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Abstract

Exploring EEG alpha oscillatiortsas generateconsiderable interesin particular
with regards to the role they play in cognitive, psychomotor, psgomational and
physiological aspects of human life. However, there is no clearly agreediefinition of
what constitutes ‘alpha activityor which of the many indices should be used to
characterizet.

To address these issues theview attems to delineate EEG alphactivity, its
physical, molecular and morphological nature, ardminethe followingindices: (1) the
individual alpha peak frequency; (2) activation magnifadeneasured by alpha amplitude
suppression @oss the individual alpha banith in response to eyes opening, &34
alpha "auterhythmicity" indices:which includeintra-spindle amplitude variability, spindle
lengthand steepness.

Throughout, the articleffersa number of suggestiomegarding theanechanisr(s)
of alpha activityrelated tointer and intrandividual variability In addition, it provides
some nsights ino the various psychophysiological indices of alpha activity and highlights
their role in optimal functioning and behavior.

Key words: individual alpha peak frequency, individual alpha bandwidth, alpha
amplitude suppression, spindle-form segments length, intra-spindle amplitude variability

Highlights

Alpha indices are amplitude, peak frequency, band width and sjgitndéture
Alpha peak frequency could lamendophenotypicarker

Alpha band width and amplitude suppression reflect activation

The spindleform, segment length and amplitude reflextneuronal ensemble
property

Alpha activity is manifested depending on the individual alpha peak frequency
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1. Introduction

Exploring EEG alpha oscillatiortsas generateconsiderable interestith regardto
their role in cognitivelimeschet al., 1993, 1996HansIimay et al.,2005;), sensamotor
(Bernshtein, 1966Baumeister et al., 2008; Bazanova et al., 2009; Sauseng et al., 2009),
psychoemotional (Aftanas& Golosheikin, 2003; Cacioppo, 2004) and physiological
(Cooray et al 2011; Kiyatkin, 2010; Kiyatkin& Lenoir, 2011) aspects of human life.
However,at present there is no clear agreement regardinigiticéionalmeaning of alpha
wave ativity’ and whichmeasure, or measures, should be usedh&racterizeit. In
addition, the ambiguity of phrasesuch aghe alpha rhythm is activatedBabenko et al.,
2003, p.1305pbecomes apparemthen considering the meaning of the term ‘activated’. It
Is not clear if this refers to an increase or a decrease in amplitude.rFamthrguity is
evident when attempting to identify theiantitative equivalents aoferms such as the
‘prominent rhythm’, or an ‘organized EEG’, ‘flat EEG’ and ‘regular oscillaticets’. (see
e.g., Babenko et al., 2003). The fact that a variety of EEG rhythmical components are
described by the same dominant frequency as the alpha rhythm, with digmetricy
and topographical boundaries, adds to the confusion. As spebking of alpha wave
activity oftenimpliessome change iamplitudeacross a standard frequency rageg., 8-
12Hz), invariably withoutreference to the oscillaty feature referredo as the'Berger
effect (Kirschfeld, 2005) which in turn has led tonconsistenes regarding the
psychghysiological roleof alpha activityNunez et al., 2001) and this has ledligergent
interpretatios of therole of alpha activity $§ee e.g.Coope et al., 2003Klimeschet al.,
2007; Palva & Palva, 2007).

LaVaque (1999) has suggested tha easier taunderstand the role of alpha wave
activity when viewed from an historical perspective. Hence, in an attempt to understand
these issues and séet into context we begiwith a brief historical reflection on the

nature of alphavave activity. This includes identification of the origindBerger Effect’
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along with the development of quantitative EEG (QEEG) measuremiinth represented
animportart step in realizinghe necessity oevaluatingthe frequencyhenstudying the
nature of alpha wavd&uentealba et al., 2005; Hughes et al., 2@tériade& Timofeev,
2003. We also highlight the notion that the EEG represents a dyregmnal andndicate
how the development of nestationary computer analysis has helped in defiphgse
modulation, includingneasures adutorhythmicity (Lehmann et al., 1994; Livanov, 1984;
Kaplan et al., 2002).

In section3 we outline a number of reasons why amplt@across a fixed frequency
range of 812Hz should not be the sole measure of alpha activites@imclude: (i)
anatomial-physiological influences(ii) the influence oftopography (iii) the effect of
engaging in different tasks, afid) the divergentfrequency ranges used to measalgha
amplitude Discussingeachof theseissuesalso helps to highlighthe benefits oktudying
alphaactivity relative toother frequencyanges.

Following this, in sectiod, we promote the idea thapha activity canbe
measured using individual alpha peak frequency. Here we examine how frequeney can b
assessed, the effect of intadividual variability and the influence ajenetics on the
production of alpha wavedhis is important because ¢an help shed light on various
brain activation models as well as provide insights for studying cognitive behandur
devising EEG based neurofeedback training (NFT) prototolsection5 we examine
alpha amplitude suppressi@s this is one of the key unique features of alpha waves.
Finally, in sectiors, we examine the micrstructural characteristics of the spindleaped
bursting segments that play a key role in the processes of cognition, mood and
sensorimotor performance. Such characteristics can provide useful additionalatndar

alongside thenore traditional FFT analys(see Figure 1



2. Historical reflections
2.1. Berger's waves

The history ofinvestigatingalpha waves is cloBe related to the progress in
technologcal developments used to measures these wé&wssn the profound difficulties
associated with EEG signal acquisition and analysis, EEG researchemvaaiablybeen
early adopters ofew technology.Due to the low sensitivity of the first Siemens
galvanometer Berger (1932 as cited in LaVaque, 199@ould only record the high
amplitude intra skirelectrical potentials which coincided ttvi100200 millisecond (ns)
time intervals. In other words the frequency of thésminantamplitude wavesnay have
beendistinctin different subject@cross theangeof 8 to 12 Hz. It should be notddat
Bergerdid not specifythe widthof the frequency rangef these alphawaveshe merely
identified thatsuch wavesisually hadh frequencyf between8 to 12 Hz. At thattime the
raw EEG signal was invariably recorded on paper and without the help of computers t
process the signa was impossible to determine the individual alpha band widémce,
there was some initial agreemdntsimply name thealphaband as the3-12 Hz range.
SubsequentlBerger and his studentsiotedthatanimportant characteristic ahesealpha
waveswas thesuppression iramplitudeseenin response to opening tleyes Berger,
1932 as cited in LaVaque, 199@ver time this has simply becenknown as théBerger
effect or reaction of activation (Barry et.a2007).

This important alpha activity indeg discussed beloisee section 5)



2.2. Quantitative EEG

The next advancement in tipsychophysiological study of alpha waves wWas
appearance of Quantitative EEG (QEEEasuresQEEGbegan approximately 80 years
ago when Dietsch (1932) applied~ourier analysis to records tiie EEG. The Fourier
analysis remains one of the most popular araltechniquesn the field and though not
the only measure it has become more widespread due to the advent of powerful personal
computers which in turn have facilitated research in understanding the E&d&(eyer,
2004).The Fourier transforrhas enabledesearcher andclinicians to definea number of
components of alpha wave activity, including spectral alpha peak frequbacgaction
activation or Bergeeffect,the frequency of individual alpha stlands,and the power in
these band@.opes de Silva, 1991; Fong and Fong, 2001; Barry et al., 2007; Bazanova and
Aftanas, 2008Hooper, 2005) Thus,such developments have made it possible to study
and discuss a number afpha activity indicesincluding thedominantamplitude and

frequency as well as how they change acvas®usconditions.

2.3. EEGis not a stationary recorded signal

However,it has been suggested tlla¢ dominance of the amplitude of the EEG in
the parietaloccipital region along with theBerger effect and frequencyange where it
occurs arenot enough to provide a comprehensive understandiredpbfs wave activity
(Lansky et al., 1979). Lansky et al. (19fpposedhatpower inthe alphaandcanonly
be a criteriorfor assessinglpha wave activity if alphaspindle length is also
simultaneously stimated Indeed, onventional spectral analysis based on averaging
proceduresmay be limited because th€eEG is nota stationary recorded signalo
overcome these limitations of spectral analysis and to rekealynamic and temporal
characteristics o&lpha wavesa number of researchers have proposed @ahatmber of

individual shortterm stationary segments the EEG needo be obtainedKaplan et al
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2002 Lorincz et al., 20@; Mazaheri& Jensen 2010rowers & Allen 2009. For instance,
manyresearcherbavefocused on the analysis ofultiple stationarysegments of the raw
EEG signal, from whichthe amplitude variationan be estimate(.ivanov & Dumnov,
1984 Schomer 2007 However, theoreticassumptionsHooper, 2005; Kirschfeld, 2005
and anajsis of the empirical datan alpha oscillation generatidfughes et al., 2011
Steriade &Timofeev, 2003 hasprovided abasisfor considering ahird andinformative
phenomenological characteristic of alpha actjvitis spindle like bursting and the
segmental organization of alpha waves or their abtghmicity (Timofeev & Bahenoy

2005 Timofeev et al.2002).

3. Why amplitude may not be the sole criterion ofllpha waves activity

Possibly the most well knowruggestion is that amplitude the alpha frequency
bandis related tothe synchrony of the underlyingeureelectrical source(s)(Nunez &
Srinivasan 2006). Consistent with thigroposal areduction in amplitude is often labeled
as desynchronization (Pfurtschell& Lopes da Silva, 19990f course, areduction in
amplitude may, in theory, occur as a regidleither areduction in the magnitude of the
source omreduction in themplitude recorded otne scalp surfac@Haueisen et al., 2000;
Nunez & Srinivasan, 2006; Srinivasan 200&)r instance, 1 is well known that the value
of any electrical potentiameasuredn the surface of the scalp depends on a number of
anatomcal and functional factorAkhtari et al, 2002;Dulla et al, 2005; Wen & Li 2006;

Jochmann et al., 2011). Some of these are discussed below.

