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Time and frequency domain analyses of scalp EEG recordings are
widely used to track changes in brain states under general
anesthesia. Although these analyses have suggested that different
spatial patterns are associated with changes in the state of general
anesthesia, the extent to which these patterns are spatially co-
ordinated has not been systematically characterized. Global co-
herence, the ratio of the largest eigenvalue to the sum of the
eigenvalues of the cross-spectral matrix at a given frequency and
time, has been used to analyze the spatiotemporal dynamics of
multivariate time-series. Using 64-lead EEG recorded from human
subjects receiving computer-controlled infusions of the anesthetic
propofol, we used surface Laplacian referencing combined with
spectral and global coherence analyses to track the spatiotemporal
dynamics of the brain’s anesthetic state. During unconsciousness
the spectrograms in the frontal leads showed increasing o (8-12 Hz)
and § power (0-4 Hz) and in the occipital leads § power greater than
o power. The global coherence detected strong coordinated a ac-
tivity in the occipital leads in the awake state that shifted to the
frontal leads during unconsciousness. It revealed a lack of coordi-
nated § activity during both the awake and unconscious states.
Although strong frontal power during general anesthesia-induced
unconsciousness—termed anteriorization—is well known, its pos-
sible association with strong a range global coherence suggests
highly coordinated spatial activity. Our findings suggest that com-
bined spectral and global coherence analyses may offer a new ap-
proach to tracking brain states under general anesthesia.

alpha rhythm | delta rhythm | loss of consciousness

ime-domain and frequency displays of continuous surface
EEG recordings have been used for many years to track
changes in the state of the brain under general anesthesia (1-7).
Although these analyses have shown that different spatial patterns
appear over the scalp as the state of general anesthesia changes,
the extent to which these patterns are spatially coordinated and
may indicate interesting dynamics in the underlying brain net-
works has not been systematically characterized. Several experi-
mental and analysis issues must be addressed to carry out this
characterization. First, analysis of this coordinated activity with an
appropriate level of spatial resolution requires use of high-density
(=64 leads) EEG recordings (8). With few exceptions, EEG
studies of general anesthesia use no more than 20 electrodes (9).
Second, although in principle high-density EEG recordings
should provide higher resolution information about the spatial
structure in brain activity under general anesthesia, the increased
amount of data creates the analysis challenge of determining how
to make informative temporal assessments of the spatial dynamics
in these multivariate time-series. Analyzing the cross-spectral
matrix for a range of relevant frequencies as a function of time
would offer a way to conduct a temporal analysis of coordinated
spatial activity in the brain under general anesthesia.
Third, the cross-spectral matrix is a multivariate quantity at
each frequency and therefore requires an informative summary to
make its use practical. An accepted practice for summarizing the
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information in the cross-spectral matrix is to compute the global
coherence defined as either the ratio of the largest eigenvalue of
this matrix to the sum of the eigenvalues (10), or the average of all
of the pairwise coherences (11). Finally, when computing co-
herence or cross-spectra from multivariate EEG recordings, the
choice of the referencing scheme requires careful consideration.
An EEG montage in which all of the electrodes are referenced
with respect to a single location or to a common average can give
the appearance of coordinated activity when in fact little or none
is present (12). Local average referencing at each electrode site is
a reliable way to distinguish spatial differences in EEG activity
and avoid spurious findings of coordinated activity (8). In a simple
surface Laplacian reference scheme, each electrode is referenced
with respect to an average computed from the electrodes in a local
neighbor. Moreover, for a sufficiently dense EEG montage, sur-
face Laplacian referencing provides at each electrode site an ap-
proximation to the radial current density (i.e., the currents trav-
eling perpendicular to the scalp).

