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Abstract Previous studies on cognitive dynamics showed
that oscillatory responses of P300 are composed of mainly
delta and theta responses. In the present study, for the first
time, the long-distance intra-hemispheric event related
coherence (auditory oddball paradigm) and evoked coher-
ence (simple sound) were compared in order to evaluate the
effects of cognitive tasks on the long-distance coherences.
Seventeen healthy subjects (8 female, 9 male) were
included in the study. The coherence was analyzed for
delta (1-3.5 Hz), theta (4-7.5 Hz) and alpha (8-13 Hz)
frequency ranges for (F;-P3, F4-P4, F3-T;, F4-Tg, F5-Oy,
F,4-0,) electrode pairs. The coherence to target responses
were higher than the non-target and simple auditory
response coherence. This difference is significant for the
delta coherence for both hemispheres and for theta coher-
ences over the left hemisphere. The highest coherences
were recorded at fronto-temporal locations for all fre-
quency bands (delta, theta, alpha). Furthermore, fronto-
parietal coherences were higher than the fronto-occipital
coherences for all frequency bands (delta, theta,
alpha).These results show that the fronto-temporal and
fronto-parietal connections are most relevant for the iden-
tification of the target signal. This analysis open the way
for a new interpretation of dynamic localization results
during cognitive tasks.
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Introduction

The present report aims to fill an important gap in the
analysis of P300-oddball paradigm, in order to establish
the effect of electrical links between cognitive networks in
the whole brain.

The coherence function was first used four decades ago
by Adey et al. (1960), as a pioneering work on theta
rhythms of the cat limbic system during conditioning.
These authors used spectral analysis and coherence func-
tions to investigate how the rhythmic potentials of the cat
brain were related to behavior. The use of the coherence
function in comparing EEG activity in various nuclei of the
cat brain was one of the essential steps in refuting the view
that the EEG was an epiphenomenon (Adey 1989).
Accordingly, the induced theta rhythm and the task-rele-
vant increase of coherence in the limbic system is a
milestone in EEG research. When carrying out a behavioral
task, the cat hippocampal activity exhibits a transition from
irregular activity to coherent induced rhythms. The findings
of Adey et al. (1960) were the deciding factor in the choice
of the hippocampus as a model for resonance processes in
the brain for the Bagar et al. research group (1975a, b, c,
1979, 1980), Basar (2004). Basar (1980) further developed
a model for excitability in neural tissues. This model
suggested that if the brain receives a sensory stimulation,
and if a neural structure has an intrinsic activity, then this
structure would respond with its natural frequency.

Several paradigms, including the P300-oddball para-
digm, were used in order to analyze working memory and
attention by means of EROs (Event Related Oscillations)
(Basar and Stampfer 1985; Basar-Eroglu et al. 1992; Friind
et al. 2008) The first studies on Brain Oscillatory Dynamics
in P300 included Bagar and Stampfer (1985), Basar et al.
(1984), Basar-Eroglu et al. (1992, 2001), Schiirmann et al.
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(2001), and Stampfer and Basar (1985). Another series of
studies on local oscillatory dynamics showed that the major
operating rhythms of P300 are mainly the delta and theta
oscillations (Basar et al. 2001; Basar-Eroglu et al. 1992;
Demiralp et al. 1999; Karakag et al. 2000; Kolev et al.
1997; Spencer and Polich 1999; Yordanova et al. 2000).
The prolongation of theta, delta and alpha oscillations were
described for the target stimuli (Basar-Eroglu et al. 1992;
Demiralp and Ademoglu 2001; Stampfer and Basar 1985;
Oniz and Bagsar 2009; Yordanova and Kolev 1998). Other
research groups have also studied oddball paradigm by
means of brain oscillations in EEG and MEG studies
(Anokhin et al. 2001; Bernat et al. 2007; Kawamata et al.
2007; Ishii et al. 2009; Mazaheri and Picton 2005).
Mazaheri and Picton (2005) reported that target stimuli
increased the frontal theta activity, decreased posterior and
central alpha and beta activity, and decreased central
gamma activity. Gamma band activity were also studied in
oddball paradigms (Basar-Eroglu and Bagar 1991; Fell
et al. 1997; Gurtubay et al. 2001, 2004; Haig et al. 1999;
Kang et al. 2005; Tomberg and Desmedt 1998), the late
gamma activity was found to be related with target stimuli
(Basar-Eroglu and Basar 1991; Gurtubay et al. 2001,
2004). The methods described in the referenced studies
were mainly the amplitude and latency measures of aver-
aged filtered responses, spectral power of target response,
wavelet decomposition and phase locking factor of target
and non-target responses. However, the analysis of a long-
distance coherence upon application of an auditory oddball
paradigm was not performed in an extended manner in
most of the studies. Only a single study Kukleta et al.
(2009) analyzed event-related potentials (ERP) evoked by
non-target stimuli in a visual oddball experiment and
showed coherent oscillations in beta 2 frequency band in
the prestimulus period, recorded by means of intracranial
electrodes in humans. However, these authors did not
compare target vs. non-target response or target versus
simple sensory stimulation.

