macaque auditory cortex (Marton et al.,
2019). These studies indicate that both low-to-high and high-to-low directed CFC may occur in
the brain and be related to top-down and bottom-up signalling, respectively.

1.4 Travelling waves

An additional dimension one needs to consider when investigating brain oscillations is their
spatial organisation across the cortex, and in particular, the way they propagate. In contrast to
standing waves that oscillate in place like a guitar string, travelling waves are like ripples on a
pond: activity peaks that move across the cortex over time. An oscillatory travelling wave is
defined as a smooth phase shift between recording locations (electrodes, sensors, contacts) in
the direction of signal propagation, in a specific frequency band (Muller et al., 2018). One can
define a mesoscopic oscillatory travelling wave when it is constrained to a single brain area,
while macroscopic travelling waves can span the whole cortex. The speed of propagation of
mesoscopic waves is about 0.1-0.8 m/s, which is consistent with the speed of signals travelling
through long-range unmyelinated horizontal fibres present in superficial cortical layers (Il and lll;
for review, Muller et al., 2018). For macroscopic travelling waves - those travelling across the
cortical surface - not all publications report propagation speeds, but when mentioned these
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exceed the speed of mesoscopic waves, i.e., 1-10 m/s, potentially due to propagation along
myelinated white fibres.

Oscillatory travelling waves have been observed as early as the 1930s (for review, Hughes, 1995),
but their neurophysiological mechanism is still poorly understood. This is likely due to the
technical difficulty to measure them in humans with the currently available techniques (Grabot
et al.), especially at the mesoscopic scale (but see, Petras et al., 2025). Additionally, traditional
data analysis methods (e.g., trial averaging, coherence measures) are ineffective in capturing
travelling waves because they assume that cortical activity is space-time dependent—an
assumption contradicted by the widespread occurrence of travelling waves (Alexander et al.,
2015). As already proposed by Hughes (1995), travelling waves could support information
transfer between cortical locations. Alternatively, they could organise the level of
excitation/inhibition in neural populations in space and time to efficiently process information;
otherwise known as the scanning hypothesis (Goldman et al., 1949). The latter is consistent with
previous attempts to understand how distant brain areas communicate, such as
Communication Through Coherence. However, the term ‘Oscillatory Travelling Wave’ is perhaps
more parsimonious since it effectively proposes a functional mechanism allowing several
regions to synchronise their activity (Alexanderetal., 2019; Alexander & Dugué) and achieve long-
range communication (Jacobs et al., 2025).

Research on oscillatory travelling waves has regained interest in the last decade, particularly
with respect to their potential role in cognition, including perception, attention (see section 1.1.a)
and memory (see section 1.2.a and 1.2.b). This opens new lines of research, critical to the
understanding of the link between brain functions and neural oscillations. Yet, future research
will need to clarify their neurophysiological substrates and underlying mechanisms. One might
even ask whether spatial propagation is an intrinsic feature of neural oscillations: are all brain
rhythms travelling waves?

1.5 Resting-state rhythmic activity

The brain’s activity at rest, i.e., when there is no task-related activity, exhibits highly structured
spatiotemporal patterns (Deco & Jirsa, 2012), which reflect the functional architecture of cortical
networks (Singer, 2013). These spatiotemporal patterns arise from local and synchronised
activity of the network’s constituent nodes and can be measured with BOLD fMRI and
electrophysiological methods (i.e., EEG, MEG, ECo0G). Investigating brain activity during rest
provides valuable insights into the neural underpinnings of cognition, as there is consensus that
task-relevant cortical dynamics are already reflected in ongoing, resting-state activity (Deco &
Jirsa, 2012; Raichle, 2015).

The most prominent resting-state activity is likely the parieto-occipital alpha rhythm (Salmelin &
Hari, 1994), which is often visible in raw electrophysiological recordings (Adrian & Matthews,
1934). Other large-scale, characteristic rhythmic activity across the cortex has also been
described, such as frontal theta and temporal gamma (Frauscher et al., 2018; Groppe et al.,
2013; Mellem et al., 2017). Furthermore, local spectral ‘fingerprints’ have been revealed for
distinct brain areas (Keitel & Gross, 2016; Lubinus et al., 2021; Mahjoory et al., 2020; Myrov et al.,
2024). These region-specific spectral profiles are characteristic combinations of endogenous
rhythms, usually with more than one prominent rhythm, that appear remarkably consistent in
groups of healthy participants (Keitel & Gross, 2016; Lubinus et al., 2021). The concept of
spectral fingerprints of brain areas is closely related to that of neural population-specific
resonance frequencies (Keitel & Gross, 2016; Rosanova et al., 2009). This suggests that at least
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some of the resting-state rhythms originate from individual oscillators. However, given that a
brain area can exhibit multiple distinct rhythms, it is presumed that they can engage in different
functional states over time, each of which may have an associated peak frequency (Keitel &
Gross, 2016). This implies that what we measure as local resting-state rhythmic activity could
also reflect connection phenomena (see section 1.1.b). It is currently unclear which rhythmic
activity arises from individual (local) oscillators, and which reflects synchronised (network)
activity between areas. In addition to a local spectral organisation, it has been suggested that
spectral properties change gradually across the cortex, creating a spectral gradient (Mahjoory et
al., 2020; Zhang et al., 2018). Here, spectral gradients were observed with region-specific peak
frequencies (i.e., most dominant spectral activity in a brain area) decreasing from posterior to
anterior parts of the brain. The notion of cortical gradients is well-established for structural
features (e.g., neuron density, myelin content, cortical thickness) and putatively reflects a global
cortical and hierarchical organisation.

In addition to the described local intrinsic brain rhythms, a different angle is to look at frequency-
specific connections within and across brain areas, i.e., functional connectivity. These resting-
state networks have originally been identified using BOLD fMRI (e.g., Damoiseaux et al., 2006).
More recently, emerging evidence has established the presence of electrophysiological
frequency-specific oscillatory networks (Brookes et al., 2011; Fusca et al., 2023; Vidaurre et al.,
2018). These studies use different methods to find inter-area associations, such as amplitude
envelope correlations (Bijsterbosch et al., 2017; Brookes et al., 2011), phase coupling (Vidaurre
et al.,, 2018) or spectral coherence (Nolte et al., 2004). A problem when looking at
electrophysiological measures of connectivity are spurious observations due to field spread or
spatial leakage (Palva et al., 2018), but suitable corrections have been suggested to overcome
this issue (for an overview, see Colclough et al., 2016).

Importantly, despite being generalisable across individuals, both local rhythmic activity as well
as oscillatory networks at rest also show large inter-individual variability (Fusca et al., 2023;
Simola et al., 2022), which can predict individual variation in cognitive performance (Baltus &
Herrmann, 2016; Barnes et al., 2016; Lubinus et al., 2025). Furthermore, resting-state rhythmic
activity can change in the context of functional and structural brain reorganisation, as
demonstrated by differences in spectral fingerprints between normally sighted and congenitally
blind individuals (Lubinus et al., 2021), or by spectral changes associated with schizophrenia
(Hua et al., 2020), depression (Fernandez-Palleiro et al., 2020), Alzheimer’s dementia (Pusil et
al., 2019), and others.

Importantly, both local oscillations and large-scale oscillatory networks are influenced by many
biological factors such asindividual genetics (Leppaaho etal., 2019; Salmela et al., 2016; Simola
et al., 2022; van Pelt et al., 2012), brain microarchitecture (Myrov et al., 2024) and structural
connectivity pathways (D'Andrea et al., 2019). Recent research, in fact, shows that at the level of
individuals, the spectral fingerprints are consistent within an individual, allowing identification of
individuals with excellent accuracy (da Silva Castanheira et al., 2021; Haakana et al., 2024). The
possibility of using functional resting-state data to identify individuals has led to some ethical
concerns over participant anonymity and whether it is acceptable to deposit ‘anonymised’
resting-state datasets on openly accessible servers. To address thisissue, the field would benefit
from guidelines to mitigate misuse of data.

17



Keitel, Keitel, et al. Brain rhythms in cognition

1.6 Interactions with other bodily rhythms

Research investigating the link between neural oscillations and human cognition has long cast a
spotlight on the tight link between brain neurophysiology and behaviour, ultimately neglecting
modulatory influences from body physiology. However, accumulating evidence shows that
respiration (Kluger et al., 2021), cardiac activity (Candia-Rivera et al., 2023), pupil dynamics
(Pfeffer et al., 2022), and gastrointestinal signals (Azzalini et al., 2019; Banellis et al., 2024)
influence neural excitability, arousal, and general cognition. These observations are motivating
a paradigmatic shift in the study of neurocognitive functioning and encourage new research on
the link with body-brain dynamics (Criscuolo et al., 2022; Kluger et al., 2024), from health to
pathology.

1.6.a Respiration

Human respiration is a continuous, rhythmic sequence of active inspiration and passive
expiration (Fleming et al., 2011). Key respiratory structures like the preBotzinger complex and
olfactory bulb are intricately connected to both deep and superficial cortices (Yang & Feldman,
2018), thus forming bidirectional pathways between respiratory control and cognitive function.
As neural oscillations in the cortex are conceptualised to reflect brain states and encode task-
relevant information (Thut et al., 2012), attention to respiration-brain coupling has increased.
Extensive rodent work (Ito et al., 2014; Tort et al., 2018) has demonstrated that oscillations
across the animal cortex are influenced by respiration, suggesting that functional roles of brain
activity should consider interactions of neural and peripheral activity.

Both invasive (Zelano et al., 2016) and non-invasive human studies (Kluger & Gross, 2021) have
shown that nasal respiration distinctly modulates neural oscillations across a wide cortico-
subcortical network. Mechanistically, cross-frequency coupling (Canolty & Knight, 2010)
provides an intuitive implementation of this link between respiration phase and oscillatory
power: During nasal breathing, the airstream triggers mechanoreceptors connected to the
olfactory bulb, thereby initiating infraslow neural oscillations closely coupled to the respiratory
rhythm. The phase of these slow oscillations then drives the amplitude of faster oscillations and
propagates to upstream areas both within and beyond the olfactory system. This way, oscillatory
power throughout the brain and across frequency bands may be coupled to the breathing rhythm.

Modulatory behavioural effects of respiration have been shown in perceptual (Johannknecht &
Kayser, 2022; Kluger et al., 2021), motor (Kluger & Gross, 2020; Rassler & Raabe, 2003), and
cognitive tasks (Arshamian et al., 2018; Perl et al., 2019). Taken together, these studies provide
strong evidence for breathing-related changes in neural signalling - e.g. critical brain states like
excitability or arousal - which in turn translate into behavioural changes. Critical open questions
remain as to whether the coupling of respiration, brain, and behaviour is functional rather than
epiphenomenological, and the extent to which complex, higher-order interactions of bodily
signals modulate the observed effects.

1.6.b  Pupil-linked arousal

Nuclei in the brainstem and basal forebrain form an arising activation system that regulates
cortical arousal through neurotransmitters (Harris & Thiele, 2011; Hasselmo, 1995; Lee & Dan,
2012; Steriade, 1996). Most prominent projections to the cortex are the release of norepinephrine
by the locus coeruleus, and of acetylcholine by the basal nucleus of Meynert. Tonic arousal levels
change with behavioural state, e.g., remaining quiet versus moving (Crochet & Petersen, 2006;
Niell & Stryker, 2010; Polack et al., 2013). Optimal levels of phasic fluctuations in arousal that fall
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between detrimental hypo- and hyperarousal can influence behavioural performance (Aston-
Jones & Cohen, 2005; McGinley et al., 2015; Yerkes & Dodson, 1908).

Pupillometry, the non-invasive measurement of pupil size, is a viable way of studying the effects
of neuromodulatory arousal on human cognition (Bradshaw, 1967; Hess & Polt, 1964; Kahneman
& Beatty, 1966). Recent studies, combining pupillometry and MEG/EEG, provide evidence that
neuromodulatory arousal has distinct effects on different cortical regions, and rhythmic activity
in different frequency bands in the human brain (Pfeffer etal., 2022; Podvalny et al., 2021; Radetz
& Siegel, 2022) with effects on cognitive function (Dahl et al., 2020; Podvalny et al., 2021;
Waschke et al., 2019).

To date, there is no unified description of how and to what extent rhythms in various cortices
couple to (pupil-linked) arousal, also owing to the fact that arousal dynamics may only have
limited inherent rhythmicity. Arousal-based pupil dynamics typically occur in a range of several
hundred milliseconds, tapering off towards a ‘speed limit’ of about 2-3 Hz (e.g., (McGinley et al.,
2015). Interestingly, the pupil also engages in its own resting rhythm, the Hippus, with a
frequency of around 0.2 Hz (Bouma & Baghuis, 1971). Moreover, pupil dynamics in the Hippus
frequency range increase in power when entering a resting state and adopting an inward
attentional focus in contrast to monitoring the external sensory environment (Kluger et al., 2024;
Pomé et al., 2020). Investigating how and when the Hippus emerges and couples with cortical
rhythms and other cyclical physiological processes, e.g, respiration (Kluger et al., 2024;
Melnychuk et al., 2021), may provide further insights into the role of (pupil-linked) arousal on
cognition.

1.6.c Cardiac rhythms

The cardiac cycle is characterised by a cyclic alternation of ventricular contraction and
relaxation, also named systole and diastole, which determines the heartbeat. Rather than being
aregular metronome, the heart is a dynamic pacemaker (Shaffer et al., 2014), influenced by the
sympathetic and parasympathetic (vagus) nerves, and influencing neural dynamics (Candia-
Rivera et al., 2024). Heart-brain interactions are modulated by sympathovagal activity and have
direct influence on the insula, amygdala, hippocampus, and cingulate cortices (Catrambone et
al.,2024; Kim et al., 2019). Arecent study by Jammal Salameh et al. (2024) extends the proposed
heart-brain network by suggesting that the heartbeat can entrain neural population activity in
olfactory bulb neurons via mechanosensitive ion channels. By coordinating local neural spike
timing, the cardiac cycle may orchestrate neural dynamics across the cortex, from prefrontal
cortex to the hippocampus (Jammal Salameh et al., 2024).

Similarly to brain activity (Zoefel & VanRullen, 2017), cardiac fluctuations are thought to
instantiate alternating time-windows of high- and low-excitability, ultimately impacting (self-)
consciousness, perception, and cognition (Park & Blanke, 2019; Tallon-Baudry et al., 2018).
Thus, visual (Galvez-Pol et al., 2020; Kunzendorf et al., 2019) and somatosensory processing (Al
et al., 2021; Edwards et al., 2009), visual attention (Pramme et al., 2014), and interoceptive
awareness (Herman & Tsakiris, 2021), are better during systole than diastole. Similarly,
sensorimotor processing, cortical and corticospinal excitability are maximal in the systolic
phase (Al et al., 2021; Galvez-Pol et al., 2020), and action initiation preferentially clusters in the
systole (Galvez-Pol et al., 2020). However, there is a lack of standardised protocols, opposing
results and conceptual interpretations (Candia-Rivera et al., 2024; Engelen et al., 2023),
currently limiting our understanding of the complex interface between heart-brain-behaviour.

19



Keitel, Keitel, et al. Brain rhythms in cognition

1.6.d Gastric rhythms

Muscle contractions of the stomach are controlled by rhythmic electrical activity at about 0.05
Hz generated by the interstitial cells of Cajal (Rebollo & Tallon-Baudry, 2022). This gastric rhythm
can be noninvasively measured with electrodes as the electrogastrogram, which displays an
increased amplitude during digestion. Recent neuroimaging studies reported that this gastric
rhythm modulates brain hemodynamics (Choe et al., 2021; Rebollo et al., 2018). This effect
occurs predominantly in sensory and motor areas but largely spares higher-order cognitive or
transmodal brain networks (Rebollo & Tallon-Baudry, 2022). Gastric modulation of neural activity
is thought to arise from interoceptive signalling along the vagus nerve and the spinal cord (Muller
et al., 2022). Primary entry points of these signals are subcortical nuclei such as the nucleus
tractus solitarius from which they are distributed across the cortex via the thalamus (Mayer,
2011).

A recent MEG study showed that the amplitude of alpha rhythms in the parieto-occipital cortex
and the right anterior insula is modulated by the phase of the gastric rhythms (Richter et al.,
2017). This effect accounts for about 8% of the variance in alpha amplitude. Directed
connectivity analysis suggested that the gastric rhythm drives the modulation in neural alpha
oscillations. While the consequences of this modulation for perception and cognition remain
unclear, gastric rhythms should be considered when studying brain rhythms.

1.6.e Circadian rhythms

Circadian rhythms shape all organisms, actively influencing nearly every aspect of physiology
and behaviour to adapt to the 24-hour day-night cycle (in Latin, ‘circa’ means about, whereas
‘dien’ means a day). Circadian rhythms include processes ranging from physiological and
homeostatic, to protein synthesis and DNA replication, as well as behavioural routines like the
sleep-wake and feeding cycles. This periodicity represents an internal clock, regulated by slow
environmental changes, such as variations in light intensity and temperature throughout a day.
Such a bodily time-keeping mechanism is an evolutionary achievement that allows the organism
to adapt to recurrent environmental changes, by optimising physiological and behavioural
processes to external contingencies (Yerushalmi & Green, 2009). Thus, similar to other bodily
rhythms (including brain oscillations), circadian rhythms are endogenous oscillators that
interact with environmental and/or bodily rhythms by adjusting their phase, but are (in principle)
independent of them.

The neural core of the circadian timekeeping system in mammals is in the suprachiasmatic
nuclei (SCN; (Dibner et al., 2010). Next to this central clock, nearly every cell in the body
possesses some time-keeping mechanism and transmits information to SCN neurons to
synchronise circadian physiology to geophysical time. The circadian cycle modulates neural
activity, humour, and behaviour (Dibner et al.,, 2010) via the HPA axis, thus regulating
glucocorticoid hormones (Spiga et al., 2014). Importantly, when internal clocks are altered, i.e.,
when the alignment between endogenous and exogenous cycles is modified, for example when
changing time zones, fundamental periodicities are impacted: sleep-wake cycles, metabolism,
hormone secretion, food intake, cortisol levels, energy, mood, and immune system efficiency
(see for reviews (Finger & Kramer, 2021; Patke et al., 2020). Since circadian rhythms have been
identified in all organs, heart, stomach, and liver, an important question emerges: how does the
brain with its own rhythmicities interact with the circadian timekeeping system?

The link of circadian functions to cognition and behaviour is an alluring, if ill-understood, one.
Causal relationships are notoriously hard to establish, not least because cognitive and mental
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health disturbances acerbate chronobiological disturbances and vice versa. It will be an
important step forward to understand the coupling of oscillations at vastly different time scales:
the comparably slow, circadian rhythmicities in bodily tissue and in basic psychological
phenomena, such as perception (e.g., (Obleser et al., 2021), and the comparably fast, sub-
second cycle length of neural oscillatory networks that are central to this manuscript. The next
section provides some pointers to this by looking at ideas how physiological and brain rhythms
are linked more generally.

1.6.f Limitations and open questions on body-brain interactions

Evidence suggests that a holistic and systematic assessment of body-brain coupling can deepen
our understanding into how we evaluate, perceive, and act in a dynamically changing
environment (Criscuolo et al., 2022; Kluger et al., 2024). While this field of research is growing,
several questions emerge: first of all, how to best quantify body-brain coupling? Are brain-based
functional connectivity measures suitable for assessing body-brain coupling? Recent
propositions postulate that a dynamical system approach offers the best way forward (Criscuolo
et al.,, 2022; Kluger et al., 2024): body-brain interactions can be characterised by low-
dimensional spatiotemporal states. This perspective embraces inter-individual variability in
bodily and brain rhythms, delineates a tight link to variability in behavioural rhythms (Klimesch,
2018), and further promises to uncover valuable biomarkers for pathology (Banellis et al., 2024;
Kluger et al., 2024). However, in the absence of empirical evidence, it remains unclear how to
best dissociate ‘optimal’ from ‘altered’ body-brain dynamics, and their influence on
neurocognitive functioning. A further question is whether it would be possible to modulate body-
brain dynamics to influence arousal states and cognition (Criscuolo et al., 2022).

2 Oscillatory mechanisms and their role in cognition

Many of the mechanisms and observed phenomena described above have been closely linked
with cognitive functions. We currently assume that they provide the neural implementation of
classical psychological concepts, such as attention and memory. Below we give an overview of
our current understanding of these links, including highlighting open questions and debates.

1.7 Perception & attention

1.7.a Visual perception & attention

Visual perception

Brain rhythms, especially alpha, seem to index the momentary excitability of our visual cortex to
incoming stimulation. Surprisingly, it is still not entirely clear how to interpret the effects of alpha
oscillations that precede a stimulus on its detection: Does a state of stronger excitability,
reflected by weak pre-stimulus alpha power, help observers to see targets better, or does it bias
observers to report target presence?

Strong parieto-occipital alpha oscillations impede detection of visual targets (Ergenoglu et al.,
2004; van Dijk et al., 2008) or perception of TMS-induced phosphenes (Romei et al., 2008b;
Samaha et al., 2017a). More recent analyses based on signhal detection theory, a theory of
perceptual decision making, have shown that the effect of pre-stimulus power on detection is
better characterised as an effect on bias, such that pre-stimulus states of heightened excitability
(indicated by weak alpha power) induce a liberal bias to report stimulus presence (lemi & Busch,
2018; lemi et al., 2017; Limbach & Corballis, 2016).
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Nevertheless, pre-stimulus alpha power affects subjective stimulus visibility (Benwell et al.,
2022; Benwell et al., 2017), subjective contrast appearance (Balestrieri & Busch, 2022), or
confidence (Samaha et al., 2017b), more in line with a perceptual bias, whereby states of strong
neuronal excitability amplify the intensity and target-likeness of both sensory signals and sensory
noise. Importantly, this interpretation links pre-stimulus alpha power to conscious access and
read-out of information and suggests a role at later cortical and higher-order information
processing stages (discussed in more detail in the section on visual attention below).

In contrast to alpha power, evidence for effects of alpha phase on perception is less equivocal
(Keiteletal., 2022). Thisis surprising, given that alpha phase is the original candidate for a shutter
mechanism that implements the notion of ‘windows of opportunity’ or ‘perceptual cycling’
neurally. Although some findings support the perceptual cycling hypothesis (Busch & VanRullen,
2010; Kizuk & Mathewson, 2017; Spaak et al., 2014; VanRullen, 2016), others do not (Benwell et
al., 2022; Benwell et al., 2017; Melcon et al., 2024; Ruzzoli et al., 2019; van Diepen et al., 2015).
Methodological challenges in estimating phase in human EEG/MEG recordings can overshadow
potential effects (Vigué-Guix et al., 2022). Recognising intra- and inter-individual variability may
critically shape such effects, offering a potential explanation for prior inconsistencies (Romei &
Tarasi, 2025).

The ‘pulsed inhibition’ account (Mathewson et al.,, 2009) encapsulates the idea that low-
frequency oscillations, here alpha, provide the temporal scaffold for visual sampling. Given this
assumed role of the phase and frequency of low-frequency oscillations in temporal scaffolding,
high-frequency oscillations may play their part in what is being scaffolded. The idea of ‘duty
cycles’, for example, posits that oscillatory activity in the gamma frequency range (30 - 80 Hz),
nested into the alpha cycle, codes for different objects in the visual field (Jensen et al., 2012),
constituting a case of cross-frequency coupling (CFC) for visual perception (see section 1.3).
Going into the more excitable period of the alpha cycle releases neuronal firing from inhibition
and starts a sequence of activations of neuronal representations that manifests as gamma
activity (Montemurro et al., 2008).

The duty-cycle notion, especially the nested gamma, interfaces with a long-standing idea of how
the visual system solves the hard problem of integrating different features (colour, orientation,
shape) into coherent percepts of separate objects: Early theoretical suggestions by Milner (1974)
and von der Malsburg and Willshaw (1981) ultimately found experimental support in recordings
from the visual cortex of cats (Eckhorn et al., 1988; Gray & Singer, 1989): Grating stimuli elicited
coherent oscillatory activity in the gamma range between neuronal populations that preferred
respective stimulus features. This phase-locking of high-frequency activity became widely
regarded as the neuronalimplementation of feature binding and, following further replicationsin
animals (Engel et al., 1991; Kreiter & Singer, 1996), was formalised in the ‘binding-by-synchrony’
hypothesis. Whether binding-by-synchrony sufficiently solves the feature binding problem in
human vision remains an active area of research (Isbister et al., 2018; Palanca & DeAngelis,
2005). A more recent view is that of high-frequency activity as a mechanism for predictive
processing (see section 1.2.c), where highly predictable visual input appears to be associated
specifically with high-frequency synchronisation in the visual cortex (Uran et al., 2022).

The role of brain oscillations as a discrete sensory sampling mechanism can also be tested
through peak frequency modulations, as initially proposed by Varela et al. (1981). Frequencies
indicate the rate of change between inhibition and excitation, possibly representing a more
stable measure of sampling than phase over time. In line with this, higher alpha peak frequencies
translate into higher temporal accuracy when sampling information over several cycles, in both
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visual (e.g., (Samaha & Postle, 2015; Wutz et al., 2018) and multisensory perceptual experiences
(e.g., (Cooke et al., 2019; Migliorati et al., 2020) in some, but not all studies (Gulbinaite et al.,
2019); see (Samaha & Romei, 2024), for a review). Manipulating peak alpha frequency via TMS,
prior to the presentation of a peri-threshold stimulus, led to higher accuracy for faster peak
frequencies (Coldea et al., 2022; Di Gregorio et al., 2022). Taken together, these results suggest
that (alpha) rhythms influence perceptual experience by providing a better temporal resolution,
or a more effective sampling per cycle for higher frequencies (also see (Tarasi & Romei, 2024).

Visual attention

We understand selective visual attention as a set of interacting mechanisms that aim at
prioritising behaviourally relevant sensory input. Most of these mechanisms have been linked to
rhythmic brain activity: facilitating relevant input, actively suppressing or filtering out irrelevant
input, and the dynamics of (re)allocating the focus of visual attention. Requiring coordination
across distributed brain areas, these mechanisms may also rely on large-scale synchronisation.

Allocating attention involves the frontal eye fields (FEF), a section of the premotor cortex, which
highlights the close link between visual attention and overt gaze behaviour. When exploring a
visual scene naturally, our gaze will saccade between scene elements with an average period of
0.2 sec, or a rate of 5 Hz (Otero-Millan et al., 2008). This saccading provides ‘fresh’ sensory
information at times of high cortical excitability determined by ongoing cortical low-frequency
rhythms in the delta and theta ranges, according to the Active Sensing account (Schroeder et al.,
2010) and commensurate with the notion of rhythmic sampling (VanRullen, 2016).
Understanding the intricate links between brain rhythms and oculomotor behaviour have
recently become aresearch focus (Cruz et al., 2025; Popov et al., 2023).

Recent findings also suggest that covertly allocating attention relies on similar mechanics as
overt gaze. For example, the accuracy of detecting peripheral targets varies with a period that
falls into the theta frequency range (Landau & Fries, 2012). These variations were also found to
be in anti-phase with an opposite peripheral location (Fiebelkorn et al., 2013; Landau et al., 2015)
lending support to a gaze-like spatio-temporal sampling for involuntary shifts of attention and
thought to be implemented through cortical low-frequency oscillations, phase-reset by salient
cues that capture attention involuntarily.

Brain rhythms further subserve the voluntary allocation of attention. Cued shifts of visuospatial
attention are associated with the modulation of alpha activity. This is typically shown in the form
of alpha lateralisation, where higher alpha amplitude is observed in visual cortical regions that
represent an ignored visual hemifield (e.g., (Thut et al., 2006; Worden et al., 2000). Originally
interpreted as attention-related gain modulations in early visual cortical areas, these
modulations are now predominantly understood as a gating mechanism, relaying only relevant
visual input to higher-tier visual cortices (Jensen, 2024; Peylo et al., 2021) such that could for
instance be implemented via phase-synchronization among the attention-control network
(Lobieretal.,2018). Inline with this, alpha lateralisation and attentional gain are largely unrelated
in the early visual cortex (Antonov et al., 2020; Gundlach et al., 2020; Keitel et al., 2019; Zhigalov
& Jensen, 2020). More precisely, while the spontaneous alpha rhythm’s inhibitory effect seems
to apply in primary visual cortex (lemi et al., 2019), this inhibition does not appear to be under
attentional control or at least does not translate into attentional gain modulations.

Oscillatory frameworks of visual attention remain largely focused on alpha activity. While this
neglects the roles of other rhythms, a range of recent findings justify zooming in on alpha further:
For example, parietal, occipital and temporal cortices show at least two distinct alpha rhythms
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(Barzegaran et al., 2017; Keitel & Gross, 2016). Sokoliuk et al. (2019) also report two occipital
alpha generators that show distinct functional characteristics: one linked to spatial attention
allocation, the other to attentional effort or reflexive mechanisms (see also (Cruz et al., 2025).
Alpha rhythms have further been separated by their tendencies to show distinct (or combined)
amplitude increases or frequency decreases over time (Benwell et al., 2019), effects whose
relative contribution to visual attention remain largely unexplored (Kop&anova et al., 2025).

More recently, casting alpha as travelling waves (see section 1.4) has allowed further insights.
Although travelling waves are a known concept (Klimesch et al., 2007; Patten et al., 2012), they
have recently been re-discovered in the context of visual attention (Alamia & VanRullen, 2019;
Fakche et al., 2024; Lozano-Soldevilla & VanRullen, 2019). Alamia et al. (2023) showed that sets
of alpha waves travel along the cortex on an anterior-posterior axis, forward and in reverse.
Importantly, backward propagating waves increased in the hemisphere ipsilateral to a cued
location, potentially implementing a gating of unattended visual input. Forward propagating
waves, only found during visual stimulation, seemed to indicate a feedforward process instead.
However, methodological challenges in analysing travelling waves remain to be addressed (Das
etal., 2022; Zhigalov & Jensen, 2023).

Voluntary shifts of attention seem under the control of fronto-parietal attention networks that
have been shown to synchronise at alpha frequencies (Capotosto et al., 2009; Sauseng et al.,
2011; Sauseng et al., 2005). Extensive long-range connections exert controlling influences on
occipital visual areas (Buffalo et al., 2010; Debes & Dragoi, 2023). Involving a wider range of
frequencies, these connections may selectively synchronise distant populations of neurons that
represent attended locations or features by using beta- (Gross et al., 2004; Hipp et al., 2011) or
gamma-range oscillations (Gregoriou et al., 2009). More specifically, synchrony between frontal
and parietal cortex is strong specifically in low frequencies during goal-driven attention, while it
is strongin high frequencies during involuntary, stimulus-driven shifts (Buschman & Miller, 2007).

This also aligns with the idea that lower-frequency (alpha/beta) activity tends to carry predictions
in the feedback direction, while higher-frequency (gamma) activity is associated with prediction
errors carried forward (Bastos et al., 2012). The winner-take-all mechanism for an attended
stimulus, posited by the influential biased competition account of selective attention (Desimone
& Duncan, 1995) can also be modelled with selective synchronisation, as described by
‘communication through coherence’ (CTC, (Fries, 2015)). However, it has recently been
suggested that the gamma-based selective routing of information between brain areas can be
captured in a framework in which coherence is a consequence rather than a requisite, calling
into question the role of phase synchronisation in exerting attentional control (Dowdall et al.,
2023).

1.7.b Auditory perception and attention
Auditory perception

The auditory cortical system exhibits distinctive rhythmic activity (spectral ‘fingerprints’) during
rest (Section 1.5) and active listening (Keitel & Gross, 2016). Accordingly, the perception of
acoustic events is also modulated by brain oscillations and their various properties (for review,
see (Gourévitch et al., 2020). Nevertheless, oscillatory mechanisms in auditory perception do
not seem to be a mere copy of those found in its ‘big brother’ vision (for a comparative review,
see (VanRullen et al., 2014).
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First, there is evidence that spontaneous brain oscillations do not phasically modulate the
perception of an attended auditory target, as long as the timing of this target cannot be predicted
(Luietal., 2025; VanRullen et al., 2014; Zoefel & Heil, 2013). This contrasts with findings from the
visual domain, although these are also debated (see Section on visual perception). A 10-Hz
reverberation, or “perceptual echo” of sensory input, prominently observed for visual input and
taken as aform of sensoryreplay (VanRullen & Macdonald, 2012), is also absentin audition (Ilhan
& VanRullen, 2012). This difference between modalities has been explained by audition’s need
to cope with rapidly fluctuating input that can impede oscillatory ‘sampling’ in some scenarios
(VanRullen et al., 2014). Indeed, auditory phase effects can be reinstated by making acoustic
targets irrelevant, in line with the notion that auditory oscillations are suppressed if critical
sensory information can occur (and be ‘lost’) at the low-excitability phase (Lui et al., 2025). Also,
oscillatory phase effects on perception have been described for multi-modal stimuli that include
an auditory component but might not originate from auditory cortex (e.g., (Leonardelli et al.,
2015; Thézé et al., 2020). An intriguing additional possibility is that the phase of neural
oscillations in the auditory system provides a temporal structure to stimulus representations:
Neural populations, which process input that is more likely to occur are more sensitive and
therefore active in earlier parts of a high-excitability phase, similar to the “duty-cycle” idea as
originally proposed for the visual and hippocampal systems (Jensen et al., 2012; Lisman &
Jensen, 2013). Ten Oever et al. (2024) found evidence for such a mechanism in the auditory
system, where the phase of neural oscillations biased the perception of ambiguous speech
depending on the likelihood of its constituents (phoneme and word frequencies (Ten Oever et al.,
2024).

Second, at least based on its impact in the corresponding fields, sensory entrainment (Section
1.1.c) is a more important process in the auditory than in the visual system. Entrainment has
been proposed to play a fundamental (Giraud & Poeppel, 2012) and causal role (Riecke et al.,
2018; Zoefel et al., 2018a) in auditory and speech processing. There is an ongoing debate on
whether neural entrainment involves endogenous brain oscillations (Section 1.1.c; (Atanasova
et al., 2025; Duecker et al., 2024; Haegens & Zion Golumbic, 2018; Keitel et al., 2014; Zoefel et
al., 2018b), but some evidence for this involvement has been reported, such as through
modelling for music (Doelling et al., 2019), and entrainment to speech rhythm (Kosem et al.,
2018; van Bree et al., 2021). Auditory entrained responses and their sustained effects are
stronger for certain stimulus rates (Farahbod et al., 2020; L’hermite & Zoefel, 2023; Teng &
Poeppel, 2020), further supporting the notion of entrained endogenous oscillations (but see
(Atanasova et al., 2025). Recent research (L’hermite & Zoefel, 2023) has also suggested that a
regular presentation of auditory events can lead to reduced perception in phase with the auditory
stimulus (rather than improved perception as predicted by initial theories of entrainment;
(Lakatos et al.,, 2008), possibly reflecting habituation at specific time points and sound
frequencies (Costa-Faidella etal., 2011). Future research needs to test whether entrainment and
habituation are competing mechanisms, and in which situations they occur, especially because
in-phase perception can be improved in some experimental settings (for review, see (Haegens &
Zion Golumbic, 2018).

An important concept in studying auditory perception by means of entrainment is that the
stimulus regularity leads to predictable moments of stimulus presentation. This temporal
predictability allows the alignment of high-excitability phases to the expected informative
moment in the stimulus (Schroeder & Lakatos, 2009). The notion of ‘active sensing’ is
conceptually related (see section 2.1a), and states that audition actively allocates neural
resources to the expected timing of upcoming events (Schroeder et al., 2010). Importantly, active
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sensing is not restricted to regular stimulation - the timing of non-rhythmic events can also be
predictable - and therefore goes beyond entrainment. An important role of auditory-motor
interactions has been proposed in such a context (Morillon & Schroeder, 2015), where the motor
system’s beta and delta oscillations ‘prepare’ audition for anticipated events through phase
interactions with auditory areas Morillon (Morillon et al., 2019; Morillon & Baillet, 2017).

Auditory oscillations can be produced or ‘reset’ by acoustic events like noise, and then fluctuate
briefly in the delta-theta range Ho (Ho et al., 2017; Kayser, 2019). Moreover, gamma oscillations
seem linked to the temporal resolution of auditory processing (Baltus & Herrmann, 2016). These
findings suggest that auditory ‘sampling’ at specific rates (~delta/theta and gamma) does exist,
but it might need to be evoked through sensory input that entrains or resets these brain rhythms.
Together, complex interactions between sensory and neural dynamics might explain why
oscillations sometimes but not always play a role in the auditory system, and further studies are
required to understand these interactions.

Third, alpha oscillations in the auditory EEG do not seem as prominent as in vision (Weisz et al.,
2011). This might be due to the anatomy or smaller size of auditory cortices that makes their
activity more difficult to measure (Weisz et al., 2011). However, putatively entrained auditory
activity is prominentin the EEG (Obleser & Kayser, 2019), suggesting that anatomical reasons are
not sufficient to explain the prominence of alpha oscillations in vision. Nevertheless, there is little
doubtthat alpha oscillations do exist in the auditory cortex and play a role for auditory processing
(Billig et al., 2019), including auditory attention (see next section; (Wéstmann et al., 2021).
Recentwork in both non-human primates (Lakatos et al., 2019) and humans (Kasten et al., 2024)
suggests that alpha oscillations in audition reflect an absence of attention to sensory information
and exhibit slow regular alterations with periods of reduced alpha oscillations and enhanced
external attention. Taken together, the role of alpha in auditory perception is not as well
understood as it is in vision (Section 2.1.a), and additional research should aim at a better
characterisation.

Auditory attention

Relevant sounds are often masked, in time and frequency, by other distracting sounds. How does
the brain select relevant target sounds? Research has shown that selective auditory attention is
no unitary mechanism but composed of intertwining sub-processes (e.g., auditory object
formation and object selection; (Shinn-Cunningham & Best, 2008)), and involves subcortical
structures (Wimmer et al., 2015), as well as regions across temporal (Mesgarani & Chang, 2012)
and frontal cortices (Besle et al., 2011). Previous work suggests at least three broad classes of
auditory attentional phenomena which are potentially implemented by neural oscillations.

First, low-frequency (esp. delta/theta, approx. 1-8 Hz) neural oscillations have been proposed to
phase-align to auditory signals, such that optimally excitable auditory-cortical states align to the
rhythmic (i.e., often predictable) structure of the attended sounds (‘entrainment in the narrow
sense’, (Obleser & Kayser, 2019). Specifically, in non-human primates it has been demonstrated
that slow oscillations in the local field potential (LFP) in layers of primary auditory cortex become
entrained to attended sound (Lakatos et al., 2013). For complex stimuli such as speech (using
M/EEG), a seemingly very similar phase-locking between the speech envelope and the neural
response from auditory cortical sources (‘neural tracking’ or ‘speech tracking’, see section on
auditory perception above) is also enhanced for attended versus ignored speech (Ding & Simon,
2012). Here, an important caveat is that speech tracking and its attentional modulations are not
easily proven to be true neural oscillatory phenomena but likely involve a series of stereotypical,
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evoked responses to acoustically present ’edge’ events or linguistically imposed segmental or
phrasal boundaries (e.g., (Oganian et al., 2023). This is an open issue awaiting to be resolved
(also see section above, section 1.1b). However, it is possible that one of the most prominent
electrophysiological signatures of auditory attention —i.e., modulation of phase-locked auditory
evoked potentials by attention (Roth et al., 1970) — might at least in partrest on a true phase-reset
of slow neural oscillations (Makeig et al., 2002; Sayers & Beagley, 1974).

