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1 Nalecz Institute of Biocybernetics and Biomedical Engineierg, Polish Academy of Sciences, Warsaw, Poland’, Department
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Electroencephalographic (EEG) patterns were analyzed inggoup of ambulatory patients
who ranged in age and sex using spectral analysis as well asected Transfer Function, a
method used to evaluate functional brain connectivity. Weested the impact of window
size and choice of reference electrode on the identi catiorof two or more peaks with
close frequencies in the spectral power distribution, so clled “split alpha.” Together with
the connectivity analysis, examination of spatiotemporahaps showing the distribution
of amplitudes of EEG patterns allowed for better explanatio of the mechanisms
underlying the generation of split alpha peaks. It was demairated that the split alpha
spectrum can be generated by two or more independent and inteconnected alpha
wave generators located in different regions of the cerebtacortex, but not necessarily
in the occipital cortex. We also demonstrated the importane of appropriate reference
electrode choice during signal recording. In addition, ragdts obtained using the original
data were compared with results obtained using re-referened data, using average
reference electrode and reference electrode standardizatn techniques.

Keywords: split EEG alpha peaks, functional brain connectiv
average reference, reference electrode standardization tec

ity, directed transfer function, spectral analysis,
hnique (REST)

INTRODUCTION

There has been increased interest in understanding the arésins of generation of one of
the basic patterns of electroencephalographic (EEG) acthatpha waves. An individual alpha
frequency depends on many factors, including age, gendeg| l& sleepiness, or presence of
neurological disorder. All these factors can have an impacthe separation of theta and alpha
bands Klimesch, 1999; Garn et al., 2012; Grandy et al., 2013anB&xand Vernon, 2004
Research shows that alpha power is lower in early childhood attteirlderly than in adulthood
(Chiangetal., 2011; Cottone etal., 2013; Grandy et al. @@homareva et al., 2013; Soroko et al.,
2014; Vysataetal., 2014; Miskovic et al., 2015; ZappasodizdH), and that alpha peak frequency
is higher in females than in males in posterior parts of the br@iangrova et al., 2012; Garces
et al., 2013 Moreover, alpha power decreases and theta power increasigg dbe transition
from wakefulness to sleefKlimesch, 1999 Change in spectral characteristics of EEG patterns
has also been observed in various neurological disordessces et al., 2013; Ponomareva et al.,
2013; Zappasodi et al., 2014; Vollebregt et al., 2015
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It is well-known that the amplitude of alpha is higher at original EEG signal was recorded using four di erent refer@nc
occipital relative to frontal derivations, and that alpha peakelectrodes: linked earlobes (A1-A2), neck (NK), chin (Sl a
frequency is higher at occipital relative to frontal eledes. The frontal (AFz).
frequency di erence in alpha peaks between frontal and ocdipita Then, the data were re-referenced using average reference
lobes can result in overlapping double peaks, so called “spkiectrode (AVERAGE) Nunez and Srinivasan, 20p6and
alpha.” The split alpha e ect was predicted by a model of alphaeference electrode standardization techniques (RESED,(
rhythm generation Robinson et al., 2001, 2003; O'Connor and2001; Zhai and Yao, 2004; Yao et al., J0REST is a method
Robinson, 2004; Xiong and Yao, 2005; Gray and Robinson) 201 that allows for the transformation of original EEG data—wiihe
and was previously observed in a study of healthy volunteergference electrode placed at an arbitrary point on the head—t
(Chiang et al., 20)1Chiang et al. developed a method for thea new dataset with the reference at in nity and the potentigl a
automatic identi cation of multiple alpha peaks in EEG datazero or a constant. This transformation was performed usirgy th
(Chiang et al., 2008 freely available REST Toolbox (http://www.neuro.uestc@uu.