Global coherence analyses, computed using the eigenvalue
definition (10), have been applied to study coordinated activity
in multivariate time-series in climatology, optical imaging, func-
tional magnetic resonance imaging, and magnetoencephalog-
raphy (13-15). Eigenvalue and eigenvector decompositions of
cross-spectral matrices computed from EEG recordings with
fewer than 32 leads have been used to study spatial dynamics in
brain activity during sleep-wake cycles and epilepsy (16-18).
To date, these approaches have not been used to analyze the
spatiotemporal structure in EEG recorded across different lev-
els of general anesthesia. Using high-density EEG time-series
recorded from three human subjects during induction of loss of
consciousness by a computer-controlled infusion of the anes-
thetic propofol, we estimated the radial current density at each
electrode site by surface Laplacian scheme and used spectral and
eigenvalue-based global coherence analyses to track the spatio-
temporal dynamics of the brain’s anesthetic state. We show that
during unconsciousness the spectrograms of the radial current
densities have an increase in o (812 Hz) and & (0—4 Hz) activity in
the frontal sites and a decrease in « activity and an increase in &
activity in the occipital sites. The global coherence analysis detects
strong coordinated a activity in the occipital sites when the sub-
jects are awake that shifts to the frontal sites when the subjects are
unconscious. Global coherence is not strong in the & range during
either the awake or the unconscious state.
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Fig. 1. Overview of the experiment. (A) Target effect-site concentrations of
the anesthetic propofol delivered to each subject. (B) EEG electrode sites
viewed from the top of the head. (C) Timeline of the auditory tasks, presented
at 0, 4, 8, 12, and 16 s within each trial (Materials and Methods). Forty-two
trials were presented per level.

Results

Sixty-four channels of EEG were measured as subjects executed
a binary choice auditory task while receiving an increasing dose
of the general anesthetic propofol delivered by a computer-
controlled infusion (Fig. 1 A and C). We first analyzed the local
EEG dynamics by computing the spectrograms of radial current
density estimated by the surface Laplacian referencing at each of
44 of the 64 electrode sites (Fig. 1B). Next, we analyzed the
network dynamics of the radial current density estimates by
computing the cross-spectral matrix for each spectral frequency as
a function of time. We summarized the temporal evolution of the
spatial structure in the cross-spectral matrix by performing an ei-
genvalue decomposition at each frequency and computing the
global coherence. At frequencies exhibiting high global coherence

(i.e., those at which the leading eigenvalue was an appreciable
fraction of the sum of the eigenvalues), we analyzed the spatial
structure of the coordinated activity to determine which electrode
sites contributed most to the global coherence.

Spectrograms of the Radial Current Densities Show Distinct Spatial
Patterns. The spectra computed at the 44 sites at which the radial
current densities were estimated (Fig. 1B) showed distinct
changes in power (Fig. 2) as the subject received increasing doses
(Fig. 14) of propofol. Because the subject was lying awake with
his eyes closed, the spectra showed the characteristic o activity
pattern in the occipital sites (Fig. 2, occipital). As the dose of
propofol was increased (Fig. 14), changes in power occurred
across the entire scalp. The o power decreased and & power in-
creased over the occipital sites. This was accompanied by a con-
comitant sharp, transient increase in p power (~20 Hz) across all
sites that was markedly more pronounced over the frontal sites.
The increase in p power was followed by an increase in § (0-4 Hz)
power occurs at all sites and an increase in o« power predominantly
in the frontal sites (Movie S1). To show the importance of local
referencing for tracking site-specific dynamics, we compared
these spectra (Fig. 2) with ones computed from the same EEG
recordings using an average referencing scheme (Fig. S1, same
color scale as in Fig. 2). The spectra computed with respect to the
average reference show an overall enhancement of power and the
predominance at all sites of the dynamics (Fig. S1). This en-
hancement is seen only in the frontal sites in the locally refer-
enced spectra (Fig. 2, frontal sites). As a consequence, at the high
propofol doses (Fig. 14) the decrease in the « power observed in
the spectra computed over the occipital sites with local refer-
encing (Fig. 2, occipital sites) was hidden by the widely distributed
frontal power induced by the average referencing. The greater a
and & power in the frontal sites is still discernible.