Second, the power of alpha (~10 Hz) oscillations relates to cortical inhibition and has been
implicated in the enhancement of targets (low alpha) and suppression of distraction (high alpha).
It is long known that the power of neural oscillations in the alpha band is modulated by auditory
attention (Adrian, 1944). Relatively suppressed alpha power in task-relevant cortical regions and
enhanced power in task-irrelevant regions have been associated with target enhancement and
distractor suppression in auditory attention, respectively (Schneider et al., 2022; Strauss et al.,
2014). However, other research has implicated increased inter-areal alpha oscillations in
auditory cortex with attentional functions (e.g., (Bollimunta et al., 2008). Alpha power
modulations are prominent signatures of auditory attention, as they have been shown to reflect
auditory spatial (Wéstmann et al., 2016), temporal (Wostmann et al., 2020), and object-based
attention (de Vries et al., 2021). Although cortical surface maps in M/EEG often show a mixture
of parietal, occipital, and temporal contributions to alpha power modulation in auditory
attention, recent evidence from electrocorticography suggests that auditory cortical regions host
sound-specific alpha oscillators (Billig et al., 2019) and that alpha oscillations during an auditory
task are suppressed in locations within the auditory system (de Pesters et al., 2016).

Third, the power of auditory-induced gamma oscillations (> ~40 Hz) is enhanced for attended
sound (Ray et al., 2008). As opposed to alpha power, sound-induced gamma power is thought to
reflect active auditory processing (Crone et al., 2001). Salient distraction has been shown to
suppress target-related gamma responses (Huang & Elhilali, 2020), potentially reflecting limited
attentional resources. Supporting evidence comes from studies showing that higher gamma
power was related to better auditory attention performance (Ahveninen et al., 2013), and that
stimulation of lateralised gamma oscillations (as compared to stimulation of lateralised alpha
oscillations) modulated listeners’ accuracy in an auditory spatial attention task (Wostmann et
al.,2018).

Several challenges remain in understanding the putative neural oscillatory mechanisms in
auditory attention. First, although research has unveiled a plethora of oscillatory phenomena
related to auditory attention, it is often unclear how these (if at all) are relevant to attentional
selection behaviourally. That is, only if an enhanced neural response to an attended stimulus
explains better target selection (e.g., higher speech comprehension scores), canitbe considered
functionally relevant to auditory attention.

Second, we often lack specification in time and origin of neural oscillations involved in auditory
attention. This can lead to seemingly contradicting results (e.g., alpha power increases in one
study but decreases in another), because the underlying neural oscillators are topographically
distinct (e.g., one study found modulation of parietal and the other of temporal alpha power).
Note that such a lack of topographical specificity also challenges characterisation of auditory-
control neural networks which were found to underlie behavioural performance in challenging
tasks (e.g., (Alavash et al., 2021).

Third, although some attempts have been made to dissociate modulations of neural oscillations
associated with different sub-processes of auditory attention (e.g., target enhancement versus
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distractor suppression; (Wostmann et al., 2019)) the field must adapt their paradigms and
analyses to be able to derive precise associations of neural oscillatory mechanisms with sub-
processes of attentional selection (Wostmann et al., 2022).

Finally, while body movements constitute an important mechanism to control the sensory
sampling of the environment (i.e., enhanced sampling of targets and avoidance of distraction),
they are restrained or considered a confound in most auditory attention research (but see (Kondo
et al., 2012)). Only if we understand how neural oscillations interact with body movements can
we understand their role for auditory attention.

1.7.c Multisensory perception & attention

Processing sensory input provided by multiple channels requires a fine-tuned mix of weighing,
integrating and segregating of auditory, visual, tactile and other input. For example, seeing a
speaker’s lips aids understanding speech in noisy environments (e.g., (Begauetal., 2021; Sumby
& Polack, 1954). Conversely, focusing on a visual task, such as reading, usually requires filtering
out potentially distracting auditory information (Vasilev et al., 2019). Considering oscillatory
processes as the underlying neurophysiological implementation has advanced our
understanding of how multisensory processing plays out in the brain (Keil & Senkowski, 2019).

A question that persists is how multisensory percepts, i.e., stimuli composed of visual, auditory,
and features from other modalities, form and are represented neurophysiologically. Bizley et al.
(2016) have argued for a layered hierarchy where ‘integration’ applies to any instance where input
in one sensory modality impinges on perceptual processing in another. ’Binding’, in contrast,
would be a special form of integration that creates unified multisensory percepts. They suggest
that interactions between early cortical areas provide the neural substrate for binding, which
aligns with findings on how senses interact through oscillatory activity: cross-modal phase
resets (Lakatos et al., 2009; Mercier et al., 2013) and phase synchrony (Senkowski et al., 2008).

Providing an ‘integration’ substrate, Lakatos et al. (2009) showed that a salient stimulus will
phase-reset low-frequency rhythmic activity not only in cortical areas processing the stimulus
modality, but also in cortices processing different modalities (also see (Mercier et al., 2013), via
direct (monosynaptic) cortico-cortical connections (Falchier et al., 2010). This transient
alignment of perceptual cycles across senses will facilitate the processing of temporally and
possibly spatially co-occurring stimuli (Lakatos et al., 2009) and may explain why a visual search
becomes trivial when changes in target appearance co-occur with a sound (Van der Burg et al.,
2008). Moreover, the common temporal scaffolding provided by crossmodal phase resets may
afford cortico-cortical coherence in beta and gamma frequency ranges, which could be the
neural substrate of ‘bound’ multisensory stimulus representations (Senkowski et al., 2008). In
the visual modality, the binding strength of two object features shows a natural periodic co-
fluctuation at low frequencies (Nakayama & Motoyoshi, 2019). Finding a similar fluctuation in the
power of high-frequency neural activity representing the constituent unisensory features of a
multisensory object would support the vital role of low-frequency oscillatory phase in
multisensory integration.

The relevance of crossmodal temporal scaffolding for cognition has also been probed with
rhythmic sensory stimulation in one modality, then testing for corresponding periodicities in
perceptual judgments in another. Several findings supported such effects of ‘crossmodal
entrainment’ (Albouy et al., 2022; Bauer et al., 2021). In audiovisual speech, for example,
sustained multisensory input streams share (quasi-)periodic temporal dynamics in lower
frequency ranges that allow for crossmodal predictions about upcoming content (Biau et al.,
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2021; Crosse et al.,, 2015). However, other findings challenge the notion of crossmodal
entrainment (Pomper et al., 2023). Barne et al. (2022) add that its effects may be rather general
in that predictions of the modality of upcoming stimulation aid in pre-activating respective
sensory cortices.

The relative weighting of modality-specific input likely requires instances of supramodal control
that may be implemented via top-down connections from higher-order to early sensory cortices
(Talsma et al., 2010) and much resemble the gating mechanism discussed for visual attention
(section 1.2.b). In fact, low-frequency, and in particular alpha rhythms, may play a very similar
role in multisensory processing, and experimental findings support a cross- or supramodal
gating mechanism (Bauer et al., 2012; Mazaheri et al., 2014). Insights remain limited however as
studies incorporating stronger stimulus competition, thus creating the demand for attentional
filtering, in multisensory processing are scarce, and the role of attention is typically investigated
by cueing one modality in a multisensory stimulus or task (but see e.g. (Begau et al., 2022)).

An additional locus of control seems to be triggered when attention needs to be divided between
senses: Studies have reported increased fronto-central or parietal theta-range oscillations in
participants who were monitoring unrelated sound and visual sequences (Keller et al., 2017;
McCusker et al., 2020). This has been argued to link to the role of theta oscillations in cognitive
control and the increased demands to keep track of unrelated, potentially conflicting sensory
streams, however, without detailing the underlying processes with which this theta modulation
influences multisensory processing.

1.8 Memory

1.8.a Working memory

Working memory (WM) is the ability to hold relevant information in an active, accessible state
over a brief time after this information is no longer physically present — this function presents a
core element of human cognition (cf., (Baddeley et al., 2015). The potential role of neural
oscillations across different frequency bands has been a key driving force in promoting our
understanding of working memory.

The relevance of alpha oscillations for WM has been highlighted by the finding that alpha power
generally increases during memory maintenance, and further increases with memory load
(Busch & Herrmann, 2003; Jensen et al., 2002). A widely accepted hypothesis is that alpha
oscillations index the disengagement of sensory areas, thereby protecting internal
representations from interference by distracting input (Cooper et al., 2003; Jensen & Mazaheri,
2010; Klimesch et al., 2007). In line with this interpretation, Bonnefond and Jensen (2012)
reported anincrease in alpha power with the expectation of a distractor during the maintenance
interval. It should be noted though that the directionality of alpha modulations is somewhat
inconsistent across studies, sometimes showing an attenuation rather than an amplification
(reviewed by (Pavlov & Kotchoubey, 2022). Reconciling these different results, it has been
proposed that alpha increases in sensory areas (i.e., supporting disengagement and distractor
inhibition) when abstract ornon-sensory information isretained, whereas it decreases to support
retention when precise sensory features are task-relevant (van Ede, 2018).

Another debate applies to lateralised alpha activity during the maintenance interval. When to-
be-remembered and to-be-ignored items appear in opposite visual fields, alpha power typically
increases in the hemisphere processing the distractors compared to the hemisphere processing
the targets (e.g. (Sauseng et al., 2009b). This lateralisation has been interpreted as reflecting both
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inhibitory (distractor-related) and facilitatory (target-related) mechanisms. However, the effect
remains ambiguous: itis often unclear whether the lateralisation reflects a true increase in alpha
power ipsilateral to the target, a decrease contralaterally, or both (Schneider et al., 2019). A few
recent studies were able to differentiate between a target-related decrease and a distractor-
related increase in alpha power (Poch et al., 2018; Vissers et al., 2016), supporting the notion that
the removal of information from working memory is mediated by an inhibitory mechanism (i.e., a
distractor-related increase). However, this contrasts with findings showing that alpha
lateralisation does not vary with the number of items that become irrelevant following a retro-
cue (Hakim et al., 2021), nor with the relevance of distractors presented during the delay period
(Noonan et al., 2018). Therefore, the exact functional role of alpha oscillations in working
memory continues to be controversial. Resolving whether alpha power modulations are related
to active versus automatic inhibition (Noonan et al., 2018) as opposed to or in addition to
mnemonic prioritisation (e.g., (van Ede, 2018) and how that relates to the concepts of temporary
versus permanentremoval (Lewis-Peacock etal., 2018) requires a neutral baseline against which
power increases and decreases can be meaningfully assessed (Schneider et al., 2022).

Working memory typically stores not only one but multiple items. This poses two computational
and theoretically relevant challenges: First, the different features constituting an individual
object must be bound, while keeping them separate from other objects. Second, not only the
identity of single items but also the spatial relation or sequential order between the individual
items must be retained. Oscillations have been proposed to play a critical role in solving both
problems:

Multi-item working memory relies on the ability to link related features constituting a perceptual
object. On a perceptual level, this binding problem largely refers to the issue of how individual
features of an object are integrated into a coherent percept, whereas in working memory, it
additionally relates to the question whether working memory capacity is limited by the number
of individual features or the number of bound objects (for a review of recent behavioural
evidence, see (Schneegans & Bays, 2019). In terms of its neural basis, feature binding implies
that feature-specific processing in anatomically distributed areas needs to be coordinated in a
way that allows for the formation of neuronal assemblies that represent perceptual objects. The
influential binding-by-synchrony hypothesis postulates that this is achieved through
synchronised oscillatory gamma activity (e.g., (Basar-Eroglu et al., 1996), see also section 2.1.a).
In line with this theory, (Honkanen et al., 2015) observed a localincrease in gamma power for the
storage of feature-bindings compared to the storage of individual features in visual working
memory. Further support for the importance of gamma power for binding in working memory
comes from studies using non-invasive brain stimulation (Tseng et al., 2016) or multisensory
integration (Senkowski et al., 2009). However, there is also evidence that theta oscillations are
important for multisensory working memory processes (Seemuller et al., 2012; Xie et al., 2021),
and that alpha oscillations are causally involved in feature binding (Zhang et al., 2019). Therefore,
extensive experimental testing is still required to (i) specify the role of different frequency bands
for unimodal as well as cross-modal binding (e.g., (Arslan et al., 2025) as well as (ii) to clarify how
storage of feature bindings is sustained during the retention interval (Pagnotta et al., 2024).

Once object features are linked, how do we keep them apart from disparate objects, while
retaining spatial relations and sequence information? Computational models suggest that
multiple items are stored by nesting fast rhythmic brain activity (in the gamma range) into slower
(theta) activity (Lisman & Idiart, 1995; Van Vugt et al., 2014) (see also section 1.3 on cross-
frequency coupling). These models predominantly differ in how individual items are represented
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and how this relates to working memory capacity limits. The original model (Lisman & Idiart,
1995; Lisman & Jensen, 2013) assumes that each item is represented by a gamma cycle, while
multiple gamma cycles are aligned to different phases of a slower theta rhythm. This limits
working memory capacity to the number of gamma cycles that can be nested into one theta
cycle. Supporting evidence comes from human intracranial hippocampal recordings (Axmacher
etal., 2010; Chaieb et al., 2015), EEG recordings over posterior-parietal scalp sites (Sauseng et
al., 2009b) as well as non-invasive brain stimulation studies (Wolinski et al., 2018). However, in
addition to such a nested (phase-amplitude) relationship, multiplexing of memory
representations could also be achieved by cross-frequency phase-phase synchronisation
(Siebenhuhner et al., 2016).

Conversely, Van Vugt et al. (2014) postulated that single items are represented by gamma bursts.
Therefore, with each theta cycle only one item is represented; and working memory capacity is
limited by the fact that items need to be reactivated after a few theta cycles in order to not lose
their representation. As discussed recently (Sauseng et al., 2019), the alternative framework is
still compatible with evidence from non-invasive brain stimulation research, such that a longer
theta cycle would increase the duration of a gamma burst, thereby increasing memory fidelity.
Yet, this relationship still awaits empirical testing and could potentially provide an avenue for
linking theta-gamma coupling phenomena to models of working memory that assume a flexible
distribution of resources rather than fixed slots. Recent computational work has further
proposed an extension of the original Lisman-ldart model, in which theta-gamma interactions
occur in spatial modules and oscillatory inputs are conceptualised as travelling waves (Soroka
etal.,2024) (see also section 1.4).

While the above-mentioned framework mainly links posterior (and hippocampal) theta
oscillations to the representation of working memory contents, theta activity in prefrontal and
anterior cingulate cortex, particularly, has been associated with control of working memory
processes (e.g., (Bergeretal., 2019; Riddle et al., 2020). To date, dissociating between those two
functions of theta activity has been difficult. Recently, however, Ratcliffe et al. (2022)
demonstrated that working memory content can be decoded from posterior theta activity,
whereas anterior theta oscillations were associated with coordination of this retained
information in working memory. In addition, control of visual working memory has been
associated with travelling alpha waves with different kind of inhibitory control being reflected by
different travelling directions (Zeng et al., 2024). Future research needs to establish whether
rhythmic brain activity is truly essential for short-term retention of information at all or if storage
of multi-item working memory could also be achieved without the involvement of brain
oscillations.

1.8.b Long-term memory

As a highly plastic region, the hippocampus plays a fundamentalrole in long-term memory (Bliss
& Lomo, 1973; Scoville & Milner, 1957). Theta and gamma oscillations in the hippocampus have
been suggested to coordinate spike timing for synaptic weight changes, thus contributing to
memory formation (Duzel et al., 2010; Hanslmayr et al., 2016; Herweg et al., 2020; Jutras &
Buffalo, 2010).

Empirical and computational evidence show that theta oscillations, as a dominant signal in the
hippocampus, provide time windows for synaptic plasticity and organise the dynamics between
memory encoding and retrieval by timing the two processes occurring at opposing theta phases
(Hasselmo, 2005; Kerrén et al., 2018; Ter Wal et al., 2021). Rodent studies suggest that gamma
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oscillations separate encoding and retrieval as theta phases do (Colgin et al., 2009). Supported
by evidence in human single neuron and intracranial EEG studies, fast gamma (> 65 Hz) activity
increases specifically during successful episodic memory encoding (Griffiths et al., 2019). In
contrast, slow gamma (~25 - 50 Hz) power increases during successful episodic or spatial
memory retrieval (Griffiths et al., 2019; Vivekananda et al., 2021).

Gamma oscillations operate at a time scale thatis consistent with the narrow time window within
which one of the most prominent plasticity mechanisms operates (~25 ms), spike-timing-
dependent plasticity (Bi & Poo, 1998; Fell & Axmacher, 2011; Jutras & Buffalo, 2010). Therefore,
gamma synchronisation might reflect effective synaptic plasticity during memory encoding,
which is supported by the findings that successful memory formation is linked with increases in
gamma power (Gruber et al., 2004; Hanslmayr et al., 2009; Long et al., 2014; Sederberg et al.,
2007). Since both gamma synchronisation and theta phases are linked to synaptic modifications,
stronger locking of gamma oscillations to optimal theta phases should have add-on effects for
memory formation. This is reflected in stronger theta-gamma phase-amplitude coupling (see
Section 1.3) during the integrated encoding of multiple items into long-term memory (Koster et
al., 2018; Staudigl & Hanslmayr, 2013).

As mentioned in Section 2.2a, computational models on theta-gamma phase-amplitude
coupling suggest that gamma oscillations may reflect the activity of smaller cell assemblies that
represents a particular item in a sequence of items (i.e. the digit ‘7’ in a string of 1-5-9-7-3). The
activity of each assembly increases at a specific phase of the theta cycle, thus a sequence of
information can be coded by different assemblies being active at different theta phases (Lisman
& Jensen, 2013). It is important to note here that, whilst each item can be represented in a
different cell assembly, it is the locking of each assembly’s gamma activity to different theta
phases that neatly organises the activity of these assemblies in time. Such a mechanism
supports whether the order of a sequence of events can be correctly remembered (Heusser et
al., 2016). Since most real-world events unfold on a temporal scale that is slower than the
gamma range, the theta-gamma phase-amplitude coupling would induce spike-timing-
dependent plasticity to form neural sequences, called synfire chains, then store a sequence of
items into long-term memory (Qasim et al., 2021; Reifenstein et al., 2021; Skaggs et al., 1996).

Hippocampal theta- and gamma rhythms have been a focus of human long-term memory
research because of well-established theoretical models and empirical evidence found in
animal studies. Although similar evidence has been found in the human brain, there are some
discrepancies. First, human endogenous theta in the hippocampus is much less rhythmic, has a
broader band and is smaller in amplitude than in animals (Qasim et al., 2021; Watrous et al.,
2013). The presence of a strong theta rhythm may not be as crucialin humans as itis in rodents,
especially since phase coding can occur independently of a consistent frequency. In fact,
learning—both spatial and non-spatial—has been shown to rely on phase coding even in the
absence of a regular hippocampal theta rhythm (Bush & Burgess, 2020; Eliav et al., 2018; Qasim
et al., 2021). A recent study used periodic theta-range stimulation (see Section 1.1c) to
manipulate stationary theta phase synchronisation between sensory regions with the aim to
improve episodic memory through sensory theta entrainment (Clouter et al., 2017). Their positive
results were challenged by non-replications highlighting the role of trial-by-trial or inter-individual
variability in entraining endogenous hippocampal theta dynamics (Serin et al., 2024; Simeonov &
Das, 2025; L. Wang et al., 2018).

Questions remain about the role of theta power in memory formation. Whereas some studies
find that theta power increases support memory formation (Hanslmayr & Staudigl, 2014; Herweg
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et al., 2020) others show that decreases in hippocampal theta power can also be linked to
successful subsequent memory (Burke et al., 2013; Crespo-Garcia etal., 2016; Long et al., 2014;
Sederberg et al., 2007; Staudigl & Hanslmayr, 2013). Power decreases may reflect increases in
capacity for information coding that aid the formation of rich memory representation in
neocortex (Hanslmayr et al., 2016; Hanslmayr et al., 2012; Michelmann et al., 2016). Reduced
synchrony among neurons, i.e., less correlated activity, likely underlying these power decreases,
may allow for a greater diversity of neural responses, thereby enhancing the brain’s capacity to
encode rich and detailed information. A remaining question is if hippocampal theta power
decreases and neocortical alpha/beta desynchronisation reflect common processes. Future
research should investigate if decreases in theta power are due to a different reference scheme
(Herweg et al.,, 2020) or a downstream effect caused by neocortical alpha/beta
desynchronisation, potentially reflecting increased sensory intake and processing.

Mixed findings regarding memory-related theta power changes may also be linked to the
existence of (at least) two different theta activities, slow theta at ~3 Hz, which is more analogue
to rodents’ hippocampal theta at ~8 Hz (Jacobs, 2014), and a faster human theta rhythm at ~8
Hz. Slow theta is mostly prevalent in the anterior hippocampus and increases in power during
successful memory formation, while fast theta is more prevalent in the posterior hippocampus
and decreases in power during successful encoding (Goyal et al., 2020; Lin et al., 2017). A
functional distinction between posterior fast theta and anterior slow theta may also be linked to
the different directions of information flow for memory encoding and retrieval (Linde-Domingo et
al., 2019): Theta (as well as alpha) travelling waves (see Section 1.4) propagate from posterior to
anterior cortex during memory encoding, whereas during retrieval, they propagate in the reversed
direction (Mohan et al., 2024; Muller et al., 2018; Zhang et al., 2018).

In future research, invasive and non-invasive brain stimulation studies can help elucidate the
causal roles of theta rhythms, theta-gamma coupling and alpha/beta desynchronisation in
memory formation or retrieval (Clouter et al., 2017; Ezzyat et al., 2017; Hanslmayr & Staudigl,
2014; Hebscher & Voss, 2020; Lara et al., 2018; D. Wang et al., 2018). Knowing which memory
processes to target, e.g. encoding or retrieval or cognitive processes, such as semantic encoding
or non-semantic encoding, as well as computational modelling of the underlying neuronal
processes, will also help in setting stimulation frequencies more precisely. Also, stimulation
parameters may need to be adjusted dynamically to individual hippocampal theta activity for
successfully studying memory encoding in theta entrainment paradigms (Wang et al., 2024).

1.9 Communication

1.9.a Speech and language processing

Speech processing and entrainment

Speech recognition poses a non-trivial challenge for the brain. From the continuous speech
signal, the corresponding linguistic units such as phonemes, syllables, phrases or sentences
need to be identified. Theoretical proposals suggest that brain rhythms in the human auditory
cortex (and other areas) entrain to quasi-rhythmic occurrences of linguistic units (see section
1.1c), allowing for speech segmentation. Particularly, the most prominent slow quasi-periodic
acoustic energy fluctuations at the syllabic scale (~4-7 Hz, theta band) are considered as cues
for the alignment of theta brain rhythms during syllabic segmentation (Ghitza, 2011; Giraud &
Poeppel, 2012; Gross et al., 2013). Slow energy fluctuations can be measured in the acoustic
envelope, which contains phonemic and syllabic transitions related to energy changes. Such
energy changes, including rapid increases in acoustic energy or the energy peaks related to mid-
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vowels (which provide stable cues in noisy environments), may provide acoustic landmarks at
the cochlear level for neural entrainment of brain rhythms through phase-resetting (Aubanel et
al., 2016; Doelling et al., 2014; Ghitza, 2013; Gross et al., 2013; Oganian & Chang, 2019).
Although speech has no periodic but rather a quasi-rhythmic structure, computational models
provide evidence that oscillator models are capable of tracking such quasi-rhythmicity (Doelling
etal., 2023; Pittman-Polletta et al., 2021; Ten Oever & Martin, 2021).

At the same time, prominent acoustic edges elicit evoked responses that overlays oscillatory
activity. Accordingly, there is an ongoing debate whether oscillatory entrainment is involved in
syllable segmentation or whether the tracking merely reflects a succession of evoked responses
(see also section 2.1.b). Empirical evidence suggests that speech tracking can be explained
solely by an evoked-responses account (Oganian et al.,, 2023). However, in line with an
entrainment interpretation, several studies provide evidence for oscillatory entrainment
phenomena during speech processing, by showing that a rhythmic stimulation elicits
subsequent rhythmic activity (‘resonance’), either in the behavioural performance or the neural
activity, after the stimulation ceases (Cabral-Calderin & Henry, 2022; Henry et al., 2025; Hickok
et al., 2015; Késem et al., 2018; van Bree et al., 2021; Zoefel et al., 2024), or in the absence of
rhythmic acoustic fluctuations (Zoefel & VanRullen, 2015). Further evidence for an entrainment
account comes from studies showing rhythmic fluctuations in speech perception after using
transcranial alternating current stimulation (tACS) (Ten Oever et al., 2016; van Bree et al., 2021;
Wilsch et al., 2018), or effects of the pre-stimulus neural phase on perception (ten Oever & Sack,
2015). In contrast, another recent study observed inter-individual differences, where some
individuals showed resonance phenomena and others did not (Assaneo et al., 2021), and yet
another study showed no evidence for resonance at the group level (Sun et al., 2022). However,
the lack of observed resonance is not necessarily evidence for a lack of involvement of oscillatory
processes and, reversely, prolonged activity after stimulation can occur in neural populations
that do not display self-sustaining oscillator properties (Doelling & Assaneo, 2021). Moreover, a
recent review highlighted some inconsistencies and shortfalls of the above findings and
approaches (Atanasova et al., 2025). Overall, other approaches might be more fruitful in probing
oscillatory activity. For example, Doelling and Assaneo (2021) suggested specifying neural
dynamics by choosing a particular dynamical system as a candidate quantitative model to
advance the ongoing debate whether oscillations are involved in speech processing or not.

According to the asymmetric sampling in time approach (Oderbolz et al., 2025; Poeppel, 2003),
faster (gamma) brain rhythms in auditory cortex are also relevant for speech processing. Gamma
brain rhythms in the left hemisphere are thought to be involved in the processing of phonemic
information, while slower delta/theta brain rhythms in the right hemisphere are considered for
syllable segmentation and processing of speech prosody. However, hemispheric lateralisation
can also be affected by other processes, resulting in a rather heterogeneous view (Assaneo et
al., 2019a; Flinker et al., 2019; Giroud et al., 2020). While asymmetric sampling in time suggests
that sampling through phase-locking to the acoustics occurs for delta/theta as well as gamma
brain rhythms (see also, (Giroud et al., 2024), other accounts suggest a different underlying
mechanism for gamma (Giraud & Poeppel, 2012; Shamir et al., 2009). For example, decoding of
phonemic information from speech acoustics (ranging from slow, 12 Hz, to fast, 50 Hz) are
related to theta-gamma (or -alpha/beta) phase-amplitude coupling (Giraud & Poeppel, 2012;
Hovsepyan et al., 2020; Hyafil et al., 2015a; Marchesotti et al., 2020; Pefkou et al., 2017), while
phonemic decoding and theta-gamma coupling is rather under-explored.
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Further to the putative entrainment at the syllabic and phonemic levels, recent research
investigated the role of brain rhythms at several other levels of the linguistic processing. At the
phrase and sentence level, a prominent study by Ding and colleagues (2016) postulated that the
auditory cortex entrains to these units in the absence of acoustic cues for segmentation, which
would clearly indicate that an oscillatory mechanism is involved in linguistic processing.
However, there are alternative explanations for this finding (Frank & Christiansen, 2018; Frank &
Yang, 2018), which could be an artefact of the used non-naturalistic stimulus material (also
referred to as ‘toy language’; (Kazanina & Tavano, 2023). The role of brain rhythms in higher level
linguistic processing are discussed in the language processing section below. Importantly,
additionally to the quasi-rhythmic acoustic cues at the syllabic scale, speech contains
prominent rhythmic fluctuations related to prosody, which can provide cues for brain rhythm
entrainment (see next section on prosody tracking).

Another relevant question is whether and how potential entrainment at the syllabic and
phonemic level is modulated by top-down effects. Top-down effects of higher-level linguistic
processing on acoustic speech tracking in auditory cortex were suggested in studies that found
slow-frequency tracking of speech acoustics to be enhanced for naturalistic speech vs.
backwards speech, attended vs. unattended or unintelligible vs. noise-vocoded speech (Park et
al., 2015; Peelle et al., 2013; Rimmele et al., 2015; Zion Golumbic et al., 2013). As these effects
were not observed in other paradigms that controlled for acoustic differences across conditions,
others argued that acoustic speech tracking in the auditory cortex is not modulated by linguistic
top-down effects, whereas speech intelligibility affected other processing levels such as
semantic integration (Gillis et al., 2023; Howard & Poeppel, 2010). Evidence that acoustic speech
tracking is not modulated by speech intelligibility was seen for fast speech, where only beta brain
rhythms were related to intelligibility (Pefkou et al., 2017); however, see: (Doelling et al., 2014).
In contrast, isochronous speech (frequency-tagging) paradigms that compared listening to
native and foreign speech, or investigated artificial word learning, provided evidence for top-
down modulations (Buiatti et al., 2009; Pinto et al., 2022; Rimmele et al., 2023). Further studies
also showed that speech rate in specific contexts can affect speech segmentation and acoustic
speech tracking, resulting in different speech percepts (Dilley & Pitt, 2010; Késem et al., 2018).
In summary, whether and how acoustic entrainment at the syllabic and phonemic level is
modulated by top-down effects remains unclear.

In sharp functional differentiation from low-frequency speech-tracking, event- or goal-related
changes of neural alpha oscillatory power have been implicated in many perceptual and
cognitive operations (Clayton et al., 2018). This change in alpha power is thought to reflect the
attentional load during speech processing (also referred to as listening effort): While alpha power
decreases when target speech becomes more intelligible and thus less effortful to process
Obleser (Obleser & Weisz, 2012), alpha power increases when distracting speech becomes more
intelligible and thus harder to ignore (Wostmann et al., 2017).

Recent research has shown that slow neural phase also tracks (or rather, allows statistical
recovery of) linguistic phenomena (lexical processing: (Brodbeck et al., 2018); semantic
dissimilarity: (Broderick et al., 2018); surprisal: (Weissbart et al., 2020). Thus, rigorous control by
modelling of purely acoustic tracking phenomena alongside linguistic phenomena in the
statistical analysis is a necessary precondition, whenever a more speech- or language-specific
conclusion is intended.
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Prosody tracking

Speech prosody comprises the supra-segmental features of speech such as tone (the rise and
fall of pitch), stress (e.g., combined pitch, length, and loudness), and rhythm, conceptualised as
the semi-periodic recurrence of sounds (e.g., syllables) over time (e.g., (Paulmann, 2016). These
speech features are linked to specific oscillatory activity, with activity (i) beyond 8 Hz specifying
intrinsic sound characteristics, (ii) around 2-4 Hz referring to theta rate of syllables, and (iii)
slower modulations (below 2 Hz) that indicate the melodic pitch contour of speech or phrasal
structure (Chalas et al., 2024; Kotz et al., 2018). Thus, while speech prosody can mark linguistic
(grammatical) contrasts and boundaries, there is still uncertainty which oscillatory activities are
specific for segmental and supra-segmental speech features given their comparable profiles. In
addition, prosody can also convey a speaker’s emotional state, attitude, and person-specific
characteristics (e.g., sex, age, dominance, attractiveness) (Kotz, 2022; Pell & Kotz, 2021), and in
communication speech prosody is multimodal (e.g., combining vocal, facial, gestural, body
movements (e.g., (Biau et al., 2022; Chandrasekaran et al., 2009; Giraud & Poeppel, 2012).

Biau and colleagues (Biau et al., 2022) reported an increase in energy fluctuations in the delta
(prosodic modulations) and theta range (syllable rate) in multimodal speech devoid of semantic
content. These fluctuations increased when temporal asynchrony between auditory and visual
prosody increased, indicating that delta fluctuations in particular respond to temporal
expectations in multisensory integration in speech (see also (Lamekina et al., 2024). In a review
on oscillatory activity in multimodal (emotion) processing, it was proposed that theta
synchronisation (here, enhanced theta power) mediates the integration of multimodal stimuli,
while alpha synchronisation indicates the inhibition in brain areas resolving uncertainties about
stimulus quality (Symons et al., 2016). Gross and colleagues (2013) reported that quasi-rhythmic
speech features aligned with slower delta oscillations in the auditory cortex while listening to
forward and backward presentations of stories. Together, this evidence suggests that slower
delta and faster theta oscillations interface when looking at specific prosodic features over time
(e.g., integrating syllable stress and melodic pitch contour), while the successful temporal
integration of multimodal prosodies extends from auditory to motor brain areas. Alpha
modulations in response to salient (emotional) multimodal prosodies might be a specific event-
related response of attention in continuous speech (e.g., stories).

In summary, speech prosody is closely linked to distinct oscillatory brain activity, with delta and
theta oscillations playing crucial roles in processing prosodic features and their multimodal
integration. This interplay of oscillatory dynamics underscores the complex neural mechanisms
underlying the perception and processing of speech prosody, both within and across sensory
modalities and in its interface with linguistic structure.

Involvement of beta oscillations in speech prediction

The predictive coding framework posits that descending signals convey expectations while
ascending signals transmit prediction errors (see section 1.2.c; (Clark, 2013; Rao & Ballard,
1999). Within this architecture, beta oscillations have been proposed to support the top-down
propagation of internal models, coordinating predictive processing across hierarchical and
temporal dimensions (Arnal & Giraud, 2012; Bastos et al., 2012; Engel & Fries, 2010). Applied to
speech, the role of beta becomes particularly interesting given the speech signal’s rapid
dynamics and multi-level structure. The brain must continuously predict at phonemic,
articulatory, syntactic, and semantic levels. Here, we synthesise evidence indicating that beta
rhythms do not merely reflect predictions but rather contribute to predictive processing by acting
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as atemporal coordination scaffold, structuring internal dynamics to align multi-level inferences
with unfolding sensory input.

Beta activity has been reported during tasks requiring listeners to engage prior knowledge and
anticipate upcoming input. At lower levels, beta in secondary auditory cortex appears to
modulate gamma oscillations in primary auditory cortex (Fontolan et al., 2014). Beta has also
been linked to phonemic disambiguation, potentially via articulatory priors (Bidelman, 2015),
and its recruitment correlates with top-down projections from the left inferior frontal cortex to
auditory areas (Alho et al., 2014; Bouton et al., 2018). At higher levels of representation, beta
oscillations have been implicated in the maintenance and updating of semantic and syntactic
expectations. Beta power tends to increase in contexts of strong lexical or structural
predictability (Lewis et al., 2016; Shahin et al., 2009), potentially reflecting a form of anticipatory
encoding. For example, beta activity scales with semantic predictability, increasing when
upcoming words are more expected (Weissbart & Martin, 2024). Similarly, a pre-activation in the
beta band is observed at syntactic integration points, interpreted as reflecting preparatory
grammatical structuring (Lewis et al., 2016; Segaert et al., 2018).

While these patterns suggest a functional role for beta in stabilising higher-order predictions, its
precise computational contribution remains debated. Some studies show beta suppression
under low predictability, while others fail to find consistent effects, raising the possibility that its
recruitment depends on specific task demands or the stability of internal context models. Rather
than directly encoding predictive content, a compelling alternative view is that beta oscillations
provide a dynamic scaffold for aligning distributed neural populations, thus ensuring the precise
convergence of predictions generated at different levels with the unfolding sensory input.

This perspective aligns with the idea that speech perception critically depends on the precise
temporal orchestration of neural activity across cortical hierarchies, involving long-range
interactions, particularly in fronto-parietal and fronto-temporal networks (Engel & Fries, 2010;
Kopell etal., 2000; Spitzer & Haegens, 2017; Uhlhaas et al., 2010). One proposed mechanism for
this coordination is cross-frequency coupling (section 1.3), where beta rhythms might align with
slower (delta, theta) or faster (gamma) oscillations to precisely phase-lock excitability across
different regions, thereby regulating the flow of information (Hipp et al., 2011). For example,
beta-phase coupling to phrasal-scale rhythms (~0.6-1.3 Hz) in motor cortex has been observed
during intelligible speech comprehension (Keitel et al., 2018). In contrast, when speech is highly
compressed to the point of being unintelligible, beta power diminishes significantly (Pefkou et
al., 2017), suggesting that beta-dependent coordination requires coherent temporal structure in
the input. These observations are compatible with the view that beta rhythms do not carry
predictive content per se but rather support the temporal structuring of predictive operations.
Their presence may be necessary when internal models are well-alighed with sensory dynamics,
but not always sufficient, as their absence does not invariably imply comprehension failure. This
suggests a role in maintaining the stability and precision of internal models during active
prediction, serving as a gating or aligning signal rather than a direct carrier of information.

The critical challenge ahead is to move beyond correlational observations and definitively
unravel what beta oscillations truly compute. While beta activity reliably emerges under stable
temporal and contextual structures, its involvement spans diverse cognitive domains, from
motor preparation and working memory to decision-making. This raises a fundamental question:
is beta's role in language a domain-specific mechanism for prediction, or a more general cortical
principle for maintaining and coordinating structured internal states across cognitive functions?
Addressing this ambiguity demands innovative causal paradigms. Future research must employ
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targeted neurostimulation approaches (e.g., tACS or TMS at specific beta frequencies) within
naturalistic speech settings to directly test beta’s impact on comprehension. Concurrently,
biophysically informed computational models are essential to mechanistically link oscillatory
dynamics to hierarchicalinference, detailing how beta precisely modulates information flow and
error signalling (Hovsepyan et al., 2023). Ultimately, beta may not offer a singular solution to
linguistic prediction, but rather a foundational element within the brain’s overarching system of
temporally organized neural computation.

Language processing

While speech - the sound that transfers the linguistic message — can be described by many
acoustic features in both time and frequency domain, these features do not themselves contain
the linguistic units and structures that determine meaning. We have seen above that oscillations
have been proposed to provide a mechanism to ‘break in’ to the linguistic signal in the form of
sensory entrainment (section 1.1.c). To get to language comprehension, however, the brain must
infer, based on its linguistic knowledge, the latent phonemes, words, and the hierarchical
structure that determine the meaning of the utterance. Of the mechanisms outlined in Section 1,
what we discuss here is most consistent with synchronisation of activity between neural
populations, and is, at this moment, agnostic between whether the more precise mechanistic
description of that synchrony is communication-by-coherence (or otherwise, see Section 1.1.b).
Note that much of the empirical work in this section comes from naturalistic presentation of
speech with the behavioural goal of language comprehension. These works thus speak to any
concerns that synchronisation and coupling effects interact with more-heavily-controlled
experimental designs, where, for example, the presentation of the stimulus or task demands
might obscure the neural response as seen in the ‘wild’ (e.g., (Ding et al., 2016).

Structured, meaningful representations of the input arise through synthesis of endogenously
generated representations (i.e., brain states, memory) with sensory representations: perceptual
inference (e.g., (Marslen-Wilson & Warren, 1994; Martin, 2016, 2020; Shams & Beierholm, 2010).
The previously mentioned peak in power at the phrase- and sentence rate by Ding et al. (2016)
sparked interest in the role of low frequency oscillations in the computation and representation
of this latent linguistic information. Since then, many studies have shown that linguistic
representations (syllables, words, and phrases) shape delta-band neural activity (Coopmans et
al., 2025; Lo etal., 2022; Meyer et al., 2017; Slaats et al., 2023).