3.1. Anatomical and physiological factors
3.1.1. Comuctivity
Firstly, volume conductioreffects such as poorly conducting bones or there

moderately conducting skin are known ifluence the measurementrecision and
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accuracy bthe surfaceeEG amplitude(Wen 2003, Wen & Lj 2006).The conductivity of

living skull tissue is expected to be primarily due to the most abundant and most mobile
(i.e.,smallest) electrolytes such as Na+ and @l contrast t@ saline soaked cadavskull
(Akhtari et al, 2002 Law, 1993) the living skull lattice consists of nhumerous charged
molecules such as proteinscupyinglive cells and blood componeniBhe interaction of
these relatively immobilproteinmoleculeswith themoremobile ions isexpected to affect
thelevel of conductivity with respect to the frequenafythe input curren{seeAkhtari et

al., 2002) Therefore, the magnitude of conductivityafiving skull, although higher, is
similar in orderof magnitude to that of saline saked cadaver skullhowever the
frequency and current characteristics of conductivitgt living skull can be dtinctfrom

that of a cadaver skull.he research of Akhtari et.g2002)indicates thatthe conductivy

of the skull layerss frequency dpendentacross a range 40 — 90Hz. Hence,the lowest

level of conductivityoccurs within thdow alpha frequency rang@khtari et al.,2002).In
addition, tssue disorders due to brain pathologies, like tumors, ischemia, or vasogenic
edema, are knowrotimpact the propagation of electrical field®chmann et al., 2011)
Remarkably, due to théshunting effect and the diminishing anisotropy of tissue
conductivity, the amplitude ofsignalfrom aradial dipole located in a sulcus was found to

be higherthan a dipolar source on a gyrus, particuldirithe ischemic area was located
underneath the sulcus (Haueisen et al., 2000; Jochetahn2011).

Such findings suggest that despite the factdahsia EEG power and cohererare
often used to assefisnctional connectivity irthe human cortexmoderate to large EEG
coherence can also arise simpfya function of the volume conduction of current through
the tissue of the head (Srinivasan et al., 2007) oringyeasingbrain temperature
(Kiyatkin, 2009. Thus, theage related ecline seenn alphaamplitudeacrossall areas of
scalp (Chiang et al., 2011Sebastian et al., 201¥ordanova& Kolev, 1997 and the

phenomenorof so calledlow amplitude alpha rhythmtould simply be associated with
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reduced conductivity as a function of increasingge (Wendel et al., 2010) or with
genetically determineldbw volume tissue conductivity.

Suchresults demonstrate th&éssue conductivitychangesneed tobe taken into
account when evaluatirtge changingEEG amplitudesignals especially when performing

source localization

3.1.2.Cerebral blood flow

Importantanatomicalphysiological influences on amplitude measuremmargalso
connectedwith changes incerebralblood flow, which highlights the importance of the
cadio-vascularand breathing system&or example, ithas been shown thdtaseline
cerebral blood flow interacts with neural activity and influences evoketbdhgnamic
responses (Cook et al998 Goldman et al., 2a). Goldman, Stern, Engelnd Cohen
(2002) also reportedthat increased alpha power was correlated aithecreasetlood
oxygenated level depende®@LD) signal in multiple regions athe occipital, superior
temporal, inferior frontal, and cingulate cortéxt with an increase®OLD signalin the
thalamus and insul&’hese results are consistent with animal experiments and point to the
amplitude of the alpha rhythras an index of cortical inactivityhat mayin part be
generated by the thalamuas. addition, the work ofranceschinet al.(2010) has shown
that the hemodynamic response is best correlated with secordseycorticecortical
transmissionsand not with the initial thalamic input activitfhesefindings, along with
more recent datsuggest that the hemodynamic response is predominantly driven by
cortico-cortical interactions and not by the initial thalamocortical activity in layer IV
(Franceschini et al., 2010; Radhakrisheaal.,2011).

Cerebral blood flowis typically reduced during stable noapid eye movement
(nonREM) sleep ompared withwaking activity. Kotajima, Meadows, Morrell and

Corfield (2005) haveshownthat spontaneous fluctuations powerat afrequencyof 3-9
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Hz during sleep onset are associated with marked changes in-gesgimatory control.

They speculge that the changes in cerebral vascular tone during sleep onset are mediated
neurally, by regulatory mechanisms linked to changes in cortical &atent datehas

shown thafactors guch asaffeine or cocaine) thaanproduce changes in cerebral kdoo

flow velocity can alsosimultaneously change thevel of power in the lower frequency
alpha rangeacrossall electrode sitesfluenced by cortical blood flow changéSopersino

et al., 2009; Sigmon et al., 2009).

Another example of neurovascular coupling is teeent finding that higher
CO; partial pressure can have a profound effect on neural tissue including the reduction of
pH levels, elevating adenosine concentration, and suppressing synaptic gofeatialet
al., 2005; Zappe et al 2008). Scdp EEG studies comparing hypercapnia with
normocapnia conditionsaveshowna relative increase in low frequen(3/9Hz) power in
the EEG spectra, suggesting that the bna&ty beentering a low ajusal stateluring CO,
inhalationandthat the slowing of he EEG signhal appeamn all electrodestes across the
entire brain (Xu et al 2011).

Interestingly obesityhas alsdeen shown tanfluence the resting statd regional
cerebral blood flow and consequently the amplitudalgifia Babiloni et al., 201). These
results showed that alpha 1 sources fiteegpattern wherebyunderweight>normal-
weight>overweight/obesand wherealpha 2 power was stronger in the norwalght
subjectscompared to eithahe underweighor overweight/obese subjects (Babilomiag.,
2011).

Thus, it is clear that aelationshipexistsbetween changeas alpha amplitude and
blood flow. However the nature of this relationshiigmains complex and it is not clear
whether the cortical synaptic activity generated by thalamic inputthe subsequent
synaptic activity related to secondary cortical processing is driieghemodynamic

responselnitial investigations oforefrontal [oxyHb]/[deoxy-Hb] oscillations and central
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EEG power changes in the upper alpha baade suggested th#te positive [oxyHb]
peaks preceded the central EEG upper alpha power qnahkelates to theonscious
intention to perform a motor act (Pfurtsheller et 2D12) Neverthelessit remains the
domain of future research to elucidate more fully the weiahip between changes in

blood flowandchanges in neuronal activity.

3.1.3. Hormonal and neurohumoralfactors

Thereare suggestions thatdirecthormonalmodulation of brairelectrophysiology
or underlying factors (e.g. the corticotrbm-releasing hanone), pacing bothstress
hormonesand EEG may account for individual EEG differenc€Sannita et al., 1999)
However, there are limited and conflictifigdings regarding theeffects of hormonesor
neurohumoral statugn the amplitude oélpha oscillatios Field et al, 1996;Sannita et
al., 1999 Keogh et al., 2012 It has been shown thabncentrations of cortisol, glucose
and adrenocorticotrophic hormonéAdTH) within the blood or saliva can vary
spontaneously witlEEG power across a range &@b-140 Hz, which includes thalpha
rhythm (Sannita et al., 1999). Suehpattern ofchangessuggestsan inverted U shaped
relationship withACTH concentration butemairs independenof the extent of ACTH
change or from cortisol/glucose concentrati@®amita et al, 1999).Other formonal and
neurohumaal influence onresting alphamplitudeacross astandard 8.2 Hz frequency
rangehave yet to be examined in full, which is why only limited effects have beernedp

to date(Giintekin & Basar, 2007; SolisOrtiz et al., 2004; 2009;).

3.1.4.Electromyogenic influences
Muscle or electromyogenic (EMG) artifact poses a serious rigkeanferential
validity of any EEG investigation in the frequendgmain owing to its high amiphde,

broad spectrum, and sensitivity to psychological processes of in{@astista, 2011
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Goncharova et al., 2003; Halliday et, d998;McClelland et al., 201;,2Shackman et al.,
2009).While EMG contamination is greatest at the periphery of thescar the active
muscles, even weak contractions can prodiM6E interference that obscures or
mimicsthe alpha, mu, or beta rhythms over the entire scalp (Goncharova et al., 2003).
Moreover,cognitive task performanceften activates EMG in scalp electrical recordng
making it difficult to differentiateEEG from EMG signal in the theta, beta andamma
ranges (Whithamet al., 2008)Generally,EMG hasa broad frequency distribution from 0

to >200 Hzand spectrathat often have peaks in the beta freqeyemange that resemble
EEGbeta peaks.

