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Bispectrum Analysis of Electroencephalogram

Signals during Waking and Sleeping

Abstract. The degree of interaction of component waves making up a single
electroencephalogram trace was strongly correlated with alpha activity, lead place-
ment, and state of consciousness. Significant quadratic coupling of the waves
was found only for awake subjects with high alpha activity. For these subjects
about 50 percent of beta activity can be attributed to harmonic coupling with
the alpha peak. During sleep, the degree of interaction was of borderline sig-
nificance and did not follow a consistent pattern with respect to subject, fre-

quency, state, or lead.

The statistical description of the
electrical characteristics of the brain
has been greatly advanced by applying
the method of time series analysis to
electroencephalogram (EEG) records
(1, 2). With one exception (3) the
analysis methods have dealt with only
second moment statistical quantities—
that is, the spectrum and the cross
spectrum. As might be expected, the
spectrum approach has raised some im-
portant questions: for instance, “Is
there any coupling (interaction) be-
tween the various wave components
that make up the EEG trace?” This
report supplies a partial answer to this
question.

Ordinary spectrum analysis gives no
information on the degree of coupling
between the (idealized) component
waves that make up an EEG record.
However, by computing and analyzing
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the bispectrum (third movement) of
the EEG activity, it is possible to dis-
cern interacting components. If the bi-
spectrum of the record is nil, we can
infer that none of the component
waves are related or coupled to each
other. Hence the EEG can be consid-

Table 1. Bicoherence values at the frequency
coordinates (10 hz, 10 hz). Values above 0.02
are significant at the 95 percent confidence
level.

Lead area
Subject

F8 01 Cﬂ
1 0.00 0.01 0.01
2% .03 .02 .04
3% .09 22 .08
4 .00 .00 .00
5 .02 .06 01
6 .01 .01 .00
7% .09 13 .09
g% 14 12 22

*‘Subject with high alpha activity.

ered as a linear superposition of statis-
tically independent component waves.
A significant bispectrum, on the other
hand, indicates a quadratic coupling
(or phase locking) among various of
the component waves. In such a situa-
tion the bispectrum provides a quanti-
tative measure of the cross coupling.
For simplicity, we shall identify this
measure by the term “bicoherence,”
which can be considered as merely a
suitably normalized version of the bi-
spectrum. The bicoherence has an ex-
pected value of zero for a signal that
represents a purely random  process.
Significant deviations from zero, al-
though small, occur for different spec-
trum components whose phase and
amplitude are quadratically related. A
good description of the bispectrum and
its properties can be found elsewhere
.

Values of bicoherence that were sig-
nificant at the 95 percent level were
found in the awake alpha regiton for
our subjects with high alpha activity
(see Table 1). In the awake state, then,
the nonzero bispectra appear to be
highly correlated with high alpha in-
tensity in the power spectrum. Though
significant bicoherence values were
found in all leads (electrode sites),
their magnitude was dependent on lead
placement. The largest bicoherence
(R2) values occurred in the left cen-
tral (C3) and left occipital (O4) leads.
Only one of the subjects with low alpha
activity had a significant alpha R?2
value, and this was in the O, lead.

The waking bispectra, where signif-
icant, were characterized by sharp
peaks that indicated interactions within
narrow frequency bands. Of the ob-
served significant bicoherences, 50 per-
cent occurred in the (10 hz, 10 hz)
frequency space. This essentially means
that waves with a frequency of 10 hz
have associated with them a- phase-
locked first harmonic component. of
frequency 20 hz. Of the other signifi-
cant bicoherences, 20 percent fell in
the (10 hz, 20 hz) region, 10 percent
in the (10 hz, 30 hz) area, and 20 per-
cent at approximately the (7 hz, 2 hz)
region. These results indicate that for
subjects with high alpha activity, their
alpha activity is composed not only of
a pure sine wave of approximately 10
hz but also of its second harmonic (20
hz) and, in some instances, its third
harmonic (30 hz). To a much smaller
degree, energy in the alpha band ap-
pears to be due to interactions between
frequencies of approximately 7 hz and
2 hz.
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Estimates of the bispectrum can also
be manipulated to provide information
on the relative phase relation or “bi-
phase” between the interacting waves.
In the above four frequency regions
the coupled waves were found to be
either in phase or totally out of phase.
The biphases were both lead and sub-
ject dependent with no clear pattern.

