
Much of the work on neuronal synchronization has focused on 

beta (14–30 Hz) and gamma (30–200 Hz) frequency band activi-

ties. In the lower frequency regime, delta (1–4 Hz), theta (4–8 Hz), 

and alpha (8–14 Hz) frequency band oscillations appear to be able 

to support long-distance cortical interactions and would thus be 

particularly suitable for large-scale cognitive integration (Kopell 

et al., 2000; von Stein et al., 2000; Palva et al., 2005a). Interestingly, 

their period is also in the time-scale of perceptual, cognitive, and 

motor operations as reflected in a body of psychophysical data 

(VanRullen and Koch, 2003; Palva and Palva, 2007). While several 

lines of evidence indeed link at least local delta- (Lakatos et al., 

2008) and theta-band (Romei et al., 2011) rhythmicity with active 

neuronal processing for cognitive functions, the data on local ampli-

tude dynamics of alpha-band oscillations suggest an opposite role.

In this review, we explore some recent studies addressing the 

functional correlates of alpha-band phase and amplitude dynamics 

both in local and large-scale cortical networks from the viewpoints 

of two alternative, albeit not mutually incompatible, hypotheses: 

the inhibition hypothesis and the active-processing hypothesis. We 

advance here a framework for reconciling these views and sug-

gest that the characterization of alpha-band inter-areal and cross-

frequency (CF) phase interactions is critical for understanding the 

functional significance of alpha oscillations in human brain.

INHIBITION VS. ACTIVE-PROCESSING HYPOTHESES – 

POSSIBILITIES FOR A UNIFIED FRAMEWORK?

The functional role of local alpha-band oscillations is widely con-

sidered to be the inhibition of corresponding local cortical process-

ing. Phenomenologically, large-amplitude alpha oscillations appear 

to suppress task-irrelevant processing and small-amplitude alpha 

to reflect an overall disinhibited state where active-processing is 

facilitated (Ray and Cole, 1985; Pfurtscheller, 2003; Klimesch et al., 

INTRODUCTION

Human perceptual and mental experiences are serial, introspec-

tively coherent, and have a limited capacity of three to four objects 

(Luck and Vogel, 1997; Marois et al., 2004; Vogel and Machizawa, 

2004). Yet, the underlying neuronal processing is parallel, distrib-

uted, and has a very large capacity. The systems-level neuronal 

mechanisms that bind scattered neuronal activity into serial, 

capacity-limited cognitive operations have remained poorly 

understood.

A large body of data suggests that synchronized neuronal oscil-

lations could serve such a binding role through coordination and 

regulation of both local processing and inter-areal interactions 

(Womelsdorf et al., 2006; Womelsdorf and Fries, 2007; Lakatos 

et al., 2008; Cardin et al., 2009; Singer, 2009). Two physiological 

mechanisms underlie the putative functional significance of neu-

ronal synchronization and oscillations. First, synchronized syn-

aptic excitation is much more likely to evoke an action potential 

in a downstream neuron than temporally uncorrelated inputs. 

Synchronization thus endows a neuronal population an advantage 

in the competition of engaging the target neurons (Singer, 1999; 

Uhlhaas et al., 2009). Second, rhythmic membrane potential fluc-

tuations enhance neuronal excitability (Pastor et al., 2002) in one 

phase of a cycle and suppress it in the other. Therefore, oscillations 

impose excitability windows that are in a position to be powerful 

temporal regulators of neuronal activity and to thereby facilitate 

inter-areal interactions with appropriate phase differences while 

suppressing inputs from uncorrelated or out-of-phase assemblies. 

Neuronal oscillations, in general, may thus play the key mechanis-

tic role in coordinating inter-areal communication (Fries, 2005) 

and neuronal collectivity, and thereby mechanistically underlie 

the integration of anatomically distributed neuronal activity into 

coherent cognitive states.
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2007). Mechanistically, this is thought to be achieved in a phasic or 

“pulsing” manner, where one phase of the alpha cycle is associated 

with gross inhibition of neuronal activity in the underlying local 

cortical circuitry so that the effectivity of this inhibition is correlated 

with the magnitude of the macroscopic alpha oscillation (Klimesch 

et al., 2007; Mathewson et al., 2009; Jensen and Mazaheri, 2010). 

Functionally, this kind of inhibition could play a role in gating infor-

mation flows by imposing an attentionally controlled “closed gate” 

to task-irrelevant information (Gould et al., 2011; Haegens et al., 

2011). Along the lines of this “inhibition hypothesis,” several stud-

ies indeed show both anticipatory and post-stimulus alpha-band 

amplitude decreases from baseline levels in task-relevant regions 

and increases in the presumably task-irrelevant regions according 

to perceptual, attentional, and working memory task demands (for 

reviews, see Klimesch et al., 2007; Jensen and Mazaheri, 2010). The 

task-relevant regions are typically considered to be sensory regions 

in the hemisphere contralateral to the task-relevant stimuli (Thut 

et al., 2006; Klimesch et al., 2007; Jensen and Mazaheri, 2010). The 

enhancement of alpha oscillations is also correlated with successful 

suppression of task-irrelevant information at the behavioral level 

(Sauseng et al., 2009). Trans-cranial magnetic stimulation (TMS) 

studies corroborate this notion by showing that exogenously evoked 

alpha oscillations in task-relevant sensory regions suppress per-

ceptual performance (Romei et al., 2010) and that a disruption of 

anticipatory alpha amplitude suppression by TMS degrades behav-

ioral performance (Capotosto et al., 2009). Moreover, alpha-band 

TMS of regions ipsilateral to task-relevant sensory information 

and contralateral to distractors supports distractor suppression 

and enhances the behavioral outcome (Sauseng et al., 2009; Romei 

et al., 2010).