These findings raised the question: does the brain (putatively) entrain not only to speech (theta
band), but also to endogenously generated representations (e.g. words and phrases), occurring
at a delta timescale? Meyer (2018) proposed that oscillations at different timescales (delta,
theta, gamma) perform segmentation and identification of linguistic units at their respective
timescales (intonational phrases, syllables, phonemes). This proposal gained a lot of traction
(e.g., (Molinaro & Lizarazu, 2018; Prystauka & Lewis, 2019; Rimmele et al., 2018), but it is not
without problems. The non-isochronous nature of words, phrases and sentences poses a clear
problem for neural entrainment to these structures. In fact, Bai and colleagues (2022) showed
that a sentence and a phrase with identical durations led to reorganisation of neural phase
responses in the delta and theta bands. In this case, entrainment at the phrase timescale in one
item would correspond to entrainment at the sentence time-scale in the other. While the
differences in phase clearly show that low-frequency activity is sensitive to these fine-grained
linguistic differences, it also highlights that entrainment as a mechanism cannot as such
underlie the inference of linguistic units. So, any direct mapping between linguistic structure
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‘size’ or ‘duration’ and a particular frequency band seems too simplistic (see also (Meyer et al.,
2020).

Beyond findings in the lower frequencies, the gamma band is a frequent locus of effects. For
example, gamma activity has been found to be modulated by syntactic structure (Nelson et al.,
2017; Pena & Melloni, 2012), semantic congruence (Hald et al., 2006; Rommers et al., 2013) and
lexical predictability (L. Wang et al., 2018; Weissbart & Martin, 2024). Besides Meyer (2018),
several proposals suggest that gamma activity and low-frequency signals inform each other in
language comprehension through cross-frequency coupling. For example, Benitez-Burraco and
Murphy (2019) suggest that delta-theta inter-regional phase-amplitude coupling constructs
syntactic and semantic features when the phase of delta is synchronised with the amplitude of
theta, while beta and gamma sources are phase-amplitude coupled with theta oscillations for
syntactic prediction and conceptual binding.

In a different account, Martin (2020) capitalises on delta-gamma phase-locking and the role of
synchronisation and desynchronisation. In this proposal, ongoing slow rhythms are coupled with
high-frequency activity that reflects inference (the activation of abstract grammatical knowledge
in memory). This does not suppose a direct mapping between ‘size’ of linguistic structure and
frequency band. Instead, the architecture is built upon a speech-envelope driven oscillation that
is transformed by punctate local field potentials (LFPs; gamma bursts). These gamma bursts
reflect perceptual inferences of abstract linguistic features and structures, cued by the
oscillators. In this view, the ‘entrainment’ to higher level structure, and effects in slower
frequency bands mentioned above, are driven by internal evoked responses to sensory input: a
consequence of the inference process.

Given the challenge of understanding the architecture and mechanisms of the neural
populations doing the work from scalp-recorded data, we think that leveraging increasingly
powerful forward models of the neural response to naturalistic spoken stimuli offers a promising
way forward. The temporal response function (TRF) is a time-resolved multiple linear regression
approach that allows for the modelling of neural data as a function of aspects of the stimulus,
such as acoustic edges (Tezcan et al., 2023), phonemic information (Di Liberto et al., 2015) but
see (Daube et al., 2019), and even higher-level linguistic aspects such as words and phrases
(Brodbeck et al., 2018; Gillis et al., 2021; Slaats et al., 2024). This approach can be used to model
neural data in the time- and frequency domains, as well as the coupling domain (Weissbart &
Martin, 2024). These statistical models of the data, in combination with specifications of theories
expressed as computational models, can begin to pick at the class of mechanisms that could
give rise to observed data and explain how structured meaning arises in the brain.

Before we can establish the links to oscillatory mechanisms, however, we need a
computationally-specified theory of structure building (Blokpoel, 2018; Coopmans et al., 2024;
Guest & Martin, 2021; van Rooij & Baggio, 2021). Current proposals that attempt to bridge
(computationally-specified) theories of linguistic inference and structure building with
oscillatory activity are VS-BIND (Calmus et al., 2020), ROSE (Murphy, 2024), a compositional
neural architecture for language based on DORA (Martin & Doumas, 2017; Martin & Doumas,
2019), and STIMCON (Ten Oever & Martin, 2021).

It is exceedingly unlikely that a transparent 1-to-1 mapping between linguistic concepts and
neural readouts, nor neural computation, exists. Rather than being vexed by this complex ‘joint’
of nature, we choose to admire how compelling the problem the brain solves is when it creates
languages from vibrations in the air.
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1.9.b Speech production and motor involvement in language processing

Speech production is a complex sensorimotor task, requiring the precise temporal coordination
of auditory, linguistic, motor, and predictive processes, and engaging a bilaterally distributed
cortical fronto-temporal-parietal (Giraud & Poeppel, 2012; Hickok & Poeppel, 2007; Indefrey &
Levelt, 2004; Rauschecker & Scott, 2009) and subcortical network, encompassing the
supplementary motor cortex, cerebellum, and the basal ganglia (Guenther & Vladusich, 2012;
Hickok & Poeppel, 2007; Kotz & Schwartze, 2016).

The anticipation of movement typically involves suppression of oscillatory power in the beta-
range (14-30 Hz), while the end of a movement increases synchronisation in the same frequency
band (Pfurtscheller & Lopes da Silva, 1999). The preparation of a speech act also modulates
alpha (8-13 Hz) and beta oscillations in sensorimotor brain regions (Gehrig et al., 2012; Liljestrom
etal.,2015; Mersov et al., 2018; Saarinen et al., 2006). The preparatory time-locked dynamics in
the alpha-beta frequency bands are described as event-related desynchronisation and
associated with the generation of internal models that regulate motor control (Bowers et al.,
2013; Engel & Fries, 2010; Gehrig et al., 2012; Klimesch, 2012; Liljestrom et al., 2015)). In turn,
the metrics of beta-band global coherence in primary motor and auditory regions are associated
with the feedforward transmission of speech motor plans to motor effectors and sensory brain
regions, while alpha suppression in auditory cortices might indicate the preparation of auditory
cortices by motor activity i.e., the anticipation of incoming auditory feedback (Bowers et al.,
2013; Engel & Fries, 2010; Gehrig et al., 2012; Klimesch, 2012; Liljestrom et al., 2015). With the
end of speech production, an event-related synchronisation shows as an increase in beta-band
power (or beta rebound). This process leads to inhibiting the motor system and initiating new
motor plans (Engel & Fries, 2010; Pfurtscheller & Lopes da Silva, 1999).

A complementary line of research has focussed on the coupling of auditory and motor cortices
in speech production and perception and the possible role of slow frequency brain rhythms
(Assaneo et al., 2021; Assaneo et al., 2019b; Kotz & Schwartze, 2016; Morillon et al., 2019; Park
et al., 2015). This research revealed individual differences in spontaneously synchronising
speech production with speech perception (Assaneo et al., 2019b). The production-perception
synchronisation strength was related to the functional connectivity (i.e., tracking of the speech
acoustics by theta brain rhythms in a prefrontal and precentral speech-motor region of interest)
and the structural connectivity between speech motor areas and auditory cortices. Behavioural
research suggests that the auditory-motor coupling strength (as measured through production-
perception synchronisation) relates to top-down effects from motor production facilitating
speech perception (Assaneo et al., 2021). These findings suggest the involvement of brain
rhythms. Importantly, individual differences in auditory-motor coupling strength seem to not only
impact basic auditory (Kern et al., 2021) and syllable processing (Assaneo et al., 2021; Assaneo
etal.,2019b), but also performance in a word learning task (Assaneo et al., 2019b) as well as the
comprehension of continuous speech (Lubinus et al., 2023). Although, these models focus on
slow-frequency brain rhythms and thus are likely simplified as they neglect more ‘native’ brain
rhythms of the motor cortex (such as beta and delta), this approach provides relevantinsightinto
how individual differences in auditory-motor coupling relate to brain rhythms involved in speech
production and perception.

A one-fits all explanation of frequency modulations in speech production seems too simplistic
and several open questions remain. These questions converge on a central inquiry: whether
neural oscillations, particularly beta rhythms, accurately capture the intricate interplay of
sensorimotor and linguistic processes in speech production and perception. They challenge the
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traditional separation of production and perception, highlighting their inherent coupling in self-
generated speech, and question the feasibility of isolating their neural correlates. Furthermore,
they address the critical issue of distinguishing motor-related artifacts from genuine neural
signals and assess the adequacy of current speech production models in light of emerging neural
data, pushing for a broader exploration of frequency bands beyond beta to fully understand the
complexities of sensorimotor and self-monitoring mechanisms.

1.9.c Music and rhythm processing

It may at first appear that the case for a role of oscillations in music perception is more
straightforward than in speech, as music, almost by definition, is rhythmic. In fact, natural
performances of music contain both intentional and unintentional temporal deviations that
significantly drift from isochronicity, leading to more expressive and enjoyable performances
(Madison, 2000). Furthermore, hierarchy of rhythms at different time scales combined with this
expressiveness can lead to significant blurring of the principal note rates of a musical piece.
Factor in multiple performers and the situation becomes even more complicated.
Synchronisation to notes (akin to speech tracking) can only be the starting point. In this section,
we will discuss the role of oscillations in tracking rhythm, beat, and ultimately groove, the drive
in music listening that makes us want to move.

Inspired by the speech domain, several studies (Doelling & Poeppel, 2015; Harding et al., 2019;
Keitel et al., 2025; Tierney & Kraus, 2015; Zuk et al., 2021) have now demonstrated that low-
frequency neural dynamics (1 - 8 Hz) track the amplitude fluctuations in the acoustic envelope
of music. Doelling and colleagues (2019) investigated the neural mechanisms of this tracking
using simulations and established that it was more plausibly the result of sensory entrainment
rather than evoked responses to each note (see discussion in section Speech processing and
entrainment). Furthermore, the synchrony was band-limited, with a lower limit of about 1 Hz,
below which nonmusicians showed no synchrony without training (Doelling & Poeppel, 2015).
This mechanism of synchrony to the note rate is thought to be related to temporal prediction and
attention (Arnal et al., 2015; Lakatos et al., 2013; Large & Jones, 1999), whereby the phase of the
synchronous oscillator can be used to track expected rhythms and upcoming notes.

In conjunction with this low-level tracking system, beta oscillations have been associated with a
more volitional control of rhythmic tracking. Fujioka and colleagues (2012) found that these
oscillations, sourced in motor regions, would cyclically rise at a slope corresponding to the
tempo of isochronous beats. More recent literature (Biau & Kotz, 2018; Criscuolo et al., 2023;
Fujioka et al., 2015) has shown that this beta mechanism is sensitive to beat and metrical
structure more so than low frequency oscillations. These findings and their source in motor areas
suggest beta oscillations as a flow of information from external sources inward (Arnal, 2012) to
modulate low-frequency tracking based on higher order information via phase-amplitude
coupling (Arnal et al., 2015), allowing for the extraction of beat predictions from more complex
rhythmic sequences through action simulation. However, given more recent literature on the
bursting nature of motor beta oscillations (see section 1.2.a; (Jones, 2016), an intriguing new
avenue to explore could identify whether single trial analyses in beat processing reflect sustained
or transient beta activity. Furthermore, whether this phase amplitude coupling cannot be better
explained as deviations from sinusoidal waveform shape (Cole & Voytek, 2019) has not yet been
tested.

While experimental findings have suggested a role for beta in the tracking of complex patterns,
computational work has somewhat questioned its utility. Large and colleagues (2015) have
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shown that effective beat extraction can be achieved through interactions of two arrays of
oscillators, spanning the frequency space of typical musical beats (~1-5 Hz). By this work,
sensorimotorinteractions are manifested not through delta-beta coupling but by the interactions
of low-frequency oscillators present in both auditory and motor areas. This proposal is also in
keeping with literature showing low-frequency oscillations in motor areas and coupling between
auditory and motor regions (Assaneo & Poeppel, 2018; Morillon et al., 2019). As such, whether
beta plays a computational role in beat tracking or is instead driven by the low-frequency
couplingremains an open question. Causal evidence, likely using stimulation techniques, will be
necessary to tease out which mechanisms are critical to rhythm and beat perception.

These interactions of delta and beta oscillations in auditory and motor regions may lead to a
cognitive sensation of groove - the pleasurable urge to move - in music (Witek et al., 2014).
Recent modelling work has shown that this phenomenon can be explained through the
interactions of three sets of coupled oscillators Zalta (Zalta et al., 2024): an ‘auditory’ set which
receives the rhythm as input, a ‘motor’ set which couples to the auditory set and sends temporal
predictions (in line with the previous section), and a third set, which receives contrastive input
from both. This third group shows greater activity with increasing ratings of groove to syncopated
beats. Experimentally, Zalta and colleagues (2024) showed that the delta-beta coupling system
described above can be related directly to this model, showing delta in auditory regions is
sensitive to syncopation, whereas beta in motor regions is driven by increased groove, perhaps
providing a role for beta as the third set of oscillators and receiving modulatory input from motor
and auditory delta.

In iterating the proposed roles of neural oscillations in the processing of musical rhythm, this
section has particularly highlighted the role of phase-coupling both within and across
frequencies as a mechanism forincorporating temporal predictions between sensory and motor
cortices. The role of the motor cortex as a source of prediction has a long standing in cognitive
science (Arnal, 2012; Cannon & Patel, 2021; Halle & Stevens, 1962; Schwartze & Kotz, 2013)
whereby neurophysiology designed to generate actions can be used to generate and compare
stimulus predictions in content and time as well. The work described above demonstrates how
coupled oscillators may implement this interaction between motor and sensory systems to
support complex temporal processing like rhythm and groove.

Still many open questions remain. First, some evidence suggests that these mechanisms might
not only implement temporal predictions in rhythms but also carry predictive information of
content, pitch, and melody (Chang et al., 2018; Doelling & Poeppel, 2015). Second, it remains
unclear how much of these proposed oscillatory mechanisms would be specific to music.
Certainly, the mechanisms are inspired by theories in other fields, including speech, attention,
and motor domains. Does music hijack the same circuitry? Or are there dedicated
regions/dynamics specific to music processing? We may find that the lower-level processing of
individual notes could be shared with other regions whereas higher-order processes like groove
become a specific musical process. Lastly, this section has focused on the perceptual aspect of
music and rhythm, but the signal is also produced by a performer. How these oscillatory
dynamics play out in performer-listener interactions is key to understanding the neurobiological
underpinnings of musical development and learning within a piece and across genres.
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Conclusions

In reviewing the literature on oscillatory cognitive neuroscience, we set out to detail our current
understanding of how basic electrophysiological mechanisms and functions —which manifest as
rhythmic activity — underpin human cognition. In doing so, two things became clear: On one side,
drawing such connections possesses large explanatory power and has introduced intriguing new
perspectives. Take the example of the perceptual sampling idea (VanRullen, 2016): It goes
against our intuition of a continuous sensory environment yet provides a framework in which
sensory exploration can be understood as a consequence of cyclic neural processes that
allocate and distribute attentional resources. If these connections can be confirmed, and new
ones established, that would take us closer to a comprehensive theory of human cognition,
formulated on a neurophysiological level. On the other side, it seems that many questions
remain and that there are few findings that are widely accepted and not currently under
challenge.

That at least some of the evidence remains mixed or unclear will also be rooted in the replication
crisis in cognitive neuroscience, which has been discussed elsewhere (Huber et al., 2019;
loannidis, 2005; Rajtmajer et al., 2022). However, beyond a methodological perspective, the
present review should also serve as a guide on important questions that future research will need
to address to develop a more robust understanding of the role of brain rhythms in cognition. This
will contribute to a unified theoretical framework of brain function, which will in turn allow us to
test ever more specific predictions.

A striking observation is that, if the oscillatory functions described in Section 1 are indeed as
fundamental as believed, then we would expect these to feature consistently in all domains of
cognition discussed here. For example, exerting excitatory/inhibitory influences is considered to
be a fundamental function of brain rhythms (Buzsaki, 2006). Consequently, it should play a role
in most cognitive processes and therefore feature widely in the respective research. This does
not seem to be the case, as indicated by the (missing) arrows in Figure 1, which show that the
role of phase in excitation/inhibition is only made explicitin sections on perception and attention.
Furthermore, it seems that each area uses partially proprietary concepts that are sometimes not
explicitly connected to research at a mechanistic neural level. Additionally, some common
terms are not used consistently across areas, making it harder to obtain a clear understanding
of underlying mechanistic concepts. An example is the term ‘synchronisation’, which is used for
synchronised activity across brain areas and for power changes (e.g. “event-related de-
/synchronisation”). While the underlying mechanism may be similar, this is neither established
nor clear. This indicates a need for more basic research to clarify underlying neural mechanisms
for the observed phenomena and a more cautious, nuanced use of terminology.

In closing, our review recognises the wealth of advances brought about by explaining human
cognition through the lens of rhythmic brain activity. We also raise challenges that the field will
need to overcome — above all, whether brain rhythms have the causal role we typically assume.
Nevertheless, we strongly surmise that brain rhythms will remain a pivotal link, tying cognitive
function to neuronal processes, and hope that this review sets out the questions we need to ask
to arrive at a deeper understanding.

43



Keitel, Keitel, et al. Brain rhythms in cognition

Acknowledgements

We thank Julio Hechavarria and Francisco Garcia-Rosales for valuable comments at an early
stage of the project.

All authors are members of the Scottish-EU Critical Oscillations Network (SCONe), funded by the
Royal Society of Edinburgh (RSE Saltire Facilitation Network Award to C.K., A.K, S.P, and P.S.
(Reference Number 1963).

A.K. received support from the Medical Research Council[MR/W02912X/1] and the Royal Society
of Edinburgh (RSE Saltire Facilitation Network Award, 1963). C.K. received support from the Royal
Society of Edinburgh (RSE Saltire Facilitation Network Award, 1963) and TENOVUS Scotland (T23-
43). C.S.Y.B. received support from TENOVUS Scotland (T23-43). S.B. received support from the
Fyssen Foundation, the Fondation pour UAudition (RD-2016-R; FPAIDA11), the Agence Nationale
de la Recherche (ANR-21-CE28-0028); this work has benefited from a French government grant
managed by the Agence Nationale de la Recherche under the France 2030 program, reference
ANR-23-1AHU-0003. N.B. received support from the Deutsche Forschungsgemeinschaft (Grant
BU2400/8-1 and BU2400/9-1). A.C. received support from the Nederlandse Organisatie voor
Wetenschappelijk Onderzoek (NWO - HNUXR80789). K.B.D. received support from the Fondation
pour I’Audition (RD-2020-10); a French government grant managed by the Agence Nationale de la
Recherche under the France 2030 program (ANR-23-IAHU-0003), and the Institut Pasteur (G5, Human
and Artificial Perception). L.D. received support from the European Research Council (852139). J.G.
received support from the DFG (GR 2024/5 -1,GR 2024/11 -1,GR 2024/12 -1). D.S.K. received support
from the DFG (KL 3580/1-1), the IMF (KL 1 2 22 01), and the European Research Council (101162169).
C.L. received support from the Max Planck Institute for Empirical Aesthetics. A.E.M. received support
for the Lise Meitner Research Group “Language and Computation in Neural Systems” from the Max
Planck Society, and by the Netherlands Organization for Scientific Research (NWO) VIDI (grant
016.Vidi.188.029) and Aspasia (grant 015.014.013), and from the European Research Council (ERC-
2024-C0G 101170162).J.M.R. received support from the Max Planck Institute for Empirical Aesthetics.
V.R. received support from the Next Generation EU (NGEU) and Ministry of the University and
Research (MUR), National Recovery and Research Plan (NRRP) PRIN 2022 (2022H4ZRSN - CUP
J53D23008040006, D DN. 104 02.02.2022 and P2022XAKXL - CUPJ53D23017340001, D DN. 1409
14.09.2022), the Ministerio de Ciencia, Innovacién y Universidades, Spain (PID2019-111335 GA-100),
and the Bial Foundation (033/22). M.R. received support from the Ministerio de Ciencia e Innovacién
(MICIIN) and the Agencia Estatal de Investigacion (AEl) under the Ramén y Cajal program (RYC2019-
027538-1/0.13039/501100011033), and the Basque Foundation for Science (lkerbasque). F.S. received
support from the Suomen Kulttuurirahasto (postdoctoral research grant 00242647). B.Z. received
support from the Agence Nationale de la Recherche (ANR-21-CE37-0002), and the Fondation pour
I’Audition (FPA-RD-2021-10). P.S. received support from the Swiss National Science Foundation
(10531F_220081). S.A.K. received support from the Bial Foundation (#102/22).

The authors declare no competing financial interests.

Author contributions
Conceptualisation: A.K., C.K., J.G., S.H.,J.M.R,,V.R,, M.R,, G.T., MW,, S.P., P.S., S.A.K.

44



Keitel, Keitel, et al.

Brain rhythms in cognition

Writing - Original Draft: A.K., C.K., C.S.Y.B,, S.B.,, N.A.B.,,A.C,,K.B.D,, L.D,, L.G., J.G,, L.-l.K,,
D.S.K,G.L,C.L,AEM,])0O,)JMR,MR,FS,SS,ES, LT,G.T,J)T,D.W, MW, B.Z,S.P,,

P.S., S.A.K.

Writing - Review & Editing: A.K., C.K., C.S.Y.B., S.B., N.A.B.,A.C.,K.B.D., L.D,,L.G.,J.G.,S.H,,
L.-l.K.,,D.S.K,,G.L.,,RA.L,C.L,,AE.M, J.O,,J.M.R,V.R, MR, F.S,SS,,ES,, GT,JT, MW,

S.P.,,P.S.,S.AK.
Funding acquisition: A.K., C.K., S.P.

Visualisation: A.K., C.K.

Section contributions

1.1. Mechanisms of oscillatory phase

1.1.a. Excitation-inhibition cycle in oscillation
dynamics

Manuela Ruzzoli, Raquel London, Satu Palva,
Luca Tarasi, Vincenzo Romei

1.1.b Synchronisation between neuronal
populations

Christian Keitel, Paul Sauseng, Satu Palva

1.1c Sensory entrainment

Anne Keitel, Christian Keitel

1.2 Mechanisms of oscillatory power

1.2a Macroscopic measures of power and
excitation-inhibition balance in oscillation

Manuela Ruzzoli, Paul Sauseng, Gregor Thut,
Christian Keitel, Satu Palva, Anne Keitel

dynamics
1.2b Gating by inhibition Gregor Thut
1.2c Predictive coding Eelke Spaak

1.3 Cross-frequency coupling mechanisms

Felix Siebenhuehner, Satu Palva

1.4 Travelling waves

Laura Dugué, Laetitia Grabot

1.5 Resting-state rhythmic activity

Christina Lubinus, Anne Keitel

1.6 Interaction with other bodily rhythms

1.6.a Respiration

Daniel Kluger

1.6.b Pupil-linked arousal

Christian Keitel

1.6.c Cardiac rhythms

Antonio Criscuolo, Sonja A. Kotz

1.6.d Gastric rhythms

Joachim Gross

1.6.e Circadian rhythms

Antonio Criscuolo, Jonas Obleser, Sonja A.
Kotz

1.6.f Interactions between physiological and
brain rhythms

2.1 Perception & attention

Antonio Criscuolo, Sonja A. Kotz

2.1.a Visual perception & attention

45



Keitel, Keitel, et al.

Brain rhythms in cognition

Visual perception

Christian Keitel, Chris
Benwell, Niko Busch, Laura Dugué, Laetitia
Grabot, Paul Sauseng, Jelena Trajkovic, Luca

Manuela Ruzzoli,

Tarasi, Vincenzo Romei

Visual attention

Christian Keitel, Manuela Ruzzoli, Chris
Benwell, Niko Busch, Laura Dugué, Laetitia
Grabot, Gemma Learmonth, Paul Sauseng,
Jelena Trajkovic, Luca Tarasi, Vincenzo Romei

2.1.b Auditory perception and attention

Auditory Perception

Benedikt Zoefel

Auditory attention

Malte Woestmann, Mohsen Alavash, Jonas
Obleser

2.1.c Multisensory perception & attention

Laura-Isabelle Klatt, Christian Keitel,
Manuela Ruzzoli

2.2 Memory

2.2.a Working memory

Laura-Isabelle Klatt, Niko Busch, Paul
Sauseng

2.2.b Long-term memory

Danying Wang, Simon Hanslmayr

2.3 Communication

2.3.a Speech and language processing

Speech processing and entrainment

Johanna Rimmele, Anne Keitel, Sonja A. Kotz,
Malte Woestmann, Jonas Obleser

Prosody tracking

Sonja A. Kotz

Involvement of beta oscillations in speech
prediction

Sophie Bouton

Language processing

Sophie Slaats, Andrea E. Martin

2.3.b Speech production

Antonio Criscuolo, Johanna Rimmele, Sonja
A. Kotz

2.3.c Music and rhythm processing

Keith Doelling, Sonja A. Kotz

Note that authors are listed in no particular order within each section.

46



Keitel, Keitel, et al. Brain rhythms in cognition

References

Adrian, E. D. (1944). Brain rhythms. Nature, 153, 360-362. https://doi.org/10.1038/153360a0

Adrian, E. D., & Matthews, B. H. C. (1934). The Berger rhythm potential changes from the occipital
lobes in man. Brain, 57(4), 355-385. https://doi.org/10.1093/brain/57.4.355

Ahmad, J., Ellis, C., Leech, R., Voytek, B., Garces, P., Jones, E., . . . McAlonan, G. (2022). From
mechanisms to markers: novel noninvasive EEG proxy markers of the neural excitation
and inhibition system in humans. Translational Psychiatry, 12(1), 467.
https://doi.org/10.1038/s41398-022-02218-z

Ahveninen, J., Huang, S., Belliveau, J. W., Chang, W. T., & Hamalainen, M. (2013). Dynamic
oscillatory processes governing cued orienting and allocation of auditory attention. J
Cogn Neurosci, 25(11), 1926-1943. https://doi.org/10.1162/jocn_a_00452

Akiyama, M., Tero, A., Kawasaki, M., Nishiura, Y., & Yamaguchi, Y. (2017). Theta-alpha EEG phase
distributions in the frontal area for dissociation of visual and auditory working memory.
Sci Rep, 7(1), 42776. https://doi.org/10.1038/srep42776

Al, E., lliopoulos, F., Nikulin, V. V., & Villringer, A. (2021). Heartbeat and somatosensory
perception. Neurolmage, 238, 118247.
https://doi.org/10.1016/j.neuroimage.2021.118247

Alamia, A., Terral, L., D'Ambra M, R., & VanRullen, R. (2023). Distinct roles of forward and
backward alpha-band waves in spatial visual attention. elife, 12.
https://doi.org/10.7554/¢eLife.85035

Alamia, A., & VanRullen, R. (2019). Alpha oscillations and traveling waves: Signatures of
predictive coding? PLoS Biol, 17(10), €3000487.
https://doi.org/10.1371/journal.pbio.3000487

Alavash, M., Tune, S., & Obleser, J. (2021). Dynamic large-scale connectivity of intrinsic cortical
oscillations supports adaptive listening in challenging conditions. PLoS Biol, 19(10),
e€3001410. https://doi.org/10.1371/journal.pbio.3001410

Albouy, P., Martinez-Moreno, Z. E., Hoyer, R. S., Zatorre, R. J., & Baillet, S. (2022). Supramodality
of neural entrainment: Rhythmic visual stimulation causally enhances auditory working
memory performance. Sci Adv, 8(8), eabj9782. https://doi.org/10.1126/sciadv.abj9782

Alexander, D. M., Ball, T., Schulze-Bonhage, A., & van Leeuwen, C. (2019). Large-scale cortical
travelling waves predict localized future cortical signals. PLOS Computational Biology,
15(11), e1007316. https://doi.org/10.1371/journal.pchi. 1007316

Alexander, D. M., & Dugué, L. (2024). The dominance of global phase dynamics in human cortex,
from delta to gamma. bioRxiv. https://doi.org/10.1101/2024.06.04.597334

Alexander, D. M., Trengove, C., & van Leeuwen, C. (2015). Donders is dead: cortical traveling
waves and the limits of mental chronometry in cognitive neuroscience. Cognitive
Processing, 16(4), 365-375. https://doi.org/10.1007/s10339-015-0662-4

Alho, J., Lin, F. H., Sato, M., Tiitinen, H., Sams, M., & Jaaskelainen, I. P. (2014). Enhanced neural
synchrony between left auditory and premotor cortex is associated with successful
phonetic categorization. Front Psychol, 5, 394.
https://doi.org/10.3389/fpsyg.2014.00394

Antonov, P. A., Chakravarthi, R., & Andersen, S. K. (2020). Too little, too late, and in the wrong
place: Alpha band activity does not reflect an active mechanism of selective attention.
Neurolmage, 219, 117006. https://doi.org/10.1016/j.neuroimage.2020.117006

Arnal, L. H. (2012). Predicting "When" Using the Motor System's Beta-Band Oscillations. Front
Hum Neurosci, 6, 225. https://doi.org/10.3389/fnhum.2012.00225

Arnal, L. H., Doelling, K. B., & Poeppel, D. (2015). Delta-Beta Coupled Oscillations Underlie
Temporal Prediction Accuracy. Cereb Cortex, 25(9), 3077-3085.
https://doi.org/10.1093/cercor/bhu103

Arnal, L. H., & Giraud, A. L. (2012). Cortical oscillations and sensory predictions. Trends Cogn
Sci, 16(7), 390-398. https://doi.org/10.1016/j.tics.2012.05.003

47


https://doi.org/10.1038/153360a0
https://doi.org/10.1093/brain/57.4.355
https://doi.org/10.1038/s41398-022-02218-z
https://doi.org/10.1162/jocn_a_00452
https://doi.org/10.1038/srep42776
https://doi.org/10.1016/j.neuroimage.2021.118247
https://doi.org/10.7554/eLife.85035
https://doi.org/10.1371/journal.pbio.3000487
https://doi.org/10.1371/journal.pbio.3001410
https://doi.org/10.1126/sciadv.abj9782
https://doi.org/10.1371/journal.pcbi.1007316
https://doi.org/10.1101/2024.06.04.597334
https://doi.org/10.1007/s10339-015-0662-4
https://doi.org/10.3389/fpsyg.2014.00394
https://doi.org/10.1016/j.neuroimage.2020.117006
https://doi.org/10.3389/fnhum.2012.00225
https://doi.org/10.1093/cercor/bhu103
https://doi.org/10.1016/j.tics.2012.05.003

Keitel, Keitel, et al. Brain rhythms in cognition

Arshamian, A., Iravani, B., Majid, A., & Lundstrom, J. N. (2018). Respiration Modulates Olfactory
Memory Consolidation in Humans. J Neurosci, 38(48), 10286-10294.
https://doi.org/10.1523/JNEUROSCI.3360-17.2018

Arslan, C., Schneider, D., Getzmann, S., Wascher, E., & Klatt, L. |. (2025). The Interplay Between
Multisensory Processing and Attention in Working Memory: Behavioral and Neural
Indices of Audiovisual Object Storage. Psychophysiology, 62(2), e70018.
https://doi.org/10.1111/psyp.70018

Aru, J., Aru, J., Priesemann, V., Wibral, M., Lana, L., Pipa, G., . .. Vicente, R. (2015). Untangling
cross-frequency coupling in neuroscience. Curr Opin Neurobiol, 31, 51-61.
https://doi.org/10.1016/j.conb.2014.08.002

Assaneo, M. F., & Poeppel, D. (2018). The coupling between auditory and motor cortices is rate-
restricted: Evidence for an intrinsic speech-motor rhythm. Sci Adv, 4(2), eaao3842.
https://doi.org/10.1126/sciadv.aao3842

Assaneo, M. F., Rimmele, J. M., Orpella, J., Ripolles, P., de Diego-Balaguer, R., & Poeppel, D.
(2019a). The Lateralization of Speech-Brain Coupling Is Differentially Modulated by
Intrinsic Auditory and Top-Down Mechanisms. Front Integr Neurosci, 13, 28.
https://doi.org/10.3389/fnint.2019.00028

Assaneo, M. F., Rimmele, J. M., Sanz Perl, Y., & Poeppel, D. (2021). Speaking rhythmically can
shape hearing. Nature Human Behaviour, 5(1), 71-82. https://doi.org/10.1038/s41562-
020-00962-0

Assaneo, M. F., Ripolles, P., Orpella, J., Lin, W. M., de Diego-Balaguer, R., & Poeppel, D. (2019b).
Spontaneous synchronization to speech reveals neural mechanisms facilitating
language learning. Nature Neuroscience, 22(4), 627-632.
https://doi.org/10.1038/s41593-019-0353-z

Aston-Jones, G., & Cohen, J. D. (2005). An integrative theory of locus coeruleus-norepinephrine
function: adaptive gain and optimal performance. Annu Rev Neurosci, 28(1), 403-450.
https://doi.org/10.1146/annurev.neuro.28.061604.135709

Atanasova, T., Gross, J., Rimmele, J. M., & Keitel, A. (2025). The involvement of endogenous brain
rhythms in speech processing. PsyArXiv. https://doi.org/10.31234/osf.io/rukwp_v1

Aubanel, V., Davis, C., & Kim, J. (2016). Exploring the Role of Brain Oscillations in Speech
Perception in Noise: Intelligibility of Isochronously Retimed Speech. Front Hum
Neurosci, 10, 430. https://doi.org/10.3389/fnhum.2016.00430

Axmacher, N., Henseler, M. M., Jensen, O., Weinreich, I., Elger, C. E., & Fell, J. (2010). Cross-
frequency coupling supports multi-item working memory in the human hippocampus.
Proc NatlAcad SciUS A, 107(7), 3228-3233. https://doi.org/10.1073/pnas.0911531107

Azzalini, D., Rebollo, I., & Tallon-Baudry, C. (2019). Visceral Signals Shape Brain Dynamics and
Cognition. Trends Cogn Sci, 23(6), 488-509. https://doi.org/10.1016/j.tics.2019.03.007

Baddeley, A., Eysenck, M., & Anderson, M. (2015). Working memory. In Memory (pp. 81-120).
Psychology Press. https://doi.org/10.4324/9781315749860-12

Bai, F., Meyer, A. S., & Martin, A. E. (2022). Neural dynamics differentially encode phrases and
sentences during spoken language comprehension. PLoS Biol, 20(7), €3001713.
https://doi.org/10.1371/journal.pbio.3001713

Balestrieri, E., & Busch, N. A. (2022). Spontaneous Alpha-Band Oscillations Bias Subjective
Contrast Perception. J Neurosci, 42(25), 5058-5069.
https://doi.org/10.1523/JNEUROSCI.1972-21.2022

Baltus, A., & Herrmann, C. S. (2016). The importance of individual frequencies of endogenous
brain oscillations for auditory cognition - A short review. Brain Res, 1640(Pt B), 243-250.
https://doi.org/10.1016/j.brainres.2015.09.030

Banellis, L., Rebollo, I., Nikolova, N., & Allen, M. (2024). Increased stomach-brain coupling
indexes a dimensional signature of negative mental health symptoms. bioRxiv.
https://doi.org/10.1101/2024.06.05.597517

48


https://doi.org/10.1523/JNEUROSCI.3360-17.2018
https://doi.org/10.1111/psyp.70018
https://doi.org/10.1016/j.conb.2014.08.002
https://doi.org/10.1126/sciadv.aao3842
https://doi.org/10.3389/fnint.2019.00028
https://doi.org/10.1038/s41562-020-00962-0
https://doi.org/10.1038/s41562-020-00962-0
https://doi.org/10.1038/s41593-019-0353-z
https://doi.org/10.1146/annurev.neuro.28.061604.135709
https://doi.org/10.31234/osf.io/rukwp_v1
https://doi.org/10.3389/fnhum.2016.00430
https://doi.org/10.1073/pnas.0911531107
https://doi.org/10.1016/j.tics.2019.03.007
https://doi.org/10.4324/9781315749860-12
https://doi.org/10.1371/journal.pbio.3001713
https://doi.org/10.1523/JNEUROSCI.1972-21.2022
https://doi.org/10.1016/j.brainres.2015.09.030
https://doi.org/10.1101/2024.06.05.597517

Keitel, Keitel, et al. Brain rhythms in cognition

Barne, L. C., Cravo, A. M., de Lange, F. P., & Spaak, E. (2022). Temporal prediction elicits rhythmic
preactivation of relevant sensory cortices. Eur J Neurosci, 55(11-12), 3324-3339.
https://doi.org/10.1111/ejn.15405

Barnes, J. J., Woolrich, M. W., Baker, K., Colclough, G. L., & Astle, D. E. (2016).
Electrophysiological measures of resting state functional connectivity and their
relationship with working memory capacity in childhood. Dev Sci, 79(1), 19-31.
https://doi.org/10.1111/desc.12297

Barzegaran, E., Vildavski, V. Y., & Knyazeva, M. G. (2017). Fine Structure of Posterior Alpha
Rhythm in Human EEG: Frequency Components, Their Cortical Sources, and Temporal
Behavior. Sci Rep, 7(1), 8249. https://doi.org/10.1038/s41598-017-08421-z

Basar-Eroglu, C., Struber, D., Schurmann, M., Stadler, M., & Basar, E. (1996). Gamma-band
responses in the brain: a short review of psychophysiological correlates and functional
significance. Int J Psychophysiol, 24(1-2), 101-112. https://doi.org/10.1016/s0167-
8760(96)00051-7

Bastos, A. M., Usrey, W. M., Adams, R. A., Mangun, G. R., Fries, P., & Friston, K. J. (2012).
Canonical microcircuits for predictive coding. Neuron, 76(4), 695-711.
https://doi.org/10.1016/j.neuron.2012.10.038

Bastos, A. M., Vezoli, J., Bosman, C. A., Schoffelen, J. M., Oostenveld, R., Dowdall, J. R., ... Fries,
P. (2015a). Visual areas exert feedforward and feedback influences through distinct
frequency channels. Neuron, 85(2), 390-401.
https://doi.org/10.1016/j.neuron.2014.12.018

Bastos, A. M., Vezoli, J., & Fries, P. (2015b). Communication through coherence with inter-areal
delays. Curr Opin Neurobiol, 31, 173-180. https://doi.org/10.1016/j.conb.2014.11.001

Bauer, A. R., van Ede, F., Quinn, A. J., & Nobre, A. C. (2021). Rhythmic Modulation of Visual
Perception by Continuous Rhythmic Auditory Stimulation. J Neurosci, 41(33), 7065-7075.
https://doi.org/10.1523/JNEUROSCI.2980-20.2021

Bauer, M., Kennett, S., & Driver, J. (2012). Attentional selection of location and modality in vision
and touch modulates low-frequency activity in associated sensory cortices. J
Neurophysiol, 107(9), 2342-2351. https://doi.org/10.1152/jn.00973.2011

Begau, A., Klatt, L. ., Schneider, D., Wascher, E., & Getzmann, S. (2022). The role of informational
content of visual speech in an audiovisual cocktail party: Evidence from cortical
oscillations in young and old participants. Eur J Neurosci, 56(8), 5215-5234.
https://doi.org/10.1111/ejn.15811

Begau, A., Klatt, L. |., Wascher, E., Schneider, D., & Getzmann, S. (2021). Do congruent lip
movements facilitate speech processing in a dynamic audiovisual multi-talker scenario?
An ERP study with older and younger adults. Behav Brain Res, 412, 113436.
https://doi.org/10.1016/j.bbr.2021.113436

Belluscio, M. A., Mizuseki, K., Schmidt, R., Kempter, R., & Buzsaki, G. (2012). Cross-frequency
phase-phase coupling between theta and gamma oscillations in the hippocampus. J
Neurosci, 32(2), 423-435. https://doi.org/10.1523/JNEUROSCI.4122-11.2012

Benitez-Burraco, A., & Murphy, E. (2019). Why Brain Oscillations Are Improving Our
Understanding of Language. Front Behav Neurosci, 13, 190.
https://doi.org/10.3389/fnbeh.2019.00190

Benwell, C. S. Y., Coldea, A., Harvey, M., & Thut, G. (2022). Low pre-stimulus EEG alpha power
amplifies visual awareness but not visual sensitivity. Eur J Neurosci, 55(11-12), 3125-
3140. https://doi.org/10.1111/ejn.15166

