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Visual stimulation alters local 40-Hz responses in humans: an EEG-study
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Abstract

Irregular changing visual patterns and coherently moving bars were presented either in the upper or lower half of the visual field of
12 human subjects. EEG responses recorded over the occipital lobe showed an increase of 40 Hz spectral power when a regular pattern
of moving bars appeared. This enhancement of 40-Hz activity varied as a function of visual field presentation. Coherent stimuli in the
upper visual field elicited 40-Hz enhancement at lower occipital electrodes, while coherent stimulation in the lower visual field elicited
40-Hz enhancement at upper occipital electrodes. These results evidence that neuronal 40-Hz responses are a correlate of perception of
coherent visual patterns in humans. Area-specific 40-Hz responses related to visual perception can be picked up in the EEG.
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Coherent periodic activity in numerous neurons is a
candidate process for integration and binding of sensory
information in the cortex [18]. When an animal’s brain is
stimulated by moving bars, neurons of primary and
higher-order visual cortices simultaneously become active
at a rate of 20 Hz and above (gamma band) [4,5]. In hu-
mans, simultaneous and periodic activity of numerous
neurons may lead to a change in spectral power of surface
potentials and biomagnetic fields recorded in the EEG
and MEG [11,16]. The present experiment was performed
to compare EEG spectral responses to irregularly chang-
ing visual patterns and to regularly moving bars.

Twelve human subjects aged 26-40 were asked to look
at a fixation cross in the middle of a 48-cm video monitor
where horizontal bars were presented. The monitor was
2 m away from the subjects’ eyes and the screen area
where bars appeared was 30 X 40 cm. In this way, stimuli
exceeded 6 degrees of horizontal and 4.5 degrees of verti-
cal visual angle, so that the perifoveal area was almost
completely stimulated. Each trial started with a baseline
condition lasting for 1s. During the baseline condition,
bars appeared at randomly selected positions at a rate of
25 Hz, that is, bars presented for 40 ms appeared to jump
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to random places. After the baseline, a more regular vis-
ual pattern including moving bars appeared for 1s
(critical condition). Bars moving slowly downwards
(3°/s) were presented either in the upper, lower, left, or
right half of the stimulation area and visual field. In the
remaining half-field, the irregular pattern continued to
appear. The average density of bars was equal in the
baseline and the critical conditions (10 bars/4.5°). In the
upper and lower visual field condition, the bars on the left
and right were exactly aligned (see Fig. 1). Bars in the left
and right half of the visual field were separated by a gap
of 0.5°. This was done in order to avoid intersection of
bars and fixation cross. Visual field conditions followed
each other in pseudo-random order. Not more than two
identical conditions were allowed in direct succession.
The inter stimulus interval varied between 1 and 1.5s.
Subjects were asked not to move their eyes and to attend
to the stimuli presented. They were asked not to move or
blink during the experiment, but to interrupt the experi-
ment temporarily by pressing a key if needed. The ex-
periment consisted of three experimental blocks. In each
block, 32 trials were presented. This resulted in a total of
96 trials, 24 of each visual field condition.

The EEG was recorded through 17 Ag/AgCl electrodes
against Fp, of the international 10/20 system. Fp, is lo-
cated at one-tenth of the nasion—inion distance posterior
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Fig. 1. Examples for five different stimulus variants used in the experi-
ment. In the baseline condition (middle diagram), irregular patterns of
bars were presented changing at a rate of 25 Hz. In the critical condi-
tions, bars slowly moving downwards were presented either in the
upper or lower visual field (uppermost diagrams), or in the left or right
visual field (lowermost diagrams). The downwards movement of the
regular patterns is indicated by arrows.