Robinson et al. (2003studied a modi ed model of the rest/). The procedure is based on the calculation of the le&tl
corticothalamic system and demonstrated that splitting lné t matrix for the canonical concentric-three-spheres head etod
spectral alpha peak can result from spatial brain heterogeneity Next, the current source density (CSD) or scalp surface
Alpha frequency and power are greater in occipital part of the.aplacian was estimated from the transformed EEG data to
brain compared to the frontal ones. Dominance of the occipitateduce the impact of volume conductiorkKéyser and Tenke,
alpha power seems to be driven by a decrease in cortical ard06a,b, 2015; Kayser, 2)l0Ehese calculations were performed
an increase in thalamic activity, while the frequency shifiy using a spherical spline algorithnPérrin et al., 1989, 1990;
be driven by a decrease in the corticothalamic propagationydelalurcak et al., 200t the CSD Toolbox (http:/psychophysiology.
(O'Connor and Robinson, 2004Spatial heterogeneity may be cpmc.columbia.edu/Software/CSDtoolbox/).
associated with the diversity of functions associated \ather . .

(8-11 Hz) and higher (11-13 Hz) frequency alpha. Speci callyoPatiotemporal and Spectral Analysis

upper alpha is implicated in cortical processes related to semantSpatiotemporal maps of EEG patterns were analyzed using
memory, whereas low alpha is implicated in processes related #¢ EEG Time-Potential Mapping Module of ELMIKO EEG
attention (Klimesch, 1999 Increased upper alpha and decreasedPigiTrack™ Recording System, which is widely used in clinical
lower alpha power have been observed in patients with mil@ractice Gobieszek, 2009, 2013, 2P15

cognitive impairment and Alzheimer's disease, relativedommal The power spectrum density (PSD) of EEG signal for each
elderly subjects\(oretti et al., 2012; Ponomareva et al., 2013  channel was calculated in the range of alpha band from 8 to 13

The aim of this paper was to explain the mechanisniiz. Maps of relative spectral power were estimated for di erent
of split alpha generation. EEG signals were analyzed usirfgeduency ranges (theta: 4-7 Hz; alpha: 7-8, 8-10, 10-13Hz; b
spatiotemporal maps of EEG amplitude and spectral analysi43-25 H2).

In addition, Directed Transfer Function (DTF), a method dse . .

to evaluate functional brain connectivity, was used to datee D|re_cted Transfer Function (DTF) . . .
the sources of alpha activity with di erent peak frequencies W5}2?;32:}23“;;2&5@%?&&r:ggg”gsxzi‘gtyl’ 9*3;; is de ned in
have demonstrated that the mechanism of split alpha generatio For a multivariate k-channel procesé(t) D [X1(0), Xo(t).....

is much more complicated than was predicted by the Robinson T L . .
et al. model. In particular, we found that choice of referenc@(k(t)] + the multivariate autoregressive model takes the form:

electrode and the window size were important factors in the Ve
identi cation of split alpha. X(t) D h(m) X(t m)C E(t) (1)
mD 1

MATERIALS AND METHODS _ _ _ . ,
whereE(t) is a k-dimensional vectoB is a square k k matrix.

Subjects We can rewrite (Equation 1) in the form;
EEG was performed in a group of 27 patients who varied in
age and sex (23 females, 4 males; mean age: 29195 years),

and consisted primarily of ambulatory patients with headache B D Am) Xt m) )
fainting, loss of consciousness, or epilepsy. Patient EEBdie mDo

included in analyses if they demonstrated adequate expressi A() D I,A(m)DRA(m)formD 1,...p

alpha waves.

Transforming the multivariate autoregressive model to the

EEG Registration and Preprocessing frequency domain, we obtain:
EEG data were acquired with the sampling frequency of 250 Hz in
a standard 10-20 system of electrode placement using ELMIKO
EEG DigiTrack™ Recording System with 19 EEG channels: Fp1,
Fp2, F7, F3, Fz, F4, F8, T7, C3, Cz, C4, T8, P7, P3, Pz, P4, P8, 1
01, 02. Depending on the speci ed recording conditions, the PoX(F) DA H(HEF) D H(FE()

XK _
E(f) D A(f)X(f), whereA(f) D Am) ei2 tm (3)
mD 1
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The matrix of coe cientsH(f) is called the transfer matrix. ~ while the weighted variant of the degree, termed skrengthis
The DTF is de ned as a normalized version of the transferde ned as the sum of all neighboring link weights.
matrix:

— Hij () 2 RESULTS
i if)D ———— 4)
Hij () 2 The spectral analysis allows for the identi cation of split aph
ib1 eect, i.e., the presence of two or more peaks with close