Benwell, C. S. Y., London, R. E., Tagliabue, C. F., Veniero, D., Gross, J., Keitel, C., & Thut, G.
(2019). Frequency and power of human alpha oscillations drift systematically with time-
on-task. Neurolmage, 192, 101-114. https://doi.org/10.1016/j.neuroimage.2019.02.067

Benwell, C. S. Y., Tagliabue, C. F., Veniero, D., Cecere, R., Savazzi, S., & Thut, G. (2017).
Prestimulus EEG Power Predicts Conscious Awareness But Not Objective Visual

49


https://doi.org/10.1111/ejn.15405
https://doi.org/10.1111/desc.12297
https://doi.org/10.1038/s41598-017-08421-z
https://doi.org/10.1016/s0167-8760(96)00051-7
https://doi.org/10.1016/s0167-8760(96)00051-7
https://doi.org/10.1016/j.neuron.2012.10.038
https://doi.org/10.1016/j.neuron.2014.12.018
https://doi.org/10.1016/j.conb.2014.11.001
https://doi.org/10.1523/JNEUROSCI.2980-20.2021
https://doi.org/10.1152/jn.00973.2011
https://doi.org/10.1111/ejn.15811
https://doi.org/10.1016/j.bbr.2021.113436
https://doi.org/10.1523/JNEUROSCI.4122-11.2012
https://doi.org/10.3389/fnbeh.2019.00190
https://doi.org/10.1111/ejn.15166
https://doi.org/10.1016/j.neuroimage.2019.02.067

Keitel, Keitel, et al. Brain rhythms in cognition

Performance. eneuro, 4(6), ENEURO.0182-0117.2017.
https://doi.org/10.1523/ENEURO.0182-17.2017

Berger, B., Griesmayr, B., Minarik, T., Biel, A. L., Pinal, D., Sterr, A., & Sauseng, P. (2019). Dynamic
regulation of interregional cortical communication by slow brain oscillations during
working memory. Nat Commun, 10(1), 4242. https://doi.org/10.1038/s41467-019-
12057-0

Berger, B., Minarik, T., Liuzzi, G., Hummel, F. C., & Sauseng, P. (2014). EEG oscillatory phase-
dependent markers of corticospinal excitability in the resting brain. Biomed Res Int, 2014,
936096. https://doi.org/10.1155/2014/936096

Bergmann, T. O., Molle, M., Schmidt, M. A,, Lindner, C., Marshall, L., Born, J., & Siebner, H. R.
(2012). EEG-guided transcranial magnetic stimulation reveals rapid shifts in motor
cortical excitability during the human sleep slow oscillation. J Neurosci, 32(1), 243-253.
https://doi.org/10.1523/JNEUROSCI.4792-11.2012

Besle, J., Schevon, C. A., Mehta, A. D., Lakatos, P., Goodman, R. R., McKhann, G. M, . . .
Schroeder, C. E. (2011). Tuning of the human neocortex to the temporal dynamics of
attended events. J Neurosci, 31(9), 3176-3185.
https://doi.org/10.1523/JNEUROSCI.4518-10.2011

Bi, G. Q., & Poo, M. M. (1998). Synaptic modifications in cultured hippocampal neurons:
dependence on spike timing, synaptic strength, and postsynaptic cell type. J Neurosci,
18(24), 10464-10472. https://doi.org/10.1523/JNEUROSCI.18-24-10464.1998

Biau, E., & Kotz, S. A. (2018). Lower Beta: A Central Coordinator of Temporal Prediction in
Multimodal Speech. Front Hum Neurosci, 12(434), 434,
https://doi.org/10.3389/fnhum.2018.00434

Biau, E., Schultz, B. G., Gunter, T. C., & Kotz, S. A. (2022). Left Motor delta Oscillations Reflect
Asynchrony Detection in Multisensory Speech Perception. J Neurosci, 42(11), 2313~
2326. https://doi.org/10.1523/JNEUROSCI.2965-20.2022

Biau, E., Wang, D., Park, H., Jensen, O., & Hanslmayr, S. (2021). Auditory detection is modulated
by theta phase of silent lip movements. Curr Res Neurobiol, 2, 100014.
https://doi.org/10.1016/j.crneur.2021.100014

Bidelman, G. M. (2015). Induced neural beta oscillations predict categorical speech perception
abilities. Brain Lang, 141, 62-69. https://doi.org/10.1016/j.bandl.2014.11.003

Biel, A. L., Sterner, E., Roll, L., & Sauseng, P. (2022). Modulating verbal working memory with
fronto-parietal transcranial electric stimulation at theta frequency: Does it work? Eur J
Neurosci, 55(2), 405-425. https://doi.org/10.1111/ejn.15563

Bijsterbosch, J., Harrison, S., Duff, E., Alfaro-Almagro, F., Woolrich, M., & Smith, S. (2017).
Investigations into within- and between-subject resting-state amplitude variations.
Neurolmage, 159, 57-69. https://doi.org/10.1016/j.neuroimage.2017.07.014

Billig, A. J., Herrmann, B., Rhone, A. E., Gander, P. E., Nourski, K. V., Snoad, B. F., . . . Johnsrude,
[. S. (2019). A Sound-Sensitive Source of Alpha Oscillations in Human Non-Primary
Auditory Cortex. J Neurosci, 39(44), 8679-8689.
https://doi.org/10.1523/JNEUROSCI.0696-19.2019

Bishop, G. H. (1933). Cyclic changes in excitability of the optic pathway of the rabbit. American
Journal of Physiology, 103(1), 213-224.
https://doi.org/10.1152/ajplegacy.1932.103.1.213

Bizley, J. K., Jones, G. P., & Town, S. M. (2016). Where are multisensory signals combined for
perceptual decision-making? Curr Opin Neurobiol, 40, 31-37.
https://doi.org/10.1016/j.conb.2016.06.003

Bliss, T. V., & Lomo, T. (1973). Long-lasting potentiation of synaptic transmission in the dentate
area of the anaesthetized rabbit following stimulation of the perforant path. The Journal
of Physiology, 232(2), 331-356. https://doi.org/10.1113/jphysiol.1973.sp010273

50


https://doi.org/10.1523/ENEURO.0182-17.2017
https://doi.org/10.1038/s41467-019-12057-0
https://doi.org/10.1038/s41467-019-12057-0
https://doi.org/10.1155/2014/936096
https://doi.org/10.1523/JNEUROSCI.4792-11.2012
https://doi.org/10.1523/JNEUROSCI.4518-10.2011
https://doi.org/10.1523/JNEUROSCI.18-24-10464.1998
https://doi.org/10.3389/fnhum.2018.00434
https://doi.org/10.1523/JNEUROSCI.2965-20.2022
https://doi.org/10.1016/j.crneur.2021.100014
https://doi.org/10.1016/j.bandl.2014.11.003
https://doi.org/10.1111/ejn.15563
https://doi.org/10.1016/j.neuroimage.2017.07.014
https://doi.org/10.1523/JNEUROSCI.0696-19.2019
https://doi.org/10.1152/ajplegacy.1932.103.1.213
https://doi.org/10.1016/j.conb.2016.06.003
https://doi.org/10.1113/jphysiol.1973.sp010273

Keitel, Keitel, et al. Brain rhythms in cognition

Blokpoel, M. (2018). Sculpting Computational-Level Models. Top Cogn Sci, 10(3), 641-648.
https://doi.org/10.1111/tops.12282

Bollimunta, A., Chen, Y., Schroeder, C. E., & Ding, M. (2008). Neuronal mechanisms of cortical
alpha oscillations in awake-behaving macaques. J Neurosci, 28(40), 9976-9988.
https://doi.org/10.1523/JNEUROSCI.2699-08.2008

Bonnefond, M., & Jensen, O. (2012). Alpha oscillations serve to protect working memory
maintenance against anticipated distracters. Curr Biol, 22(20), 1969-1974.
https://doi.org/10.1016/j.cub.2012.08.029

Bouma, H., & Baghuis, L. C. (1971). Hippus of the pupil: periods of slow oscillations of unknown
origin. Vision Res, 11(11), 1345-1351. https://doi.org/10.1016/0042-6989(71)90016-2

Bouton, S., Chambon, V., Tyrand, R., Guggisberg, A. G., Seeck, M., Karkar, S., . .. Giraud, A. L.
(2018). Focal versus distributed temporal cortex activity for speech sound category
assignment. Proc Natl Acad Sci U S A 115(6), E1299-E1308.
https://doi.org/10.1073/pnas.1714279115

Bowers, A., Saltuklaroglu, T., Harkrider, A., & Cuellar, M. (2013). Suppression of the micro rhythm
during speech and non-speech discrimination revealed by independent component
analysis: implications for sensorimotor integration in speech processing. PLOS ONE,
8(8), e72024. https://doi.org/10.1371/journal.pone.0072024

Bradshaw, J. (1967). Pupil size as a measure of arousal during information processing. Nature,
216(5114), 515-516. https://doi.org/10.1038/216515a0

Bressler, S. L., Kumar, A., & Singer, I. (2021). Brain Synchronization and Multivariate
Autoregressive (MVAR) Modeling in Cognitive Neurodynamics. Front Syst Neurosci, 15,
638269. https://doi.org/10.3389/fnsys.2021.638269

Brodbeck, C., Hong, L. E., & Simon, J. Z. (2018). Rapid Transformation from Auditory to Linguistic
Representations of Continuous Speech. Curr Biol, 28(24), 3976-3983 e3975.
https://doi.org/10.1016/j.cub.2018.10.042

Broderick, M. P., Anderson, A. J., Di Liberto, G. M., Crosse, M. J., & Lalor, E. C. (2018).
Electrophysiological Correlates of Semantic Dissimilarity Reflect the Comprehension of
Natural, Narrative Speech. Curr Biol, 28(5), 803-809 e€803.
https://doi.org/10.1016/j.cub.2018.01.080

Brookes, M. J., Woolrich, M., Luckhoo, H., Price, D., Hale, J. R., Stephenson, M. C., ... Morris, P.
G. (2011). Investigating the electrophysiological basis of resting state networks using
magnetoencephalography. Proc Natl Acad Sci U S A, 108(40), 16783-16788.
https://doi.org/10.1073/pnas.1112685108

Bruining, H., Hardstone, R., Juarez-Martinez, E. L., Sprengers, J., Avramiea, A. E., Simpraga, S., .
. . Linkenkaer-Hansen, K. (2020). Measurement of excitation-inhibition ratio in autism
spectrum disorder using critical brain dynamics. Sci Rep, 10(1), 9195.
https://doi.org/10.1038/s41598-020-65500-4

Bruns, A., & Eckhorn, R. (2004). Task-related coupling from high- to low-frequency signals among
visual cortical areas in human subdural recordings. Int J Psychophysiol, 51(2), 97-116.
https://doi.org/10.1016/j.ijpsycho.2003.07.001

Buffalo, E. A., Fries, P., Landman, R., Liang, H., & Desimone, R. (2010). A backward progression
of attentional effects in the ventral stream. Proc Natl Acad Sci U S A, 107(1), 361-365.
https://doi.org/10.1073/pnas.0907658106

Buiatti, M., Pena, M., & Dehaene-Lambertz, G. (2009). Investigating the neural correlates of
continuous speech computation with frequency-tagged neuroelectric responses.
Neurolmage, 44(2), 509-519. https://doi.org/10.1016/j.neuroimage.2008.09.015

Burke, J. F., Zaghloul, K. A., Jacobs, J., Williams, R. B., Sperling, M. R., Sharan, A. D., & Kahana,
M. J. (2013). Synchronous and asynchronous theta and gamma activity during episodic
memory formation. J Neurosci, 33(1), 292-304.
https://doi.org/10.1523/JNEUROSCI.2057-12.2013

51


https://doi.org/10.1111/tops.12282
https://doi.org/10.1523/JNEUROSCI.2699-08.2008
https://doi.org/10.1016/j.cub.2012.08.029
https://doi.org/10.1016/0042-6989(71)90016-2
https://doi.org/10.1073/pnas.1714279115
https://doi.org/10.1371/journal.pone.0072024
https://doi.org/10.1038/216515a0
https://doi.org/10.3389/fnsys.2021.638269
https://doi.org/10.1016/j.cub.2018.10.042
https://doi.org/10.1016/j.cub.2018.01.080
https://doi.org/10.1073/pnas.1112685108
https://doi.org/10.1038/s41598-020-65500-4
https://doi.org/10.1016/j.ijpsycho.2003.07.001
https://doi.org/10.1073/pnas.0907658106
https://doi.org/10.1016/j.neuroimage.2008.09.015
https://doi.org/10.1523/JNEUROSCI.2057-12.2013

Keitel, Keitel, et al. Brain rhythms in cognition

Busch, N. A., Dubois, J., & VanRullen, R. (2009). The phase of ongoing EEG oscillations predicts
visual perception. J Neurosci, 29(24), 7869-7876.
https://doi.org/10.1523/JNEUROSCI.0113-09.2009

Busch, N. A., & Herrmann, C. S. (2003). Object-load and feature-load modulate EEG in a short-
term memory task. NeuroReport, 14(13), 1721-1724. https://doi.org/10.1097/00001756-
200309150-00013

Busch, N. A., & VanRullen, R. (2010). Spontaneous EEG oscillations reveal periodic sampling of
visual attention. Proc Natl Acad Sci U S A, 107(37), 16048-16053.
https://doi.org/10.1073/pnas.1004801107

Buschman, T. J., & Miller, E. K. (2007). Top-down versus bottom-up control of attention in the
prefrontal and posterior parietal cortices. Science, 375(5820), 1860-1862.
https://doi.org/10.1126/science.1138071

Bush, D., & Burgess, N. (2020). Advantages and detection of phase coding in the absence of
rhythmicity. Hippocampus, 30(7), 745-762. https://doi.org/10.1002/hipo0.23199

Buzsaki, G. (2006). Rhythms of the Brain. Oxford University Press.

Buzsaki, G., & Wang, X. J. (2012). Mechanisms of gamma oscillations. Annu Rev Neurosci, 35(1),
203-225. https://doi.org/10.1146/annurev-neuro-062111-150444

Cabral-Calderin, Y., & Henry, M. J. (2022). Reliability of Neural Entrainment in the Human
Auditory System. J Neurosci, 42(5), 894-908. https://doi.org/10.1523/JNEUROSCI.0514-
21.2021

Calmus, R., Wilson, B., Kikuchi, Y., & Petkov, C. I. (2020). Structured sequence processing and
combinatorial binding: neurobiologically and computationally informed hypotheses.
Philos Trans R Soc Lond B Biol Sci, 375(1791), 20190304.
https://doi.org/10.1098/rstb.2019.0304

Candia-Rivera, D., Chavez, M., & De Vico Fallani, F. (2024). Measures of the coupling between
fluctuating brain network organization and heartbeat dynamics. Netw Neurosci, 8(2),
557-575. https://doi.org/10.1162/netn_a_00369

Candia-Rivera, D., Norouzi, K., Ramsoy, T. Z., & Valenza, G. (2023). Dynamic fluctuations in
ascending heart-to-brain communication under mental stress. Am J Physiol Regul Integr
Comp Physiol, 324(4), R513-R525. https://doi.org/10.1152/ajpregu.00251.2022

Cannon, J.J., & Patel, A. D. (2021). How Beat Perception Co-opts Motor Neurophysiology. Trends
Cogn Sci, 25(2), 137-150. https://doi.org/10.1016/j.tics.2020.11.002

Canolty, R.T., &Knight, R. T. (2010). The functional role of cross-frequency coupling. Trends Cogn
Sci, 14(11), 506-515. https://doi.org/10.1016/j.tics.2010.09.001

Capilla, A., Pazo-Alvarez, P., Darriba, A., Campo, P., & Gross, J. (2011). Steady-state visual
evoked potentials can be explained by temporal superposition of transient event-related
responses. PLOS ONE, 6(1), e14543. https://doi.org/10.1371/journal.pone.0014543

Capotosto, P., Babiloni, C., Romani, G. L., & Corbetta, M. (2009). Frontoparietal cortex controls
spatial attention through modulation of anticipatory alpha rhythms. J Neurosci, 29(18),
5863-5872. https://doi.org/10.1523/JNEUROSCI.0539-09.2009

Catrambone, V., Candia-Rivera, D., & Valenza, G. (2024). Intracortical brain-heart interplay: An
EEG model source study of sympathovagal changes. Human Brain Mapping, 45(6),
€26677. https://doi.org/10.1002/hbm.26677

Chaieb, L., Leszczynski, M., Axmacher, N., Hohne, M., Elger, C. E., & Fell, J. (2015). Theta-gamma
phase-phase coupling during working memory maintenance in the human hippocampus.
Cogn Neurosci, 6(4), 149-157. https://doi.org/10.1080/17588928.2015.1058254

Chalas, N., Meyer, L., Lo, C. W., Park, H., Kluger, D. S., Abbasi, O., . . . Gross, J. (2024).
Dissociating prosodic from syntactic delta activity during natural speech
comprehension. Curr Biol, 34(15), 3537-3549 e3535.

https://doi.org/10.1016/j.cub.2024.06.072

52


https://doi.org/10.1523/JNEUROSCI.0113-09.2009
https://doi.org/10.1097/00001756-200309150-00013
https://doi.org/10.1097/00001756-200309150-00013
https://doi.org/10.1073/pnas.1004801107
https://doi.org/10.1126/science.1138071
https://doi.org/10.1002/hipo.23199
https://doi.org/10.1146/annurev-neuro-062111-150444
https://doi.org/10.1523/JNEUROSCI.0514-21.2021
https://doi.org/10.1523/JNEUROSCI.0514-21.2021
https://doi.org/10.1098/rstb.2019.0304
https://doi.org/10.1162/netn_a_00369
https://doi.org/10.1152/ajpregu.00251.2022
https://doi.org/10.1016/j.tics.2020.11.002
https://doi.org/10.1016/j.tics.2010.09.001
https://doi.org/10.1371/journal.pone.0014543
https://doi.org/10.1523/JNEUROSCI.0539-09.2009
https://doi.org/10.1002/hbm.26677
https://doi.org/10.1080/17588928.2015.1058254
https://doi.org/10.1016/j.cub.2024.06.072

Keitel, Keitel, et al. Brain rhythms in cognition

Chandrasekaran, C., Trubanova, A., Stillittano, S., Caplier, A., & Ghazanfar, A. A. (2009). The
natural statistics of audiovisual speech. PLOS Computational Biology, 5(7), €1000436.
https://doi.org/10.1371/journal.pcbi.1000436

Chang, A., Bosnyak, D. J., & Trainor, L. J. (2018). Beta oscillatory power modulation reflects the
predictability of pitch change. Cortex, 106, 248-260.
https://doi.org/10.1016/j.cortex.2018.06.008

Choe, A. S., Tang, B., Smith, K. R., Honari, H., Lindquist, M. A., Caffo, B. S., & Pekar, J. J. (2021).
Phase-locking of resting-state brain networks with the gastric basal electrical rhythm.
PLOS ONE, 16(1), e0244756. https://doi.org/10.1371/journal.pone.0244756

Clark, A. (2013). Whatever next? Predictive brains, situated agents, and the future of cognitive
science. Behavioral and Brain Sciences, 36(3), 181-204.
https://doi.org/10.1017/S0140525X12000477

Clayton, M. S., Yeung, N., & Cohen Kadosh, R. (2018). The many characters of visual alpha
oscillations. EurJ Neurosci, 48(7), 2498-2508. https://doi.org/10.1111/ejn. 13747

Clouter, A., Shapiro, K. L., & Hanslmayr, S. (2017). Theta Phase Synchronization Is the Glue that
Binds Human Associative Memory. Curr Biol, 27(20), 3143-3148 e3146.
https://doi.org/10.1016/j.cub.2017.09.001

Colclough, G. L., Woolrich, M. W., Tewarie, P. K., Brookes, M. J., Quinn, A.J., &Smith, S. M. (2016).
How reliable are MEG resting-state connectivity metrics? Neurolmage, 138, 284-293.
https://doi.org/10.1016/j.neuroimage.2016.05.070

Coldea, A., Veniero, D., Morand, S., Trajkovic, J., Romei, V., Harvey, M., & Thut, G. (2022). Effects
of Rhythmic Transcranial Magnetic Stimulation in the Alpha-Band on Visual Perception
Depend on Deviation From Alpha-Peak Frequency: Faster Relative Transcranial Magnetic
Stimulation Alpha-Pace Improves Performance. Front Neurosci, 16, 886342.
https://doi.org/10.3389/fnins.2022.886342

Cole, S., & Voytek, B. (2019). Cycle-by-cycle analysis of neural oscillations. J Neurophysiol,
122(2), 849-861. https://doi.org/10.1152/jn.00273.2019

Cole, S. R., & Voytek, B. (2017). Brain Oscillations and the Importance of Waveform Shape.
Trends Cogn Sci, 21(2), 137-149. https://doi.org/10.1016/j.tics.2016.12.008

Colgin, L. L., Denninger, T., Fyhn, M., Hafting, T., Bonnevie, T., Jensen, O., ... Moser, E. |. (2009).
Frequency of gamma oscillations routes flow of information in the hippocampus. Nature,
462(7271), 353-357. https://doi.org/10.1038/nature08573

Cooke, J., Poch, C., Gillmeister, H., Costantini, M., & Romei, V. (2019). Oscillatory Properties of
Functional Connections Between Sensory Areas Mediate Cross-Modal Illusory
Perception. J Neurosci, 39(29), 5711-5718. https://doi.org/10.1523/JNEUROSCI.3184-
18.2019

Cooper, N. R,, Croft, R. J., Dominey, S. J., Burgess, A. P., & Gruzelier, J. H. (2003). Paradox lost?
Exploring the role of alpha oscillations during externally vs. internally directed attention
and the implications for idling and inhibition hypotheses. Int J Psychophysiol, 47(1), 65—
74. https://doi.org/10.1016/s0167-8760(02)00107-1

Coopmans, C. W., de Hoop, H., Tezcan, F., Hagoort, P., & Martin, A. E. (2024). Neural dynamics
express syntax in the time domain during natural story listening. bioRxiv.
https://doi.org/10.1101/2024.03.19.585683

Coopmans, C.W., de Hoop, H., Tezcan, F., Hagoort, P., & Martin, A. E. (2025). Language-specific
neural dynamics extend syntax into the time domain. PLoS Biol, 23(1), €3002968.
https://doi.org/10.1371/journal.pbio.3002968

Costa-Faidella, J., Baldeweg, T., Grimm, S., & Escera, C. (2011). Interactions between "what" and
"when" in the auditory system: temporal predictability enhances repetition suppression.
J Neurosci, 31(50), 18590-18597. https://doi.org/10.1523/JNEUROSCI.2599-11.2011

Crespo-Garcia, M., Zeiller, M., Leupold, C., Kreiselmeyer, G., Rampp, S., Hamer, H. M., & Dalal,
S. S. (2016). Slow-theta power decreases during item-place encoding predict spatial

53


https://doi.org/10.1371/journal.pcbi.1000436
https://doi.org/10.1016/j.cortex.2018.06.008
https://doi.org/10.1371/journal.pone.0244756
https://doi.org/10.1017/S0140525X12000477
https://doi.org/10.1111/ejn.13747
https://doi.org/10.1016/j.cub.2017.09.001
https://doi.org/10.1016/j.neuroimage.2016.05.070
https://doi.org/10.3389/fnins.2022.886342
https://doi.org/10.1152/jn.00273.2019
https://doi.org/10.1016/j.tics.2016.12.008
https://doi.org/10.1038/nature08573
https://doi.org/10.1523/JNEUROSCI.3184-18.2019
https://doi.org/10.1523/JNEUROSCI.3184-18.2019
https://doi.org/10.1016/s0167-8760(02)00107-1
https://doi.org/10.1101/2024.03.19.585683
https://doi.org/10.1371/journal.pbio.3002968
https://doi.org/10.1523/JNEUROSCI.2599-11.2011

Keitel, Keitel, et al. Brain rhythms in cognition

accuracy of subsequent context recall. Neurolmage, 142, 533-543.
https://doi.org/10.1016/j.neuroimage.2016.08.021

Criscuolo, A., Schwartze, M., Henry, M. J., Obermeier, C., & Kotz, S. A. (2023). Individual
neurophysiological signatures of spontaneous rhythm processing. Neurolmage, 273,
120090. https://doi.org/10.1016/j.neuroimage.2023.120090

Criscuolo, A., Schwartze, M., & Kotz, S. A. (2022). Cognition through the lens of a body-brain
dynamic system. Trends Neurosci, 45(9), 667-677.
https://doi.org/10.1016/j.tins.2022.06.004

Crochet, S., & Petersen, C. C. (2006). Correlating whisker behavior with membrane potential in
barrel cortex of awake mice. Nature Neuroscience, 9(5), 608-610.
https://doi.org/10.1038/nn1690

Crone, N. E., Boatman, D., Gordon, B., & Hao, L. (2001). Induced electrocorticographic gamma
activity during auditory perception. Brazier Award-winning article, 2001. Clin
Neurophysiol, 112(4), 565-582. https://doi.org/10.1016/s1388-2457(00)00545-9

Crosse, M. J., Butler, J. S., & Lalor, E. C. (2015). Congruent Visual Speech Enhances Cortical
Entrainment to Continuous Auditory Speech in Noise-Free Conditions. J Neurosci,
35(42), 14195-14204. https://doi.org/10.1523/JNEUROSCI.1829-15.2015

Cruz, G., Melcon, M., Sutandi, L., Matias Palva, J., Palva, S., & Thut, G. (2025). Oscillatory Brain
Activity in the Canonical Alpha-Band Conceals Distinct Mechanisms in Attention. J
Neurosci, 45(1), €0918242024. https://doi.org/10.1523/JNEUROSCI.0918-24.2024

D'Andrea, A., Chella, F., Marshall, T. R., Pizzella, V., Romani, G. L., Jensen, O., & Marzetti, L.
(2019). Alpha and alpha-beta phase synchronization mediate the recruitment of the
visuospatial attention network through the Superior Longitudinal Fasciculus.
Neurolmage, 188, 722-732. https://doi.org/10.1016/j.neuroimage.2018.12.056

da Silva Castanheira, J., Orozco Perez, H. D., Misic, B., & Baillet, S. (2021). Brief segments of
neurophysiological activity enable individual differentiation. Nat Commun, 12(1), 5713.
https://doi.org/10.1038/s41467-021-25895-8

Dahl, M. J., Mather, M., Sander, M. C., & Werkle-Bergner, M. (2020). Noradrenergic
Responsiveness Supports Selective Attention across the Adult Lifespan. J Neurosci,
40(22), 4372-4390. https://doi.org/10.1523/JINEUROSCI.0398-19.2020

Damoiseaux, J. S., Rombouts, S. A., Barkhof, F., Scheltens, P., Stam, C. J., Smith, S. M., &
Beckmann, C. F. (2006). Consistent resting-state networks across healthy subjects. Proc
Natl Acad Sci U S A, 103(37), 13848-13853. https://doi.org/10.1073/pnas.0601417103

Das, A., Zabeh, E., & Jacobs, J. (2022). How can we detect and analyze traveling waves in human
brain oscillations? PsyArXiv. https://doi.org/10.31234/osf.io/jhnpr

Daube, C., Ince, R. A. A., & Gross, J. (2019). Simple Acoustic Features Can Explain Phoneme-
Based Predictions of Cortical Responses to Speech. Curr Biol, 29(12), 1924-1937 €1929.
https://doi.org/10.1016/j.cub.2019.04.067

de Lange, F. P., Jensen, O., Bauer, M., & Toni, I. (2008). Interactions between posterior gamma
and frontal alpha/beta oscillations during imagined actions. Front Hum Neurosci, 2, 7.
https://doi.org/10.3389/neuro0.09.007.2008

de Pesters, A., Coon, W. G., Brunner, P., Gunduz, A., Ritaccio, A. L., Brunet, N. M., ... Schalk, G.
(2016). Alpha power indexes task-related networks on large and small scales: A
multimodal ECoG study in humans and a non-human primate. Neurolmage, 134, 122-
131. https://doi.org/10.1016/j.neuroimage.2016.03.074

de Vries, I. E. J., Marinato, G., & Baldauf, D. (2021). Decoding Object-Based Auditory Attention
from Source-Reconstructed MEG Alpha Oscillations. J Neurosci, 41(41), 8603-8617.
https://doi.org/10.1523/JNEUROSCI.0583-21.2021

Debes, S. R., & Dragoi, V. (2023). Suppressing feedback signals to visual cortex abolishes
attentional modulation. Science, 379(6631), 468-473.
https://doi.org/10.1126/science.ade1855

54


https://doi.org/10.1016/j.neuroimage.2016.08.021
https://doi.org/10.1016/j.neuroimage.2023.120090
https://doi.org/10.1016/j.tins.2022.06.004
https://doi.org/10.1038/nn1690
https://doi.org/10.1016/s1388-2457(00)00545-9
https://doi.org/10.1523/JNEUROSCI.1829-15.2015
https://doi.org/10.1523/JNEUROSCI.0918-24.2024
https://doi.org/10.1016/j.neuroimage.2018.12.056
https://doi.org/10.1038/s41467-021-25895-8
https://doi.org/10.1523/JNEUROSCI.0398-19.2020
https://doi.org/10.1073/pnas.0601417103
https://doi.org/10.31234/osf.io/jhnpr
https://doi.org/10.1016/j.cub.2019.04.067
https://doi.org/10.3389/neuro.09.007.2008
https://doi.org/10.1016/j.neuroimage.2016.03.074
https://doi.org/10.1523/JNEUROSCI.0583-21.2021
https://doi.org/10.1126/science.ade1855

Keitel, Keitel, et al. Brain rhythms in cognition

Deco, G., &lJirsa, V. K. (2012). Ongoing cortical activity at rest: criticality, multistability, and ghost
attractors. J Neurosci, 32(10), 3366-3375. https://doi.org/10.1523/JNEUROSCI.2523-
11.2012

Dellavale, D., Velarde, O. M., Mato, G., & Urdapilleta, E. (2020). Complex interplay between
spectral harmonicity and different types of cross-frequency couplings in nonlinear
oscillators and biologically plausible neural network models. Phys Rev E, 102(6-1),
062401. https://doi.org/10.1103/PhysRevE.102.062401

Desimone, R., & Duncan, J. (1995). Neural mechanisms of selective visual attention. Annu Rev
Neurosci, 18(1), 193-222. https://doi.org/10.1146/annurev.ne.18.030195.001205

Di Gregorio, F., Trajkovic, J., Roperti, C., Marcantoni, E., Di Luzio, P., Avenanti, A., ... Romei, V.
(2022). Tuning alpha rhythms to shape conscious visual perception. Curr Biol, 32(5), 988—
998 €986. https://doi.org/10.1016/j.cub.2022.01.003

Di Liberto, G. M., O'Sullivan, J. A., & Lalor, E. C. (2015). Low-Frequency Cortical Entrainment to
Speech Reflects Phoneme-Level Processing. Curr Biol, 25(19), 2457-2465.
https://doi.org/10.1016/j.cub.2015.08.030

Dibner, C., Schibler, U., & Albrecht, U. (2010). The mammalian circadian timing system:
organization and coordination of central and peripheral clocks. Annu Rev Physiol, 72(1),
517-549. https://doi.org/10.1146/annurev-physiol-021909-135821

Dilley, L. C., & Pitt, M. A. (2010). Altering context speech rate can cause words to appear or
disappear. Psychological Science, 21(11), 1664-1670.
https://doi.org/10.1177/0956797610384743

Ding, N., Melloni, L., Zhang, H., Tian, X., & Poeppel, D. (2016). Cortical tracking of hierarchical
linguistic structures in connected speech. Nature Neuroscience, 19(1), 158-164.
https://doi.org/10.1038/nn.4186

Ding, N., & Simon, J. Z. (2012). Emergence of neural encoding of auditory objects while listening
to competing speakers. Proc Natl Acad Sci U S A, 109(29), 11854-11859.
https://doi.org/10.1073/pnas.1205381109

Doelling, K. B., Arnal, L. H., & Assaneo, M. F. (2023). Adaptive oscillators support Bayesian
prediction in temporal processing. PLOS Computational Biology, 19(11), €1011669.
https://doi.org/10.1371/journal.pcbi.1011669

Doelling, K. B., Arnal, L. H., Ghitza, O., & Poeppel, D. (2014). Acoustic landmarks drive delta-theta
oscillations to enable speech comprehension by facilitating perceptual parsing.
Neurolmage, 85 Pt 2(0 2), 761-768. https://doi.org/10.1016/j.neuroimage.2013.06.035

Doelling, K. B., & Assaneo, M. F. (2021). Neural oscillations are a start toward understanding
brain  activity rather than the end. PLoS Biol, 19(5), e3001234.
https://doi.org/10.1371/journal.pbio.3001234

Doelling, K. B., Assaneo, M. F., Bevilacqua, D., Pesaran, B., & Poeppel, D. (2019). An oscillator
model better predicts cortical entrainment to music. Proc Natl Acad Sci U S A, 116(20),
10113-10121. https://doi.org/10.1073/pnas.1816414116

Doelling, K. B., & Poeppel, D. (2015). Cortical entrainment to music and its modulation by
expertise. Proc Natl Acad Sci U S A, 112(45), E6233-6242.
https://doi.org/10.1073/pnas.1508431112

Dowdall, J. R., Schneider, M., & Vinck, M. (2023). Attentional modulation of inter-areal coherence
explained by frequency shifts. Neurolmage, 277, 120256.
https://doi.org/10.1016/j.neuroimage.2023.120256

Duecker, K., Doelling, K. B., Breska, A., Coffey, E. B. J., Sivarao, D. V., & Zoefel, B. (2024).
Challenges and Approaches in the Study of Neural Entrainment. J Neurosci, 44(40),
€1234242024. https://doi.org/10.1523/JNEUROSCI.1234-24.2024

Dupre la Tour, T., Tallot, L., Grabot, L., Doyere, V., van Wassenhove, V., Grenier, Y., & Gramfort,
A. (2017). Non-linear auto-regressive models for cross-frequency coupling in neural time

55


https://doi.org/10.1523/JNEUROSCI.2523-11.2012
https://doi.org/10.1523/JNEUROSCI.2523-11.2012
https://doi.org/10.1103/PhysRevE.102.062401
https://doi.org/10.1146/annurev.ne.18.030195.001205
https://doi.org/10.1016/j.cub.2022.01.003
https://doi.org/10.1016/j.cub.2015.08.030
https://doi.org/10.1146/annurev-physiol-021909-135821
https://doi.org/10.1177/0956797610384743
https://doi.org/10.1038/nn.4186
https://doi.org/10.1073/pnas.1205381109
https://doi.org/10.1371/journal.pcbi.1011669
https://doi.org/10.1016/j.neuroimage.2013.06.035
https://doi.org/10.1371/journal.pbio.3001234
https://doi.org/10.1073/pnas.1816414116
https://doi.org/10.1073/pnas.1508431112
https://doi.org/10.1016/j.neuroimage.2023.120256
https://doi.org/10.1523/JNEUROSCI.1234-24.2024

Keitel, Keitel, et al. Brain rhythms in cognition

series. PLOS Computational Biology, 13(12), €1005893.
https://doi.org/10.1371/journal.pcbi.1005893

Dustman, R. E., & Beck, E. C. (1965). Phase of Alpha Brain Waves, Reaction Time and Visually
Evoked Potentials. Electroencephalogr Clin Neurophysiol, 18(5), 433-440.
https://doi.org/10.1016/0013-4694(65)90123-9

Duazel, E., Penny, W. D., & Burgess, N. (2010). Brain oscillations and memory. Curr Opin
Neurobiol, 20(2), 143-149. https://doi.org/10.1016/j.conb.2010.01.004

Eckhorn, R., Bauer, R., Jordan, W., Brosch, M., Kruse, W., Munk, M., & Reitboeck, H. J. (1988).
Coherent oscillations: a mechanism of feature linking in the visual cortex? Multiple
electrode and correlation analyses in the cat. Biol Cybern, 60(2), 121-130.
https://doi.org/10.1007/BF00202899

Edwards, L., Ring, C., Mclntyre, D., Winer, J. B., & Martin, U. (2009). Sensory detection thresholds
are modulated across the cardiac cycle: evidence that cutaneous sensibility is greatest
for systolic stimulation. Psychophysiology, 46(2), 252-256.
https://doi.org/10.1111/j.1469-8986.2008.00769.x

Eliav, T., Geva-Sagiv, M., Yartsev, M. M_, Finkelstein, A., Rubin, A,, Las, L., & Ulanovsky, N. (2018).
Nonoscillatory Phase Coding and Synchronization in the Bat Hippocampal Formation.
Cell, 175(4),1119-1130 e1115. https://doi.org/10.1016/j.cell.2018.09.017

Engel, A. K., & Fries, P. (2010). Beta-band oscillations--signalling the status quo? Curr Opin
Neurobiol, 20(2), 156-165. https://doi.org/10.1016/j.conb.2010.02.015

Engel, A. K., Konig, P., & Singer, W. (1991). Direct physiological evidence for scene segmentation
by temporal coding. Proc Natl Acad Sci U S A, 88(20), 9136-9140.
https://doi.org/10.1073/pnas.88.20.9136

Engelen, T., Solca, M., & Tallon-Baudry, C. (2023). Interoceptive rhythms in the brain. Nature
Neuroscience, 26(10), 1670-1684. https://doi.org/10.1038/s41593-023-01425-1

Ergenoglu, T., Demiralp, T., Bayraktaroglu, Z., Ergen, M., Beydagi, H., & Uresin, Y. (2004). Alpha
rhythm of the EEG modulates visual detection performance in humans. Brain Res Cogn
Brain Res, 20(3), 376-383. https://doi.org/10.1016/j.cogbrainres.2004.03.009

Ezzyat, Y., Kragel, J. E., Burke, J. F., Levy, D. F., Lyalenko, A., Wanda, P., ... Kahana, M. J. (2017).
Direct Brain Stimulation Modulates Encoding States and Memory Performance in
Humans. Curr Biol, 27(9), 1251-1258. https://doi.org/10.1016/j.cub.2017.03.028

Fabus, M. S., Woolrich, M. W., Warnaby, C. W., & Quinn, A. J. (2022). Understanding Harmonic
Structures Through Instantaneous Frequency. IEEE Open J Signal Process, 3, 320-334.
https://doi.org/10.1109/0JSP.2022.3198012

Fakche, C., Galas, L., Petras, K., & Dugué, L. (2024). Alpha traveling waves index spatial attention.
Journal of Vision, 24(10), 530. https://doi.org/10.1167/jov.24.10.530

Falchier, A., Schroeder, C. E., Hackett, T. A., Lakatos, P., Nascimento-Silva, S., Ulbert, I., . ..
Smiley, J. F. (2010). Projection from visual areas V2 and prostriata to caudal auditory
cortex in the monkey. Cereb Cortex, 20(7), 1529-1538.
https://doi.org/10.1093/cercor/bhp213

Farahbod, H., Saberi, K., & Hickok, G. (2020). The rhythm of attention: Perceptual modulation via
rhythmic entrainment is lowpass and attention mediated. Attention, Perception, &amp;
Psychophysics, 82(7), 3558-3570. https://doi.org/10.3758/s13414-020-02095-y

Fell, J., & Axmacher, N. (2011). The role of phase synchronization in memory processes. Nature
Reviews Neuroscience, 12(2), 105-118. https://doi.org/10.1038/nrn2979

Fernandez-Palleiro, P., Rivera-Baltanas, T., Rodrigues-Amorim, D., Fernandez-Gil, S., Del
Carmen Vallejo-Curto, M., Alvarez-Ariza, M., . . . Spuch, C. (2020). Brainwaves
Oscillations as a Potential Biomarker for Major Depression Disorder Risk. Clinical EEG
and Neuroscience, 51(1), 3-9. https://doi.org/10.1177/1550059419876807

56


https://doi.org/10.1371/journal.pcbi.1005893
https://doi.org/10.1016/0013-4694(65)90123-9
https://doi.org/10.1016/j.conb.2010.01.004
https://doi.org/10.1007/BF00202899
https://doi.org/10.1111/j.1469-8986.2008.00769.x
https://doi.org/10.1016/j.cell.2018.09.017
https://doi.org/10.1016/j.conb.2010.02.015
https://doi.org/10.1073/pnas.88.20.9136
https://doi.org/10.1038/s41593-023-01425-1
https://doi.org/10.1016/j.cogbrainres.2004.03.009
https://doi.org/10.1016/j.cub.2017.03.028
https://doi.org/10.1109/OJSP.2022.3198012
https://doi.org/10.1167/jov.24.10.530
https://doi.org/10.1093/cercor/bhp213
https://doi.org/10.3758/s13414-020-02095-y
https://doi.org/10.1038/nrn2979
https://doi.org/10.1177/1550059419876807

Keitel, Keitel, et al. Brain rhythms in cognition

Fiebelkorn, I. C., Saalmann, Y. B., & Kastner, S. (2013). Rhythmic sampling within and between
objects despite sustained attention at a cued location. Curr Biol, 23(24), 2553-2558.
https://doi.org/10.1016/j.cub.2013.10.063

Finger, A. M., & Kramer, A. (2021). Mammalian circadian systems: Organization and modern life
challenges. Acta Physiol (Oxf), 231(3), e13548. https://doi.org/10.1111/apha.13548

Fleming, S., Thompson, M., Stevens, R., Heneghan, C., Pluddemann, A., Maconochie, I, . ..
Mant, D. (2011). Normal ranges of heart rate and respiratory rate in children from birth to
18 years of age: a systematic review of observational studies. Lancet, 377(9770), 1011-
1018. https://doi.org/10.1016/S0140-6736(10)62226-X

Flinker, A., Doyle, W. K., Mehta, A. D., Devinsky, O., & Poeppel, D. (2019). Spectrotemporal
modulation provides a unifying framework for auditory cortical asymmetries. Nature
Human Behaviour, 3(4), 393-405. https://doi.org/10.1038/s41562-019-0548-z

Fontolan, L., Morillon, B., Liegeois-Chauvel, C., & Giraud, A. L. (2014). The contribution of
frequency-specific activity to hierarchical information processing in the human auditory
cortex. Nat Commun, 5(1), 4694. https://doi.org/10.1038/ncomms5694

Frank, S. L., & Christiansen, M. H. (2018). Hierarchical and sequential processing of language: A
response to: Ding, Melloni, Tian, and Poeppel (2017). Rule-based and word-level
statistics-based processing of language: insights from neuroscience.