Several authors indicated the role of frontal, temporal
and parietal areas for the generation of P300 amplitude in
healthy subjects (Knight et al. 1989; Knight 1990; Polich
2003; Soltani and Knight 2000; Verleger et al. 1994;
Yamaguchi and Knight 1992). Decreased coherence values
of pathological subjects for frontal-temporal and/or fronto-
parietal has been also reported (Ford et al. 2002; Giintekin
et al. 2008; Winterer et al. 2003). Sauseng et al. (2005)
calculated the coherence function during a visuospatial
working memory task in a group of healthy subjects. Their
findings indicated that the involvement of prefrontal areas
in executive functions are reflected in a decrease of anterior
upper alpha short-range connectivity and a parallel increase
of fronto-parietal long distance coherence, mirroring the
activation of a fronto-parietal network. Based on the
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findings of these previous studies, we focused our analysis
on long distance intrahemispheric coherence values (F3-Ps,
F5-T;, F3-O4, F4-P4, F4-Tg, F4-0;). Our hypothesis is as
follows: we will be able to differentiate more clearly sen-
sory and cognitive processes that are selectively distributed
in topologically various areas of the brains.

In order to analyze the role of brain oscillation in brain
function a “Brain Dynamics Research Program” was
proposed by Basar (1976, 1999). This program introduced
the necessity of applying several system theoretical tools
and conceptual paradigms in order to enrich the functional
interpretation of oscillations in neural systems. This
research program also indicates the necessity to introduce a
Darwinistic view by measuring oscillatory dynamics in
several species including invertebrate ganglia as Aplysia or
Helix Pomatia (Bagar and Giintekin 2009; Bullock and
Basar 1988). Additionally, findings in pathological cases
help enormously in understanding the functional correlates
of brain oscillations and possible effects of transmitters
(Basar and Giintekin 2008). One of the most important
features of this program is the necessity to jointly apply the
increase of oscillatory responses together with evoked
coherences, indicating enhanced links between various
brain areas. In the last two decades a number of system
theoretical tools and method of thoughts were developed in
order to understand brain functions. However, in most of
the cases neuroscientist prefer to choose one or two of
currently most applied methods. Our research program is
suggesting to neuroscientist to look to a broad ensemble of
methods that can be useful to understand the problem
which will be studied. For example, applications of drugs,
application of several paradigms lead to obtain richer
amount of data. In the special case of our study we apply
different recordings as simple evoked oscillations and
event related oscillations by means of oddball paradigm.
The comparison of response adaptive filtering results gives
a good idea on the auditory signal processing. However,
additional to this, the study of event related and evoked
coherences establish links between various areas of the
brain that are activated differentially upon application of
sensory and cognitive paradigms.

Experimental procedure
Subjects

Seventeen subjects (8 females, 9 males), most of them
being university students and university members, volun-
teered for the experiment. Their ages ranged from 19 to
41 years. The mean age of subjects was 27.53 + 6.08
years. All of the subjects were right handed. All subjects
had completed at least 10 years of education. All subjects
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were interviewed with a questionnaire for their family
history, demographic, medical profiles and drinking habits.
No subjects reported any current or past neurological or
psychiatric illness and all participants had normal or cor-
rected to normal vision. All subjects signed an approved
consent form.

Stimuli and paradigms

The subjects’ eyes were open and they were seated in a
dimly-lit isolated room.

Two types of stimuli were presented: simple auditory
stimuli for analyzing auditory evoked potentials (simple
auditory stimulation), and; auditory oddball paradigm for
analyzing auditory event related potentials (AERP). The
auditory stimuli had 16 ms rising time, 50 ms falling time
and a 1,000 ms duration and were presented by two loud-
speakers. Eye-movements were controlled by a fixation
Cross on a screen.

e The auditory simple stimuli were tones of 80 dB and
1,500-Hz tones. The inter-stimulus intervals varied
randomly between 3 and 7 s. The total number of
stimuli was 60.

e A classical auditory oddball paradigm was used in the
experiments. Two types of stimuli were used: task-
relevant farget and task- irrelevant non-target (stan-
dard). The total number of stimuli was 120 (40 target,
80 non-target). In the oddball paradigm the 80 dB,
1,600-Hz tones (target) and 1,500-Hz tones (non-target)
were presented in a random sequence. The interval
between tones varied randomly between 3 and 7 s. The
subjects were instructed to keep a mental count of the
number of 1,600-Hz tones (target). During the elicita-
tion period of event related oscillations, all the subjects
had displayed sufficient accuracy in the mental count of
the target stimuli.

