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The aim of this study was to investigate an interaction between frontal and left temporo-parietal cortices in tasks
requiring word association. A new method was used to examine averaged event-related potentials in different frequency
bands by calculating correlation coef®cients between wavelet curves in distant cortical areas. This method was applied
to previous event-related potentials recordings which found successive activation of frontal and left posterior areas [1].
Correlated activity at 17 Hz was observed between frontal and left temporal (Wernicke's) areas prior to full activation of
Wernicke's area. q 2001 Elsevier Science Ireland Ltd. All rights reserved.
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Positron emission tomography (PET) and event-related
potentials (ERP) studies have revealed a crucial role for
both frontal and temporo-parietal cortices during performance of verbal tasks [1,3,4,13]. The frontal cortex is
involved in attention to input and in processing of the
input word during generating meanings [3,4,13]. The left
temporo-parietal area (Wernicke's zone) may be involved
in more complex aspects of the semantics including comprehension of propositions [1,13]. The time course of participation of these areas in the search for word association was
reported by Y. Abdullaev and M. Posner [1], who used ERP
amplitude analysis: the frontal cortex was activated ®rst at
170 ms after word presentation, and then at 570 ms the left
temporo-parietal area was involved. We suggest that these
areas are interacting to transmit information related to the
required verbal association. Such an interaction should be
re¯ected in synchronization of brain rhythms between these
distant cortical regions [9].
The aim of this study was testing a speci®c hypothesis
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concerning the interaction between the frontal and the left
posterior cortical areas during word association. To test this
hypothesis we have analyzed the data set obtained by Y.
Abdullaev and M. Posner in order to search for correlated
rhythmic activity between the two areas described above.
The experiment was conducted at the University of
Oregon and involved 21 right handed subjects (14 females,
seven males), aged from 18 to 33.
Single nouns were presented (150 ms on time) on a monitor screen with random intervals of 2±5 s. After 750 ms a
response cue (a question mark) appeared for 150 ms. The
subject had to either pronounce the word (read a loud task),
or supply a semantically related word, e.g. `hammer-pound'
(use-generation task). The subjects performed 120 trials of
each type. Before recording each subject had 10±20 practice
trials with another set of words.
Electroencephalograph (EEG) was recorded from 64
channels using a right ear mastoid as reference (Fig. 1).
Each single EEG trial consisted of a 184 ms baseline recording and 816 ms after the stimulus. EEG was digitized with
the rate of 250 Hz after ampli®cation with 0.1±50 Hz bandpass ®ltering, 3 dB attenuation, and 60 Hz notch ®ltering.
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The data were recalculated against the average left and right
mastoid reference.
The trials with muscle, eye movement and other kind of
artifact were excluded from further analysis using the
combined method of automatic artifact rejection and visual
inspection. One subject was excluded from further analysis
because of many artifact channels in the areas of interest.
Since we intended to match our ®ndings with results of
analysis of averaged evoked potentials, we could not use
coherence as the basis for search of correlated brain activity
because this requires single EEG trials to make the calculation. Moreover, Fourier based methods have a poor time
resolution in the usual time intervals found in ERP waves
and are not adequate for non-stationary signals such as the
ERP [14]. So we used a method for estimation of correlated
rhythmic activity in distant cortical areas, based on the
wavelet transform (WT) of averaged ERP. The WT allows
localizing rhythmic trains in the frequency and time
domains simultaneously, so it is especially suitable for
analysis of short-term ERP rhythmic components [14,16].
WT of a signal is a function of time and is obtained by
convolving the original signal with a template. The template
is a short complex-valued oscillating signal, called the
`mother wavelet'. By dilating or compressing the mother
wavelet it is possible to calculate a WT curve for any
frequency. The curve shows the time course of the energy
envelope in a band centered around the analyzed frequency.
A more detailed review of WT theory and application is
given elsewhere [19].
Our goal was to ®nd time intervals of correlated brain
activity, i.e. in which the time courses of two WT curves
coincided. For this purpose we calculated the correlation
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Fig. 1. The scheme of electrode positions and names. The frontal
and left temporo-parietal areas, which activations Y. Abdullaev
and M. Posner [1] found in use-generation task with ERP analysis, are indicated by a thick line. The left temporal area, found to
interact with the frontal area in this study, is indicated by a thin
line. The control right temporal area is indicated by a dashed
line. The arrows point to the areas for which correlations of
wavelet curves were studied.