There area number ofstudies thathave investigaté the effects of peripheral
afferent stimuli on the synchrony between brain and muscle activitystanaged by
corticomuscular coherence&hakarov et al., 2009; Goncharova et al., 2088ljiday et
al., 1998; McClelland et al., 2012 heresultsfrom this researcfavorsthe view that the
function of the beta range(>12Hz) is not specific forneural activity only. The
sensorimotor system majsoresort to strongeand broader beteangecorticomuscular
coherencdo generate stable cortigpinal interactios during increased force, as well as
when compensating for dynamic modulated forg@sakarov et al., 2009). This finding
reinforces the importance of thgperalpha andbetarangeEEG-EMG coherencéevels
during sensorimotor integratiofChakarov et al., 2009McClelland et al., 2012)It is
suggestd that both cutaneous and proprioceptive afferents have access to circuits
generating corticanuscular coherence and that a functionally relevant stimulusan
produce asignificant modulation oL4-20 Hzrange coherence&uch findings have led to
the conclusion that scalp EMG could becontaminating factor whileecording EEG
particularly within thebeta, gamma antieta range¢Chakarov et al., 200®alliday et al,

1998; Hashimoto et al., 2010; McClelland et al., 2Q012gnce, it ispossiblethat lower
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levels of EMG contaminatiormay occur withinthe 812 Hz EEG spectrumproviding a
clear advantagem exploring the nature @ipha wavectivity.

Some studies recommegrtimination ofEMG contaminatiorby recordingthe EEG
from an appropriate set of peripheral scalp locati@m¢harovaetal., 2003).Shakmaret
al. (2009) revieved recent workin their laboratorywhich investigatedhe validity of two
popularEMG correction techniques, one usiageneral linear model (GLM) artikde other
using temporal independent component analysis (ICA). However, both oftletheds
exhibited difficultieswhen the amplitude othe EEG and EMGwere comparable in
magnitude.Interestindy, surfacescalp Laplacian transformations have been shown to
provide robust estimates for detecting high frequeB®G amplitude and also for
providing a measure of electridadain activity and assuch could be usesk a standard in
the development of brain/muscle signal separation met{s®s e.g. Fitzgibbonet al.,
2012).

Taken together the datautlined above showing tldependencef alpha amplitude
on a number of nomeuronal factors Isa led us to conclude thatthe terms
‘synchronization’ and ‘desynchronizatiodd not always provide an unambiguous index of

an increase and/or decreasamplitudealone.

3.1.5 Low voltage subtype

It should also be noted that an EEG phenotype exists héitide or no alpha is
evident. This low voltage EEG (LVEEG) was originally described by Adrian anteviet
(1934) though there is no clear agreed upon definition (see Niedermey8&y,at98ome
use the term to refer to low voltage across the full specof the EEG whilst others refer
specifically to a lack of alpha in the resting EEG as a characteristic featunehofasv
voltage (see e.g., Anokhin et al.,, 1992). Prevalence rates also vary dependirgy on th

criteria and method used to assess it (ranfiom 3% to 13% of the healthy population;
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(Bodrov et al., B84; Anokhin, 1988). Such a pattern has also been linked to alcoholism
(Bierut et al., 2002), brain trauma (Newet al.,2005, 201® and may be confused with
depression caused by tension and anxiety (Schmidt et al., 2012). For those BEGLV
alpha waveswithin the 8-12 Hz range may be diffuse and lacking in any rhythmical
component. According to Anokhin et al (1992) this abnormal EEG pattern is the result of
an autosomal dominant inheriteerzg.

The LVEEG also appears to be ‘Amsponsive’, which Anokhin et al (1992)
suggest indicates some difference between those with LVEEG and thibsawerage
alpha EEG. For instance, LVEEG participants may exhibit decreased perteriatests
of concentration along with reduced spontaneous activity (Vegeal.,1979). Vogel et al
(1979) suggested that this pattern indicates poor modification and selectivécatmoii
of incoming stimuli as a result of weakened thalamocortical links. This wasrsegoy
research showing reduced amplitude short latency ERPs to visual and auditedy stim
(Vogel, 1986). Indicating a possible reduction in strength and speed of information
processing. This is also consistent with more recent findings showing delcedadress
and sensory processing concomitant with decreased alpha (Braboszcz & Delorme, 2011)

Nevertheless, this phenotype has invariably been defined in terms of reduced
amplitude. As outlined above amplitude alone can be influenced by a rangecrhianht
and functional factors. As such, future research may be able to elucidate fugher t
underlying mechanisms associated with LVEEG by incorporating individual peak

frequency range rather than relying solelyaomplitude withina fixed frequency range

3.2. Topographcal factors
Alongside theanatomical and physiological factothat can &en hinder the
identification of alpha wave signals in the EEG are differences in topogiser,

2005). The description of topographic variability of alpleamplitude isinherent in the
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literature exploring thgghenomenon of alpha activitilevertheless, the choice which
recordinglocationto use maynfluence and/ofimit the interpretability ofthe quantitative

EEGmeasures takefNuwer, 1988; 2003TramHaiolli et al., 2011).

3.2.1.The effect ofmontage choice oramplitude

It has beemproposedthat spectrapower calculatiors using different montagef
electrodes can alslbave an influence on the classificatiand differentiationof results
from both mrmalhealthysubjects and patients withental impairment (Trambaiolli et al.,
2011). For instance,dpographical dcus orthe amplitude of low frequegaganges €8 Hz)
is dependent othe referent electrode position such that thegeof amplitudemay ke
unreliable by itsel{Nuwer,et al, 1987 Nuwer, 1988).Hence, the selection of a particular

montage may also influence how alpha wave activity is discerned.

3.2.2.The importance ofspatial resolution

Jensen and Mazaheri (2010pve proposedthat addtional insights into the
functional role of alpha activity could be brought abousimyultaneousigh-density EEG
and MEG recordingsHowever, theimproved spatial resolution of these techniques has
facilitated only the spatialna the functional interpetation (Jensen &Mazaheri, 2010
Moore et al., 2008 Furthermorecirculatory arresthas been shown to haae impat on
decreased alpha power appegiacrossall siteson the scalpA factor analysis, conducted
by Visser et al. (2001),revealed four dctors that could account for the
spectralEEGchanges occurring durirgrculatoryarrestand recovery. The frequency
intervals of these factors were 0 to 0.5 Hz, 1.5 to 3 Hz, 7.5 to 9.5 Hz, and 15 to 20 Hz for
all channelsin addition, only minor topographical differences were found in the power of
the spectral changes. This provides compelling evidence that spatial resolutioh is

essential for studying changes in alpha po(ahrens et al 1995; Visser et al., 2001)
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Similarly, it's not clear froma topographical point of viewvhy alpha neurofeedback
training or repetitive transcranial magnetic stimulatiabfrontal (F3) or occipital O1)
sites aimed at increasinglpha powetrlicited simultaneous increasim alpha amplitude
across other netrainedsites(Bazanova et al., 2009in et al., 2011; Johnson et al., 2010)
Furthermore, the existence oflat alpha EEG suggestsevidence of an absence of
topographical specificityfor alpha arplitude. However, given thatow amplitudeis a
characterigc evident acrossll EEG sensor locationsa possiblecauseof the flat alpha
EEG is the epigenetic inflence of psychological and/or biological factors such as
increased anxietyfEhlers, 200y, age Basar & Schurmann, 1996Bazanova, 2008
increased Ieels of the corticotrophin releasing factor Enoch et al., 2008)
steroidhormones Asbury et al., 1998, Kamej 2000), and neuropeptideKaur et al.,

2007).

3.2.3 The influence oflocalization

Suchdataprovide some idicationthatalpha wavdunctions haveno topographical
difference. Howevernyve believe that such conclusion ould onlybe madeaegarding the
alpha waves of garticular frequency. For example,Mizuhara (2012)reported on
smultaneous fMRI and EEG measuremenéken during a visually guided motor
execution task in order to investigate whether the amplitudieeafpper alphahythm at
11.8 Hzwas an idication of sensorimotaactivity acrossthe cortexIt was found that the
amplitude of this rhythm appeared suppressed not ohedateral central electrode sites,
but also at occipital sitesand this correlated with changes in the fMRI signal in the
occipital and the supplemenyamotor cortices, respective(iizuhara, 2012)In addition,
Litvak et al (2011) concluded thdtequences involved in the alpha and beta netwprks
which areinvolved in the same attentional and execufivgctions,and in particulamotor

planning, havedistinct temporoparietabrainstem network (Litvak, et al., 2011)The
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subthalamic activity was predominantly led by activity in the cortex in ladpha (7
13 Hz) and beta (15-35 Hz) frequency bands (Litvak, et al., 2011). This would suggest that
localization may a stronger feature of the upper alpha bandwidth.

In contrastevent relatedlecrease inthe power of theipperalphafrequencyhave
been reported over respective areas of the homunculus, indicative of physical mpvement
whereas event relatedcreags have beembserved over surrounding areasd more
distant areas that are ntask relevansuggeting a lack of involvement in the movement
(Neuper & Pfurtscheller 2001) It is important to note that this pattern of
decreasinfincreasing amplitudes specificto the upper alpha frequency ran@éeuper&
Pfurtscheller, 2001)in a recent studyPfurtchelleret al. (2012)noted thata decreas in
the central alphamplitude relaing to the conscious intention to perform a motor,agas
only apparentin subjectswith a resting individual alpha peak frequency of >10 Hz
(Pfurtsheller et al.2012).Similar alpha frequency depeedt changes have been reported
by others Segraveet al., 2011; Moretti et al., 2011This suggests that some spatial

resolution may take place, but only in the individual upper frequency range of alpha.