The evoked coherence responses to the target, non-tar-
get and simple auditory stimulation stimuli were analyzed
and compared.

Electrophysiological recording

EEG was recorded with 30 Ag-AgCl electrodes mounted in
an elastic cap (Easy-cap) according to the international
10-20 system. Additionally, two linked earlobe electrodes
(A1 + A2) served as references. The EOG from the medial
upper and lateral orbital rim of the right eye was also
registered. For the reference electrodes and EOG record-
ings, Ag-AgCl electrodes were used. All electrode
impedances were less than 10 kQ. The EEG was amplified
by means of a BrainAmp 32-channels DC system machine

with band limits of 0.01-250 Hz. The EEG was digitized
on-line with a sampling rate of 500 Hz.

Artifacts were eliminated by manual off-line selective
averaging, taking into consideration the EOG recorded
from the right eye. The sweep numbers were equalized
randomly between the target, non-target and simple audi-
tory stimulation conditions. In the mean 20 sweeps per
modality were used.

Coherence

For the signal analysis, evaluation of oscillatory dynamics
and coherence analysis Brainvision Analyzer Software was
used. First, the Fast Fourier transform of each epoch with
0-800 ms duration was calculated, and then the coherence
analysis was performed with a 1.25 Hz resolution.

The choosing of the time interval 800 ms following the
stimulation is based on a rationale, which takes care of the
complex biological properties of the EEG. In engineering
studies the analyzer usually prefers an analysis period of
more than 1,000 ms for the delta band. However, in order
to optimize the time period of analysis we first performed a
power spectral analysis of EEG response and found a peak
around 1.5 Hz in the power spectrum of the EP and ERP
responses. Furthermore, we observed that the filtered ERP
in the delta frequency range is a dampened aperiodical
signal, which is almost completely flattening around 500—
600 ms. An analysis of coherence for longer periods would
include then unexpected artifacts and/or alpha after dis-
charges. In the theta band the second response window is
found around 400 ms (Bagar-Eroglu et al. 1992; Demiralp
et al. 1999; Stampfer and Bagar 1985; Yordanova et al.
2000). These were the chain of reasoning to choose the
period of 0-800 ms as the optimal time period for the
coherence analysis. We also extended our analysis to
1,000 ms; here similar results with minimal deviation were
found. We also recommend to brain research scientist to
develop controls and not to use strict formula presented in
some of the engineering textbooks. The method used was
the cross-spectrum/autospectrum and the mathematical
relations are described in the following:

Coh(cy, ¢2)(f)

= [CS(er, &) (F)P/(ICS(er, e)(D)I[CS(ea, e2)(F)]),
in conjunction with
CS(cr, &2)(f) = Y _eri(f)eai(f).

Then, Fisher’s Z transformation was used to normalize
the distribution of average coherence values.

Coherence was calculated for the target, non-target and
simple auditory stimuli for long-distance intrahemispheric
pairs for three different frequency bands (delta (1-3.5 Hz);
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theta (4-7.5 Hz); alpha (8-13 Hz)). The maximum coher-
ence value in each frequency range was included for the
purpose of statistical analysis as the coherence value of that
range. (If there was more than one peak, the peak with the
maximum coherence value was accepted as the coherence
value.) The long distance intrahemispheric pairs were
F3-P3, Fg-T7, F3-01, F4-P4, F4-T8, F4-02.

The present study does not include coherence analysis
higher than alpha frequency band. In the analysis of
gamma frequency band authors mostly consider a wide
range between 30 and 70 Hz. This application is erroneous,
because most of the investigators do not perform spectral
analysis prior choosing the frequency channels to analyze
the coherence function. Accordingly, special care must
be applied to the higher frequency range in a future
publication.

In addition to foregoing methodological description of
coherence function we mention the publications by Srini-
vasan et al. (2007) and Nunez et al. (1999). According to
these authors the optimal distance between electrodes must
be around 10-20 cm in human EEG-recordings. They
assume that Laplacian measure is more suitable since the
limitation is around 5 cm (see Fig. 3; Srinivasan et al.
2007). Furthermore, these authors indicate that almost all
of volume conduction effects on coherence are removed by
the surface Laplacian; however, the Laplacian spatial filter
also removes large-scale source activity. In our study the
fronto-temporal distance is approximately 8 cm; accord-
ingly the correction of volume conduction has values that
can be neglected. On the other hand, in our present work
the comparisons of responses between target, non-target
and simple auditory stimuli are relevant and not the abso-
lute values. The target responses depict increases of
approximately 50% in comparison of single EPs and non-
target responses. These are crucial results eliminating the
necessity of corrections mentioned about.

