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Abstract

Because of the importance of oscillations as a general phenomenon of neuronal activity the use of EEG spectral
analysis is among the most important approaches for studying human information processing. Usually, oscillations at
different frequencies occur simultaneously during information processing. Thus, the question for synchronisation of
different frequencies by phase coupling and its possible functional significance is of primary importance. An answer

Ž .may be given by bispectral analysis. Estimation of the cross- bispectrum allows to identify synchronised frequencies
and possibly, the existence of non-linear phase coupling of different oscillators. Previous studies have demonstrated

Ž . Ž .the simultaneous occurrence of slow 4�7 Hz and fast 20�30 Hz oscillations at frontal and prefrontal electrode
positions during memory processing. However, interrelations between these rhythms have not been investigated up to
now. In order to test short-term memory, the Sternberg task with random figures and number words was carried out
on 10 female subjects. During the task EEG was recorded. Power and bispectral analyses from frontal, prefrontal and
frontopolar regions were performed off-line. Increased power was found in both the theta and the gamma bands.
Strong phase-coupling between theta at Fz and gamma at F3 and at Fp1, respectively, was shown for memorising
number words by means of cross-bicoherence. A possible reason for this is an amplitude modulation of gamma
frequencies by slow oscillations. The correspondent coherence analysis between the envelope of gamma frequencies
at Fp1 and the raw EEG at Fz supports this presumption. This finding is interpreted as an EEG aspect of the

Ž .functional linking between the prefrontal areas and the G.cinguli as part of the limbic system , which are both
extremely important for memory functions. � 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Oscillatory activity in different frequency bands
of the EEG have long been known from various
memory tasks. The role of oscillatory activity in
the alpha and theta frequency bands has been

Ž .explored in detail by Klimesch 1996, 1999 .
In recent years, more and more relations have

been found between memory processes and both
theta and gamma oscillations. Klimesch and co-

Ž .workers Klimesch, 1996; Klimesch et al., 1997
found encoding and retrieval processes to be re-
flected by task-related increases in theta power.
In 1999, Klimesch demonstrated an increase in
theta band power in response to memory de-
mands comparable to the behaviour of hippocam-

Ž .pal theta in animals. Miller 1991 in his studies
on animals, considered this theta rhythm as an
oscillatory component of the hippocampal EEG
related to memory processes. In man, Gevins et

Ž .al. 1997 observed increased frontal midline theta
rhythm with increased memory load.

Recent physiological studies in cats and
Ž .monkeys Singer, 1993; Eckhorn et al., 1993 re-

ported synchronisation of gamma activity of corti-
cal neurons during the processing of visual sti-

Ž .muli. Singer 1993 found that high-frequency os-
cillations in the beta and gamma ranges, i.e. at
frequencies of 15�30 and 30�60 Hz, respectively,
occur spontaneously in both man and higher

Ž .mammals cats and monkeys when the subjects
are in a state of focused attention. He demon-
strated the functional significance of gamma oscil-
lations in single unit recordings. Nakamura et al.
Ž .1992 observed both low- and high-frequency os-
cillations associated with a recognition task in the
temporal pole of macaca mulatta.

Ž .In human brains, Singer 1993 , Joliot et al.
Ž . Ž .1994 and Llinas et al. 1998 demonstrated
spontaneous oscillatory electrical activity at fre-
quencies at approximately 40 Hz. Its resetting by
sensory stimulation has been proposed to be re-
lated to cognitive processing and to the temporal
binding of sensory stimuli. Tallon-Baudry and

Žco-workers Tallon-Baudry et al., 1997, 1998; Tal-
.lon-Baudry and Bertrand, 1999 found induced

gamma activity during the delay of a visual short-
term memory task in humans.

Beyond indications that activity from both
bands are involved in memory processing, there is
a growing body of evidence indicating co-occur-
rence and even co-operation of theta and gamma
oscillations in memory tasks. Co-occurrences in

Ž .the EEG were shown by Sarnthein et al. 1998 ,
who found that working memory activity involves
synchronisation between prefrontal and posterior
association cortex by phase-locked low-frequency
Ž .4�7 Hz activity. In addition, they discovered

Ženhanced coherence in the gamma range 19�32
.Hz between prefrontal and posterior association

cortex during retention intervals. From coherence
studies during various cognitive tasks, Petsche

Ž .and Etlinger 1998 concluded that the fron-
topolar cortical regions play a significant role in
short-term memory.

Approaches to explore in more detail, the rela-
tionships between activity in the alpha�theta and
gamma bands were based upon behavioural anal-
yses referring to Sternberg’s item-recognition task
Ž .see Sternberg, 1975 . From this task it could be
concluded that operation times for recognition �
depending on item complexity � vary between 20
and 80 ms�item, i.e. cycles of processing which,
expressed in frequencies, correspond to the

Ž .gamma and beta bands. Cavanagh 1972 relating
these epochs to retention performance, found a
direct proportionality to reciprocal memory spans.
This yields, on average, a period of some 250 ms
which becomes segmented in memory scanning, a
period duration corresponding to theta oscilla-
tions. On the basis of these results physiological
interpretations were proposed by Geissler and

Žco-workers Geissler, 1991, 1997; Geissler et al.,
. Ž1999 and Lisman and co-workers Lisman and

.Idiart, 1995; Jensen and Lisman, 1996, 1998 .
Whereas Geissler and co-workers centre upon
relatively universal mechanisms of hierarchy for-
mation among componential processes in percep-
tion and memory, the focus of Lisman and co-
workers is the development of a specific multi-
plexing model explaining phase-coupled theta�
gamma oscillations generated in the hippocam-
pus.