3.2.4 Focal amplitude thanges reflect selective activation/ inhibition hypotheses

An acceptednhypothesisby manyis the idea that a decrease in focal amplitude
reflects activation of a distinct cortical area whilst an increasrioundingamplitude
denotednhibition of neighboring cortical areaandthatsuch amplitude changenay well
befrequency depende (Suffczynski et al 2001;Basar & Schurmann, 199Basar, 2006
Klimeschet al, 2007; Tuladhar et al., 200Baumeister et al, 2008en-Simon et al.,
2008; Del Percio et al., 2011; Avanzini et al., 201Phis view is encapsulated within the

neurl efficiencyhypothesis discussed below (see section 3.3.1).

18



3.2.5.Alpha amplitude reflects generalized cortical processes

An alternative viewinvolvesthe cholinergic sysim activatingoscillations in brain
areas that are intimately linked to cognitive function and memory proce&mgr et al.,
2006 Mann et al., 2005; Traub et al., 2008)ccording to proponents of this approach
activating muscarinic receptors induces robust and dynamically complex osaoslati
sensory thalamic nucleivhich have been taken to suggest that alpha EEG rhythms
represent more than a simple measure of idling (Hughes et al., 20ELprinciple of
individual emerging brain system®rmulaed by Bedtterevaet al. (2007), suggests that
implementation of the same mental activity can be achieved topographigalifferent
brain systems.A similar view is put forward by Cook et al. (1998) based on the
correlations between PET and EEplitude signals. They have poposedthat the
functional role of the amplitude.€., power) of the alpha waves does not depend on the
topographic localization, but mainly refleageneralized cortical processé$ence, it is
possible to concludthat changes imlpha wave amplituderecorded on the scalp surface
and regardless of topographyeflect some generalized cerebral proceskes event
related changes impper frequency alpha power could reflect local distinct cortical

processes

3.3.Alpha amplitude changes are dependent orask engagement

It has been acknowledged that engggn a tasksuch as perceptual judgment or
increased attentiveness leads to a decrease in alpha power (&dNWaithews, 1934,
Niedermeyer& Lopes da Silva, 2004 This is consignt with theclassical view of alpha
rhythmswhich suggests that the amplitude tbése oscillationsin terms ofcognition,
reflect an idling state of primary cortical ared$e idea of increased alpha amplitude as
reflecting an idhg state is supported by findings of increased alpha powerl 8z in

posterior electrodes when eyes are closed (Treder et al., 2011) andllinH@
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(Niedermeyer, 2004as well asl1-13 Hz (Stermar& Egner, 2006)across thanotor
cortex when limbs are at redevertheless, thens a long history of research indicating
that alpha wavemay playanimportant role in a variety of cognitive processasluding
sensory perception and memosgé¢ e.g.VanRullen &Koch, 2003).These are discussed

below.

3.3.1 The neural efficiency hypothesis

Over timeit has been suggested that upper frequahalya amplitude is associated
with the inhibition of nonessential pcessingand as such @reater level of alpha
amplitude reflectghe inhibition of nonessential activity which in turn may facilitate
performance on the task (Klina@set al, 2007).1t may also be seen a% index of top
down processing representing aama&nism for increasing the signal to noise ratio within
the cortex by actively inhibitingon-essential or conflicting processese¢Cooper et al.,
2003 von Stein et al., 20Q0Gs encapsulated within timeural efficiency hypothesis (e.g.,
Doppelmayr efal., 1998, 2005)The idea is that effective cognition is not a function of
how hard the brain works but rather hoefficiently it works (Del Percio et al., 2011;
Klimesch et al., 200Y. In line with this interpretatioffuladhar et al(2007)have reported
findingsthat suggest that alpha amplitude reflebesdisengagement or inhibition abn-
essential vigal processes to support working memory processes. Further support for this
idea comefrom literature showing that people classified as more intelligent exhibit greater
levels of alpha power in 102 Hz compared to those with average levels of intelligence
(Basar,2006; Doppelmayr et al., 2005)Thus, it would seem that those with higher
frequencyof resting alpha power may be able to utilise this to actively inhibit irrelevant
processes, depending on the needs of the task.

Neverthelessthe debate over thpreciseneural function ofthe alpha rhythm

continues with theoriesuggestingthat an increasein alpha powerfrom 8-14 Hz may
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either reflect active processing related to memory maintenance (RaRalva, 2007)or
the inhibition of posterior regions not required for the task (Basar, 2Q@esch et al.,

2007).

3.3.2. Eyes open vs. closed

When attempting to interprelpha wave activity from thamplitude measurement
it is important to consider not only anatomical, functional, topographical and psychological
factors butalsothe experimental conditions under which the amplitude is measured
particular whether the eyes remain openabwsed Accordingto Barry et al. (2007) the
decrease in amplitudeeenwith eyes openndicatesan increasingin activation,whereas
closing the eyes leads to an increase in the amplitudBcating less activation.
Furthermore, neurofeedback training (NFT) aimed at enhancing alpha poweedras b
shown to elicit benefits in cognition (Ros et al., 2009; Alekseeva et al.,, 2012) and
psychomotor performance (Gruzelier et al., 2009; Bazanova et al., 2009) when the training
was conducted with eyes closed. However, eyem afpha amplitude increasingFT
proved ineffective at helping participants decrease levels of arousal durstigessful
situation (Holmes et al., 19800his may be because when the eyes are open the brain is in
a preactivated condition and as such aubsequent increase in alpha amplitude/power
via NFT could in fact lead to a decrease in activation of the brain which in turn may impa
cognitive processing/performance (Bazanova & Aftanas, 2010). In contrast,csed
NFT aimed at increasing alphanglitude/power may lead to selective inhibition of non
relevant cognitive activity, that is, improved neural efficien{®azanova & Aftanas,

2010).
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3.4. Dvergent frequency rangesof alphaamplitude

The question ofwhich frequency range beloago alpha is one of the most
important. This lack ofstandardizationvhen defining the alpha bandwidth has also led to
difficulties in the field ofneurofeedbacksee Vernon et al., 2009 striking example of
divergent interpretationsregarding alpha activity de to differing terminolog/ of the
variousfrequency ranges belomg to the alpha rhytm is the so called rolandic rhythm,
recorded m the central regionvhich exhibits a decrease in amplitude concurrent with
increasedcognitive and psychomotor loa@Gastat et al, 1954) This component
sometimes also referred to as Whecket, or mu rhythmhas been reported with varying
frequency rangeBy different authorérom 7-11 Hz Willemse et al., 2010Q)around 10 Hz
(Lachat et al., 2012)8-13 Hz (Pineda, 2005pnd 69 Hz (Marshall et al., 2011)he
amplitude ofthe mu rhythm in human adults is suppressed during both action execution
and action observation (Muthukumaraswamy et al., 2004; Perry & Bentin, 2009; ,Pineda
2005).This variability in frequency range illustrates a kgpblem vhenbandwidths are
not identified on the basis of individually determined functidviereoverit’s difficult to
understanavhy afrequency range @—35Hz, thatmarksParkinson's disease by excessive
amplitudethroughout the corto-basal ganglia networkhas beeneferred to asbeta in
oneinvestigation (Whitmer et al., 201#heread.itvak et al (2011) propose #ithe same
frequency rangewith the same functionshould bedivided into two subtanges: #13 Hz
for alphaand 1535 Hz —for beta Furthermore, Chapman and Lacaille (1989¢rred to a
frequency range of-12 Hz recorded in the central regions sadpatheta,whilst Moretti
et al (2007)identified thesame frequency ranges analpha rhytim. We believe that the
arbitrary use of the term alpha frequency range when utilized in thisneates additional
difficulties when attempting to understand the phenomeri@tpha activity.

Early proposals byalter (1963)suggested that the term ‘famibf alpha rhythre

be used to describe those EEG components that exhibieftbet of suppression in
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amplitude in response to motor or cognitive loEdwever,it is growing increasingly
evident thathere are at least two independent algtydthmical canponentsoften referred
to as thelower and uppefrequenciesor alpha 1 and alpha 2ubbands Petshe et al.,
199Klimesch et al., 1996Angelakis & Lubar, 2002 Tenke & Kayser, 2005Michels et
al., 2008.

Thus the measuremeiatf amplitudewithin a certain frequency range andithout
knowledge of the anatomical and physiological characteristitiseairganism, regardless
of theelectrical characteristics stalp musclegrovides no basis faroncluding that it is
alphawave activity. Such a proposataturally leads on to discussionof the ndividual

alpha frequency range

4. Individual alpha frequency.
4.1. Alpha frequency assessment appaches

Early reports on changes in alpha amplitude, from the pre quantitative EEG era
invariably failed toreport alpha peak frequendyleanwhile the individual algfrequency
could be measured not only by peak frequency, but as the mean frequarfiggihrange
or centerof gravity in some individual range (Hoop&005)and has been one of the most
common tools used to study the variability of EEG rhythms among sufjetstzfeldt et
al., 1976; Kaiser, 20Q1Klimeschet al., 1993)In thelast 30 yearsa number of different
alpha frequency measuremethiave appearedthese include(l) individual alpha pda
frequency (IAPF) (Angelakis et al 2004); (2) mean peak frequencyithin a fixed
bandvidth (Hooper, 2005) and (3) individual alpha pedlkhe center of gravityithin IAF
(Klimesch et al., 1993)Comparing these three measurements Ho¢p@0d5) concludd
that only the amplitude of IAPF during an eyes closed resting condigibects the
aggregategeneration of alpha (Hooper, 200B)imesch et al.(1993) made a specisiudy

of alphafrequency assessment and compared individual alpha peak frequeR€&y ({ih

23



peak frequency centef gravity (IAF). Their conclusion was that the measurement of the
IAF was morevaluablewhen examininggvent related state alpha frequency chamgen
eyes are open, whereas t#¢’F may bepreferred for studypg endophenapic qualities
during resting eyes closed sessi@flsmesch et al., 1993).

