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Abstract Topographical patterns of bipolar EEG coher-
ence are frequency specific, indicating the presence of
diverse neuroanatomical and neurophysiological factors in
EEG production. Bipolar EEG coherence values were
calculated at 50 frequency bins ranging from 3 to 28 Hz for
39 coherence pairs. Data were derived from 4.25 min of
resting EEG obtained from 106 healthy adult male subjects
and analyzed in 0.5 Hz bins by Fourier transform methods.
Frequency bands were clearly separated at 8.5 and 13 Hz,
with a less distinct separations at 6 and 20 Hz. Within pair
(non-topographic) and across pair (topographic), measures
gave similar patterns of separation. Significant pathways
were primarily anterior—posterior interhemispheric or per-
pendicular to the anterior—posterior axis. There was little
difference between left and right for comparable pairs.
Theta band coherent activity involves distinct midline and
temporal sources, with temporal sources showing anterior/
posterior differentiation. In contrast, alpha activity has a
distinct posterior focus, while beta activity shows no clear
global structure. A spatially homogeneous model based on
characteristics of thalamocortical connectivity accounts for
much of the data, but departures from the model indicate
the contribution of other neural factors to coherence.
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Introduction

Functional connectivity between different regions of the
brain in the resting state has been a recent topic of interest
in neurophysiological research. Patterns of resting-state
activity are important for understanding intrinsic neural
function, and may be significant in shaping responses to
stimuli (Hanslmayr et al. 2007; Fox et al. 2007; Raichle
and Gusnard 2005). Studies with fMRI show “default-
mode” networks: regions which show common temporal
patterns of hemodynamic activity in the resting state and
whose activity may be attenuated in task situations
(Raichle and Snyder 2007; Fox and Raichle 2007; Mantini
et al. 2007; Salvador et al. 2005). An additional perspec-
tive on resting-state activity is offered by the study of
connectivity using measures of EEG coherence. Connec-
tivity is established in fMRI studies by the correlations in
hemodynamic activity over time between different brain
regions. An analogous pattern in an EEG study would be
correlations in amplitude over time between different scalp
locations within particular frequency ranges. We consider
coherence measures of consistency in phase relations
between pairs of locations over time a more sensitive
measure of connectivity than correlations in amplitude,
since communication between two groups of neurons is a
function of the pattern of their oscillatory behavior (Fries
2005; Buzski and Draguhn 2004). Since connectivity pat-
terns and neural function may be specific to the frequency
of neural activity (von Stein and Sarnthein 2000), a par-
ticular advantage of EEG coherence measures is the ability
to assess topographic relations as a function of frequency.
Although EEG coherence measures cannot provide the
anatomical specificity attainable by the use of fMRI, the
high degree of frequential specificity provides a useful
complement to those results. If coherent activity is
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necessary for functional neural communication, and if
functional activation changes hemodynamic activity, then
examination of EEG coherence measures may be particu-
larly useful in interpreting the functional aspect of con-
nectivity. We suggest, based on the results presented here,
that specific resting-state networks (RSN)/connections
found in fMRI studies may be associated with neural
activity with distinct coherence spectra.

Coherence is a linear synchronization measure between
two signals recorded at different locations. It is a statistical
measure of the average agreement in phase difference,
weighted by amplitude, between two signals measured over
time, and is frequency specific. Coherence values range
from O to 1, with 1 meaning perfect agreement in phase
difference and O meaning completely random phase dif-
ferences. A signal recorded at a single electrode is a
function not only of the neural activity directly beneath it,
but also of neural activity at more distant locations prop-
agated by electromagnetic fields as mediated by the inter-
vening tissue and other matter. This latter phenomenon is
called volume conduction. Volume conduction effects can
contribute strongly to coherence measures of “raw” sig-
nals, inflating their values and reducing their topographic
variability. A number of different data transformations
(data preprocessing methods), if performed before the
coherence calculation, can reduce volume conduction
effects. The Laplacian (or current source density) provides
a reference-independent transformation which eliminates
most volume conduction effects. Signals transformed to
bipolar form by subtractions between adjacent electrodes,
which is also a reference-independent transformation, fall
between Laplacian and “raw” data, eliminating volume
conduction effects from about twice the distance between
the two electrodes forming the bipolar pair. However,
bipolar coherence values are affected by the orientations of
the bipolar pairs because of the intrinsic geometry of the
electrode configuration and because of the anisotropy of
volume conduction effects (Nunez et al. 1997, 1999, 2001;
Srinivasan et al. 1998; Grieve et al. 2003). In any analysis,
the choice of methods is the result of balancing the extent
and purpose of the results with character of the available
data. As Nunez et al. (1997, p. 510) point out, each method
of coherence estimation will reveal different aspects of
functional connectivity.

A theory of EEG coherence is offered by Robinson
(2003, 2005) (Robinson et al. 2003) based on an analysis of
the mass character of thalamocortical and corticocortical
circuits by continuum methods (David and Friston 2003;
Steyn-Ross et al. 2007). This theory uses a dispersive
model of neural firing patterns; the equation expressing
coherence as a function of distance is parameterized by the
values of characteristics of individual neural interconnec-
tions (Robinson 2003; equations 4, 22). As a consequence,
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theoretical coherence values are a relatively simple func-
tion of the distance between the coherence pairs (we note
that the mechanism in the dispersive model is unrelated to
volume conduction).

Robinson’s (2003) initial paper attributes coherence to
a single spatially homogeneous neurophysiological
mechanism. [Subsequent papers allow for spatial non-
uniformity: O’Connor and Robinson (2004), Robinson
(2005). Ursino and Zavaglia (2007) and Zavaglia et al.
(2008) provide models with multiple interacting fre-
quency mechanisms.] Although it is unlikely that all
coherent EEG activity can be attributed to a spatially
homogeneous and isotropic single dispersive mechanism,
Robinson’s theory provides a useful starting point for the
investigation of coherence, since it accounts for the main
features of the observed coherence spectra (see Fig. 1)
with more fidelity than other models. We may identify
patterns which are not solely a function of simple dis-
persion by applying Robinson’s theory to the coherence
data to identify and eliminate the effects of that dispersion
on coherence values.

In the present study, we examine and describe in detail
the topography and frequency structure of EEG coherence
in the resting state. We distinguish three modes of char-
acterizing topography. The primary topographic feature is
the pattern of connectivity determined by the magnitude of
the coherence values between different locations. In that
case, topography is characterized in terms of the orienta-
tion and location of the lines connecting one location with
another. A second aspect of topography is the locational
pattern of the grouping of coherence pairs determined by
frequency-specific similarity in relative value. A third
aspect of topographic structure is the locational pattern of
the grouping of coherence pairs determined by the
covariance relations among the values of different coher-
ence pairs at the same frequency. Topographic structures
indicate neuroanatomical features of possible sources of
coherent EEG activity. Frequency structure, such as
banding, is determined by abrupt changes in relative values
among coherence pairs with changes in frequency. An
additional aspect of frequency structure is determined by
the covariance relations between the values at different
frequencies for each coherence pair. Banding indicates a
separation between different neurophysiological sources of
coherent EEG activity. Based upon these features, we
attempt to identify distinct complexes of coherent EEG
activity, and compare them to analogous complexes
obtained from other methods of assessing patterns of neural
activity. We caution that the scalp-recorded measures of
coherent activity alone do not provide enough information
to distinguish between the different possible neuroanato-
mical/neurophysiological factors responsible for that
activity.
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Fig. 1 Comparison of Robinson’s theory and observed data. Upper
panel theoretical isocoherence lines (Robinson 2003; Fig. 2) (isoco-
herence lines at 0.8, 0.5, 0.2). This figure is reprinted from Robinson
(2003), Copyright 2003 Elsevier Publishers. Lower panel isocoher-
ence lines estimated from sagittal data. In each case distance is
represented on the X-axis and frequency on the Y-axis

Materials and methods
Participants

The sample consisted of 106 healthy right-handed male
volunteers within the age range of 19-47 years (mean age
29.4 years, standard deviation 4.9 years). The participants
were recruited through advertisements, and the study was
conducted at SUNY Downstate Medical Center at Brook-
lyn, NY, USA. Individuals with hearing or visual impair-
ment, severe medical problems (e.g., liver diseases, recent
surgery and chronic pain conditions), neurological prob-
lems (e.g., dementia, delirium, head injury, degenerative
diseases and cerebrovascular diseases/conditions), psychi-
atric illnesses (e.g., schizophrenia, depression, bipolar
disorders and other psychoses) or drug/alcohol dependence

were excluded from the study. Subjects who had major
childhood behavioral disorders, e.g., ADHD (attention
deficit hyperactivity disorder), conduct disorder, opposi-
tional defiant disorder and autism were also excluded from
the study. Individuals who had a family history of major
psychiatric illnesses and those who at the time of the study
were on any medication that could affect the central ner-
vous system were also excluded. Subjects with a family
history of alcohol/substance dependence were not included
in this study. The data of those individuals with severe
cognitive deficits based on their score on the mini mental
state examination (MMSE) were not used for this study.
Experimental procedures were approved by the institu-
tional review board.