Moreover, Basar et al. (2009) recently published results
on Alzheimer patients showing that the coherence values of
responses to simple visual stimuli can be as low as 0.3.
This indicates that volume conduction does not have con-
siderable correction necessity when the connectivity
between (F3P3, F4P,) is biologically impaired.

Volume conduction is important when two electrode
pairs (F3-T; vs. F5-O;) are compared. But it could be
neglected in different conditions: (1) When two different
paradigms are compared for the same electrode pair (i.e.
Comparing target coherence value to simple auditory
coherence value for F3-T; electrode pair. (2) When two
different groups of subjects are compared for same elec-
trode pair (i.e. comparing Alzheimer subjects’ coherence
values to healthy subjects’ coherence values for F;-T;
electrode pair). In these two conditions the volume con-
duction for F3-T; is same; however the paradigm and group
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change influences the coherence values (Basar et al. 2009;
Giintekin et al. 2008).

Statistics

Fisher’s Z transformation was used to normalize the dis-
tribution of coherence values. The Statistical Package for
Social Studies (SPSS) program was used for statistical
analysis. The differences between stimulus types were
assessed by means of a repeated measure ANOVA for each
frequency band, and for the intrahemispheric locations. In
the analysis of intrahemispheric coherence differences,
repeated measures of ANOVA included the between-sub-
jects factor as gender (male, female) (although the number
of subjects are not enough for gender comparison,
according to our groups’ previous results, including the
gender as a factor and controlling for the gender effects
seems crucial (Giintekin and Bagsar 2007a, b)); repeated
measure ANOVA included the within-subject factors as
stimulus types (target, non-target, simple auditory stimu-
lation); laterality (right, left) and location (F3/4-P3/4 vs. F3,
4-T7/8 vs. F3,4-Oq2). Post-hoc comparisons were analyzed
with t-tests. Differences between electrode pairs of
modalities were also analyzed with t-tests and the signifi-
cance level was set to P < 0.05 for all post-hoc compari-
sons. Post-hoc comparisons were corrected using the
Bonferroni procedure.

Results
Description of coherence function

Figure 1 illustrates the grand average of coherence func-
tion in the 1-15 Hz frequency range for F5-T; and F4-Tg
electrode pairs. The red line represents the grand average
of coherence values for target response; the green line
represents the grand average of coherence values for non-
target response; the black line represents the grand average
of coherence values upon simple auditory stimulation. As
seen from Fig. 1 the grand average of coherence values for
target responses were higher than the non-target and simple
auditory stimulation responses in all frequency bands (2, 5,
8 Hz) and for both electrode pairs (F5-T;, F4-Tg). This
difference is especially apparent for the left hemisphere
(F5-T;). However, in non-target responses alpha coherence
is the highest for F3-T; and also for F4-Tg. The grand
average of coherence values for target response reached
0.57 for F3-T; theta response and reached 0.60 for F4-Tg
delta response. However, the grand average of coherence
values for non-target and simple auditory stimulation
responses are between 0.35 and 0.45 for the Ileft
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Fig. 1 Grand averages of coherences for target, non-target and simple
auditory stimulation responses of F3-T; and F,-Tg electrode sites

hemisphere (F5-T5) and between 0.40 and 0.50 for the right
hemisphere (F4-Tg).

Figure 2 illustrates the grand averages of coherences
values for target, non-target and simple auditory stimula-
tion responses for left hemisphere electrode pairs (left
hemisphere: F5-T;, F3-P3, F3-O,) in the 1-15 Hz frequency
range. Figure 3 illustrates the grand averages of coherences
values for target, non-target and simple auditory stimulation
responses for right hemisphere electrode pairs (right
hemisphere: F4-Tg, F4-P4, F4-O5,) in the 1-15 Hz frequency
range. Blue lines represent the grand average of coherence
values for fronto-temporal electrode pairs; orange lines
represent the grand average of coherence values for fronto-
parietal electrode pairs; pink lines represent the grand
average of coherence values for fronto-occipital electrode
pairs. The grand averages of coherence values upon target
stimulation are illustrated in the upper part of the diagrams;

Left Hemisphere
Coherence Values fo Target Stimulation

0.8
0.6
0.4

0.2

0 2 4 6 8 10 12 14[Hz]

Coherence Values to Non-Target Stimulation

0 2 4 5 8 10 12

14[Hz]

is Coherence Values to Simple Auditory Stimulation

0 2 4 6 8 10 12

14[Hz]

