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Abstract: Recent reports on functional brain imaging in major depression have lead to an assumption that
observed psychopathology might be related to an altered brain functional connectivity. Our hypothesis was
that an increase in brain functional connectivity occurs in major depression. As a measure of functional
connectivity, the electroencephalogram (EEG) structural synchrony approach was used in 12 medication-free
depressive outpatients and 10 control subjects. Differences in the number and strength of structurally syn-
chronized EEG patterns were compared between groups. In depressive patients the number and strength of
short cortex functional connections were significantly larger for the left than for the right hemisphere, while the
number and strength of long functional connections were significantly larger for the right than for the left
hemisphere. Some of the functional connections were positively correlated with the severity of depression,
thus being predictive. These were short-range anterior, posterior, and left hemisphere functional connections
for the alpha frequency band and short-range anterior functional connections for the theta frequency band. The
topology of the most representative functional connections among all patients with major depression indicated
that the right anterior and left posterior brain parts may discriminate depressive patients from healthy controls.
The obtained data support our hypothesis that there is an increase in brain functional connectivity in major
depression. This finding was interpreted within the semantic framework, where different specialization of left
(monosemantic context) and right (polysemantic context) hemispheres is functionally insufficient in patients
with depression. Hum Brain Mapp 28:247-261, 2007.  © 2006 Wiley-Liss, Inc.
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INTRODUCTION

Convergent evidence from numerous neuroimaging and
electrophysiological studies of major depression stresses a
key role for the anterior asymmetry—the so-called cognitive
anterior model of depression [for review, see Davidson,
1998]. This model suggests that individual differences in
prefrontal asymmetry are most appropriately viewed as di-
atheses that bias a person’s affective style, which in turn
modulates the individual’s vulnerability to develop depres-
sion. Indeed, relatively greater left frontal activity is associ-
ated with trait tendencies toward a general appetitive ap-
proach or a behavioral activation motivational system, and
relatively greater right frontal activity is associated with trait
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tendencies toward a general avoidance or withdrawal sys-
tem [Coan and Allen, 2003]. Thus, frontal asymmetry (in-
dexed by, e.g., resting electroencephalography (EEG) or
magnetoencephalography (MEG)) may serve as an index of
risk for a variety of emotion-related disorders, including
major depression and anxiety. However, the finding that
formerly depressed but currently euthymic patients demon-
strate relatively less left frontal activity than controls who
have never been depressed suggests that the depression
state might be unrelated to frontal asymmetry [Allen et al.,
2004]. Even when such patients experience improvements in
their clinical state over time, they still have relative left
frontal hypoactivity [Allen et al., 1993; Coan and Allen, 2004;
Gotlib et al., 1998; Henriques and Davidson, 1990].

The classical theory to explain major depression is the
“monoamine hypothesis,” which proposes that depression
is related to a deficit in monoamines (particularly norepi-
nephrine and serotonin) at critical synapses [Delgado, 2000;
Moreno et al., 2000]. Although the monoamine hypothesis
has been refuted in its most simple form [Stahl et al., 2003],
there is one important aspect of the monoamine framework
that is relevant to the reasoning of this article. Because
serotonin is a widely distributed neurotransmitter in the
central nervous system (CNS) [Mann, 1999], a disturbance in
serotonergic neurotransmission likely affects many different
brain regions. Thus, major depression could generally be a
disorder of disturbed cellular plasticity, leading to an inad-
equate relationship between multiple structures and func-
tions of the brain [Kempermann and Kronenberg, 2003],
including dysregulation between the cortical and subcortical
systems [Drevets, 2003; Mayberg, 2003]. This view is consis-
tent with the modern concept of brain and mind disorders,
where disease is considered a process with a change in the
balance of autonomy and connectedness of different brain
systems that sustain health [for review, see Fingelkurts et al.,
2005a; see also Freeman, 2003; Friston, 2001; Kelso, 1995].
Indeed, recent studies of nonlinear dynamic connectivity
between brain regions reveal a loss of this dynamic balance
in different brain disorders such as schizophrenia [Breaks-
pear et al., 2003], Parkinson’s disease [Silberstein et al., 2005],
epilepsy [Le Van Quyen et al., 1999], and Alzheimer’s dis-
ease [Stam et al., 2005]. Functional connectivity, which is
defined as the temporal correlation between spatially remote
neurophysiological events [Friston et al., 1993], is believed to
serve as the mechanism for the coordination (or discoordi-
nation) of activity between different neural systems (dy-
namic cell assemblies across the cortex) [for review, see
Fingelkurts et al., 2005b; Friston, 2001]. According to recent
interpretations, in the dynamic functional connectivity
(large-scale neuronal interactions) between such assemblies,
the nonlinear interdependence is mostly reflected [for fur-
ther discussion, see Breakspear and Terry, 2002a; Stam et al.,
2003]. The alteration in brain functional connectivity there-
fore might serve as a contributing factor to the disorganiza-
tion syndrome (which has long been deemed a condition of
impaired cognitive association) in many psychiatric and
brain diseases [Dawson, 2004; Haig et al., 2000].

In terms of these modern theories, a generally agreed view
among the scientific community arose: the major depression
might be a disorder with a distributed property of large-
scale cortical (and subcortical) systems with a number of
functionally connected cortical regions, including the tem-
poral, frontal, occipital, and parietal lobes [Damasio, 1994;
LeDoux, 1996; Rolls, 1999; see also Davidson, 2004]. While
the frontal cortex is clearly a significant component of the
distributed system related to major depression, one should
not view it as the only “location” of the complex neuronal
processes associated with the depressive state. Rather, it
appears that the affective brain systems are implemented in
a particular network of functional relations, only part of
which is frontal. Recent reports on functional brain imaging
in depression have suggested that observed psychopathol-
ogy might be related to altered or even impaired functional
brain connectivity [Davidson et al., 2002]. Nevertheless, this
issue has not yet been addressed explicitly.

Considerable differences are present in the functional con-
nectivity between different regions of cortical tissue [Break-
spear and Terry, 2002a; Fingelkurts and Fingelkurts, 2001;
Kaplan and Shishkin, 2000; Stam et al., 2003], and thus,
patterns of functional connectivity that might distinguish
between depressed patients and controls should be exam-
ined in addition to activation differences. There is little
direct evidence in the literature that there should be altered
functional connectivity in depressed subjects; however,
some studies do give a hint. For example, reports that brain
EEG complexity is lower in depressed patients than in con-
trols [Nandrino et al., 1994; Pezard and Nandrino, 2001]
indirectly imply increased functional interdependence of
brain processes reflected in the resting EEG of such patients.
These data suggest that one may expect to find higher func-
tional connectivity in a distributed cortex system(s) in de-
pressed patients than in controls.