. frequencies in the power spectrum. However, the observed power
In the calculation of DTF, the product of the model order and spectrum depends strongly on choice of reference electreate (
the number of EEG channels must be several times smaller thap 200 and may therefore in uence the split alpha e ect.
the number of the samples in the analyzed sigahPwska and | oyr data, several patients illustrate the impact of choite o

Kaminski, 200 In this study, the model order was equal t0 10 aterence electrode, in addition to window size and volume
and the number of EEG channels was 19. The DTF was Ca|CU|at69nduction.

for 2-, 4-, and 8-s segments sampled with frequency of 250 Hz,

and the rule was found to be satis ed. . .
The Impact of Window Size on the

Relation between Power Spectrum Identi cation of Split Alpha

and DTF Figures 1AB illustrates that patterns of spectral power
The power spectrum and DTF have the following relationshipdistribution (SPD) depend on choice of window size. EEG was
(Blinowska et al., 2004 recorded in three window durations: 2-, 4-, and &gures 1A,B

shows the relative SPD in the rst patient, a 27-year-old woma
S(f) D X(F)XC(f) D H(F)E(f)EC (F)HC(f) D H(f)VHC(f) (5)  The split in higher alpha (10-13Hz) is clearly visible in the
shorter, 2-s window. In the longer, 8-s window however, two

whereV D E(f)EC(f) is the spectral matrix of input white noise peaks were observed in the SPD with maximum at electrodes
processes that does not depend on frequei@ygfers to the 02 and T4 in theta and low alpha bands, and a broad SPD in
Hermitean transpose, i.e., the composition of transpositiod a the higher alpha range (se€igure 1B). Maps of the relative
complex conjugation of a matrix. power spectra are shown separately in ve frequency bands

The power spectrum,S(f), depends only on the EEG (theta: 4-7 Hz; alpha: 7-8, 8-10, 10-13 Hz; beta: 13-25Hz) in
amplitude. The power spectrum does not depend on therigure 1C Increased level of relative power spectrum can be
phase of the signal, which gives information about the timeeen clearly at electrodes T4 and O2 in theta (4—7 Hz) and low
relations between signals, and therefore enables the &#im  alpha (7—-8 Hz) ranges (areas marked with yellow and red color
of directionality of the EEG activity propagation. Moreovétet in Figure 1C). Moreover, high level of relative power spectrum is
source of EEG activity does not necessarily have to be thcatgbserved in the posterior part of the brain, with dominance in
at the power spectrum maximunk@minski et al., 1997 Thus,  the right hemisphere at electrode 02 in the higher alpha band
the DTF provides additional information to the spectral anays (10-13 Hz).
regarding the localization of generators and the direcdidy of
signal propagation. . . .

The multivariate model used in the DTF calculation alr(-:‘adyComparlson of BIpOIar Montage with
includes all EEG signals and their relations. Thus, the meth Monopolar Montage
provides the whole spectral matrix at once, with auto-spectra oNext, we tested the importance of the location of the refeeenc
the diagonal and cross-spectra on the o -diagonal. The poweglectrode. Figure 2 shows a comparison of EEG patterns
spectra presented in this paper correspond to the auto-spectf§corded from a second patient (28-year-old woman) using

derived from the DTF method. two montages: bipolar (BIP) and monopolar. Four dierent
] reference electrodes were evaluated in the examined psitient
Indices Based on Graph Theory linked earlobes (A1-A2), neck (nk), chin (S1), and frontal

In graph theory, the brain is modeled as a graph composed ¢AFz). Only the monopolar montages allowed for the correct
nodes, representing brain regions (i.e., the EEG channets)h localization of alpha waves' generators. The e ect of split alph
and links between the nodes, representing functional cotimes  is clearly observed in the PSD for both montages. However,
(i.e., the magnitude and directionality of DTF, here). comparing the PSD obtained with the bipolar montage (see
For each of the obtained graphs, three indices were calclilate=igure 2A) with that obtained with the monopolar one (c.f.