Dynamics of the Occipital Power of the Radial Current Densities Re-
lates to Behavior. In this experiment, loss of all responses to the
auditory task defined the state of unconsciousness. We observe
a clear correspondence between changes in spectra over the oc-
cipital sites and the behavioral responses (Fig. 3). The effect
of propofol on the behavioral responses (Fig. 3, brown curves)

FRONTAL

Fig. 2. Spectrograms of the radial current density estimated at the electrode sites in Fig. 1B. The five different propofol levels are demarcated by the black
vertical lines in each spectrogram. x axis, time (0—~84 min); y axis, frequency (0-30 Hz).
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differed among the subjects. In particular, subject 2 stopped
responding over a short time window (Fig. 3B), whereas the other
two subjects (Fig. 3 4 and C) stopped responding over a wider
time window. For all three subjects the dynamics of the power in
the o range (Fig. 3, red curves) and in the & range (Fig. 3, blue
curve) from occipital sites (Fig. 3) showed a strong correspon-
dence with the behavioral responses. Subjects showed a higher o
power than & power during periods in which they were awake, as
identified by correct responses to the auditory task. As the
number of correct responses decreased significantly, the ratio of
the o and & power approached 1. At the point when the o and &
power became approximately equal, the subjects no longer
responded. After loss of consciousness, the & power exceeded the
a power for all subjects, and this relation became more pro-
nounced as the dose of propofol continued to increase.

These changes in occipital a and & power tracked even tran-
sient changes in the behavioral responses. To illustrate, at the
point during level 2 when subject 3 (Fig. 3C) briefly stopped
responding, the o power dropped below the & power. The subject
started responding again, and the a power exceeded the & power.
Subsequently during level 3, when subject 3 stopped responding
the o power again dropped below the & power and remained this
way through level 5. During this period the subject remained
unconscious. By contrast, the relationship between the o and &
power and the behavioral responses are obscured with average
referencing. The occipital spectrograms computed using average
referencing resembled the frontal spectrograms (Fig. S1).

Global Coherence Analysis Shows Strong Coordinated Activity in the
o Range. The spectrograms showed that there were different
spectral dynamics at different electrode sites as the dose of pro-
pofol was increased. To characterize the extent of coordinated
activity across the electrode sites, we applied global coherence
analysis (10). We analyzed the dynamics of the leading eigen-
vectors and eigenvalues of the cross-spectral matrix of the radial
current density estimated at 44 sites on the scalp (Fig. 1B). For
a given trial ¢ and frequency f, the ij” element of the cross-
spectral matrix C(¢,f) is an estimate of the cross-spectrum between
the radial current density estimate calculated at electrode sites i
and j. The diagonal entries of this matrix contain the spectral
power on trial ¢ at frequency f. As discussed in Materials and
Methods, an eigenvalue decomposition of this matrix leads to
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Fig. 3. (A-C) Behavioral curves computed as the number of correct
responses from a possible 5 on each trial (brown curve, scale on the right),
the average delta (0- to 4-Hz range) power (blue curve) and the average
alpha (8- to 12-Hz range) power (red curve) per trial computed from the
radial current density estimated at a single occipital site. Behavioral and
power curves were smoothed with a median filter.
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a frequency-dependent set of eigenvectors. These eigenvectors
are described entirely by their spectral power or equivalently,
their eigenspectra. The degree to which the leading eigenvalue
captures the dynamics can be quantified by the global coherence
(10). For N = 44 electrode sites, global coherence at a given
frequency is a number between 1/N = 0.023 and 1, that is, the
ratio of the largest eigenvalue of the cross-spectral matrix to the
sum of the eigenvalues. The minimum value is attained when the
readings from all electrode sites are random, whereas the maxi-
mum is attained when they are completely coherent. A large value
of the global coherence suggests coordinated activity. The di-
rection associated with the leading eigenvector explains a high
fraction of the variance at the given frequency. Analyzing how
much each site contributed to this eigenvector helps identify likely
sources of the coordinated activity.