Data recording

Each subject wore a fitted electrode cap (Electro-Cap
International Inc., Eaton, OH) using the 19-channel mon-
tage as specified according to the 10-20 International
system [FP1, FP2, F7, F3, FZ, F4, F8, T7, C3, CZ, C4, TS,
P7, P3, PZ, P4, P8, O1, O2]. The nose served as reference
and the forehead was the ground electrode. Electrode im-
pedences were always maintained below 5K ohms. The
electrooculogram (EOG) was recorded from electrodes
placed supraorbitally at the outer canthus of the eye. EEG
was recorded from the 19 channels with the subjects seated
comfortably in a dimly lit sound-attenuated temperature-
regulated booth (Industrial Acoustics Company, Bronx,
NY). They were instructed to keep their eyes closed and
remain relaxed. Subjects were also cautioned not to fall
asleep. Electrical activity was amplified 10,000 times by
Sensorium EPA-2 Electrophysiology amplifiers (Charlotte,
VT), with a bandpass between 0.02 and 50 Hz and recor-
ded using the Neurodynamics software system (Neurody-
namics Laboratory, SUNY Downstate Medical Center)
running on Concurrent 5550 computers (Concurrent
Computer Corporation, Atlanta, GA). The sampling rate
was 256 Hz and the activity was recorded for 4.25 min.

Data reduction

EEG analysis was performed at SUNY Downstate Medical
Center. A continuous interval comprising 256 s of EEG data
was used for analysis. Offline raw data were subjected to
wavelet filtering and reconstruction to eliminate high and
low frequencies (Bruce and Gao 1994; Strang and Nguyen
1996). The s12 wavelet was used to perform a six-level
analysis, and the output signal was reconstructed using levels
d6 through d3. This procedure is roughly equivalent to
applying a band-pass filter with a range of 2—-64 Hz to the
data. Subsequently, eye movements were removed by the use
of a frequency domain method developed by Gasser et al.
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(1985, 1986). This method subtracts a portion of observed
ocular activity from observed EEG to obtain the true EEG,
based on the difference between the cross-spectral values of
trials with high ocular activity and those with low ocular
activity. One-second intervals in which the voltage range
exceeded 75 pv were excluded from the subsequent analy-
sis; no subject had fewer than 224 s of data subject to anal-
ysis. Visual inspection of corrected data confirmed
satisfactory artifact removal characteristics.

In order to improve the localization of our signals, con-
sideration was given to both the Laplacian and bipolar data
transformations. In our case, the data we wish to analyze
were recorded with too few electrodes to use the Laplacian
transform (Wang and Begleiter 1999; Babiloni et al. 1995).
A bipolar transformation was used to minimize volume
conduction effects, although its use limited the density of the
coherence pairs, and limited the coverage in the occipital and
frontal areas. This is partially compensated for by the use of
both sagittally and laterally oriented pairs for interhemi-
spheric coherence. A comparison (see “Comparison to EEG
and MEG studies”) of our results with those obtained by
Srinivasan (1999) using monopolar and Laplacian deriva-
tions shows bipolar derivations to have similar effects as
Laplacians. [Although bipolar derivations are not often used
in EEG studies, previous published work from our laboratory
(Porjesz et al. 2002; Rangaswamy et al. 2002, 2003, 2004;
Tang et al. 2007b; Chorlian et al. 2007) used bipolar deri-
vations and Tang et al. (2007a) explicitly compared bipolar
to monopolar results, showing that bipolar values had greater
topographic variability than did monopolar values.] Since
over 4 min of resting EEG data were available for each
subject, it was possible to use 1/2 Hz frequency bins in
Fourier analysis and obtain relatively narrow confidence
intervals for the coherence estimates.

The data were software transformed into 38 bipolar
derivations formed by the subtraction of adjacent elec-
trodes in both lateral and sagittal orientations, and analyzed
in 254 overlapping 2-second epochs by use of a Fourier
transform and windowed using a Hamming function
(Hamming 1983) to improve the accuracy of the spectral
results (we will use the following terminology: a derivation
is a single signal obtained either as the “raw” data from a
single electrode or by subtracting the signals at adjacent
electrodes to obtain a bipolar derivation. Bipolar deriva-
tions are called sagittal when the line joining the two
adjacent electrodes has an anterior—posterior direction;
lateral when the line joining the two adjacent electrodes is
orthogonal to the anterior—posterior direction. A coherence
pair is a pair of derivations whose coherence is estimated,
and called bipolar or monopolar depending on the kind of
derivation used in their estimate. A bipolar coherence pair
is called sagittal or lateral depending on the orientation of
the two derivations, which is the same in any pair used in
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this study. Note that in many cases the lines connecting the
midpoints of the derivations will be perpendicular to
the lines connecting the electrodes. This is the case with all
the sagittally oriented derivations; the lines connecting the
midpoints are always lateral).

Coherence calculation

The standard coherence calculation,

1G(f)I*

i) = GG

where
Gij (f) - % Z Xin (f)‘Xjn (f)*

and X, is the Fourier transform of the signal in channel i at
epoch n, and ‘*’ indicates the complex conjugate, was
applied to each 0.5 Hz frequency bin. Because of the
overlapping intervals, the number of epochs used for cal-
culating confidence intervals for the coherence estimates
was set at 127. In the analyses described subsequently,
the Fisher Z-transform y = tanh™'(x) was applied to the
coherence values.This serves not only to normalize the
distributions of values, but also to reduce the difference in
confidence intervals between greater and smaller values.
[Where necessary, the inverse function [tanh(x)] was
applied to produce coherence values]. Coherence was
calculated between all pairs of derivations excluding those
which had an electrode in common.

Data selection

Only coherence pairs with a mean value of greater than
0.05 over the entire frequency range were included in the
study. This criterion was used to ensure reliable coherence
estimates at all frequencies (Bendat and Piersol 1971;
Nunez et al. 1997; Wang and Tang 2004), and was verified
to provide a 99% confidence level for non-zero coherence
by Monte Carlo simulation. This choice permits complete
interfrequency comparisons at the cost of losing some
topographic detail in the alpha range. None of coherence
pairs excluded had large values in any part of the frequency
range. Consistent with this criterion, 17 lateral pairs were
examined: 6 intrahemispheric which did not involve a
midline electrode, 4 intrahemispheric which did involve
midline electrodes, 3 interhemispheric with symmetrically
placed derivations and 4 interhemispheric with asymmet-
rically placed derivations. The lines connecting the deri-
vations in these latter pairs crossed diagonally from
anterior to posterior and from one hemisphere to the other.
Similarly, 22 sagittal pairs were examined: 10 fronto-cen-
tral pairs to provide an all-pairs analysis of that region, 10
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corresponding centro-parietal pairs, and 1 frontal and 1
occipital pair (see Appendix for details). Pairs fell into
natural groups differentiated by locational characteristics:
anterior or posterior, left or right, central or peripheral, and
containing a midline channel or not; and by relational
characteristics: symmetric or asymmetric, adjacent or dis-
tant, and interhemispheric or intrahemispheric; and their
combinations (see Table in Appendix for these groupings).
In many cases we performed separate analyses on lateral
and sagittal pairs, since there is reason to believe that they
are measuring different connective systems in the brain
(Hagmann et al. 2008) (see “Topographic structure: cor-
relational similarity”). [Pairs with one lateral and one
sagittal derivation show extremely low coherence values,
even when the derivations are close.]