Language Cognition and Neuroscience, 33(9), 1213-1218.
https://doi.org/10.1080/23273798.2018.1424347
Frank, S. L., &Yang, J. (2018). Lexical representation explains cortical entrainment during speech

comprehension. PLOS ONE, 13(5), e0197304.
https://doi.org/10.1371/journal.pone.0197304
Frauscher, B., von Ellenrieder, N., Zelmann, R., Dolezalova, I., Minotti, L., Olivier, A., ... Gotman,

J. (2018). Atlas of the normal intracranial electroencephalogram: neurophysiological
awake activity in different cortical areas. Brain, 141(4), 1130-1144.
https://doi.org/10.1093/brain/awy035

Fries, P.(2015). Rhythms for Cognition: Communication through Coherence. Neuron, 88(1), 220-
235. https://doi.org/10.1016/j.neuron.2015.09.034

Fries, P., Nikolic, D., & Singer, W. (2007). The gamma cycle. Trends Neurosci, 30(7), 309-316.
https://doi.org/10.1016/j.tins.2007.05.005

Friston, K. (2010). The free-energy principle: a unified brain theory? Nature Reviews
Neuroscience, 11(2), 127-138. https://doi.org/10.1038/nrn2787

Fujioka, T., Ross, B., & Trainor, L. J. (2015). Beta-Band Oscillations Represent Auditory Beat and
Its Metrical Hierarchy in Perception and Imagery. J Neurosci, 35(45), 15187-15198.
https://doi.org/10.1523/JNEUROSCI.2397-15.2015

Fujioka, T., Trainor, L. J., Large, E. W., & Ross, B. (2012). Internalized timing of isochronous
sounds is represented in neuromagnetic beta oscillations. J Neurosci, 32(5), 1791-1802.
https://doi.org/10.1523/JNEUROSCI.4107-11.2012

Fusca, M., Siebenhuhner, F., Wang, S. H., Myrov, V., Arnulfo, G., Nobili, L., . . . Palva, S. (2023).
Brain criticality predicts individual levels of inter-areal synchronization in human
electrophysiological data. Nat Commun, 14(1), 4736. https://doi.org/10.1038/s41467-

023-40056-9
Galvez-Pol, A., McConnell, R., & Kilner, J. M. (2020). Active sampling in visual search is coupled
to the cardiac cycle. Cognition, 196, 1041489.

https://doi.org/10.1016/j.cognition.2019.104149

Gao, R., Peterson, E. J., & Voytek, B. (2017). Inferring synaptic excitation/inhibition balance from
field potentials. Neurolmage, 158, 70-78.
https://doi.org/10.1016/j.neuroimage.2017.06.078

Garcia-Rosales, F., Beetz, M. J., Cabral-Calderin, Y., Kossl, M., & Hechavarria, J. C. (2018).
Neuronal coding of multiscale temporal features in communication sequences within

57


https://doi.org/10.1016/j.cub.2013.10.063
https://doi.org/10.1111/apha.13548
https://doi.org/10.1016/S0140-6736(10)62226-X
https://doi.org/10.1038/s41562-019-0548-z
https://doi.org/10.1038/ncomms5694
https://doi.org/10.1080/23273798.2018.1424347
https://doi.org/10.1371/journal.pone.0197304
https://doi.org/10.1093/brain/awy035
https://doi.org/10.1016/j.neuron.2015.09.034
https://doi.org/10.1016/j.tins.2007.05.005
https://doi.org/10.1038/nrn2787
https://doi.org/10.1523/JNEUROSCI.2397-15.2015
https://doi.org/10.1523/JNEUROSCI.4107-11.2012
https://doi.org/10.1038/s41467-023-40056-9
https://doi.org/10.1038/s41467-023-40056-9
https://doi.org/10.1016/j.cognition.2019.104149
https://doi.org/10.1016/j.neuroimage.2017.06.078

Keitel, Keitel, et al. Brain rhythms in cognition

the bat auditory cortex. Communications Biology, 1(1), 200.
https://doi.org/10.1038/s42003-018-0205-5

Gehrig, J., Wibral, M., Arnold, C., & Kell, C. A. (2012). Setting up the speech production network:
how oscillations contribute to lateralized information routing. Front Psychol, 3, 169.
https://doi.org/10.3389/fpsyg.2012.00169

Gerber, E. M., Sadeh, B., Ward, A., Knight, R. T., & Deouell, L. Y. (2016). Non-Sinusoidal Activity
Can Produce Cross-Frequency Coupling in Cortical Signals in the Absence of Functional
Interaction  between  Neural Sources. PLOS ONE, 11(12), e0167351.
https://doi.org/10.1371/journal.pone.0167351

Ghitza, O. (2011). Linking speech perception and neurophysiology: speech decoding guided by
cascaded oscillators locked to the input rhythm. Front Psychol, 2, 130.
https://doi.org/10.3389/fpsyg.2011.00130

Ghitza, O. (2013). The theta-syllable: a unit of speech information defined by cortical function.
Front Psychol, 4, 138. https://doi.org/10.3389/fpsyg.2013.00138

Giehl, J., Noury, N., & Siegel, M. (2021). Dissociating harmonic and non-harmonic phase-
amplitude coupling in the human brain. Neurolmage.
https://doi.org/10.1101/2020.08.11.246298

Gillis, M., Vanthornhout, J., & Francart, T. (2023). Heard or Understood? Neural Tracking of
Language Features in a Comprehensible Story, an Incomprehensible Story and a Word
List. eneuro, 10(7). https://doi.org/10.1523/ENEURO.0075-23.2023

Gillis, M., Vanthornhout, J., Simon, J. Z., Francart, T., & Brodbeck, C. (2021). Neural Markers of
Speech Comprehension: Measuring EEG Tracking of Linguistic Speech Representations,
Controlling the Speech Acoustics. J Neurosci, 41(50), 10316-10329.
https://doi.org/10.1523/JNEUROSCI.0812-21.2021

Gips, B., van der Eerden, J. P., & Jensen, O. (2016). A biologically plausible mechanism for
neuronal coding organized by the phase of alpha oscillations. EurJ Neurosci, 44(4), 2147-
2161. https://doi.org/10.1111/ejn.13318

Giraud, A. L., & Poeppel, D. (2012). Cortical oscillations and speech processing: emerging
computational principles and operations. Nature Neuroscience, 15(4), 511-517.
https://doi.org/10.1038/nn.3063

Giroud, J., Trebuchon, A., Mercier, M., Davis, M. H., & Morillon, B. (2024). The human auditory
cortex concurrently tracks syllabic and phonemic timescales via acoustic spectral flux.
Sci Adv, 10(51), eado8915. https://doi.org/10.1126/sciadv.ado8915

Giroud, J., Trebuchon, A., Schon, D., Marquis, P., Liegeois-Chauvel, C., Poeppel, D., & Morillon,
B. (2020). Asymmetric sampling in human auditory cortex reveals spectral processing
hierarchy. PLoS Biol, 18(3), e3000207. https://doi.org/10.1371/journal.pbio.3000207

Goldman, R. I., Stern, J. M., Engel, J., Jr., & Cohen, M. S. (2002). Simultaneous EEG and fMRI of
the alpha rhythm. NeuroReport, 13(18), 2487-2492.
https://doi.org/10.1097/01.wnr.0000047685.08940.d0

Goldman, S., Santelmann, W. F., Jr., Vivian, W. E., & Goldman, D. (1949). Traveling Waves in the
Brain. Science, 109(2838), 524. https://doi.org/10.1126/science.109.2838.524

Gourévitch, B., Martin, C., Postal, O., & Eggermont, J. J. (2020). Oscillations in the auditory
system and their possible role. Neurosci Biobehav Rev, 113, 507-528.
https://doi.org/10.1016/j.neubiorev.2020.03.030

Goyal, A., Miller, J., Qasim, S. E., Watrous, A. J., Zhang, H., Stein, J. M., . . . Jacobs, J. (2020).
Functionally distinct high and low theta oscillations in the human hippocampus. Nat
Commun, 11(1), 2469. https://doi.org/10.1038/s41467-020-15670-6

Grabot, L., Merholz, G., Winawer, J., Heeger, D. J., & Dugué, L. Traveling waves in the human
visual cortex: An MEG-EEG model-based approach.
http://dx.doi.org/10.1101/2024.10.09.617389

58


https://doi.org/10.1038/s42003-018-0205-5
https://doi.org/10.3389/fpsyg.2012.00169
https://doi.org/10.1371/journal.pone.0167351
https://doi.org/10.3389/fpsyg.2011.00130
https://doi.org/10.3389/fpsyg.2013.00138
https://doi.org/10.1101/2020.08.11.246298
https://doi.org/10.1523/ENEURO.0075-23.2023
https://doi.org/10.1523/JNEUROSCI.0812-21.2021
https://doi.org/10.1111/ejn.13318
https://doi.org/10.1038/nn.3063
https://doi.org/10.1126/sciadv.ado8915
https://doi.org/10.1371/journal.pbio.3000207
https://doi.org/10.1097/01.wnr.0000047685.08940.d0
https://doi.org/10.1126/science.109.2838.524
https://doi.org/10.1016/j.neubiorev.2020.03.030
https://doi.org/10.1038/s41467-020-15670-6
http://dx.doi.org/10.1101/2024.10.09.617389

Keitel, Keitel, et al. Brain rhythms in cognition

Gray, C. M., & Singer, W. (1989). Stimulus-specific neuronal oscillations in orientation columns
of cat visual cortex. Proc Natl Acad Sci U S A, 86(5), 1698-1702.
https://doi.org/10.1073/pnas.86.5.1698

Gregoriou, G. G., Gotts, S. J., Zhou, H., & Desimone, R. (2009). High-frequency, long-range
coupling between prefrontal and visual cortex during attention. Science, 324(5931),
1207-1210. https://doi.org/10.1126/science.1171402

Griffiths, B. J., Parish, G., Roux, F., Michelmann, S., van der Plas, M., Kolibius, L. D., . . .
Hanslmayr, S. (2019). Directional coupling of slow and fast hippocampal gamma with
neocortical alpha/beta oscillations in human episodic memory. Proc Natl Acad Sci U S
A, 116(43), 21834-21842. https://doi.org/10.1073/pnas.1914180116

Groppe, D. M., Bickel, S., Keller, C. J., Jain, S. K., Hwang, S. T., Harden, C., & Mehta, A. D. (2013).
Dominant frequencies of resting human brain activity as measured by the
electrocorticogram. Neurolmage, 79, 223-233.
https://doi.org/10.1016/j.neuroimage.2013.04.044

Gross, J. (2014). Analytical methods and experimental approaches for electrophysiological
studies of brain oscillations. J Neurosci Methods, 228(100), 57-66.
https://doi.org/10.1016/j.jneumeth.2014.03.007

Gross, J., Hoogenboom, N., Thut, G., Schyns, P., Panzeri, S., Belin, P., & Garrod, S. (2013). Speech
rhythms and multiplexed oscillatory sensory coding in the human brain. PLoS Biol,
11(12), e1001752. https://doi.org/10.1371/journal.pbio.1001752

Gross, J., Schmitz, F., Schnitzler, I., Kessler, K., Shapiro, K., Hommel, B., & Schnitzler, A. (2004).
Modulation of long-range neural synchrony reflects temporal limitations of visual
attention in humans. Proc Natl Acad Sci U S A, 107(35), 13050-13055.
https://doi.org/10.1073/pnas.0404944101

Gruber, T., Tsivilis, D., Montaldi, D., & Muller, M. M. (2004). Induced gamma band responses: an
early marker of memory encoding and retrieval. NeuroReport, 15(11), 1837-1841.
https://doi.org/10.1097/01.wnr.0000137077.26010.12

Guenther, F. H., & Vladusich, T. (2012). A Neural Theory of Speech Acquisition and Production. J
Neurolinguistics, 25(5), 408-422. https://doi.org/10.1016/j.jneuroling.2009.08.006

Guest, O., & Martin, A. E. (2021). How Computational Modeling Can Force Theory Building in
Psychological Science. Perspectives on Psychological Science, 16(4), 789-802.
https://doi.org/10.1177/1745691620970585

Gulbinaite, R., Roozendaal, D. H. M., & VanRullen, R. (2019). Attention differentially modulates
the amplitude of resonance frequencies in the visual cortex. Neurolmage, 203, 116146.
https://doi.org/10.1016/j.neuroimage.2019.116146

Gundlach, C., Moratti, S., Forschack, N., & Muller, M. M. (2020). Spatial Attentional Selection
Modulates Early Visual Stimulus Processing Independently of Visual Alpha Modulations.
Cereb Cortex, 30(6), 3686-3703. https://doi.org/10.1093/cercor/bhz335

Gyurkovics, M., Clements, G. M., Low, K. A., Fabiani, M., & Gratton, G. (2022). Stimulus-Induced
Changes in 1/f-like Background Activity in EEG. J Neurosci, 42(37), 7144-7151.
https://doi.org/10.1523/JNEUROSCI.0414-22.2022

Haakana, J., Merz, S., Kaski, S., Renvall, H., & Salmelin, R. (2024). Bayesian reduced rank
regression models generalizable neural fingerprints that differentiate between
individuals in magnetoencephalography data. Eur J Neurosci, 59(9), 2320-2335.
https://doi.org/10.1111/ejn.16292

Haegens, S., Cousijn, H., Wallis, G., Harrison, P. J., & Nobre, A. C. (2014). Inter- and intra-
individual variability in alpha peak frequency. Neurolmage, 92(100), 46-55.
https://doi.org/10.1016/j.neuroimage.2014.01.049

Haegens, S., Nacher, V., Luna, R., Romo, R., & Jensen, O. (2011). alpha-Oscillations in the
monkey sensorimotor network influence discrimination performance by rhythmical

59


https://doi.org/10.1073/pnas.86.5.1698
https://doi.org/10.1126/science.1171402
https://doi.org/10.1073/pnas.1914180116
https://doi.org/10.1016/j.neuroimage.2013.04.044
https://doi.org/10.1016/j.jneumeth.2014.03.007
https://doi.org/10.1371/journal.pbio.1001752
https://doi.org/10.1073/pnas.0404944101
https://doi.org/10.1097/01.wnr.0000137077.26010.12
https://doi.org/10.1016/j.jneuroling.2009.08.006
https://doi.org/10.1177/1745691620970585
https://doi.org/10.1016/j.neuroimage.2019.116146
https://doi.org/10.1093/cercor/bhz335
https://doi.org/10.1523/JNEUROSCI.0414-22.2022
https://doi.org/10.1111/ejn.16292
https://doi.org/10.1016/j.neuroimage.2014.01.049

Keitel, Keitel, et al. Brain rhythms in cognition

inhibition of neuronal spiking. Proc Natl Acad Sci U S A, 108(48), 19377-19382.
https://doi.org/10.1073/pnas.1117190108

Haegens, S., & Zion Golumbic, E. (2018). Rhythmic facilitation of sensory processing: A critical
review. Neurosci Biobehav Rev, 86, 150-165.
https://doi.org/10.1016/j.neubiorev.2017.12.002

Hakim, N., Feldmann-Wustefeld, T., Awh, E., & Vogel, E. K. (2021). Controlling the Flow of
Distracting Information in Working Memory. Cereb Cortex, 31(7), 3323-3337.
https://doi.org/10.1093/cercor/bhab013

Hald, L. A., Bastiaansen, M. C., & Hagoort, P. (2006). EEG theta and gamma responses to
semantic violations in online sentence processing. Brain Lang, 96(1), 90-105.
https://doi.org/10.1016/j.bandl.2005.06.007

Halle, M., & Stevens, K. (1962). Speech Recognition - a Model and a Program for Research. Ire
Transactions on Information Theory, 8(2), 155-&. https://doi.org/Doi
10.1109/Tit.1962.1057686

Hanslmayr, S., Spitzer, B., & Bauml, K. H. (2009). Brain oscillations dissociate between semantic
and nonsemantic encoding of episodic memories. Cereb Cortex, 19(7), 1631-1640.
https://doi.org/10.1093/cercor/bhn197

Hanslmayr, S., Staresina, B. P., & Bowman, H. (2016). Oscillations and Episodic Memory:
Addressing the Synchronization/Desynchronization Conundrum. Trends Neurosci, 39(1),
16-25. https://doi.org/10.1016/j.tins.2015.11.004

Hanslmayr, S., & Staudigl, T. (2014). How brain oscillations form memories--a processing based
perspective on oscillatory subsequent memory effects. Neurolmage, 85 Pt 2, 648-655.
https://doi.org/10.1016/j.neuroimage.2013.05.121

Hanslmayr, S., Staudigl, T., & Fellner, M. C. (2012). Oscillatory power decreases and long-term
memory: the information via desynchronization hypothesis. Front Hum Neurosci, 6, 74.
https://doi.org/10.3389/fnhum.2012.00074

Harding, E. E., Sammler, D., Henry, M. J,, Large, E. W., & Kotz, S. A. (2019). Cortical tracking of
rhythm in music and speech. Neurolmage, 185, 96-101.
https://doi.org/10.1016/j.neuroimage.2018.10.037

Harris, A. M., Dux, P. E., & Mattingley, J. B. (2018). Detecting Unattended Stimuli Depends on the
Phase of Prestimulus Neural Oscillations. J Neurosci, 38(12), 3092-3101.
https://doi.org/10.1523/JNEUROSCI.3006-17.2018

Harris, K. D., & Thiele, A. (2011). Cortical state and attention. Nature Reviews Neuroscience,
12(9), 509-523. https://doi.org/10.1038/nrn3084

Hasselmo, M. E. (1995). Neuromodulation and cortical function: modeling the physiological
basis of behavior. Behav Brain Res, 67(1), 1-27. https://doi.org/10.1016/0166-
4328(94)00113-t

Hasselmo, M. E. (2005). What is the function of hippocampal theta rhythm?--Linking behavioral
data to phasic properties of field potential and unit recording data. Hippocampus, 15(7),
936-949. https://doi.org/10.1002/hip0.20116

He, B. J. (2014). Scale-free brain activity: past, present, and future. Trends Cogn Sci, 18(9), 480-
487. https://doi.org/10.1016/j.tics.2014.04.003

He, Q., Colon-Motas, K. M., Pybus, A. F., Piendel, L., Seppa, J. K., Walker, M. L., ... Singer, A. C.
(2021). Afeasibility trial of gamma sensory flicker for patients with prodromal Alzheimer's
disease. Alzheimers Dement (N'Y), 7(1), e12178. https://doi.org/10.1002/trc2.12178

Hebscher, M., & Voss, J. L. (2020). Testing network properties of episodic memory using non-
invasive brain stimulation. Curr Opin Behav Sci, 32, 35-42.
https://doi.org/10.1016/j.cobeha.2020.01.012

Henry, M. J., Obleser, J., Crusey, M., & Peelle, J. E. (2025). How strong is the rhythm of perception?
A registered replication of Hickok, Farahbod, and Saberi (2015). Royal Society Open
Science, 12,220497. https://doi.org/10.31234/0sf.io/62r3u

60


https://doi.org/10.1073/pnas.1117190108
https://doi.org/10.1016/j.neubiorev.2017.12.002
https://doi.org/10.1093/cercor/bhab013
https://doi.org/10.1016/j.bandl.2005.06.007
https://doi.org/Doi
https://doi.org/10.1093/cercor/bhn197
https://doi.org/10.1016/j.tins.2015.11.004
https://doi.org/10.1016/j.neuroimage.2013.05.121
https://doi.org/10.3389/fnhum.2012.00074
https://doi.org/10.1016/j.neuroimage.2018.10.037
https://doi.org/10.1523/JNEUROSCI.3006-17.2018
https://doi.org/10.1038/nrn3084
https://doi.org/10.1016/0166-4328(94)00113-t
https://doi.org/10.1016/0166-4328(94)00113-t
https://doi.org/10.1002/hipo.20116
https://doi.org/10.1016/j.tics.2014.04.003
https://doi.org/10.1002/trc2.12178
https://doi.org/10.1016/j.cobeha.2020.01.012
https://doi.org/10.31234/osf.io/62r3u

Keitel, Keitel, et al. Brain rhythms in cognition

Herman, A. M., & Tsakiris, M. (2021). The impact of cardiac afferent signaling and interoceptive
abilities on passive information sampling. Int J Psychophysiol, 162, 104-111.
https://doi.org/10.1016/j.ijpsycho.2021.02.010

Herrmann, C. S., Murray, M. M., lonta, S., Hutt, A., & Lefebvre, J. (2016). Shaping Intrinsic Neural
Oscillations  with  Periodic  Stimulation. J Neurosci, 36(19), 5328-5337.
https://doi.org/10.1523/JNEUROSCI.0236-16.2016

Herweg, N. A., Solomon, E. A., & Kahana, M. J. (2020). Theta Oscillations in Human Memory.
Trends Cogn Sci, 24(3), 208-227. https://doi.org/10.1016/j.tics.2019.12.006

Hess, E. H., & Polt, J. M. (1964). Pupil Size in Relation to Mental Activity during Simple Problem-
Solving. Science, 143(3611), 1190-1192.
https://doi.org/10.1126/science.143.3611.1190

Heusser, A. C., Poeppel, D., Ezzyat, Y., & Davachi, L. (2016). Episodic sequence memory is
supported by a theta-gamma phase code. Nature Neuroscience, 19(10), 1374-1380.
https://doi.org/10.1038/nn.4374

Hickok, G., Farahbod, H., & Saberi, K. (2015). The Rhythm of Perception: Entrainment to Acoustic
Rhythms Induces Subsequent Perceptual Oscillation. Psychological Science, 26(7),
1006-1013. https://doi.org/10.1177/0956797615576533

Hickok, G., & Poeppel, D. (2007). The cortical organization of speech processing. Nature Reviews
Neuroscience, 8(5), 393-402. https://doi.org/10.1038/nrn2113

Hipp, J. F., Engel, A. K., & Siegel, M. (2011). Oscillatory synchronization in large-scale cortical
networks predicts perception. Neuron, 69(2), 387-396.
https://doi.org/10.1016/j.neuron.2010.12.027

Ho, H. T., Leung, J., Burr, D. C., Alais, D., & Morrone, M. C. (2017). Auditory Sensitivity and
Decision Criteria Oscillate at Different Frequencies Separately for the Two Ears. Curr Biol,
27(23), 3643-3649 e3643. https://doi.org/10.1016/j.cub.2017.10.017

Honkanen, R., Rouhinen, S., Wang, S. H., Palva, J. M., & Palva, S. (2015). Gamma Oscillations
Underlie the Maintenance of Feature-Specific Information and the Contents of Visual
Working Memory. Cereb Cortex, 25(10), 3788-3801.
https://doi.org/10.1093/cercor/bhu263

Hovsepyan, S., Olasagasti, |., & Giraud, A. L. (2020). Combining predictive coding and neural
oscillations enables online syllable recognition in natural speech. Nat Commun, 11(1),
3117. https://doi.org/10.1038/s41467-020-16956-5

Hovsepyan, S., Olasagasti, |., & Giraud, A. L. (2023). Rhythmic modulation of prediction errors: A
top-down gating role for the beta-range in speech processing. PLOS Computational
Biology, 19(11), €1011595. https://doi.org/10.1371/journal.pcbi.1011595

Howard, M. F., & Poeppel, D. (2010). Discrimination of speech stimuli based on neuronal
response phase patterns depends on acoustics but not comprehension. J Neurophysiol,
104(5), 2500-2511. https://doi.org/10.1152/jn.00251.2010

Hua, L., Grent-t'-Jong, T., & Uhlhaas, P. J. (2020). Magnetoencephalographical Research in
Schizophrenia: Current Status and Perspectives. In M. Kubicki & M. Shenton (Eds.),
Neuroimaging in Schizophrenia (pp- 211-225). Springer, Cham.
https://doi.org/10.1007/978-3-030-35206-6_12

Huang, N., & Elhilali, M. (2020). Push-pull competition between bottom-up and top-down
auditory attention to natural soundscapes. elLife, 9. https://doi.org/10.7554/eLife.52984

Huang, N. E., Shen, Z., Long, S. R., Wu, M. L. C., Shih, H. H., Zheng, Q. N., . . . Liu, H. H. (1998).
The empirical mode decomposition and the Hilbert spectrum for nonlinear and non-
stationary time series analysis. Proceedings of the Royal Society a-Mathematical
Physical and Engineering Sciences, 454(1971), 903-995.
https://doi.org/10.1098/rspa.1998.0193

Huber, D. E., Potter, K. W., & Huszar, L. D. (2019). Less "story" and more "reliability" in cognitive
neuroscience. Cortex, 113, 347-349. https://doi.org/10.1016/j.cortex.2018.10.030

61


https://doi.org/10.1016/j.ijpsycho.2021.02.010
https://doi.org/10.1523/JNEUROSCI.0236-16.2016
https://doi.org/10.1016/j.tics.2019.12.006
https://doi.org/10.1126/science.143.3611.1190
https://doi.org/10.1038/nn.4374
https://doi.org/10.1177/0956797615576533
https://doi.org/10.1038/nrn2113
https://doi.org/10.1016/j.neuron.2010.12.027
https://doi.org/10.1016/j.cub.2017.10.017
https://doi.org/10.1093/cercor/bhu263
https://doi.org/10.1038/s41467-020-16956-5
https://doi.org/10.1371/journal.pcbi.1011595
https://doi.org/10.1152/jn.00251.2010
https://doi.org/10.1007/978-3-030-35206-6_12
https://doi.org/10.7554/eLife.52984
https://doi.org/10.1098/rspa.1998.0193
https://doi.org/10.1016/j.cortex.2018.10.030

Keitel, Keitel, et al. Brain rhythms in cognition

Hughes, A. M., Whitten, T. A., Caplan, J. B., & Dickson, C. T. (2012). BOSC: a better oscillation
detection method, extracts both sustained and transient rhythms from rat hippocampal
recordings. Hippocampus, 22(6), 1417-1428. https://doi.org/10.1002/hip0.20979

Hughes, J. R. (1995). The phenomenon of travelling waves: a review. Clin Electroencephalogr,
26(1), 1-6. https://doi.org/10.1177/155005949502600103

Hyafil, A., Fontolan, L., Kabdebon, C., Gutkin, B., & Giraud, A. L. (2015a). Speech encoding by
coupled cortical theta and gamma oscillations. elLife, 4, e06213.
https://doi.org/10.7554/¢elLife.06213

Hyafil, A., Giraud, A. L., Fontolan, L., & Gutkin, B. (2015b). Neural Cross-Frequency Coupling:
Connecting Architectures, Mechanisms, and Functions. Trends Neurosci, 38(11), 725-
740. https://doi.org/10.1016/j.tins.2015.09.001

laccarino, H. F., Singer, A. C., Martorell, A. J., Rudenko, A., Gao, F., Gillingham, T. Z., ... Tsai, L.
H. (2016). Gamma frequency entrainment attenuates amyloid load and modifies
microglia. Nature, 540(7632), 230-235. https://doi.org/10.1038/nature20587

lemi, L., & Busch, N. A. (2018). Moment-to-Moment Fluctuations in Neuronal Excitability Bias
Subjective Perception Rather than Strategic Decision-Making. eneuro, 5(3),
ENEURO.0430-0417.2018. https://doi.org/10.1523/ENEURO.0430-17.2018

lemi, L., Busch, N. A, Laudini, A., Haegens, S., Samaha, J., Villringer, A., & Nikulin, V. V. (2019).
Multiple mechanisms link prestimulus neural oscillations to sensory responses. eLife, 8.
https://doi.org/10.7554/eLife.43620

lemi, L., Chaumon, M., Crouzet, S. M., & Busch, N. A. (2017). Spontaneous Neural Oscillations
Bias Perception by Modulating Baseline Excitability. J Neurosci, 37(4), 807-819.
https://doi.org/10.1523/JNEUROSCI.1432-16.2016

Itlhan, B., & VanRullen, R. (2012). No counterpart of visual perceptual echoes in the auditory
system. PLOS ONE, 7(11), e49287. https://doi.org/10.1371/journal.pone.0049287

Indefrey, P., & Levelt, W. J. (2004). The spatial and temporal signatures of word production
components. Cognition, 92(1-2), 101-144.
https://doi.org/10.1016/j.cognition.2002.06.001

loannidis, J. P. (2005). Why most published research findings are false. PLoS Med, 2(8), e124.
https://doi.org/10.1371/journal.pmed.0020124

Isbister, J. B., Eguchi, A., Ahmad, N., Galeazzi, J. M., Buckley, M. J., & Stringer, S. (2018). A new
approach to solving the feature-binding problem in primate vision. Interface Focus, 8(4),
20180021. https://doi.org/10.1098/rsfs.2018.0021

Ito, J., Roy, S,, Liu, Y., Cao, Y., Fletcher, M, Lu, L., ... Heck, D. H. (2014). Whisker barrel cortex
delta oscillations and gamma power in the awake mouse are linked to respiration. Nat
Commun, 5(1), 3572. https://doi.org/10.1038/ncomms4572

Jacobs, J. (2014). Hippocampal theta oscillations are slower in humans than in rodents:
implications for models of spatial navigation and memory. Philos Trans R Soc Lond B Biol
Sci, 369(1635), 20130304. https://doi.org/10.1098/rstb.2013.0304

Jacobs, M., Budzinski, R. C., Muller, L., Ba, D., & Keller, T. A. (2025). Traveling waves integrate
spatial information through time. arXiv. https://arxiv.org/abs/2502.06034

Jammal Salameh, L., Bitzenhofer, S. H., Hanganu-Opatz, I. L., Dutschmann, M., & Egger, V.
(2024). Blood pressure pulsations modulate central neuronal activity via
mechanosensitive ion channels. Science, 383(6682), eadk8511.
https://doi.org/10.1126/science.adk8511

Jasper, H. H. (1948). Charting the Sea of Brain Waves. Science, 708(2805), 343-347.
https://doi.org/10.1126/science.108.2805.343

Jensen, O. (2024). Distractor inhibition by alpha oscillations is controlled by an indirect
mechanism governed by goal-relevant information. Communications Psychology, 2(1),
36. https://doi.org/10.1038/s44271-024-00081-w

62


https://doi.org/10.1002/hipo.20979
https://doi.org/10.1177/155005949502600103
https://doi.org/10.7554/eLife.06213
https://doi.org/10.1016/j.tins.2015.09.001
https://doi.org/10.1038/nature20587
https://doi.org/10.1523/ENEURO.0430-17.2018
https://doi.org/10.7554/eLife.43620
https://doi.org/10.1523/JNEUROSCI.1432-16.2016
https://doi.org/10.1371/journal.pone.0049287
https://doi.org/10.1016/j.cognition.2002.06.001
https://doi.org/10.1371/journal.pmed.0020124
https://doi.org/10.1098/rsfs.2018.0021
https://doi.org/10.1038/ncomms4572
https://doi.org/10.1098/rstb.2013.0304
https://arxiv.org/abs/2502.06034
https://doi.org/10.1126/science.adk8511
https://doi.org/10.1126/science.108.2805.343
https://doi.org/10.1038/s44271-024-00081-w

Keitel, Keitel, et al. Brain rhythms in cognition

Jensen, O., Bonnefond, M., & VanRullen, R. (2012). An oscillatory mechanism for prioritizing
salient unattended stimuli. Trends Cogn Sci, 16(4), 200-206.
https://doi.org/10.1016/j.tics.2012.03.002

Jensen, O., Gelfand, J., Kounios, J., & Lisman, J. E. (2002). Oscillations in the alpha band (9-12 Hz)
increase with memory load during retention in a short-term memory task. Cereb Cortex,
12(8), 877-882. https://doi.org/10.1093/cercor/12.8.877

Jensen, O., & Mazaheri, A. (2010). Shaping functional architecture by oscillatory alpha activity:
gating by inhibition. Front Hum Neurosci, 4, 186.
https://doi.org/10.3389/fnhum.2010.00186

Jensen, O., Spaak, E., & Park, H. (2016). Discriminating Valid from Spurious Indices of Phase-
Amplitude Coupling. eneuro, 3(6), ENEURO.0334-0316.2016.
https://doi.org/10.1523/ENEURO.0334-16.2016

Jirsa, V., & Muller, V. (2013). Cross-frequency coupling in real and virtual brain networks. Front
Comput Neurosci, 7, 78. https://doi.org/10.3389/fncom.2013.00078

Johannknecht, M., & Kayser, C. (2022). The influence of the respiratory cycle on reaction times in
sensory-cognitive paradigms. Sci Rep, 12(1), 2586. https://doi.org/10.1038/s41598-022-
06364-8

Jones, S. R. (2016). When brain rhythms aren't 'rhythmic': implication for their mechanisms and
meaning. Curr Opin Neurobiol, 40, 72-80. https://doi.org/10.1016/j.conb.2016.06.010

Jurkiewicz, G. J., Hunt, M. )., & Zygierewicz, J. (2021). Addressing Pitfalls in Phase-Amplitude
Coupling Analysis with an Extended Modulation Index Toolbox. Neuroinformatics, 19(2),
319-345. https://doi.org/10.1007/s12021-020-09487-3

Jutras, M. J., & Buffalo, E. A. (2010). Synchronous neural activity and memory formation. Curr
Opin Neurobiol, 20(2), 150-155. https://doi.org/10.1016/j.conb.2010.02.006

Kahneman, D., & Beatty, J. (1966). Pupil diameter and load on memory. Science, 154(3756),
1583-1585. https://doi.org/10.1126/science.154.3756.1583

Kaminski, M., Brzezicka, A., Kaminski, J., & Blinowska, K. J. (2016). Measures of Coupling between
Neural Populations Based on Granger Causality Principle. Front Comput Neurosci, 10,
114. https://doi.org/10.3389/fncom.2016.00114

Kasten, F. H., Busson, Q., & Zoefel, B. (2024). Opposing neural processing modes alternate
rhythmically during sustained auditory attention. Communications Biology, 7(1), 1125.
https://doi.org/10.1038/s42003-024-06834-x

Kayser, C. (2019). Evidence for the Rhythmic Perceptual Sampling of Auditory Scenes. Front Hum
Neurosci, 13, 249. https://doi.org/10.3389/fnhum.2019.00249

Kayser, S. J., McNair, S. W., & Kayser, C. (2016). Prestimulus influences on auditory perception
from sensory representations and decision processes. Proc NatlAcad SciUS A, 113(17),
4842-4847. https://doi.org/10.1073/pnas.1524087113

Kazanina, N., & Tavano, A. (2023). What neural oscillations can(not) do for syntactic structure
building. Nature Reviews Neuroscience, 24, 113-128.
http://dx.doi.org/10.31234/osf.io/yv2tm

Keil, J., & Senkowski, D. (2019). Neural Network Dynamics and Audiovisual Integration. In
Multisensory  Processes (pp. 201-220). Springer International Publishing.
https://doi.org/10.1007/978-3-030-10461-0_10

Keitel, A., & Gross, J. (2016). Individual Human Brain Areas Can Be Identified from Their
Characteristic Spectral Activation Fingerprints. PLoS Biol, 14(6), e€1002498.
https://doi.org/10.1371/journal.pbio.1002498

Keitel, A., Gross, J., & Kayser, C. (2018). Perceptually relevant speech tracking in auditory and
motor cortex reflects distinct linguistic features. PLoS Biol, 16(3), e€2004473.
https://doi.org/10.1371/journal.pbio.2004473

63


https://doi.org/10.1016/j.tics.2012.03.002
https://doi.org/10.1093/cercor/12.8.877
https://doi.org/10.3389/fnhum.2010.00186
https://doi.org/10.1523/ENEURO.0334-16.2016
https://doi.org/10.3389/fncom.2013.00078
https://doi.org/10.1038/s41598-022-06364-8
https://doi.org/10.1038/s41598-022-06364-8
https://doi.org/10.1016/j.conb.2016.06.010
https://doi.org/10.1007/s12021-020-09487-3
https://doi.org/10.1016/j.conb.2010.02.006
https://doi.org/10.1126/science.154.3756.1583
https://doi.org/10.3389/fncom.2016.00114
https://doi.org/10.1038/s42003-024-06834-x
https://doi.org/10.3389/fnhum.2019.00249
https://doi.org/10.1073/pnas.1524087113
http://dx.doi.org/10.31234/osf.io/yv2tm
https://doi.org/10.1007/978-3-030-10461-0_10
https://doi.org/10.1371/journal.pbio.1002498
https://doi.org/10.1371/journal.pbio.2004473

Keitel, Keitel, et al. Brain rhythms in cognition

Keitel, A., Pelofi, C., Guan, X., Watson, E., Wight, L., Allen, S., . .. Rimmele, J. (2025). Cortical and
behavioral tracking of rhythm in music: Effects of pitch predictability, enjoyment, and
expertise. Ann N Y Acad Sci, 1546(1), 120-135. https://doi.org/10.1111/nyas.15315