For each subject we computed the global coherence on each
trial of the auditory task (Materials and Methods) at each spectral
frequency and analyzed its dynamics as a function of dose of
propofol (Fig. 4). During the awake state, subject 1 showed high
global coherence (>0.6) in high o and p (12-30 Hz) ranges at
level 0 and in the « range during level 1 (Fig. 44). Subjects 2 and
3 showed a high global coherence only in the o range (Fig. 4 B
and C). During his transient loss of consciousness during level 2,
subject 3’s high global coherence briefly vanished and recovered
as the subject recovered consciousness. For all subjects, as the
number of correct responses (Fig. 4, brown curve) decreased,
global coherence became low. The level at which low global
coherence was observed differed from subject to subject. Sub-
jects 1 and 2 started to show strong global coherence values
(>0.6) in the a range during level 3, whereas subject 3 showed
strong global coherence at level 4. These results suggest highly
coordinated activity in the a range when subjects were un-
conscious at the highest dose of propofol. In contrast, the strong
& oscillations observed at all sites when the subjects were un-
conscious do not show any coordinated activity.

To analyze which sites contributed most to the high global
coherence, we focused on 11 Hz, the frequency in the a range at
which the global coherence was the highest. Using the row
weights from the weight matrix (Materials and Methods), Fig. 5
shows the contributions of each of the electrode sites to the
leading eigenvector at 11 Hz when the subjects were awake and
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Fig. 4. (A-C) Time course of the global coherence computed at each fre-
quency using the electrode sites in Fig. 1B. Global coherence values (color
coded, scale on the right) close to 1 (red) suggest highly coordinated activity
among the electrode sites whereas global coherence values close to 0 (blue)
suggest an absence of coordinated activity. Global coherence values >0.6
(yellow-red) observed in the alpha range during the conscious state (levels
0and 1) and during the unconsciousness (levels 4 and 5). The behavioral curve
(brown) is defined in Fig. 3.
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Fig. 5. Snapshots of the row weights for each electrode site (Fig. 1B) during
high global coherence at 11 Hz. The row weights were high over the oc-
cipital sites when the subjects were awake (A, C, and E), level 1, and high
over the frontal sites when the subjects were unconscious (B, D, and F), level
5. Color scale (0-0.4) for the row weights are on the right.

when the subjects were unconscious. The row weights sum to 1,
and the larger the row weight the greater contribution of the
corresponding electrode site to the leading eigenvector. For all
subjects, the dominant contributions to the global coherence
during the awake state came from the occipital sites, whereas
during the unconscious state it came from the frontal sites. To
evaluate further the differences in the contributions to global
coherences between the awake and the unconscious states, we
sorted the row weights in descending order and plotted at each
trial the cumulative sum of the weights (Fig. 6), using a color
scheme (Fig. 6, Inset) to make it easier to determine how the
different electrode sites contributed to the leading eigenvector.
Although the global coherence was high, both during the awake
and unconscious states, there were clear differences in the sites
contributing to the first eigenvector. In particular, a few occipital
sites made up most of the contribution when the subjects were
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Fig. 6. (A-C) Time course of the cumulative sum of the row weights at each
trial showing the contribution of each electrode site (Fig. 1B) to the leading
eigenvector at 11 Hz. The row weights sum to 1 by definition. The color
scheme identifies the spatial location of the electrode sites (Inset) with the
occipital sites being colored pink-purple and the frontal sites being colored
yellow-green. The color scheme has left-right symmetry. The behavioral
curve (brown) is defined in Fig. 3.
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awake (Fig. 6, levels 1 and 2). This is consistent with the fact that
the o rhythm generated in the eyes-closed awake state was
strongest in the occipital leads (Fig. 2). In contrast, several frontal
sites were responsible for most of the contributions during the
unconscious state (Fig. 6, levels in which the subjects did not re-
spond). The relationship between the time course of the global
coherence and the behavioral responses (Fig. 4) together with
analysis of the composition of the first eigenvector (Fig. 6) show
that the loss of a subject’s ability to respond was closely related to
the transition from coordinated activity concentrated over a small
number of occipital sites to coordinated activity distributed over
several frontal sites (Fig. 6). During the intermediate periods
when both occipital and frontal sites contributed (Fig. 6), the
observed global coherence was low for all subjects (Fig. 4). We
verified the robustness of the global coherence estimates by
computing a smoother cross-spectral estimate obtained by dou-
bling the number of segments and averaging the estimates over
a narrow band of frequencies. The results presented here are
unaffected by these alternative estimates of the global coherence
(Figs. S2 and S3).