Interpretation of our data leads to
the conclusion that, during the awake
state, part of the spectrum energy in
the beta region (20 hz) is harmonically
related to the alpha rhythm (10 hz),
a conclusion that supports earlier sug-
gestions of such a relationship (5, 6).
Dumermuth et al. (5), noting that no
beta peaks occurred other than those
harmonically related to alpha activity,
interpreted this finding as indicating
that beta activity was biologically de-
pendent on the alpha activity. Bispec-
trum analysis allows us to actually
estimate the amount of beta energy
due to harmonic effects and the amount
due to “uncoupled” (statistically inde-
pendent) generators plus noise. When
the background activity is taken into
account, approximately one-half of the
remaining beta intensity can be de-
scribed .in terms of harmonic coupling
with the dominant alpha frequency. It
is thus clear that brain activity in the
beta region cannot be discussed solely
in terms of a single independent beta
generator, but neither does it appear to
be entirely dependent on the alpha
activity.

During sleep, no clear bicoherence
pattern emerged, though one or more
significant bicoherence values were
found in all but one of the subjects.
These values, although significant,
were all below 0.07, with a modal value
of 0.04. They were not related to stage
of sleep, but they were dependent upon
lead placement, with most significant
values occurring in the (left frontal)
F; and O, leads. In contrast to waking,
during sleep the bicoherence values for
subjects with high alpha activity did
not differ from those with low alpha
activity.

The character of the wave couplings
was also different’ during sleep. The bi-
spectrum peaks were low and diffuse,
indicating that the interactions were be-
tween broad, weakly coupled regions
in frequency space. The (10 hz, 10 hz)
region where the most intense waking
activity was found showed little bi-
spectrum activity during sleep. It was
only during stages 3 and 4 that any
significant pattern appeared to emerge.
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This pattern indicated broad interac-
tions among frequencies below 7 hz.

In all stages of sleep the biphase
estimates, although scattered, were in
the neighborhood of 0° or 180°. The
biphases were again dependent on both
lead and subject.

The bispectrum values were ob-
tained from EEG activity recorded
during waking and during all night
spontaneous sleep from eight male sub-
jects (age range, 17 to 20 vyears).
While awake with eyes closed, four of
the subjects had high alpha activity and
four had low alpha activity. The EEG
activity was recorded from the eight
subjects on both polygraph and fre-
quency-modulated tape recorder at a
tape speed of 1.875 inches per second
(3.762 cm/sec). The EEG signals were
passed through a 0.2- to 50-hz band-
pass filter before analog tape recording.
The analog tapes were digitized at a
rate of 125 samples per second. For
the bispectrum analysis, we selected
sections of the analog tape correspond-
ing to 66-second, artifact-free periods
of the polygraph tracing for waking
and for each of the five stages of sleep
(7) (rapid eye movement and stages
1, 2, 3, and 4). [For details of the data
collection system, see (2). The linearity
of the data collection system was care-
fully investigated.]

The bispectra B(fy,fs) were com-
puted for time series of 8192 points by
the fast Fourier transform method. The
definition of B in this context is

B(fif:) = (A(f)A:) A*(fr + f2))

where the brackets indicate ensemble
averages, the A’s are the complex
Fourier coefficients of the original time
series, the asterisk denotes complex
conjugation, and f; and f, are true fre-
quencies (in hertz). For our computa-
tions the frequency resolution was 1.25
hz (8). We also require definitions of
the bicoherence (R2) and the biphase

(¢):

R"’ 1,J2) =
(1) [B(fuf)

(AE) A P4 + £ 1)

and

(fuf2) = tan™ [ o fg;]
With these definitions, 0 <<XR2<1 and
— 7 < ¢ < 7. In addition to the bispec-
trum computation on real data, we also
made bispectrum estimates on com-
puter-generated, random Gaussian data.
for control purposes. These controls
were complemented and supplemented

by theoretical determinations of bi-
spectrum significance (3, 9).

The results of our bispectrum analy-
sis of EEG activity have provided a
statistical means for quantitatively in-
vestigating the quadratic interaction of
brain waves. In the interpretation of
these results, the problem of possible
nonstationarity of the EEG must be
recognized (5, 10). We have conducted
extensive tests to ensure that our basic
data are at least quasi-stationary over
the lengths of records that have been
analyzed.
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