density, degree, and strengtRi{binov and Sporns, 20).0The  Figure 2B) revealed the existence of hemispheric asymmetry
degreeof an individual node is equal to the number of links with dominance of lower frequency alpha in the left hemisphere,
connected to that node, and re ects the relative importante oand higher frequency alpha in the right hemisphere. The highest
a node in the network. The mean network degree is commonlyelative power spectrum was observed in the posterior part of
used as a measure of the gragemsity or the total “wiring cost”  brain (O1, O2) in higher alpha band (10-13 Hz). A dominance of
of the network. The directed variant of the degree dististpgis lower alpha band (8—10 Hz) in the left hemisphere is also evident
the number of inward links from the number of outward links, (seeFigure 20).
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FIGURE 1 | (A) EEG recording in the rst patient, a 27-year-old womanjB) The power spectral density calculated for 2-, 4-, and 8-s widowed segments of the EEG
record; (C) The relative power spectra for ve frequency bands (theta: 4~Hz; alpha: 7-8, 8-10, 10-13 Hz; beta: 13-25 Hz) for a segmentf data.

Usefulness of Spatiotemporal Maps of EEG rhythm. The segment was divided into six parts (see a—f
Patterns in Daily Clinical Practice in Figure 3Q. The rst cycle (designated with the numbers
Inspection of the spatiotemporal map of the EEG pattern infrom 1 to 4 in Figure 3A) started with the minimum EEG
one patient revealed the existence of two sources of alptamplitude at O2 (marked as a blue spot) and ended with
waves, localized mainly in the occipital derivations (O1 &;0O the maximum amplitude at O1 (marked as a red spot). The
seeFigure 3). Slightly di erent oscillation frequencies suggestnext cycle (marked with the numbers from 5 to 7) ended
that the right hemisphere is more likely to generate the alphavith the maximal amplitude at the second generator, localized
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FIGURE 2 | (A,B) EEG recording and the power spectral density calculated fathe 2-s segment of the EEG record in the second patient (28-yar-old woman),
recorded using two different montages: bipolar and monopar (S1);(C) The relative power spectra for ve frequency bands (theta: 4~Hz; alpha: 7-8, 8-10, 10-13
Hz; beta: 13-25 Hz) for a segment of data.

at O2. The synchronization of both sources subsequentlgoint 16, 18, and 20) occurs before activity at Ol (at point
occurred (at points 8 and 9). Of note, this system is notl7, 19, and 21), suggesting that the source located at this
stable due to slowing of activity in the left hemisphere, Whic electrode acts as a driver of the process. This was veri ed by
is clearly visible in the amplitude changes marked with theanalyzing the connectivity pattern using the DTF (data not
numbers from 16 to 21 (cfFigure 3B). The activity at O2 (at shown).
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40 pV

FIGURE 3 | (A) Superimposition of a 1-s segment of the EEG record in the sampatient as inFigure 2 ; (B) Spatiotemporal map of this segment;(C) Six cycles in the
EEG recording marked with the letters a-f ifA,B). Individual map corresponds to the relative numbers from 1 t@1 in (A,B).
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The Importance of Appropriate Choice of Effect of Data Re-Referencing (AVERAGE
Reference Electrode during EEG and REST)
Recording: Existence of Alpha Rhythm The e ect of data re-referencing is illustrated Figures 5 6.

The power spectral density (PSD) of the 4-s segment of original
: . . EEG recorded in the third patient (54-year-old woman) is show
Both d d ab llustrate th t afbdense

o'h cases discussed above Iusate e existence separately for each of four reference electrodes (NK, Al-A2,

localized in posterior areas, particularly at derivations &t - .

02. Alpha rhythms can be also generated in other parts of th@‘VERAGE' and RES_T) |I=T_|gu_re 5 The frequency of split alpha
brain. The coexistence of several generators was demtem;trapeaks and the spatial d|_str|but|on over the scalp surface are
in the third patient, a 54-year-old woman (seigure 4). in uenced strongly by choice of reference electrode.