Aggregative measures and distance modeling

We calculated the mean coherence for each frequency bin
of each of the 39 pairs. The maximum coherence and the
frequency at which the maximum occurred for each
coherence pair and subject was determined by fitting a
quadratic to the maximum value of the measured data and
the values at the two adjacent points on either side of the
maximum, and using the maximum value of the quadratic
and the frequency at which that maximum occurred.

Attempting to account for the effect of distance on
coherence values guided by Robinson’s theory (Robinson
2003, equation 22, p. 166), we used the following equation
to fit the observed data

7i(f) = e (@) +b(aiiy) 4 3(f)

where a(f) representing the limiting value when the dis-
tance is 0 and b(f) representing the amount of decrease with
distance, possibly differing for each frequency, are
unknown parameters to be estimated and d(i, j) is the
distance between sites i and j, taken here are the distance
(along the surface of a sphere) between the midpoints of
the arcs joining the electrodes included in each of the
bipolar derivations. We estimated a(f) and b(f) separately
for the sagittally oriented pairs and for the laterally ori-
ented pairs using mean values of coherence at each fre-
quency for each coherence pair. We note that although in
the case of monopolar derivations the coherence at very
small separations should very nearly equal 1, making
a(f) = 0, the value of a(f) is left free to enable a better fit to
the data. This does not result in an underestimate of the
coherences at the smallest distances as seen in Fig. 2. The
residuals, 0;(f), which are not error terms, show the relative
effects of the location and orientation of the coherence
pairs on the coherence values, and are essential to gauging
frequency and topographic specific characteristics of
coherence).

Covariance measures

We use several methods to assess the covariance structure
of the coherence measures, attributing common neuro-
physiological or neuroanatomical sources to highly
correlated measures and the absence of common neuro-
physiological or neuroanatomical sources to measures with
a low degree of correlation. In particular, we wish to assess
the degree of similarity of coherence at different frequency
bins in single coherence pairs, and in the same frequency
bin across two or more coherence pairs. The choice of a
metric for correlational similarity is motivated by the fact
that perfect linear correlational similarity among subjects
would occur when the ratio of any two coherence variables
for one individual would be the same as that ratio for any
other individual. In visual terms, a scatterplot of one
coherence variable against another would lie on a straight
line through the origin of the variable space. If the variables
lie on a straight line not through the origin in the variable
space, then we do not consider them to have perfect cor-
relational similarity. Thus we did not use the correlation
coefficient as the measure of similarity, although it was
calculated as well. A simple measure of bivariate similarity
would be a function of the ratio of the singular values of the
singular value decomposition of the data matrix of the two
coherence variables. In order to be able to generalize the
similarity measure to more than two variables, we calculate
the normalized entropy (NE) of the singular values of the
data matrix of n variables, and use 1 — NE as our correla-
tional similarity measure (CSM). The normalized entropy
of 5, ..., 5, 18

WSp) = — i%log(%)/log(n)

i=1

NE(S], ..

where S = ) i.; s;. The normalized entropy lies between O
and 1, and is a maximum where s; = s, = - = s,and a
minimum where S = sy and s, = .- = 5, = 0. In order to
obtain information about the topographic structure of the
individual frequencies, the CSM was calculated between all
pairs of coherence pairs for each frequency. In order to obtain
information about the frequency structure of individual
coherence pairs, the CSM was calculated between all pairs of
frequency bins for each coherence pair. In addition, multi-
variate CSM was calculated over the entire frequency range
for subsets of coherence pairs.

Bivariate or multivariate CSM characterizes the
covariance structure of single data sets, but it cannot be
used to compare different sets using their joint covariance
structure. In order to compare the topographical structure
of different frequencies, a paired Hotelling’s T* statistic
was calculated between all pairs of frequency bins for
selected subsets of coherence pairs. In order to compare
different subsets of coherence pairs, a paired Hotelling’s 7~
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Fig. 2 Fit of yeu(R, /) = e~ “@PDB 16 observed data. Upper panel sagittal pairs. Lower panel lateral pairs

statistic was calculated between comparable coherence
pairs across subsets for each frequency bin.

Results
Distance modeling

Our interpretation of the coherence spectra is based on the
following premise: a model for coherent activity generated
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by the dispersion of patterns of neural activity implies a
decrease in coherence with distance (following Robinson
2003); the departures (residuals) from the model [the §,(f)
in “Aggregative measures and distance modeling”] in the
aggregative measures are indicators of non-dispersive
factors. By analyzing the departures from the model, the
effects of the mean level of coherence at each frequency
bin and of distance are removed, and the relative differ-
ences between coherence pairs are much more apparent.
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This clarifies the frequency-specific differences in topo-
graphic structure. In order to be conservative, we tend to
interpret only positive residuals as indicators of non-dis-
persive factors, such as additional sources of coherent
activity or anatomical anisotropies. Negative residuals are
considered to be simply the result of the fact that the total
magnitude of the residuals is minimized, and have no
neurophysiological or neuroanatomical significance.

The values for a(f) and b(f), obtained using the method in
“Aggregative measures and distance modeling”, were used
to calculate isocoherence lines as a function of distance and
frequency by yew(R, f) = e “OTPOR The shape of the
isocoherence lines so calculated is remarkably similar to that
found in Robinson (2003, fig. 2, p. 167), giving plausibility to
our use of the Robinson’s theory (see Fig. 1). Further plau-
sibility is given by the fact that all coherence spectra have
generally the same shape, as shown in Fig. 3. We note that
since they do not have exactly the same shape, not all
coherence values at the same distance and frequency are
equal. The fit of coherence as function of distance and fre-
quency in the model is shown in Fig. 2 along with the mean
values for selected frequencies. Lateral pairs show little
divergence from the model. The divergence for the sagittal
pairs is largest at the most distant interhemispheric pairs,
which can be explained by their symmetrical character (see
“Coherence in sagittal pairs”) (since the model is intended
for heuristic purposes, the failure of the curves to approach 1
when the distance approaches 0 is not considered an
impediment to the use of the model).

Mean and peak values

Coherence at any given frequency decreases with distance,
although not monotonically. Coherence peaks at about
10 Hz, and by 13 Hz falls to a level less than that of any
lower frequency. It maintains relative constancy until about
20 Hz and then falls gradually with rising frequency. This
pattern is characteristic of all coherence pairs, but the rel-
ative strength of coherence in different frequency bands
across the complete spectrum varies considerably among
natural groups of coherence pairs (as indicated in “Data
selection”). Mean peak frequencies for coherence pairs lie
between 7.5 and 11 Hz in the alpha band. Pairwise differ-
ences between peak values of coherence and frequency at
peak value between all lateral pairs and all sagittal pairs
were tested by paired ¢ tests. Using a full Bonferroni cor-
rection, more differences in peak values of coherence
between coherence pairs are statistically significant, 42%,
than differences in frequency at peak value, 15%. The peak
frequency differences which are significant are between
anterior pairs not involving temporal electrodes, which have
lower frequencies, and posterior pairs, which have higher
frequencies, similar to those observed by Feshchenko et al.

(2001). Individuals are clearly differentiated by overall
strength of coherence values: a principal component anal-
ysis of peak values shows that the first component accounts
for 58% of the variance of the sagittal peak values and 55%
of the variance of the lateral peak values.

Frequency band structure

A non-topographic indication of similarity between indi-
vidual frequency bins is given by the mean (across all
coherence pairs) cross-frequency CSM, shown with the
mean for each frequency separation removed (see Fig. 4)
(means across subsets of coherence pairs show similar
patterns). This is a measure based solely upon comparisons
within single coherence pairs. We can reject non-banded
models of frequency structure by demonstrating serial
autocorrelation in the diagonals of the frequency structure
matrices under the assumptions that the CSM for all pairs
of frequencies having the same separation are either con-
stant or have an AR(1) structure (local autocorrelation).
The Durbin—Watson test (Durbin and Watson 1950, 1951)
was used both on the mean-removed values and on the
residuals after AR(1) modeling using the Burg method
(Marple 1987). All coherence pairs showed serial auto-
correlation in the residuals. As a check, permutation tests
show that there is no serial autocorrelation in the permuted
data. Similarity of banding between different coherence
pairs was assessed by calculating the correlation coeffi-
cients between all coherence pairs of the diagonals of the
mean removed frequency structure matrices with frequency
separation 2 Hz, the separation with the greatest amount of
serial autocorrelation. All correlation coefficients were
greater than 0.2 and fewer than 14% were less than 0.5.
[The correlation coefficients less than 0.3 were not anom-
alous, but consistent with other measures of similarity.]