coef®cient (CC) between the WT curves of a pair of channels.
A high value of CC demonstrated that the rhythms of the
selected frequency vary simultaneously in the two channels.
It is worth noting that the WT loses information on the
®ne phase structure of the input signal, but we have
previously found that the phase independent estimation of
correlation of brain rhythms can provide an effective tool for
study not only of averaged ERP but also single trial EEG
activity [6±8,11].
The detailed procedure was as follows. The average ERPs
were calculated for each subject and task separately. The
continuous WT of the ERPs using the Morlet mother wavelet was performed for 19 central frequencies: 9±17, 19, 21,
22, 24, 27, 29, 32, 35, 38, 41, 45 Hz. The frequency step
increased with increasing frequency since the frequency
resolution of WT decreases with frequency. The time resolution of WT decreased with decreasing frequency, so WT
of rhythms below 9 Hz have such poor time resolution they
cannot be used for this analysis. For the wavelet type that we
used, the bandwidth was 27% and the time resolution was
about two periods of the central frequency.
The wavelet curves in certain groups of neighboring
channels were averaged to represent the cortical areas
described below. For every subject, every mental condition,
and every frequency the CCs between WT curves was
calculated in a 184 ms (the duration of the prestimulus baseline interval) time window moving along the time axis with
92 ms steps. The CCs were averaged in three bands: alpha
9±13 Hz, beta 15±24 Hz, and gamma 32±45 Hz.
To approximate the normal distribution CCs were z-transformed and then were compared by repeated measures
ANOVA. The degrees of freedom in multifactor ANOVAs
were corrected using Greenhouse±Geisser procedure. The
Duncan's multiple range test was used for post hoc comparisons.
Because the main goal of this work was testing a speci®c
hypothesis of interaction between brain areas, whose activation was revealed by the ERP study [1], we ®rst analyzed the
CCs between these locations. The wavelet curves in the
frontal (channels 1, 5±7, 10, 12) and left temporo-parietal
(channels 16, 19, 20, 26, 27, 31) areas were averaged and
CCs for two obtained curves were calculated. ANOVAs
with two factors: task (generation versus reading) and
time window (nine levels) were performed separately for
alpha, beta and gamma bands. Signi®cant effects of time
window was found in both alpha (F(8,152)  8.9;
P , 0:0001) and beta (F(8,152)  5.6; P  0:0005) bands,
but no differences between tasks were found.
However, the previous PET studies of the same task
revealed activation of the left parietal and temporal areas
that was more lateral than it found in the ERP analysis [15].
Moreover, the projection of Wernicke's zone on scalp is
also more lateral [5]. Therefore we calculated the CCs
between averaged wavelet curves in the same frontal channels and channels 23, 25, 29, 30 in the left temporal area
(Fig. 1). In the beta band (Fig. 2), the ANOVA revealed
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there was a signi®cant effect of time window in both alpha
(F(8,152)  9.4; P , 0:0001) and beta (F(8,152)  7.3;
P , 0:0001) bands.
To study the more detailed spectral structure of CCs
inside the beta band we analyzed the CCs for each
frequency step (15±17, 19, 21, 22, 24 Hz) in the time interval of 184±368 ms which had the maximal difference
between tasks. For the frontal and left temporal areas
ANOVA with two factors: task (generation versus reading)
and frequency (seven levels) revealed a signi®cant effect of
task (F(1,19)  8.5; P  0:009). Post hoc comparison
showed the signi®cant increase of CCs in use-generation
at 16 Hz (P  0:003), 17 Hz (P  0:012), 19 Hz
(P  0:027), and 24 Hz (P  0:029). The maximal
CC  0.44 was at 17 Hz. The analysis of CCs between the
frontal and left temporo-parietal and the frontal and right
temporal areas with the same ANOVA design did not reveal
any signi®cant result.
Post hoc analysis of the time window effect is signi®cant
in the alpha and beta bands in both tasks between all tested
locations due to increasing CCs just after stimulus presentation (P , 0:001). Then the CCs returned to the prestimulus
level, except between the frontal and left temporal areas in
the beta band in use-generation task, as described above. In
the gamma band the CCs tended to decrease after stimulus
presentation, but this reached signi®cance (P  0:05) only
between the frontal and left temporo-parietal areas.
Increases in CCs in both tasks in both alpha and beta
bands just after stimulus presentation is evidence of broadband rhythmic response to sensory stimulation. The
response is widespread in cortical areas and so results in
high CCs. This widespread correlated activity may be the
result of the brain performing integration of distributed sets
of neuronal networks spread over multiple cortical areas to
produce a coherent representation of a stimulus pattern [10].
This response may consist of superposition of evoked
rhythms in several frequencies, which together constitute
the compound ERP [2]. However, with increasing
frequency, the reactive cortical area becomes more circumscribed and localized, and the duration of EEG reactivity
becomes shorter [12]. The phase-locked gamma response to
sensory stimulation, which has also been reported [18], is
usually not found between distant areas. The broad band
sensory response is rather short, and following it, cortical
activity becomes more speci®c and is found in localized
narrow band oscillations probably related to more speci®c
cognitive processes.
An increase of correlated brain rhythms at about 17 Hz
between the frontal and left temporal areas at 184±460 ms
after word presentation may re¯ect an interaction between
these areas during the search for word associations. The
beginning of the correlated beta response (184 ms) almost
coincides with the start of activation of the frontal area in
the previous ERP study (170 ms) [1], but it ®nishes earlier
(460 ms) than the activation of the left temporo-parietal area
begins (570 ms). This time course may suggest that the
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Fig. 2. Correlation coef®cients (CC) of wavelet curves in usegeneration and reading tasks in the beta band. (A) CCs between
the frontal and left temporal (Wernicke's) area. (B) CCs between
the frontal and left temporo-parietal area. (C) CCs between the
frontal and control right temporal area. The solid points mark the
time windows with signi®cant difference between tasks. CCs are
plotted against the middles of time windows. Values are mean ^
SEM.
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signi®cant effect of time window (F(8,152)  5.4;
P  0:0002), task (F(1,19)  6.52; P  0:019, and interaction between task and time window (F(8,152)  2.1;
P  0:04). Post hoc analysis found that CCs in use-generation were signi®cantly higher in the 184±368 ms
(P  0:005) and 276±460 (P  0:012) time intervals, i.e.
CCs between wavelet curves in the frontal and left temporal
areas increase between 184±460 ms from stimulus presentation. Signi®cant effects of time windows were also found in
the alpha band (F(8,152)  9.0; P , 0:0001).
As a control location we used an area, which is symmetric
to the left temporal area in the right hemisphere (channels
42, 45±47). The ANOVA did not show a task effect, but