The aim of the present study was to explore and extend
this hypothesis of functional connectivity reorganization
during major depression using EEG frequency domain anal-
ysis. As a measure of functional connectivity, we used the
EEG/MEG structural synchrony (SS) approach [Fingelkurts et
al., 2003a,b, 2004a,b; Kaplan et al., 1997, 2005]. Structural
EEG/MEG synchrony refers to a more general class of non-
linear interdependencies between dynamic systems in
which rapid transients in one system can be directly mapped
to a second system [Kaplan et al., 2005]. In general, this
measure belongs to the class of methods estimating synchro-
nization behavior between nonidentical (structurally non-
equivalent) systems [for a detailed discussion on this and
other classes of synchrony methods, see Boccaletti et al.,
2002]. The main benefit of the SS method over the ones
quantifying coherence, correlation, and phase synchroniza-
tion is a conceptual one. Contrary to findings of previous
EEG studies on functional connectivity, the SS measure is
well suited to extract information about discrete brain oper-
ations from EEG recordings and to estimate the level of
inherent synchrony of these operations appearing simulta-
neously and locally in different cortical areas [for further
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discussion, see Fingelkurts et al., 2005b]. It can therefore
quantify a broader range of coordination phenomena, espe-
cially metastable and nonstatic nonlinear phenomena, which
cannot be captured by phase synchronization-based metrics
[Hadjipapas et al., 2005]. Phenomenologically, this type of
EEG structural synchrony corresponds to the operational
synchrony process: transient synchronization of operations
executed by distant neuronal assemblies [Fingelkurts and
Fingelkurts, 2003, 2005]. At the EEG level, such brain oper-
ations are reflected in the form of quasi-stationary segments
in corresponding brain locations/sites [Kaplan, 1998;
Kaplan et al.,, 2005]. The segment sequences in different
cortical locations have been shown to be synchronized [Fin-
gelkurts et al., 2003a,b, 2004a,b], forming short-term meta-
stable topological combinations underlying mental and cog-
nitive states [for a complete argument, see Fingelkurts and
Fingelkurts, 2001, 2004; Kaplan, 1998; Kaplan et al., 2005]. In
this metastable regime of brain dynamics, the interdepen-
dence of cortical areas is balanced between integrating and
segregating activities [Kelso, 1995; Bressler, 2002] through a
succession of global states determined by its coordination
dynamics [Bressler and Kelso, 2001] and abrupt state tran-
sitions [Fingelkurts and Fingelkurts, 2001; Friston, 2000].
This analysis provides a relevant level of description of
nonlinear functionally connected cortical systems, which we
believe would be altered in patients with major depression.

SUBJECTS AND METHODS
Subjects

Twelve medication-free depressed outpatients (seven
males, five females, mean age 43 * 14 years, all right-
handed) participated in the study. All subjects underwent a
Structured Diagnostic Interview (SCID) for DSM-III-R [First
et al., 1994] and met the DSM-III-R criteria for a major
depressive episode. All patients had a score of at least 18 on
the 17-item Hamilton Depression Rating Scale (HAM)
[Hamilton, 1960] at the time of the study procedure; the
mean HAM score was 24 * 4. The subjects were otherwise in
good physical health, as determined by a physical examina-
tion and laboratory evaluation, including a complete blood
count, glucose and hepatic enzyme measurements, and renal
and thyroid analyses. Patients were excluded from the study
if they had a current DSM-III-R axis I diagnosis other than
major depression, a history of mania, a history of schizo-
phrenia, alcohol or drug dependence within 5 years, or
showed active signs of suicidal ideation. Before enrollment
in the study, patients were allowed to have taken any anti-
depressants for no more than 2 weeks and not within 3
weeks of the day of registration.

Ten sex- and age-matched nonsmoking healthy controls
(five males, five females, mean age 42 * 12 years, all right-
handed) also participated. Before inclusion, the control sub-
jects underwent a medical examination and were screened
for depression. Control subjects had no DSM-III-R axis 1
diagnosis in the SCID evaluation [First et al., 1994], and none
had a significant medical illness. All were free from psych-

otropic medication, and none had a history of CNS disease.
The mean HAM score was 0.5.

All participants gave written informed consent before en-
rolling and the study protocol was approved by the institu-
tional (HUCH) Ethics Committee. The EEG recording was
started 5 min after each subject adapted to the chamber.

Trial Design

Following electrode placement and instrument calibra-
tion, each subject was seated in a comfortable chair in a
dimmed registration room and the experimental procedure
was explained. To reduce muscle artifacts in the EEG signal,
subjects were instructed to assume a comfortable position
and to avoid movement. Subjects were instructed further to
look straight ahead (although eyes were closed) and to avoid
unnecessary eye movements. When subjects are awake and
resting with their eyes closed, a physiological baseline of the
human brain (the so-called “resting state”) is observed [Gus-
nard and Raichle, 2001]. This state is intrinsically con-
strained by the default functionality, which is spontaneous
and virtually continuous and is crucial for normal human
performance, despite largely operating in the background
[Raichle and Gusnard, 2005].

Subjects” behavior was observed on a TV monitor
throughout the experiment. Subjects underwent EEG regis-
tration, 20 minutes in duration (eyes closed). The rationale
for such a long EEG registration was the following: since the
EEG parameters vary tremendously between different sub-
jects [Burgess and Gruzelier, 1997; Homan et al., 1987], a
long EEG registration is required to improve the statistical
consistency of data.

EEG Registration

All recordings were performed in a magnetically and
electrically shielded room (Euroshield, Eura, Finland) in the
BioMag Laboratory, Helsinki University Central Hospital.
Spontaneous electrical brain activity was recorded with a
60-channel EEG data acquisition system (Neuromag Vector-
view, Helsinki, Finland) with a frequency band of 0.06-86
Hz (sampling rate 300 Hz). EEG recordings were done si-
multaneously with MEG; however, the MEG data are not
presented in this report.

The EEG was recorded with an electrode cap according to
the International 10/20 extended system, and the nose elec-
trode was used as a reference. The impedance of recording
electrodes was monitored for each subject with an imped-
ance meter prior to data collection; this was always below 5
kQ. Vertical and horizontal electro-oculograms were re-
corded. Epochs containing artifacts due to eye movements,
significant muscle activity, and movements on EEG channels
were automatically rejected and rewritten. The presence of
an adequate signal was determined by visually checking
each raw signal on the computer screen after automatic
rejection of artifacts.
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Figure 1.
Schematic illustration of the steps in the methods used. Further explanations are provided in the text.

Data Processing

A full EEG stream free from artifacts contained an 18- to
20-minute continuous signal (eyes closed) for depressed and
control subjects. EEG data were split into two distinct
groups: “depressive” and “control.” Further, data process-
ing was performed separately for each 1-minute portion of
the signal. Due to the technical requirements of the tools
later used to process the data, EEGs from 20 electrodes (F; g,
F, F3,4 T3/4 Cs,6. Cs Cs4 Ts/6, Ppy P s, O,, Oy 0) were
analyzed with a converted sampling rate of 128 Hz.