In an attempt to identify thexperimental conditions which would most usefully be
used to identify the frequency range of the IAPF and its topography Bazanova (2011)
conducted a number téstretest EEG recordings of 96 male subjects, agedii2®vera
period of14-15 days with participantgestingwith both eyes closed and eyes op&he
EEG was examined using standardfixed 8-12 Hz bandas well as thandividually
determiné alpha band. It appeared that the wmidividual correlation coefficient (ICC)
was the strongest in the posterior brain area in the eyes closed conditionenudneet
with the individual alpha band, while it was weakest in the anterios arehe eyes open
condition and defined with the fixed standard-82 Hz ranggBazanova, 2011 There
was no evidence d lateralizationinfluence on theneanlAPF in thesehealthy subjects
something which others have also repor(Bddenmann et al 2009 Klimesd et al.,

1993).

4.2 Inter-individual variability of alpha peak frequency

When Bazanova and Aftanas (20@8mpared two groups of healthy male subjects
with eitherlow (LAF - IAPF<10 H2 or high HAF, - IAPF>10 Hz. [see Figure 2]) alpha
frequency accoding to median posterior IAPRhenresting witheyes closedfig.2) they
found that the LAF and HAF subjects differed in psychometric strategiescfoeving
success in nonverbal creative tasisswell as their ability to respond teurofeedback
training LAF subjects emphasized originality wdtiHAF subjectsemphasizediuency in

reaching the same score of the Torrance test performance (Bazanova & Aftanas, 2008
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The HAF subjects with highest and LAF subjectdiwiowestIAPF levels showed
the highest originality score in the nonverbal creativity task performéig8). Such
findings are consistent witbthers repomhg interindividual differences in alphaeak
frequency correlatg with performance on memoryDoppelmayr et al., 2005 1Q
(Jausovec & Jausovec, 2008peed of information processing (Bornkessel et al., 2004
andefficiency of biofeedbackraining (Alekseeva et al., 201Bazanova et al., 2009).

put fig 3here
4.3.Intra-individual variability of alpha peak frequency

In contrastmany empirical investigatiortsgave presenteelvidence that IAPF varies
intrarindividually as a function of agefor exampleincreasng through childhood till
pubertal age (Bazanova, 2Q08iedermeyer& Lopes da Silva, @04; Stroganova et al.,
1999 and decreasg after 40 years Glake et al, 2004; Osaka et al., 1999\ few
investigations havalso shownthat hormonalchanges camfluencealpha frequencyrFor
instance,there is an increasm IAPF concurrent with enhreced progesterone activity
during the menstrual cycl€feuzfeldt et al., 1976; Sok®rtiz et al., 2004Bazanova &
Mernaya 2008 Baker & Colrain, 201p and in conditions when cortisol blood level
increaseqTops et al 2007) In addition, IAPF has beershown to vary with personal
cognitive involvement in task performance (Kliroeset al, 2007; Ng & Raveendran,
2007). Goodperformances associated witlincreasd IAPF, but a drop in performance
and fatigue are related to a decrease in IAPF (Klimetal.,, 1993 Ng & Raveendran,

2007). Alekseeva et al(2012 alsonoted that IAPF increased after upper alpha power
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neurofeedback trainingNET), thoughnot in all cases. The increase IWPF was only
evidentin students with baseline resting alghequencylower than 10Hz (LAF subjects)
whereas theHAF students did not exhibit anghangein IAPF (Alekseeva et al 2012
Bazanova et al., 2009).

Lebedev(1994; 2006)has proposed that cyclical oscillationstive alpha rhythm
determine the capacity and sp@édvorking memory. The high¢he frequency the greater
the capacity and speed of memd#ys hypotheses are supported by the results of a number
of empirical studiesKlimesch et al., 1993Angelakis et al., 2007; Bazanova & Aftanas,
2006, 2008; Bodenmanet al., 2009; Zoefel et al., 2011)urthermore,Klimesch
Doppelmayr, Schimkeand Pachinger(1996) hae argued that thalamocortical feedback
loops oscillating within the alpha frequency range are involvedh& searchfor
identificationof encoded infomation. Theyspeculate that faster oscillating feedback loops
would correspond to faster access to encoded informatlongsch et al.,1996).

Later it appeared thathilst someEEG traits for an individual are stabtghers are
variable between individuals, and moderately to highly heritable (Hodgkinsan 20 H0).
Although twin studies (Enoch et al., 2008; Gavrish & Malykh 1994; Smit et al., 2006) have
long shown that heritability of EEG amplitude in the waking state is substantialjttie
is known about the genes underlying distinct EEG frequency traits.

Thus, it is possible to conclude thatstinct behavioal strategies observed in
dominant lowvs. high alpha peak frequency subjeatsd different functional appearances
of alpha activity in lower and upper frequency $#nds could be due to genetind
epigenetic factorgmfluencingthe individualwaking EEGpatterns Such differencesould
reflect dstinct neurophysiological mechanisms of brain activatiorbath low and high
alpha frequencyanges.

4.4.Genetic influence o alpha frequencygeneration
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It is likely that a family of genes, rather than a single gene, correlathsthe
activity of the EEG alpha rhythm (Lopes da Silva, 1991; Timofeev, 20B8ails on the

main ones are examitddelow.

4.4.1 The frequency of alpha rhythm is determined by the activity of C& T-channels

A distinctive feature of th@lpha wavegpacemakerwhich includes thehalamic
relay cells is thehigh density of calcium channels in the membranes of Tsudlhces and
the endoplasmic reticulunbgéstexhe Sejnowski, 2003Shermar& Guillery, 1996) The
alpha rhythm is a result of tuning the local cortical network, which depends onaogdigeti
determined Ca2+-Ehannelactivity (Lopes da Silva, 1991; Stedm et al, 1990; Steriade,
& Timofeev, 2003) and underlies the dominant brain frequency (Jones et al., 2000; Luthi et
al., 1998).1t was found that the calcium channels otype cells, by adjusting thie
concentration of calciumcan inhibit the activatio of signal transmission through the
thalamus and thus stabilize the resting state (Page 2086). As shown by receimtvitro
experiments thentracellular calcium current i thalamic nuclei relay cell of cat
produces a temporary depolarizatidritee cell membrane at a frequency of approximately
10 Hz, as the refractoriness of activation of calcium channels is approximately 100 ms
(Bollimunta et al.,2012, Bright et al., 2007; Hughes & Crunelli, 2005; Hughes et al.,
2011).Thus, deletiorof the genein transgenic mice causes a reduction in the refractory
period and therefore produces more frequent oscillagidnderson et al.2005).Recent
studies have demonstrated that knoiclg out the subunits of metabotropic GAHA
receptorsn miceviolatedthe processes of their inhibitory effect on the activity of calcium
channelsHence, there waso refractory perioavhich in turnincreasd the frequency and
disrupted alphaspindle oscillations Emson, 2007 Winterer et al.,, 2003) Such
experimental datdnas confirmed Livanov’s(1984) conjecture that the organization of

rhythmic activity in the brains caused by the excitation properties of the refractory
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calcium currentwhich determines the frequency of the rhythmic discharge of neurons
(Eccles, 1994)Recently, Lorincz, Crunelli, and Hughes (2008) highlighted a subset of
thalamocortical neurons in thateral geniculate nucleuk@N) of a catwhich can exhibit
a novel type of intrinsic burst firing @phafrequenciestermed higkthreshold bursting
This activity was unmasked by activation of the metabotropic glutamate receptors
(mGIuRs) that are postsynaptic to cortibalamic fibres (i.e. mGluR1a) (McCormi&k
von Krosigk, 1992) and could be synchronized by gap junctions to form adiptel

rhythmgenerator (Hughes et al., 2004).

4.4.2. Synapsin dissociation rate

During an action potential thelissociationrate and dispersion of synapsin from
synaptic vesicles controls the rate of vesicle availability for exocyusithe plasma
membrane. Chi Pingt al. (2003)have shownthat synapsin dispersion rate tracks the
synaptic vesicle pool turnover rate linearly across the frequency rabg8®Hz and that
the molecular basis for this in the regulationwhich occursat two typesof kinases site.
Therr results show that calcigalmodulirdependent kinase sites control vesicle
mobilization at low stimulus frequency, while mitogactivated protein kinase/calcineurin
sites are critical at both lower and higher stimulus frequencies. Thustiogdly
deermined multiple signaling pathways serve to allow synapsaontrol of vesicle

mobilization over ditinctstimulus frequencies.