Converging evidence thus indicates that the amplitude of alpha-

band oscillations is negatively correlated with cortical excitability 

and task performance in sensory cortices (see also Romei et al., 

2008) and, as reflected in the blood-oxygenation level dependent 

(BOLD) signal in functional magnetic resonance imaging (fMRI) 

recordings, also in the dorsal attention network (Laufs et al., 2003; 

Sadaghiani et al., 2010). It may, however, be premature to conclude 

that alpha oscillations serve exclusively an inhibitory purpose. As 

discussed below, alpha-band oscillations in several cognitive tasks 

are enhanced in frontal and parietal regions as well as in sensory 

regions high in the processing hierarchy (Jensen et al., 2002; Palva 

et al., 2005a, 2011; Haegens et al., 2011; Mo et al., 2011). In many 

cases, categorization of these high-level regions as task-relevant 

or irrelevant is not straightforward and therefore the amplitude 

increase can be interpreted to reflect either inhibition of task-

irrelevant activity or integration of task-relevant processing per 

se. Moreover, a majority of research on alpha oscillations has used 

the oscillation’s amplitude as an index of synchronization in the 

underlying neuronal population. Many factors other than synchro-

nization can influence the macroscopic oscillation amplitudes and 

the amplitudes cannot index long-range synchronization. Hence 

it is not easy to draw physiological conclusions from amplitude 

data. In fact, an accumulating body of data shows that alpha ampli-

tude suppression may be associated with a concurrent increase 

in inter-areal alpha-band phase synchrony (Freunberger et al., 

2008, 2009; Doesburg et al., 2009; Palva et al., 2010) of which the 

behavioral relevance implies an active role for alpha rhythmicity 

in cognitive operations. This possibility can be formulated into an 

“active- processing hypothesis” where the phase dynamics of alpha 

oscillations play a role in coordinating neuronal processing also in 

task-relevant cortical structures (von Stein et al., 2000; Palva and 

Palva, 2007). In this framework, the inter-areal alpha phase interac-

tions directly support the neuronal processing underlying higher-

level attentional, executive, and task-set maintenance functions.

In this review, we suggest that the inhibition and active-processing 

hypotheses could be reconciled by considering that inhibition at lower 

sensory and motor levels is, in fact, a key property of the higher-level 

frontal functions (Aron et al., 2004; Congdon et al., 2010), and could 

be mechanistically achieved by top-down alpha phase interactions.

ALPHA PHASE DYNAMICS REFLECT PERIODIC EXCITABILITY 

FLUCTUATIONS AND PREDICT BEHAVIORAL PERFORMANCE

A growing body of electroencephalography (EEG) data shows that 

the phase of local theta- and alpha-frequency oscillations prior to the 

stimulus onset influences both the subsequent neuronal responses 

and stimulus perception (Busch et al., 2009; Mathewson et al., 2009, 

2010; Busch and VanRullen, 2010). This observation is salient in 

theta/low-alpha-bands in threshold-stimulus detection tasks (TSDTs; 

Palva and Palva, 2011) in the visual modality (Busch et al., 2009; 

Mathewson et al., 2009; Busch and VanRullen, 2010), where stim-

uli arriving at one phase of the ongoing oscillation are more likely 

to reach sensory awareness than stimuli presented at the opposite 

phase. A similar effect in the alpha-band has also been reported in 

a visual entrainment task (Mathewson et al., 2010) although in the 

latter, it may be biased by concurrent amplitude and event-related 

dynamics. These systems-level data are thus in line with the cellular-

level concept of neuronal oscillations reflecting cyclic membrane 

potential fluctuations and alternating phases of low and high excit-

ability. Importantly, in the theta/low-alpha-band, the phase bias phe-

nomenon is stronger for the attended than for the ignored visual 

hemifield (Busch and VanRullen, 2010), which is in line with the 

active-processing hypothesis and suggests that cyclic excitability fluc-

tuations occur in task-relevant cortical regions and underlie periodic 

perceptual processing. Alternatively, if this periodicity was attribut-

able to oscillations in task-irrelevant brain regions (Klimesch et al., 

2007; Mathewson et al., 2009; Jensen and Mazaheri, 2010), it could be 

interpreted to reflect a periodic leakage of irrelevant information at 

un-inhibited phases that hinders task-relevant neuronal processing.

These studies thus support the idea that the alpha-, along with 

delta-, theta-, and beta-band phase dynamics impose time-windows 

that segment the neuronal processing underlying perceptual, atten-

tional, cognitive, and motor actions into discrete periods. A similar con-

cept was, in fact, proposed already in 1947 by Pitts and McCulloch and 

in 1948 by Wiener who suggested that alpha oscillations could reflect 

a clock-like scanning rhythm that serves a gating function (Wiener, 

1948). Later Nunn and Osselton (1974) considered alpha-phase-

related perceptual modulations to imply a shutter-like mechanism.

In addition to biasing the detection probability of weak sensory 

stimuli, alpha-band phase dynamics modulate also the speed of 

processing. Reaction times (RTs) to flashes were in the 1960s found 

to depend of the phase of the posterior alpha cycle (Callaway and 

Yeager, 1960). More recently, also saccadic RTs were found to be 

modulated by the alpha phase prior to target detection (Drewes 

and Vanrullen, 2011). Alpha phase affected the saccadic RTs also 

in several cognitive tasks with varying task difficulties so that in a 

difficult task, the effect was most pronounced in subjects with fast 

Palva and Palva Functional roles of alpha oscillations

Frontiers in Psychology | Perception Science  September 2011 | Volume 2 | Article 204 | 2

http://www.frontiersin.org/perception_science/
http://www.frontiersin.org/perception_science/archive


corroborates that alpha oscillations reflect periodic excitability fluc-

tuations (Bollimunta et al., 2008; Mo et al., 2011). This kind of a 

correlation is evident also in human electro-corticogram record-

ings where the alpha phase is correlated with gamma-frequency 

band amplitude fluctuations (Voytek et al., 2010; Maris et al., 2011). 

Several lines of data show that alpha oscillations in the early visual 

regions, V1, V2, and V4 are mechanistically different from those in a 

higher-order visual regions of the IT cortex (Bollimunta et al., 2008, 

2011). In early visual regions, the infra-granular layer acts as a pace-

maker driving the granular and supra-granular layers whereas in IT, 

the supra-granular layer has the driver function. Moreover in V1, the 

alpha rhythm is driven by a cortico-thalamo-cortical loop whereas 

in V2 and V4, cortico-cortical interactions dominate. (Bollimunta 

et al., 2011). In line with the inhibition hypothesis, alpha amplitude 

in V1, V2, and V4 was positively correlated with behavioral perfor-

mance in an auditory task. However, in IT, the alpha amplitude was 

negatively correlated with the behavioral outcome, which indirectly 

supports an active attentional rather than a distractor-suppressing 

role for alpha in IT (Bollimunta et al., 2008). Direct evidence for 

this notion was obtained more recently in a study where the alpha 

oscillations were observed in LFP recordings in IT during an inter-

modal selective attention task (Mo et al., 2011). Alpha amplitude in 

IT was stronger during visual than during auditory attention and 

was positively correlated with both MUA and local gamma-band 

responses. These data indicate that in this high-level visual region, 

the alpha oscillations play an active and task-relevant role.

These data thus show that both the mechanisms and functional 

roles of alpha oscillations may vary along the cortical processing 

hierarchy. Specifically, there appears to be a mechanistic transi-

tion so that active-processing in early sensory regions is associated 

with decreased alpha amplitudes and attenuated synchronization 

(Bollimunta et al., 2008, 2011) whereas in attentional, executive, 

and higher-level sensory regions, alpha amplitude (Mo et al., 2011), 

and synchronization (von Stein et al., 2000) are positively correlated 

with task-related neuronal processing and local cortical excitability.