Keitel, C., Keitel, A., Benwell, C. S. Y., Daube, C., Thut, G., & Gross, J. (2019). Stimulus-Driven
Brain Rhythms within the Alpha Band: The Attentional-Modulation Conundrum. J
Neurosci, 39(16), 3119-3129. https://doi.org/10.1523/JNEUROSCI.1633-18.2019

Keitel, C., Quigley, C., & Ruhnau, P. (2014). Stimulus-driven brain oscillations in the alpha range:
entrainment of intrinsic rhythms or frequency-following response? J Neurosci, 34(31),
10137-10140. https://doi.org/10.1523/INEUROSCI.1904-14.2014

Keitel, C., Ruzzoli, M., Dugue, L., Busch, N. A., & Benwell, C. S. Y. (2022). Rhythms in cognition:
The evidence revisited. Eur J Neurosci, 55(11-12), 2991-3009.
https://doi.org/10.1111/ejn.15740

Keitel, C., Thut, G., & Gross, J. (2017). Visual cortex responses reflect temporal structure of
continuous quasi-rhythmic sensory stimulation. Neurolmage, 146, 58-70.
https://doi.org/10.1016/j.neuroimage.2016.11.043

Keller, A. S., Payne, L., & Sekuler, R. (2017). Characterizing the roles of alpha and theta
oscillations in multisensory attention. Neuropsychologia, 99, 48-63.
https://doi.org/10.1016/j.neuropsychologia.2017.02.021

Kern, P., Assaneo, M. F., Endres, D., Poeppel, D., & Rimmele, J. M. (2021). Preferred auditory
temporal processing regimes and auditory-motor synchronization. Psychonomic Bulletin
&amp; Review, 28(6), 1860-1873. https://doi.org/10.3758/s13423-021-01933-w

Kerrén, C., Linde-Domingo, J., Hanslmayr, S., & Wimber, M. (2018). An Optimal Oscillatory Phase
for Pattern Reactivation during Memory Retrieval. Curr Biol, 28(21), 3383-3392 €3386.
https://doi.org/10.1016/j.cub.2018.08.065

Kim, K., Ladenbauer, J., Babo-Rebelo, M., Buot, A., Lehongre, K., Adam, C., ... Tallon-Baudry, C.
(2019). Resting-State Neural Firing Rate Is Linked to Cardiac-Cycle Duration in the
Human Cingulate and Parahippocampal Cortices. J Neurosci, 39(19), 3676-3686.
https://doi.org/10.1523/JNEUROSCI.2291-18.2019

Kizuk, S. A., & Mathewson, K. E. (2017). Power and Phase of Alpha Oscillations Reveal an
Interaction between Spatial and Temporal Visual Attention. J Cogn Neurosci, 29(3), 480-
494, https://doi.org/10.1162/jocn_a_01058

Klimesch, W. (2012). alpha-band oscillations, attention, and controlled access to stored
information. Trends Cogn Sci, 16(12), 606-617.
https://doi.org/10.1016/j.tics.2012.10.007

Klimesch, W. (2018). The frequency architecture of brain and brain body oscillations: an analysis.
EurJ Neurosci, 48(7), 2431-2453. https://doi.org/10.1111/ejn.14192

Klimesch, W., Sauseng, P., & Hanslmayr, S. (2007). EEG alpha oscillations: the inhibition-timing
hypothesis. Brain Res Rev, 53(1), 63-88.
https://doi.org/10.1016/j.brainresrev.2006.06.003

Kluger, D. S., Allen, M. G., & Gross, J. (2024). Brain-body states embody complex temporal
dynamics. Trends Cogn Sci, 28(8), 695-698. https://doi.org/10.1016/j.tics.2024.05.003

Kluger, D. S., Balestrieri, E., Busch, N. A, & Gross, J. (2021). Respiration aligns perception with
neural excitability. eLife, 10. https://doi.org/10.7554/¢eLife.70907

Kluger, D. S., & Gross, J. (2020). Depth and phase of respiration modulate cortico-muscular
communication. Neurolmage, 222, 117272.
https://doi.org/10.1016/j.neuroimage.2020.117272

Kluger, D. S., & Gross, J. (2021). Respiration modulates oscillatory neural network activity at rest.
PLoS Biol, 19(11), e3001457. https://doi.org/10.1371/journal.pbio.3001457

Kondo, H. M., Pressnitzer, D., Toshima, I., & Kashino, M. (2012). Effects of self-motion on auditory
scene analysis. Proc Natl Acad Sci U S A, 109(17), 6775-6780.
https://doi.org/10.1073/pnas.1112852109

64


https://doi.org/10.1111/nyas.15315
https://doi.org/10.1523/JNEUROSCI.1633-18.2019
https://doi.org/10.1523/JNEUROSCI.1904-14.2014
https://doi.org/10.1111/ejn.15740
https://doi.org/10.1016/j.neuroimage.2016.11.043
https://doi.org/10.1016/j.neuropsychologia.2017.02.021
https://doi.org/10.3758/s13423-021-01933-w
https://doi.org/10.1016/j.cub.2018.08.065
https://doi.org/10.1523/JNEUROSCI.2291-18.2019
https://doi.org/10.1162/jocn_a_01058
https://doi.org/10.1016/j.tics.2012.10.007
https://doi.org/10.1111/ejn.14192
https://doi.org/10.1016/j.brainresrev.2006.06.003
https://doi.org/10.1016/j.tics.2024.05.003
https://doi.org/10.7554/eLife.70907
https://doi.org/10.1016/j.neuroimage.2020.117272
https://doi.org/10.1371/journal.pbio.3001457
https://doi.org/10.1073/pnas.1112852109

Keitel, Keitel, et al. Brain rhythms in cognition

Kopc¢anova, M., Thut, G., Benwell, C.S.Y., &Keitel, C. (2025). Characterising time-on-task effects
on oscillatory and aperiodic EEG components and their co-variation with visual task
performance. Imaging Neuroscience, 3, imag_a_00566.
https://doi.org/10.1101/2024.04.19.590227

Kopell, N., Ermentrout, G. B., Whittington, M. A., & Traub, R. D. (2000). Gamma rhythms and beta
rhythms have different synchronization properties. Proc Natl Acad SciUS A, 97(4), 1867-
1872. https://doi.org/10.1073/pnas.97.4.1867

Kosciessa, J. Q., Kloosterman, N. A., & Garrett, D. D. (2020). Standard multiscale entropy reflects
neural dynamics at mismatched temporal scales: What's signal irregularity got to do with
it? PLOS Computational Biology, 16(5), €1007885.
https://doi.org/10.1371/journal.pcbi.1007885

Kosem, A., Bosker, H. R., Takashima, A., Meyer, A., Jensen, O., & Hagoort, P. (2018). Neural
Entrainment Determines the Words We Hear. Curr Biol, 28(18), 2867-2875 €2863.
https://doi.org/10.1016/j.cub.2018.07.023

Koster, M., Finger, H., Graetz, S., Kater, M., & Gruber, T. (2018). Theta-gamma coupling binds
visual perceptual features in an associative memory task. Sci Rep, 8(1), 17688.
https://doi.org/10.1038/s41598-018-35812-7

Kotz, S. A. (2022). Bridging speech and music — A neural common ground perspective on prosody.
In How Language Speaks to Music (pp. 259-266). De  Gruyter.
https://doi.org/10.1515/9783110770186-010

Kotz, S. A., Ravighani, A., & Fitch, W. T. (2018). The Evolution of Rhythm Processing. Trends Cogn
Sci, 22(10), 896-910. https://doi.org/10.1016/j.tics.2018.08.002

Kotz, S. A., & Schwartze, M. (2016). Motor-Timing and Sequencing in Speech Production. In
Neurobiology of Language (pp. 717-724). Elsevier. https://doi.org/10.1016/b978-0-12-
407794-2.00057-2

Kreiter, A. K., & Singer, W. (1996). Stimulus-dependent synchronization of neuronal responses in
the visual cortex of the awake macaque monkey. J Neurosci, 16(7), 2381-2396.
https://doi.org/10.1523/JNEUROSCI.16-07-02381.1996

Kunzendorf, S., Klotzsche, F., Akbal, M., Villringer, A., Ohl, S., & Gaebler, M. (2019). Active
information sampling varies across the cardiac cycle. Psychophysiology, 56(5), €e13322.
https://doi.org/10.1111/psyp.13322

L’hermite, S., & Zoefel, B. (2023). Rhythmic entrainment echoes in auditory perception. Journal
of Neuroscience, 43(39), 6667-6678.

Lakatos, P., Gross, J., & Thut, G. (2019). A New Unifying Account of the Roles of Neuronal
Entrainment. Curr Biol, 29(18), R890-R905. https://doi.org/10.1016/j.cub.2019.07.075

Lakatos, P., Karmos, G., Mehta, A. D., Ulbert, I., & Schroeder, C. E. (2008). Entrainment of
neuronal oscillations as a mechanism of attentional selection. Science, 320(5872), 110-
113. https://doi.org/10.1126/science.1154735

Lakatos, P., Musacchia, G., O'Connel, M. N., Falchier, A. Y., Javitt, D. C., & Schroeder, C. E.
(2013). The spectrotemporal filter mechanism of auditory selective attention. Neuron,
77(4), 750-761. https://doi.org/10.1016/j.neuron.2012.11.034

Lakatos, P., O'Connell, M. N., Barczak, A., Mills, A., Javitt, D. C., & Schroeder, C. E. (2009). The
leading sense: supramodal control of neurophysiological context by attention. Neuron,
64(3), 419-430. https://doi.org/10.1016/j.neuron.2009.10.014

Lamekina, Y., Titone, L., Maess, B., & Meyer, L. (2024). Speech Prosody Serves Temporal
Prediction of Language via Contextual Entrainment. J Neurosci, 44(28), €1041232024.
https://doi.org/10.1523/JNEUROSCI.1041-23.2024

Landau, A. N., & Fries, P. (2012). Attention samples stimuli rhythmically. Curr Biol, 22(11), 1000-
1004. https://doi.org/10.1016/j.cub.2012.03.054

65


https://doi.org/10.1101/2024.04.19.590227
https://doi.org/10.1073/pnas.97.4.1867
https://doi.org/10.1371/journal.pcbi.1007885
https://doi.org/10.1016/j.cub.2018.07.023
https://doi.org/10.1038/s41598-018-35812-7
https://doi.org/10.1515/9783110770186-010
https://doi.org/10.1016/j.tics.2018.08.002
https://doi.org/10.1016/b978-0-12-407794-2.00057-2
https://doi.org/10.1016/b978-0-12-407794-2.00057-2
https://doi.org/10.1523/JNEUROSCI.16-07-02381.1996
https://doi.org/10.1111/psyp.13322
https://doi.org/10.1016/j.cub.2019.07.075
https://doi.org/10.1126/science.1154735
https://doi.org/10.1016/j.neuron.2012.11.034
https://doi.org/10.1016/j.neuron.2009.10.014
https://doi.org/10.1523/JNEUROSCI.1041-23.2024
https://doi.org/10.1016/j.cub.2012.03.054

Keitel, Keitel, et al. Brain rhythms in cognition

Landau, A. N., Schreyer, H. M., van Pelt, S., & Fries, P. (2015). Distributed Attention Is
Implemented through Theta-Rhythmic Gamma Modulation. Curr Biol, 25(17), 2332-
2337. https://doi.org/10.1016/j.cub.2015.07.048

Lansing, R. W. (1957). Relation of brain and tremor rhythms to visual reaction time.
Electroencephalogr Clin Neurophysiol, 9(3), 497-504. https://doi.org/10.1016/0013-
4694(57)90037-8

Lara, G. A., Alekseichuk, I., Turi, Z., Lehr, A., Antal, A., & Paulus, W. (2018). Perturbation of theta-
gamma coupling at the temporal lobe hinders verbal declarative memory. Brain Stimul,
11(3), 509-517. https://doi.org/10.1016/j.brs.2017.12.007

Large, E. W., Herrera, J. A., & Velasco, M. J. (2015). Neural Networks for Beat Perception in
Musical Rhythm. Front Syst Neurosci, 9, 159. https://doi.org/10.3389/fnsys.2015.00159

Large, E. W., & Jones, M. R. (1999). The dynamics of attending: How people track time-varying
events. Psychological Review, 106(1), 119-159. https://doi.org/Doi 10.1037/0033-
295x.106.1.119

Laufs, H., Kleinschmidt, A., Beyerle, A., Eger, E., Salek-Haddadi, A., Preibisch, C., & Krakow, K.
(2003). EEG-correlated fMRI of human alpha activity. Neurolmage, 19(4), 1463-1476.
https://doi.org/10.1016/s1053-8119(03)00286-6

Lee, S. H., & Dan, Y. (2012). Neuromodulation of brain states. Neuron, 76(1), 209-222.
https://doi.org/10.1016/j.neuron.2012.09.012

Leonardelli, E., Braun, C., Weisz, N., Lithari, C., Occelli, V., & Zampini, M. (2015). Prestimulus
oscillatory alpha power and connectivity patterns predispose perceptual integration of
an audio and a tactile stimulus. Human Brain Mapping, 36(9), 3486-3498.
https://doi.org/10.1002/hbm.22857

Leppaaho, E., Renvall, H., Salmela, E., Kere, J., Salmelin, R., & Kaski, S. (2019). Discovering
heritable modes of MEG spectral power. Human Brain Mapping, 40(5), 1391-1402.
https://doi.org/10.1002/hbm.24454

Lewis-Peacock, J. A., Kessler, Y., & Oberauer, K. (2018). The removal of information from working
memory. Ann N Y Acad Sci, 1424(1), 33-44. https://doi.org/10.1111/nyas.13714

Lewis, A. G., Schoffelen, J. M., Schriefers, H., & Bastiaansen, M. (2016). A Predictive Coding
Perspective on Beta Oscillations during Sentence-Level Language Comprehension. Front
Hum Neurosci, 10, 85. https://doi.org/10.3389/fnhum.2016.00085

Liljestrom, M., Kujala, J., Stevenson, C., & Salmelin, R. (2015). Dynamic reconfiguration of the
language network preceding onset of speech in picture naming. Human Brain Mapping,
36(3), 1202-1216. https://doi.org/10.1002/hbm.22697

Limbach, K., & Corballis, P. M. (2016). Prestimulus alpha power influences response criterion in
a detection task. Psychophysiology, 53(8), 1154-1164.
https://doi.org/10.1111/psyp.12666

Lin, J. J., Rugg, M. D., Das, S., Stein, J., Rizzuto, D. S., Kahana, M. J., & Lega, B. C. (2017). Theta
band powerincreases inthe posterior hippocampus predict successful episodic memory
encoding in humans. Hippocampus, 27(10), 1040-1053.
https://doi.org/10.1002/hip0.22751

Linde-Domingo, J., Treder, M. S., Kerrén, C., & Wimber, M. (2019). Evidence that neural
information flow is reversed between object perception and object reconstruction from
memory. Nat Commun, 10(1), 179. https://doi.org/10.1038/s41467-018-08080-2

Lindsley, D. B. (1952). Psychological phenomena and the electroencephalogram.
Electroencephalogr Clin Neurophysiol, 4(4), 443-456. https://doi.org/10.1016/0013-
4694(52)90075-8

Lisman, J. E., & Ildiart, M. A. (1995). Storage of 7 +/- 2 short-term memories in oscillatory
subcycles. Science, 267(5203), 1512-1515. https://doi.org/10.1126/science.7878473

Lisman, J. E., & Jensen, O. (2013). The theta-gamma neural code. Neuron, 77(6), 1002-1016.
https://doi.org/10.1016/j.neuron.2013.03.007

66


https://doi.org/10.1016/j.cub.2015.07.048
https://doi.org/10.1016/0013-4694(57)90037-8
https://doi.org/10.1016/0013-4694(57)90037-8
https://doi.org/10.1016/j.brs.2017.12.007
https://doi.org/10.3389/fnsys.2015.00159
https://doi.org/Doi
https://doi.org/10.1016/s1053-8119(03)00286-6
https://doi.org/10.1016/j.neuron.2012.09.012
https://doi.org/10.1002/hbm.22857
https://doi.org/10.1002/hbm.24454
https://doi.org/10.1111/nyas.13714
https://doi.org/10.3389/fnhum.2016.00085
https://doi.org/10.1002/hbm.22697
https://doi.org/10.1111/psyp.12666
https://doi.org/10.1002/hipo.22751
https://doi.org/10.1038/s41467-018-08080-2
https://doi.org/10.1016/0013-4694(52)90075-8
https://doi.org/10.1016/0013-4694(52)90075-8
https://doi.org/10.1126/science.7878473
https://doi.org/10.1016/j.neuron.2013.03.007

Keitel, Keitel, et al. Brain rhythms in cognition

Liu, S., Zhang, D., Liu, Z., Liu, M., Ming, Z., Liu, T., ... Yan, T. (2022). Review of brain-computer
interface based on steady-state visual evoked potential. Brain Science Advances, 8(4),
258-275. https://doi.org/10.26599/bsa.2022.9050022

Lo, C. W., Tung, T. Y., Ke, A. H., & Brennan, J. R. (2022). Hierarchy, Not Lexical Regularity,
Modulates Low-Frequency Neural Synchrony During Language Comprehension.
Neurobiol Lang (Camb), 3(4), 538-555. https://doi.org/10.1162/nol_a_00077

Lobier, M., Palva, J. M., & Palva, S. (2018). High-alpha band synchronization across frontal,
parietal and visual cortex mediates behavioral and neuronal effects of visuospatial
attention. Neurolmage, 165, 222-237.
https://doi.org/10.1016/j.neuroimage.2017.10.044

Long, N. M., Burke, J. F., & Kahana, M. J. (2014). Subsequent memory effect in intracranial and
scalp EEG. Neurolmage, 84, 488-494.
https://doi.org/10.1016/j.neuroimage.2013.08.052

Lorincz, M. L., Kekesi, K. A., Juhasz, G., Crunelli, V., & Hughes, S. W. (2009). Temporal framing of
thalamic relay-mode firing by phasic inhibition during the alpha rhythm. Neuron, 63(5),
683-696. https://doi.org/10.1016/j.neuron.2009.08.012

Lozano-Soldevilla, D., Ter Huurne, N., & Oostenveld, R. (2016). Neuronal Oscillations with Non-
sinusoidal Morphology Produce Spurious Phase-to-Amplitude Coupling and
Directionality. Front Comput Neurosci, 10, 87.
https://doi.org/10.3389/fncom.2016.00087

Lozano-Soldevilla, D., & VanRullen, R. (2019). The Hidden Spatial Dimension of Alpha: 10-Hz
Perceptual Echoes Propagate as Periodic Traveling Waves in the Human Brain. Cell Rep,
26(2), 374-380 e374. https://doi.org/10.1016/j.celrep.2018.12.058

Lubinus, C., Keitel, A., Obleser, J., Poeppel, D., & Rimmele, J. M. (2023). Explaining flexible
continuous speech comprehension from individual motor rhythms. Proc Biol Sci,
290(1994), 20222410. https://doi.org/10.1098/rspb.2022.2410

Lubinus, C., Keitel, A., Obleser, J., Poeppel, D., & Rimmele, J. M. (2025). Endogenous auditory
and motor brain rhythms predict individual speech tracking. bioRxiv, 2025.2003.
2024.644939.

Lubinus, C., Orpella, J., Keitel, A., Gudi-Mindermann, H., Engel, A. K., Roeder, B., & Rimmele, J.
M. (2021). Data-Driven Classification of Spectral Profiles Reveals Brain Region-Specific
Plasticity in Blindness. Cereb Cortex, 31(5), 2505-2522.
https://doi.org/10.1093/cercor/bhaa370

Lui, T. K.-Y., Boglietti, E., & Zoefel, B. (2025). The inattentional rhythm in audition. The Journal of
Neuroscience, 45(20), e1544242025. https://doi.org/10.1101/2024.08.10.607439

Lundqvist, M., Rose, J., Herman, P., Brincat, S. L., Buschman, T. J., & Miller, E. K. (2016). Gamma
and Beta Bursts Underlie Working Memory. Neuron, 90(1), 152-164.
https://doi.org/10.1016/j.neuron.2016.02.028

Madison, G. (2000). Properties of expressive variability patterns in music performances. Journal
of New Music Research, 29(4), 335-356. https://doi.org/Doi
10.1080/09298210008565466

Mahjoory, K., Schoffelen, J. M., Keitel, A., & Gross, J. (2020). The frequency gradient of human
resting-state  brain  oscillations follows cortical hierarchies. elLife, 9.
https://doi.org/10.7554/eLife.53715

Makeig, S., Westerfield, M., Jung, T. P., Enghoff, S., Townsend, J., Courchesne, E., & Sejnowski,
T.J.(2002). Dynamic brain sources of visual evoked responses. Science, 295(5555), 690-
694. https://doi.org/10.1126/science.1066168

Maki, H., & Ilmoniemi, R. J. (2010). EEG oscillations and magnetically evoked motor potentials
reflect motor system excitability in overlapping neuronal populations. Clin Neurophysiol,
121(4), 492-501. https://doi.org/10.1016/j.clinph.2009.11.078

67


https://doi.org/10.26599/bsa.2022.9050022
https://doi.org/10.1162/nol_a_00077
https://doi.org/10.1016/j.neuroimage.2017.10.044
https://doi.org/10.1016/j.neuroimage.2013.08.052
https://doi.org/10.1016/j.neuron.2009.08.012
https://doi.org/10.3389/fncom.2016.00087
https://doi.org/10.1016/j.celrep.2018.12.058
https://doi.org/10.1098/rspb.2022.2410
https://doi.org/10.1093/cercor/bhaa370
https://doi.org/10.1101/2024.08.10.607439
https://doi.org/10.1016/j.neuron.2016.02.028
https://doi.org/Doi
https://doi.org/10.7554/eLife.53715
https://doi.org/10.1126/science.1066168
https://doi.org/10.1016/j.clinph.2009.11.078

Keitel, Keitel, et al. Brain rhythms in cognition

Mann, E. O., & Paulsen, O. (2007). Role of GABAergic inhibition in hippocampal network
oscillations. Trends Neurosci, 30(7), 343-349.
https://doi.org/10.1016/j.tins.2007.05.003

Marchesotti, S., Nicolle, J., Merlet, I., Arnal, L. H., Donoghue, J. P., & Giraud, A. L. (2020). Selective
enhancement of low-gamma activity by tACS improves phonemic processing and
reading accuracy in dyslexia. PLoS Biol, 18(9), €3000833.
https://doi.org/10.1371/journal.pbio.3000833

Marslen-Wilson, W., & Warren, P. (1994). Levels of perceptual representation and process in
lexical access: words, phonemes, and features. Psychol Rev, 101(4), 653-675.
https://doi.org/10.1037/0033-295x.101.4.653

Martin, A. E. (2016). Language Processing as Cue Integration: Grounding the Psychology of
Language in Perception and Neurophysiology. Front Psychol, 7, 120.
https://doi.org/10.3389/fpsyg.2016.00120

Martin, A. E. (2020). A Compositional Neural Architecture for Language. J Cogn Neurosci, 32(8),
1407-1427. https://doi.org/10.1162/jocn_a_01552

Martin, A. E., & Doumas, L. A. (2017). A mechanism for the cortical computation of hierarchical
linguistic structure. PLoS Biol, 15(3), €2000663.
https://doi.org/10.1371/journal.pbio.2000663

Martin, A. E., & Doumas, L. A. A. (2019). Predicate learning in neural systems: using oscillations
to discover latent structure. Current Opinion in Behavioral Sciences, 29, 77-83.
https://doi.org/10.1016/j.cobeha.2019.04.008

Marton, C. D., Fukushima, M., Camalier, C. R., Schultz, S. R., & Averbeck, B. B. (2019). Signature
Patterns for Top-Down and Bottom-Up Information Processing via Cross-Frequency
Coupling in Macaque Auditory Cortex. eneuro, 6(2), ENEURO.0467-0418.2019.
https://doi.org/10.1523/ENEURO.0467-18.2019

Mathewson, K. E., Gratton, G., Fabiani, M., Beck, D. M., & Ro, T. (2009). To see or not to see:
prestimulus alpha phase predicts visual awareness. J Neurosci, 29(9), 2725-2732.
https://doi.org/10.1523/JNEUROSCI.3963-08.2009

Mayer, E. A. (2011). Gut feelings: the emerging biology of gut-brain communication. Nature
Reviews Neuroscience, 12(8), 453-466. https://doi.org/10.1038/nrn3071

Mazaheri, A., van Schouwenburg, M. R., Dimitrijevic, A., Denys, D., Cools, R., & Jensen, O. (2014).
Region-specific modulations in oscillatory alpha activity serve to facilitate processing in
the visual and auditory modalities. Neurolmage, 87, 356-362.
https://doi.org/10.1016/j.neuroimage.2013.10.052

McCusker, M. C., Wiesman, A. |., Schantell, M. D., Eastman, J. A., & Wilson, T. W. (2020). Multi-
spectral oscillatory dynamics serving directed and divided attention. Neurolmage, 217,
116927. https://doi.org/10.1016/j.neuroimage.2020.116927

McGinley, M. J., Vinck, M., Reimer, J., Batista-Brito, R., Zagha, E., Cadwell, C. R., ... McCormick,
D. A. (2015). Waking State: Rapid Variations Modulate Neural and Behavioral Responses.
Neuron, 87(6), 1143-1161. https://doi.org/10.1016/j.neuron.2015.09.012

McKeon, S. D., Perica, M. I, Parr, A. C., Calabro, F. J., Foran, W., Hetherington, H., . . . Luna, B.
(2024). Aperiodic EEG and 7T MRSI evidence for maturation of E/l balance supporting the
development of working memory through adolescence. Dev Cogn Neurosci, 66, 101373.
https://doi.org/10.1016/j.dcn.2024.101373

Melcon, M., Stern, E., Kessel, D., Arana, L., Poch, C., Campo, P., & Capilla, A. (2024). Perception
of near-threshold visual stimuli is influenced by prestimulus alpha-band amplitude but
not by alpha phase. Psychophysiology, 61(5), €14525.
https://doi.org/10.1111/psyp.14525

Mellem, M. S., Wohltjen, S., Gotts, S. J., Ghuman, A. S., & Martin, A. (2017). Intrinsic frequency
biases and profiles across human cortex. J Neurophysiol, 118(5), 2853-2864.
https://doi.org/10.1152/jn.00061.2017

68


https://doi.org/10.1016/j.tins.2007.05.003
https://doi.org/10.1371/journal.pbio.3000833
https://doi.org/10.1037/0033-295x.101.4.653
https://doi.org/10.3389/fpsyg.2016.00120
https://doi.org/10.1162/jocn_a_01552
https://doi.org/10.1371/journal.pbio.2000663
https://doi.org/10.1016/j.cobeha.2019.04.008
https://doi.org/10.1523/ENEURO.0467-18.2019
https://doi.org/10.1523/JNEUROSCI.3963-08.2009
https://doi.org/10.1038/nrn3071
https://doi.org/10.1016/j.neuroimage.2013.10.052
https://doi.org/10.1016/j.neuroimage.2020.116927
https://doi.org/10.1016/j.neuron.2015.09.012
https://doi.org/10.1016/j.dcn.2024.101373
https://doi.org/10.1111/psyp.14525
https://doi.org/10.1152/jn.00061.2017

Keitel, Keitel, et al. Brain rhythms in cognition

Melnychuk, M. C., Robertson, I. H., Plini, E. R. G., & Dockree, P. M. (2021). A Bridge between the
Breath and the Brain: Synchronization of Respiration, a Pupillometric Marker of the Locus
Coeruleus, and an EEG Marker of Attentional Control State. Brain Sci, 11(10), 1324.
https://doi.org/10.3390/brainsci11101324

Mercier, M. R., Foxe, J. J., Fiebelkorn, I. C., Butler, J. S., Schwartz, T. H., & Molholm, S. (2013).
Auditory-driven phase reset in visual cortex: human electrocorticography reveals
mechanisms of early multisensory integration. Neurolmage, 79, 19-29.
https://doi.org/10.1016/j.neuroimage.2013.04.060

Mersov, A., Cheyne, D., Jobst, C., & De Nil, L. (2018). A preliminary study on the neural oscillatory
characteristics of motor preparation prior to dysfluent and fluent utterances in adults
who stutter. J Fluency Disord, 55, 145-155. https://doi.org/10.1016/j.jfludis.2017.05.003

Mesgarani, N., & Chang, E. F. (2012). Selective cortical representation of attended speaker in
multi-talker speech perception. Nature, 485(7397), 233-236.
https://doi.org/10.1038/nature11020

Meyer, L. (2018). The neural oscillations of speech processing and language comprehension:
state of the art and emerging mechanisms. Eur J Neurosci, 48(7), 2609-2621.
https://doi.org/10.1111/ejn.13748

Meyer, L., Henry, M. J., Gaston, P., Schmuck, N., & Friederici, A. D. (2017). Linguistic Bias
Modulates Interpretation of Speech via Neural Delta-Band Oscillations. Cereb Cortex,
27(9), 4293-4302. https://doi.org/10.1093/cercor/bhw228

Meyer, L., Sun, Y., & Martin, A. E. (2020). Synchronous, but not entrained: Exogenous and
endogenous cortical rhythms of speech and language processing. Language, Cognition
and Neuroscience, 35(9), 1089-1099. https://doi.org/10.1080/23273798.2019.1693050

Michalareas, G., Vezoli, J., van Pelt, S., Schoffelen, J. M., Kennedy, H., & Fries, P. (2016). Alpha-
Beta and Gamma Rhythms Subserve Feedback and Feedforward Influences among
Human Visual Cortical Areas. Neuron, 89(2), 384-397.
https://doi.org/10.1016/j.neuron.2015.12.018

Michelmann, S., Bowman, H., & Hanslmayr, S. (2016). The Temporal Signature of Memories:
Identification of a General Mechanism for Dynamic Memory Replay in Humans. PLoS
Biol, 14(8), €1002528. https://doi.org/10.1371/journal.pbio.1002528

Migliorati, D., Zappasodi, F., Perrucci, M. G., Donno, B., Northoff, G., Romei, V., & Costantini, M.
(2020). Individual Alpha Frequency Predicts Perceived Visuotactile Simultaneity. J Cogn
Neurosci, 32(1), 1-11. https://doi.org/10.1162/jocn_a_01464

Milner, P. M. (1974). A model for visual shape recognition. Psychol Rev, 81(6), 521-535.
https://doi.org/10.1037/h0037149

Mohan, U. R., Zhang, H., Ermentrout, B., & Jacobs, J. (2024). The direction of theta and alpha
travelling waves modulates human memory processing. Nature Human Behaviour, 8(6),
1124-1135. https://doi.org/10.1038/s41562-024-01838-3

Mohanta, S., Cleveland, D., Afrasiabi, M., Rhone, A., Gdérska, U., Cooper Borkenhagen, M., . ..
Saalmann, Y. Traveling waves shape neural population dynamics enabling predictions
and internal model updating. https://doi.org/10.1101/2024.01.09.574848

Molinaro, N., & Lizarazu, M. (2018). Delta(but not theta)-band cortical entrainment involves
speech-specific processing. Eur J Neurosci, 48(7), 2642-2650.
https://doi.org/10.1111/ejn.13811

Montemurro, M. A., Rasch, M. J., Murayama, Y., Logothetis, N. K., & Panzeri, S. (2008). Phase-of-
firing coding of natural visual stimuli in primary visual cortex. Curr Biol, 18(5), 375-380.
https://doi.org/10.1016/j.cub.2008.02.023

Moosmann, M., Ritter, P., Krastel, I., Brink, A., Thees, S., Blankenburg, F., . . . Villringer, A. (2003).
Correlates of alpha rhythm in functional magnetic resonance imaging and near infrared
spectroscopy.  Neurolmage, 20(1), 145-158. https://doi.org/10.1016/s1053-
8119(03)00344-6

69


https://doi.org/10.3390/brainsci11101324
https://doi.org/10.1016/j.neuroimage.2013.04.060
https://doi.org/10.1016/j.jfludis.2017.05.003
https://doi.org/10.1038/nature11020
https://doi.org/10.1111/ejn.13748
https://doi.org/10.1093/cercor/bhw228
https://doi.org/10.1080/23273798.2019.1693050
https://doi.org/10.1016/j.neuron.2015.12.018
https://doi.org/10.1371/journal.pbio.1002528
https://doi.org/10.1162/jocn_a_01464
https://doi.org/10.1037/h0037149
https://doi.org/10.1038/s41562-024-01838-3
https://doi.org/10.1101/2024.01.09.574848
https://doi.org/10.1111/ejn.13811
https://doi.org/10.1016/j.cub.2008.02.023
https://doi.org/10.1016/s1053-8119(03)00344-6
https://doi.org/10.1016/s1053-8119(03)00344-6

Keitel, Keitel, et al. Brain rhythms in cognition

Morillon, B., Arnal, L. H., Schroeder, C. E., & Keitel, A. (2019). Prominence of delta oscillatory
rhythms in the motor cortex and their relevance for auditory and speech perception.
Neurosci Biobehav Rev, 107, 136-142. https://doi.org/10.1016/j.neubiorev.2019.09.012

Morillon, B., & Baillet, S. (2017). Motor origin of temporal predictions in auditory attention. Proc
Natl Acad Sci U S A, 114(42), E8913-E8921. https://doi.org/10.1073/pnas.1705373114

Morillon, B., & Schroeder, C. E. (2015). Neuronal oscillations as a mechanistic substrate of
auditory temporal prediction. Ann N Y Acad Sci, 1337(1), 26-31.
https://doi.org/10.1111/nyas.12629

Morrow, A., Dou, W., & Samaha, J. (2023). Individual alpha frequency appears unrelated to the
latency of early visual responses. Front Neurosci, 17, 1118910.
https://doi.org/10.3389/fnins.2023.1118910

Muller, L., Chavane, F., Reynolds, J., & Sejnowski, T. J. (2018). Cortical travelling waves:
mechanisms and computational principles. Nature Reviews Neuroscience, 19(5), 255-
268. https://doi.org/10.1038/nrn.2018.20

Mdaller, S. J., Teckentrup, V., Rebollo, I., Hallschmid, M., & Kroemer, N. B. (2022). Vagus nerve
stimulation increases stomach-brain coupling via a vagal afferent pathway. Brain Stimul,
15(5), 1279-1289. https://doi.org/10.1016/j.brs.2022.08.019

Munia, T. T. K., & Aviyente, S. (2021, 2021/6/6/). Granger causality based directional phase-
amplitude coupling measure http://dx.doi.org/10.1109/icassp39728.2021.9414004

Murphy, E. (2024). ROSE: A Neurocomputational Architecture for Syntax. Jornal of
Neurolinguistics, 70, 101180. https://doi.org/10.1016/j.jneuroling.2023.101180

Myrov, V., Siebenhlhner, F., Juvonen, J. J., Arnulfo, G., Palva, S., & Palva, J. M. (2024). Rhythmicity
of neuronal oscillations delineates their cortical and spectral architecture.
Communications Biology, 7(1), 405. https://doi.org/10.1038/s42003-024-06083-y

Nakayama, R., & Motoyoshi, I. (2019). Attention Periodically Binds Visual Features As Single
Events Depending on Neural Oscillations Phase-Locked to Action. J Neurosci, 39(21),
4153-4161. https://doi.org/10.1523/JNEUROSCI.2494-18.2019

Nandi, B., Swiatek, P., Kocsis, B., & Ding, M. (2019). Inferring the direction of rhythmic neural
transmission via inter-regional phase-amplitude coupling (ir-PAC). Sci Rep, 9(1), 6933.
https://doi.org/10.1038/s41598-019-43272-w

Nelson, M. J., El Karoui, I., Giber, K., Yang, X., Cohen, L., Koopman, H., ... Dehaene, S. (2017).
Neurophysiological dynamics of phrase-structure building during sentence processing.
Proc Natl Acad Sci ) S A, 114(18), E3669-E3678.
https://doi.org/10.1073/pnas.1701590114

Neuling, T., Rach, S., Wagner, S., Wolters, C. H., & Herrmann, C. S. (2012). Good vibrations:
oscillatory phase shapes perception. Neurolmage, 63(2), 771-778.
https://doi.org/10.1016/j.neuroimage.2012.07.024

Ng, B. S., Schroeder, T., & Kayser, C. (2012). A precluding but not ensuring role of entrained low-
frequency oscillations for auditory perception. J Neurosci, 32(35), 12268-12276.
https://doi.org/10.1523/JNEUROSCI.1877-12.2012

Niell, C. M., & Stryker, M. P. (2010). Modulation of visual responses by behavioral state in mouse
visual cortex. Neuron, 65(4), 472-479. https://doi.org/10.1016/j.neuron.2010.01.033

Nikulin, V. V., & Brismar, T. (2006). Phase synchronization between alpha and beta oscillations
in the human electroencephalogram. Neuroscience, 137(2), 647-657.
https://doi.org/10.1016/j.neuroscience.2005.10.031

Nolte, G., Bai, O., Wheaton, L., Mari, Z., Vorbach, S., & Hallett, M. (2004). Identifying true brain
interaction from EEG data using the imaginary part of coherency. Clin Neurophysiol,
115(10), 2292-2307. https://doi.org/10.1016/j.clinph.2004.04.029

Noonan, M. P., Crittenden, B. M., Jensen, O., & Stokes, M. G. (2018). Selective inhibition of
distracting input. Behav Brain Res, 355(0ctober), 36-47.
https://doi.org/10.1016/j.bbr.2017.10.010

70


https://doi.org/10.1016/j.neubiorev.2019.09.012
https://doi.org/10.1073/pnas.1705373114
https://doi.org/10.1111/nyas.12629
https://doi.org/10.3389/fnins.2023.1118910
https://doi.org/10.1038/nrn.2018.20
https://doi.org/10.1016/j.brs.2022.08.019
http://dx.doi.org/10.1109/icassp39728.2021.9414004
https://doi.org/10.1016/j.jneuroling.2023.101180
https://doi.org/10.1038/s42003-024-06083-y
https://doi.org/10.1523/JNEUROSCI.2494-18.2019
https://doi.org/10.1038/s41598-019-43272-w
https://doi.org/10.1073/pnas.1701590114
https://doi.org/10.1016/j.neuroimage.2012.07.024
https://doi.org/10.1523/JNEUROSCI.1877-12.2012
https://doi.org/10.1016/j.neuron.2010.01.033
https://doi.org/10.1016/j.neuroscience.2005.10.031
https://doi.org/10.1016/j.clinph.2004.04.029
https://doi.org/10.1016/j.bbr.2017.10.010

Keitel, Keitel, et al. Brain rhythms in cognition

O'Byrne, J., & Jerbi, K. (2022). How critical is brain criticality? Trends Neurosci, 45(11), 820-837.
https://doi.org/10.1016/j.tins.2022.08.007

Obleser, J., & Kayser, C. (2019). Neural Entrainment and Attentional Selection in the Listening
Brain. Trends Cogn Sci, 23(11), 913-926. https://doi.org/10.1016/j.tics.2019.08.004

Obleser, J., Kreitewolf, J., Vielhauer, R., Lindner, F., David, C., Oster, H., & Tune, S. (2021).
Circadian fluctuations in glucocorticoid level predict perceptual discrimination
sensitivity. iScience, 24(4), 102345. https://doi.org/10.1016/j.isci.2021.102345

Obleser, J., & Weisz, N. (2012). Suppressed alpha oscillations predict intelligibility of speech and
its acoustic details. Cereb Cortex, 22(11), 2466-2477.
https://doi.org/10.1093/cercor/bhr325