4.4.3. GatecholO-methyltransferase (COMT) gene

Early linkage analyses identified a genetic locus on the distal part of choome
20g (Anokhin et al.,, 1992), wherthe COMT gene is located. Data reported by
Bodenmann et a(2009) demonstratemechanisms involving COMT enzyme playing an

important role in cortical dopamine metabolism contributing to Hmeividual difference
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in alpha oscillation frequency, whiakere functionally related to executive performance.
They showed that the functional polymorphism in the COMT gene causes a common
substitution of methionine (Met) for valine (Val) at codon 15&efCOMT protein. ltwas
shown that individual alpha peak frequerdtyring the rest condition in Val/Val subjects
(i.e., with less dopaminiergic activityvas lower by 1.4 Hz thathosein the Met/Met
genotype Bodenmann et al., 2009)nterestindy it has also been showtha the
relationship betweedopamine projection meons firing at a lowfrequencyand GABA
projection neurons firing at a highequency (Ding et al., 2011) directly influescthe
number and/or strength of thalamo-cortical connectf®hatcher et al., 2®).

Thus, it is now evident that alpha peak frequency reflects individual genetic
influences on the underlying neural mechanisms of the generation of alpha éctpitg
da Silva 1991, Steriade et al., 1990, Steri@&&imofeev, 2003)Meanwhile with regards
to the questionof whether smarter brains rurifastef Posthuma et al(2001) have
concluded that both peak frequency and the dimensions afel@lghly heritable, ranging
from 66% to 83% Nevertheless, darge part of the genetic variance in appeak
frequency as well as in working memory and processing speealy be due to nen
additive factorsuch asactivation (Li et al., 20119r EEG voltage (Arns et al., 2008)s
such, there may badditional EEG indices predicting cognitive ability (Fasha et al
2001), that could be connected with the pattern of EEG activation (Cho et al., 2008; Tenke

& Kaiser, 2004).

4.5.Non-additive factorsinfluencing the alpha frequency

The orticotrophin releasing hormotiending proteilCRFBP) gene has attcéed
the attention of researchers interestefinding a suitable candidate gene for inheritance of
alphaEEG activity This isbecaus€CRFBP is the major hypothalamic releasing factor for

pituitary adrenocorticotrdpn secretiorand acts as a neurotramgter, or neuromodulator
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at other sites in the central nervous sysesmwell as being arimary mediator of the
neuroendocrine stress resparséas been shen that CRFBP modulatesdoth thepower
and frequencyf alpha oscillation$§Enoch et al., 20Q8Vinterer et al., 2003}-or instance,
Enochet al. (2008)identified CRH-BP as a strong candidate gene assediatith the
production ofalpha peak frequegc

More recentlyHodgkinson et al(2010) performed a wholgenome association
study on alpha, beta, and theta EEG power in a Native American cohort of 322 individuals
to take advantage of the genetic and environmental homogeneity ofisthated
population. They identified three gened) SGIP1 (SH3-domain of Growth factor
receptofbound protein 2nteracting protein lwhichfunctions as an endocytic protein that
affects signaling by receptors in neuronal systems involved in energyobt@sis via its
interaction with endophilins (Uezu et al., 200The increase in endophilin levels in
neurons idinked to an increase in the activation of the stress kinase (Ren, et al.a@d08)
SGIP1 was estimated to account for 8.8% of variance -8HZ power, (2) gene
ST6GALNAC3 which belongs to a family of sialyltransferases that transfer sialic acids
from CMP=ialic acid to terminal positions of carbohydrate groups in glycoproteins and
glycolipids to provide energy (Lee et al.,, 2000he ST6GALNAC3 genehas been
associated with alphpower (Hodgkinson et al., 2010)3) power in the alpha rangehas
also beerassociateavith the UDP-glucose dehydrogenase gdhmdgkinson et al., 2010).
UDP-glucose dehydrogenagelongs to the family obxidoreductaseand is an integral
Golgi membrane protein whose expression igagulated in response to hypoxafisk
factor for schizophrenigBauer et al.1975).Interestindy Hodgkinson et al(2010) have
demonstrated that the ST6GALNAC3 gene overlaps with findingsh&ia (4-8Hz) and
alpha(8-13 Hz) powerassociated marker®oth of whichlie within the third intron of
ST6GALNACS. Such findings provide evidence that many, if not all, of the genes

identified here are associated wadhtivation processesience,it can be assumed that if
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Hodgkinsonet al. (2010) had notconsideed the correlation with individually defire
alphafrequency rangg this overlap may not have been detected.

Recenty Ben-Simon et al.(2008) combined fMRland EEG to examinetwo
parallel patterns of alpha modulations agploretheir anatomical basis in the human
brain. The findings suggest &t the human alpha rhythm represents at least two
simultaneously occurring processes which characterize the restingTiraifirst isrelated
to expected change in sensory information, while #eeondis endogenous and
independent ofany stimulus change (Ding et al., 2011) Nonetheless, the exact
mechanisms for generating an oscillation may differ widely betvileeiifferent alpha
frequency waves depending on individual network properties, cell tgpkghysiology,
hormone level and blood feeding.

Thus, it could be proposed that differences in alpha peak frequency in the resting
condition reflect an endophenotypictrait indicative of distinctmechanisms of brain

activation and alpha wave generation.

5. Alpha activation or the Berger effect
5.1. Magrnitude of alpha amplitude suppression

The alpha rhythm is one of the matEG rhythns which hasa well-defined
physiological property, that is, the suppressioramiplitude inresponse to opening the
eyes or increasingcognitive load.Obviously, some have sed the amount of alpha
suppressionsaan index of cortical activation (Barry 2007; Cho et al., 20@8fs et al.,
2006 Schimke et al 1990) This suppression, oBerger effect might explain the large
inter-individual variability in the power and frequency of the alpha rhythm (Kieddhf
2005). Using alpha amplitude suppressias a measure of activation the ‘magnitude’ of
such adecreaséas recently been explored durwmgual and cognitiv@rocessing proving

a promisingavenue of study in the searfor putative endophenotypes (Loo et al., 2G0)
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well as helping to identify individual cognitive straieg)(lvanitsky et al, 2009; Loo &
Smalley, 2008)For instance, ihas been shown that the magnitude of activatigratrents

with cognitive impament (Alexander t al., 2006), impaired response tim@gaez
Mousavi et al., 2007)spinal cord injury (Thuraisingham et.,aR007) and attention
processing deficst (Barry et al, 2003) was decreased in comparison with healthy- able
bodied participantsMoreover examination of predictors such as lack of reactivity to
opening eyes was found to be highly sensitive to predicting poor outcome (Zhang et al.,
2011).

The magnitude of alpha amplitude suppressiorespons¢o action perception and
production appears to be smaller for infants than for adults and older children, suggesting
developmental changgMarshall et al 2011 Stroganova Orekhova & Posikera, 1999
However, in contrasboppelmayr et al(2005)have showrdecreased task related alpha
suppessionn intelligent participants in response to easy mental tasks

Hence, alpha suppression has been associated with both age and cognitive
performanceDel Percio et al(2011) also found thathe reactivity of alpha rhythms to
eyes opening is lower iathletes than neathletesIn contrastPfurtscheller and Lopes da
Silva (1999) proposed that the level of amplitude suppressiuld correlate with
different EEG componentsicross distinctalpha frequency peaks and that with an
increasing number of interconnecting neurons amplitude increakdst frequency
decrease¢Pfurtscheller & Lopes da SilvE999) This may indicate that higher amplitude
in eyes closed resting conditipnedictsa greater level of brain activation.

According to Cook et al. (1998) a reduction in EEG alpha amplitude occurs
simultaneously with an increase in tlanplitude ofa PET signal This suggests a
relationship between changes in algwdivationand changes in metabolic intensigy.
possible additionto this view could be mad ased on theiridings of the hormonal

influenceon theEEG (Bazanov& Mernaya, 2008Mantanus et al 1988).For instance,
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Bazanova and Mernay@008) found a negativeelation$ip betweenthe magnitude of
activation andhe cyclic change irsalineprogesterone concentratian women That is,
greateractivationin the low alpha frequency rangguring thefollicular phase i(e., low
progesterondevel and low alpha peak frequencghd less activatiom the luteal phase
(i.e., increasegrogesterondevel along with increasedhdividual alpha peak frequency
and cognitive efficiency (Bazanova&Mernaya, 2008Hence,in the same women lower
alpha frequency iselated tohigh activation but higheralpha frequency is associateth
lower activation.In addtion, Jann et al. (2010) have put forward the ithedt subjects with
higher alpha frequencgre able tgre-activate taskelevant networks andrethus more
efficient in executingthe taskand show a reduced fMABOLD response to the stimulus
However,this reduction in blood flow is not because the absolute amount of activation is
smaller butrather due tdheidea that thedditional activation resulting froprocessing of
external input is limited due ta higherrestingbaseline (Jann et al., 2010hese finding
may beexplained by thedata reported by two independent research grewps have
found that8 Hz and 10 Hz oscillations respond differently wsual stimulation
(Hanslmayr et al., 200 Mazaheri & Jensen, 20). Hence,it is possible to carlude that
the magnitude of alpha amplitude suppresstonild reflect theactivation of thebrain n

response tavisual or cognitive load anais such may alstepend on the frequency range.