The localization of generators depends on the choice of th The original data were re-referenced from the neck (NK) to

reference electrode. The EEG signal was rst registered to %ell'gked earlolbgst(Al—Al\%).lTEe da:ta refgrence_d :g the ti_nl_<te|
reference electrode placed on the neck. This registratiowsi eariobes revealed two spiit alpha patterns. one in the occipital-

a maximum of the relative power spectrum of alpha ban(][)]'c"lrt')et"’.1I re_gly_lr?ns of brt?ln an%the sectontd hn frontal-centgglon§ t
(8-10 Hz) in frontal and left occipital regions of the braireés ot brain. Inhese pafierns demonstrated a common dominan

Figure 4). The same signal was then re-referenced to the "nkeHequency of _9'5 Hz, but diered in the frequency of the S‘?C_"”d
earlobes reference (A1-A2). Here, the maximum of the nedati peak (8.5 Hz in the frontal-central lobe and 10 Hz in the oc@pit

power spectrum was localized to the posterior part of brairParIEtaI IOb?; sg@gures 5A.B.

in left and right hemispheres, which was accompanied by ﬁETSr]re applllcagc_)n ?]f othgr re_ferer;tlze e_lfeCtrOdeS (AVEI(RAC:; and
decrease of the relative power spectrum in frontal cortex.tNex ) resulted in the re u_ct|on of low-frequency peakiin feant
the DTF was calculated to localize the generators and ifyethig chanqels, and a sharpening of the peak at 9.5 Hz frequency
directionality of EEG activity propagation and DTF strengthf( (seeFigures 5C,D). For the REST, the low-frequency alpha peak

Figures 6A,B. The DTF was presented in each 1 Hz-frequenc?Sthe left and “ggt temporaggarl?rtﬁl de_;n_/at:_(')(nsl (-trh7,tT8Z|"f
interval in the range of alpha bands. The dominance of th ) was appeared (séggure 5D). Thus, it is likely that spl

generator at O1 for both montages was veried (see graph%lpha may result from an interaction between the occipital

in Figures 6A,B. In addition, other generators were identi ed and' tgmporo-parletal areas, rather than betweep left andtrigh
when the reference was placed on the neck, with one at cipital hemispheres. However, this hypothesis can only be

(with maximum strength at 9-10 Hz) and another at O2 (with veri ed by applying REST to a hlgh-de_nsny EEG dataset.
maximum strength at 11-12 Hz). These DTF results changed The strength of outward connections calculated from the

dramatically when the signal was re-referenced to the ﬁhkeadjacency matrices OT DTF is presented. for each pf the four
earlobes (cfFigure 6B). A second generator was identi ed at reference electrodes Figure 6. Re-referencing the original EEG

electrode Pz, which dominated for frequency of 10 Hz. Trameef data to the linked earlobes reference (A1-A2) caused a riggtuct

our data show that generators do not necessarily need to B@ strength at right parieto-occipital derivations (P4, P8a€0),

localized in occipital or frontal parts of the brain, as was pcest ang gn ]nclirease 'g Astrer_}%th at tr|1te ;:eng]al derlvatlonsf (see F
by the Robinson et al. modeRpbinson et al., 2001, 2003 and z InFgures B 1€ results for the average relerence
also highlight the role of right frontal and parietal derii@ts

(see F4, F8, and P8 Figure 6C). The most outstanding results
were obtained using the REST (Eigure 6D). The strength at

Generators Outside the Occipital Lobe

relative power spectrum (%) ele&_:trople P8 was much higher than stren_th obse_rved at other
derivations. Interestingly, strength at occipital derivas was
thetadq-7Hz @Pha78Hz  810Hz  10-13Hz pers 13.25 Hz signi cantly reduced, reaching levels in both hemispherest th
were comparable to levels observed in other channels in posteri
Al-A2 ‘ ‘ ‘ brain regions.
kb The spatial distribution of the strongest 60% of connections
, - g 4; 5 between EEG channels are presented in graphsgare 6, for
T s three frequencies (7, 8, and 10 Hz).
¥ The Impact of Volume Conduction on the
s \ ‘ Identi cation of Split Alpha
- The impact of volume conduction on the identi cation of split
i i 2 3 i % alpha is illustrated inFigure 7. The PSD of transformed data
using the CSD transformation of the original EEG with the
FIGURE 4 | Relative power spectrum calculated for a 2-s segment of the EG reference electrode placed at NK is showedrigure 7B. The
record in the third patient (54-year-old woman), recorded sing two reference characteristic pattern of split alpha was completely abolished b
electrodes: linked earlobes (A1-A2) and neck (NK). The rélze power the application of the CSD transform. In addition, although a
spectrum is presented in ve frequency bands (theta: 4-7 Hz; ipha: 7-8, few peak frequencies were still visible, their spatial distidiyu
8710, 10713 iz beta: 13-25 1) became disjointed. Comparing the PSD of the original EEG
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FIGURE 5 | Power Spectral Density (PSD) for the same EEG segment as figure 4 (A), and for the re-referenced data to:(B) linked earlobes reference (A1-A2),
(C) average reference electrode (AVERAGE), ar(®) reference electrode standardization techniques (REST).

