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Highlights

- We review the studies for and against alpha oscillations reflecting suppression of
anticipated distractors

« We have identified some of the methodological differences in experimental designs
explaining the diverging results on alpha oscillations and distractor inhibition.

« Beyond gain reduction in early visual regions, parietal alpha oscillations may implement
gating or stabilization of attentional focus.

« Alpha oscillations generated in the ventral attention network may reflect the resistance to
attentional capture by salient events.

- We propose new directions for research to identify the specific task contexts required for
explaining necessary to clarify the mechanistic role of alpha oscillations.
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Abstract

The role of alpha oscillations (8-13Hz) in suppressing distractors has been extensively
debated. Some studies suggest that alpha oscillations support distractor suppression by
increasing in regions processing anticipated distractors. However, other studies did not
reproduce this effect. We identify the methodological differences in experimental designs
that may explain these discrepancies. Another debate centers on the mechanistic role of
alpha oscillations. While we and others have proposed alpha oscillations implementing a
gain reduction in early visual regions when e.g. target load or distractor interference are
high, we suggest that parietal alpha oscillations support gating or stabilization of the
attentional focus and alpha in ventral attention network implement resistance to
distraction. We will outline future studies needed to identify the task contexts required to

uncover the precise mechanistic role of alpha oscillations.



Alpha oscillations: from idling to functional inhibition

Alpha oscillations (8-13 Hz; see box 1) were discovered in 1924 by Hans Berger and were
for decades thought to reflect a state of rest. However, in the 2000s, it was established
that alpha oscillations can remain strong during working memory maintenance and even
increase with memory load [1,2]. These findings prompted a paradigm shift in our
understanding of alpha oscillations as the power increase was interpreted to reflect
functional inhibition of brain areas processing distractors that could interfere with working
memory maintenance. The inhibition hypothesis prompted a lot of excitement in the field
as it suggested that alpha oscillations played an active role in cognitive tasks. The
inhibitory role of alpha oscillations was further investigated in spatial attention tasks in
which targets and distractors were manipulated. More recently, the specific role of alpha
oscillations in functional inhibition has been intensively discussed [3—9]. One core issue
of debate is whether alpha oscillations under top-down control can increase in order to
suppress anticipated visual distractors. A second core issue is whether the increase

occurs in early visual regions thereby reducing the gain of the visual input.

These debates have prompted us to identify (1) the task context determining when
and how alpha oscillations serve to suppress distractors and (2) alternatives to gain
control mechanisms in early visual regions by which alpha can reduce interferences from
distractors. The role of alpha activity in distractor suppression might be more complex
than initially proposed but we believe that it remains a strong candidate for controlling the
information flow in complex environments through direct distractor suppression in early
brain regions, gating mechanism or stabilization of the attentional focus in parietal cortex
or through resistance to attention capture by salient events in the ventral attention

network.

Can alpha oscillations serve to suppress anticipated distractors?

A large body of literature shows that the magnitude (and phase) of spontaneous prestimulus
alpha oscillations influence visual processing as revealed by stimulus detection measures
and event-related potentials (e.g. [10-14]). It has therefore been suggested that alpha
power decreases would be associated with increases in sensory excitability and that alpha
power increases would result in decreases of sensory excitability [15]. These results are in
line with the alpha-inhibition hypothesis [16—19]; more specifically, an increase in alpha

amplitude would be associated with stronger pulses of inhibition. These findings are also
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consistent with the idea that the magnitude of alpha oscillations is inversely related to gain

in early sensory regions.

A related question is the mechanism controlling the magnitude of the alpha oscillations. Are
they under direct top-down control to optimize the processing of task-relevant information
while diminishing the interference from distractors in attention or working memory tasks?
Attention studies in different sensory modalities, have reported an anticipatory decrease of
alpha amplitude in areas associated with the processing of attended locations and/or
features (e.g. [20—40]) which often predict performances (e.g. [20]). It is the relationship
between top-down controlled alpha power increases in relation to the suppression of

distractors that remains debated (see Table).