The pattern of theta and beta CSM values can be
explained by the existence of independent sources of
coherent activity in each band. The pattern of low similarity
between adjacent frequencies in the alpha band is the result
of the fact that the peak frequencies occur in the alpha range
and show considerable spread across frequencies in any pair
and that the CSM is sensitive to the pattern of signs of the
differences in values between different frequencies. The
frequency variation of peaks may also be an indication of
multiple sources of coherent alpha activity.

A topographic indication of similarity between indi-
vidual frequency bins is provided by the paired 7* statistic
for the comparison of frequency bins calculated for subsets
of the laterally and of the sagittally oriented coherence
pairs (see Fig. 5 for sagittal values). As in the CSM, there
are distinct theta, alpha, and beta frequency bands. Banding
was similar in all subsets. Since the T° statistic, unlike the
CSM, is not sensitive to the positions of peaks in the data,
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Fig. 3 Means of all coherence pairs included in the study. Note the general similarity in shape across all pairs, although relative values at

different frequencies may be quite different

there is region of similarity in the alpha band correspond-
ing to those in theta and beta.

Topographic structure

The connections which are significant at all frequencies are
primarily parallel to or perpendicular to the anterior—pos-
terior axis, as determined by the use of a minimum mean
value across all frequencies in selecting the coherence pairs
to include in the study. There were relatively few diagonally
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oriented pairs selected, none of which are long-distance. As
stated in “Data selection”, coherence pairs have natural
groupings by locational characteristics: anterior or posterior,
left or right, central or peripheral, containing a midline
channel or not; and by relational characteristics: symmetric
or asymmetric, adjacent or distant, and interhemispheric or
intrahemispheric; and their combinations. We report on
frequency-specific value related differences in all these
characteristics. These differences indicate neuroanatomical
features significant in coherent EEG activity. In addition to
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Fig. 5 Cross-frequency paired 7° statistics for sagittal coherence
pairs. Lower values (blue areas) represent greater similarity. Lateral
pairs are similar. This is a topographical measure of similarity

this value related structure, the bivariate (pairwise) and
multivariate covariance relations between coherence pairs
determine an additional topographic structure. We report on
the bivariate relations between corresponding anterior and
posterior pairs, and corresponding central and peripheral
pairs. We applied multidimensional scaling (MDS) to the
bivariate CSM values to enable the visualization of the
similarity relations between coherence pairs. These relations
indicate related and unrelated complexes of coherent EEG
activity. The axes determined by MDS applied to the
bivariate measures between all pairs generally coincide with
two locational distinctions, anterior/posterior and the pres-
ence or absence of a midline channel.

Examination of the residuals after distance modeling
shows that natural groupings of coherence pairs (by

location and distance) exhibit similar patterns which have
frequency-specific differences. A detailed account of these
results follows, which will describe the locational and
relational structure of coherence, augmented by consider-
ation of the frequency-specific grouping of the pairs into
systems of connectivity by CSM.

Coherence in sagittal pairs

Frequency band separations are apparent upon examination
of the residuals after distance modeling of the 22 sagittal
interhemispheric coherence pairs (see Figs. 6, 8, 9), and of
pairwise CSM between related pairs (see Fig. 7). The theta
frequency band showed the most complex topographic
structure. Coherent activity involving local (adjacent)
midline pairs was found to be distinct from activity
involving temporal pairs, which themselves exhibited a
strong anterior/posterior differentiation. In contrast, alpha
activity was marked by a posterior focus which extended
into anterior regions, except for midline pairs which are not
affected. Beta coherence was more localized (lower mean
CSM) than either theta or alpha, particularly above 22 Hz.
We examine each frequency band in turn, characterizing all
coherence pairs in the band. All discussion of mean values
will refer to the residuals which remain after the distance
modeling. Differences in the residual plots greater than 0.1
are significant using paired ¢ tests with full Bonferroni
correction over the entire frequency range. Differences in
the pairwise CSM greater than 0.05 are significant using
paired rtests with full Bonferroni correction over the entire
frequency range. [These statistical values were obtained by
bootstrapping using 10,000 resamplings.]

Theta coherence generation has three distinct compo-
nents. One component is midline, probably generated by
local connections, and is stronger in the anterior than
posterior region. There are two components involving
peripheral sites, one anterior, and a stronger posterior one.
The posterior component has a symmetry effect, i.e., the
residuals for the symmetrical pairs are considerably larger
than those at the asymmetrical pairs involving the same
electrodes. In addition, anterior theta coherence becomes
more uniform across pairs with increasing frequency by
CSM, while posterior pairs separate into two distinct
groups with increasing frequency.

The midline local contribution to theta is apparent in the
examination of the sagittal asymmetric coherence pairs
(Figs. 8, 9), in which the adjacent midline pairs are con-
sistently larger than the adjacent temporal pairs. Since all
adjacent pairs are the same distance apart, the difference
between temporal and midline pairs can only be the effect
of location. We also note that the midline difference from
the non-midline is about twice as large anteriorly
than posteriorly in the adjacent pairs. In contrast, the
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Symmetric Sagittal Residuals
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Fig. 6 Residuals after exponential distance modeling for symmetric sagittal pairs
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Fig. 7 Pairwise correlational similarity (CSM) for symmetric sagittal pairs. FC-FC is F4-C4-F3-C3 with F8-T8-F7-T7; FC-CP central is
F4-C4-F3-C3 with C4-P4-C3-P3; CP-CP is C4-P4-C3-P3 with T8-P8-T7-P7; FC-CP temporal is F8-T8-F7-T7 with T8-P8-T7-P7

non-adjacent pairs not containing a midline electrode are
consistently larger than those which do. This implies that
the midline effect is purely local. The presence of specif-
ically symmetric posterior temporal activity is evidenced in
the symmetrically placed pairs (Fig. 6); the temporal
symmetrical pair T8-P8-T7-P7 is consistently larger than
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either T8-P8—C3-P3 or T7-P7—C4-P4; this is not the case
for the corresponding anterior pairs. Consideration of theta
CSM values shows a division occurring about 6 Hz
between low and high theta bands. Symmetrical internal
anterior and posterior pairs have consistently high simi-
larity, while symmetrical peripheral anterior and posterior
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Fig. 8 Residuals after exponential distance modeling for adjacent
asymmetric sagittal pairs. Fronto-central pairs are above centro-
parietal pairs. Pairs including a midline electrode are red and green;

pairs have low similarity. Anterior symmetrical pairs have
increasing similarity with higher frequency, while posterior
symmetrical pairs have decreasing similarity with higher
frequency (Fig. 7).

The structure of alpha coherence is different from theta;
it has a strong posterior focus and a large degree of cor-
relational similarity across the posterior zone as can be
seen in Fig. 13. There is is a considerable difference in

pairs not including a midline electrode are blue and cyan. The
locations in each of the adjacent pairs are the same distance apart

magnitude in the 8—13 Hz range between the anterior and
posterior regions. In examining the posterior coherence
pairs, all show a significant increase in residual value
except those including midline electrodes. The increase
was greatest in adjacent non-midline (intrahemispheric)
coherence pairs, and was also accompanied by a consid-
erable increase of the CSM between those pairs. There is
also a considerable increase in the temporal symmetric
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Fig. 9 Residuals after exponential distance modeling for distant
asymmetric sagittal pairs. Fronto-central pairs are above centro-
parietal pairs. Pairs including a midline electrode are red and green;

coherence pair, suggesting the continuation of temporal
symmetric effect found in the theta band. Anterior pairs
displayed a pattern different from that of the posterior
pairs. Intrahemispheric values did not surpass midline
values and temporal symmetric values were only margin-
ally larger than internal symmetric values. Particulary
striking was the decrease in CSM between interhemi-
spheric and intrahemispheric pairs in low alpha, not seen in
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pairs not including a midline electrode are blue and cyan. The
locations including a midline electrode are closer than those not
including a midline electrode

posterior pairs (see Fig. 10). These findings are consistent
with studies showing multiple sources of alpha activity, as
discussed in “Comparison to EEG and MEG studies”.
Coherent beta activity has a slight midline focus, as the
residuals of the adjacent asymmetric midline coherence pairs
are all positive. In contrast, the residuals of the non-adjacent
asymmetric coherence pairs are primarily negative. This
suggests that beta has a local midline plus symmetrical
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Fig. 10 Sagittal anterior and posterior homologous pairwise similar-
ity measures. Blue lines are intrahemispheric pair CSMs. Green and
cyan lines are central interhemispheric with intrahemispheric CSMs.

pattern, making in more like theta and less like alpha. High
beta (22-28 Hz) may be distinguished from low beta (14—
19 Hz) by greater differences in values for homologous
anterior and posterior coherence pairs (Figs. 8, 9).