Previous studies as mentioned above, showed
that the location of gamma oscillations depends
on the specificity of the cognitive task. Functional



( )B. Schack et al. � International Journal of Psychophysiology 44 2002 143�163 145

imaging techniques such as positron emission to-
Ž .mography PET and functional magnetic reso-

Ž .nance imaging fMRI are able to inform about
the location of the activated cortex areas during
memory tasks. Several recent neuroimaging stud-
ies suggest that prefrontal cortex is mainly in-
volved in working memory.

A review of PET studies by Cabeza and Nyberg
Ž .1997 indicates the involvement of prefrontal
cortex during information processing, among oth-
ers: working memory; semantic memory retrieval;
and episodic memory retrieval. A PET study by

Ž .Tulving et al. 1994 demonstrates that left and
right prefrontal lobes are part of an extensive
neuronal network that subserves episodic me-
mory. A preferential involvement of bilateral pre-
frontal cortex during episodic memory encoding
and retrieval was also shown in a fMRI study by

Ž .Iidaka et al. 1999 . An activation of a common
neural network for encoding was noticed regard-
less of the type of cognitive material presented in
the left dorsal prefrontal cortex and the right
cerebellum. In another fMRI study, Braver et al.
Ž .1997 showed that dorsolateral and left inferior
regions of the prefrontal cortex exhibit a linear
relationship between strength of activity and
working memory load. Moreover, they identified
additional brain regions showing a linear relation-
ship with load, suggesting a distributed circuit in
which the prefrontal cortex participates when

Ž .working memory is involved. Petrides et al. 1993
observed in a PET study a strong bilateral activa-
tion within the mid-dorsolateral frontal cortex
while maintaining numbers in working memory.

Ž .In another PET study Swartz et al. 1991 ex-
amined abstract visual memory. They found that
activations in the ventral premotor cortex and
supramarginal and angular gyri were highly corre-
lated with changes in the dorsolateral prefrontal
cortex and also supported the role of the dorsal
prefrontal region in non-spatial working memory
in men.

Beside the general involvement of the pre-
frontal cortex in working memory the specificity

Žof its different regions was investigated Wilson et
al., 1993; Goldman-Rakic, 1988, 1997; Paulesu et
al., 1993; Shallice et al., 1994; Tulving et al., 1994;

.Iidaka et al., 1999; Smith et al., 1996 . Other
studies dealt with joint activations of cortex and

Žhippocampus Fernandez et al., 1999; Squire et
.al., 1992 .

Up to now it is undecided whether phase-cou-
pled theta-gamma oscillations do exist in the EEG
of the prefrontal cortex, which would be associ-
ated to activities of neural networks during me-
mory tasks. The bispectral analysis is a suitable
methodical tool to investigate this question. The
mathematical foundation of the definition and
estimation of the spectral parameters of third

Ž . Ž .order like cross- bispectrum, cross- biampli-
Ž .tude and cross- bicoherence is presented in de-

Ž .tail in Nikias and Petropulu 1993 . Additionally,
our own methods of dynamic spectral analysis
Ž .Schack et al. 1999a,b,c; Moller et al. 1999 were¨
used in order to examine temporal aspects. The
definitions and estimation procedures of these
methods will be given in Section 2.

Only recently several authors used the new tool
of bispectral analysis for investigating the EEG.

Ž .Jeffrey and Chamoun 1994 gave an introduction
to this topic. By using this new tool, Schanze and

Ž .Eckhorn 1997 found significant phase correla-
tions between different frequencies in the visual
cortex of the cat and monkey. Bullock et al.
Ž .1997 used bispectral analysis for the detection
of short-term non-stationarity and non-linearity.

Ž .Muthuswamy et al. 1999 detected phase cou-
pling between two frequency components within
the delta�theta frequency band of EEG bursts.

Ž .Gajraj et al. 1998 applied the EEG bispectrum
in order to distinguish the transition form uncon-

Ž .sciousness to consciousness. Shils et al. 1996
studied the interactions between the electrocere-
bral activity resulting from stimulation of the left
and right visual fields. He observed non-linear
interactions between visual fields by means of
bispectral analysis.

The main aim of this study is to test the general
hypothesis of the existence of non-linear phase-
coupled slow and fast rhythms within the frontal
area during memory processing.

2. Methods and materials

2.1. Experiment and subjects

ŽTen healthy, female right-handed adults age�
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.25�35 years were performing the modified Stern-
berg task. Two different kinds of stimulus mate-
rial served as items to be memorised: one-digit

Ž .number words, zero, one, ..., nine in German ;
and a set of 10 random figures. The figures were
irregular rectangles of approximately the same
area.

Sets with random set sizes 1, 2, 3 or 4 of words
and random figures, respectively, were visually
represented for 200 ms each followed by an inter-
val of 1000 ms. A cross-symbol signalised the end
of the presentation of the set. After another
interval of 1800 ms for retention, a test figure or
number word, respectively, was presented. The
subjects had to press a ‘yes’ button if the probe
corresponded to one of the elements of the pre-

Ž .sented set and a ‘no’ button if not see Fig. 1 .
The two different kinds of stimuli � number

words and random figures � were presented in
12 alternating blocks, each block containing 64
tasks. Altogether, 768 tasks were performed per
session and subject, in detail, 48 questions with
positive probe per kind of stimuli and set size,
and 48 questions with negative probe per kind of
stimuli and set size. Two sessions on different
days were carried out.

The EEG was registered during the presenta-
tion, retention and retrieval interval. The EEG
was recorded from the scalp by means of 19
non-polarizable Ag�AgCl electrodes according to
the international 10�20 system against linked ear

Žlobes reference impedance �5 k�, sampling
.frequency at 256 Hz . Their time constant of the

recording device was 0.3 s and the upper fre-
quency limit was 70 Hz. Simultaneously, the elec-

Ž .tro-oculogram EOG was recorded from two ad-
ditional electrodes, one on the outer side of the
eye and one above the eye. Eye-movements and
blinks were removed by visual control by two
independent, experienced researchers. Only trials

without artefacts were included in further data-
processing.