We compared the global coherence (Fig. S4 4, F, and K) with
other ratios of combinations of the first three eigenvalues of the
cross-spectral matrix to the sum. The ratios of the second and
third eigenvalues to the sum of the eigenvalues were small for all
subjects for all levels (Fig. S4 B, C, G, H, L, and M). Not sur-
prisingly, including these eigenvalues in our analysis either sep-
arately (Fig. S4 D, I, and N) or together (Fig. S4 E, J, and O)
does not alter our findings.

Discussion

Characterizing brain dynamics using high-density EEG record-
ings is important for understanding the neurophysiology of
general anesthesia and for developing more principled strategies
for monitoring the brain states of patients having general anes-
thesia for invasive surgical and medical procedures (19). We
have shown that the spatiotemporal dynamics of the brain under
general anesthesia can be tracked by combining spectrogram and
global coherence analyses.

Our paradigm began by using surface Laplacian referencing to
estimate the radial current densities perpendicular to the scalp at
each electrode site. From these current density estimates, we
computed the spectrograms at each electrode site. The local
referencing allowed us to demonstrate that there were distinct
temporal patterns in the spectrogram at different electrode sites
(Fig. 2). This is in contrast to an average or single electrode
referencing scheme for this problem, which would lead to the
erroneous conclusion that approximately the same temporal
pattern was present in the spectrogram at each electrode site
(Fig. S1). To characterize the coordinated activity in the EEG
time-series, we performed an eigenvalue decomposition of the
cross-spectral matrix at each spectral frequency as a function of
time, and we computed the global coherence (Fig. 4). Finally, we
used the weight matrix to analyze which electrode sites con-
tributed most to the spatial structure in the coordinated activity
suggested by the global coherence (Figs. 5 and 6).

Our spectrogram and global coherence analyses showed dif-
ferent spatiotemporal activity at different states of general an-
esthesia. When the subjects were awake, the spectrograms
showed strong occipital o activity. This pattern of high o power
over the occipital region was expected because the subjects kept
their eyes closed (20). When the subjects were awake, the co-
ordinated activity likewise was most prominent in the o range
and was confined to the occipital sites. After loss of conscious-
ness, the spectrograms showed a loss of « activity and an increase
in § activity in the occipital sites and strong o and § activity in the
frontal sites. Increased power in the o, f, and & ranges in the
frontal sites after loss of consciousness is the well-known pattern
of anteriorization (3, 21). As subjects lost responsiveness to the
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auditory task, the coordinated activity over the occipital sites in
the a range diminished. When the subjects were unconscious,
strong coordinated activity in the o range was observed broadly
over the frontal electrode sites at the point when the spectro-
grams showed the anteriorization pattern. Despite the overall
high § activity in the spectrograms, coordinated activity was only
observed in the a range. The relative power in the occipital o and
d ranges reliably tracked the subjects’ behavioral responses. The
occipital a power was greater than the & power when the subjects
were awake, and the reverse was true when the subjects were
unconscious (Fig. 3). The strong global coherence in the a range
suggests highly coordinated activity in the frontal electrode sites.
Eigenvalue decompositions of cross-spectral matrices have been
used to analyze EEG time-series (16-18); here we report the use
of global coherence and weight matrices along with spectrograms
to analyze brain states under general anesthesia.