Coherence in lateral pairs

We note that the variance of the residuals of the lateral
coherence pairs is considerably smaller for all frequencies

Red and magenta lines are temporal interhemispheric with intra-
hemispheric CSMs

than the variance of the residuals of the sagittal coherence
pairs, even though the lateral coherence pairs include
interhemispheric, intrahemispheric, and diagonally ori-
ented pairs (see Figs. 11, 12).

Lateral intrahemispheric theta is characterized by a
difference between anterior elements, which show
a relative decline from low to high theta, in contrast to a
relative increase for posterior elements. Interhemispheric
theta is higher centrally than either anteriorly or
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Lateral Intrahemispheric Residuals
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Fig. 11 Residuals after exponential distance modeling for lateral intrahemispheric and interhemispheric pairs

posteriorly; the increase with frequency in the anterior
and posterior coherence pairs does not correspond to
anything in the sagittal coherence pairs. The low values
for midline intrahemispheric theta suggest that the local
connections evidenced in midline sagittal pairs are pri-
marily between hemispheres, rather than along the mid-
line itself.

In the alpha band the posterior focus found in sagittal
pairs is also found in lateral pairs. The increases in both
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interhemispheric and intrahemispheric coherence pairs is
less than that found in the sagittal pairs. As in the sagittal
pairs, there is no midline effect.

In the beta band the elevation of the intrahemispheric
midline pairs, although slight, suggests that coherent
activity may be along the midline, unlike the situation in
theta. The relative change from low to high beta found in
the sagittal coherence pairs was also found in the lateral
pairs, although not to as great a degree.
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Fig. 12 Residuals after exponential distance modeling for lateral midline and diagonal pairs. Note that the scale of intrahemispheric and
interhemispheric lateral pairs is considerably larger than that of the midline and diagonal pairs

Topographic structure: correlational similarity

Systems of coherent EEG activity are indicated by corre-
lational similarity between different coherence pairs at the
same frequency. We illustrate the frequency-specific
characteristics by plots in which the coherence pairs are
represented at coordinates obtained from MDS via the
Isomap algorithm (Tenenbaum et al. 2000) applied to the

pairwise similarity measures (CSM) between different
coherence pairs at each frequency. MDS provides an
interpretable map of the relations among all the items
whose similarity has been determined. It places two pairs
near each other based on their relation to all other pairs, not
simply because they are similar to each other. The Isomap
algorithm is a non-linear dimensionality reduction method
which uses local distance relations, here provided by the
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pairwise similarity measures, to produce a global two-
dimensional surface on which to place the points whose
distances are provided. In addition, in our plots the pairs
which are very similar (CSM > 0.45) are connected with
lines, and the actual coherence values are represented by
the size of the circles at the locations of the pairs. It should
be emphasized that the fact that coordinate axes in these
plots represent significant topographical relations, e.g.,
anterior—posterior for the Y-axes for the sagittal pairs, is not
dependent upon the actual locations of the coherence pairs
on the scalp but it is a consequence of correlational simi-
larities alone. That is, correlational relations correspond to
locational characteristics in general, but more strongly in
the theta and alpha bands than in beta. In contrast, high
levels of pairwise similarity are frequency specific. We
have separated sagittal and lateral pairs because MDS
applied to the combined data always shows a clear sepa-
ration between sagittal and lateral pairs.

We have selected four frequencies for display, each of
which displays a different pattern of connectivity, each
consistent with the pattern shown by the analysis of
coherence values. In the sagittal pairs, theta band coher-
ence has a complex topographic structure in which there
are patterns of differentiation between anterior and pos-
terior peripheral locations but similarity between anterior
and posterior midline locations. In contrast, alpha band
coherence has much stronger similarities posteriorly than
anteriorly. Beta band coherence has a considerable lower
levels of correlational similarity between pairs than theta or
alpha. In all sagittal cases, the Y-axis represents an ante-
rior—posterior axis and the X-axis in theta and alpha rep-
resents to a large extent a midline-peripheral axis. The
spatial patterns are more difficult to characterize in the
lateral pairs, since they include both interhemispheric and
intrahemispheric pairs with varying orientations. Gener-
ally, the X-axis represents an interhemispheric—intrahemi-
spheric axis, while no consistent interpretation can be
attached to the Y-axis. These plots suggest that there are
shifting complexes of related coherence pairs, which seem
to be more clearly delineated in the sagittal pairs. Exami-
nation of pairwise CSM graphs (four comparisons shown in
Fig. 7) reveals patterns of both consistent and intermittent
similarity across frequencies, depending on the location.

Summary: frequency-specific topographic structure

The framework of axial connectivity is established by the
selection of the coherence pairs meeting a minimum value
criterion, fewer than 30% of the number of possible pairings.
Topographic structure, based both on similarities of the mean
values of the residuals of modeled coherence spectra, and on
correlational similarity, is frequency specific. In order to
recapitulate, theta band coherence has a complex
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topographic structure in which there are patterns of differ-
entiation between anterior and posterior peripheral locations
but similarity between anterior and posterior midline loca-
tions. In contrast, alpha band coherence has a clear posterior
focus with a much larger difference in values between
anterior and posterior than in the theta band. Beta band
coherence is highly localized with little global structure.
There is little left-right differentiation in any frequency
band. Frequency structure is similar whether based on cross-
frequency similarity at individual coherence pairs or cross-
frequency topographical similarity. The structure is one of
banding into theta, alpha, and beta bands, with subdivisions
in the theta and beta bands. The divisions between frequency
bands are generally similar across all natural topographic
groups of coherence pairs; they are not greatly locationally
specific. Although differentiations between locations and
frequencies are clear, the characterization of separate factors
of coherent EEG activity, whether anatomical or physio-
logical, must remain tentative at this point.

Discussion

Our results establishing the frequency-specific topographic
structure of EEG coherence lead us to the following
conclusions:

1. The similarity across coherence pairs of frequency
banding determined by relations between individual
coherence pairs, shown by the relative values of the
coherence spectra in individual coherence pairs and the
CSM between individual coherence pairs, implies that
there are different frequency-specific neurophysiologi-
cal sources of coherent activity whose action is
independent of location.

2. The similarity of banding determined by topographic
relations to the banding within coherence pairs, as
shown by Hotelling’s 7° statistic and the CSM between
coherence pairs (compare Figs. 4 and 5), implies that
locationally different neuroanatomical features have
different effects at different frequencies. That is, if
locationally different neuroanatomical features had the
same effects for different frequencies, then there would
be no topographic banding effects, i.e., topographic
relations would be the same regardless of frequency.

3. The variability of cross-location CSM across frequencies
(Fig. 7) implies that complexes of highly similar loca-
tions are frequency specific, as shown in Figs. 13, 14. In
addition, examination of pairwise CSM plots show
repetition of complexes possibly exhibiting harmonic
relations, as suggested by Robinson (2003, p. 167).

4. The roughly similar shape of coherence spectra at all
coherence pairs suggests that even with the
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Fig. 13 Sagittal interpair relations for selected frequencies. The
position of coherence pairs is derived from multidimensional scaling
of the isomap transformation of the pairwise CSM. Lines indicate
significant similarities between pairs (CSM > 0.45). Size and color of
circular markers indicate size of residual after modeling. Coherence
pair names are color coded: blue fronto-central non-midline, red

localization given by the use of bipolar derivations,
multiple sources of coherent activity are being
recorded at each scalp location.