Support for alpha oscillations promoting distractor suppression through gain
modulation

If alpha oscillations are related to distractor suppression through gain modulation, several
predictions can be made. First, an increase of alpha power should be observed in
anticipation of distractors. Second, this increase should be observed over regions
associated with distractor processing, i.e. early sensory or feature-specific areas, and
predictive of performances. Finally, if alpha oscillations support distractors suppression
through gain modulation, the effect should be observed as a decrease in neuronal
excitability in sensory regions, e.g. by a reduction in neuronal firing, the BOLD signal, event-

related and frequency-tagged responses.

Several studies have observed alpha power increases relative to preceding baseline
interval in areas related to unattended locations and features in visual attention tasks
([3,5,20,24,27,28,33,41-51]; see Figure 1 for examples of paradigms used). In spatial
somatosensory and auditory tasks, some studies have also reported an alpha power
increase (compared to baseline) over somatosensory and higher-order areas contralateral
to the distractors (i.e. in the hemisphere processing the distractor; e.g. [39,52-55]). Finally,
alpha power increases have also been reported in task-irrelevant areas in both feature and
cross-modal attention tasks [40,56-60] as well as during working memory maintenance
(see Figure 1A) [46,61-63]. In line with a role for alpha power increases in relation to
efficient distractor suppression, several of these studies showed that stronger alpha power
was related to better performances, e.g. faster reaction times reflecting a weaker

interference of the distractor on behavior (e.g. [45] in a retro-cue task;



[39,43,46,53,56,58,61,62]). As we will discuss later, in some of these studies the alpha
increase might have been driven by the perceptual load of the target or task difficulty (see

Figure 1B), rather than by distractor anticipation per se.

In line with alpha oscillations implementing gain modulation, several studies have reported
modulation of alpha oscillations specifically in sensory areas. For instance, a depression in
alpha power contralateral to the attended hemifield was observed in V1/V2 in the cue-target
interval in an attention task ([48]; see Figure 1B) and it was accompanied by a relative
increase in ipsi-lateral alpha power in V1/V2. The source of the alpha power increase
contralateral to distracting faces in a covert attention task was found just outside the
calcarine sulcus extending into the fusiform face area during stimulus presentation [43].
Simultaneous fMRI and electroencephalography (EEG) recordings[42] showed that
increases in occipital alpha power contralateral to the distractor were negatively correlated
with the BOLD signal in V1 using an attention discrimination task. Alpha increases have
also been found in somatosensory areas. For example, the alpha power increase observed
contralateral to the somatosensory distractor was located around the primary
somatosensory cortex [39]. Some studies have also reported potential gain modulation in
regions beyond the sensory areas, particularly when the processing of the target and
distractor share neural substrates in early sensory regions. In a feature-attention task
involving coloured moving dots, an increase in alpha power was reported in feature-specific
areas associated with motion and colour in the respective dorsal and ventral areas ([59] see
also [64]). In a Sternberg-like task using letters as distractors, a distractor-related alpha
power increase was observed in the occipital and the left temporal cortex around the visual

word form area [61,65].

The last prediction is that alpha power increases should be associated with a decrease in
neuronal excitability. A few studies found an inverse relationship between alpha power and
indexes of excitability such as spiking, high gamma (80-120Hz) or stimulus-induced gamma
(60-80Hz) during rest, attention and working memory tasks in early sensory regions and
beyond [66—71]. In addition, pre-stimulus alpha power negatively relates to the C1 evoked
component in the visual cortex which is thought to be generated by the thalamus input to
V1 [10,11]. Alpha oscillations have also been shown to be negatively correlated with BOLD
signals over sensory regions in working memory and attention fMRI studies (e.g. [42,72—
74)).



Null results relating alpha oscillations to distractor suppression

Some groups have questioned the role of alpha oscillations in suppressing distracting
information [4]. These concerns were based on studies that did not find an alpha power
increase in the presence or anticipation of distractors [21,21-23,26,30-35,75]. When cuing
the distractor position, an EEG study did not observe a clear alpha increase contralateral to
the anticipated distractor [6]. In addition, several studies did not find a modulation with

increasing distractor strengths in several attention and working memory tasks [39,45,76,77].