Several extensions can be made to this analysis paradigm. First,
greater spatial accuracy can be achieved by increasing the number
of EEG electrodes from 64 to 128 or 256. Second, we computed
the surface Laplacian by taking the difference between the volt-
age recorded at an electrode site and the average of the voltages
recorded at the electrode sites in a local neighborhood. More
accurate estimates of radial current density can be computed by
increasing the number of electrodes and by using a spline-based
approach that takes account of the curvature of the head in the
neighborhood of each electrode site (22). Third, in the current
analyses we have used global coherence as a data analysis pro-
cedure to characterize the spatiotemporal dynamics of the EEG
across different states of general anesthesia. A key future analysis
will be to characterize the statistical properties of this procedure
so that it can be used not only for descriptive or exploratory data
analyses but also for conducting formal statistical inferences.
Fourth, although we conducted our analyses of the EEG record-
ings in the electrode or sensor space, an alternative approach
would be to solve the inverse problem and perform source local-
ization (23) to analyze the spatiotemporal dynamics at the loca-
tions in the brain.

Finally, these very preliminary data analyses suggest that brain
activity under general anesthesia may be more highly structured
than previously appreciated. Therefore, our analysis paradigm
should be used in human studies to investigate the neurophysio-
logical mechanisms underlying this structure (24). These meth-
odological extensions and experimental analyses will be the topics
of future reports.

Materials and Methods

Experiment: Physiological Recordings, Drug Administration, and Behavioral
Recordings. The study was approved by the Human Research Committee at
Massachusetts General Hospital. Every subject gave informed consent before
starting the study. The details of the protocol are reported in S/ Materials and
Methods. Physiological recordings including heart rate, blood pressure, end
tidal carbon dioxide, and oxygen saturation, along with 64 leads of EEG,
were recorded from two healthy (Anesthesiology Physical Status 1) male
subjects and one healthy female subject while they received a computer-
controlled infusion of the anesthetic propofol to reach five different tar-
geted effect site levels. An auditory binary choice task was continually ad-
ministered by computer control approximately every 4 s during the propofol
infusion to assess level of consciousness. At each drug level the subjects had
42 trials. Each trial comprised a set of five binary choice tasks. The behavioral
responses were tallied as the number of correct responses given out of five
on each trial. Loss of consciousness was defined as the point at which the
subject stopped responding to the auditory task.

EEG Recordings and Referencing. During the experiment, the scalp EEG was
recorded at a sampling rate of 5,000 Hz. Fig. 1B overlays the EEG recording
sites as viewed from the top of the head. This overlay is also used with color
coding in Fig. 6 (Inset) to represent the corresponding recording sites. Re-
cording sites that share the same azimuthal angle (0°, 23°, 46°, 69°, or 92°)
are drawn on the same circle. Within each circle, electrode sites are drawn
with their relative polar angles.

8836 | www.pnas.org/cgi/doi/10.1073/pnas.1017041108

Analysis of scalp EEG depends critically on the choice of the reference
electrode. Standard procedures of referencing in the EEG literature include
the choice of a single reference electrode, average referencing, and bipolar
referencing. In high-density recordings, the radial current density can be es-
timated from the surface Laplacian of the potential (8). This approach provides
an alternative, physically motivated referencing scheme. The appropriateness
of surface Laplacian approaches for computing coherence measures and their
advantages over other referencing schemes are well documented (8, 12). We
compute the surface Laplacian at each electrode site given in Fig. 1B.
Denoting the voltage recorded at the /" electrode relative to the reference
electrode located close to the top of the head as Vi(t), we estimated the
surface Laplacian of Vi(t) as:

1 M
sty = Vi) - > Vi (1), (1]

where V/"(t) denotes the voltage recording at the m*™ closest electrode to
electrode i. Thus, the EEG recorded at a particular location was locally ref-
erenced to an average of the EEG recorded at the neighbors. This is similar
to the Hjorth Laplacian (25). The choice of M depended on the nearest
electrodes to /™" electrode and on their locations’ symmetry with respect to
™" electrode. For the electrode on the top of the head, which had six sym-
metrically distributed nearest electrodes, M = 6. For the remaining electro-
des it was possible to find four or five neighbors that are arranged in an
approximately symmetric configuration. In this case, we choose M = 4 or 5,
respectively. For the electrodes at the edge, for which such a symmetric
configuration cannot be approximated, surface Laplacian was not calcu-
lated. Therefore, radial current density estimates were not made. The
recordings from these electrodes have been used to estimate the radial
current density at nearby electrode sites.