Oderbolz, C., Poeppel, D., & Meyer, M. (2025). Asymmetric Sampling in Time: Evidence and
perspectives. Neurosci Biobehav Rev, 171, 106082.
https://doi.org/10.1016/j.neubiorev.2025.106082

Oganian, Y., & Chang, E. F. (2019). A speech envelope landmark for syllable encoding in human
superior temporal gyrus. Sci Adyv, 5(11), eaay6279.
https://doi.org/10.1126/sciadv.aay6279

Oganian, Y., Kojima, K., Breska, A., Cai, C., Findlay, A., Chang, E., & Nagarajan, S. S. (2023). Phase
Alignment of Low-Frequency Neural Activity to the Amplitude Envelope of Speech
Reflects Evoked Responses to Acoustic Edges, Not Oscillatory Entrainment. J Neurosci,
43(21), 3909-3921. https://doi.org/10.1523/JNEUROSCI.1663-22.2023

Onslow, A. C., Jones, M. W., & Bogacz, R. (2014). A canonical circuit for generating phase-
amplitude coupling. PLOS ONE, 9(8), €102591.
https://doi.org/10.1371/journal.pone.0102591

Otero-Millan, J., Troncoso, X. G., Macknik, S. L., Serrano-Pedraza, I., & Martinez-Conde, S. (2008).
Saccades and microsaccades during visual fixation, exploration, and search:
foundations for a common saccadic generator. J Vis, 8(14), 21 21-18.
https://doi.org/10.1167/8.14.21

Pagnotta, M. F., Santo-Angles, A., Temudo, A., Barbosa, J., Compte, A., D'Esposito, M., &
Sreenivasan, K. K. (2024). Alpha phase-coding supports feature binding during working
memory maintenance. bioRxiv. https://doi.org/10.1101/2024.01.21.576561

Palanca, B. J., & DeAngelis, G. C. (2005). Does neuronal synchrony underlie visual feature
grouping? Neuron, 46(2), 333-346. https://doi.org/10.1016/j.neuron.2005.03.002

Palva, J. M., & Palva, S. (2018). Functional integration across oscillation frequencies by cross-
frequency phase synchronization. Eur J Neurosci, 48(7), 2399-2406.
https://doi.org/10.1111/ejn.13767

Palva, J. M., Palva, S., & Kaila, K. (2005). Phase synchrony among neuronal oscillations in the

human cortex. J Neurosci, 25(15), 3962-3972.
https://doi.org/10.1523/JNEUROSCI.4250-04.2005

Palva, J. M., Wang, S. H., Palva, S., Zhigalov, A., Monto, S., Brookes, M. J., . . . Jerbi, K. (2018).
Ghost interactions in MEG/EEG source space: A note of caution on inter-areal coupling
measures. Neurolmage, 1783, 632-643.

https://doi.org/10.1016/j.neuroimage.2018.02.032

Palva, S., & Palva, J. M. (2007). New vistas for alpha-frequency band oscillations. Trends
Neurosci, 30(4), 150-158. https://doi.org/10.1016/j.tins.2007.02.001

Palva, S., & Palva, J. M. (2011). Functionalroles of alpha-band phase synchronization in local and
large-scale cortical networks. Front Psychol, 2, 204.
https://doi.org/10.3389/fpsyg.2011.00204

Palva, S., & Palva, J. M. (2012). Discovering oscillatory interaction networks with M/EEG:
challenges and breakthroughs. Trends Cogn Sci, 16(4), 219-230.
https://doi.org/10.1016/j.tics.2012.02.004

71


https://doi.org/10.1016/j.tins.2022.08.007
https://doi.org/10.1016/j.tics.2019.08.004
https://doi.org/10.1016/j.isci.2021.102345
https://doi.org/10.1093/cercor/bhr325
https://doi.org/10.1016/j.neubiorev.2025.106082
https://doi.org/10.1126/sciadv.aay6279
https://doi.org/10.1523/JNEUROSCI.1663-22.2023
https://doi.org/10.1371/journal.pone.0102591
https://doi.org/10.1167/8.14.21
https://doi.org/10.1101/2024.01.21.576561
https://doi.org/10.1016/j.neuron.2005.03.002
https://doi.org/10.1111/ejn.13767
https://doi.org/10.1523/JNEUROSCI.4250-04.2005
https://doi.org/10.1016/j.neuroimage.2018.02.032
https://doi.org/10.1016/j.tins.2007.02.001
https://doi.org/10.3389/fpsyg.2011.00204
https://doi.org/10.1016/j.tics.2012.02.004

Keitel, Keitel, et al. Brain rhythms in cognition

Palva, S., & Palva, J. M. (2018). Roles of Brain Criticality and Multiscale Oscillations in Temporal
Predictions for Sensorimotor Processing. Trends Neurosci, 41(10), 729-743.
https://doi.org/10.1016/j.tins.2018.08.008

Park, H., Ince, R. A., Schyns, P. G., Thut, G., & Gross, J. (2015). Frontal top-down signals increase
coupling of auditory low-frequency oscillations to continuous speech in human listeners.
Curr Biol, 25(12), 1649-1653. https://doi.org/10.1016/j.cub.2015.04.049

Park, H. D., & Blanke, O. (2019). Coupling Inner and Outer Body for Self-Consciousness. Trends
Cogn Sci, 23(5), 377-388. https://doi.org/10.1016/j.tics.2019.02.002

Patke, A., Young, M. W., & Axelrod, S. (2020). Molecular mechanisms and physiological
importance of circadian rhythms. Nature Reviews Molecular Cell Biology, 21(2), 67-84.
https://doi.org/10.1038/s41580-019-0179-2

Patten, T. M., Rennie, C. J., Robinson, P. A., & Gong, P. (2012). Human cortical traveling waves:
dynamical properties and correlations with responses. PLOS ONE, 7(6), e38392.
https://doi.org/10.1371/journal.pone.0038392

Paulmann, S. (2016). The neurocognition of prosody. In Neurobiology of Language (pp. 1109-
1120). Elsevier. https://doi.org/10.1016/b978-0-12-407794-2.00088-2

Pavlov, Y. G., & Kotchoubey, B. (2022). Oscillatory brain activity and maintenance of verbal and
visual working memory: A systematic review. Psychophysiology, 59(5), e13735.
https://doi.org/10.1111/psyp.13735

Peelle, J. E., Gross, J., & Davis, M. H. (2013). Phase-locked responses to speech in human
auditory cortex are enhanced during comprehension. Cereb Cortex, 23(6), 1378-1387.
https://doi.org/10.1093/cercor/bhs118

Pefkou, M., Arnal, L. H., Fontolan, L., & Giraud, A. L. (2017). theta-Band and beta-Band Neural
Activity Reflects Independent Syllable Tracking and Comprehension of Time-
Compressed Speech. J Neurosci, 37(33), 7930-7938.
https://doi.org/10.1523/JNEUROSCI.2882-16.2017

Pell, M. D., & Kotz, S. A. (2021). Comment: The Next Frontier: Prosody Research Gets
Interpersonal. Emotion Review, 13(1), 51-56.
https://doi.org/10.1177/1754073920954288

Pena, M., & Melloni, L. (2012). Brain oscillations during spoken sentence processing. J Cogn
Neurosci, 24(5), 1149-1164. https://doi.org/10.1162/jocn_a_00144

Perl, O., Ravia, A., Rubinson, M., Eisen, A., Soroka, T., Mor, N., ... Sobel, N. (2019). Human non-
olfactory cognition phase-locked with inhalation. Nature Human Behaviour, 3(5), 501-
512. https://doi.org/10.1038/s41562-019-0556-z

Pesaran, B., Vinck, M., Einevoll, G. T., Sirota, A., Fries, P., Siegel, M., . . . Srinivasan, R. (2018).
Investigating large-scale brain dynamics using field potential recordings: analysis and
interpretation. Nature Neuroscience, 21(7), 903-919. https://doi.org/10.1038/s41593-
018-0171-8

Petras, K., Grabot, L., & Dugué, L. (2025). Locally induced traveling waves generate globally
observable traveling waves. bioRxiv. https://doi.org/10.1101/2025.01.07.630662

Peylo, C., Hilla, Y., & Sauseng, P. (2021). Cause or consequence? Alpha oscillations in
visuospatial attention. Trends Neurosci, 44(9), 705-713.
https://doi.org/10.1016/j.tins.2021.05.004

Pfeffer, T., Keitel, C., Kluger, D. S., Keitel, A., Russmann, A., Thut, G., ... Gross, J. (2022). Coupling
of pupil- and neuronal population dynamics reveals diverse influences of arousal on
cortical processing. eLife, 11. https://doi.org/10.7554/eLife.71890

Pfurtscheller, G., & Lopes da Silva, F. H. (1999). Event-related EEG/MEG synchronization and
desynchronization: basic principles. Clin Neurophysiol, 110(11), 1842-1857.
https://doi.org/10.1016/s1388-2457(99)00141-8

72


https://doi.org/10.1016/j.tins.2018.08.008
https://doi.org/10.1016/j.cub.2015.04.049
https://doi.org/10.1016/j.tics.2019.02.002
https://doi.org/10.1038/s41580-019-0179-2
https://doi.org/10.1371/journal.pone.0038392
https://doi.org/10.1016/b978-0-12-407794-2.00088-2
https://doi.org/10.1111/psyp.13735
https://doi.org/10.1093/cercor/bhs118
https://doi.org/10.1523/JNEUROSCI.2882-16.2017
https://doi.org/10.1177/1754073920954288
https://doi.org/10.1162/jocn_a_00144
https://doi.org/10.1038/s41562-019-0556-z
https://doi.org/10.1038/s41593-018-0171-8
https://doi.org/10.1038/s41593-018-0171-8
https://doi.org/10.1101/2025.01.07.630662
https://doi.org/10.1016/j.tins.2021.05.004
https://doi.org/10.7554/eLife.71890
https://doi.org/10.1016/s1388-2457(99)00141-8

Keitel, Keitel, et al. Brain rhythms in cognition

Pinto, D., Prior, A., & Zion Golumbic, E. (2022). Assessing the Sensitivity of EEG-Based
Frequency-Tagging as a Metric for Statistical Learning. Neurobiol Lang (Camb), 3(2), 214~
234. https://doi.org/10.1162/nol_a_00061

Pittman-Polletta, B. R., Wang, Y., Stanley, D. A., Schroeder, C. E., Whittington, M. A., & Kopell, N.
J. (2021). Differential contributions of synaptic and intrinsic inhibitory currents to speech
segmentation via flexible phase-locking in neural oscillators. PLOS Computational
Biology, 17(4), e1008783. https://doi.org/10.1371/journal.pcbi.1008783

Plenz, D., & Thiagarajan, T. C. (2007). The organizing principles of neuronal avalanches: cell

assemblies in the cortex? Trends Neurosci, 30(3), 101-110.
https://doi.org/10.1016/j.tins.2007.01.005
Plewnia, C., Rilk, A. J., Soekadar, S. R., Arfeller, C., Huber, H. S., Sauseng, P., . . . Gerloff, C.

(2008). Enhancement of long-range EEG coherence by synchronous bifocal transcranial
magnetic stimulation. Eur J Neurosci, 27(6), 1577-15883. https://doi.org/10.1111/j.1460-
9568.2008.06124.x

Poch, C., Valdivia, M., Capilla, A., Hinojosa, J. A., & Campo, P. (2018). Suppression of no-longer
relevant information in Working Memory: An alpha-power related mechanism? Biol
Psychol, 135, 112-116. https://doi.org/10.1016/j.biopsycho.2018.03.009

Podvalny, E., King, L. E., & He, B. J. (2021). Spectral signature and behavioral consequence of
spontaneous shifts of pupil-linked arousal in human. elLife, 10.
https://doi.org/10.7554/eLife.68265

Poeppel, D. (2003). The analysis of speech in different temporal integration windows: cerebral
lateralization as 'asymmetric sampling in time'. Speech Communication, 41(1), 245-255.
https://doi.org/10.1016/S0167-6393(02)00107-3

Polack, P. O., Friedman, J., & Golshani, P. (2013). Cellular mechanisms of brain state-dependent
gain modulation in visual cortex. Nature Neuroscience, 16(9), 1331-1339.
https://doi.org/10.1038/nn.3464

Polania, R., Nitsche, M. A., Korman, C., Batsikadze, G., & Paulus, W. (2012). The importance of
timing in segregated theta phase-coupling for cognitive performance. Curr Biol, 22(14),
1314-1318. https://doi.org/10.1016/j.cub.2012.05.021

Pomé, A., Burr, D. C., Capuozzo, A., & Binda, P. (2020). Spontaneous pupillary oscillations
increase during mindfulness meditation. Curr Biol, 30(18), R1030-R1031.
https://doi.org/10.1016/j.cub.2020.07.064

Pomper, U., Szaszko, B., Pfister, S., & Ansorge, U. (2023). Cross-modal attentional effects of
rhythmic sensory stimulation. Attention, Perception, &amp; Psychophysics, 85(3), 863-
878. https://doi.org/10.3758/s13414-022-02611-2

Popov, T., Gips, B., Weisz, N., & Jensen, O. (2023). Brain areas associated with visual spatial
attention display topographic organization during auditory spatial attention. Cereb
Cortex, 33(7), 3478-3489. https://doi.org/10.1093/cercor/bhac285

Popov, T., Popova, P., Harkotte, M., Awiszus, B., Rockstroh, B., & Miller, G. A. (2018). Cross-
frequency interactions between frontal theta and posterior alpha control mechanisms
foster working memory. Neurolmage, 181, 728-733.
https://doi.org/10.1016/j.neuroimage.2018.07.067

Pramme, L., Larra, M. F., Schachinger, H., & Frings, C. (2014). Cardiac cycle time effects on mask
inhibition. Biol Psychol, 100, 115-121. https://doi.org/10.1016/j.biopsycho.2014.05.008

Preston, M., Jr., Schaworonkow, N., & Voytek, B. (2025). Time-Resolved Aperiodic and Oscillatory
Dynamics during Human Visual Memory Encoding. J Neurosci, 45(16), €2404242025.
https://doi.org/10.1523/JNEUROSCI.2404-24.2025

Prystauka, Y., & Lewis, A. G. (2019). The Power of Neural Oscillations to Inform Sentence
Comprehension: A Linguistic Perspective. Lang Linguist Compass, 13(9).
https://doi.org/10.1111/lnc3.12347

73


https://doi.org/10.1162/nol_a_00061
https://doi.org/10.1371/journal.pcbi.1008783
https://doi.org/10.1016/j.tins.2007.01.005
https://doi.org/10.1111/j.1460-9568.2008.06124.x
https://doi.org/10.1111/j.1460-9568.2008.06124.x
https://doi.org/10.1016/j.biopsycho.2018.03.009
https://doi.org/10.7554/eLife.68265
https://doi.org/10.1016/S0167-6393(02)00107-3
https://doi.org/10.1038/nn.3464
https://doi.org/10.1016/j.cub.2012.05.021
https://doi.org/10.1016/j.cub.2020.07.064
https://doi.org/10.3758/s13414-022-02611-2
https://doi.org/10.1093/cercor/bhac285
https://doi.org/10.1016/j.neuroimage.2018.07.067
https://doi.org/10.1016/j.biopsycho.2014.05.008
https://doi.org/10.1523/JNEUROSCI.2404-24.2025
https://doi.org/10.1111/lnc3.12347

Keitel, Keitel, et al. Brain rhythms in cognition

Pusil, S., Lopez, M. E., Cuesta, P., Bruna, R., Pereda, E., & Maestu, F. (2019).
Hypersynchronization in mild cognitive impairment: the 'X' model. Brain, 142(12), 3936-
3950. https://doi.org/10.1093/brain/awz320

Qasim, S. E., Fried, I., & Jacobs, J. (2021). Phase precession in the human hippocampus and
entorhinal cortex. Cell, 184(12), 3242-3255 e3210.
https://doi.org/10.1016/j.cell.2021.04.017

Radetz, A., & Siegel, M. (2022). Spectral Fingerprints of Cortical Neuromodulation. J Neurosci,
42(18), 3836-3846. https://doi.org/10.1523/JNEUROSCI.1801-21.2022

Raichle, M. E. (2015). The restless brain: how intrinsic activity organizes brain function. Philos
Trans R Soc Lond B Biol Sci, 370(1668), 20140172.
https://doi.org/10.1098/rstb.2014.0172

Rajtmajer, S. M., Errington, T. M., & Hillary, F. G. (2022). How failure to falsify in high-volume
science contributes to the replication crisis. elLife, 11.
https://doi.org/10.7554/eLife.78830

Rao, R. P., & Ballard, D. H. (1999). Predictive coding in the visual cortex: a functional
interpretation of some extra-classical receptive-field effects. Nature Neuroscience, 2(1),
79-87. https://doi.org/10.1038/4580

Rassler, B., & Raabe, J. (2003). Co-ordination of breathing with rhythmic head and eye
movements and with passive turnings of the body. European Journal of Applied
Physiology, 90(1-2), 125-130. https://doi.org/10.1007/s00421-003-0876-5

Ratcliffe, O., Shapiro, K., & Staresina, B. P. (2022). Fronto-medial theta coordinates posterior
maintenance of working memory content. Curr Biol, 32(10), 2121-2129 e2123.
https://doi.org/10.1016/j.cub.2022.03.045

Rauschecker, J. P., & Scott, S. K. (2009). Maps and streams in the auditory cortex: nonhuman
primates illuminate human speech processing. Nature Neuroscience, 12(6), 718-724.
https://doi.org/10.1038/nn.2331

Ray, S., & Maunsell, J. H. (2010). Differences in gamma frequencies across visual cortex restrict
their possible use in computation. Neuron, 67(5), 885-896.
https://doi.org/10.1016/j.neuron.2010.08.004

Ray, S., Niebur, E., Hsiao, S. S., Sinai, A., & Crone, N. E. (2008). High-frequency gamma activity
(80-150Hz) is increased in human cortex during selective attention. Clin Neurophysiol,
119(1), 116-133. https://doi.org/10.1016/j.clinph.2007.09.136

Rebollo, I., Devauchelle, A. D., Beranger, B., & Tallon-Baudry, C. (2018). Stomach-brain
synchrony reveals a novel, delayed-connectivity resting-state network in humans. elLife,
7. https://doi.org/10.7554/elLife.33321

Rebollo, I., & Tallon-Baudry, C. (2022). The Sensory and Motor Components of the Cortical
Hierarchy Are Coupled to the Rhythm of the Stomach during Rest. J Neurosci, 42(11),
2205-2220. https://doi.org/10.1523/JNEUROSCI.1285-21.2021

Reifenstein, E. T., Bin Khalid, I., & Kempter, R. (2021). Synaptic learning rules for sequence
learning. eLife, 10. https://doi.org/10.7554/eLife.67171

Richter, C. G., Babo-Rebelo, M., Schwartz, D., & Tallon-Baudry, C. (2017). Phase-amplitude
coupling at the organism level: The amplitude of spontaneous alpha rhythm fluctuations
varies with the phase of the infra-slow gastric basal rhythm. Neurolmage, 146, 951-958.
https://doi.org/10.1016/j.neuroimage.2016.08.043

Riddle, J., Scimeca, J. M., Cellier, D., Dhanani, S., & D'Esposito, M. (2020). Causal Evidence for a
Role of Theta and Alpha Oscillations in the Control of Working Memory. Curr Biol, 30(9),
1748-1754 e1744. https://doi.org/10.1016/j.cub.2020.02.065

Riecke, L., Formisano, E., Sorger, B., Baskent, D., & Gaudrain, E. (2018). Neural Entrainment to
Speech Modulates Speech Intelligibility. Curr Biol, 28(2), 161-169 e165.
https://doi.org/10.1016/j.cub.2017.11.033

74


https://doi.org/10.1093/brain/awz320
https://doi.org/10.1016/j.cell.2021.04.017
https://doi.org/10.1523/JNEUROSCI.1801-21.2022
https://doi.org/10.1098/rstb.2014.0172
https://doi.org/10.7554/eLife.78830
https://doi.org/10.1038/4580
https://doi.org/10.1007/s00421-003-0876-5
https://doi.org/10.1016/j.cub.2022.03.045
https://doi.org/10.1038/nn.2331
https://doi.org/10.1016/j.neuron.2010.08.004
https://doi.org/10.1016/j.clinph.2007.09.136
https://doi.org/10.7554/eLife.33321
https://doi.org/10.1523/JNEUROSCI.1285-21.2021
https://doi.org/10.7554/eLife.67171
https://doi.org/10.1016/j.neuroimage.2016.08.043
https://doi.org/10.1016/j.cub.2020.02.065
https://doi.org/10.1016/j.cub.2017.11.033

Keitel, Keitel, et al. Brain rhythms in cognition

Rimmele, J. M., Morillon, B., Poeppel, D., & Arnal, L. H. (2018). Proactive Sensing of Periodic and
Aperiodic Auditory Patterns. Trends Cogn Sci, 22(10), 870-882.
https://doi.org/10.1016/j.tics.2018.08.003

Rimmele, J. M., Sun, Y., Michalareas, G., Ghitza, O., & Poeppel, D. (2023). Dynamics of Functional
Networks for Syllable and Word-Level Processing. Neurobiol Lang (Camb), 4(1), 120-144.
https://doi.org/10.1162/nol_a_00089

Rimmele, J. M., Zion Golumbic, E., Schroger, E., & Poeppel, D. (2015). The effects of selective
attention and speech acoustics on neural speech-tracking in a multi-talker scene.
Cortex, 68, 144-154. https://doi.org/10.1016/j.cortex.2014.12.014

Roelfsema, P. R. (2023). Solving the binding problem: Assemblies form when neurons enhance
their firing rate-they don't need to oscillate or synchronize. Neuron, 111(7), 1003-1019.
https://doi.org/10.1016/j.neuron.2023.03.016

Romei, V., Brodbeck, V., Michel, C., Amedi, A., Pascual-Leone, A., & Thut, G. (2008a).
Spontaneous fluctuations in posterior alpha-band EEG activity reflect variability in
excitability of human visual areas. Cereb Cortex, 18(9), 2010-2018.
https://doi.org/10.1093/cercor/bhm229

Romei, V., Rihs, T., Brodbeck, V., & Thut, G. (2008b). Resting electroencephalogram alpha-power
over posterior sites indexes baseline visual cortex excitability. NeuroReport, 19(2), 203-
208. https://doi.org/10.1097/WNR.0b013e3282f454c4

Romei, V., & Tarasi, L. (2025). Alpha Frequency Shapes Perceptual Sensitivity by Modulating
Optimal Phase Likelihood. Research Square. https://doi.org/10.21203/rs.3.rs-3918195

Rommers, J., Dijkstra, T., & Bastiaansen, M. (2013). Context-dependent semantic processing in
the human brain: evidence from idiom comprehension. J Cogn Neurosci, 25(5), 762-776.
https://doi.org/10.1162/jocn_a_00337

Rosanova, M., Casali, A., Bellina, V., Resta, F., Mariotti, M., & Massimini, M. (2009). Natural
frequencies of human corticothalamic circuits. J Neurosci, 29(24), 7679-7685.
https://doi.org/10.1523/JNEUROSCI.0445-09.2009

Roth, W. T., Kopell, B. S., & Bertozzi, P. E. (1970). The effect of attention on the average evoked
response to speech sounds. Electroencephalogr Clin Neurophysiol, 29(1), 38-46.
https://doi.org/10.1016/0013-4694(70)90077-5

Ruzzoli, M., Torralba, M., Moris Fernandez, L., & Soto-Faraco, S. (2019). The relevance of alpha
phase in human perception. Cortex, 120, 249-268.
https://doi.org/10.1016/j.cortex.2019.05.012

Saalmann, Y. B., Pinsk, M. A., Wang, L., Li, X., & Kastner, S. (2012). The pulvinar regulates
information transmission between cortical areas based on attention demands. Science,
337(6095), 753-756. https://doi.org/10.1126/science.1223082

Saarinen, T., Laaksonen, H., Parviainen, T., & Salmelin, R. (2006). Motor cortex dynamics in
visuomotor production of speech and non-speech mouth movements. Cereb Cortex,
16(2), 212-222. https://doi.org/10.1093/cercor/bhi099

Sadaghiani, S., Scheeringa, R., Lehongre, K., Morillon, B., Giraud, A. L., & Kleinschmidt, A. (2010).
Intrinsic connectivity networks, alpha oscillations, and tonic alertness: a simultaneous
electroencephalography/functional magnetic resonance imaging study. J Neurosci,
30(30), 10243-10250. https://doi.org/10.1523/JNEUROSCI.1004-10.2010

Salamanca-Giron, R. F., Raffin, E., Zandvliet, S. B., Seeber, M., Michel, C. M., Sauseng, P., . ..
Hummel, F. C. (2021). Enhancingvisual motion discrimination by desynchronizing bifocal
oscillatory activity. Neurolmage, 240, 118299.
https://doi.org/10.1016/j.neuroimage.2021.118299

Salmela, E., Renvall, H., Kujala, J., Hakosalo, O., Illman, M., Vihla, M., ... Kere, J. (2016). Evidence
for genetic regulation of the human parieto-occipital 10-Hz rhythmic activity. Eur J
Neurosci, 44(3), 1963-1971. https://doi.org/10.1111/ejn.13300

75


https://doi.org/10.1016/j.tics.2018.08.003
https://doi.org/10.1162/nol_a_00089
https://doi.org/10.1016/j.cortex.2014.12.014
https://doi.org/10.1016/j.neuron.2023.03.016
https://doi.org/10.1093/cercor/bhm229
https://doi.org/10.1097/WNR.0b013e3282f454c4
https://doi.org/10.21203/rs.3.rs-3918195
https://doi.org/10.1162/jocn_a_00337
https://doi.org/10.1523/JNEUROSCI.0445-09.2009
https://doi.org/10.1016/0013-4694(70)90077-5
https://doi.org/10.1016/j.cortex.2019.05.012
https://doi.org/10.1126/science.1223082
https://doi.org/10.1093/cercor/bhi099
https://doi.org/10.1523/JNEUROSCI.1004-10.2010
https://doi.org/10.1016/j.neuroimage.2021.118299
https://doi.org/10.1111/ejn.13300

Keitel, Keitel, et al. Brain rhythms in cognition

Salmelin, R., & Hari, R. (1994). Characterization of spontaneous MEG rhythms in healthy adults.
Electroencephalogr Clin Neurophysiol, 91(4), 237-248. https://doi.org/10.1016/0013-
4694(94)90187-2

Samaha, J., Gosseries, O., & Postle, B. R. (2017a). Distinct Oscillatory Frequencies Underlie
Excitability of Human Occipital and Parietal Cortex. J Neurosci, 37(11), 2824-2833.
https://doi.org/10.1523/JNEUROSCI.3413-16.2017

Samaha, J., lemi, L., & Postle, B. R. (2017b). Prestimulus alpha-band power biases visual
discrimination confidence, but not accuracy. Conscious Cogn, 54, 47-55.
https://doi.org/10.1016/j.concog.2017.02.005

Samaha, J., & Postle, B. R. (2015). The Speed of Alpha-Band Oscillations Predicts the Temporal
Resolution of Visual Perception. Curr Biol, 25(22), 2985-2990.
https://doi.org/10.1016/j.cub.2015.10.007

Samaha, J., & Romei, V. (2024). Alpha-band frequency and temporal windows in perception: A
review and meta-analysis of 25 experiments. Journal of Cognitive Neuroscience.
https://doi.org/10.1101/2023.06.03.543590

Sattelberger, J., Haque, H., Juvonen, J. J., SiebenhUhner, F., Palva, J. M., & Palva, S. (2024). Local
and interareal alpha and low-beta band oscillation dynamics underlie the bilateral field
advantage in visual working memory. Cereb Cortex, 34(11).
https://doi.org/10.1093/cercor/bhae448

Sauseng, P., Feldheim, J. F., Freunberger, R., & Hummel, F. C. (2011). Right Prefrontal TMS
Disrupts Interregional Anticipatory EEG Alpha Activity during Shifting of Visuospatial
Attention. Front Psychol, 2, 241. https://doi.org/10.3389/fpsyg.2011.00241

Sauseng, P., Klimesch, W., Gerloff, C., & Hummel, F. C. (2009a). Spontaneous locally restricted
EEG alpha activity determines cortical excitability in the motor cortex. Neuropsychologia,
47(1), 284-288. https://doi.org/10.1016/j.neuropsychologia.2008.07.021

Sauseng, P., Klimesch, W., Gruber, W. R., & Birbaumer, N. (2008). Cross-frequency phase
synchronization: a brain mechanism of memory matching and attention. Neurolmage,
40(1), 308-317. https://doi.org/10.1016/j.neuroimage.2007.11.032

Sauseng, P., Klimesch, W., Gruber, W. R., Hanslmayr, S., Freunberger, R., & Doppelmayr, M.
(2007). Are event-related potential components generated by phase resetting of brain
oscillations? A  critical discussion.  Neuroscience, 146(4), 1435-1444.
https://doi.org/10.1016/j.neuroscience.2007.03.014

Sauseng, P., Klimesch, W., Heise, K. F., Gruber, W. R., Holz, E., Karim, A. A., ... Hummel, F. C.
(2009b). Brain oscillatory substrates of visual short-term memory capacity. Curr Biol,
19(21), 1846-1852. https://doi.org/10.1016/j.cub.2009.08.062

Sauseng, P., Klimesch, W., Stadler, W., Schabus, M., Doppelmayr, M., Hanslmayr, S., . . .
Birbaumer, N. (2005). A shift of visual spatial attention is selectively associated with
human EEG alpha activity. Eur J  Neurosci, 22(11), 2917-2926.
https://doi.org/10.1111/j.1460-9568.2005.04482.x

Sauseng, P., Peylo, C., Biel, A. L., Friedrich, E. V. C., & Romberg-Taylor, C. (2019). Does cross-
frequency phase coupling of oscillatory brain activity contribute to a better
understanding of visual working memory? Br J Psychol, 110(2), 245-255.
https://doi.org/10.1111/bjop.12340

Sayers, B. M., & Beagley, H. A. (1974). Objective evaluation of auditory evoked EEG responses.
Nature, 251(5476), 608-609. https://doi.org/10.1038/251608a0

Scheffer-Teixeira, R., & Tort, A. B. (2016). On cross-frequency phase-phase coupling between
theta and gamma oscillations in the hippocampus. elife, 5.
https://doi.org/10.7554/eLife.20515

Schneegans, S., & Bays, P. M. (2019). New perspectives on binding in visual working memory. Br
J Psychol, 110(2), 207-244. https://doi.org/10.1111/bjop.12345

76


https://doi.org/10.1016/0013-4694(94)90187-2
https://doi.org/10.1016/0013-4694(94)90187-2
https://doi.org/10.1523/JNEUROSCI.3413-16.2017
https://doi.org/10.1016/j.concog.2017.02.005
https://doi.org/10.1016/j.cub.2015.10.007
https://doi.org/10.1101/2023.06.03.543590
https://doi.org/10.1093/cercor/bhae448
https://doi.org/10.3389/fpsyg.2011.00241
https://doi.org/10.1016/j.neuropsychologia.2008.07.021
https://doi.org/10.1016/j.neuroimage.2007.11.032
https://doi.org/10.1016/j.neuroscience.2007.03.014
https://doi.org/10.1016/j.cub.2009.08.062
https://doi.org/10.1111/j.1460-9568.2005.04482.x
https://doi.org/10.1111/bjop.12340
https://doi.org/10.1038/251608a0
https://doi.org/10.7554/eLife.20515
https://doi.org/10.1111/bjop.12345

Keitel, Keitel, et al. Brain rhythms in cognition

Schneider, D., Goddertz, A., Haase, H., Hickey, C., & Wascher, E. (2019). Hemispheric
asymmetries in EEG alpha oscillations indicate active inhibition during attentional
orienting  within  working  memory. Behav  Brain  Res, 359, 38-46.
https://doi.org/10.1016/j.bbr.2018.10.020

Schneider, D., Herbst, S. K., Klatt, L. I., & Wostmann, M. (2022). Target enhancement or distractor
suppression? Functionally distinct alpha oscillations form the basis of attention. Eur J
Neurosci, 55(11-12), 3256-3265. https://doi.org/10.1111/ejn.15309

Schneider, M., Broggini, A. C., Dann, B., Tzanou, A., Uran, C., Sheshadri, S., . . . Vinck, M. (2021).
A mechanism for inter-areal coherence through communication based on connectivity
and oscillatory power. Neuron, 109(24), 4050-4067 ed012.
https://doi.org/10.1016/j.neuron.2021.09.037

Schroeder, C. E., & Lakatos, P. (2009). Low-frequency neuronal oscillations as instruments of
sensory selection. Trends Neurosci, 32(1), 9-18.
https://doi.org/10.1016/j.tins.2008.09.012

Schroeder, C. E., Wilson, D. A., Radman, T., Scharfman, H., & Lakatos, P. (2010). Dynamics of
Active Sensing and perceptual selection. Curr Opin Neurobiol, 20(2), 172-176.
https://doi.org/10.1016/j.conb.2010.02.010

Schwartze, M., & Kotz, S. A. (2013). A dual-pathway neural architecture for specific temporal
prediction. Neurosci Biobehav Rev, 37(10 Pt 2), 2587-2596.
https://doi.org/10.1016/j.neubiorev.2013.08.005

Scoville, W. B., & Milner, B. (1957). Loss of recent memory after bilateral hippocampal lesions. J
Neurol Neurosurg Psychiatry, 20(1), 11-21. https://doi.org/10.1136/jnnp.20.1.11

Sederberg, P. B., Schulze-Bonhage, A., Madsen, J. R., Bromfield, E. B., McCarthy, D. C., Brandt,
A., ... Kahana, M. J. (2007). Hippocampal and neocortical gamma oscillations predict
memory formation in humans. Cereb Cortex, 17(5), 1190-1196.
https://doi.org/10.1093/cercor/bhl030

Seemdller, A., Muller, E. M., & Rosler, F. (2012). EEG-power and -coherence changes in a
unimodal and a crossmodal working memory task with visual and kinesthetic stimuli. Int
J Psychophysiol, 83(1), 87-95. https://doi.org/10.1016/j.ijpsycho.2011.10.009

Segaert, K., Mazaheri, A., & Hagoort, P. (2018). Binding language: structuring sentences through
precisely timed oscillatory mechanisms. Eur J Neurosci, 48(7), 2651-2662.
https://doi.org/10.1111/ejn.13816

Senkowski, D., Schneider, T. R., Foxe, J. J., & Engel, A. K. (2008). Crossmodal binding through
neural coherence: implications for multisensory processing. Trends Neurosci, 31(8),
401-409. https://doi.org/10.1016/].tins.2008.05.002

Senkowski, D., Schneider, T. R., Tandler, F., & Engel, A. K. (2009). Gamma-band activity reflects
multisensory matching in working memory. Exp Brain Res, 198(2-3), 363-372.
https://doi.org/10.1007/s00221-009-1835-0

Serin, F., Wang, D., Davis, M. H., & Henson, R. (2024). Does theta synchronicity of sensory
information enhance associative memory? Replicating the theta-induced memory effect.
Brain Neurosci Adv, 8, 23982128241255798.
https://doi.org/10.1177/23982128241255798

Shaffer, F., McCraty, R., & Zerr, C. L. (2014). A healthy heart is not a metronome: an integrative
review of the heart's anatomy and heart rate variability. Front Psychol, 5, 1040.
https://doi.org/10.3389/fpsyg.2014.01040

Shahin, A. J., Picton, T. W., & Miller, L. M. (2009). Brain oscillations during semantic evaluation of
speech. Brain Cogn, 70(3), 259-266. https://doi.org/10.1016/j.bandc.2009.02.008

Shamir, M., Ghitza, O., Epstein, S., & Kopell, N. (2009). Representation of time-varying stimuli by
a network exhibiting oscillations on a faster time scale. PLOS Computational Biology,
5(5), 1000370. https://doi.org/10.1371/journal.pcbi.1000370

77


https://doi.org/10.1016/j.bbr.2018.10.020
https://doi.org/10.1111/ejn.15309
https://doi.org/10.1016/j.neuron.2021.09.037
https://doi.org/10.1016/j.tins.2008.09.012
https://doi.org/10.1016/j.conb.2010.02.010
https://doi.org/10.1016/j.neubiorev.2013.08.005
https://doi.org/10.1136/jnnp.20.1.11
https://doi.org/10.1093/cercor/bhl030
https://doi.org/10.1016/j.ijpsycho.2011.10.009
https://doi.org/10.1111/ejn.13816
https://doi.org/10.1016/j.tins.2008.05.002
https://doi.org/10.1007/s00221-009-1835-0
https://doi.org/10.1177/23982128241255798
https://doi.org/10.3389/fpsyg.2014.01040
https://doi.org/10.1016/j.bandc.2009.02.008
https://doi.org/10.1371/journal.pcbi.1000370

Keitel, Keitel, et al. Brain rhythms in cognition

Shams, L., & Beierholm, U. R. (2010). Causal inference in perception. Trends Cogn Sci, 14(9),
425-432. https://doi.org/10.1016/j.tics.2010.07.001

Shinn-Cunningham, B. G., & Best, V. (2008). Selective attention in normal and impaired hearing.
Trends Amplif, 12(4), 283-299. https://doi.org/10.1177/1084713808325306

Siebenhuhner, F., Wang, S. H., Arnulfo, G., Lampinen, A., Nobili, L., Palva, J. M., & Palva, S.
(2020). Genuine cross-frequency coupling networks in human resting-state
electrophysiological recordings. PLoS Biol, 18(5), e€3000685.
https://doi.org/10.1371/journal.pbio.3000685

Siebenhuhner, F., Wang, S. H., Palva, J. M., & Palva, S. (2016). Cross-frequency synchronization
connects networks of fast and slow oscillations during visual working memory
maintenance. elLife, 5. https://doi.org/10.7554/eLife.13451

Simeonov, L., & Das, R. (2025). The rhythm of memory. Does theta frequency audio/visual flicker
improve recall? Front Behav Neurosci, 19, 1555081.
https://doi.org/10.3389/fnbeh.2025.1555081

Simola, J., Siebenhuhner, F., Myrov, V., Kantojarvi, K., Paunio, T., Palva, J. M., . .. Palva, S. (2022).
Genetic polymorphisms in COMT and BDNF influence synchronization dynamics of
human neuronal oscillations. iScience, 25(9), 104985.
https://doi.org/10.1016/j.isci.2022.104985

Singer, W. (1999). Neuronal synchrony: a versatile code for the definition of relations? Neuron,
24(1), 49-65, 111-125. https://doi.org/10.1016/s0896-6273(00)80821-1

Singer, W. (2013). Cortical dynamics revisited. Trends Cogn Sci, 17(12), 616-626.
https://doi.org/10.1016/j.tics.2013.09.006

Singer, W., & Gray, C. M. (1995). Visual feature integration and the temporal correlation
hypothesis. Annu Rev Neurosci, 18(1), 555-586.
https://doi.org/10.1146/annurev.ne.18.030195.003011

Skaggs, W. E., McNaughton, B. L., Wilson, M. A., & Barnes, C. A. (1996). Theta phase precession
in hippocampal neuronal populations and the compression of temporal sequences.
Hippocampus, 6(2), 149-172. https://doi.org/10.1002/(SICI)1098-
1063(1996)6:2<149::AID-HIP0O6>3.0.CO;2-K

Slaats, S., Meyer, A. S., & Martin, A. E. (2024). Lexical Surprisal Shapes the Time Course of
Syntactic  Structure  Building. Neurobiol Lang (Camb), 5(4), 942-980.
https://doi.org/10.1162/nol_a_00155

Slaats, S., Weissbart, H., Schoffelen, J. M., Meyer, A. S., & Martin, A. E. (2023). Delta-Band Neural
Responses to Individual Words Are Modulated by Sentence Processing. J Neurosci,
43(26), 4867-4883. https://doi.org/10.1523/JNEUROSCI.0964-22.2023

Sokoliuk, R., Mayhew, S. D., Aquino, K. M., Wilson, R., Brookes, M. J., Francis, S. T., ... Mullinger,
K. J. (2019). Two Spatially Distinct Posterior Alpha Sources Fulfill Different Functional
Roles in Attention. J Neurosci, 39(36), 7183-7194.
https://doi.org/10.1523/JNEUROSCI.1993-18.2019

Soroka, G., Idiart, M., & Villavicencio, A. (2024). Mechanistic role of alpha oscillations in a
computational model of working memory. PLOS ONE, 19(2), e0296217.
https://doi.org/10.1371/journal.pone.0296217

Sorrentino, P., Ambrosanio, M., Rucco, R., Cabral, J., Gollo, L. L., Breakspear, M., & Baselice, F.
(2022). Detection of Cross-Frequency Coupling Between Brain Areas: An Extension of
Phase Linearity Measurement. Front Neurosci, 16, 846623.
https://doi.org/10.3389/fnins.2022.846623

Spaak, E., Bonnefond, M., Maier, A., Leopold, D. A., & Jensen, O. (2012). Layer-specific
entrainment of gamma-band neural activity by the alpha rhythm in monkey visual cortex.
Curr Biol, 22(24), 2313-2318. https://doi.org/10.1016/j.cub.2012.10.020

78


https://doi.org/10.1016/j.tics.2010.07.001
https://doi.org/10.1177/1084713808325306
https://doi.org/10.1371/journal.pbio.3000685
https://doi.org/10.7554/eLife.13451
https://doi.org/10.3389/fnbeh.2025.1555081
https://doi.org/10.1016/j.isci.2022.104985
https://doi.org/10.1016/s0896-6273(00)80821-1
https://doi.org/10.1016/j.tics.2013.09.006
https://doi.org/10.1146/annurev.ne.18.030195.003011
https://doi.org/10.1002/(SICI)1098-1063(1996)6:2
https://doi.org/10.1002/(SICI)1098-1063(1996)6:2
https://doi.org/10.1162/nol_a_00155
https://doi.org/10.1523/JNEUROSCI.0964-22.2023
https://doi.org/10.1523/JNEUROSCI.1993-18.2019
https://doi.org/10.1371/journal.pone.0296217
https://doi.org/10.3389/fnins.2022.846623
https://doi.org/10.1016/j.cub.2012.10.020

Keitel, Keitel, et al. Brain rhythms in cognition

Spaak, E., de Lange, F. P., & Jensen, O. (2014). Local entrainment of alpha oscillations by visual
stimuli causes cyclic modulation of perception. J Neurosci, 34(10), 3536-3544.
https://doi.org/10.1523/JNEUROSCI.4385-13.2014

Spiga, F., Walker, J. J., Terry, J. R., & Lightman, S. L. (2014). HPA axis-rhythms. Compr Physiol,
4(3), 1273-1298. https://doi.org/10.1002/cphy.c140003

Spitzer, B., & Haegens, S. (2017). Beyond the Status Quo: A Role for Beta Oscillations in
Endogenous Content (Re)Activation. eneuro, 4(4).
https://doi.org/10.1523/ENEURO.0170-17.2017

Staudigl, T., & Hanslmayr, S. (2013). Theta oscillations at encoding mediate the context-
dependent nature of human episodic memory. Curr Biol, 23(12), 1101-1106.
https://doi.org/10.1016/j.cub.2013.04.074

Steriade, M. (1996). Awakening the brain. Nature, 383(6595), 24-25.
https://doi.org/10.1038/383024a0

Stokes, M., & Spaak, E. (2016). The Importance of Single-Trial Analyses in Cognitive
Neuroscience. Trends Cogn Sci, 20(7), 483-486.
https://doi.org/10.1016/j.tics.2016.05.008

Strauss, A., Wostmann, M., & Obleser, J. (2014). Cortical alpha oscillations as a tool for auditory
selective inhibition. Front Hum Neurosci, 8, 350.
https://doi.org/10.3389/fnhum.2014.00350

Sumby, W. H., & Polack, I. (1954). Perceptual amplification of speech sounds by visual cues. J.
Acoust. Soc. Am, 26, 212-215.