to the nasion. To monitor activity over the occipital lobes,
electrodes were placed in the following manner [12].
Nine electrodes were arranged in a square array (3 X3
electrodes) with 3.5 cm distance between next neighbors.
The center electrode was placed 6 cm anterior to the in-
ion. Additional electrodes were placed above and below
the first and third column, as well as to the left and right
of the first and third row. All distances between next
neighbors were 3.5 cm. The array is displayed in Fig. 2.
This array was selected in order to allow for current
source density analysis. Signals were recorded in the
0.0796-70 Hz band and sampled with 200 Hz. Trials in-
cluding artifacts >100 £V caused by blinks or eye move-
ments were excluded. The EEG was recorded for 2 s per
trial (throughout the baseline and the critical condition).
Recording sites were projected on a sphere approxi-
mating the standard head shape. Average spherical coor-
dinates of electrodes were calculated from Lagerlund et
al. [9]. The interpolation between two adjacent projec-
tions of recording sites was based on the angle between
them and the weighted sum of Legendre polynomials
[15]. Next, two-dimensional spherical Laplacians were
calculated and current source densities (CSDs) were esti-
mated for the 17 recording sites [14,15]. CSDs were ob-
tained for each time point of each trial. Compared to raw
EEG data, CSD analysis makes it possible to calculate
activity at critical electrodes independently of the activity
at the reference electrode. In addition, this procedure en-

hances the contribution of local brain activity to the sig-
nal, while global contributions of distant sources are
minimized [7,10]. Note that using raw EEG data would
make it impossible to determine whether spectral re-
sponses are generated at the critical electrode or at the
reference, and whether they are influenced by generators
distant from the electrodes. Subsequently, evoked spectral
responses were calculated for three frequency bands. The
procedure was the following. CSDs were first padded to
zeros by using cosines, and then submitted to FFTs.
Amplitudes of the FFT transformed signal were multi-
plied by cosine-shaped windows (25-35 Hz, 3545 Hz,
62.5-77.5 Hz). The filtered signals were restored by in-
verse FFTs and rectified by calculating root mean
squares. The spectral power values were averaged over
trials. Logarithms were calculated in order to approximate
a normal distribution of power values. Two separate
evaluations were performed. In one of them, responses to
presentation of the regular pattern in the left and right
visual half-fields were compared (left/right analysis). In
the second evaluation, responses from the upper and the
lower mode of presentation were compared (hi/lo analy-
sis). For each condition, spectral responses obtained from
2% 3 electrodes were statistically evaluated. The three

Fig. 2. Electrode array used for recording spectral responses. The center
electrode was placed 6 cm anterior to the inion. All recordings entered
CSD analyses. CSDs from the clectrodes represented as black dots
entered statistical analyses. Data from the three upper- versus lower-
most (black) electrodes were used in the hi/lo analysis. Data from the
three right- versus leftmost (black) electrodes were used in the left/right
analysis.
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Fig. 3 Mean normalized spectral power relative to baseline in three
frequency bands (25-35 Hz, 35-45 Hz, and 62.5-77.5 Hz) obtained
during presentation of moving bars in the upper and lower visual half-
field, Displayed are mean spectral responses at the three uppermost
electrodes and the three lowermost electrodes represented as black dots
in Fig. 2. The middle diagrams (35-45 Hz range) display the significant
interaction of presentation mode X recording site. Note that upper vis-
ual field stimulation produced greater responses at lower electrodes and
conversely only in the 40-Hz band.

electrodes of the first and third column of the (3 x 3) ar-
ray were selected for the left/right-evaluation (see black
dots in Fig. 2). Data from the three electrodes in the first
and third row entered the hi/lo evaluation. Mean values
from the first 500 ms of the critical condition were nor-
malized by subtraction of the mean obtained in the first
500 ms of the baseline condition. Data from individual
subjects averaged over trials were submitted to ANOVAs
with the factors electrode (Ist, 2nd, 3rd), recording site
(left/right or hi/lo), and presentation mode (again,
left/right or hi/lo).

Spectral responses to bars presented in the upper or
lower visual fields altered spectral responses in the 35—
45 Hz band exclusively. Effects elicited by aligned mov-
ing bars in the upper versus lower visual field were relia-
bly different. Analysis of normalized means revealed a
significant interaction of the factors recording site and
presentation mode in the 35-45 Hz range (F(1,11) = 6.8,
P <0.025). This interaction -was due to stronger 40-Hz
responses at the lower electrodes in the upper visual field
condition and to stronger responses at the upper elec-
trodes in the lower visual field condition (Fig. 3). Analy-
ses of all other frequency bands failed to reveal signifi-
cant main effects or interactions. There were also no reli-
able differences after stimulation with short bars in the
left versus right visual field condition (F < 1).