POST-STIMULUS ALPHA-BAND AMPLITUDE DYNAMICS AND 

THEIR CORRELATION WITH TASK PERFORMANCE

Alpha amplitude is typically decreased after the sensory stimuli in cor-

tical regions where the stimuli are processed. This amplitude decrease, 

also called event-related desynchronization, is often taken to reflect a 

state of increased neuronal excitability or disinhibition (Pfurtscheller, 

2003). It has also been long known that internally oriented process-

ing such as working memory maintenance may enhance rather than 

suppress alpha-band amplitudes (Ray and Cole, 1985; Busch and 

Herrmann, 2003; Leiberg et al., 2006; Grimault et al., 2009; Haenschel 

et al., 2009), which has been suggested reflect response inhibition 

and/or inhibition of distracting sensory inputs or the maintenance 

of task-irrelevant distractor information (Ray and Cole, 1985; Jokisch 

and Jensen, 2007; Klimesch et al., 2007; Tuladhar et al., 2007).

Recent MEG studies show that alpha amplitudes are positively 

correlated with memory-load in working memory tasks and suggest 

that these oscillations originate from occipito-parietal brain regions 

(Jensen et al., 2002; Osipova et al., 2006; Medendorp et al., 2007). 

We have recently investigated oscillation amplitude modulations 

in a delayed-match-to-sample task in which subjects memorized a 

Sample stimulus containing one to six colored squares for a 1.1-s 

memory retention period (Figure 1A). At the end of the retention 

RTs. On the other hand, another study found that fast saccades 

are associated with weaker inter-trial alpha coherence than the 

slower saccades (Hamm et al., 2010), although in this study, the 

task was easy and not directly comparable to the previous study.

Finally, as independent observations of the cortical excitability 

fluctuations in the alpha-band, the pre-stimulus alpha phase is 

correlated with the magnitude of a visually evoked BOLD response 

in early visual regions (Scheeringa et al., 2011) as well as with the 

strength of the evoked responses in EEG (Brandt et al., 1991; Barry 

et al., 2004). Taken together, these data demonstrate that alpha, like 

oscillations in other frequency bands, underlies cyclic modulations 

of neuronal excitability. However, depending on the view taken, the 

data support both the inhibition and the active-processing hypoth-

esis because the cortical regions underlying the observed phase 

effects have not been identified so far. MEG/EEG source modeling 

will be important in further studies on this issue.

LOCAL FIELD POTENTIAL AND MULTI-UNIT ACTIVITY 

RECORDINGS REVEAL FUNCTIONALLY DISTINCT 

ALPHA-BAND OSCILLATIONS

Unlike non-invasive MEG and EEG recordings, local field potential 

(LFP) and multi-unit activity (MUA) recordings provide valuable 

information of cellular-level characteristics of alpha-band oscilla-

tions. Concurrent LFP and MUA recordings reveal how the phase 

and amplitude of ongoing LFP oscillations are correlated with 

MUA in different cortical regions and layers. While LFP rhyth-

micity reflects local synchronized neuronal population activity that 

could be related to oscillations recorded at the scalp level, MUA 

can be considered to be an indicator of gross cortical excitability.

Lateral geniculate nucleus (LGN) is a key thalamic region in 

the transmission of visual information to the cortex and LGN and 

the thalamo-cortical (TC) neurons therein exhibit intrinsic burst 

firing at alpha frequencies, which was thought originally to act 

as a pacemaker rhythm for cortical alpha oscillations (Andersen, 

1968). Later studies showed that thalamic alpha-band burst firing 

may occur both in synchrony with and independently of corti-

cal EEG alpha-band oscillations (Lopes da Silva et al., 1973, 1974, 

1980). Because thalamic burst firing was thought to lead to unreli-

able and imprecise information transmission (Silva et al., 1991), 

alpha-band activity was suggested to reflect a “closed” thalamic 

gate (Pfurtscheller, 2003). Several recent studies have shown that 

thalamus is indeed a key region in coordinating the cortical alpha-

band activity (Hughes et al., 2004; Hughes and Crunelli, 2007) 

but also that alpha is not necessarily associated with all-or-none 

gating of information transmission. First, thalamic neurons relay 

information also in the bursting mode (Sherman, 2001; Nicolelis 

and Fanselow, 2002). Second, thalamic high threshold bursting is 

associated with EEG alpha oscillations (Hughes et al., 2004; Hughes 

and Crunelli, 2007). Third, in the LGN relay mode, TC neurons may 

divide into two anticorrelated neuronal coalitions, one of which 

shows cyclic suppression in the negative and the other in the positive 

alpha peak (Lorincz et al., 2009). Alpha-band oscillations may thus 

support qualitatively different modes of information transmission 

and may be concurrently associated with both suppression of com-

munication and active information processing.

At the cortical level, recordings from visual regions V2, V4, and 

inferotemporal (IT) of behaving monkeys show that the MUA and 

gamma-band activity are correlated with alpha phase, which  further 
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period, a Test stimulus was presented and the subjects indicated 

with a forced-choice response whether the squares in the Test were 

colored as in the Sample. We used combined MEG and EEG (M/

EEG) to record ongoing neuronal activity and cortically constrained 

minimum-norm-estimates for single-trial source reconstruction. 

We found that during visual working memory (VWM) mainte-

nance, alpha-band amplitudes were load dependently strengthened 

in fronto-parietal regions together with beta- and gamma-band 

amplitudes, despite being load dependently suppressed in the 

visual regions (Palva et al., 2011; Figure 1B). The co-localization 

of alpha with beta and gamma oscillations that often are associ-

ated with active information processing (Fries, 2009; Singer, 2009) 

is also in line with the above mentioned recordings from mon-

key IT where alpha-band amplitudes were associated with active 

task-relevant neuronal processing (Mo et al., 2011). In addition, 

since frontal and parietal regions are thought to underlie atten-

tional and central executive functions in VWM as indexed by fMRI 

(Prabhakaran et al., 2000; Rowe et al., 2000; Sakai et al., 2002; Curtis 

and D’Esposito, 2003; Petrides, 2005) as well as lesion (Voytek and 

Knight, 2010) studies, the fronto-parietal localization of the positive 

memory-load dependence of alpha-band oscillations is suggestive 

of an attentional functionality in VWM retention. In contrast to the 

alpha-band, beta-, and gamma-band amplitudes were load depend-

ently strengthened also in several visual regions suggesting that 

they support the maintenance of visual information per se in the 

VWM. This finding further corroborates that in the lower levels 

of cortical hierarchy decreased alpha-band amplitudes may reflect 

cortical excitation associated with stimulus processing.