Furthermore, four studies tested the link between alpha oscillations and neuronal excitability
measured by frequency tagging using EEG or MEG ([3,5,43,50]; see Figure 1B).
Challenging the idea that alpha oscillations implement gain modulation to suppress
distractors in early sensory areas, they reported that the alpha power contralateral to the
distractors did not correlate negatively with the frequency-tagged neuronal response when

considering single-trial correlations.

In sum, we have reported on the findings for and against alpha oscillations reflecting
distractor suppression (summarized in Table 1). Next, we will examine the experimental

parameters that might explain the discrepancies in the literature.

Experimental conditions determining when alpha oscillations operate to
suppress distraction
We will here examine the tasks and experimental parameters that may determine when

alpha oscillations serve to suppress distractors or not.

Paradigms necessitating distractor suppression

When investigating distractor suppression and alpha oscillations, one has to make sure that
the experimental design promotes distractor suppression. Indeed, in some of the
experiments used, there was not a need for distractor suppression per se. Recent reviews
have discussed the experimental details being important for the study of distractors
suppression [7,78-80]. According to these reviews and our analysis of the literature, a key
parameter promoting the need for anticipatory distractor suppression is related to the target
rather than the distractor. Importantly, the perceptual load of the target needs to be high.
This is aligned with the perceptual load theory [81] which holds that suppression of

unattended distractors is a consequence of an increased perceptual load. A model has been
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associated with this indirect inhibition or “secondary inhibition” [7] in which neurons
representing the distractors are not inhibited directly but via a competitive mechanism
following the top-down controlled facilitation of target processing. Consistent with this
perspective, the need for distractor suppression is promoted if its location is predictable by
knowing the cued target’s position [7,82], e.g. when the target is expected in the left lower
hemifield, this may implicitly predict the distractor in the right lower hemifield. However, two
recent studies which directly cue the distractor’s position, do report an alpha increase
related to anticipated distractors ([49,51]; see below). From these considerations, we
conclude that alpha oscillations, if related to functional inhibition, should be observed when
the location of the distractor, as well as the target, is predictable and the perceptual target
load is high. Indeed, higher anticipatory alpha power contralateral to the distractor was
observed in the high target load condition ([43] note there was also a more modest increase
in alpha power associated with the distractor load). The study also reported a behavioral
benefit of the alpha power increase in terms of distractor suppression when the target load
was low (see [83] for full discussion). In sum, perceptual load could be an important
precondition for distractor-related alpha power increases observed over parieto-occipital
areas (see Figure 2). Some of the reported discrepancies in regard to distractor related
alpha power are therefore likely explained by differences in demands associated with the

target.

Alpha power increases have, however, been shown to be modulated solely by the presence
of distractors compared to conditions without distractors [39,45,76,77]. The sole presence
of distractors can lead to an increase in alpha power compared to an experiment without
distractors ([39,40]).

Distractor suppression has also been investigated in statistical learning paradigms which
specifically hinge on altering environmental statistics, such as modifying the frequency of
distractors at similar locations or their features (e.g. [6,84—87]). It has been proposed that
the distractor suppression observed in these statistical learning paradigms would be related
to implicitly or explicitly learned expectations (see figure 2), i.e. inhibition of stimuli
representing the predictable distractors via hierarchical feedback processes to sensory
regions [7,79]. This is partly related to predictive coding models in which statistical
regularities of the environment are used to limit the processing of the less informative stimuli
[88-90]. One study using a statistical learning paradigm specifically studied the effect of

repeated distractor positions in visual search tasks and reported an robust alpha power
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increase [87]. However, other studies did not report alpha increases in statistical learning
paradigms [9,86,91]. It has been suggested that suppression mechanisms associated with
statistical learning may occur via synaptic changes rather changes in oscillatory dynamics
(e.g. [79]). However, the absence of alpha power increases in some of the statistical
learning paradigms could also be explained by the load of the target being low (see above),
a low level of competition between targets and distractors or other methodological aspects
detailed below. In short, it remains to be further investigated which factors result in a robust

distractor-related alpha power increase in statistical learning paradigms.