F,T,— FP,— F-O—

Fig. 2 Grand averages of coherences for target, non-target and
simple auditory stimulation responses for left hemisphere electrode
pairs (left hemisphere: F3-T, F3-P3, F5-O) right hemisphere: F4-Tg,
Fy-Py4, F4-O2)

the grand averages of coherence values upon non-target
stimulation are illustrated in the middle part of the dia-
grams; the grand averages of coherence values upon simple
auditory stimulation are illustrated in the lower part of
the diagrams. As seen in Figs. 2 and 3, fronto-temporal
coherences were higher than the fronto-parietal and fronto-
occipital coherence values for all modalities (target, non-tar-
get, simple auditory stimulation). Furthermore, the fronto-
parietal coherence values are higher than fronto-occipital
coherence values for all modalities (target, non-target, simple
auditory stimulation). The peaks of delta, theta and alpha
frequency ranges of grand averages of coherence values for
target responses can easily be detected, and they are over 0.55
for fronto-temporal electrode pairs (F5-T, F4-Tg) (Figs. 2 and
3). However, the grand averages of coherence values for non-
target and simple auditory stimulation responses do not exceed
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Fig. 3 Grand averages of coherences for target, non-target and
simple auditory stimulation responses for right hemisphere electrode
pairs (right hemisphere: F4-Tg, F4-Py, F4-0,)

0.50 at any location and they are particularly low at the left
hemisphere (Fig. 3).

The descriptions of grand averages presented in section
“Description of coherence function” are in accordance
with the statistical findings described below.

Statistical evaluation and results of coherence function
Delta (1-3.5 Hz) frequency range

In the analysis of intrahemispheric coherence differences,
the ANOVA of the delta coherence revealed a significant
effect between stimulus types (F(2,30) = 9.9; P < 0.002).
Post-hoc comparisons showed that target delta coherences
were significantly higher than the non-target and simple
auditory stimulation delta coherences (P < 0.0001;
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Fig. 4 Mean Z values of target, non-target and simple auditory
stimulation responses of delta (1-3.5 Hz) frequency range, where
** P <0.01, * P <0.05

P < 0.0001). The ANOVA of delta coherence revealed
a significant effect for location (F(2,30) = 64.2; P <
0.0001). Post-hoc comparisons showed that fronto-temporal
delta coherences were significantly higher than the fronto-
parietal and fronto-occipital delta coherences (P < 0.0001;
P < 0.0001). Furthermore, the fronto-parietal delta coher-
ences were significantly higher than the fronto-occipital
delta coherences (P < 0.0001). These results indicate
higher connectivity in a cognitive network rather than a
sensory network (fronto-parietal hippocampal system ver-
sus sensory pathway). This point will be explained in the
subsequent Discussion section (see section “The signifi-
cance of fronto-parietal-hippocampal system in comparison
to sensory pathways”). The differences between electrode
pairs between target-non-target, target-simple auditory
stimulation and non-target-simple auditory stimulation were
also analyzed. Figure 4 represents the mean Z values of
target, non-target and simple auditory stimulation responses
of delta (1-3.5 Hz) frequency range. Table 1 shows the
mean Z values of target, non-target and simple auditory
stimulation responses for all electrode pairs and for all fre-
quency bands. Post hoc comparisons showed that F4-Py
target delta coherence was higher than the F4-P, simple
auditory stimulation delta coherence (P < 0.01, not signif-
icant after correction) (Fig. 4; Table 1).

Theta (4-7.5 Hz) frequency range

In the analysis of intrahemispheric coherence differences,
the ANOVA of the theta coherence revealed a significant
effect between stimulus types x laterality (F(2,30) = 4.1;
P < 0.03). Post-hoc comparisons showed that left target
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Table 1 Mean Z values of target, non-target and simple auditory
stimulation responses for all electrode pairs and for all frequency
bands