Alpha-band amplitude may also be increased in other atten-

tion demanding tasks. In recent years, several studies have shown 

that the capacity of and the ability to coordinate visual attention 

(Green and Bavelier, 2003; Rueda et al., 2005) and working memory 

(Buschkuehl et al., 2008; Jaeggi et al., 2008) may be enhanced by 

computerized cognitive training for example by video games in 

healthy adults. Intriguingly, alpha-band power has recently been 

shown to be increased after video game training period in dual task 

performance that required the subjects to enhanced attentional 

switching (Maclin et al., 2011). This result is in line with observa-

tion of a positive correlation of alpha oscillations with BOLD signal 

(Sadaghiani et al., 2010) in the inferior frontal, insular, and cingulate 

FIGURE 1 | Alpha-, beta-, and gamma-band amplitudes are positively 

correlated with visual working memory (VWM) load in fronto-parietal 

cortical regions during the retention period. (A) A schematic representation 

of the VWM paradigm in this study. The subjects sustained a memory of the 

Sample stimulus and indicated with a force-choice response whether the Test 

stimulus was identical to the Sample or not. The stimuli contained one to six 

colored squares in random locations and in the 50% of Test stimuli, the color 

of one square was different from the color in the Sample stimulus. (B) Cortical 

localization of the memory-load dependence of oscillation amplitudes during 

the memory retention period (0.4–1 s). The complete cortical surfaces are 

flattened and oriented so that the anterior–posterior axis corresponds to 

up–down direction, respectively. The color values indicate the correlation 

coefficients obtained across subjects of the oscillation amplitude with the 

number of objects in the stimuli. The correlation values are shown for cortical 

regions that were significantly correlated with memory-load. Adapted from 

Palva et al. (2011).

Palva and Palva Functional roles of alpha oscillations

Frontiers in Psychology | Perception Science  September 2011 | Volume 2 | Article 204 | 4

http://www.frontiersin.org/perception_science/
http://www.frontiersin.org/perception_science/archive


 sensory regions as well as in higher levels of the cortical hierarchy. 

Analysis-wise, such phase reorganization is not easy to differentiate 

from a phase bias caused by evoked responses. Nevertheless, the 

specificity of these phase effects to the alpha-band is an indication 

of the involvement of oscillatory mechanisms. For instance, in a 

somatosensory TSDT, alpha-band phase-locking to somatosensory 

stimuli presented at the threshold of detection is much stronger 

for the consciously perceived than for the unperceived stimuli in 

somatosensory regions (Palva et al., 2005b; Figure 2A). Moreover, 

alpha-band stimulus locking was observed exclusively for the 

cortices that play a key role in this cognitive function (Dosenbach 

et al., 2008) as well as with our observations that these regions can 

become transiently coupled by alpha-band phase synchronization 

with specific task-relevant networks (Palva et al., 2010a).

LOCAL ALPHA PHASE DYNAMICS REFLECT TASK-RELEVANT 

NEURONAL PROCESSING

Several studies demonstrate that phase-locking of local ongoing 

alpha oscillations to stimulus onset, as measured with a phase-

locking value or inter-trial coherence, is prominent in early 

FIGURE 2 | Post-stimulus phase dynamics of ongoing brain activity in 

frontal brain regions play a role in perception and working memory 

encoding. (A) Phase-locking of ongoing alpha, but not of theta or beta 

oscillations to threshold-level somatosensory stimuli dissociates conscious 

detection from unconscious stimulus processing. Cortically widespread 

phase-locking in the alpha-band was observed for perceived stimuli but not 

for the unperceived stimuli both in signals from a large set of MEG 

gradiometers over frontal regions (upper panel) as well as in signals from a 

single sensor over the putative contralateral primary somatosensory region 

(lower panel). Adapted from Palva et al. (2005b). (B) Cortical localization of 

evoked responses, positive oscillation amplitude modulations, and phase-

locking to stimulus onset to Sample VWM stimuli (see Figure 1) of broadband 

(1–45 Hz) ongoing brain activity at the latencies of the P1 and N1 components 

of the visual evoked response. Unlike evoked responses (left panel), 

phase-locking (right panel) is observed in widespread and task-relevant frontal 

cortical regions. Conversely, enhanced oscillation amplitudes (middle panel), 

which are indicative of true stimulus-evoked additive components, are 

observed only in early visual regions. Color values indicate the response 

strength in significantly activated cortical regions. Adapted from Palva et al. 

(2011).
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 coordination in alpha as well as in other frequency bands could 

be reflected in phase synchronization that is associated with a spe-

cific inter-areal phase difference, which subsequently facilitates or 

suppresses neuronal communication between these areas (Fries, 

2005; Palva and Palva, 2007). However, only a few studies have 

explored inter-areal interactions in the alpha-band and their role 

in regulating inter-areal communication.

In a visuo-tactile integration task, the strength of occipito-tem-

poral alpha-band coherence in EEG was positively correlated with 

psychophysical task performance at the single-trial level (Hummel 

and Gerloff, 2005). In an attention task where the subjects were 

cued to attend stimuli in one hemifield and ignore those in the 

other, the alpha-band phase synchrony was pronounced between 

task-relevant regions (inferior occipital gyrus and superior parietal 

lobule) in the hemisphere contralateral to the attended hemifield 

despite the concurrent amplitude suppression (Doesburg et al., 

2009). Similar emergence of task-relevant long-range phase syn-

chronization in the alpha-band with simultaneous local amplitude 

suppression was also observed to characterize successful memory 

maintenance (Freunberger et al., 2009) and during recognition 

of meaningful pictures (Freunberger et al., 2008). In an MEG 

study using a continuous mental calculation task involving para-

metric working memory-load and a resting-state condition, we 

observed that the working memory processing was associated with 

strengthening of phase synchrony in large-scale networks in alpha-, 

beta-, and gamma-bands (Figure 3). While these networks were 

qualitatively similar, the load dependent synchronization was most 

detected stimuli in frontal and parietal sites. Another study shows 

that attention enhances both the phase-locked response and non-

phase-locked alpha-band amplitude in the secondary somatosen-

sory cortex (Dockstader et al., 2010). In VWM tasks, the alpha-band 

phase-locking is associated with the encoding of stimulus repre-

sentations into VWM (Freunberger et al., 2009; Haenschel et al., 

2010; Palva et al., 2011). The phase-locking of ongoing activity to 

VWM sample stimuli is anatomically more widespread than early 

amplitude increases or evoked responses at the same latency and 

involves also the frontal brain regions (Figure 2B; Palva et al., 2011). 