(seeFigure 5A) with that of the transformed data (dFigure 78, DISCUSSION
there was a shift in the dominant frequency of 9.5 Hz from the
occipital lobe (the last seven channels: P7, P3, Pz, P4, P@Xp1 Careful examination of the spatiotemporal maps of the EEG
to the frontal lobe. In addition, the high-frequency alph®@#z) recordings, together with spectral analysis and analysis of
was replaced by the low-frequency alpha (8.5-9 Hz). connectivity using DTF, allowed for better explanation oeth
Pearson correlation coe cients (R) between the PSDmechanism of split alpha e ect generation. The SPD analysis
calculated for the CSD and the PSD for the four referencallowed for the identi cation of at least two peaks with close
electrodes (NK, Al-A2, AVERAGE, REST) are presented ifrequencies in the alpha frequency range, consistent with the
Figure 7C The highest R values were between CSD ando called “split alpha’ e ect. The impact of window size on
AVERAGE at almost all EEG derivations, and only at a feveplit alpha identi cation was tested, and a window size of 2s
electrode locations did REST correlated with the CSD beftent was found to be optimal for this purpose. Next, the localization
the AVERAGE (F3, Fz, T7, P3). of split alpha peaks was examined using maps of the relative
Figure 7D shows the average strength of outward linkspower spectra. These maps allowed us to compare the spatial
calculated with the transformed data using the CSD tramafor distribution of power spectra in separate frequency bandsé#the
and with the four reference electrodes. These graphs weagette 4-7 Hz; alpha: 7-8, 8-10, 10-13 Hz; beta: 13-25 Hz). We also
by averaging the strength of outward links over all frequesc calculated DTF, which allowed us to localize the generators
in the alpha band (from 7 to 13 Hz) shown ifrigure 7A.  and identify the directionality of EEG activity propagatiorhé
Evaluating the results presentedrigure 7, reduction of volume index strength was calculated at every EEG channel to examin
conduction by applying the CSD transform resulted in anthe importance of individual nodes in the network. Finally,
increase in strength of connections, particularly at thenfed  spatiotemporal analysis of EEG amplitude evidenced several
derivations (Fpl, Fp2, F7), and a decrease in strength atalentsources of alpha waves that underwent a dynamical process. One
posterior derivation (Pz). Statistically signi cant dienees of the hemispheres was more likely to generate an alpha rhythm,
(p < 0.05) between the CSD and each of the four referencehich may be due to the slightly di erent oscillation frequzes
electrodes were found for almost all EEG derivations, eholy  of the two interconnected generators (i.e., O1 and O2).
C4, P4, and O1 for NK, T7, and C3 for A1-A2, T7, C3, O1, and Robinson et al. predicted the split alpha e ect by analyzing a
02 for AVERAGE. modi ed model of alpha rhythm generatoRobinson et al., 2001,
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FIGURE 6 | Directed Transfer Function (DTF) strength of outward linker the same EEG segment as irFFigure 4 (A), and for the re-referenced data to:(B) linked
earlobes reference (A1-A2)C) average reference electrode (AVERAGE), ar(®) reference electrode standardization techniques (REST)aEh chart contains graphs
that represent the strongest 60% of connections between EE@hannels, determined by the magnitudes and directions of th DTF calculated for three frequencies
(7, 8, and 10 Hz).