One aspect that has not been thoroughly explored is the effect of the distractors competing
with the targets (see also [80]). Such competition might result in decision interference, i.e.
the target features to process might compete with salient but irrelevant distractor features
(e.g. as in the Stroop tasks). The competition could also occur at the perceptual level when
targets and distractors have a high degree of similarity and/or spatial proximity. As we know
that the receptive fields increase in size along the visual hierarchy, it is possible that a
distractor and target are processed by different populations of neurons in early regions but
by partially overlapping populations in higher-order regions [92,93]. Without competition,
anticipatory inhibition of distractor processing may be of less importance. For instance, in
two studies mentioned above [6,91], the absence of a distractor-related alpha power
increase, might be explained by low interference from the distractors. On the contrary, in a
study which did show a distractor-related alpha power increase [43], faces were used as
stimuli and they might compete in the fusiform face area. Another study [49], which reported
an alpha power increase in a distractor-cue design, also used tasks with high
perceptual/decision competition (oriented lines at multiple locations; [51]). We suggest that
one important factor that may increase the need for alpha oscillations to suppress

distractors is the degree of competition between target and distractors.

Optimizing the detection of target and distractor related alpha modulations

We will here discuss which other parameters may facilitate the detection of alpha
modulation. Due to the relatively low spatial resolution of EEG and MEG, it is important to
ensure spatially separate neuronal sources processing distractors and targets (see [48]).
For instance, in two studies mentioned above [6,9], one of the possible target positions was
in the same hemifield as the distractor possibly making it difficult to isolate the alpha power
associated with the distractor (but see [91]). Another study which reported a distractor-
related alpha increase in a statistical learning paradigm, separated distractors and target
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positions as they could appear on the vertical center line or in the left or right hemifield [87]
(see also [53]). We advise using designs, where the dissociation between the neuronal
sources processing the targets and the distractors can be isolated and thereby related to
the alpha power modulation for instance by presenting the stimuli in different hemifields
(see [47]). Another study [49] applied an analysis based on the use of an inverted encoding

model.

The studies that did not report a link between alpha power increases and gain modulation
were based on the use of frequency tagging for measuring neuronal excitability while the
studies relating alpha oscillations and gain modulation used spike rates, gamma power,
early event-related potentials (e.g. C1) or BOLD signal. It is possible that when using
frequency tagging, even at high frequency, this could alter the detection of alpha oscillations
in early regions as discussed by [15]. For instance, each flicker from the tagging might
produce an unintended decrease in alpha power. This effect might explain the absence of
correlation between alpha power modulations and frequency tagging in early visual cortex
increase [3,5,43,50]. This could also explain the absence of alpha power decreases
contralateral to the attended side in some of these studies while it has been observed in
many more classical studies (see above). Even in [43], the alpha increase contralateral to
distractors was observed in occipital and temporal areas (including the fusiform) but not in
the early visual regions in which frequency tagging modulation was observed. The
hypothesis of the effect of frequency-tagging could be tested by localizing the alpha sources
in the presence and absence of frequency tagging. However, the optimal way to determine
whether alpha oscillations in sensory regions are associated with gain modulation is to use
animal recordings [94] which allow to investigate more precisely the link between alpha
power and simultaneous excitability or distractor-related response. As such, it might be wise
to complement the studies on frequency tagging with other approaches for assessing
neuronal excitability. This could involve quantifying the gamma band activity or the BOLD

signal in early visual regions.

Another potential issue is that oscillations at different alpha frequencies are involved and
they might interfere (e.g. [95,96]). In a working memory study [96], slow alpha oscillations
in the 8-10Hz range were associated with distractor suppression while faster 10-12Hz alpha
oscillations were associated with working-memory and feature-related processing. It might
therefore be important to study alpha oscillations in different frequency bands using tools

which allow for optimizing the frequency resolution [97].
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Another factor pertains to using jittered versus constant interstimulus intervals (ISIs). When
the ISl is constant, alpha phase adjustment has been observed, i.e. the alpha phase was
adjusted differently to the onset of anticipated targets or distractors [38,61,98]. Possibly,
when the timing is predictable, inhibition can rely on alpha phase adjustments and less so
on power modulations. However, the existence of phase adjustment in anticipation of
distractors is debated with three studies reporting an effect [38,61,98] (see also [99]) and
one which did not [100]. The use of alpha phase adjustment as an optimal brain mechanism
for distractor suppression in designs with predictive timing remains to be further explored.
Nevertheless, we note that the timing of the distractor was predictable in several
experiments which did not report distractor-related alpha power modulations [e.g. 6,72] and
we speculate that it could have been associated with an alpha phase adjustment.
Experiments comparing jittered versus constant ISI could be used to test this hypothesis.
Meanwhile, the use of jittered ISls would be recommended when investigating alpha

oscillations in relation to distractor inhibition.