A phase reset of ongoing alpha oscillations could thus play a role in 

coordinating the large-scale fronto-parietal networks during VWM 

encoding. In this vein, the alpha-band phase-locking to memorized 

stimuli is lower in schizophrenic patients than in normal subjects 

so that the degradation of alpha-band phase-locking is correlated 

with the magnitude behavioral deficits in the patients (Haenschel 

et al., 2010). Post-stimulus alpha phase dynamics in local cortical 

networks are thus linked to both neuronal processing and behav-

ioral performance in several cognitive tasks.

ALPHA-BAND PHASE SYNCHRONY IN MEG AND EEG IS 

CORRELATED WITH COGNITIVE TASK PERFORMANCE

Converging evidence thus indicates that peri-stimulus cortical pro-

cessing and behavioral outcome are correlated with alpha phase 

dynamics. However, neuronal processing is distributed anatomi-

cally and local phase dynamics conceivably must be coordinated 

across brain regions to support task-related processing. This 

FIGURE 3 | Long-range phase synchronization in the alpha- and to a lesser 

extent in the beta- and gamma-frequency bands is enhanced during the 

performance of a continuous working memory task (left panels) in planar 

MEG gradiometer data. Concurrent cross-frequency phase synchrony 

between the alpha- and beta-/gamma-frequency bands was also robustly 

enhanced (right panels). The connectivity matrices indicate the strength of 

synchronization relative to a rest condition in each MEG gradiometer pair 

(A, anterior; P, posterior). Adapted from Palva et al. (2005a).
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 dependent alpha synchronization was observed in fronto-parietal, 

cingulate, and insular cortices concurrently with synchronization in 

the beta- and gamma-band networks (Palva et al., 2010a; Figure 4). 

These cortical regions have earlier been identified in VWM stud-

ies using fMRI (Prabhakaran et al., 2000; Rowe et al., 2000; Munk 

et al., 2002; Pessoa et al., 2002; Mohr et al., 2006) suggesting that 

the hubs of oscillatory communication networks could coincide 

with the hot spots revealed in task-related fMRI studies. These 

regions also overlapped with those showing oscillation amplitude 

modulations (cf. with Figure 1B). As the fronto-parietal regions are 

thought to underlie the attentional and central executive functions 

of VWM (Prabhakaran et al., 2000; Rowe et al., 2000; Sakai et al., 

2002; Curtis and D’Esposito, 2003; Petrides, 2005), the alpha-, beta-, 

and gamma-band phase interactions appear to concurrently sup-

port these functions. Importantly, the hubs of the VWM retention 

period alpha-band network were more frontal than those of the 

beta- and gamma-band networks, suggesting that the alpha-band 

interactions underlie higher-level attentional functions than those 

in the beta- or gamma-bands. Network hubs were also observed in 

the insula, cingulate, and orbitofrontal structures that have been 

suggested to play a role in task-set maintenance (Dosenbach et al., 

2008) or tonic alertness (Sadaghiani et al., 2010). These regions were 

synchronized both with visual and with fronto-parietal regions 

suggesting that VWM retention is associated with concurrent activ-

ity in and phase interactions between distinct attentional systems 

(Gilbert and Sigman, 2007). It is notable, however, that the syn-

chrony in the cingulo-opercular system was not restricted to any of 

the frequency bands but seemed to equally involve alpha-, beta-, and 

gamma-band networks. Finally, we also observed that the memory-

load dependent plateau in the strength of phase synchrony in alpha 

and beta bands predicted the individual VWM capacity (Figure 4), 

which indicates a direct representational or attentional role to these 

frequency bands.

These findings thus further support an attentional and/or 

executive role for alpha oscillations in high-level cortical regions. 

Taken together, these data suggest that concurrent and partially 

overlapping networks in alpha-, beta-, and gamma-bands among 

fronto-parietal, visual, and cingulo-opercular system support 

task performance. Moreover, co-localization of alpha-, beta-, and 

gamma-band networks also suggest that these networks play simi-

lar functional roles either in supporting active-processing or in 

inhibiting task-irrelevant neuronal activity. Importantly, a recent 

TMS–EEG study showed that neuronal activity in fronto-parietal 

regions may directly control the alpha amplitude in sensory cortex 

and demonstrated that the alpha-band amplitude is causally related 

to perception (Capotosto et al., 2009). We suggest that inter-areal 

alpha-band phase interactions in the fronto-parietal regions may 

underlie the top-down modulation of local oscillation amplitudes 

in sensory regions.

Possible loci for the interaction between frontal attentional/exec-

utive and sensory representational activities could be the regions 

that are high in the sensory processing hierarchy. One such interest-

ing area is the posterior parietal cortex that is strongly and mem-

ory-load dependently phase synchronized with frontal regions and 

yet shows local alpha-band amplitude suppression below baseline 

levels during memory retention and a further negatively correla-

tion of amplitude with memory-load (Figure 5). Also infero- and 

robust and involved the longest inter-areal distances in the alpha-

band (Palva et al., 2005a). Taken together, several lines of MEG 

and EEG data point to the fact that long-range alpha-band phase 

synchrony is positively correlated with attentional and working 

memory functions. These studies are, however, based on MEG- 

and/or EEG-sensor-level analyses and thus yield only a limited 

insight into anatomical localization of the underlying cortical net-

works. In addition, inter-areal synchronization in MEG and EEG 

is confounded by volume conduction and signal mixing, which 

strongly bias the synchronization estimates. Finally, EEG and the 

different MEG sensor types have distinct sensitivities to cortical 

sources. MEG planar gradiometers are most sensitive to signals 

from superficial sulci whereas the MEG magnetometers and EEG 

have additional sensitivity to signals from gyral and deep sources. 

These issues can be tackled by M/EEG source modeling that can 

be used to merge the information from different sensor types, to 

acquire anatomical information about the neuronal sources, and 

to alleviate the signal-mixing-related problems.

In an MEG–fMRI visual recognition study, alpha-band phase 

synchronization between sources localized to the orbitofrontal cor-

tex and fusiform gyrus was stronger in trials where a masked object 

was subsequently recognized than in those where the subject failed 

in the recognition task (Bar et al., 2006). The authors proposed 

that visual objects with low-spatial frequencies activated the dorsal 

visual stream leading to initial coarse object representations and 

that the subsequent alpha-band orbitofrontal–fusiform synchrony 

reflected top-down facilitation of object recognition in the ventral 

visual stream. Also the operation of the action–perception–cogni-

tion loop is associated with large-scale alpha-band synchronization 

in cortical networks. A series of MEG studies show that alpha-band 

interactions in a cortico-cortical, -cerebellar, and -thalamic network 

are a predominant characteristic of brain dynamics underlying the 

planning and execution of movements (Gross et al., 2002; Pollok 

et al., 2005a,b) as well as the reading and language comprehension 

(Salmelin and Kujala, 2006; Kujala et al., 2007). These data thus 

strongly suggest that the phase dynamics of alpha-band oscilla-

tions play a central role in coordinating human brain activity into 

coherent action, cognition, and perception (Palva and Palva, 2007).