2003. They concluded that the frequency di erence between twa three-layer spherical model was estimated to &l and
generators localized in frontal and occipital lobes coulkltein 13%, respectivelyL{u et al.,, 201) However, in clinical
overlapping double peaks. In this study, we demonstrated thairactice the standard 10—20 system with 19 electrodes is more
split alpha can be generated from the interaction betweersestle frequently used to evaluate EEG data in ambulatory patients.
two distant alpha generators located in di erent brain regson In such circumstances, more conventional references ssch a
that are not necessarily in occipital or frontal lobes. Morepthe  linked earlobes (A1-A2), neck (NK), or chin (S1), are still
mechanism of split alpha generation may di er by individual, anduseful. It is important to note, however, which reference is
hemispheric and fronto-posterior asymmetry may impact thisused in each specic case. As a general rule, the reference
variability. A decrease in cortico-cortical and cortidmatamic  electrode should be placed as far as possible from the source of
propagation delay may also contribute to the frequency shift.  brain activity. Further work is needed to better understahe

In this study, we evaluated, for the rst time, the impact of mechanisms of split alpha generation using high-density EEG
reference electrode placement on the split alpha e ect. Our datdata with AVERAGE and REST techniques. Future work should
demonstrate the importance of reference electrode placementso evaluate the impact of age on mechanisms of split alpha
at the level of signal recording. Indeed, our results sugipé  generation, particularly in healthy subjects who range Wide
the monopolar montage with a reference electrode placed iim age.
an appropriate head position allows for better localization of Of note, the problem of volume conduction should be
alpha waves generators. Results obtained with the origirtal daconsidered when the DTF method is applieda(ninski and
were also compared with results of re-referenced data, ubimg and Blinowska, 20)7CSD Kayser and Tenke, 2006a,b, 2015;
average reference electrode (AVERAGH)i{ez and Srinivasan, Kayser, 2008may be one solution. However, also in this case a
2006 and reference electrode standardization techniques (RESigh-density EEG data should be analyzed.
(Yao, 2001, 2017; Zhai and Yao, 2004; Yao et al.,)20be
AVERAGE and REST techniques may be more appropriatgc ONCLUSIONS
however, for application in high-density EEG recordings, ebhi
yield low re-referencing reconstruction errorsiij et al., 201~ We found that the split alpha peak was a common phenomenon
For low-density EEG recordings (e.g., 21-channel montagepbserved in EEG data. However, identication of this
the average global relative error of AVERAGE and REST frorphenomenon depended on several methodological choices.
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FIGURE 7 | Impact of volume conduction on the identi cation of split alpfa. (A) Directed Transfer Function (DTF) strength of outward linKsr the transformed data
using the CSD transformation of the original EEG with the refence electrode placed at NK. Graphs represent the stronggt 60% of connections between EEG
channels, determined by the magnitudes and directions of th DTF calculated for three frequencies (7, 8, and 10 Hz{B) Power Spectral Density (PSD) for the same
data as in(A). (C) Pearson correlation coef cients between CSD and four refenece electrodes (NK, A1A2, AVERAGE, REST) at every EEG detiwa. (D) Comparison
of the average strength of outward links calculated for theransformed data using the CSD transform and for each of the far reference electrodes (NK, A1-A2,
AVERAGE, REST).

For occipital alpha wave generators, the presence ahould be considered when collecting and analyzing EEG
occipital split alpha peaks may be associated with variatiodata. Our results demonstrate an association between the
in interhemispheic connectivity, which leads to relativelycomposition of the SPD within alpha wave frequencies
independent activity of occipital alpha wave generators irelefl and connectivity patterns between dierent alpha rhythm
right hemispheres. generators.

The example re-referenced data using the REST technique
suggested that the split alpha e ect may be driven by aETHICS STATEMENT
interaction between the occipital and temporo-parietal areas
rather than between left and right occipital lobes. This hyyesis This study was carried out in accordance with the
should be con rmed by applying the REST technigue to high-recommendations of Ethics Committee of the Medical Centre
density EEG data. for Postgraduate Education in Warsaw, Poland with written

CSD is frequently used to reduce the eect of volumeinformed consent from all subjects.
conduction. Another feature of the CSD transform is it isdre
from reference e ects, so the highest correlation betwee® CSAUTHOR CONTRIBUTIONS
and REST should be expected. However, our data showed that
CSD correlated better with AVERAGE than with REST, whichEQ: Conception of the work, EEG analysis, wrote the manuscript
may be due to the use of low-density EEG data. PB: Conception of the work, acquisition of EEG data; wrote the

In sum, our data suggest that recording montage, duratiormanuscript; AS: Conception of the work, interpretation of EEG
of the analytical window, and EEG activity dynamicsdata, wrote the manuscript.
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