A critical methodological and theoretical aspect involves oculomotor activity. Recent studies
have demonstrated a complex relationship between microsaccades and alpha modulation
[101,102]. It was shown that high microsaccadic activity was associated with low alpha
power, while low activity was related to high alpha power. Furthermore, it has been
demonstrated that the phase of alpha oscillations can predict saccade onset [101,102].
Given these links, it is essential to record eye-tracking data during EEG and MEG

experiments to disentangle cognitive and oculomotor influences on alpha oscillations.

Yet an important issue to consider is the relationship between alpha oscillations and
aperiodic activity which is also thought to reflect the ratio between excitatory and inhibitory
currents [105]. However, most of the studies cited in this review have not considered the
aperiodic activity in their analyses. In future work, it would be of great interest to consider
how an increase in alpha oscillations relates to the changes in aperiodic activity as

reflected in the 1/f slope of the power spectra [106].

It is also crucial to take into account the effect sizes might be lower for distractors as

compared to targets (see [80] for a thorough discussion of this issue). Detecting alpha
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modulations related to distractor suppression might result in longer paradigms to ensure

sufficient distractor trials

Extrastriate mechanisms supporting resistance to distractor interference

In this section, we discuss the alternative mechanisms to gain control in sensory areas that

may be involved in implementing resistance to distractor interference.

First, gain control may be implemented in the thalamus. An alpha increase could possibly
occur there but may not be detected using EEG/MEG [107]. Several fMRI studies have
indeed shown that attention modulations can be observed in the lateral geniculate (LGN)
using fMRI (e.g. [110]). Animal recordings could uncover the possibility of alpha oscillations

implementing gain control at the thalamic level.

In addition, many studies have shown attention-related modulations in the parietal cortex.
This parietal origin might explain the lack of correlation between alpha power and frequency
tagging in some studies [3,5,50]. In addition, an EEG study found that parietal alpha power
decreased when attention was divided across modalities or hemifields [41]. This may reflect
a gating mechanism beyond early visual regions [50], or it could indicate that alpha power
increase during sustained attention paradigms are associated with the stabilization of
attentional focus via inhibition of the ipsilateral parietal cortex (refer to [20] for a brief post-
cue increase that may also suggest a role for alpha oscillations in shifting attention). In line
with this idea, tACS studies have shown that 10 Hz stimulation over the left parietal cortex
induces a leftward bias in reaction times, i.e. a decrease of RT to targets presented in the
left-hemifield[109]. In addition, alpha oscillations, likely of parietal origin, often increase
ipsilaterally to the target in the absence of distractors (e.g. [23]), suggesting it could play a

role in stabilizing attention.

As an alternative action of alpha oscillations, resistance to distractors could be implemented
via changes in the inter-regional phase difference in the alpha-band leading to decreased
communication between higher-order and lower-order regions associated with the
processing of the distractor [110-114] . The local interactions between alpha and gamma

oscillations could further promote of block the information flow [113,114]. Therefore, not
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only alpha power but also inter-region connectivity reflected by alpha phase-synchronization
should be studied. In line with this idea, recent studies suggested that the direction of
travelling alpha waves could reflect the feed-forward and feedback flow of information [115—
117]. In a recent attention study [116], propagation from frontal to occipital areas increased
contralateral to the unattended hemifield (where distractors could occur) and was correlated
with frontal and occipital alpha power in line with a role in distractor suppression. However,
the functional role of the forward-travelling alpha waves during visual stimulation needs to

be further investigated [see also 115] (see Outstanding Questions).