A.R. Nikolaev et al. / Neuroscience Letters xx (2001) xxx±xxx

[5]
[6]
[7]

[8]

[9]
[10]

EC

O
R

R

This work was supported by grants from James S.
McDonnell Foundation and Pew Memorial Trust #97-38
ESSI, from Russian Foundation of Basic Researches #9904-48229 and from Russian Scienti®c Foundation for
Humanities #99-06-00059a.

U

N

C

[1] Abdullaev, Y.G. and Posner, M.I., Event-related brain potential imaging of semantic encoding during processing single
words, Neuroimage, 7 (1998) 1±13.
[2] Basar, E., Basar-Eroglu, C., Parnefjord, R., Rahn, E. and
Schuermann, M., Evoked potentials: ensembles of brain
induced rhythmicities in the alpha, theta and gamma
ranges, In Basar, E., Bullock, T.H. (Eds.), Induced Rhythms
in the Brain, Birkhauser, Boston, 1992, pp. 155±181.
[3] Bush, G., Luu, P. and Posner, M.I., Cognitive and emotional
in¯uences in anterior cingulate cortex, Trends Cogn. Sci., 4
(2000) 215±222.
[4] Gabrieli, J.D.E., Poldrack, R.A. and Desmond, J.E., The role

of left prefrontal cortex in language and memory, Proc.
Natl. Acad. Sci. USA, 95 (1998) 906±913.
Homan, R.W., Herman, J. and Purdy, P., Cerebral location of
international 10±20 system electrode placement, Electroenceph. clin. Neurophysiol., 66 (1987) 376±382.
Ivanitsky, A.M., Consciousness: criteria and possible
mechanisms, Int. J. Psychophysiol., 14 (1993) 179±187.
Ivanitsky, A.M., Informational synthesis in crucial cortical
area as the brain base of subjective experience, In Miller,
R., Ivanitsky, A., Balaban, P. (Eds.), Complex Brain Functions: Conceptual Advances in Russian Neuroscience,
Harwood Academic Publishers, Reading, UK, 1999, pp.
173±196.
Ivanitsky, A.M., Nikolaev, A.R. and Ivanitsky, G.A., Chapter
35, Electroencephalography, In Windhorst, U., Johansson,
H. (Eds.), Modern Techniques in Neuroscience Research,
Springer-Verlag, Heidelberg, 1999, pp. 971±991.
Livanov, M.N., Spatial Organization of Cerebral Processes,
Wiley and Sons, New York, 1977.
Lopes da Silva, F., Neural mechanisms underlying brain
waves: from neural membranes to networks, Electroenceph. clin. Neurophysiol., 79 (1991) 81±93.
Nikolaev, A.R., Anokhin, A.P., Ivanitsky, G.A., Kashevarova,
O.D. and Ivanitsky, A.M., The spectral EEG reconstruction
and the organization of cortical connections in spatial and
verbal thinking, Zhurn. Vyssh. Nerv. Deyat., 46 (1996) 831±
848 in Russian.
Pfurtscheller, G. and Klimesch, W., Event-related synchronization and desynchronization of alpha and beta waves in
a cognitive task, In Basar, E., Bullock, T.H. (Eds.), Induced
rhythms in the brain, Birkhauser, Boston, 1992, pp. 117±
128.
Posner, M.I. and Pavese, A., Anatomy of word and sentence
meaning, Proc. Natl. Acad. Sci. USA, 95 (1998) 899±905.
Quian Quiroga, R. and SchuÈrmann, M., Functions and
sources of event-related EEG alpha oscillations studied
with the Wavelet Transform, Clin. Neurophysiol., 110
(1999) 643±654.
Raichle, M.E., Fiez, J.A., Videen, T.O., MacLeod, A.M.K.,
Pardo, J.V. and Petersen, S.E., Practice-related changes in
human brain functional anatomy during non-motor learning, Cerebral Cortex, 4 (1994) 8±26.
Samar, V.J., Swartz, K.P. and Raghuveer, M.R., Multiresolution analysis of event-related potentials by wavelet decomposition, Brain Cogn., 27 (1995) 3398±3438.