Delta Theta Alpha
Mean SD Mean SD Mean SD

F3P3

Target 0.57 0.26 0.62 0.23 0.49 0.35

Non-target ~ 0.43 0.21 0.42 0.24 0.45 0.24

EP 0.45 0.23 0.57 0.21 0.42 0.22
F4P4

Target 0.55 0.29 0.50 0.21 0.42 0.33

Non-target  0.40 0.21 0.54 0.23 0.40 0.26

EP 0.38 0.17 0.47 0.23 0.40 0.22
F3T7

Target 0.73 0.23 0.83 0.51 0.60 0.49

Non-target  0.53 0.23 0.61 0.22 0.60 0.32

EP 0.60 0.35 0.67 0.25 0.47 0.23
F4T8

Target 0.77 0.21 0.76 0.32 0.52 0.31

Non-target 0.62 0.19 0.65 0.18 0.51 0.35

EP 0.63 0.27 0.62 0.34 0.46 0.26
F301

Target 0.38 0.42 0.29 0.16 0.36 0.27

Non-target  0.17 0.14 0.25 0.19 0.35 0.31

EP 0.18 0.09 0.27 0.16 0.29 0.22
F402

Target 0.31 0.23 0.24 0.11 0.35 0.22

Non-target  0.19 0.20 0.30 0.25 0.29 0.25

EP 0.18 0.10 0.25 0.16 0.31 0.25

theta coherences were significantly higher than the left
non-target theta coherences (P < 0.005). The ANOVA
of theta coherence revealed a significant effect for loca-
tion (F(2,30) = 64.2; P < 0.0001). Post-hoc comparisons
showed that fronto-temporal theta coherences were sig-
nificantly higher than the fronto-parietal and fronto-
occipital theta coherences (P < 0.0001; P < 0.0001).
Furthermore, the fronto-parietal theta coherences were
significantly higher than the fronto-occipital theta coher-
ences (P < 0.0001). The differences between electrode
pairs between target-non-target, target-simple auditory
stimulation and non-target-simple auditory stimulation
were also analyzed. Figure 5 represents the mean Z values
of target, non-target and simple auditory stimulation
responses of theta (4-7.5 Hz) frequency range. Post hoc
comparisons showed that F3-P5 target response was higher
than the F;3-P; non-target response (P < 0.01, not signifi-
cant after correction) (Fig. 5; Table 1). Although there was
a tendency for location x laterality x gender, there were
no significant results for gender differences. Further

Theta(4-7,5 Hz)
14

1,2 1

0,8

0,6 1

Z values

0,4 1

0,2

Fs'Pa Fa'Pa Fa'T? Fa‘Ts
Electrode Pairs

M Non-Target [ Simple Auditory
Stimulafion

Fs' 01 Fd" O‘z

B Target

Fig. 5 Mean Z values of target, non-target and simple auditory
stimulation responses of theta frequency range (4-7.5 Hz), where
** P <0.01

experiments with a larger sample group would be required
to analyze gender differences.

Alpha (8-13 Hz) frequency range

In the analysis of intrahemispheric coherence differences,
the ANOVA of alpha coherence revealed no significant
effect between modalities (F(2,30) = 0.4; P = 0.66). The
ANOVA of alpha coherence revealed a significant effect for
location (F(2.3) = 9,864; P < 0.002). Post-hoc compari-
sons showed that fronto-temporal alpha coherences were
significantly higher than the fronto-parietal and fronto-
occipital alpha coherences (P < 0.0001; P < 0.0001). Fur-
thermore, the fronto-parietal alpha coherences were signif-
icantly higher than the fronto-occipital alpha coherences
(P < 0.0001). The differences between electrode pairs
between target-non-target, target-simple auditory stimula-
tion and non-target-EP were also analyzed and no differ-
ences were found (Table 1).

Discussion

The results of the present study clearly indicated that, during
the application of an oddball paradigm, the coherence of
target responses were, in general, higher than the non-target
and simple auditory stimulation responses. This difference
was significant for the delta coherence for both hemispheres.
The difference was also significant for theta coherences over
the left hemisphere. No statistically significant results were
observed between target, non-target and simple auditory
responses for the alpha frequency range. The highest
coherences were registered at fronto-temporal locations for
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all frequency bands (delta, theta, alpha). Furthermore,
fronto-parietal coherences were higher than fronto-occipital
coherences for all frequency bands (delta, theta, alpha).

Fundamental analysis of the coherence function

According to Bagar (2006), the coherence—i.e. the connec-
tivity between brain structures—is selective, depending on
cognitive load. This is manifested in the selective distribution
of the coherence functions over various brain structures with
varied degrees of coherence between 0 and 1. Demonstration
of the principle of selective connectivity requires the analysis
of oscillations in several neural populations and in several
frequency windows. Such analyses and the related findings
have been fundamental results for refinement of the concepts
of “whole brain” and “cooperation”.

Many studies reported the successful use of EEG
coherence to measure functional connectivity (Bendat and
Piersol 1967; Lopes Da Silva et al. 1980; Petsche and Et-
linger 1998; Rappelsberger et al. 1982). According to these
studies, EEG coherence may be considered to be an
indispensable large-scale measure of functional relation-
ships between pairs of cortical regions (Nunez 1997).

It is also important to mention the studies of Bullock’s
research group: Bullock et al. (1995) clearly showed that
the connectivity (coherence) between neural groups is a
main factor for the evolution of cognitive processes.

According to Bullock and Basar (1988) and Bullock
et al. (1995), no significant coherences were found in the
neural networks of invertebrates, in contrast to the higher
coherences between distant structures that were recorded in
mammalian and human brains. The highest coherences
were found in the subdural structures of the human brain
(Bullock 2006).

Since coherence is, in essence, a correlation coefficient
per frequency band, it is used to describe the coupling or
relationship between signals for a certain frequency band.
According to Bullock et al. (2003), increased coherence
between two structures, namely A and B, can be caused by
the following processes: (1) Structures A and B are driven
by the same generator; (2) Structures A and B can mutually
drive each other; (3) One of the structures, A or B, drives
the other.

The implications following the analysis of coherence
function by several authors can be summarized as follows:

(1) In simple binding, there is temporal coherence
between cells in cortical columns. This has been
demonstrated by several authors (Eckhorn et al. 1988;
Gray and Singer 1989).