Finally, it has been suggested that the inhibition of the so-called ventral attention network
(VAN) would prevent the capture of attention by competitive distractors ([119]; see Figure
2) and may be supported by an increase in the alpha/beta band power [120]. A study has
reported that alpha/beta power increases in the VAN results in lower distractor interference
[120]. The involvement of this mostly right lateralized network, independently of distractor
position, cannot be captured by contrasting between left versus right attention conditions.
We suggest further investigations of alpha-beta oscillations in the VAN and how they relate
to performances. Such a mechanism may be sufficient to prevent interference from

distractors in some attention tasks.

Concluding remarks

The link between alpha oscillations and distractor suppression has been challenged which
then has prompted a revision of the general framework. Given the diverging findings on the
role of alpha oscillations for distractor suppression, we have reviewed the literature to
identify the key experimental parameters that may explain the discrepancies. We discussed
that it is crucial to develop designs in which distractor suppression is observed behaviorally,
e.g. block design with high frequency of distractor or designs using targets with high load.
Recent studies suggest that alpha modulation is driven by the properties of the target, more
so than the saliency of the distractor. Finally, we propose that the degree of interference
and competition between the target and distractor are important factors. When there is little
interference between targets and distractors, modulations of alpha power in parietal or
ventral attention networks may be sufficient to prevent distraction. Analysis of both occipital
as well as dorsal and ventral parietal alpha activity will be important for uncovering how the

brain deals with distractors in different contexts (Figure 2). We believe that the debate
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regarding the role of alpha oscillations in distractor suppression presents a remarkable
opportunity to better define which neuronal mechanisms supported by alpha oscillations are
at play to control the flow of information when operating in complex environments (see box

2 and Outstanding Questions).

Outstanding questions

How are alpha oscillations top-down controlled? One possibility is that the frontal-eye field
exercises the control via the superior longitudinal fasciculus but a subcortical pathway
including the pulvinar might also be a play. A few studies have reported a role of the
frontal eye field, the dorsolateral prefrontal cortex and the pulvinar in controlling alpha

oscillations. Still, their specific roles need to be further elucidated.

What are the specific roles of occipital versus parietal alpha oscillations? Understanding
the specific functions of alpha oscillations in these regions could clarify their relationship to

different signal detection theory parameters, such as criterion and sensitivity.

Does the brain rely on alpha oscillations for distractor inhibition in more ecological settings
requiring fast distractor suppression? In the cases of natural viewing, in which people
typically saccade 3-4 time per second, inhibitory mechanisms working on fast time scales
must be considered as for instance beta (12-25Hz) bursts (see box 2) or fast synaptic
actions. Another possibility is that saccades are locked to the phase of ongoing alpha

oscillations to deliver pulses on inhibition aligned with saccades.

Are alpha oscillations involved in reactive suppression? While a lot of work has focused
on anticipatory or retro-cue-induced alpha activity, we need to understand the role of
alpha oscillations during reactive suppression, i.e. in response to, rather than in
anticipation of, distractors. This is in line with the idea that in ecological settings, it is not

necessarily possible to proactively inhibit the processing of distracting information.

13



Box1: The physiological origin of the alpha oscillations

While the functional role of alpha oscillations has been extensively investigated, the
underlying neuronal mechanisms remain elusive. Many studies suggest that beyond
cortico-cortical interaction, also cortico-thalamic interactions are important for the
generation of alpha. A neocortical generator was first reported using intracranial laminar
recordings in the visual cortex of dogs [121] where a phase-reversal of the alpha oscillations
was observed in deep cortical layers. This suggests the involvement of layers 5 and 6
pyramidal neurons in generating the alpha rhythm. Later, laminar recordings in macaques
have revealed alpha generators across all layers of the cortex (e.g. [124]), albeit some
would claim that the dominant generators are in the deep layers [67,71]. In addition, some
studies have reported distinct roles of the different thalamic nuclei in controlling the
neocortical alpha rhythms. For example, damage to the LGN has been linked to a reduction
of the amplitude of alpha oscillations [123]. Some neurons, the high threshold neurons
bursting cells, in the LGN can produce spiking activity at alpha frequency [107,124].
Interestingly, interneurons play a crucial role in generating this phasic activity in the
thalamus. Importantly, the phase of alpha oscillations in the visual cortex has been
associated with neuronal spiking in the LGN [125], a finding complemented by reports on
strong coherence between the LGN and neocortex [125] . Beyond the role of the LGN,
several studies have highlighted the involvement of the thalamic pulvinar nucleus in
controlling cortical alpha rhythms (e.g. [127]). Recent recordings in ferrets have revealed
that parietal cortex was controlling the alpha rhythm in the occipital cortex and the pulvinar.
This study further showed that fast-spiking interneurons were crucial for generating the
alpha rhythm in parietal cortex [128]. Unravelling the mechanism behind alpha generation
is crucial, in particular as a recent study has shown that this rhythm is widely distributed
across the cortex [129]. In summary, while further work is needed, it is clear that alpha
oscillations do not have a single origin but are the result of complex interactions involving