The number of artefact-free trials per session,
set size, and item modality ranged between 60
and 85. The rest situation was recorded before
the beginning of the task. Thirty trials of 2-s EEG
epochs where selected for further analysis.

2.2. Mathematical methods

Several spectral functions of second and third
order were used. The EEG records are under-
stood as realisations of a multi-dimensional
stochastic process.

2.2.1. Calculation of time-in�ariant spectral
functions of second order: power and coherence
spectra

In order to establish rhythmic activity and lin-
ear phase relations between rhythms of the same
frequency at different sites on the scalp, ordinary
power and coherence spectra were estimated by
means of calculating and averaging the periodo-
gram and cross-periodogram on the basis of

Ž .Fourier transform see e.g. Schack et al., 2000 .

2.2.2. Calculation of time-in�ariant spectral
functions of third order: cross-biamplitude and
cross-bicoherence

From the ordinary power spectrum it cannot be
decided whether phase coupling exists between
different frequency components. For this pur-
pose, the investigation of spectral functions of
third order is needed in order to detect non-lin-
ear phase coupling between rhythms of possibly
different frequencies within one or between two
or three EEG channels. Bispectral analysis is the
most qualified tool for analysing multiplicative
connections between two rhythms, generating a
third frequency component.

Fig. 1. Experimental design of the Sternberg paradigm.
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The cross-bispectrum of three stationary sig-
� Ž .4 � Ž .4 � Ž .4nals x t , y t and z t is defined by

Ž . � Ž . Ž . � Ž .� Ž .B f , f �E X f �Y f �Z f � f , 11 2 1 2 1 2

Ž . Ž . Ž .where X . , Y . and Z . denote the Fourier
� Ž .4 � Ž .4 � Ž .4transforms of the signals x t , y t and z t ,

�denotes the complex conjugate and E stands for
Žthe expectation value Nikias and Petropulu

Ž ..1993 . The cross-bispectrum is a two-dimen-
sional complex function. In the special case of
� Ž .4 � Ž .4 � Ž .4 � Ž .4y t � x t and z t � x t it is called the
bispectrum. The cross-biamplitude is the magni-
tude of the cross-bispectrum. The normalisation
of the cross-biamplitude yields the cross-

Ž .bicoherence according to Shils et al. 1996 and
Ž .Kim and Powers 1979 :

� Ž . �B f , f1 2Ž .� f , f � .1 2 2 2� Ž . Ž . � � Ž . ��E X f �Y f �E Z f � f1 2 1 2

Ž .2

Ž .Nikias and Petropulu 1993 simply used the
product of the power spectra at the frequencies
f , f and f � f instead of the denominator in1 2 1 2

Ž .Eq. 2 . The advantage of the definition above is
the obvious interpretation as a correlation

Ž . Ž . Žbetween the variables X f �Y f and Z f �1 2 1
. Ž .f , and the normalisation property:0�� f , f2 1 2

�1.
Ž .The bispectral parameters cross- biamplitude

Ž .and cross- bicoherence of three EEG signals are
Žcomputed by direct estimation methods Nikias

. � mŽ . mŽ .and Petropulu, 1993 . Let x t y tk k
mŽ .�z t be the sample values of threek k�0,1, . . . N

EEG channels of the mth trial, where m�1,...,
M. For the mth trial the following product of the
correspondent Fourier transformations is calcu-
lated

m Ž . m Ž . m Ž . m� Ž . Ž .B f , f �X f �Y f �Z f � f . 31 2 1 2 1 2

Ž .The cross- bispectrum is estimated by averag-
ing over M trials:

M1 mˆŽ . Ž . Ž .B f , f � B f , f . 4Ý1 2 1 2M
m�1

Ž .The cross- bicoherence is computed, respec-
tively, as follows:

ˆ� Ž . �B f , f1 2ˆ Ž . Ž .� f , f � 51 2 M1 m m 2� Ž . Ž . �� X f �Y fÝ 1 2M
m�1

M1 m 2� Ž . �� Z f � fÝ 1 2M
m�1

In order to prove the existence of phase cou-
pling between two different frequencies the sig-

Ž .nificance test developed by Shils et al. 1996 was
used. If

2ˆ Ž . Ž .� f , f � 61 2 'M

Ž .the cross- bicoherence is different from zero
with an error probability ��0.05.

2.2.3. Calculation of time-�ariant spectral functions
of second order: instantaneous power and coherence
spectra

In order to consider the time development of
the spectral functions power and coherence an
adaptive estimation method is used, which allows
a high time and frequency resolution. The basic
idea of the method is as follows: a pair of EEG
channels is understood as a two-dimensional in-
stationary signal process. This process is modelled
as a two-dimensional autoregressive moving-aver-

Ž .age ARMA model with time-dependent
parameters. The optimisation criterion for adapt-
ing parameters is the minimisation of the predic-
tion error of the model in the least mean square
sense. The correction of the model according to
this criterion is performed at every sample point.
Thus, the parameters of the model are functions
of time and allow the parametric calculation of
the momentary spectral density matrix of the
ARMA model, which approximates the spectral
density matrix of the underlying pair of EEG
channels for the momentary time-point. Subse-
quently, the continuous estimation of the power
and coherence is derived from the momentary
spectral density matrix of the fitted ARMA model.
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Although the correction will be performed at
every sample point, a smearing of the time evolu-
tion of the power and coherence estimation can-
not be prevented. The continuous power and
coherence estimation depends on the past with an
exponentially decreasing memory. Nevertheless,
the time resolution is much higher than that for
estimation methods on the basis of the Fourier
transformation. For considering a set of M trials,
the time-dependent functions of coherence were
averaged for each time-point.