After resampling and prior to the nonparametric adaptive
segmentation procedure, each EEG signal was bandpass-
filtered (Butterworth filter of the sixth order) in the theta
(5-7 Hz) and alpha (8-13 Hz) frequency bands. Phase shifts
were eliminated by forward and backward filtering. These
frequency bands were chosen because it has been well doc-
umented that resting alpha asymmetry determines one’s
risk for certain affective disorders, such as major depression
and anxiety [for review, see Coan and Allen, 2004; David-
son, 2004], while cortical theta activity is considered to serve
as a gating function on information processing in the limbic
region, particularly in the anterior cingulated cortex (ACC)
[Pizzagalli et al., 2003]. The ACC has been postulated to play
an important role in the pathophysiology of depression
[Davidson et al., 2002].

Adaptive-Level EEG Segmentation

Each 1-min EEG (n = 233 for depressives, n = 189 for
controls) was segmented using the method for the rapid
transition processes (RTP) identification in the EEG ampli-
tude (RTPseg tool). RTPseg is an advanced clean reimple-
mentation of SECTION tool [for details, see Fingelkurts et
al., 2003a,b; Kaplan et al., 2005]. RTPseg algorithms over-
come various numerical limitations that existed in its pre-
decessor and modify and extend its functionality. Here we
are highlighting only the most important aspects (Fig. 1).
The RTPseg method is based on the automatic selection of

level conditions in accordance with a given level of the
probability of “false alerts” and carries out simultaneous
screening of all EEG channels. RTPs are the markers of
boundaries between quasi-stationary segments in EEG.

The following steps were taken to estimate RTPs: (1) Com-
parisons were made between ongoing EEG amplitude abso-
lute values averaged in two windows (first window < sec-
ond window), both starting from the first data point. (2) If
the absolute maximum of the averaged amplitude values in
the small window is less or equal to the averaged amplitude
values in the large window, then the hypothesis of EEG
homogeneity is accepted. (3) If the absolute maximum of the
averaged amplitude values in the small window exceeds the
averaged amplitude values in the large window, according
to the threshold of “false alerts”—first condition (the Stu-
dent criteria)—its time instant becomes the preliminary es-
timate of the RTP. (4) A second condition must be fulfilled to
eliminate “false alerts” associated with possible anomalous
peaks in the amplitude; the five points of the digitized EEG
following this preliminary RTP must have a statistically
significant difference between averaged amplitude values in
the small and large windows (Student’s t-test). (5) If these
two criteria are met, then the preliminary RTP is assumed to
be correct (Fig. 1). (6) Then each of the windows shifts by one
data point from the actual RTP and the procedure is re-
peated.

With this technique, the sequence of RTPs with statisti-
cally proven (P < 0.05, Student’s t-test) time coordinates is
determined for each EEG channel and for each 1-min epoch
individually. The theoretical concepts underlying this anal-
ysis are described elsewhere [Fingelkurts and Fingelkurts,
2001, 2005; Fingelkurts et al., 2005b; Kaplan, 1998; Kaplan
and Shishkin, 2000].

Calculation of Structural Synchrony Index

The index of structural synchrony (ISS) was calculated
through the estimation of synchronization of RTPs between
different EEG channels (RTPsyn tool). RTPsyn is an ad-
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vanced clean reimplementation of the JUMPSYN tool [for
details, see Fingelkurts et al., 2005b; Kaplan et al., 1997,
2005]. Its algorithms overcome various numerical limitations
that existed in its predecessor and modify and extend its
functionality. RTPsyn reveals functional (operational) inter-
relationships between cortical sites different from those
measured by correlation, coherence, and phase methods. As
the details of this technique is beyond the scope of this
article, we will only concentrate on some essential aspects
(Fig. 1). In brief, each RTP in the reference EEG channel (the
channel with the minimal number of RTPs from any pair of
EEG channels) was surrounded by a short “window” (ms).
Any RTP from another (test) channel was considered to
coincide if it fell within this window. The ISS for pairs of
EEG channels can be estimated using this procedure [for
details, see Fingelkurts et al., 2003a,b; Kaplan et al., 2005]:

1SS = Myindows — Mresiduals Where Myindows

Sny, sn,
=100 = Slw; Myesidual — 100 = Slr;

sn,, = total number of RTPs in all windows (window for
synchronization, ms) in the test channel;

sl,, = total length of EEG recording (in data points) inside
all windows in the test channel;

sn, = total number of RTPs outside the windows (window
for synchronization, ms) in the test channel;

sl, = total length of EEG recording (in data points) outside

the windows in the test channel.

To arrive at a direct estimate at the 5% level of statistical
significance (P < 0.05) of the ISS, computer simulation of
RTPs synchronization was undertaken (Fig. 1) based on
random shuffling of time segments marked by RTPs (500
independent trials). As a result of this procedure, the sto-
chastic level of RTP coupling (ISSstoh), and the upper and
lower thresholds of ISSstoh significance (5%) were calcu-
lated. The ISS tends toward zero, where there is no synchro-
nization between the EEG segments, or has positive or neg-
ative values, where such synchronization exists. Positive
values indicate “active” coupling of EEG segments (synchro-
nization of EEG segments are observed significantly more
often than expected by chance at P < 0.05, random shuffling,
computer simulation), whereas negative values indicate “ac-
tive” decoupling of segments (synchronization of EEG seg-
ments are observed significantly less than expected by
chance at P < 0.05, random shuffling, computer simulation).
From a qualitative perspective, the coupling of EEG seg-
ments corresponds to the phenomenon of synchronization
of brain operations (or operational synchrony, OS) [Fin-
gelkurts and Fingelkurts, 2001, 2004, Fingelkurts and Fin-
gelkurts, 2005].

Statistics

Differences in the number and strength of structurally
synchronized (SS) EEG patterns between depressive and

control groups were assessed using the Wilcoxon t-test as in
the majority of coherence studies [for overview, see Rappels-
berger, 1998; Weiss and Rappelsberger, 2000]. All SS EEG
pattern pairs were divided into nine categories (short,.,
right, Shortanterior/posterior/ 1Ongleft/right/ 1Onganterior/posterior/
loNg;nterhemispheric) Separately for the theta and alpha fre-
quency bands. Pairs of EEG electrodes, which have one or
more electrodes between “members” of the pair, were clas-
sified as long-range connections [according to Weiss and
Rappelsberger, 2000]. Since the absolute number of possible
SS EEG pairs within each category was different, the pro-
portion of each SS EEG pair was calculated.

Separate computer maps of the ISS values were created
for each subject and for each 1-minute EEG. The problem of
multiple comparisons between maps cannot easily be over-
come due to the large number of electrode pairs [Rappels-
berger and Petsche, 1988] in the SS maps. This problem is
common to all studies that require multiple comparisons
between maps [Razoumnikova, 2000; Weiss and Rappels-
berger, 2000]. The comparisons that have been made
should therefore be considered descriptive rather than
confirmatory [Stein et al., 1999]. To ensure valid results, as
we have in our previous work [Fingelkurts et al., 2003a,b,
2004b], the SS EEG pairs were only considered relevant if
they consistently appeared in most of the EEG epochs and
subjects (85%-100%) in the same experimental group
(“depressive” or “control”).