M/EEG SOURCE LOCALIZATION REVEALS LARGE-SCALE 

NETWORKS OF INTER-AREAL INTERACTIONS IN THE 

ALPHA-BAND

Recent advances in combining cortical source reconstruction and 

data-driven interaction analysis approaches have paved the way 

for mapping the anatomical and topological structures of synchro-

nized cortical networks from M/EEG data (Palva et al., 2010a,b). 

To explore the network dynamics underlying VWM encoding and 

retention, we mapped cortical inter-areal synchronization with 

single-trial M/EEG source localization by using a cortical parcel-

lation covering the entire cortical surfaces with small patches and 

obtaining all pair-wise synchrony estimates between the patches. 

The advantage of these kinds of mapping approaches over those 

where the parcellation is incomplete is that the results reveal the 

most robust phenomena and are not biased by parcellation-selec-

tion criteria or by a priori hypotheses. We observed that inter-areal 

phase synchrony in alpha-, beta-, and gamma-bands was mem-

ory-load dependently enhanced during VWM maintenance. Load 
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FIGURE 4 | Single-trial source modeling of M/EEG data reveals dynamic 

phase synchronization during the VWM retention period of a parametric 

VWM task. Cortical inter-areal phase synchrony, as indexed by connection 

density K, was robust in alpha (red), beta (green), and gamma (blue) frequency 

bands throughout the working memory retention period (0.4–1 s) in data 

averaged across memory-loads from one to six objects (Average, upper panels). 

During the retention period, these inter-areal interactions were positively 

correlated with the memory-load (Load, upper panels) in fronto-parietal 

networks (middle panel, red, frontal; blue, parietal; green, occipital and 

occipito-temporal; the graph’s vertices are brain areas and the edges indicate 

memory-load dependent inter-areal synchronization in the alpha-band). A plateau 

in the memory-load dependence of a subset of interactions was positively 

correlated with the individual subjects’ behavioral working memory capacity 

(Capacity, upper panels) and networks where the intra-parietal sulcus (intPS) 

was the most prominent hub (lower panel, alpha-band synchronization 

correlated with memory capacity). Adapted from Palva et al. (2010).
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band may coordinate the communication among brain regions, 

such within-frequency synchronization cannot support the inte-

gration of spectrally distributed processing or integration across 

temporal scales (Palva et al., 2005a). CF phase interactions may 

provide a mechanism for binding the spectrally distributed pro-

cessing into coherent cognitive operations (Varela et al., 2001; 

Lakatos et al., 2005; Palva et al., 2005a; Palva and Palva, 2007; 

Schroeder and Lakatos, 2009). Specifically, phase–phase and 

phase–amplitude CF interactions are of interest in this context 

(see Box 1).

occipito-temporal regions show a similar behavior and may thus act 

as interfaces between frontal and sensory networks. Future studies 

exploiting directional interaction metrics are required to further 

understand these network phenomena.

CROSS-FREQUENCY INTERACTIONS BETWEEN ALPHA AND 

OTHER FREQUENCY BANDS

Alpha-band network oscillations often appear together with 

oscillations in theta-, beta-, and/or gamma-frequency bands. 

Although inter-areal synchronization in any given frequency 

FIGURE 5 | Local oscillation amplitudes may be suppressed concurrently 

with strengthened inter-areal synchronization in VWM task retention 

period (see Figures 1 and 4). The amplitudes (left panel) and networks of 

inter-areal phase synchronization (right panel) in the alpha-, beta-, and 

gamma-bands are displayed on flattened cortical surfaces. The amplitude color 

values (left panel) indicate the mean relative oscillation amplitude change from 

the baseline level and are shown for significantly modulated regions. The 

colored edges (right panel) indicate the temporally and spectrally most stable 

pairs of cortical areas between which the synchronization was strengthened 

above the baseline level within the alpha-, beta-, and gamma-bands during the 

VWM retention period. The edge colors indicate the cortical source/target 

region so that green denotes occipital and occipito-temporal regions, blue the 

parietal regions, and red the frontal regions. Adapted from Palva et al. (2010, 

2011).
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Electrophysiological recording techniques yield real-valued time series 
that can be used to estimate both in signal and in source space the 
local cortical phase and amplitude dynamics. In time domain, a wave-
let transform or real-valued filtering together with the Hilbert trans-
form yield complex-valued time series, x(t,f) = a(t,f)exp[iu(t,f )] in a 
frequency-band f. The real part of x, Re(x), is the filtered waveform 
whereas the absolute value |x| = a gives the amplitude envelope and 
the argument of x, Arg(x) = u yields the phase time series. Conversely, 
the amplitude and phase of each frequency band in a given time 
window can be estimated with the Fourier transform.
Local event-related dynamics. Vast majority of research on alpha 
oscillations has concentrated on event-related perturbations that are 
local in the sense that they are obtained for each EEG/MEG chan-
nel or source location separately. Event-related amplitude dynamics 
are obtained simply by averaging the amplitude time series across 
trials, <a(t,f )>, similarly to how conventional evoked responses are 
obtained by averaging real-valued time series across trials; <Re(x)>. 
Amplitude dynamics obtained in this manner are comparable with the 
event-related spectral perturbation (ERSP) method as well as with the 
event-related synchronization/desynchronization (ERS/ERD) approach 
where ERS denotes an increase and ERS a decrease in amplitude 
from a baseline level (Klimesch et al., 2007).

The phase-locking of ongoing oscillation to stimuli can be evaluated 
by averaging complex phase values across trials, |<exp[iu(t,f )]>|, which 
yields a phase-locking value that ranges from 1 (perfect phase consist-
ency across trials) to >0 (uniform phase distribution). This phase-locking 
value is comparable with inter-trial coherence (ITC) and captures both 
phase resetting of ongoing oscillations and additive evoked responses.
Inter-areal interactions. Local phase and amplitude time series can 
be used to yield estimates of inter-areal interactions as well. Perhaps 
the most studied type of these is within-frequency phase synchrony 
(A) which indicates a non-uniform distribution of phase differences 
between the two time series and quantifies the presence and strength 
of a phase correlation between signals x and y in a frequency-band 
f. The complex phase differences between x and y are given by f

xy
 = 

xy*/ |x ||y | = exp(iu
x
 − u

y
), where * denotes the complex conjugate. The 

uniformity of the phase difference distribution can subsequently be 
quantified with a number of metrics such as the phase-locking value 
that would be given by |<f

xy
>|. The frequency-domain equivalent to 

phase synchrony is termed phase coherence. Phase synchrony and 
phase coherence differ from the classical frequency-domain coher-
ence in that coherence is biased by signal amplitudes.