In order to avoid an unlimited increase of
instantaneous power in unstable states of single
trials the adaptation procedure was modified in
the univariate case. Instead of averaging the
time-dependent power functions a joint ARMA
model with time-dependent parameters was fitted
to the whole set of trials.

The interested reader can find the detailed
Ž .estimation procedures in Schack et al. 1999a,b,c

Ž .and in Moller et al. 1999, 2001 .¨

2.2.4. Modelling of non-linear phase coupling by
amplitude modulation

Time-continuous amplitude modulation of fast
EEG rhythms by slow rhythms at the same or a
different site of the cortex may lead to non-linear
phase coupling. The amplitude modulation of fast
rhythms can be described by means of the enve-
lope of the correspondent band power and a
time-variant coherence analysis between the en-
velope and the modulating slow rhythms. For
estimation we used a consistent adaptive ap-
proach.

That means, for estimating the envelope, in a
� Ž . Ž .�first step the signal x n �x t was fil-n n�0,1, . . .

tered for a chosen frequency band by a finite
Ž .impulse response FIR filter. Afterwards, the

� Ž . Ž .�time-continuous power s n �s t of then n�0,1, . . .
� Ž . Ž .�filtered signal x n �x t was calculated˜ ˜ n n�0,1, . . .

according to the following adaptive estimation
procedure:

Ž . 2 Ž .s 0 �x 0˜

Ž . Ž . Ž Ž .. 2 Ž .s n �s n�1 �c � s n�1 �x n ;˜
Ž .n�1,2,..., 7

Žwhere c�0.01 for details see Grieszbach et al.,
.1994 . The root of the adaptively estimated in-

stantaneous power of the filtered signal served as
an estimation of the envelope:

'Ž . Ž . Ž .e n � s n ; n�1,2,... 8

A phase coupling between slow oscillations of a
� mŽ .�modulating signal y t and the enve-n n�0,1, . . .

� mŽ . mŽ .�lope e n �e t of fast oscillations ofn n�0,1, . . .
� mŽ .�another signal x t , may be describedn n�0,1, . . .

by instantaneous coherence analysis performed
for all single trials, m�1,...,M and averaging
thereafter.

3. Results

3.1. Beha�ioural data

The reaction times for both stimuli � number
words and random figures � show the well-known

Ž .dependence on the memory load see Fig. 2 . In
all cases reaction time increases with increasing
set size.

Memorisation of unfamiliar random figures evi-
dently requires more time than memorisation of
number words. The comparison of the reaction
times of the first and the second run shows an
obvious learning effect. The significance of these

Ž .Fig. 2. Mean reaction times 10 subjects in dependence of
memory load for the Sternberg task with regard to the 1st and
the 2nd run.
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Table 1
Results of ANOVA for comparing reaction times with factors

Ž . Ž . Žmodality words, pictures , run first, second and set size 1, 2,
.3 and 4

Reaction times

Main effects F-value P-value

Modality 29.169 0.000
Run 13.858 0.000
Set size 27.948 0.000

results was proven by ANOVA with the factors
Ž .modality, run and set size see Table 1 .

From shorter reaction times, it may be assumed
that stronger results with respect to the investiga-
tion of memorising will be obtained from the
second run. Further analysis is concentrated on
data from the second run. Our main attention
was paid to the experiments with high memory
load, namely set sizes 3 and 4.

3.2. Spectral analysis of second order

In order to get information about general power
distribution in the topographical context, power
estimations were performed for the retention time
interval of 1800 ms. The upper part of Fig. 3
shows the average of power spectra for 10 sub-
jects in the case of memorising number words
with set size 4.

Principally, the pictures for set size 3 and for
Ž .memorising random figures set sizes 3 and 4 are

similar. In all cases, remarkably high-frequency
Ž .oscillations 20�40 Hz with high amplitudes are

found in the left and right frontopolar areas. In
all cases, both mean amplitudes as well as fre-
quencies are higher in the left frontopolar elec-
trode position. However, in two subjects the op-
posite was found with respect to gamma power at
Fp1 and Fp2, namely a larger gamma power at
Fp2. In all cases, gamma oscillations are spread
over a broad frequency band. The frequencies
with maximal gamma power vary inter-individu-

Ž .ally. The highest theta power 3�7 Hz is found at
the central electrode positions Fz and Cz. Alpha-

Ž .oscillations 8�13 Hz predominate in the pari-
Žeto-occipital area electrode positions P3, Pz, P4,

.O1 and O2 and spread out up to temporal and
central regions. In order to show that high gamma
power at Fp1 and Fp2 is not produced by micro-
saccades of the eyes, the mean power spectra of
the two EOG channels were included in the lower
part of Fig. 3. No gamma power is observable for
the EOG.

Although the power spectra of Fp1 and Fp2 in
Fig. 3 seem to be similar, there are some differ-
ences with regard to the modality of the items
and also to the hemisphere. Fig. 4 presents a
comparison of the power spectra of Fp1 and Fp2
for the situations of rest and memorising number

Ž .words and random figures both for set size 4 .
The power spectra for memorising number

words and random figures show the same high
gamma power in Fp1 with the maximum at ap-

Ž .proximately 30�33 Hz left upper panel . On the
other hand, the frequency of maximal gamma
power at Fp2 is lower for both tasks at approxi-

Ž .mately 25�30 Hz right upper panel . During the
rest situation, instead, a clear alpha-peak at 10
Hz appears in both frontopolar positions. A com-
parison of the power spectra of the left and right
frontopolar electrode positions yields higher
gamma power at Fp1 and higher frequencies of
maximal gamma power for both modalities of

Ž .items lower left and right panels . These differ-
ences are more obvious in the case of memorising
number words.