There are several potential methodological limitations of
the approaches used in the present study that should be
addressed: (1) the volume conduction, which is the main
obstacle in interpreting EEG/MEG data in terms of brain
connectivity; (2) the method of reshuffling EEG segments to
generate full EEG recordings under the null hypothesis
solves the problem of specifying a sampling distribution
when the law of the time length of EEG segments is not
known. But this method has an implicit assumption: the
independence (or lack of autocorrelation) between the
length of each segment (i.e., the length of segment n should
not be correlated with the length of segment n—1). The
presence of autocorrelation will lead to an excess of falsely
described connections; (3) although being quite informative,
the ISS will be dependent on the global density of RTPs in
the 1-minute epoch even under no real connectivity. Thus,
although not crucial, it might be desirable to develop or
improve the ISS to a normalized index; (4) each individual
EEG recording was arbitrarily divided into 1-minute epochs,
leading to sample sizes of n = 233 for depressives and n
= 189 for controls. However, there are two potentially im-
portant issues here. First, are the different 1-minute EEGs
from the same individuals as different as 1-minute EEGs
from different individuals? If not true, then such EEGs can-
not be considered a sample of independent observations,
and the Wilcoxon test is not the best choice. Second, the
division into 1-minute epochs is arbitrary; depending of the
epoch length used, the degrees of freedom available to the
Wilcoxon test will vary, as will probably the results as well;
(5) only the connections present in more than 85% of the
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Figure 2.

The number (top row) and strength (bottom row) of structurally
synchronized (SS) EEG pairs (indexed by the index of structural
synchrony) for each of the nine categories in “depressive” and
“control” groups separately for the theta and alpha frequency
bands. The x-axis displays the labels of the categories for EEG pair
connections. The y-axis displays the percentage from the maxi-

individually analyzed 1-min EEGs were reported. A fre-
quency higher than 85% will depend on the quality of the
statistical test used to identify significant ISS, and on the
potential effect of multiple comparisons.

In the Appendix we analyze these limitations and provide
several considerations that argue against each of them.

RESULTS
Number of Structurally Synchronized EEG Pairs

Figure 2 (top row) illustrates the number of structurally
synchronized (SS) EEGs registered from different cortical
areas (estimated by an index of structural synchrony, ISS) in
depressed and control subjects. One can see that the number
of SS EEG pairs was significantly larger (P < 0.05) in patients
with major depression than in healthy controls for all short
functional connections. This was the case for both the alpha
and theta frequency bands. However, long-range SS EEG
pairs had different behavior in the alpha and theta fre-
quency bands. Thus, while for the alpha band the number of
long,osterior SS EEG pairs was larger in depressed patients
than in controls, in the theta band the number of long,, and
long,, ierior SS EEG pairs was lower in patients with major
depression than in healthy controls (Fig. 2, top row).

Noteworthy is the significantly low number of short,, i ior
SS EEG pairs in both depressed and control subjects for the
alpha and beta frequency bands. Discussion of this lies,
however, beyond the scope of the present article (which only
explores the difference between depressive and healthy sub-
jects).

mum number of the EEG pair connections within each category
(top row), and displays the mean values of ISS for EEG pair
connections within each category (bottom row). Depr, “depres-
sive” group (n = 233 EEGs); Cont, “control” group (n = 189
EEGs). *P < 0.05, **P < 0.01, **P < 0.001.

Strength of Structurally Synchronized EEG Pairs

The strength of the SS EEG pairs can be estimated from
the values of the ISS: the higher this value, the greater the
strength. The main finding was the absence of negative ISS
values in all combinations of EEG channels for the theta and
alpha frequency bands.

Figure 2 (bottom row) illustrates the mean values of ISS
for the nine SS EEG pair categories in patients with major
depression and healthy controls, separately for the alpha
and theta EEG frequency bands. The ISS values were signif-
icantly higher in depressed patients than in controls in vir-
tually all categories (P < 0.01-0.001 for different categories),
except the short,,erior aNd 10NG;, e rhemispheric ONes. This de-
pendence was observed in both alpha and theta frequency
bands (Fig. 2, bottom row).

Interestingly, in both frequency bands, identical depen-
dence was found only in depressed patients: the number
and strength of SS EEG pairs were significantly larger (P
< 0.01-0.001) for the short,.; than for the short,;,, category,
while they were significantly smaller (P < 0.01-0.001) for
the long,., than the for long,;,, category (Fig. 2).

Significantly low ISS values were observed for the short-
anterior Category in both depressed and control subjects for
the alpha and beta frequency bands. However, discussion of
this finding lies beyond the scope of this article.

Number and Strength of SS EEG Pairs vs.
Depression Severity

Significant Spearman correlations were found for some SS
EEG pair categories (Table I). Only short SS EEG pair cate-
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gories (i.e. the short, ..o category for the theta frequency
band, and the short,,erior ShOTtposterior, and short,.g catego-
ries for the alpha frequency band) were significantly corre-
lated with major depression severity scores (assessed by
HAM): the greater the number and strength of SS EEG pairs,
the more severe the depression.

Topology of EEG Structural Synchrony
(Functional Connectivity)

To assess the principal topological picture of EEG SS, all
pair combinations of EEG channels exhibiting statistically
proven SS (P < 0.05) were ranked according to their rate of
occurrence within all analyzed 1-min EEG epochs for each
subject and across all subjects. Only the most frequently
found combinations (=85% occurrence in all epochs and all
subjects) were analyzed further.

Figure 3 displays these reliable and statistically significant
(P < 0.05) ISS values mapped onto brain schemata as con-
necting lines between corresponding EEG sites in patients
with major depression and control subjects for the theta and
alpha frequency bands.

Figure 3 indicates that maps of synchronized cortical areas
(indexed by ISS) differed between the major depression and
control groups. SS EEG pairs in control subjects were abso-
lutely symmetrical for both the theta and alpha frequency
bands. In depressive patients, by contrast, the SS EEG pairs
were asymmetric: they were concentrated along the right
anterior and left posterior brain areas (Fig. 3). Although
theta and alpha activities had similar topographies of syn-
chronized cortical areas, the alpha frequency band had more
couplings in the right hemisphere.

If we consider individual data on SS EEG pairs in depres-
sive patients, then the SS topography was identical for the
most frequent SS combinations (see insert on the right-hand
side of Fig. 3). In all subjects with major depression, all
individual SS EEG pairs were localized along the right an-
terior and left posterior brain areas.

TABLE Il. Significant Spearman correlations between
the number and strength of structurally synchronized
EEG pairs and depression severity

R t(N-2) P

ISS/Theta

Short-Anter 0.71 2.83 < 0.02
ISS/Alpha

Short-Anter 0.7 2.74 <0.03

Short-Poster 0.7 2.54 < 0.03

Short-Left 0.67 2.54 < 0.03
Number/Theta

Short-Anter 0.65 2.42 < 0.04
Number/Alpha

Short-Anter 0.7 2.74 <0.03

Short-Poster 0.7 2.78 < 0.02

ISS, index of structural synchrony; Number, number of structurally
synchronized EEG pairs.
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Figure 3.