Within-frequency phase synchrony is a special case (1:1) of general 
n:m-phase synchrony (B), where integers n and m define the ratio of 
frequencies mf

1
 = nf

2
 and the phase difference f

xy,n:m
 = x(f

1
)my(f

2
) n*/ 

|x||y| = exp[i(mu
x
 − nu

y
)] (Palva et al., 2005a). Panel B illustrates a case 

of 1:4 synchronization between signals x and y in frequency-bands 
4f

1
 = f

2
, respectively. Note that after the multiplication of slow oscil-

lation’s phase, Arg(x
f1

), by m = 4, the presence of cross-frequency 
phase synchrony is salient as 1:1 coupling in the phase time series.

In addition to phase–phase couplings, such as n:m-phase syn-
chrony, also phase–amplitude coupling (C) is prominent among cortical 
oscillations. Also known as “nested oscillations”, phase–amplitude cou-
pling indicates that there is a correlation between the amplitude of the 
fast oscillation, |y

f2
|, and the phase, Arg(x

f1
), of the slower oscillation. 

Among other methods, phase–amplitude coupling can be estimated so 
that the amplitude envelope of the fast oscillation in band f

2
 is filtered, 

F
f 1

(.), with the filter used to obtain the lower band f
1
 after which the 

problem of detecting nested oscillations is reduced to a problem of 
detecting 1:1 phase synchronization (Vanhatalo et al., 2004).

BOX 1 | Basics of probing phase and amplitude dynamics of cortical oscillations.

Phase–phase interactions are typically quantified as n:m-

phase synchrony (Tass et al., 1998), where n and m are small 

integers defining the frequency ratio of the coupled low and high 

frequency oscillations. In the coupling of neuronal oscillations, 

n:m coupling reflects an interaction where the phase of the slow 

oscillation is coupled with the phase of the faster oscillation, 

which has two consequences: first, the slow oscillation must 

operate roughly at a temporal precision of the faster oscillation. 

Second, because the firing of the slow oscillation takes place in 

a specific phase of the fast cycle, n:m coupling is compatible 

with  phase-based coding and communication schemes (Palva 

et al., 2005a) similarly to the classical 1:1 within-frequency phase 

synchrony (Fries, 2005).

We addressed the presence of CF interactions in ongoing brain 

activity in an MEG study using a continuous mental calculation 

task with parametric working memory-load and no sensory  stimuli 

(Palva et al., 2005a). 1:1 phase synchronization was observed in 

alpha-, beta-, and gamma-frequency bands in this task. The 

alpha-band networks were memory-load dependently 1:2-phase 

synchronized with the beta-band networks and 1:3–1:4 synchro-
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in modulating local neuronal excitability and, as predicted by the 

active-processing hypothesis, indicate that the phase dynamics of 

alpha oscillations are functionally significant specifically in the task-

relevant cortical networks.

GRAPH THEORETICAL VIEW INTO THE ALPHA NETWORKS

In addition to characterizing inter-areal synchronization accord-

ing to its anatomical localization and of their hypothesized 

functional roles, anatomical and functional neuronal networks 

can be characterized with graph theoretical tools as they share 

properties with network representations of many other complex 

systems (Bullmore and Sporns, 2009). In graph representation 

of brain networks, brain areas are the graph’s vertices and the 

inter-areal interactions are the edges. Several graph metrics can 

be used to describe the topological properties of the network. 

Perhaps most importantly, anatomical networks share properties 

of small-world networks that can be seen as lattice structures 

(networks with only local connections) with rare long-range 

connections and that can be described by the clustering and 

average path length of the network. Anatomical networks have 

high clustering and short average path lengths (Sporns et al., 

2005; Iturria-Medina et al., 2008; Gong et al., 2009; He et al., 

2009) that are indicative of small-world structure in which dense 

local connectivity lead to greater local clustering than in random 

networks. Yet, because of the long-range “short-cut” connections, 

their characteristic path length, i.e., the mean of shortest paths 

from each node to another node, are close to those in random 

networks (Watts and Strogatz, 1998). Small-world networks are 

associated with high local and global efficiency in information 

transmission as well as facilitated parallel processing within 

hierarchically organized modules (Bassett and Bullmore, 2006; 

Bullmore and Sporns, 2009).

Several studies have addressed the graph properties of the 

synchronized networks at the EEG-sensor-level. The graph 

properties in the alpha-band are modulated by age (Smit et al., 

2008, 2010; Micheloyannis et al., 2009; Boersma et al., 2010) and 

by sex (Smit et al., 2008; Boersma et al., 2010). These changes 

might reflect changes in the brain anatomical connections 

(Uhlhaas et al., 2009) or changes in the processing strategies. 

These studies hence show that topological properties of syn-

chronized networks change as a function of development dif-

ferentially across distinct frequency bands. However, although 

the topological properties change during development in the 

alpha-band they have been shown to remain constant across 

measurement sessions (Deuker et al., 2009) and to be heritable 

(Smit et al., 2008, 2010). In the time scales of cognitive task per-

formance, recent M/EEG and MEG working memory data show 

that alpha- and beta-band networks are distinct from those in 

delta-, theta-, and gamma-bands both in terms of topologi-

cal properties and between healthy and schizophrenic subject 

groups (Bassett et al., 2009; Palva et al., 2010b). During the 

VWM retention period, networks defined by alpha-band phase 

synchrony were compact around densely connected core struc-

tures being more clustered and small-world like (Figure 7) and 

hence locally more efficient and globally less efficient than the 

networks in other frequency bands (Palva et al., 2010b). On the 

other hand, gamma-band networks were locally less clustered 

nized with gamma-band activity suggesting that dynamic phase 

interactions among alpha and faster oscillations are indeed used in 

cognitive operations (see Figure 3). CF phase synchrony has also 

been observed in EEG recordings among alpha and beta oscilla-

tions during rest (Nikulin and Brismar, 2006) and between theta 

and alpha oscillations during working memory task performance 

(Schack et al., 2005). Importantly, TMS-induced facilitation of 

working memory performance has been associated with enhanced 

1:6 alpha–gamma phase synchronization that was concurrent with 

a decrease in alpha-band amplitude (Hamidi et al., 2009) indicat-

ing a direct functional relevance for CF phase–phase interactions 

in cognitive operations.