The power spectra at F7, F3, F4 and F8 show
Ž .slightly increased gamma power see Fig. 3 . A

possible interaction with regard to gamma activity
within the frontal area was proven by means of
common coherence analysis for the electrode pairs
Fp1�F7, Fp1�F3, F7�F3, Fp2�F8, Fp2�F4 and
F8�F4. The coherence values were negligible
Ž .significance level of 5% for frequencies larger
than 20 Hz in contrast to the slower frequency
range.

Yet, common coherence analysis of second or-
der does not allow to detect synchronisation of
oscillations with different frequencies, which may
be caused by interdependencies of different
rhythms and�or non-linear phase coupling
phenomena. To study this question was the aim
of the following bispectral analysis.
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Ž .Fig. 3. Upper part: mean power spectra 10 subjects for 19 electrode positions for the retention period for memorising number
words with set size 4. The scheme at the bottom indicates the localisation of the corresponding electrode positions on the head. The
high peak at 50 Hz is due to AC. Fast frequency oscillations with high amplitudes are only found in both frontopolar areas. Lower

Ž .part: mean power spectra 10 subjects for the two EOG channels for the same time interval.
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Ž . Ž .Fig. 4. Mean power spectra 10 subjects for the frontopolar electrode positions Fp1 and Fp2 for the retention period set size 4 and during the rest situation. Upper
Ž . Ž . Ž .left: comparison of spectra on Fp1 during memorising random figures grey , during memorising number words black, bold and during rest situation black, thin .

Ž . Ž . ŽUpper right: comparison of spectra on Fp2 during memorising random figures grey , during memorising number words black, bold and during rest situation black,
. Ž . Ž . Ž .thin . Lower left: comparison of spectra on Fp1 black and Fp2 grey during memorising random figures. Lower right: comparison of spectra on Fp1 black and Fp2

Ž .grey during memorising number words.
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3.3. Spectral analysis of third order

3.3.1. Bispectral analysis
Bispectral analysis allows the detection of in-

teractions among rhythmic signals at different
frequencies. As outlined in the introduction, we
were in particular interested in possible interac-

Ž .tion of fast oscillations 20�40 Hz within the
frontal area with slower oscillations.

In a first step biamplitudes were estimated ac-

Ž . Ž . Ž .cording to Eqs. 3 and 4 with x�y�z for all
10 subjects during the retention period in the
case of memorising number words with set size 4
for seven frontal electrode positions Fp1, Fp2, F7,
F3, Fz, F4 and F8. High biamplitudes for fast

Ž .oscillations �20 Hz were found only for Fp1
and Fp2. Therefore, further analysis was concen-
trated on these two locations.

The calculation of biamplitudes was repeated
for memorising number words with set size 3 and

Ž . Ž . Ž .Fig. 5. Mean bicoherences 10 subjects of Fp1 upper row and of Fp2 lower row during the retention period: left column:
memorising number words; and right column: memorising random figures. The arrows indicate increased bicoherences at
approximately 20 and 25 Hz at Fp1.
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Table 2
� Ž . �Mean percentage of test positivity for non-zero bicoherence for selected frequency area significance test according to Eq. 6 with �-level�5%

Frequency Number words set size�3 Random figures set size�3 Number words set size�4 Random figures set size�4
Ž .area Hz Fp1 Fp2 Fp1 Fp2 Fp1 Fp2 Fp1 Fp2

20�25� 80% 50% 70% 60% 80% 70% 90% 60%
20�25

25�30� 70% 40% 80% 60% 90% 60% 70% 80%
25�30

3�7� 30% 0% 40% 20% 40% 10% 20% 10%
25�30

20�25� 40% 20% 50% 30% 70% 50% 70% 40%
45�50

15�20� 50% 10% 40% 20% 60% 70% 60% 30%
35�40
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for memorising figures with set sizes 3 and 4.
High biamplitudes occurred for pairs of fast oscil-

Ž . Ž .lations �20 Hz and for pairs of slow 0�5 Hz
Ž .and fast �20 Hz oscillations. However, the

Ž .range of fast oscillations was broader 20�40 Hz
Ž .for Fp1 than for Fp2 20�30 Hz . This fact agrees

with the characteristics of the correspondent
power spectra. The calculation of biamplitudes
for set size 3 yielded the same results. During the
rest situation high biamplitudes appeared only for
delta- and alpha-oscillations.

Biamplitudes depend on amplitudes of oscilla-
tions and only point at common occurrence of
oscillations with the respective frequency pair of
the frequency plane. On the other hand, bicoher-
ence is a normalised parameter and points out
frequency pairs with real phase coupling. The
result of bicoherence computation is shown in
Fig. 5.

High bicoherences were obtained if the two
frequencies were within the range of 20�30 Hz at
Fp1 and of 20�25 Hz at Fp2. Furthermore, in-
creased bicoherences occurred between frequen-
cies within this range and multiple frequencies,
probably due to ordinary phase coupling of oscil-
lations with their first harmonic ones. This fact
may explain the existence of relatively high power
within the 40�60-Hz frequency range.

High bicoherences between fast frequencies
and theta frequencies are not visible. Yet, one
effect can be noted for electrode position Fp1:

Žthere are two clear peaks marked by arrows in
.Fig. 5 of bicoherence within the paired frequency

range of 20�30 Hz. Further, the distance of the
peaks is approximately 5 Hz Hz in the case of
memorising number words and larger in case of
memorising random figures. The calculations for
set size 3 yielded the same results. This observa-
tion hints to possibly interactions of fast frequen-
cies at Fp1 and slow frequencies at other elec-
trode positions, which would evoke the second
peak with faster frequencies of bicoherence.