Spectral Analysis. For each trial, out of the five stimuli presented, four had
a fixed duration of 2 s (S/ Text). These 2-s periods were divided into 0.5 s long
nonoverlapping segments and Fourier transform estimates of the surface
Laplacians were computed at each electrode site. The data were first
detrended by removing the best straight line fit to J¥(t) from each segment
k: ZK(t) = JK(t) — (akt + bX). The Fourier transform of z¥(t) was computed as:

zK(f) = Ni Z(tu(t)e V=T, 2]
t=0

Here, N is the number of samples in the window under consideration, and
we have set the sampling interval to 1. The function, u(t), is a windowing
function chosen to be the first Slepian sequence. It is normalized so that
SV u(t)? = 1 asin ref. 26. We used custom-built Matlab scripts along with
Chronux software (27) to compute the frequency domain quantities.

Spectrum. For each trial, the spectrum of the surface Laplacian at the location
of the i™" electrode site is estimated by averaging over K nonoverlapping
segments:

K
S = D XX, 3]
k=1

K
where Xk (f) = ZK(f) —%sz(f) is the mean corrected Fourier transform of
k=1

the current density estimate at electrode site i of segment k at frequency f,
and XX(f)" is its complex conjugate. Because four fixed duration (2 s) stim-
ulus periods were present in each trial, we obtained 16 nonoverlapping 0.5-s
segments. We estimated the spectrum from at most 16 nonoverlapping 0.5-s
segments. We omitted segments in which data showed artifacts, such as
saturation of the range and abnormally sharp, high-amplitude changes. We
included 96% of the segments in the analysis.

Cross-Spectral Matrix. Our method-of-moments estimate of the i, /" element
of the cross-spectral matrix at a frequency f was computed as:

1 K
CH(F) = S XEOXE(), 4
k=1

where XX(f), and X/-"(f) are the tapered Fourier transforms of the current
density estimates from electrode sites i and j, respectively, at frequency f. For
N locations, CX(f) is an N x N matrix of cross-spectra. In our case, N = 44
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corresponds to the number of locations at which we computed current
density estimates by using the surface Laplacian referencing (Fig. 1B).

Orthogonal Basis. \We obtained an orthogonal basis by performing a Karhunen-
Loéve transform (28) at each frequency, f:

YE(f) = U)Xk (F), 5]

where U(A" is the adjoint of the matrix U(f [i.e., the complex conjugate
transpose of U(f, U(N" = (U(H*)] and a unitary matrix [i.e., U U@A" = 1].
We chose U(f)" so that under the Karhunen-Loéve transform the cross-
spectral matrix in the new basis

1 .

G (f) = Ekz; YE(F)Yf(F) [61
is diagonal [i.e., C (f) = C} (f)8;]. This implies that the diagonal elements of
C"(f) contain the eigenvalues of CX(f), and the columns of U(f) contain the
corresponding eigenvectors at frequency f. Specifically, the /" eigenvalue is

K
CY(f) = SY(f), where SY () = %Z Yi(f)Yi(f)* is the power in the /" eigen-
k=1

vector, and the i column of U(f) is the normalized eigenvector satisfying
Zj’vﬂ \L/ji(f)\z = 1. Therefore, \U,-,v(f)|Z contains the contribution from the j*
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electrode to the /" eigenvector. We term the matrix whose /" and *" ele-
ment is \U,-,-(f)\z the weight matrix.

Global Coherence. Sorting the eigenvalues, SY(f) > SY(f) >...
ratio of the largest eigenvalue to the sum of eigenvalues is:

> SY(f), the

S7(f)

Calobal () = N
> ST (f)
i=1

[71

This ratio is called the global coherence (10). When the leading eigenvalue is
large compared with the remaining ones, Cgiopal(f) is close to 1. In this case,
examining the contributions of different sites to the corresponding eigenvector
by using the elements of the weight matrix provides a summary of coordinated
activity at this frequency. We refer to these elements as row weights. The row
weights can be obtained by the absolute value square of the elements of the
row of U(A™, which leads to the eigenvector with the highest eigenvalue.
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