various brain regions including different subcortical areas and neocortical lamina.
Box2: The functional relationship between alpha and beta oscillations

This review focuses on alpha oscillations which are considered a leading candidate for
functional inhibition in attention tasks. However, beta activity also warrants a thorough
investigation, especially given its occurrence in short bursts). Traditionally associated with
motor inhibition, beta activity has recently been implicated in other inhibitory roles, such as
executive control of working memory or in visual discrimination involving crowding (see

[131] for a comprehensive review). As noted in the Outstanding Questions, the timing and
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duration of inhibition may be critical in determining whether alpha or beta activity
predominates. These two reflections of functional inhibition may also be linked to distinct
cognitive processes. For example, a recent working memory study involving distractors [63]
demonstrated that the rate of posterior alpha bursts increased during distractor
presentation. In contrast, beta bursts increased following distractor presentation, and this
effect was interpreted to regulate the transition from sensory processing to working memory
retention. Interestingly, the activity observed in the ventral attention network (VAN)
encompassed both alpha and beta frequencies [120]. Trial-by-trial analyses and specific
designs could shed light on whether these frequencies co-occur or fluctuate over time,

offering further insights into their distinct or complementary roles in cognitive processes.

Figure Legends

Figure 1 Examples of paradigms used for testing the link between alpha power and

distractor suppression.

A. Working memory tasks involve presenting a set of items that are later compared to a
probe. During the retention phase, a distractor may be introduced. These tasks were
among the first to challenge the notion of the alpha rhythm as an idling rhythm, as they
demonstrated that alpha power increases with the number of items held in working
memory during retention[1]. Importantly, the alpha power during the retention interval was

found to predict the ability to suppress distractors [61,65].

B. A typical paradigm used to explore the functional role of alpha oscillations in spatial
attention tasks involves participants being cued to detect targets in either the left or right
hemifield. Items in the unattended hemifield are considered distractors. Related
paradigms have been applied in the somatosensory and auditory domains[39,49,62].
However, this class of paradigms has yielded mixed results regarding whether alpha
oscillations serve to inhibit distractors Several adaptions of this paradigm have since been
implemented. For example, frequency tagging of both the target and distractor has been
used to test the link between alpha power and neuronal excitability [3,44]. These studies
did not find a correlation between the frequency tagging signal and alpha power, raising
questions about whether alpha oscillations function by modulating gain control in the early
visual cortex. This null finding has led to the hypothesis that alpha oscillations may instead
regulate gating or stabilization of the attentional focus in the posterior parietal cortex.

Another significant recent development involves manipulating both the perceptual load of
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the target and the saliency of the distractors [43]. MEG findings suggest that the

perceptual load of the cued target is a strong predictor of distractor-related alpha power.

Figure 2. The functional role and control of alpha oscillations. Various tasks have
converged on the notion that the feed-forward sensory flow is modulated by alpha inhibition
in early visual regions by gain control. Alpha oscillations often measured in the posterior
parietal cortex might reflect gating mechanisms [50] or stabilization of the attention focus.
The possibility of the implementation of gain control by alpha oscillations in thalamus LGN
needs to be explored further. Alpha oscillations in the ventral attention network might further
reflect the resistance to attention capture by salient events and include the ventral parietal
cortex, the right temporo-parietal junction and the ventral prefrontal cortex [120]. Top-down
control of alpha oscillations is likely implemented in the dorsal attention network with the
frontal eye-field playing a prominent role; however, the pulvinar has also been shown to
partake in the control [70,127].