The existence of RSN of brain activity shown by fMRI
studies raises the question of the character of the neural
processes which coordinate the activity of those dispersed
systems. If scalp-recorded EEG has topographic patterns
similar to those of RSN, then we suggest that the neural
processes which coordinate the activity of dispersed net-
works may be related to those producing EEG. The fre-
quency-specific topography of resting state EEG coherence
suggests that the neural activity responsible for different
RSN may have distinct frequency spectra. The most
comprehensive fMRI studies of the topographic structures
of resting-state neural activity are those of Salvador et al.
(2005) and of Mantini et al. (2007). We shall offer an
interpretation of these structures in light of the results
obtained here. Before proceeding to that interpretation, we
briefly remark on a number of studies which discuss
topographic patterns of neural activity in the resting state
using a variety of methods. In addition to EEG studies,
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these methods include magnetoencephalography (MEG)
and fMRI with and without concurrent EEG recording.
Although MEG studies are capable of frequency-specific
results, it is not possible for fMRI studies to determine the
frequency of the activity whose location is found. Con-
current recording of EEG with fMRI enables some ele-
ments of the correlation between EEG measures and the
hemodynamic quantities measured by fMRI to be deter-
mined. Because of the different limitations of both EEG
and fMRI recording techniques, the topographical simi-
larities found between our results and those obtained by
fMRI studies are suggestive rather than probative.

Sources of coherent activity

Our study considers only coherence measured in the resting
state; the relation of coherence measured in task-related
conditions to resting-state coherence is too large a topic to
be discussed here. Our study does not attempt to determine
the neurophysiological sources of coherent EEG activity,
although our interpretation of the data can hardly avoid
addressing this issue. Coherent activity has been explained
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Fig. 14 Lateral interpair relations for selected frequencies. The
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as the product of thalamocortical circuits and also as the
product of corticocortical connections. [For illustrations of
different models, see Hughes and John (1999; fig. 1) and
Thatcher et al. (1986, fig. 9).] In addition, there may be
effects of global spatial fields (Srinivasan et al. 2006;
Nunez and Srinivasan 2006). It is likely that the explana-
tion is different for different frequency bands. For example,
some evidence indicates the salience of thalamocortical
circuits in the explanation of theta activity (Sarnthein et al.
2005; Sarnthein and Jeanmonod 2007) and alpha activity
(Schreckenberger et al. 2004; Feige et al. 2005; Goldman
et al. 2002; Hughes and Crunelli 2005), although there are
opposing views for alpha (Srinivasan 1999; Karameh et al.
2006; Cantero et al. 2002). It is also possible that the
correlational separation between lateral and sagittal pairs
(see “Topographic structure: correlational similarity”)
indicates the effect of distinct neuroanatomical factors at
the same frequency. [See Hagmann et al. (2008; fig. 3) for
an illustration of distinct laterally and sagitally oriented
pathways.]

@ Springer

Lateral 6.5Hz
P7-P3--T7-C3
P8-P4--T8-C4 : P8-P4—-F8-F4
. : P8-P4--T7-C3
: .. P7-P3--T8-C4
RO
ON
Y 'P8-P4--P7-P3
(’: """ ©" " '18-C4--T7-C3
T8-C4—-F8-Fa ...+t ‘ " T7-C3--F8-F4
T7-C3—-F7-F3 ' & T8-C4——F7-F3
P7-P3-—F7-F3 F8-F4—-F7-F3
Lateral 15.5Hz
T8-C4—-F8-F4
P8-P4--F8-F4 F8_F4-—F7-F3

. T8-C4--F7-F3

%‘ ' T7-C3--F7-F3

P7-P3--F7-F3 .
,,,,,, °

p8-P4--Ts-C4 ' ..

T7-C3—-F8-F4
. o @
P7-P3--T7-C3 . . .
P8-P4—-P7-P3 ’ T8-C4--T7-C3
P7-P3--T8-C4 P8 P4 T7-C3

midline intrahemispheric, red symmetrical interhemispheric, black
diagonal interhemispheric (coordinates were rotated to make individ-
ual frequencies comparable). Note that although the X-axis represents
to some degree an intrahemispheric-interhemispheric axis, no
consistent interpretation can be attached to the Y-axis

Comparison to EEG and MEG studies

Frequency-specific patterns of connectivity are also found in
EEG studies of coherence in children by Murias et al.
(2007a,b), although the results are not directly comparable to
ours because of different methodologies and subject char-
acteristics. Those studies were focused on finding EEG
characteristics with which to distinguish two groups, not to
establish general characteristics of a control group. Break-
spear and Terry (2002) also provide an EEG study of rela-
tions between different areas of the brain, but their
methodology and the sparsity of their topography makes a
comparison unfruitful. The high degree of coherence in
sagittally oriented temporal alpha is similar to that found by
Cover et al. (2004) using MEG. Two studies of alpha band
coherence are of direct relevance. Our results are broadly
consistent with those of Srinivasan (1999), while some of our
differences with Feshchenko et al. (2001) indicate a need to
augment their model of alpha generation to provide a more
satisfactory explanation of coherent activity.
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One of the more significant papers on resting EEG
coherence, both from the point of view of methodology and
of results, is the study by Srinivasan (1999) of alpha band
coherence. It uses coherence values from both potential and
Laplacian derivations on observations of both children and
adults, with an emphasis on long-distance coherence pairs.
For adults, coherence values derived from potentials have a
different structure than those derived from Laplacians. In
values derived from potentials, intrahemispheric values are
larger than interhemispheric values at comparable distances,
and intrahemispheric values increase with distance as the
distance between electrodes increases from 15 to 20 cm.
Anterior interhemispheric values do not differ from posterior
interhemispheric values. In values derived from Laplacians,
posterior interhemispheric values are larger than intra-
hemispheric values which are larger than anterior inter-
hemispheric values. There is no increase in coherence values
with greater separation between electrodes. Our results more
resemble those for Laplacians than those for potentials, in
that posterior alpha values are greater than anterior alpha
values for both sagittal and lateral derivations, that there is no
increase with distance, and that the interhemispheric values
are not too different from the intrahemispheric values when
adjusted for distance. Mean values seem to be intermediate
between the potential and Laplacian data. However, since we
use a subset of the possible pairings (39 of 132), there can be
no direct comparison of mean values. Srinivasan (1999)
explains the difference between the potential and Laplacian
dataas “... the Laplacian also removed the contribution of the
global spatial structure of the alpha rhythm that contributes
to long-range coherence between anterior and posterior
electrodes.” (Srinivasan 1999, p. 1360) as a result of the
spatial band-pass filtering of the Laplacian (Srinivasan et al.
1998; Srinivasan 1999). We note that Srinivasan et al.
(2007) attributes some increase in coherence from potential
derivations at longer distances to volume conduction effects,
a phenomenon which does not occur for Laplacian deriva-
tions, so that the difference between the potential and
Laplacian results may be partially the result of inflation of the
potential values by volume conduction. Anterior—posterior
differences found in the Laplacian are explained as the result
of posterior callosal fiber systems (Srinivasan 1999, p. 1360).
This difference is not found in the potential derivations
because the volume conduction effects are large enough to
obscure the anterior—posterior difference. We conclude from
the similarities between the bipolar and Laplacian results that
the bipolar derivation has some of the same spatial filtering
properties as the Laplacian, so that while it eliminates some
of the volume conduction effects, it may also underestimate
some long distance coherence. This difference between the
results of the use of bipolar derivations and potentials also
explains why our results differ from those of Thatcher et al.
(1986). Thatcher et al. (1986) advanced an explanation of

coherent activity as the product of two distinct systems of
corticocortical connections, one short-range and the other
long range. One of the predictions was that long-distance
coherence should be larger than that predicted from a model
with exponential decrease of coherence with distance, as we
have used. In lateral intrahemispheric data, which is the
condition most similar to what Thatcher et al. (1986) con-
sider, long distance coherence is lower than predicted by the
distance model in all frequencies. This is consistent with the
Laplacian results of Srinivasan (1999), while the results of
Thatcher et al. (1986) are consistent with the potential
results of Srinivasan (1999), showing volume conduction
effects (Robinson 2003, p. 169).