The stable statistically significant (P < 0.05) values of the index of
structural synchrony (ISS) in the theta and alpha frequency bands
for depressed and control subjects. The ISS values that occur in
more than 85% of repetitions across all subjects and epochs (n
= 233, EEGs for depressives; n = 189, EEGs for controls) are
mapped onto schematic brain maps as connecting lines between
the EEG channels involved. EEG labels: first level of electrodes
from the top—F,, Fg; second—F;, F,, F,; third—T5, Cs, C5, C,, C,,
C,, T, fourth—Ts, Py, P, P,, Tg; fifth—O,, O,, O,. The insert on
the right shows the brain map of typical functional connections for
individual depressed subjects. Two circles indicate the locations of
functional connections found in individual subjects. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

DISCUSSION

Electrophysiological findings in the present study support
our hypothesis that depressive patients indeed have a state
of a strengthened functional connectivity of brain processes
in distributed neuronal networks compared with healthy
controls. The results were obtained from EEG recordings of
medication-free patients under resting conditions with their
eyes closed. The use of EEG recordings during a resting state
should be clarified, since such a state can be considered less
controlled than evaluation conditions with specific cognitive
activation tasks. A growing body of research has illustrated
the important influence of resting (or prestimulus) EEG on
the cognitive and electrophysiological consequences of stim-
ulus presentation [Haig and Gordon, 1998]. Resting-state
EEG data appear to have a rich nonstationary and nonlinear
structure [Fingelkurts and Fingelkurts, 2001; Kaplan, 1998;
Stam et al., 2003], presumably reflecting the current func-
tional state of neuronal masses rather than a random process
[Fingelkurts et al., 2003¢c; Livanov, 1984] and the processing
of an internal mental context (top-down processing) [von
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Stein et al., 2000]. In addition, during resting EEG recording
the confounding effects of visual scene, instructions, and
task are avoided. The resting condition thus permits assess-
ment of “pure” brain activity (with its momentary fluctua-
tions) over a defined period [Koenig et al., 2002]. To inves-
tigate the EEG fluctuations/events, adaptive segmentation
was applied (see Subjects and Methods). Using this ap-
proach, it becomes possible to parse each EEG location into
a series of distinct segments which defined as time periods
that remain relatively stable in the millisecond time-scale
and that are separated by rapid transitional periods [Fin-
gelkurts and Fingelkurts, 2001; Kaplan et al., 2005].

EEG segments have been proposed to correspond to basic
blocks of information processing [Fingelkurts and Fin-
gelkurts, 2003, 2005; Kaplan et al., 1997, 2005], which are
subserved by transient neuronal assemblies [Fingelkurts et
al., 2004b; Kaplan and Borisov, 2003]. Neuronal assembly is
defined as a distributed group of neurons or neural masses
for which correlated activity persists over substantial time
intervals [Breakspear and Terry, 2002b; Nunez, 2000]. In the
present study, the simultaneous activity of neuronal assem-
blies was assessed through synchronization of EEG seg-
ments registered from different cortical locations using the
index of EEG structural synchrony (see Subjects and Meth-
ods).

Number and Strength of Cortical Functional
Connections

In the present study we have provided evidence that the
depressive state of patients under resting conditions results
in a widespread and significant increase in inter-area func-
tional connectivity, mostly for short-range distances, as well
as a significant increase in the strength of such functional
short- and also long-range connections (Fig. 2). There is little
direct evidence in the literature that there should be an
increase in functional connectivity in depressed subjects.
However, some recent reports indicate that EEG complexity
is lower in depressed patients than in controls [Nandrino et
al., 1994; Pezard and Nandrino, 2001]. These findings indi-
rectly imply increased functional interdependence of brain
processes reflected in the resting EEG of depressed patients.
Our data support this hypothesis. Another explanation can
be found in the relations between serotonin and GABA,;.
signaling. Activation of serotonin signaling has been shown
to suppress GABA,,;. inhibition [Feng et al., 2001]. Thus, in
serotonin-deficit diseases, such as major depression,
GABA,,;. signaling in the cortex may be exaggerated. Since
serotonin is a widely distributed neurotransmitter in the
CNS [Mann, 1999], a disturbance in serotonergic neurotrans-
mission would likely lead to an increase in GABA,;. sig-
naling in many different brain regions. In our previous work
with the GABA , agonist lorazepam, we demonstrated that
an increase in GABA,,,;. signaling does result in a corre-
sponding increase in the number and strength of functional
connections between many cortical areas, as measured by
EEG structural synchrony [Fingelkurts et al., 2004a]. Our
earlier findings are thus consistent with the results pre-

sented here. However, in the present study long-range left
and long-range anterior functional connections within the
theta domain were reduced in depressive patients compared
with healthy controls, possibly indicating functional impair-
ment in patients’ limbic system and ACC, which have been
shown to be related to theta activity in the human cortex
[Pizzagalli et al., 2003].

A new and interesting aspect of the present study is the
asymmetry in functional connections and in their strength,
which was found in patients with major depression but not
in healthy controls. The number and strength of short func-
tional connections were significantly larger for the left than
for the right hemisphere, while the number and strength of
long functional connections were significantly larger for the
right than for the left hemisphere (see Fig. 2). These findings
allow a more specific interpretation of the results. These data
may be interpreted within the recent framework of major
depression being based on semantic context [Rotenberg,
2004]. According to this framework, the left hemisphere
(formal logical thinking) organizes any information
(whether symbolic or iconic) in an unambiguous and strictly
ordered monosemantic context, and this process in healthy
subjects requires an additional activation of the brain cortex
in order to restrict natural relationships between objects and
events. Indeed, the left hemisphere has been shown to be
biased toward the processing of close lexical semantic rela-
tionships and activates only closely related information or
may even be restricted to the dominant meaning [Chiarello
et al., 1990; Chiarello, 1998]. Perhaps the short-range func-
tional connections in the left hemisphere cortex obtained
here (Fig. 2, controls) may accompany such close relation-
ships at the semantic level. Indeed, it has been proposed that
mental representations and contents are coordinated by neu-
ronal connections [Damasio, 2000].

On the contrary, the right hemisphere organizes any in-
formation in the integral but ambiguous polysemantic context
based on the simultaneous capture of numerous natural
relationships between elements of information [for review,
see Rotenberg, 2004]. For example, the right hemisphere has
been demonstrated to be able to produce a much broader
network of associations than the left hemisphere [Beeman et
al., 1994], and to immediately activate various meanings
associated with a word [Coney and Evans, 1999]. In healthy
subjects, this process does not require any additional activa-
tion [Rotenberg and Arshavsky, 1997]. Taking into consid-
eration our data, one can speculate that the long-range func-
tional connections in the right hemisphere cortex (see Fig. 2,
controls) may accompany such a polysemantic context. Ad-
ditional convergent data supporting this view may be found
in Pulvermdiller [1999].