In order to test the significant difference of
bicoherence values from zero the significance test

Ž .according to Eq. 6 was performed for each of
the four situations of memorising number words
and random figures, each with set sizes 3 and 4
for all 10 subjects for 128�128 frequency pairs

Žfrequency range�0.5�64 Hz; frequency resolu-
.tion�0.5 Hz . The highest percentage values of

test statistics were found around the frequency
Ž .ranges Hz 20�25�20�25 and 25�30�25�30.

Table 2 contains the occurrence of non-zero bi-
coherence with regard to the 10 subjects for the
selected frequency ranges in percentages.

It is remarkable that for the frequency range
3�7 Hz�25�30 Hz, in all cases non-zero bicoher-
ences appear more frequently at Fp1 than at Fp2.
This fact suggests a possible influence of interac-
tions between slow oscillations in neighboured
frontal locations and fast oscillations at Fp1.

3.3.2. Cross-bispectral analysis
In order to detect phase coupling between os-

cillations at different frontal electrode positions
Ž . Ž .cross-bispectral analysis according to Eqs. 3 � 6

was performed. From the results of bispectral
analysis at Fp1 and Fp2 we were interested in
looking for phase relations between slow rhythms
at F3, Fz and fast rhythms at Fp1, as well as
between slow rhythms at F4, Fz and fast rhythms
at Fp2, respectively. Therefore, four types of

� mŽ . mŽ .channel triples with sample values x t y tk k
mŽ .� Žy t , m�1,...,M, were chosen: F3,k k�0,1, . . . N

. Ž . Ž . ŽFp1, Fp1 , Fz, Fp1, Fp1 , F4, Fp2, Fp2 and Fz,

.Fp2, Fp2 . The choice of such triplets where the
second and the third channel are the same, allows
the detection of phase-coupled oscillations
between the first and second channel.

This strategy will be demonstrated for one sub-
Ž .ject for the channel triple Fz, Fp1, Fp1 during

memorising number words. Fig. 6 shows the
cross-biamplitude with the correspondent power
spectra at Fz and Fp1 for memorising number
words with set size 3.

In contrast to biamplitude, the cross-biampli-
Ž .tude matrix upper panel of Fig. 6 is not symmet-

rical. The horizontal direction indicates frequency
components at Fz, whereas the vertical direction
indicates frequency components at Fp1. High
cross-biamplitudes may be observed within the
frequency ranges 1�7 Hz at Fz and 1�5 Hz at
Fp1, as well as in 1�7 Hz at Fz and 20�30 Hz at
Fp1. High cross-biamplitudes at the vertical line
for 50 Hz at Fz are caused by a technical artefact.
The generation of high biamplitudes for the fre-
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Fig. 6. Cross-bispectral analysis between the triple of channels Fz, Fp1 and Fp1 for one selected subject in case of number word
Ž . Žmemorising for set size 3 79 trials : upper panel: cross-biamplitude between Fz and Fp1 and correspondent power spectra 1

.selected subject ; and lower panel: cross-bicoherence between Fz and Fp1; the arrow points to increased coherence at frequency
� Ž . Ž .�pair 5 Fz and 25 Hz Fp1 .
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quency range 3�7 Hz at Fz and 20�25 Hz at Fp1
by non-linear frequency coupling has to be vali-

Ždated by cross-bicoherence analysis lower panel
.of Fig. 6 . The arrow marks a high peak around

the frequency pair 5 Hz at Fz and 25 Hz at Fp1.
The significant difference from zero was tested

Ž .according to Eq. 6 for all frequency pairs. The
significant test results in a matrix of frequency

Ž .Fig. 7. Upper panel: 3d-presentation of mean test results of non-zero cross-bicoherence 10 subjects between the triple of channels
Ž .Fz, Fp1 and Fp1 and correspondent mean power spectra during memorising number words average of set sizes 3 and 4 . The arrow

Ž . Ž .points at the frequency pair of approximately 6 at Fz and 25 Hz at Fp1 with cumulative, significantly high bicoherence. Power
Ž . Ž .panel: 2d-view of the cutting of the upper matrix with frequencies of interest. The region 3�7 Hz � 24�29 Hz is marked by a

rectangle.
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pairs with one in the case of non-zero bicoher-
ence and zero otherwise.

The described analysis was performed for both
memorising number words and figures with set
sizes 3 and 4 and all four triplets of channels
mentioned above. Mean matrices for 10 subjects
of test results of non-zero cross-bicoherences in-
dicate possible frequency ranges with non-linear
phase coupling. The 3-D view of the mean matrix

Žfor memorising number words average of set
. Žsizes 3 and 4 for the triplet of channels Fz, Fp1

.and Fp1 is represented in the upper part of Fig.
7.

High values were obtained within the fre-
quency range 20�35 Hz�20�35 Hz. Since power
values at Fz for frequencies larger than 20 Hz are
negligible, our interest was focused to the area of

Žlow frequencies at Fz and fast frequencies 20�30
.Hz at Fp1. A clear peak at 5 Hz at Fz, and 25 Hz

at Fp1 is marked by an arrow.
The lower part of Fig. 7 shows the cutting with

frequencies of interest. The main region of inter-
est is marked by a black rectangle. Cumulative
phase coupling may be observed also at 2�3 Hz at
Fz and 25�40 Hz at Fp1.

The strength of phase coupling was investi-
gated statistically for all frequency regions with

high intensity of non-zero cross-bicoherence sep-
arately for set sizes 3 and 4, both for memorising
number words and figures. Analogously to the
approach in Section 3.3.1, the mean percentage
Ž .Table 3 of test positivity for non-zero cross-
bicoherence were calculated for set size 3 and 4.