(2) The response susceptibility of the brain activates
resonant communications in the brain by facilitating
electrical processing between networks (Basar 2004;
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Basar et al. 1997a, b). This could be also interpreted
as a general tuning process between neural popula-
tions and feature detectors (Sokolov 2001).

(3) Parallel processing in the brain shows selectivity. The
selectivity in parallel processing is produced by
variations in the degree of spatial coherences that
occur over long distances between brain structures/
neural assemblies (Basar 1980, 1983a, b; Bagar et al.
1999a, b; Kocsis et al. 2001; Miltner et al. 1999;
Schiirmann et al. 2000).

Fries (2005) hypothesized that neural communication is
mechanistically subserved by neural coherence. Activated
neural groups oscillate and thereby undergo rhythmic
excitability fluctuations that produce temporal windows for
communication. Only coherently activated neural groups
can interact effectively.

This hypothesis is in agreement with the general
hypothesis on “excitability of neural structures”, “overall
coherency increase” and “complex matching” (Bagar 2004).
In the P300 responses, the excitability is in delta and theta
frequency channels and, accordingly, the communication in
the brain occurs mostly in those frequency channels. Delta
and theta frequency channels show selective coherences
upon increased cognitive load (see Basar 2004).

The principle of superposition describes integration over
the temporal axis consisting of a relationship between the
amplitude and phases of oscillations in various frequency
bands. Furthermore, selectively distributed and selectively
coherent oscillatory activities in neural populations describe
integration over the spatial axis (Basar 1980). Consequently,
integrative activity is a function of the coherences among
spatial locations of the brain; these coherences vary
according to the type of sensory and/or cognitive event and
possibly the state of consciousness of the species (Bagar
1998, 1999, 2004). The publications of Bressler and Kelso
(2001), Varela et al. (2001) and Von Stein and Sarnthein
(2000) clearly describe this trend, in which the concerted
activity of alpha, theta, and delta and beta oscillations in dis-
tributed structures as reticular formation (RF), hippocampus
(HI), thalamus and sensory cortices was emphasized.

Fundamental findings in studies of oddball paradigms

As Polich indicates in his review (2007), several authors
indicated the role of circuits between frontal, parietal,
temporal areas for the generation of P300 amplitude.
Moreover, P300 amplitude is affected by temporal—parietal
junction integrity, as its absence greatly reduces component
size over the parietal area (Knight et al. 1989; Verleger
et al. 1994; Yamaguchi and Knight 1992) and P3a and P3b
indicate a circuit pathway between frontal and temporal/
parietal brain areas (Knight 1990; Polich 2003; Soltani and
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Knight 2000). These authors performed their studies on
subjects who had temporal and/or parietal cortical lesions.
The findings of the present study support the mentioned
role of “frontal”, “parietal” and “temporal” areas and also
the importance of “connectivity” between these areas in
the generation of P300 by applying coherence analysis. It
should also be mentioned that the paradigm used in the
present study was an auditory paradigm. It is likely that
analysis of coherence function upon application of a visual
oddball paradigm would depict higher fronto-occipital and
fronto-parietal coherences in comparison to the present
study.

The significance of fronto-parietal-hippocampal system
in comparison to sensory pathways

Why are the fronto-parietal delta, theta and alpha response
coherences higher in comparison to fronto-occipital
coherence? It is well known that cognitive-associative
mechanisms are processed in the fronto-parietal and hip-
pocampal system. In contrast, sensory signals are primarily
processed in sensory pathways. The paradigm used in the
present study involves the cognitive networks and auditory
networks; (Basar et al. 2001; Basar-Eroglu et al. 1992,
2001; Polich 2007). Accordingly, it is to be expected that
the fronto-occipital coherence will be weaker than the
fronto-parietal coherence. It is also to mention that the
distance between pairs of electrodes may play a small
deviation of results. Moreover, in the delta frequency range
the target coherence is approximately 40% higher than
non-target and sensory evoked response coherences (see
Fig. 1). Furthermore, the evoked coherences by means of
simple auditory stimuli are not highly different from non-
target responses.

According to all these results, it can be stated that
coherence values are highly increased during cognitive
processes in comparison to responses elicited by a simply
auditory stimuli. It should also be emphasized that fronto-
temporal (F3-T,, F4-Tg) coherences are also significantly
high, thus indicating that fronto-temporal links are aug-
mented during cognitive processes.

In the alpha frequency range, fronto-parietal and fronto-
temporal alpha coherences are also significantly higher
than fronto-occipital alpha coherences. The results in all
frequency ranges can be interpreted such that the cognitive
processes depict more connectivity in fronto-parietal
pathways than fronto-occipital connectivity.