What happens to functional connectivity when the subject
is in a depressive state? In such a state, neither hemisphere
is able to deal with information in an appropriate way
[Siegle, 1999], and as a result, they become informationally
activated or overloaded [Rotenberg, 2004]. This may be in-
terpreted as some level of functional insufficiency in both
hemispheres during the depressive state. Such a view is
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supported by the finding of significant whole-cortex hypo-
metabolism in patients with major depression [Martinot et
al., 1990]. We suggest that the unusual and significant in-
crease in the number and strength of short-range functional
connections in the left hemisphere of depressive patients
and the analogous increase in long-range connections in the
right hemisphere (Fig. 2, depressives) are signs of the adap-
tive compensation of the brain functional insufficiency in an
attempt to achieve an adequate semantic context through a
new metastable brain state [Fingelkurts et al., 2005a]. In the
process of such overcompensation, connections between
neuronal representations of negative affects and semantic
concepts probably become strongly activated. This hypoth-
esis found indirect confirmation within a semantic network
model [Collins and Loftus, 1975; LeDoux, 2003] in which
both semantic and affective features are represented as
nodes in the network. It was found that people who are
depressed suffer from strongly activated connections be-
tween negative affective nodes and multiple semantic con-
cepts, creating feedback loops that maintain depressive af-
fect and cognition [Fossati et al., 2003; Ingram, 1984; Moore
et al., 2001]. Increased functional connectivity in the brain
may be a possible mechanism underlying the model’s per-
formance. Depressed individuals tend to see even positive
information as negative because it becomes associated with
personally relevant negative information [Siegle, 1999]. In-
deed, an automatic, unintentional use of negative social
constructs in self-perception was reported in depressed in-
dividuals [Bargh and Tota, 1988]. This type of new metasta-
ble brain state bias may help to maintain the depressive
state.

The question then arises, what core cortical areas are
abnormally activated and functionally connected within a
depressive state?

Topological Aspects of Functional Connectivity in
Depressed Patients

The most representative and stable topological combina-
tions of functionally synchronized areas were located in the
right frontal and left parietal-occipital cortex poles (Fig. 3).
In the framework of the functional connectivity concept,
“activity” is understood as the involvement of distributed
neuronal assemblies in joint or cooperative performance
[Fingelkurts and Fingelkurts, 2001, 2005; Kaplan and Shish-
kin, 2000]. Stability of the functional topography in the
activity of the theta and alpha frequency bands probably
reflects the intrinsic spatial features of those neuronal assem-
blies, the mutual metastable activity of which was altered for
maintenance of depressive brain states. Generally, the data
presented here are supported indirectly by findings on brain
complexity, with sad mood being shown to be a function of
simultaneous activation of the left posterior and right ante-
rior cortical areas [Sarbadhikari and Chakrabarty, 2001].
Similar data were obtained from EEG mapping: in depres-
sion, the right anterior and left posterior cortical parts were
hyperactivated [Strelets et al., 1996]. Tucker and Dawson
[1984] reported also that the parietal and inferior temporal

cortical regions were more activated (indexed by coherence
measure) in the left hemisphere of depressive patients. Per-
haps combined activation of right anterior and left posterior
networks of functionally connected cortices (Fig. 3) could
specifically discriminate depressive patients from healthy
controls. In light of our discussion, such topography of
representative functional connections in depressive patients
may serve as a marker for the disordered neuronal repre-
sentations and regulations of mood, emotion, and semantics
that depressed individuals tend to hold [Fossati et al., 2003;
Moore et al., 2001]. The alpha domain having more typical
functional connections (mostly of a long-range distance)
than the theta band is also consistent with a semantic frame-
work. It has been well documented that alpha synchrony is
maximal in situations where cortical processes are not sub-
ject to exogenous stimuli but are driven by such free-floating
and spontaneous input as thoughts and mental images [Von
Stein and Sarnthein, 2000].

The most representative cortical areas involved in func-
tional connectivity in depressed subjects, obtained in the
present study, roughly correspond to cortices that are sup-
posed to be responsible for modality-specific sensory pat-
terns, for implicit memories (autobiographical self), and for
relations between categories and abstract concepts
[Damasio, 2000]. This distributed network for semantic and
conceptual information seems to be significantly altered in
depressed patients [Atchley et al., 2003] and represents a
disordered metastable brain state [Fingelkurts et al., 2005a].
We suppose that the particular topography of typical func-
tionally connected cortical areas that we found in depressive
subjects (Fig. 3) reflects the convergence cortex zones that
are simultaneously active, and which together are likely
responsible for the depressive state. The small number of
such typical functional connections (representative of all
patients and the majority of analyzed 1-min EEG epochs)
obtained in the present study indicates the possibility of
high interindividual variability in functional connections.
Studies of larger numbers of more homogeneous patients
under similar conditions are thus warranted.

Dependence of Depression Severity on the
Number and Strength of Functional Connections

Our data also indicate that some of the functional connec-
tions are predictive of the severity of depression. We found
that the greater the number and strength of short-range
anterior and posterior functional connections in depressive
patients, the more severe their depressive state (Table I). The
short-range left functional connections were also related to
the severity of depression. This was observed for the alpha
frequency band. Alpha activity asymmetry in resting EEG
has long been known to be associated with affect, emotions,
and depressive states in patients [for review, see Cacioppo,
2004; Coan and Allen, 2004]. Most evidence for alpha acti-
vation asymmetry comes from studies of the alpha power
spectrum. The higher the alpha power, the lower the brain
activity. However, our previous study clearly showed that
the periods of alpha desynchronization and synchronization
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do not mark episodes of “active work” and “rest state,”
respectively, but rather are signs of switching in the dynam-
ics of cortical operations, which are equally active but differ
in their processing/operational architecture [Fingelkurts et
al., 2004b]. Here, the search for simultaneous switches in the
activity of local cortical neuronal assemblies is challenging
[Kaplan and Shishkin, 2000]. These synchronous changes in
the operational activity of many brain areas constitute the
essence of functional connectivity [Fingelkurts et al., 2005b],
which is defined as the temporal correlation between spa-
tially remote neurophysiological events [Friston et al., 1993].
Generally, results on brain connectivity within the alpha
frequency domain in depressed patients are fragmentary
and inconsistent: such research has mostly been conducted
using coherence analysis, which has numerous limitations
[see Fingelkurts et al., 2004a; Hadjipapas et al., 2005; Kaplan
et al., 1997; Kaplan and Shishkin, 2000]. However, the short-
range functional connections within the alpha band in the
anterior, posterior, and left parts of the cortex, as described
in the present study, are likely correlated with major depres-
sion and follow the expression of severity of this disorder.