5.2.Individual alpha bandwidth

It has been argued that therrect evaluation of alpha activati@hould bebased on an
individually determined alpha ban@azanova, 2011)The argument here is that when
comparing the two methodad analyzing alpha suppression, those alpha desynchronization
valuesthat have beeralculatedusing an indvidually determined alphhand may be
superior when compared to those using a fixed standard band, particularly whetigtem

to differentiate inteindividual differences Bazanova, 2011Schimke et aJ 199Q. It is
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possible thatising a fixed frequency barday blur the real alpha peak, masking the-age

or functions related modifications. Thus, alpha measures are influenced by therisunda
chosen for the frequency band. Yet no definitive division of the human EEG frequency
range las been found. More than 20 arbitrary frequency boundaries have been specified in
the literature for studying the alpha rhythm (e.g., 718106 Hz,7.03-12.89Hz, 815 Hz)
(Etevenon et al., 1989; de Toffel & Autret, 1991; Moretti et al., 2@8pectively. Lack of
standardization in specifying the alpha frequency band fosters confusion between
laboratory findings, but may be required due to the range of variables addrgssed b
quantitative EEGMoreover,it has been suggested that defining alpha pasig a fixed
bandwidth is likely to reduce experimental sensitivity and increase theela error
(Klimesch et al, 1993;Bazanova& Aftanas, 2008; Kaiser, 200Bazanova, 2011Segave

et al., 201) In a dual EEGfMRI investigation Laufset al (2006) showed that
spontaneous reductions in alpha amplitwdere associated with incread cognitive
activity associated witlgeneralactivation of theorainacross a wide.€., not only 812Hz)
spectral frequency rangé&everal approaches have been suggesteddifinguishing
betweenindividualy based lowerand upper frequency boundaries of the alpha band.
These include(l) thosebased ompeak frequency (Angelakis et ,aP006,Segave et al.,
2011);(2) those utilizing arextended 5.4 Hz alpha ban{Moretti et al, 2011) and (3) the

use of transition frequencyiethods Doppelmayr et al.1998 Bazanova& Aftanas, 208).
Accordingly, Klimegh's method was to use the centérgravity or individual alpha
frequency as an anchor point for distinguishiregweena lower andan upper alpha band
(Klimesch et al. 1997). Although this method proved superior to the use of fixed
frequency bands, the questimmains as tavhether the bandwidth may be considered a
constant value that does not vadpviously the plus or minus25 Hz in association with

the peak alpha frequency the type of pragmatic decision that is aoftseenin

psychophysiology, based on both empirical data and &#ssebch et al. 1997).But, it is
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known that some subjects will have a narrow dominant frequemme dbers might hit

the mark exactly and a third group have a wider frequesnaye(Sterman, 1996; Thatcher,
1998).1t is possible that by refining tfermulato includea mixture of percent attenuation
and topography might produce a truly customized dominant frequency bandWhikh.
could then be used as a more accurate anchor point and enable researchers to move
outwardstowards other bandwidths of interesiowever as Goljahanet al. (2011)point

out, techniques for individual alghfrequencyangedeterminatiorcan beover+eliant on

the presence of peaks in the EEG spectrum and are based on qualitative criteriaitkat req
visual inspection of every individuBIEGspectrum, a task that can Hmoth time
consuming and difficult toeplicate.Such issues leGoljahani et al (2011)to propose a
method for identifying the individual alpha frequency center of gravity basetiaomel
reactivityto activation This methodutilizes quantitative indices and relies on tasgecific
alpha reactivity patterns rather than on the presenspeaificpeaks in the EEG spectrum.
For insance,Bazanova and Aftang2006) definedhe individual alpha band width as the
frequency range that encompasses the part of the EEG spectrum whishssippwession

of amplitudeby at least 20%n response to opening the eyesnpared to eyes cladéfig.

4)

put fig.4here

Furthermore, it has been shown ttta individual alpha band width (IABW)an
vary in accordance with brain activation (Kaiser, 2005) afitiency of cognitive
performance(Bazanova& Aftanas, 2008) Narrow in the less ademically successful
studentand wide in the more successful student (Bazanova & Aftanasg)2or
example,when completing a musical performartbe IABW is widerfor highly-skilled
professionals than for those withw musical skill(Bazanova et al., 2003).Has also been

shown to be wider in those with highereativity as assessed by the Torrance creativity
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coefficient (Bazanova & Aftanas, 200@nd the width alsaorrelates psitively with
biofeedback training efficiency (Bazanova et 2aD09. Additionally, it has been shown
that individual alpha bandwidth (IABW) is dependent on agmcreaing from 3 b 20
years (Bazanova, 2008) has also been reported that women in the follicular phase of the
menstrual cycle haverarrower alpha band than meB#zanova& Mernaya 2008).

Hence, the benefits aftilizing anindividual alpha band width measurement are
evident.Furthermore, this woulduggest that a key asp@dtalpha wave activity is that it
can be assessed not only by the level (i.e., amount) of amplitude suppression but also by
the width of the frequency range that such suppression occurs in. As such, the magnitude
of dpha suppression taken together wiidividual alpha band width could be used not
only as a chacteristic of brain activatiohut as an index ahe neuronal generatonssed
in cognitiveprocesses.

Thus,in spiteof awell describedraditional approach to defining alpha activity as
well as the more individually tailored recent attempts tiedationship betweeralpha
activity and activatiomemains amatterfor debate(Toscani et al., 2010here aresome
guestions whicht may not bepossible to answer with simple spectral analysis. For
example, it is not clear: (1) whethacchangen total power of particular alpha oscillations
resultsin a changen the number of occurrenc@er minute rather thaa changan the
averageamplitude of oscillationand (2) whether change in the total power of alpha
oscillations affects the whole analyzed signaboly a small portion Kaplan et al 2002.

Thus, regardless of how powerful or statistically significant the differstnations of
averaged EEG effects may be, it is difficult to make meduingterpretations if the

estimations are ndinked to the specific structure tife EES (Towers & Allen 2009).

6 The segmental structure of the alpha waves
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Since oscillatory phase at a given frequency refléasyclical fluctuations of a
network'sexcitability that occurs on much shorter timescales than variations in oscillatory
power at the same frequency (Klimesch et al., 2007; Lakatos et al., 2008; Rajkai et a
2008) phase effects may provide deeper insights into thegiiamed coding of seory
information processingOprisanet al., 2004). So the phase modulation process could
characterize another unique alpha wave functional trait which has beerdef@ras
excitability cycles(Hughes et al 2011),alpha bursting segments (Kaplan et al., 300
operational architectoniadf brain functioning (Fingelkurt& Fingelkurts, 206), pulsed
inhibition (Jense®& Mazahery2010; Mathewson et al., 2009; VanRul&rKoch, 2003),
andspindleform segments (Livanov,1984) that aathin a temporal fame which reduces
the processing capabilities of a given area (Jedsémazahery, 2010). Ultimately, such
spindleform segmentsare considered to be a potential basis for explaining discrete
processing in the brain or its autoythmicity (Livanov & Dumenlo, 1987).Over time t
has been proposed that oscillatory alpha activity operates in a sfurmdlenanner Jensen
& Mazaheri, 2010; Livanov & Dumenko, 1987; VanRullen & Koch, 2003).

To overcome the limitations of conventional spectral analysis basedeoagang
procedures and to reveal both thaamic and temporal characteristics of alpha activity an
entire set of individual shoeterm stationary EEG segments maged tobe obtained
(Kaplan, 1999; Mazaher& Jensen 2010; Towers & Allen 2009. Nonstatonary
phenomena are present in the EEG, usually in the form of transient events, such as
relatively alternatve homogenous intervalsi.€., bursting segments) with different
statistical features (e.g., amplitude or variance) (Lopes da, $8¢4; Simon tal., 2011).

The idea that alpha oscillations have a sphtiéke form only during sleep (Niedermeyer
1999) has been contradicted e findings of Simon et al.2011)and Kellaway (2003),
who have described the soalled lambda waves {83 Hz). This wave is believed to

represent alpha spindferm oscillations Furthermore, Kellaway (2003) hasoposed that
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the physiological basis of sleep spindles is probably very similar todamand alpha
waves. Simon et a(2011) demonstrated that alpha spindles are superior to EEG band
power measures for assessing driver fatigue under real traffic condionsn et al.,
2011).

To determinewhether the activation stateof the brain would modulate the
composition of alpha spatial microstatee.(spindles) Catero et al. (2004)used spatial
segmentation methods to show ttrmean duration of alpha spindles is longer in relaxed
wakefulness than in drowsy periods and REM sleaql that thenumber of different

amplitude values are more abundant in drowsiness than inbvthestates

6.1. Physiological mechanisms that serve to provide the spindle-form of alpha
oscillations

Firstly, spindle like segments could be associated with shod midterm synaptic
plasticity (Steriade & Timofeev, 2003). In additjdmuthi et al.(1998) hae shown thathe
blocking of Ca2+ scillations is associated with inhibitiaf the spindle wave refractory
period such that continuousl®Hz oscillations were generated throughout the netwlrk.
probable molecular mechanisfor this phenomenon was proposed bgstexhe and
Sejnowski (2003). They suggested thaindling may activate the protein kinase A
molecular gate, thus opening the door for gene expression and allowiAgtonghanges
to take place following subsequent inp(Pestexhe & Sejnowski, 2003furthermore, it
is possible that rhythmic GAB#rgic input from the inteneuronal network is a key
mechanism for producing tHeulsed inhibition or spindleform segmentsFor instance,
GABA-ergic feedback from interneurohas been strongly implicated in the physiological
mechanisr(s) generating the alpha rhythm (Jones et al., 2000; Lorinak,&009).More

recently Higheset al (2011) highlighted a subset of thalamocortical neurons that can

38



exhibit a type of intrirsic burst firing at frequenciesermed higkthreshold bursting

(Hughes et al., 2004).