Sun, Y., Michalareas, G., & Poeppel, D. (2022). The impact of phase entrainment on auditory
detectionis highly variable: Revisiting a key finding. EurJ Neurosci, 55(11-12), 3373-3390.
https://doi.org/10.1111/ejn.15367

Symons, A. E., El-Deredy, W., Schwartze, M., & Kotz, S. A. (2016). The Functional Role of Neural
Oscillations in Non-Verbal Emotional Communication. Front Hum Neurosci, 10, 239.
https://doi.org/10.3389/fnhum.2016.00239

Tallon-Baudry, C., Campana, F., Park, H. D., & Babo-Rebelo, M. (2018). The neural monitoring of
visceral inputs, rather than attention, accounts for first-person perspective in conscious
vision. Cortex, 102, 139-149. https://doi.org/10.1016/j.cortex.2017.05.019

Talsma, D., Senkowski, D., Soto-Faraco, S., & Woldorff, M. G. (2010). The multifaceted interplay
between attention and multisensory integration. Trends Cogn Sci, 14(9), 400-410.
https://doi.org/10.1016/j.tics.2010.06.008

Tarasi, L., Alamia, A., & Romei, V. (2025). Backward alpha oscillations shape perceptual bias
under probabilistic cues. bioRxiv. https://doi.org/10.1101/2025.01.14.632925

Tarasi, L., & Romei, V. (2024). Individual Alpha Frequency Contributes to the Precision of Human

Visual Processing. J Cogn Neurosci, 36(4), 602-613.
https://doi.org/10.1162/jocn_a_02026
Tass, P., Rosenblum, M. G., Weule, J., Kurths, J., Pikovsky, A., Volkmann, J., . . . Freund, H. J.

(1998). Detection ofn:mPhase Locking from Noisy Data: Application to
Magnetoencephalography. Physical Review  Letters, 81(15), 3291-3294.
https://doi.org/10.1103/PhysRevLett.81.3291

Ten Oever, S., de Graaf, T. A., Bonnemayer, C., Ronner, J., Sack, A. T., & Riecke, L. (2016).
Stimulus Presentation at Specific Neuronal Oscillatory Phases Experimentally
Controlled with tACS: Implementation and Applications. Front Cell Neurosci, 10, 240.
https://doi.org/10.3389/fhcel.2016.00240

Ten Oever, S., & Martin, A. E. (2021). An oscillating computational model can track pseudo-
rhythmic speech by using linguistic predictions. elife, 10.
https://doi.org/10.7554/eLife.68066

ten Oever, S., & Sack, A. T. (2015). Oscillatory phase shapes syllable perception. Proc Natl Acad
SciUSA, 112(52), 15833-15837. https://doi.org/10.1073/pnas.1517519112

79


https://doi.org/10.1523/JNEUROSCI.4385-13.2014
https://doi.org/10.1002/cphy.c140003
https://doi.org/10.1523/ENEURO.0170-17.2017
https://doi.org/10.1016/j.cub.2013.04.074
https://doi.org/10.1038/383024a0
https://doi.org/10.1016/j.tics.2016.05.008
https://doi.org/10.3389/fnhum.2014.00350
https://doi.org/10.1111/ejn.15367
https://doi.org/10.3389/fnhum.2016.00239
https://doi.org/10.1016/j.cortex.2017.05.019
https://doi.org/10.1016/j.tics.2010.06.008
https://doi.org/10.1101/2025.01.14.632925
https://doi.org/10.1162/jocn_a_02026
https://doi.org/10.1103/PhysRevLett.81.3291
https://doi.org/10.3389/fncel.2016.00240
https://doi.org/10.7554/eLife.68066
https://doi.org/10.1073/pnas.1517519112

Keitel, Keitel, et al. Brain rhythms in cognition

Ten Oever, S., Titone, L., Te Rietmolen, N., & Martin, A. E. (2024). Phase-dependent word
perception emerges from region-specific sensitivity to the statistics of language. Proc
NatlAcad Sci U S A, 121(23), €2320489121. https://doi.org/10.1073/pnas.2320489121

Teng, X., & Poeppel, D. (2020). Theta and Gamma Bands Encode Acoustic Dynamics over Wide-
Ranging Timescales. Cereb Cortex, 30(4), 2600-2614.
https://doi.org/10.1093/cercor/bhz263

Ter Wal, M., Linde-Domingo, J., Lifanov, J., Roux, F., Kolibius, L. D., Gollwitzer, S., ... Wimber, M.
(2021). Theta rhythmicity governs human behavior and hippocampal signals during
memory-dependent tasks. Nat Commun, 12(1), 7048. https://doi.org/10.1038/s41467-

021-27323-3
Tezcan, F., Weissbart, H., & Martin, A. E. (2023). A tradeoff between acoustic and linguistic
feature encoding in spoken language comprehension. elife, 12.

https://doi.org/10.7554/eLife.82386

Thézé, R., Giraud, A. L., & Megevand, P. (2020). The phase of cortical oscillations determines the
perceptual fate of visual cues in naturalistic audiovisual speech. Sci Adv, 6(45).
https://doi.org/10.1126/sciadv.abc6348

Thut, G., Miniussi, C., & Gross, J. (2012). The functional importance of rhythmic activity in the
brain. Curr Biol, 22(16), R658-663. https://doi.org/10.1016/j.cub.2012.06.061

Thut, G., Nietzel, A., Brandt, S. A., & Pascual-Leone, A. (2006). Alpha-band
electroencephalographic activity over occipital cortex indexes visuospatial attention
bias and predicts visual target detection. J Neurosci, 26(37), 9494-9502.
https://doi.org/10.1523/JNEUROSCI.0875-06.2006

Tierney, A., & Kraus, N. (2015). Neural entrainment to the rhythmic structure of music. J Cogn
Neurosci, 27(2), 400-408. https://doi.org/10.1162/jocn_a_00704

Tort, A. B. L., Ponsel, S., Jessberger, J., Yanovsky, Y., Brankack, J., & Draguhn, A. (2018). Parallel
detection of theta and respiration-coupled oscillations throughout the mouse brain. Sci
Rep, 8(1), 6432. https://doi.org/10.1038/s41598-018-24629-z

Trajkovic, J., Di Gregorio, F., Thut, G., & Romei, V. (2024). Transcranial magnetic stimulation
effects support an oscillatory model of ERP genesis. Curr Biol, 34(5), 1048-1058 €1044.
https://doi.org/10.1016/j.cub.2024.01.069

Traub, R. D., Bibbig, A., LeBeau, F. E., Cunningham, M. O., & Whittington, M. A. (2005). Persistent
gamma oscillations in superficial layers of rat auditory neocortex: experiment and model.
The Journal of Physiology, 562(Pt 1), 3-8. https://doi.org/10.1113/jphysiol.2004.074641

Tseng, P., Chang, Y. T., Chang, C. F., Liang, W. K., & Juan, C. H. (2016). The critical role of phase
difference in gamma oscillation within the temporoparietal network for binding visual
working memory. Sci Rep, 6(1), 32138. https://doi.org/10.1038/srep32138

Uhlhaas, P.J., Roux, F., Rodriguez, E., Rotarska-Jagiela, A., & Singer, W. (2010). Neural synchrony
and the development of cortical networks. Trends Cogn Sci, 14(2), 72-80.
https://doi.org/10.1016/j.tics.2009.12.002

Uran, C., Peter, A., Lazar, A., Barnes, W., Klon-Lipok, J., Shapcott, K. A., . . . Vinck, M. (2022).
Predictive coding of natural images by V1 firing rates and rhythmic synchronization.
Neuron, 110(7), 1240-1257 e1248. https://doi.org/10.1016/j.neuron.2022.01.002

van Bree, S., Sohoglu, E., Davis, M. H., & Zoefel, B. (2021). Sustained neural rhythms reveal
endogenous oscillations supporting speech perception. PLoS Biol, 19(2), e3001142.
https://doi.org/10.1371/journal.pbio.3001142

Vander Burg, E., Olivers, C. N., Bronkhorst, A. W., & Theeuwes, J. (2008). Pip and pop: nonspatial
auditory signals improve spatialvisual search. J Exp Psychol Hum Percept Perform, 34(5),
1053-1065. https://doi.org/10.1037/0096-1523.34.5.1053

van Diepen, R. M., Cohen, M. X., Denys, D., & Mazaheri, A. (2015). Attention and temporal
expectations modulate power, not phase, of ongoing alpha oscillations. J Cogn Neurosci,
27(8), 1573-1586. https://doi.org/10.1162/jocn_a_00803

80


https://doi.org/10.1073/pnas.2320489121
https://doi.org/10.1093/cercor/bhz263
https://doi.org/10.1038/s41467-021-27323-3
https://doi.org/10.1038/s41467-021-27323-3
https://doi.org/10.7554/eLife.82386
https://doi.org/10.1126/sciadv.abc6348
https://doi.org/10.1016/j.cub.2012.06.061
https://doi.org/10.1523/JNEUROSCI.0875-06.2006
https://doi.org/10.1162/jocn_a_00704
https://doi.org/10.1038/s41598-018-24629-z
https://doi.org/10.1016/j.cub.2024.01.069
https://doi.org/10.1113/jphysiol.2004.074641
https://doi.org/10.1038/srep32138
https://doi.org/10.1016/j.tics.2009.12.002
https://doi.org/10.1016/j.neuron.2022.01.002
https://doi.org/10.1371/journal.pbio.3001142
https://doi.org/10.1037/0096-1523.34.5.1053
https://doi.org/10.1162/jocn_a_00803

Keitel, Keitel, et al. Brain rhythms in cognition

van Dijk, H., Schoffelen, J. M., Oostenveld, R., & Jensen, O. (2008). Prestimulus oscillatory activity
in the alpha band predicts visual discrimination ability. J Neurosci, 28(8), 1816-1823.
https://doi.org/10.1523/JNEUROSCI.1853-07.2008

van Driel, J., Cox, R., & Cohen, M. X. (2015). Phase-clustering bias in phase-amplitude cross-
frequency coupling and its removal. J Neurosci Methods, 254, 60-72.
https://doi.org/10.1016/j.jneumeth.2015.07.014

van Ede, F. (2018). Mnemonic and attentional roles for states of attenuated alpha oscillations in
perceptual working memory: a review. Eur J Neurosci, 48(7), 2509-2515.
https://doi.org/10.1111/ejn.13759

van Elswijk, G., Maij, F., Schoffelen, J. M., Overeem, S., Stegeman, D. F., & Fries, P. (2010).
Corticospinal beta-band synchronization entails rhythmic gain modulation. J Neurosci,
30(12), 4481-4488. https://doi.org/10.1523/JINEUROSCI.2794-09.2010

van Kerkoerle, T., Self, M. W., Dagnino, B., Gariel-Mathis, M. A., Poort, J., van der Togt, C., &
Roelfsema, P. R. (2014). Alpha and gamma oscillations characterize feedback and
feedforward processing in monkey visual cortex. Proc Natl Acad Sci U S A, 111(40),
14332-14341. https://doi.org/10.1073/pnas.1402773111

van Pelt, S., Boomsma, D. I., & Fries, P. (2012). Magnetoencephalography in twins reveals a
strong genetic determination of the peak frequency of visually induced gamma-band
synchronization. J Neurosci, 32(10), 3388-3392.
https://doi.org/10.1523/JNEUROSCI.5592-11.2012

van Rooij, |., & Baggio, G. (2021). Theory Before the Test: How to Build High-Verisimilitude
Explanatory Theories in Psychological Science. Perspectives on Psychological Science,
16(4), 682-697. https://doi.org/10.1177/1745691620970604

Van Vugt, M. K., Chakravarthi, R., & Lachaux, J.-P. (2014). For whom the bell tolls: periodic
reactivation of sensory cortex in the gamma band as a substrate of visual working
memory maintenance. Frontiers in Human Neuroscience, 8.
https://www.frontiersin.org/articles/10.3389/fnhum.2014.00696

Vanhatalo, S., Palva, J. M., Holmes, M. D., Miller, J. W., Voipio, J., & Kaila, K. (2004). Infraslow
oscillations modulate excitability and interictal epileptic activity in the human cortex
during sleep. Proc Natl Acad Sci U S A, 101(14), 5053-5057.
https://doi.org/10.1073/pnas.0305375101

VanRullen, R. (2016). Perceptual Cycles. Trends Cogn Sci, 20(10), 723-735.
https://doi.org/10.1016/j.tics.2016.07.006

VanRullen, R., & Macdonald, J. S. (2012). Perceptual echoes at 10 Hz in the human brain. Curr
Biol, 22(11), 995-999. https://doi.org/10.1016/j.cub.2012.03.050

VanRullen, R., Zoefel, B., & Ilhan, B. (2014). On the cyclic nature of perception in vision versus
audition. Philos Trans R Soc Lond B Biol Sci, 369(1641), 20130214.
https://doi.org/10.1098/rstb.2013.0214

Varela, F. J., Toro, A., John, E. R., & Schwartz, E. L. (1981). Perceptual framing and cortical alpha
rhythm. Neuropsychologia, 19(5), 675-686. https://doi.org/10.1016/0028-
3932(81)90005-1

Vasilev, M. R., Liversedge, S. P., Rowan, D., Kirkby, J. A., & Angele, B. (2019). Reading is disrupted
by intelligible background speech: Evidence from eye-tracking. J Exp Psychol Hum
Percept Perform, 45(11), 1484-1512. https://doi.org/10.1037/xhp0000680

Velarde, O. M., Urdapilleta, E., Mato, G., & Dellavale, D. (2019). Bifurcation structure determines
different phase-amplitude coupling patterns in the activity of biologically plausible
neural networks. Neurolmage, 202, 116031.
https://doi.org/10.1016/j.neuroimage.2019.116031

Vidaurre, D., Hunt, L. T., Quinn, A. J., Hunt, B. A. E., Brookes, M. J., Nobre, A. C., & Woolrich, M.
W. (2018). Spontaneous cortical activity transiently organises into frequency specific

81


https://doi.org/10.1523/JNEUROSCI.1853-07.2008
https://doi.org/10.1016/j.jneumeth.2015.07.014
https://doi.org/10.1111/ejn.13759
https://doi.org/10.1523/JNEUROSCI.2794-09.2010
https://doi.org/10.1073/pnas.1402773111
https://doi.org/10.1523/JNEUROSCI.5592-11.2012
https://doi.org/10.1177/1745691620970604
https://www.frontiersin.org/articles/10.3389/fnhum.2014.00696
https://doi.org/10.1073/pnas.0305375101
https://doi.org/10.1016/j.tics.2016.07.006
https://doi.org/10.1016/j.cub.2012.03.050
https://doi.org/10.1098/rstb.2013.0214
https://doi.org/10.1016/0028-3932(81)90005-1
https://doi.org/10.1016/0028-3932(81)90005-1
https://doi.org/10.1037/xhp0000680
https://doi.org/10.1016/j.neuroimage.2019.116031

Keitel, Keitel, et al. Brain rhythms in cognition

phase-coupling networks. Nat Commun, 9(1), 2987. https://doi.org/10.1038/s41467-
018-05316-z

Vigué-Guix, |., Moris Fernandez, L., Torralba Cuello, M., Ruzzoli, M., & Soto-Faraco, S. (2022). Can
the occipital alpha-phase speed up visual detection through a real-time EEG-based
brain-computer interface (BCl)? Eur J Neurosci, 55(11-12), 3224-3240.
https://doi.org/10.1111/ejn.14931

Vinck, M., Uran, C., & Canales-Johnson, A. (2022). The neural dynamics of feedforward and
feedback interactions in predictive processing. PsyArXiv.
https://doi.org/10.31234/0sf.io/n3afb

Vinck, M., Uran, C., Spyropoulos, G., Onorato, I., Broggini, A. C., Schneider, M., & Canales-
Johnson, A. (2023). Principles of large-scale neural interactions. Neuron, 111(7), 987-
1002. https://doi.org/10.1016/j.neuron.2023.03.015

Vissers, M. E., van Driel, J., & Slagter, H. A. (2016). Proactive, but Not Reactive, Distractor Filtering
Relies on Local Modulation of Alpha Oscillatory Activity. J Cogn Neurosci, 28(12), 1964-
1979. https://doi.org/10.1162/jocn_a_01017

Vivekananda, U., Bush, D., Bisby, J. A., Baxendale, S., Rodionov, R., Diehl, B., . . . Burgess, N.
(2021). Theta power and theta-gamma coupling support long-term spatial memory
retrieval. Hippocampus, 31(2), 213-220. https://doi.org/10.1002/hipo.23284

Volk, D., Dubinin, I|., Myasnikova, A., Gutkin, B., & Nikulin, V. V. (2018). Generalized Cross-
Frequency Decomposition: A Method for the Extraction of Neuronal Components
Coupled at Different Frequencies. Front Neuroinform, 12, 72.
https://doi.org/10.3389/fninf.2018.00072

Voloh, B., & Womelsdorf, T. (2016). A Role of Phase-Resetting in Coordinating Large Scale Neural
Networks During Attention and Goal-Directed Behavior. Front Syst Neurosci, 10, 18.
https://doi.org/10.3389/fhsys.2016.00018

von der Malsburg, C., & Willshaw, D. (1981). Co-operativity and brain organization. Trends in
Neurosciences, 4, 80-83. https://doi.org/10.1016/0166-2236(81)90027-8

von Stein, A., & Sarnthein, J. (2000). Different frequencies for different scales of cortical
integration: from local gamma to long range alpha/theta synchronization. Int J
Psychophysiol, 38(3), 301-313. https://doi.org/10.1016/s0167-8760(00)00172-0

Wang, D., Clouter, A., Chen, Q., Shapiro, K. L., & Hanslmayr, S. (2018). Single-Trial Phase
Entrainment of Theta Oscillations in Sensory Regions Predicts Human Associative
Memory Performance. J Neurosci, 38(28), 6299-6309.
https://doi.org/10.1523/JNEUROSCI.0349-18.2018

Wang, D.Y., Marcantoni, E., Clouter, A., Shapiro, K. L., & Hanslmayr, S. (2024). Rhythmic sensory
stimulation as a noninvasive tool to study plasticity mechanisms in human episodic
memory. Current Opinion in Behavioral Sciences, 58, 101412.
https://doi.org/10.1016/j.cobeha.2024.101412

Wang, L., Hagoort, P., & Jensen, O. (2018). Gamma Oscillatory Activity Related to Language
Prediction. J Cogn Neurosci, 30(8), 1075-1085. https://doi.org/10.1162/jocn_a_01275

Waschke, L., Tune, S., & Obleser, J. (2019). Local cortical desynchronization and pupil-linked
arousal differentially shape brain states for optimal sensory performance. elife, 8.
https://doi.org/10.7554/eLife.51501

Watrous, A. J., Lee, D. J., Izadi, A., Gurkoff, G. G., Shahlaie, K., & Ekstrom, A. D. (2013). A
comparative study of human and rat hippocampal low-frequency oscillations during
spatial navigation. Hippocampus, 23(8), 656-661. https://doi.org/10.1002/hipo.22124

Weissbart, H., Kandylaki, K. D., & Reichenbach, T. (2020). Cortical Tracking of Surprisal during
Continuous Speech Comprehension. J Cogn Neurosci, 32(1), 155-166.
https://doi.org/10.1162/jocn_a_01467

82


https://doi.org/10.1038/s41467-018-05316-z
https://doi.org/10.1038/s41467-018-05316-z
https://doi.org/10.1111/ejn.14931
https://doi.org/10.31234/osf.io/n3afb
https://doi.org/10.1016/j.neuron.2023.03.015
https://doi.org/10.1162/jocn_a_01017
https://doi.org/10.1002/hipo.23284
https://doi.org/10.3389/fninf.2018.00072
https://doi.org/10.3389/fnsys.2016.00018
https://doi.org/10.1016/0166-2236(81)90027-8
https://doi.org/10.1016/s0167-8760(00)00172-0
https://doi.org/10.1523/JNEUROSCI.0349-18.2018
https://doi.org/10.1016/j.cobeha.2024.101412
https://doi.org/10.1162/jocn_a_01275
https://doi.org/10.7554/eLife.51501
https://doi.org/10.1002/hipo.22124
https://doi.org/10.1162/jocn_a_01467

Keitel, Keitel, et al. Brain rhythms in cognition

Weissbart, H., & Martin, A. E. (2024). The structure and statistics of language jointly shape cross-
frequency neural dynamics during spoken language comprehension. Nat Commun,
15(1), 8850. https://doi.org/10.1038/s41467-024-53128-1

Weisz, N., Hartmann, T., Muller, N., Lorenz, I., & Obleser, J. (2011). Alpha rhythms in audition:
cognitive and clinical perspectives. Front Psychol, 2, 73.
https://doi.org/10.3389/fpsyg.2011.00073

Wilsch, A., Neuling, T., Obleser, J., & Herrmann, C. S. (2018). Transcranial alternating current
stimulation with speech envelopes modulates speech comprehension. Neurolmage,
172,766-774. https://doi.org/10.1016/j.neuroimage.2018.01.038

Wilson, L. E., da Silva Castanheira, J., & Baillet, S. (2022). Time-resolved parameterization of
aperiodic and periodic brain activity. eLife, 11. https://doi.org/10.7554/eLife.77348

Wimmer, R. D., Schmitt, L. I., Davidson, T. J., Nakajima, M., Deisseroth, K., & Halassa, M. M.
(2015). Thalamic control of sensory selection in divided attention. Nature, 526(7575),
705-709. https://doi.org/10.1038/nature15398

Witek, M. A., Clarke, E. F., Wallentin, M., Kringelbach, M. L., & Vuust, P. (2014). Syncopation,
body-movement and pleasure in groove music. PLOS ONE, 9(4), e94446.
https://doi.org/10.1371/journal.pone.0094446

Wolinski, N., Cooper, N. R., Sauseng, P., & Romei, V. (2018). The speed of parietal theta
frequency drives visuospatial working memory capacity. PLoS Biol, 16(3), e2005348.
https://doi.org/10.1371/journal.pbio.2005348

Womelsdorf, T., Schoffelen, J. M., Oostenveld, R., Singer, W., Desimone, R., Engel, A. K., & Fries,
P. (2007). Modulation of neuronal interactions through neuronal synchronization.
Science, 316(5831), 1609-1612. https://doi.org/10.1126/science.1139597

Womelsdorf, T., Valiante, T. A., Sahin, N. T., Miller, K. J., & Tiesinga, P. (2014). Dynamic circuit
motifs underlying rhythmic gain control, gating and integration. Nature Neuroscience,
17(8), 1031-1039. https://doi.org/10.1038/nn.3764

Worden, M. S., Foxe, J. J., Wang, N., & Simpson, G. V. (2000). Anticipatory biasing of visuospatial
attention indexed by retinotopically specific alpha-band electroencephalography
increases over occipital cortex. J Neurosci, 20(6), RC63.
https://doi.org/10.1523/JNEUROSCI.20-06-j0002.2000

Wostmann, M., Alavash, M., & Obleser, J. (2019). Alpha Oscillations in the Human Brain
Implement Distractor Suppression Independent of Target Selection. J Neurosci, 39(49),
9797-9805. https://doi.org/10.1523/JNEUROSCI.1954-19.2019

Woéstmann, M., Herrmann, B., Maess, B., & Obleser, J. (2016). Spatiotemporal dynamics of
auditory attention synchronize with speech. Proc Natl Acad Sci U S A, 113(14), 3873-
3878. https://doi.org/10.1073/pnas.1523357113

Wostmann, M., Lim, S. J., & Obleser, J. (2017). The Human Neural Alpha Response to Speech is
a Proxy of  Attentional Control. Cereb Cortex, 27(6), 3307-3317.
https://doi.org/10.1093/cercor/bhx074

Wostmann, M., Maess, B., & Obleser, J. (2021). Orienting auditory attention in time: Lateralized
alpha power reflects spatio-temporal filtering. Neurolmage, 228, 117711.
https://doi.org/10.1016/j.neuroimage.2020.117711

Wostmann, M., Schmitt, L. M., & Obleser, J. (2020). Does Closing the Eyes Enhance Auditory
Attention? Eye Closure Increases Attentional Alpha-Power Modulation but Not Listening
Performance. J Cogn Neurosci, 32(2), 212-225. https://doi.org/10.1162/jocn_a_01403

Wostmann, M., Stormer, V. S., Obleser, J., Addleman, D. A., Andersen, S. K., Gaspelin, N., . ..
Theeuwes, J. (2022). Ten simple rules to study distractor suppression. Prog Neurobiol,
213, 1022689. https://doi.org/10.1016/j.pneurobio.2022.102269

Wostmann, M., Vosskuhl, J., Obleser, J., & Herrmann, C. S. (2018). Opposite effects of lateralised
transcranial alpha versus gamma stimulation on auditory spatial attention. Brain Stimul,
11(4), 752-758. https://doi.org/10.1016/j.brs.2018.04.006

83


https://doi.org/10.1038/s41467-024-53128-1
https://doi.org/10.3389/fpsyg.2011.00073
https://doi.org/10.1016/j.neuroimage.2018.01.038
https://doi.org/10.7554/eLife.77348
https://doi.org/10.1038/nature15398
https://doi.org/10.1371/journal.pone.0094446
https://doi.org/10.1371/journal.pbio.2005348
https://doi.org/10.1126/science.1139597
https://doi.org/10.1038/nn.3764
https://doi.org/10.1523/JNEUROSCI.20-06-j0002.2000
https://doi.org/10.1523/JNEUROSCI.1954-19.2019
https://doi.org/10.1073/pnas.1523357113
https://doi.org/10.1093/cercor/bhx074
https://doi.org/10.1016/j.neuroimage.2020.117711
https://doi.org/10.1162/jocn_a_01403
https://doi.org/10.1016/j.pneurobio.2022.102269
https://doi.org/10.1016/j.brs.2018.04.006

Keitel, Keitel, et al. Brain rhythms in cognition

Wutz, A., Melcher, D., & Samaha, J. (2018). Frequency modulation of neural oscillations
according to visual task demands. Proc Natl Acad Sci U S A, 115(6), 1346-1351.
https://doi.org/10.1073/pnas.1713318115

Xie, Y., Li, Y., Duan, H., Xu, X., Zhang, W., & Fang, P. (2021). Theta Oscillations and Source
Connectivity During Complex Audiovisual Object Encoding in Working Memory. Front
Hum Neurosci, 15, 614950. https://doi.org/10.3389/fnhum.2021.614950

Yang, C. F., & Feldman, J. L. (2018). Efferent projections of excitatory and inhibitory preBotzinger
Complex neurons. Journal of Comparative Neurology, 526(8), 1389-1402.
https://doi.org/10.1002/cne.24415

Yang, Y. L., & Lai, T. W. (2023). Chronic Visual Stimulation with LED Light Flickering at 24, 40, or
80 Hz Failed to Reduce Amyloid beta Load in the 5XFAD Alzheimer's Disease Mouse
Model. eneuro, 10(8), ENEURO.0189-0123.20283.
https://doi.org/10.1523/ENEURO.0189-23.2023

Yerkes, R. M., & Dodson, J. D. (1908). The relation of strength of stimulus to rapidity of habit-
formation. Journal of Comparative Neurology and Psychology, 18(5), 459-482.
https://doi.org/DOI 10.1002/cne.920180503

Yerushalmi, S., & Green, R. M. (2009). Evidence for the adaptive significance of circadian
rhythms. Ecol Lett, 12(9), 970-981. https://doi.org/10.1111/j.1461-0248.2009.01343.x

Zalta, A., Large, E. W., Schén, D., & Morillon, B. (2024). Neural dynamics of predictive timing and
motor engagement in music listening. Science Advances, 10(10), eadi2525.
https://doi.org/10.1101/2023.04.29.538799

Zarkowski, P., Shin, C. J., Dang, T., Russo, J., & Avery, D. (2006). EEG and the variance of motor
evoked potential amplitude. Clinical EEG and Neuroscience, 37(3), 247-251.
https://doi.org/10.1177/155005940603700316

Zelano, C., Jiang, H., Zhou, G., Arora, N., Schuele, S., Rosenow, J., & Gottfried, J. A. (2016). Nasal
Respiration Entrains Human Limbic Oscillations and Modulates Cognitive Function. J
Neurosci, 36(49), 12448-12467. https://doi.org/10.1523/JNEUROSCI.2586-16.2016

Zeng, Y., Sauseng, P., & Alamia, A. (2024). Alpha Traveling Waves during Working Memory:
Disentangling Bottom-Up Gating and Top-Down Gain Control. J Neurosci, 44(50),
€0532242024. https://doi.org/10.1523/JNEUROSCI.0532-24.2024

Zhang, H., Watrous, A. J., Patel, A., & Jacobs, J. (2018). Theta and Alpha Oscillations Are Traveling
Waves in the Human Neocortex. Neuron, 98(6), 1269-1281 e1264.
https://doi.org/10.1016/j.neuron.2018.05.019

Zhang, Y., Zhang, Y., Cai, P., Luo, H., & Fang, F. (2019). The causal role of alpha-oscillations in
feature binding. Proc Natl Acad Sci U S A, 116(34), 17023-17028.
https://doi.org/10.1073/pnas.1904160116

Zheng, C., & Zhang, T. (2013). Alteration of phase-phase coupling between theta and gamma
rhythms in a depression-model of rats. Cognitive Neurodynamics, 7(2), 167-172.
https://doi.org/10.1007/s11571-012-9225-x

Zhigalov, A., & Jensen, O. (2020). Alpha oscillations do not implement gain controlin early visual
cortex but rather gating in parieto-occipital regions. Human Brain Mapping, 41(18), 5176-
5186. https://doi.org/10.1002/hbm.25183

Zhigalov, A., & Jensen, O. (2023). Perceptual echoes as travelling waves may arise from two
discrete neuronal sources. Neurolmage, 272, 120047.
https://doi.org/10.1016/j.neuroimage.2023.120047

Zion Golumbic, E. M., Ding, N., Bickel, S., Lakatos, P., Schevon, C. A., McKhann, G. M, . ..
Schroeder, C. E. (2013). Mechanisms underlying selective neuronal tracking of attended
speech at a "cocktail party". Neuron, 77(5), 980-991.
https://doi.org/10.1016/j.neuron.2012.12.037

Zoefel, B., Abbasi, O., Gross, J., & Kotz, S. A. (2024). Entrainment echoes in the cerebellum. Proc
Natl Acad Sci U S A, 121(34), e2411167121. https://doi.org/10.1073/pnas.2411167121

84


https://doi.org/10.1073/pnas.1713318115
https://doi.org/10.3389/fnhum.2021.614950
https://doi.org/10.1002/cne.24415
https://doi.org/10.1523/ENEURO.0189-23.2023
https://doi.org/DOI
https://doi.org/10.1111/j.1461-0248.2009.01343.x
https://doi.org/10.1101/2023.04.29.538799
https://doi.org/10.1177/155005940603700316
https://doi.org/10.1523/JNEUROSCI.2586-16.2016
https://doi.org/10.1523/JNEUROSCI.0532-24.2024
https://doi.org/10.1016/j.neuron.2018.05.019
https://doi.org/10.1073/pnas.1904160116
https://doi.org/10.1007/s11571-012-9225-x
https://doi.org/10.1002/hbm.25183
https://doi.org/10.1016/j.neuroimage.2023.120047
https://doi.org/10.1016/j.neuron.2012.12.037
https://doi.org/10.1073/pnas.2411167121

Keitel, Keitel, et al. Brain rhythms in cognition

Zoefel, B., Archer-Boyd, A., & Davis, M. H. (2018a). Phase Entrainment of Brain Oscillations
Causally Modulates Neural Responses to Intelligible Speech. Curr Biol, 28(3), 401-408
e405. https://doi.org/10.1016/j.cub.2017.11.071

Zoefel, B., & Heil, P. (2013). Detection of Near-Threshold Sounds is Independent of EEG Phase in
Common Frequency Bands. Front Psychol, 4, 262.
https://doi.org/10.3389/fpsyg.2013.00262

Zoefel, B., Ten Oever, S., & Sack, A. T. (2018b). The Involvement of Endogenous Neural
Oscillations in the Processing of Rhythmic Input: More Than a Regular Repetition of
Evoked Neural Responses. Front Neurosci, 12, 95.
https://doi.org/10.3389/fnins.2018.00095

Zoefel, B., & VanRullen, R. (2015). Selective perceptual phase entrainment to speech rhythm in
the absence of spectral energy fluctuations. J Neurosci, 35(5), 1954-1964.
https://doi.org/10.1523/JNEUROSCI.3484-14.2015

Zoefel, B., & VanRullen, R. (2017). Oscillatory Mechanisms of Stimulus Processing and Selection
in the Visual and Auditory Systems: State-of-the-Art, Speculations and Suggestions.
Front Neurosci, 11, 296. https://doi.org/10.3389/fnins.2017.00296

Zrenner, C., Kozak, G., Schaworonkow, N., Metsomaa, J., Baur, D., Vetter, D., . . . Belardinelli, P.
(2023). Corticospinal excitability is highest at the early rising phase of sensorimotor
micro-rhythm. Neurolmage, 266, 119805.

https://doi.org/10.1016/j.neuroimage.2022.119805

Zuk, N. J., Murphy, J. W., Reilly, R. B., & Lalor, E. C. (2021). Envelope reconstruction of speech
and music highlights stronger tracking of speech at low frequencies. PLOS
Computational Biology, 17(9), e1009358. https://doi.org/10.1371/journal.pcbi.1009358

85


https://doi.org/10.1016/j.cub.2017.11.071
https://doi.org/10.3389/fpsyg.2013.00262
https://doi.org/10.3389/fnins.2018.00095
https://doi.org/10.1523/JNEUROSCI.3484-14.2015
https://doi.org/10.3389/fnins.2017.00296
https://doi.org/10.1016/j.neuroimage.2022.119805
https://doi.org/10.1371/journal.pcbi.1009358

	0000-0001-9987-5883
	Abstract
	Introduction
	1 Putative oscillatory mechanisms
	1.1 Mechanisms of oscillatory phase
	1.1.a Excitation-inhibition cycle in oscillation dynamics
	1.1.b Synchronisation between neuronal populations
	1.1.c Sensory entrainment

	1.2 Mechanisms of oscillatory power
	1.2.a Macroscopic measures of power and excitation-inhibition balance in oscillation dynamics
	1.2.b Gating by inhibition
	1.2.c Predictive processing

	1.3 Cross-frequency coupling mechanisms
	1.4 Travelling waves
	1.5 Resting-state rhythmic activity
	1.6 Interactions with other bodily rhythms
	1.6.a Respiration
	1.6.b Pupil-linked arousal
	1.6.c Cardiac rhythms
	1.6.d Gastric rhythms
	1.6.e Circadian rhythms
	1.6.f Limitations and open questions on body-brain interactions


	2 Oscillatory mechanisms and their role in cognition
	1.7 Perception & attention
	1.7.a Visual perception & attention
	Visual perception
	Visual attention

	1.7.b Auditory perception and attention
	Auditory perception
	Auditory attention

	1.7.c Multisensory perception & attention

	1.8 Memory
	1.8.a Working memory
	1.8.b Long-term memory

	1.9 Communication
	1.9.a Speech and language processing
	Speech processing and entrainment
	Prosody tracking
	Involvement of beta oscillations in speech prediction
	Language processing

	1.9.b Speech production and motor involvement in language processing
	1.9.c Music and rhythm processing


	Conclusions
	Acknowledgements
	Author contributions
	Section contributions
	References


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