In contrast to the alpha, within the theta frequency band
only anterior short-range functional connections appeared
to be responsible for major depression severity, i.e., the
number and strength of such connections were significantly
correlated with the severity of the depressive state (Table I).
This finding is possible to interpret in light of the fact that
human cortical theta activity is mostly determined by the
activity of limbic regions, the ACC in particular [Pizzagalli
et al., 2003]. These brain regions in turn possess extensive
connections with anterior cortical areas [Mayberg, 1997];
thus, the anterior theta frequency domain should be indic-
ative of the state of ACC and limbic regions. In this respect,
increased functional connectivity within the theta frequency
domain in the anterior cortex may be a sign of an adaptive,
compensatory reaction to the decreased ACC activity and
general insufficiency of the limbic system typically reported
for depressed patients [Bench et al., 1992; Drevets et al., 1997;
Ito et al., 1996; Mayberg et al., 1994]. Based on these findings,
we may conclude that anterior short-range functional con-
nections within the theta frequency band seem to play an
important role in the pathogenesis of major depression and
in the manifestation of its severity.

Taken together, these data emphasize that although fron-
tal areas are critical for distinguishing between depressed
patients and controls, these frontal areas are part of a larger
metastable network(s) of functionally connected neuronal
assemblies, and other parts of this network(s) are also crucial
for understanding how the brain implements emotional and
motivational processes. A similar conclusion has been
reached by most major neuroscientists in the field [Damasio,
1994; LeDoux, 1996; Rolls, 1999; see also Davidson, 2004].

CONCLUSIONS

The results of the present study support our hypothesis
that an increase in brain functional connectivity occurs in
major depression. However, this functional connectivity has

certain peculiarities. The number and strength of short cortex
functional connections were significantly larger for the left
than for the right hemisphere, while the number and
strength of long functional connections were significantly
larger for the right than for the left hemisphere. These find-
ings were interpreted within the semantic framework,
where an observed increase in respected functional connec-
tions is adaptive, compensated, and is due to different spe-
cializations of the left (monosemantic context) and right
(polysemantic context) hemispheres, both of which are func-
tionally insufficient in patients with major depression. The
ability to form an adequate semantic context means the
ability to integrate both mono- and polysemantic contexts
into a cohesive experience, thus helping subjects to experi-
ence themselves as “unity” integrated into interrelations
with other humans and the world. This integration is the
most important feature of the subject’s mental life and emo-
tional balance [Rotenberg, 2004]. Distortion of such integra-
tion results in changes in adaptive compensative mecha-
nisms, with an increase in functional connectivity being a
particularly important one.

We also found that some of the functional connections
were positively correlated with the severity of depression,
thus being predictive. These were short-range anterior, pos-
terior, and left hemisphere functional connections for the
alpha frequency band, and short-range anterior functional
connections for the theta frequency band. The greater the
number and strength of these connections, the more severe
the depressive state.

The topology of the most representative functional con-
nections among all patients with major depression obtained
in the present study indicate that right anterior and left
posterior brain parts may discriminate depressive patients
from healthy controls. According to our interpretation, the
particular spatial distribution of these functional connec-
tions may reflect the metastable dysregulation between cor-
tical and subcortical systems, and the disordered represen-
tation of semantics that depressed individuals tend to hold
[Fossati et al., 2003; Moore et al., 2001]. Although our inter-
pretations are supported by current results, they require
further development.
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APPENDIX: METHODOLOGICAL ASPECTS
Problem of Volume Conduction

Although it is often claimed that volume conduction is the
main obstacle in interpreting EEG data in terms of brain
connectivity, we have shown through modeling experi-

ments that the values of the ISS are sensitive to the morpho-
functional organization of the cortex rather than to the vol-
ume conduction and reference electrode [for details, see
Kaplan et al., 2005]. In fact, volume conduction should lead
to spurious correlations that would be equally represented
across all frequency bands and would be just as likely to be
positive as negative. As our modeling experiments showed,
the contribution of these spurious results to the overall
picture seems likely to have been largely insignificant: 1) in
contrast to coherencies that are largely redundant in neigh-
boring channels [see Nolte et al., 2004], the ISS measure is
not [Kaplan et al., 2005]; 2) adding noninteracting sources
(e.g., noise) to EEG signals causes a decrease in the ISS
measure instead of an increase, thus leading to an underes-
timation of ISS effects, rather than generating spurious ISS
values [Fingelkurts, 1998]. Given that actual correlations
occurred with a much higher incidence than expected by
chance, and due to the independence of ISS from the power
spectrum of the EEG signal [Fingelkurts et al., 2003a; Kaplan
and Shishkin, 2000], we believe that the ISS measure can
accurately reflect local and global cortical functional connec-
tivity. The accuracy of topographic EEG mapping for deter-
mining local (immediately under the recording electrode)
brain activity was established by Cook et al. [1998]. Giving
further support to the interpretation that the electrophysio-
logical differences reflect differences in brain functioning is
that the measure employed in this study was specifically
developed to measure dynamic interdependencies between
rapid changes in time series [see Kaplan et al., 2005] and
applied to test a specific hypothesis that such functional
correlations are different in various functional states [Fin-
gelkurts et al., 2003a,b, 2004a,b; Kaplan and Shishkin, 2000]
and diseases [Borisov, 2002; Fingelkurts, 1998]. We therefore
argue that the ISS measure is virtually unaffected by volume
conduction and has construct validity in the present context.

Independence of the Lengths of EEG Segments

Figure 4 presents two samples of autocorrelation for
lengths of EEG segments obtained from the occipital (O,)
and frontal (F,) cortical areas during 20 min of EEG record-
ing (for one subject). Even though a clear pattern of decreas-
ing correlations with increasing lags (some small autocorre-
lation) is present, due to its small magnitude it is likely
irrelevant. Note that with the exception of lag 0, which is
always 1 by definition, all of the autocorrelations fall within
the 95% confidence limit. Thus, we may conclude that adja-
cent lengths of EEG segments (defined by RTPs) do not
correlate significantly. However, this result should be re-
garded as a very preliminary attempt, considering that,
strictly speaking, using the autocorrelation function for this
purpose is not correct since 1) The key assumption under-
lying such statistical analysis is the “stationarity” of the
registered signal, while the EEG is a highly nonstationary
signal [Kaplan and Shishkin, 2000]; 2) The lengths of EEG
segments (observations) are not equispaced; although the
time variable is not used in the formula for autocorrelation,
the assumption is that the observations are equispaced; 3)
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Figure 4.
Two samples of autocorrelation for lengths of EEG segments
obtained from occipital (O,) and frontal (F,) cortical areas during
20 min of EEG recording (one subject). y-axis, Autocorrelation
coefficients; x-axis, Time shift/lag (1, 2, 3,...). Horizontal reference
lines indicate the 95% confidence level.