The results with frequent appearance of phase
coupling are similar for both set sizes. Thus, a
randomness of the results may be excluded. For
remembering number words the strongest phase-
coupling effects were obtained for 3�7 Hz at F3
and Fz, respectively, and for 24�29 Hz at Fp1, but
for remembering figures for 1�5 Hz at F3 and Fz,
respectively, and for 18�23 Hz at Fp1, and addi-
tionally for 1�5 Hz at F4 and Fz, respectively, and
for 25�30 Hz at Fp2.

An outstanding result is the strong phase-cou-
Ž .pling of slow rhythms 3�7 Hz at Fz and fast

Ž .rhythms 24�29 Hz at Fp1 for remembering
number words. Non-zero bicoherence was
observed for all 10 subjects for set size 3, and for
seven of 10 subjects for set size 4.

3.4. Time-�ariant coherence between low oscillations
and the en�elope of fast oscillations

A synchronisation between the EEG at Fz,

Table 3
� Ž .Mean percentage of test positivity for non-zero cross-bicoherence for selected frequency area significance test according to Eq. 6

�with �-level�5%

Frequency Number words: set size�3 Random figures: set size�3
Ž .area Hz Fp1�F3 Fp2�F4 Fp1�Fz Fp2�Fz Fp1�F3 Fp2�F4 Fp1�Fz Fp2�Fz

1�5�18�23 40% 10% 30% 10% 50% 30% 60% 40%
1�5�25�30 20% 30% 20% 40% 40% 40% 20% 60%
2�6�29�34 10% 10% 20% 20% 10% 10% 20% 10%
3�7�24�29 50% 20% 100% 30% 30% 30% 30% 20%
7�12�18�23 30% 30% 30% 30% 60% 10% 30% 20%
7�12�35�40 30% 20% 30% 10% 20% 40% 40% 20%
8�13�33�38 10% 30% 30% 20% 30% 20% 10% 30%

Number words: set size�4 Random figures: set size�4

1�5�18�23 20% 10% 40% 20% 50% 30% 50% 30%
1�5�25�30 30% 20% 50% 20% 30% 40% 30% 30%
2�6�29�34 20% 30% 10% 10% 10% 0% 10% 10%
3�7�24�29 50% 30% 70% 40% 50% 20% 50% 20%
7�12�18�23 30% 40% 30% 40% 30% 30% 30% 30%
7�12�35�40 20% 20% 50% 0% 30% 30% 50% 20%
8�13�33�38 20% 40% 10% 20% 30% 30% 30% 30%
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Table 4
Frequency ranges of fast oscillations at Fp1 for memorising
number words

Subject Frequency range
of fast
oscillations

1 19�35
2 25�40
3 20�30
4 24�31
5 17.5�27
6 18.5�28
7 21.5�34.5
8 18.5�34
9 14�23

10 19.5�32.5

� mŽ .�denoted by x t , and the envelopen n�0,1, . . .
� mŽ . mŽ .�e n �e t of fast oscillations of then n�0,1, . . .

� mŽ .�EEG at Fp1, denoted by y t , mayn n�0,1, . . .
serve as a possible explanation of non-linear phase
coupling between slow oscillations at Fz and fast
oscillations at Fp1 for memorising number words.
ŽThe value m denotes the number of the single

.trial, m�1,..., M.
According to the last chapter the strongest

non-linear phase coupling was detected for me-
morising number words. For this case, the
following calculations were performed: the fre-
quency domain with fast oscillations was de-
termined for each subject from their mean power
spectra at Fp1. The frequency ranges for each
subject are listed in Table 4.

Both the main frequency and the width of the
frequency band varied inter-individually. The
EEG data at Fp1 for each subject were filtered by

Ž .a FIR filter window length �50 for the corre-
spondent frequency bands. Afterwards, the enve-

Ž .lope was calculated according to Eq. 8 . The
synchronisation between this envelope and the
EEG signal at Fz was investigated by means of
instantaneous coherence analysis. Additionally,
for each subject, mean time�power analysis was
performed.

For a better understanding of the results of one
Ž .subject the same as in Fig. 6 are presented at

first. The upper and middle panels in Fig. 8 show

the time�power spectra at Fp1 and at Fp2, re-
Žspectively, for memorising number words set size

.3 .
The time interval of 4200 ms includes the pre-

sentation of the second and the third word
Ž .0�2400 ms , and the retention period. For Fp1,
increased power between 19 and 28 Hz may be
observed during the two presentations. With the
beginning of the retention period, two distin-
guishable oscillations, approximately 20 and 26

Ž .Hz, emerge marked with dotted lines ----- very
clearly up to 3500 ms. For Fp2 only one frequency
band with fast oscillations, approximately 20 Hz,
may be observed.

The EEG signal at Fp1 was filtered with a
bandpass of 18.5�34 Hz. The instantaneous
coherence of the envelope of the filtered signal
and the EEG signal at Fz is illustrated in the
lower panel of Fig. 8. During the presentation of
the two number words, increased coherences ap-
pear at approximately 2 and 8 Hz. With the
beginning of the retention period, coherence of

Žapproximately 6 Hz increases marked with dot-
.ted line ----- . This result indicates an amplitude

modulation of fast frequencies at Fp1 by slow
frequencies at Fz for a time interval of 1000 ms at
the beginning of the retention period.

The time�power and time�coherence analysis
described for one subject was performed for each
subject with its individual fast frequency band
Ž .Table 4 . Because of the inequality of the indi-
vidual frequency bands of fast oscillations, a broad
mean high power frequency band from 25 Hz up
to 35 Hz is the result. The frequency range with
high coherence is concentrated approximately 4�8
Hz during retention. The highest frequencies oc-
cur at approximately 6 Hz. These results are in
accordance with an amplitude modulation model
and suggest a functional co-operation between
frontopolar regions and Fz during retention, and
this in spite of different frequencies in these two
regions.