Phase–amplitude interactions, also known as nested oscilla-

tions, are another important type of CF interactions. In nested 

oscillations, the phase of the slow oscillation is correlated with 

the amplitude of the faster oscillation. Notably, in nested oscil-

lations, the phase of the fast oscillation is uncorrelated with the 

phase of the slow oscillation and the phase–amplitude correla-

tion thus reflects, for instance, a slow excitability fluctuation in 

the neuronal circuitry underlying the fast oscillation (Schroeder 

and Lakatos, 2009). The amplitude of alpha oscillations has been 

observed to be nested in infra-slow oscillations in the 0.01–0.1-Hz 

band both during sleep (Vanhatalo et al., 2004), and during the 

execution of a somatosensory threshold detection task (Figure 6; 

Monto et al., 2008). These correlations are behaviorally significant 

and likely to reflect slow resting-state network dynamics (Palva 

and Palva, 2011). In line with concept of hierarchically nested CF 

phase interactions (Lakatos et al., 2005; Palva et al., 2005a; Monto 

et al., 2008; He et al., 2010), the phase of alpha oscillations is also 

correlated with the amplitudes of faster oscillations. By using a 

phase-locking value based method for estimating phase–amplitude 

interactions (Vanhatalo et al., 2004), Voytek et al. (2010) show that 

during active performance of visual tasks, the phase of visual cortex 

alpha oscillations robustly modulates the amplitude gamma-band 

activity in those locations. In another study, the phase of alpha 

oscillations was correlated with gamma-band amplitude in human 

nucleus accumbens during reward processing (Cohen et al., 2009). 

These data thus both corroborate the overall role of alpha phase 

FIGURE 6 | The phase of infra-slow (0.01–0.1 Hz) fluctuations is correlated 

similarly with both the amplitudes of fast (1–40 Hz) oscillations and the 

detection of threshold-level somatosensory stimuli. This suggests that the 

phase of infra-slow oscillations reflect global excitability modulations. Adapted 

from Monto et al. (2008).
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and globally more efficient. These graph theoretical “finger-

prints” suggest that oscillations in distinct frequency bands have 

different functional roles in supporting local and global com-

munication in neuronal networks during VWM maintenance. 

Overall, graph theoretical analyses of human brain networks 

defined by synchronized oscillations converge on suggesting 

that dynamic alpha-band networks exhibit a small-world struc-

ture. However, further studies with direct cortical recordings 

and/or M/EEG source modeling are required to corroborate this 

observation and to address the physiological and behavioral 

significance of the network topologies.

CONCLUSION AND CHALLENGES FOR FUTURE RESEARCH

Alpha phase is correlated with cyclic modulation of neuronal excit-

ability that biases neuronal and behavioral responses to sensory 

stimuli. Converging evidence points to an attentional role for alpha 

rhythmicity where the alpha phase plays a critical mechanistic role 

in influencing local neuronal timing and inter-areal phase rela-

tions (Klimesch et al., 2007; Palva and Palva, 2007). Nevertheless, 

the evidence is inconclusive on whether alpha oscillations support 

the inhibition of task-irrelevant processing (Klimesch et al., 2007; 

Jensen and Mazaheri, 2010), the executive control of behavioral 

responses (Klimesch et al., 2007), or active task-relevant processing 

(von Stein et al., 2000; Palva and Palva, 2007; Mo et al., 2011). We 

suggest that alpha may contribute to each of these three concur-

rently and reiterate our prior argument (Palva and Palva, 2007) 

that inter-areal phase interactions are the key characteristic that 

may dissociate or reconcile the different views on the functional 

significance of alpha oscillations.

New data and methodological approaches are thus needed to 

identify the possibly multiple functional roles of alpha-band syn-

chronization in cortical networks. We outline here some essential 

questions for future research.

• Concurrentmemory-loaddependentamplitudeincreaseand
network phase synchrony in alpha-, beta-, and gamma-bands 

is observed in fronto-parietal structures during VWM main-

tenance. These structures include dorso- and ventro-lateral 

prefrontal and posterior parietal cortices, but also the senso-

rimotor regions and the cingulo-opercular system. Prior stu-

dies indicate a critical role for prefrontal and posterior parietal 

regions in WWM, which supports an active role in VWM for 

alpha, beta, and gamma oscillations in these regions. However, 

the role of sensorimotor and cingulo-opercular activity in 

VWM maintenance in unclear. Does the load dependent 

strengthening of alpha, together with beta and gamma, oscil-

lations therein reflect a progressive disengagement of these 

cortical regions, which would be the interpretation predicted 

by the inhibition hypothesis? Alternatively, these regions could 

play a hitherto unrecognized role in VWM maintenance.

• The concern raised above generalizes to a question of how
to define which cortical regions are task-relevant and which 

are task-irrelevant. The notion of task relevance is a critical 

component in the inhibition hypothesis that cannot be tested 

without having prior “gold standard” knowledge about the 

functional roles of specific cortical regions in the task context 

under study. fMRI might not yield such gold standard data 

because, for instance, synchronization phenomena can be 

critical for information processing and yet be associated with 

only minor metabolic demands.

• Iffronto-parietalnetworkssynchronizedinalpha-,beta-,and
gamma-bands directly support attentional and executive fun-

ctions, is their top-down effect on sensory processing suppres-

sive or facilitating? Does direct inter-areal phase synchrony 

mediate these top-down interactions? Do different levels of 

sensory hierarchy operate with distinct mechanisms?

• If beta and gamma oscillations are found to be co-localized
with alpha and to be phenomenologically similar in terms of 

phase and amplitude dynamics, does the inhibition hypothesis 

predict an inhibitory role for these bands as well?

• From the perspective of the active-processing hypothesis,
long-range phase synchronization in the alpha-band carries 

the functional role attributable to synchronization in other 

frequency bands, which is regulation of local and inter-areal 

communication. What is the significance of inter-areal syn-

chronization in the context of the inhibition hypothesis that is 

largely formulated in terms of amplitude?

• Doesalphasynchronizationariseinattentional/executiveregions
as an excitatory process that imposes suppressive top-down 

inputs to the task-irrelevant regions? What are the mechanisms 

that allow for a top-down control of oscillation amplitude?

• Whatcouldbetheneuronalmechanismsofcorticaldisenga-

gement at the time of large-amplitude alpha oscillations in 

sensory cortices? Oscillations in all frequency bands involve 

inhibitory GABAergic currents and reflect periodic excitability 

fluctuations; why is alpha special?

FIGURE 7 | The networks of inter-areal synchronization in the alpha and 

beta bands are more clustered and small-world like than those in the 

delta- and gamma-frequency bands. C/C
R 
indicates the relative clustering 

coefficient of the networks in these four frequency bands, whereas σ denotes 

their small-worldness. Modified from Palva et al. (2010b).
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