The sequence of EEG segment lengths does not strictly cor-
respond to the time series. Nevertheless, the number of
theoretical considerations (based on experimental results)
supports the fact that different segments of EEG should be
relatively independent: each of these quasi-stationary seg-
ments is formed by a random stationary process with par-
ticular probabilistic characteristics that remain relatively
constant within a segment and which changed abruptly
from one segment to another [Lehmann et al.,, 1987; for
review, see Fell et al., 2000; Kaplan and Shishkin, 2000]. The
transition from one segment to another reflects changes in
the generator system state or changes in the activity of the
two or more systems [Brodsky et al., 1999; see also Kaplan
and Shishkin, 2000]. Therefore, in either case we may con-
clude that adjacent lengths of EEG segments do not corre-
late.

Normalized Index of EEG Structural Synchrony

The normalized version of ISS is ISSn = (M, indows —
mresidual) / [0'5*(mwindows + mresidual)]' Comparison Of the

ISS and ISSn values has shown that both indices lead to the
same qualitative results (Fig. 5). The coefficient of correlation
between these two indices equals 1 (P < 0.0001). This equal-
ity revealed an important feature of the synchronization
index based on RTP coupling: the ISS measure is already
normalized since the parameters ,,;,qows aNd M, iqua) take
into account the global density of RTPs. The only difference
between ISS and ISSn measures is the much lower values for
ISSn (Fig. 5). This is precisely why we prefer to use the ISS
index: the higher values give more room for their variability,
which is an important attribute of the index in practical
experiments, when one needs to distinguish between two
(or more) conditions.

One-Minute EEG Epochs

Statistically, different epochs of ongoing EEG within one
subject may be considered independent observations (imag-
ine that we made 10 independent 1-min EEG recordings)
since they are not coupled to any particular internal physi-
ological processes and/or external stimuli. Physiologically,
the EEG epochs from the same subject are, naturally, more
dependent than epochs from different subjects. This is the
general problem of practically all EEG studies. However, the

67
—I55
—IS85
minlEE:
51 max| S5z |
— 1880 |
minisSnz |
4 - maxlS5nz I

[X]
—
————
——

Figure 5.

Schematic illustration of index of structural synchrony (ISS) and its
normalized version (ISSn) with stochastic levels. As an example,
the calculations of ISS and ISSn are shown for 16 EEG channels.
The y-axis displays the ISS and ISSnh values found in the experiment.
The x-axis displays the 120 possible pair combinations for 16 EEG
channels (I = 0,-0,,2 =0,-P;,3=0,-P,,4=0,-T,, ... I15
=F,F,, 116 = F,-F,, 117 = F,-Fg, 118 = F,-F,, 119 = F,-Fg, 120
= F,-Fg). 1SSz indicates the stochastic mean values of structural
synchrony obtained during the computer simulations; min/max
ISSz indicates the stochastic levels for 1SSz; min/max ISSnz indi-
cates the stochastic levels for ISSnz. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.
com.]
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question is whether the difference in variability of EEGs
from the same and between different subjects is significant.
The most general parameter that describes EEG is its power
spectrum. Unfortunately, the averaged power spectrum is
prone to many limitations and presents at most a virtual
estimate [see Fingelkurts et al., 2005a]. To assess the appro-
priateness of the general description of 1-min EEG epochs,
we calculated the probability-classification profiles (PCP) of
short-term spectral patterns [method described in Fin-
gelkurts et. al., 2003d] and compared them within and across
subjects. To assess the stability of this measurement during
each 1-min EEG epoch within each subject and across sub-
jects, we calculated the coefficient of variability (CV = stan-
dard deviation / mean) as a first measure of stability for
averaged PCPs across all 1-min EEGs separately for each
channel for each subject and for all subjects together. Fur-
ther, data were averaged across all EEG channels for each
subject and for the group of all subjects. PCP was presented
as the histogram of the relative presence of each spectral
pattern type for a particular EEG [Fingelkurts et al., 2003d].
Analysis of all PCPs for all subjects revealed that EEGs of all
subjects were dominated by delta-theta activity (spectral
pattern had dominant peaks at 2.5 and 3.5 Hz). The coeffi-
cient of variability demonstrated that this type of activity
was stable (1) within each subject (CV ranged from 0.4-0.6
for different subjects) and (2) across the subjects (CV = 0.6).
Although EEGs within subjects were somewhat more simi-
lar to each other than across subjects, the interindividual
variability was only insignificantly higher, and was still
relatively low. Thus, stability of EEGs within and between
subjects was very similar. These facts justify the pulling of
all data together and the analysis of all 1-min EEGs in the
common pool.

Furthermore, the division of the EEG into 1-min intervals
permitted us to obtain a relatively large number of analyzed
epochs; it is important that an unbiased estimate of the
synchronicity index is computed using enough data sam-
ples. Such an approach is justified because there are no fixed
positions in the EEG, and we can therefore divide it into any
number of epochs with a length appropriate for the partic-
ular experiment and analysis. In our previous research [Fin-
gelkurts, 1998; Appendix B in Fingelkurts et al., 2003a], we
have shown that the reliable synchronicity profile already

exists at 5-s EEG intervals, and remains almost the same as
for the whole 1-min EEG. The main positive peaks of this 5-s
profile (which correspond to concrete EEG pair combina-
tions) coincided precisely with a 1-min profile, although
many of them failed to reach the level of significance. The
synchronicity profile for the 10-s EEG interval was more
stable, and the main peaks reached the level of statistical
significance. The first, second, and third 20-s intervals of the
1-min EEG did not differ from each other significantly and
strongly resembled the whole 1-min EEG profile. These re-
sults showed that the functional relationships between EEG
recordings are stable and not dependent on the analyzed
epoch (beyond 5 s). The evidence becomes even stronger if
we take into consideration the results of the analysis of the
20-s EEG epoch, which was artificially constructed from 1-s
EEG intervals taken 20 times randomly from different 1-min
EEGs [see Appendix B in Fingelkurts et al., 2003a]. The
synchronicity profile was practically identical to any other
synchronicity profile of the 20-s EEGs and almost the same
as the profile of the 1-min EEG. An increase of EEG epoch
beyond the 1-min interval did not lead to any changes in the
synchronicity profile [Fingelkurts, 1998]. Therefore, the re-
sults of the ISS measure do not significantly depend on the
epoch of EEG analysis.

Most Frequently (=85%) Found EEG Connections

Since in the present study 20 EEG derivations were used,
then in total there should be (20%20-20)/2 = 190 pairs of
combinations of EEG electrodes. Thus, we can expect
190*0.05 = 9.5 false-positives (on average) for each single
1-min EEG analyzed under the null hypothesis (where 0.05
is the significance level). Based on these calculations, it
seems rather improbable that a false-positive connection will
emerge by chance 85% of the time. Thus, the level of fre-
quency higher than 85% is appropriate. However, this con-
clusion relies on the following assumptions: (1) the nominal
0.05 is correct (so it is crucial that no significant autocorre-
lation exists between the lengths of EEG segments), and (2)
the 1-min EEG epochs within individuals are as different as
those between individuals. As shown above, these two as-
sumptions are justified.
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