4. Discussion

The results in Section 3 manifest the existence
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Ž . Ž . Ž .Fig. 8. Mean time�power spectra of one subject 79 trials at Fp1 upper panel and Fp2 middle panel , and mean instantaneous
Ž . Ž .coherence spectrum between Fz and the envelope of the filtered signal 18.5�34 Hz at Fp1 lower panel during the presentation of

Ž .the 2nd and the 3rd number word and the retention period for memorising number words set size 3 .
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of phase-coupling between theta- and gamma
EEG activities during memory processing.
Whereas the double peak of fast oscillations with
a distance of approximately 5�7 Hz in bicoher-
ence at Fp1, suggests only the presumption of

Ž .possible phase-coupling Section 3.3.1 , the sig-
nificantly increased cross-bicoherence between
rhythms of 3�7 Hz at F3 and Fz, and 24�29 Hz at
Fp1 clearly verifies the existence of theta�gamma

Ž .phase-coupling Section 3.3.2 . The occurrence of
both theta- and gamma activities during memory
processing by several authors as mentioned in the
introduction could be verified. Moreover, it could
be shown that these activities are interdependent
in a non-linear way. The instantaneous coherence
analysis between the envelope at Fp1 and the raw
EEG at Fz point at amplitude modulation as one
possible explanation of the generation of non-lin-

Žear relationships between different rhythms sec-
.tion 3.4 .

The results of phase coupling between theta
rhythms at Fz and fast rhythms at the left fron-
topolar electrode position Fp1 underline the
observations of the separation and specification
of different prefrontal areas made by several au-

Žthors see e.g. Wilson et al., 1993; Goldman-Rakic,
.1997 . The involvement of the left frontopolar

area during memorising number words in particu-
lar coincides with the results of Tulving et al.
Ž . Ž .1994 and Iidaka et al. 1999 .

In this respect, the influential work by Fuster
Ž .1989 has to be quoted who detected large con-
tingents of prefrontal neurons that undergo sus-
tained activation in delayed-response experi-
ments, i.e. during the period of retention of a cue
before the monkey is required to respond. This
was shown to be true of both spatially defined and
non-spatial information. Thus, in general, the
prefrontal cortex evidently plays a critical role in
the temporal organisation of behaviour. These

Žand other observations Isseroff et al., 1982;
.Goldman-Rakic and Friedman, 1991 substantiate

the conclusion that the prefrontal cortex is
strongly involved in working memory, i.e. in the
constant updating of information. Based on clini-

Ž .cal observations, Damasio 1990 considers the
dorsolateral region of prefrontal cortex as ‘critical

for coherent organisation of mental contents on
which creative thinking and language depend and
that permit, in general, artistic activities and the

Ž .planning of future activities’ p. 369 . Similar in-
ferences were drawn by Petsche and Etlinger
Ž .1998 from their observations of the behaviour of
prefrontal coherence in the alpha band during
different cognitive tasks.

As to the question where the EEG recorded
from Fz originates, two regions have to be con-
sidered: Brodmans areas 4, 6 and 8; and the
cingulate gyri, areas 23 and 24 underneath. Since
the EEG findings at Fz in the theta range were
shown to be related to memory functions, it is
most likely that the cingulate area that is known
to play a decisive role in the limbic system under-
lies it. The other regions beneath Fz are mainly
involved in extrapyramidal functions. Thus, the
results of this paper can most likely be inter-
preted as an EEG aspect of the functional linking
between prefrontal cortex and the limbic system.

Results with regard to phase-coupling could
not be obtained with the same cogency as for

Ž .remembering number words see Table 3 for
memorising random figures.

Even if these results do not explain the physio-
logical mechanisms underlying these non-linear
synchronisation phenomena, they clearly demon-
strate the presence of phase-coupled activities.
The broader gamma frequency band and the
higher main gamma frequency probably are due
to non-linear theta-gamma oscillations. This re-
sult, among others, shows the limitation of ordi-
nary power analysis which assumes independence
of oscillations at different frequencies. Ordinary
power analysis cannot distinguish between pri-
mary and derived activities by non-linear phase
coupling.

Estimating bispectral parameters such as
cross-biamplitude and cross-bicoherence is based
on the Fourier approach and includes the whole
retention period. It is well-known that the Fourier
approach presupposes stationarity of the signal
and does not allow investigations of temporal
changes in interdependencies between different
rhythms. The analysis of the relation between the
envelope of fast rhythms at Fp1 and the raw EEG
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at Fz by means of instantaneous coherence leads
one to assume temporal changes of the strength

Ž .of amplitude modulation compare Fig. 8 .
In the present analysis, we referred to data

reflecting processing during retention which has
to be considered as a stochastic mixture of
processes during retention. For future investiga-
tions along this line, psychological results are of
particular importance that point to stronger tem-
poral regularities in actual short-term behaviour
during retention and recognition. Exploration of
these relationships demands new tools for EEG
analysis that take temporal short-term dynamics
explicitly into account. Temporal regularities have
already been obtained in earlier investigations
focusing on the Sternberg task as experimental

Žparadigm Sternberg, 1975; Bredenkamp, 1993;
.Bredenkamp and Klein, 1998 . Psychological stud-

ies quoted so far referred solely to the test period
of the Sternberg task. Cavanagh’s representation
of item-specific operation times as segments of a
fundamental base period by considering the rela-
tion to storage capacity suggests a close connec-
tion to cyclic processes during retention as as-

Žsumed in Lisman’s multiplexing hypothesis Jen-
.sen and Lisman, 1996 . These findings fit well into

the framework of the taxonomic quantum model
Ž . Ž .TQM by Geissler 1987, 1991 suggested on the
basis of a much broader range of phenomena and
for different tasks and criteria of behavioural
measurement.
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