Two additional analyses were performed to confirm
the recording site X presentation mode interaction in the
40-Hz range: In one analysis, moving averages of spectral
power were obtained in 200-ms wide windows. Windows
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were shifted by 40 ms. For each trial, the maximum value
observed during presentation of the critical (regular) vis-
ual pattern entered the analysis, after subtraction of the
respective baseline value (analysis of normalized maxi-
ma). Raw maximum values entered another analysis
(analysis of raw maxima). In both of these analyses, the
interaction of presentation mode and recording site was
significant (F(1,11)=9.9, P<0.01; F(1,11)=11.6,
P < 0.01). Higher 40-Hz maxima were found at lower
electrodes when the regular pattern appeared at the top,
while regular patterns in the lower visual half-field elic-
ited higher 40-Hz maxima at upper recording sites. This is
in agreement with the results from the analysis of normal-
ized means.

The main finding of this study is that scalp topography
of 40-Hz responses shifts appropriately with stimulus
position when coherent stimuli appear in the upper versus
lower visual field. Stimuli appearing in the upper visual
field are projected to the lower half of the retina from
where information flows to more ventral (lower) sites of
the primary visual cortex; stimulus information from the
lower visual field is transferred to the upper half of the
retina which projects to more dorsal (upper) occipital
cortices [13]. Most likely, changes in evoked EEG re-
sponses go back to EPSPs in many apical dendrites of
pyramidal cells in the upper cortical layers of cortical gyri
(causing radial dipoles), rather than to activity in sulci
(leading to tangential dipoles) [2]. Because large parts of
the human striate cortex are buried in the calcarine fissure
and in the interhemispheric sulcus, it is possible that the
local change of 40-Hz power is primarily generated in
primary visual cortices outside these sulci. However, neu-
rons sensitive to moving bars are very well known to be
present not only in primary cortices, but also in higher-
order visual cortices [8]. It has even been shown that syn-
chronized periodic activity can be observed in primary
and higher-order visual cortices of animal brain, when
moving bars are presented [5]. Therefore, neural activity
in higher-order visual cortices may have contributed to
the observed changes in EEG spectral responses. In addi-
tion, specific changes in the 40-Hz band of the EEG sig-
nal must be due to simultaneous activity of large neuronal
populations close to the recording sites, otherwise the
signal would not be strong enough to spread to the elec-
trodes. These numerous neurons are unlikely to be re-
stricted to small cortical areas, rather they are likely to be
distributed over several areas. Finally, the fact that differ-
ential 40-Hz power changes could be recorded at up to
three electrodes up to 7 cm apart also argues that distrib-
uted networks led to the observed responses. Therefore, it
may well be that assemblies of strongly coupled neurons
distributed over various visual cortices of both hemi-
spheres are the generator of 40-Hz power changes visible
in the EEG. Such neural assemblies may ‘oscillate’ simul-
taneously in the 40-Hz range after stimulation with a be-
haviorally significant visual stimulus. However, differen-
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tial spectral responses may also result from more complex
spatio-temporal patterns of neuronal activity to which
large numbers of neurons contribute [1]. It is, however,
important to note that coherent oscillations or repetitive
spatio-temporal patterns of activity are only possible in
strongly coupled cell assemblies [3].

There were no 35-45 Hz differences in the spectral re-
sponses to moving bars presented in the left versus right
visual field. Possible reasons include shorter bar length
(see Fig. 1), and the failure to stimulate mirror image ar-
eas in the two hemispheres. Interhemispheric circuits
could be important for generating 35-45 Hz activity [6]
and the greater cancellation of visually evoked responses
by our CSD analysis when this activity is asymmetrical
could have increased sensitivity to other activity in the
hi/lo analysis.

Our results require that: (i) the assemblies responsible
for elevated 35-45 Hz activity be large enough to cause a
detectable change at the surface of the skull; and (ii) their
cortical topography vary with visual field stimulus loca-
tion. These assemblies appear to span cortical areas in
both hemispheres. Our findings are furthermore in
agreement with results reported earlier that behaviorally
significant, common and meaningful real words lead to
stronger gamma-band responses than behaviorally irrele-
vant, uncommon and meaningless pseudowords [11]. It
appears that the brain expresses its opinion about behav-
ioral relevance of stimuli in terms of gamma-band re-
sponses [17].
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