Coherence results are a significant feature of the study of
alpha band activity by Feshchenko et al. (2001). That study
differentiated three distinct rhythms in the alpha range on
the basis of topography, peak frequency and attenuation by
activity. According to that study, in most subjects the
anterior alpha band rhythm is an extension of the primary
posterior alpha rhythm, but an anterior alpha band rhythm
independent of the primary posterior alpha rhythm is pres-
ent in a subset of the population. An additional posterior mu
rhythm may also be present. Our results are not inconsistent
with the presence of multiple rhythms with these charac-
teristics. This is evidenced in our data of the presence of
local maxima of CSM at 10 Hz between posterior and
corresponding anterior coherence pairs, as well as a much
greater increase of CSM between posterior coherence pairs
as compared to anterior pairs. Another indication of ante-
rior—posterior differentiation is the decline in CSM between
anterior sagittal intrahemispheric pairs and anterior sagittal
interhemispheric pairs in the alpha band (see Fig. 10). We
are not reliably able to differentiate a posterior mu rhythm
from a posterior alpha. The cross-correlation (“CCC”)
values obtained by Feshchenko et al. (2001) are comparable
to coherence values obtained from potential derivations,
and will be treated as such. The CCC values for intra-
hemispheric pairs are similar to the coherence values
obtained by Srinivasan (1999) for potential derivations, and
the difference from our results has the same explanation as
that given in our discussion of Srinivasan (1999) above.
However, there are significant differences between our
results with regard to interhemispheric coherences that
deserve a more detailed discussion.

Feshchenko et al. (2001) finds high interhemispheric
coherences, no anterior—posterior differences in coherences,
no correlation of the parameters of the model for alpha
generation between hemispheres, thus no correlation of the
coherence values with the parameters of the model for alpha
generation, and concludes that the high coherence values are
the result of correlated “broadband” input to the generators
of alpha activity, not of any similarity between the alpha
generators in the two hemispheres (Feshchenko et al. 2001,
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pp- 337, 339). Activity in the 7 Hz (high theta) range is
considered an appropriate measure of the broadband input.
We find considerable anterior—posterior differences in
coherences, considerable interhemispheric similarity, par-
ticularly posterior, using covariance measures, and lack of
correlation between the coherences in the theta band and
coherences in the alpha band. From this we conclude that
alpha band coherence is relatively independent of activity in
other bands, and that there is considerable similarity between
the hemispheres. The difference in coherence values
between our results and those of Feshchenko et al. (2001) is
the effect of volume conduction on monopolar values used in
that study, primarily the effect of midline activity where the
difference between anterior and posterior is least. Other
differences, particularly with regard to the cause of inter-
hemispheric alpha band coherence and interhemispheric
similarity are the result of somewhat different perspectives
on data analysis.

The study by Feshchenko et al. (2001) is oriented toward
determining parameters for individuals under a specific
model of alpha generation, whereas our study makes use of
Robinson’s model applied to mean data as a heuristic to
identify features of interest. The model used in Feshchenko
et al. (2001) may be a satisfactory first approximation for
single-site alpha activity, but an augmented model which
incorporates the possibility of generators at multiple fre-
quencies and interaction between sites would be more ade-
quate to the task of explaining coherent activity and its
variation across frequencies (Kaminski et al. 2001). In par-
ticular, Feshchenko et al. (2001) assume that scalp measured
7 Hz activity can be considered as an indicator of subcortical
broadband input to cortical alpha generators. The presence of
a distinct spatial covariance structure for coherent activity in
the theta band, whose boundaries coincide with those of
direct interfrequency covariance structures strongly suggests
scalp measured theta activity cannot be regarded as a
broadband noise process. In this circumstance, coherent
alpha activity cannot be explained as the result of coherent
input to alpha generators, thus leaving interaction between
the generators as the remaining hypothesis. With regard to
the independence of the generators in the hemispheres, we
can only provide evidence regarding coherent activity, not
the parameters of a specific model of alpha generation. Our
results are that interhemispheric and intrahemispheric alpha
band coherent activity in sagittally oriented pairs is the result
of factors which are symmetrically similar between the
hemispheres but exhibit a midline to temporal gradient
within each hemisphere. This is shown by the fact that the
CSM between the intrahemispheric pairs is always larger
than the CSM between the interhemispheric pairs, which is
larger than the CSM between an interhemispheric and an
intrahemispheric pair which share a location. Similarly, in
lateral intrahemispheric pairs, interhemispheric CSM is
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larger than intrahemispheric CSM in the alpha band. We
regard our differences with Feshchenko et al. (2001) pri-
marily as the result of different data modeling and analysis
choices which lead to differences in interpretation but whose
results could be encompassed by a more comprehensive
model than either study provides.

Concurrent fMRI and EEG studies

There have been a number of studies in which EEG was
recorded concurrently with fMRI in a resting state (Goldman
et al. 2002; Laufs et al. 2003a, b; Feige et al. 2005;
Moosmann et al. 2003) which focus primarily on the neural
correlates of alpha activity and not particularly on connec-
tivity patterns between the different neural regions. In
Goldman’s study, the alpha EEG activity in the occipital
regions in which we found coherent alpha activity is nega-
tively correlated with the MRI BOLD signal. Goldman
suggests that alpha production is an aspect of reduced cortical
activity (Goldman et al. 2002, p. 2490). Feige et al. (2005)
also found that alpha activity in occipital regions we associate
with coherent alpha activity is negatively correlated with the
MRI BOLD signal. In contrast, Laufs et al. (2003a, b) found
sites (not including occipital areas) at which the MRI BOLD
signal was positively correlated with alpha activity.
However, their later reanalysis of the data (Laufs et al. 2006)
shows that there is a parietal-occipital negative correlation
between BOLD and alpha power which occurs when other
spectral measures indicate a possibly lower level of vigilance
than when the negative correlation between BOLD and alpha
power has a more frontal focus. An explanation of these
phenomena is offered by Nunez and Silberstein: “Increases
in neural firing rates may occur with reduced large-scale
synchrony of current sources, and, as a result, smaller electric
or magnetic scalp fields. By contrast, hemodynamic and
metabolic measures are believed to increase with neural
firing rates.” (Nunez and Silberstein 2000, p. 79).

fMRI connectivity studies

There have been a number of fMRI studies investigating the
functional connectivity of resting-state or default-mode
activity. In experimental situations with alternations of
task-related activity and “rest”, some sites show increased
activation in the resting state. Clearly, the brain activity
measured in these studies is similar to that measured in studies
of the resting EEG. It follows that the connectivity patterns
found by fMRI studies may correspond to those found by the
coherence measures detailed in studies of the resting EEG.
A number of studies show isolated results consistent with
our own. One of the key structures identified by Greicius
et al. (2003) associated with the default mode network was
the posterior cingulate cortex. It had significant connection
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with the both the left and right inferior parietal cortex. This
association reproduces a pattern that is remarkably similar to
that found in posterior theta coherence in the present study. It
was noted by Greicius that this default mode network was not
associated with the alpha generating system, as its activity
remained unchanged when subjects opened their eyes.
Beckmann et al. (2005) found ten independent resting
topographic patterns, eight of which had pronounced left—
right symmetry; Luca et al. (2006) and van de Ven et al.
(2004) found similar patterns as well.

Two particularly relevant studies of brain connectivity in
the resting state are those of Salvador et al. (2005) and
Mantini et al. (2007). Their methodologies for identifying
related areas are quite different, yet there is a notable degree
of similarity in the results obtained. Salvador et al. (2005)
uses pairwise correlations between the time series of regional
activations to identify 76 pairs of regions [comprising 66 of
90 regions (73% of the regions)] with significant connec-
tivity. Hierarchical cluster analysis was then used to separate
the 66 anatomical regions into six groups. The regional
networks found by Mantini et al. (2007) are based on seg-
regation of time series of activations by independent com-
ponent analysis (ICA) followed by correlation with the ICA
time series to partition a subset of anatomical regions into six
networks (it is not stated what fraction of the observed voxels
are included in the networks, but it appears to be less than
50%). A comparison of the anatomical maps provided by
Salvador et al. (2005) and Mantini et al. (2007) shows that
each of five of the localized RSN in Mantini et al. (2007) are
contained within in a single group given by Salvador et al.
(2005): RSN 2 in Parietal-(pre)Motor, RSN 3 in Occipital,
RSN 4 in Temporal, RSN 5 in Parietal-(pre)Motor, and RSN
6 in Frontal(c). Given this concordance in anatomical results
between the two fMRI studies, we take as an initial point for
the comparison with our results the correspondence between
the RSN/groups and the topographic features found in EEG
measures which define complexes of coherence pairs. They
are each derived from values which measure relations which
are relatively stable over a period of minutes, although there
are almost certainly fluctuations of coherence or correlation
when considering shorter time sequences within the total
recording. Thus, we anticipate there to be some correspon-
dence between the topographies in the different studies.