Table. Key hypotheses and lists of references in favor or against each of them

* Studies in which only a subgroup of participants exhibited alpha increase during the task
(e.g. participants with high baseline alpha in Rhis et al. 2009)

%%

alpha power during, not in anticipation of, distractor processing was related to
performances in this study.

*** These studies did show an increase of alpha with the presence of distractors, but this
increase was not further modulated by distractor strength.

**** |n this study, a link between alpha oscillations and the evoked potentials Pd has been
shown. This result is relevant even though the Pd is thought to be a marker of distractor
suppression rather than to directly excitability
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Key hypotheses

yes

no

Alpha power increases prior to
anticipated distractors

Visual atrention tasks: Antonov et al., 2020; Capilia et al., 2014; Frey st al., 2014a; Frey
etal., 2014b; Green et al., 2017; Gundlach et al., 2020; Gutteling et al., 2022; Ikkai et al.,
2016"; Kelly et al., 2006; Rihs et al., 2007, 2009*; Résner et al., 2020; Sauseng et al.,
2009; Siegel et al., 2008; Wildegger et al., 2017; Zhao et al., 2023; Zhigalov & Jensen,
2020; Zoest et al., 2021;

Other sensory attention tasks: Bollimunta et al., 2008; 2011; Diepen & Mazaheri, 2017;
Gomez-Ramirez et al., 2011; Haegens et al., 2012; Klatt et al., 2020; Wostmann et al.,
2017, 2019; Mazaheri et al., 2014; Snyder & Foxe, 2010

Working memery tasks: Bonnefond & Jensen, 2012; Liljefors et al., 2023; Payne et al.,
2013; Sauseng et al., 2009; Magosso et al. 2024

Visual artention tasks: Dombrowe & Hilgetag, 2014, Gould et al., 2011; Ikkai et al.
20186"; Kelly et al., 2009; Rhis et al. 2009"; Thut et al., 2008; Trenner et al., 2008;
Voytek et al., 2017; Wildegger et al., 2017; Worden et al., 2000; Wyart & Tallon-
Baudry, 2008; Noonan et al., 2016; Ferrante et al., 2023; van Moorselaar et al., 2021;
van Moorselaar & Slagter, 2019

***Poch et al., 2018; Résner et al., 2020; Haegens et al., 2012; Sghirripa et al., 2021

Distractor related alpha
increases predict better
performance

Visual attention tasks: Rosner et al., 2020; Bollimunta et al., 2008; Capilla et al. 2014,
Gutteling et al., 2022; Haegens et al., 2012; Mazaheri et al., 2014; Payne et al., 2013;
Sauseng et al., 2009; Wostmann et al., 2019**; Zhao et al. 2023

Bonnefond & Jensen, 2012;

Visual attention tasks: Antonov et al., 2020; Diepen & Mazaheri, 2017; Zhigalov &
Jensen, 2020; Siegel et al. 2008

Alpha is modulated in early
sensory or feature specific
regions

Visual attention tasks: Gutteling et al., 2022; Green et al., 2017; Siegel et al., 2008
Other sensory attention 1asks: Haegens et al., 2012; Snyder & Foxe, 2010; Jokisch &
Jensen, 2007

Working memory tasks: Bonnefond & Jensen, 2012

Visual artention tasks: Antonov et al., 2020; Gundlach et al., 2020; Zhigalov &
Jensen, 2020

An increase in alpha power
predicts decreased neuronal
excitability

Autention, working memory, resting and perceptual tasks: Bonnefond & Jensen, 2015;

Buffalo et al., 2011; Dougherty et al., 2015; Haegens, Nacher, et al., 2011; Popov et al.,
2017, Spaak et al., 2012; Green et al., 2017; Scheeringa et al., 2009, 2011, Zumer et al.,
2014; Dou et al., 2021; lemi &t al., 2018; see also Zoest et al. 2021***

Visual attention tasks: Anfonov et al., 2020; Gundiach et al., 2020; Gutteling et al.,
2022; Zhigalov & Jensen, 2020
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