6.2 Measurementof the microstructure of the spindle-form segments

Recent work hsa challenged the dogma that ongoing activity can simply be
averaged out across triglglazaheri& Jensen, 2010)The key aspect of this research was
the revelation that the ongoing activity in the fusmcy of 10 Hz (i.e., alpha) contains a
non-sinusoidal property referred to as amplitude asymmetry or baselind/stzétheri and
Jensen (208) popose that the amplitude modulations of the oscillatory activity are
asymmetri¢ such that the peaks are more strongly modulated than the trdogtinss
study, a measure referred to as Ameplitude Fluctuation Asymmetry Index (AFkdex
was developedot quantify the asymmetry of amplitude fluctuations. The ARdex
compares the variance of the peaks with the variance of the troughs by cogsilderin
normalized difference between the two measures. Using this-iadiex Mazaheri and
Jensen (2008) were able to show that the direction (i.e., stronger modulation of peaks than
troughs orvice versa) and magnitude of the AFRAdex during a reshg condition
correlated respectivelyith the amplitude and polarity of slow [PRin response to simple
visual stimui.

The othertrait of the spindleform segment microstructure iveaage amplitude
(i.e., uV) within a segmentwhich indicates the volume d@he neuronal populatiofKaplan
et al, 1999; Lopes da Silyd991). hdeed, the more neurons recruited iatbasembly
through local synchronization of their activity the higlelf be the oscillationamplitude
of the corresponding asseml{igaplan et al 1999;Livanov & Dumenk 1987; Lopes da
Silva, 1991).

Average spindle lifetime represents the functional liéespof the neuronal

population or the duration of operations produced by such a population (Kaplan et al
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2002). It has been shown that longer spindles indicate a more relaxed state (Huupponen et
al., 2009. In addition, thdifetime of thespindleform segment is correlated with fluency
in cognitive task performanc8ézanova & Aftanas, 200&81altseva & Masloboiev, 1997)
and efficiencyin biofeedback training (Bazanova et, @007 2009). Interestingly the
shortest alpha segments belong to HAF subjects with the highest individual alpha peak
frequencies and LAF subjects with the lowest individual alpha peak frequéBaemnova

& Aftanas, 2008)Hence the longest spindiéorm segments belong todividualswith an
average, or approximately average, 10Hdividual alpha peak frequency. It could be
speculated that the differeneural mechanisms producing the spindle formation in LAF
and HAF subjects is due to thestinct patterns of the spindi®rming mechanism
displayedoy thalamocortical neuron8fown et al., 1993)Indeed, kBentealbaet al.(2005)
have shown that the reticular neurons display membrastliity as indicated by two
discrete electrical potential modes, with differential responsivetzesrtical inputs.
Additionally, in vivo (Steriade & Llinas 1988 Steriade& Timofeev, 2003 and in vitro
(Bal et al, 1996)intracellularstudies have revealed at least tdistinct patterns during
spontaneouslgccurring spindldorm waves which may beelated to the actions exerted
by nonbi-stableand bistableneurons, respectively. Indeed, Hoirstable neurons fired
stronger bursts with higher intrdurst frequencies, whichare assumed to generate
inhibitory postsynaptic potentsabf around7-10 Hz.In contrast,thesepotentialswith a
lower anplitude and a higher frequency are likelyo be generated by single action
potentialsas they occur during the depolarizing plateau istéble cell{Fuentealbat al,
2005).If we assume that longer spindles of stable brain activity imply lessmafan to
process (as reflected by higher stability of the brain genetdighorter segments imply

a higher number of braimicrostates caused byan increased number dfteps of
information processing, it is possible to suggest that the-segaent gdha amplitude

variability could be indexing phase resetting activity (Oprisan.e2@04) Indeed, intra
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spindle segment amplitude variability decreases in coma or stupor (Brenner, 2008% but
been shown to increase during cognitive loading (KapleBo&sov, 2003)and generally
increases as a function of age (Bazanova, 2008tcheret al, 2008).To some extent this
may reflect the ability for seltontrol which develops with ag&l{schel, 2004 Orekhova
et al, 2003. Hence, amplitude variability, which is associated with phase resetting
intensity (Oprisan et al 2004), may reflect the engagement of cognitive control
mechanisms (Hanlsmayr et,&005; 2007; Lebedev 199%ivanov & Dumenko, 1987).
Thus, the experimental resultsdicate thatalphaspindleform segments are the
product of the dynamics of neuronal assemblies in the underlyirex¢brdrokhov, 2003;
Lehmann et al 1994, Singer et al1997). These bursting segments play an inhibitory role
in delaying the rhythmic waves generatedha thalamus fothe selfcontrol of brain and
mind (Eccles, 1994; Livanqvl984; Livanov& Dumenko, 1987), and are essential for
memory formation (Lebedel994;2006) and perceptual process(Jenser& Mazaheri,

2010).

7.Conclusion

In this review we &veassunedthatalpha activity phenomena involyg4) individual
spectral alpha peak frequency, (2) powdthin anindividualy determined alpha range, (3)
thelevel of alpha amplitude suppression in the individual alpha frequency range ancr¢4) m
structural characteristics of spinedbaped bursting segmen#sn historical reflection has
shown thatthe measurement of alpha EEG oscillation activity involves an assessment not
only of the amplitudebecausef varyinganatomical and physiological facspbut also the
frequency and phasdén addition interpretation of alpha activity exclusively in terms of
changes iramplitude is alssomewhat limitedbecause it is necessary to take into account the
variability of topographical factoraVith this in mird the reviewprovides information that

topographical variability may occuor not depending on the frequency rangghin which
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amplitude is measureds such, it seems thalpha activityasmeasured by amplitude does
not depend dg on the topographic localization, buwlso reflects generalized cortical
processeslhe most probable reasons why alpha ampliagdameasurement may not be the
sole criterion of alpha wave activity are dependent on the level of engagemeaskfaad
thedivergent frequery rangesvith which amplitudas assessedivergent interpretations of
thechange iralpha amplitude coulderelated to different hypothesregardingthe neuronal
mechanisms genenad alpha rhythmslt was demonstrated that certain thalamic nucleehav
a strong influence in determining the magnitude of alpha pattée cortex.Furthermore,
early researcked to tvo basic assumptionggardingalpha that are still valid today: Jthat
cortical alpha is modulated by a thalacarticothalamic reentrant network, and2) that
adpha is not a unitary phenomenamtherit is comprisel of different oscillations with
different frequencieacrossa broad range.

Hence,we concludd that analysis ofEEG dpha activityshould include amplitude
alongsidetwo other important physical characteristics: frequency and phase resetting of
alpha oscillations.

Emerging research has provided evidence that the alpha freqaegeyasneasured
usingalpha peak frequency refle¢kse influence of individual ges®n the underlying neural
mechanisms geneiad) alpha activity(Hughes et al 2011 Lopes da Silval991; Steriade et
al., 1990 Steriade& Timofeev, 2003)We discussed the possibility that several factors were
common in the generation of different types of ostdhs. For instancejntra-individual
variability in alpha peak frequency provides a mechanism for searching and identifying
encoded informatioriKlimesch et al., 1993; Angelakis et al., 2007; Bazanova & Aftanas,
2006, 2008; Bodenmann et al., 2009; Zoetedl., 2011). Hence, by examining peak alpha
frequency it may be possible to understand not only why it appears but also whatisnechan

mediate its variability.
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Two alpha frequency patterihgve beerpresented in this reviemdicating that the
human alpha rhythm represents at least two simultaneously occurring psatesaeterized
by the expectation of change in sensory informadod anendogenoushythm that is
independent of stimulus chandg¢ence, we have argued thatin activation should depd
not only on changes in amplitude but essentially on where such changes occur across the
frequency spectrunf.ogethemwith the magnitude of suppression, individual alpha band width
could be used as a characteristic of brain activation and conseqeatlyiralex ofzarious
neuronal generators included in activation.

According tothe time inhibition theoryKlimesch et al., 200ythe active role of alpha
wavesis seerasa mechanism that may also underlie the functional role of other oscillations
(Klimesd et al, 2007 Mazaheri& Jensen2010) Synchronization in the alpha frequency
range helps neurons distributed networks to effectively activate common taigsts
(Basar, 2006; Klimesch et al, 2007. This alphafrequency dependent mechanism
playsanimportant role in the tepgown control of cortical activation and excitabilityence,
thebrain is organized into dynamic functional netwaakslactivity within one of thesesuch
as the default network, can be dissociated from that in othersfasific networks. This
would suggest thatllabrain networks may be structuralgonnected but only transiently
connected functionally. One hypothesis as to how such transient functional couplirggi®ccur
that network formation and dissolution is mediatedrizyeases and decreasedifierent
frequencyoscillatory synchronizationSo the phase of low frequency electrophysiological
oscillations is coupled to high gamma {B®0 Hz) amplitude, which suggests that Jow
frequency oscillations modulate local coali activity (Doesburg,Vinette Cheung& Pang
2012).

As such, it may be concluded tf#pha oscillationplay anactive role in cognitive
processing and sefégulation though it may be that such oscillations are frequency

dependentHence, he neuroal activation strategies for achievieghanced alpha wave
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activity during biofeedbacktraining may bedifferent according to the individual alpha

frequency.
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