Schack, R., Grieszbach, G. and Krause, W., The sensitivity of
instantneous coherence for considering elementary
comparison processing. Part I: the relationship between
mental activities and instantneous EEG coherence, Int. J.
Psychophysiol., 31 (1999) 219±240.
Tallon-Baudry, C., Bertrand, O., Delpuech, C. and Pernier,
J., Stimulus speci®city of phase-locked and nonphaselocked 40 Hz visual responses in human, J. Neurosci., 16
(1996) 4240±4249.
Torrence, C. and Compo, G., A practical guide to wavelet
analysis, Bull. Am. Meteorol. Soc., 79 (1998) 61±78.
Tremblay, M., Lacroix, D., Chaput, Y., Fraile, V., Lamer, R.
and Albert, J.M., Brain activation with a maze test: an EEG
coherence analysis study in healthy subjects, NeuroReport,
5 (1994) 2449±2453.
Weiss, S. and Rappelsberger, P., EEG coherence within the
13±18 Hz band as a correlate of a distinct lexical organization of concrete and abstract nouns in humans, Neurosci.
Lett., 209 (1996) 17±20.

[13]
[14]

PR

O

[12]

O

F

[11]

[15]

TE

simultaneous beta response is a sign of information transfer,
which serves to initiate cortical activation in the region to
which the information is sent, and thus should precede
strong activity being found in this area.
The maximum of the correlated response was at 17 Hz.
This corresponds to our previous studies [11] and those of
other researchers [17,20], which have shown that the EEG
synchronization in the beta (13±20 Hz) band is sensitive to
the type of cognitive operation involved. In addition, coherence in the 13±18 Hz has been found to re¯ect semantic
difference between concrete and abstract words [21].
Synthesizing the results of our frequency analysis and the
previous ERP amplitude studies of the same data [1], one
may hypothesize the following course of search for word
associations. First, stimulus presentation results in shortterm phase-locked activity widespread in cortical areas in
broad frequency bands. In both use-generation and reading
tasks this is manifested in appearance of early ERP components and in high CCs in alpha and beta bands in a number
of areas. This widespread effect lasts 170 ms. This time
might be considered as a interval needed for an object to
be consciously perceived [7]. Afterward the more specialized and local information processing begins. At about 170
ms frontal areas become active. These areas are involved in
attention and analysis of the input item during use generation. Almost at the same time (at 184 ms) the interaction
between the frontal and the left temporal (Wernicke's) area
starts at about 17 Hz. This interaction lasts to 460 ms and
leads to activation of a large area of the left temporo-parietal
cortex manifested in increase of ERP amplitude at 570 ms.
This simultaneous beta response between the two areas
occurs earlier than the ERP amplitude changes. This may
be that information transfer results in activation of a distant
cortical area. The activation of the left temporo-parietal
region is probably associated with the integration of related
word meanings required to obtain the use of the lexical
stimulus [1,13].
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