Our results are consistent with those obtained by
Salvador et al. (2005). In Salvador et al. (2005), the 76
significant correlation results taken from the 4,005 possible
correspond to the entire set of our coherence results, since
we have omitted those coherence pairs with low values. Of
first importance in Salvador et al. (2005) is the correlation
of significantly large number of bilaterally symmetric
locations (15 of the largest 20 correlations) and extremely
few diagonally oriented locations, which corresponds to the
primary topographical pattern in our selected coherence

pairs. Second, in Salvador et al. (2005), the pattern
exhibited in the MDS map is that one of the two axes has
an anterior—posterior gradient, and the other, considering
cortical regions only, has a temporal to midline gradient.
The same axial orientation is present in our theta and alpha
band MDS maps of coherence, illustrated in Fig. 13. This
suggests that the same neurophysiological factors underlie
both theta and alpha EEG coherence and the low frequency
correlation in hemodynamic activity; possibly properties of
thalamocortical circuits.

Our results have an interesting correspondence with
those obtained by Mantini et al. 2007. Mantini et al. (2007)
not only determines localized networks, but also provides
correlations between the time series associated with each
RSN (not the time series associated with the marked areas
of each RSN) and the overall time series of EEG spectral
power. This blurs the association of the RSN and the EEG
characteristics associated with it, so that the use of these
correlations to match RSN and EEG coherence topography
is limited. There is some degree of coincidence between
the RSN topography and coherence topography. We may
point to the correspondence between theta coherence and
the negative temporal activations found in RSN 4, alpha
coherence and the negative occipital activations found in
RSNs 2 and 3, and beta coherence and positive midline
activations found in RSNs 1 and 6. This suggests the
hypothesis that the activity in each network is predomi-
nantly in a distinct frequency band. That the time courses
of the BOLD activity in networks have correlations with
the time courses of the power in several EEG frequency
bands does not contradict this hypothesis. The time courses
of the EEG power used by Mantini et al. (2007) are for the
entire scalp and are not site-specific. In order to investigate
the hypothesis of the frequency specificity of RSN’s, the
complexes of scalp recording sites indicated by the
topography of the networks could be checked for correlated
neural activity. Comparisons with single-site data are not as
effective, as at any one site scalp recordings may contain
the activity from a number of the distinct networks oper-
ating at different frequencies. This is the case in our data,
where the minimum value choice criterion of coherence
pairs means that coherent activity is found at all frequen-
cies in each pair. The presence of the banding leads us to
attribute activity in different frequency bands to the action
of different neurophysiological mechanisms. The spatial
distribution of the neural structures underlying these
mechanisms may vary considerably from one mechanism
to another, as is suggested by our topographic results. On
the other hand, it is certainly possible that there are cross-
frequency relations which are not captured by the measures
we have used. The presence of these relations would sug-
gest more complex multi-frequential patterns in addition to
those presented here.
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A limitation of our study is that it examines connectivity
on a single time scale, the four and quarter minutes over
which the data were collected. Although this allows precise

Table 1 continued

Sagittally oriented coherence pairs

frequency estimation, it obscures patterns of temporal Symmetric Midline Non-midline
fluctuation which are undoubtedly present in the data  Cepgralparietal
(Breakspear et al. 2004; Koenig et al. 2005; Honey et al. Adjacent C4-P4-C3-P3  C3-P3-CZ-PZ C3-P3-T7-P7
2007). Given the.detail. in which the freque.:ncy band structure CA-PA-CZ-P7Z CA4-P4-TS-P8
has beep determme?d, it may be worthwhﬂe to reanalyze the Distant TS-PS-T7-P7  T71-PI-CZ-PZ CA-PA-TT-P7
data using altern?tw.e methods to de}ermme the patterns of TS-PS_CZ-P7Z C3-P3-TS-P8
temporal ﬂuctuaFlon in coherence (Molleret al. 2001' ; Astol'ﬁ Parietal symmetric P4-02-P3-O1
et al. 2008). This would produce values that are similar in - .
structure to the time series used in the fMRI studies. Laterally oriented coherence pairs
Our primary conclusion is that there are different mech- Left Right Midline
anisms for coherent activity in different frequency bands. i i
.. Intrahemispheric =~ T7-C3-F7-F3  T8-C4-F8-F4  F3-FZ-CZ-C3
The variation of coherence across frequency and topography
. . . .. P7-P3-F7-F3  P8-P4A-F8-F4  FZ-F4-CZ-C4
cannot be explained simply as the spatial variation of the
. . . P7-P3-T7-C3  P8-P4-T8-C4 PZ-P3-CZ-C3
parameters controlling a single mechanism. We are
. . PZ-P4-CZ-C4
encouraged by the consistency between the topographic
patterns revealed in our study and those found in fMRI and Symmetric Diagonal
MEQG studies. We regard our results as preliminary, as the use
. . . Interhemispheric F8-F4-F7-F3 F8-F4-T7-C3
of a denser grid of electrodes, Laplacian as well as bipolar
derivations, and specific phase information, would bring T8-C4-T7-C3 F7-F3-T8-C4
more detail to the topographical structure we have discerned P8-P4-P7-P3 T8-C4-P7-P3
T7-C3-P8-P4

in the data. This would aid in determining the sources of
coherent activity measured by scalp EEG. Ultimately, the
integration of the information from imaging and electro-
physiological studies would serve to relate more clearly RSN
to patterns in ongoing neural activity.
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Appendix: location of coherence pairs
The table presents a classification of all pairs used in this
study. Figures illustrating the scalp locations follow (see

Tables 1, 2; Figs. 15, 16).

Table 1 Classification of coherence pairs

Sagittally oriented coherence pairs

Symmetric Midline Non-midline
Frontal symmetric FP2-F4-FP1-F3
Frontal-central
Adjacent F4-C4-F3-C3 FZ-CZ-F3-C3 F3-C3-F7-T7
FZ-CZ-FA-C4 F4-C4-F8-T8
Distant FZ-CZ-F7-T7 F4-C4-F1-T7
FZ-CZ-F8-T8 F3-C3-F8-T8

Table 2 Distance between coherence pairs

Name

Distance (m)

Name

Distance (m)

Sagittally oriented coherence pairs

F3-C3-F7-T7
F4-C4-F8-T8
C3-P3-T7-P7
C4-P4-T8-P8
FZ-CZ-F3-C3
FZ-CZ-F4-C4
C3-P3-CZ-PZ
C4-P4-CZ-PZ
FP2-F4-FP1-F3
P4-02-P3-01
FZ-CZ-F7-T7
FZ-CZ-F8-T8
T7-P7-CZ-PZ
T8-P8-CZ-PZ
F4-C4-F3-C3
C4-P4-C3-P3
F4-C4-F71-T7
F3-C3-F8-T8
C4-P4-T7-P7
C3-P3-T8-P8
F8-T8-F7-T7
T8-P8-T7-P7

0.079
0.079
0.079
0.079
0.088
0.088
0.088
0.088
0.126
0.126
0.166
0.166
0.166
0.166
0.177
0.177
0.253
0.253
0.253
0.253
0.321
0.321

coherence pairs
T7-C3-F7-F3
P7-P3-T7-C3
T8-C4-F8-F4
P8-P4-T8-C4
F3-FZ-CZ-C3
FZ-FA-CZ-C4
PZ-P3-CZ-C3
PZ-P4-CZ-C4
P7-P3-F7-F3
P8-P4-F8-F4
F8-F4-F7-F3
P8-P4-P7-P3
T7-C3-F8-F4
T8-C4-F7-F3
P7-P3-T8-C4
P8-P4-T7-C3
T8-C4-T7-C3

Laterally oriented

0.085
0.085
0.085
0.085
0.089
0.089
0.089
0.089
0.171
0.171
0.207
0.207
0.260
0.260
0.260
0.260
0.270
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Fig. 15 Left panel, fronto-
central electrodes and sagittal
bipolar derivations. Right panel,
red lines connect midpoints of
coherence pairs for all pairs
calculations. Central—parietal is
similar. Frontal and occipital

pairs not illustrated
F3 FZ

FZzCZ

F31C3

3 74

Fig. 16 Left panel derivations
and coherence pairs for lateral
intrahemispheric and
interhemispheric coherence
pairs. Right panel derivations
and coherence pairs for lateral
midline and diagonal coherence
pairs
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