Comparison with clinical studies

In our previous study, during a visual oddball paradigm the
delta, theta and alpha coherences in the left fronto-parietal

electrode pair (F3-P3) of Alzheimer’s disease (AD) patients
was significantly decreased, thus indicating reduced con-
nectivity between frontal and parietal sites (Giintekin et al.
2008). Hogan et al. (2003) also reported reduced coherence
for AD patients when compared with normal controls dur-
ing a working memory paradigm. According to Hogan et al.
(2003) the AD patients had reduced upper alpha coherence
between the central and right temporal cortex. Winterer
et al. (2003) investigated schizophrenia patients and their
clinically unaffected siblings with an auditory oddball
paradigm and reported that schizophrenic patients and their
siblings showed a reduction of fronto-temporal coherence.
Ford et al. (2002) also reported reduced fronto-temporal
coherence for schizophrenia patients when talking.

In the present study, left hemisphere theta response was
higher for the target response when compared with non-
target response. Our earlier reports analyzing the oscilla-
tory dynamics of AD patients emphasized the left laterality
of abnormal phase locking of theta (Yener et al. 2007);
amplitude reduction in delta oscillatory activity over the
left frontocentral (Yener et al. 2008) and also lower values
of evoked coherence in “delta”, “theta” and “alpha”
bands in the left fronto-parietal electrode pairs in the
untreated AD group when compared to healthy subjects
upon appliance of a visual oddball paradigm (Giintekin
et al. 2008). Schack et al. (1999) reported higher left
hemisphere beta coherence within the left frontal and left
parietal areas for an incongruent situation compared to a
congruent situation upon appliance of the Stroop task.
According to these results, the dominance of the left
hemisphere during a cognitive task seems to be crucial.

No differences between coherence values of target, non-
target and simple auditory stimulation responses were
found for the alpha coherence. In contrast, our previous
study comparing the coherence values of elderly healthy
subjects and Alzheimer patients showed that the alpha
coherence of elderly healthy subjects was higher than the
alpha coherence of non-treated Alzheimer patients at F3-P3
electrode pairs. The treated AD patients had also higher
alpha coherence than the non-treated AD patients at F3-P3
electrode pairs. The subjects of the present study were
healthy young adults, which could affect the coherence
values between frontal electrode and other brain structures,
compared with other clinical or demographic groups.
Yordanova et al. (1996) showed that elderly subjects had
higher frontal alpha response then young adults. Future
research in this field could examine the target, non-target
and simple auditory stimulation coherence results of
elderly healthy subjects in order to establish the role of
alpha long distance networks upon application of an odd-
ball paradigm. Frontal alpha increases with age, so it is
possible that the coherence between frontal and other areas
could also increase.
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Concluding remarks

1. It was shown that the connectivity between distant
brain structures upon application of an auditory odd-
ball paradigm was mainly controlled by both hemi-
spheric delta and left hemispheric theta oscillations.

2. The results from healthy subjects upon application of
cognitive paradigms may be very important to under-
stand brains of those with cognitive impairments. The
results of the present report may provide a basis for
coherence analysis and, in parallel, for oddball para-
digm analysis.

3. The increase of response coherences and their func-
tional significance, and the difference between the
right and left hemisphere were not discussed in this
study. The presented results are only discussed glob-
ally, in order to show important differences among
target, non-target and simple auditory stimuli. Dis-
tances between electrodes higher than 6 cm are enough
to eliminate the errors due to volume conduction
according to the empirical criteria of Srinivasan et al.
(2007).

4. The most important conclusion of the present study is
the following: According to Luria (1966) there are no
anatomical centers for the psychological functions of
the mind. Mental functions, too, are the products of
complex systems, the component parts of which may
be distributed throughout the structures of the brain.
The task of neuroscience is therefore not to localize the
“centers”, but, rather, to identify the components of
the various complex systems that interact to generate
the mental functions. Luria called this task “dynamic
localization”.

5. Mental functions, in short, are not localized in any of
the component structures, but rather between them.
Like the mental apparatus as a whole, they are virtual
entities (Solms and Turnbull 2002).

6. According to the present results the understanding of
whole brain function also requires the analysis of
functional coherences, i.e. the increased connectivity
between structures upon cognitive load, together with
enhanced temporal oscillatory responses. Furthermore,
in addition to Luria’s view, it seems that Brodmann’s
(1909) areas should be extended to a more dynamic
presentation, in which, sensory and cognitive areas
should be described as superposition of multiple
primary and secondary functions.

7. As a consequence of the above concluding remarks
(1-6), and especially the views of Luria and the
concept of dynamically linked Brodmann’s areas, we
propose that all sensory-cognitive paradigms (as is
here the case in P300-oddball) must be jointly
analyzed in terms of oscillatory responses and related
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coherences. Only in this way, it is possible to open new
avenues for description of whole cortex organization.
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