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EEG data were analyzed using FieldTrip software pack-
age (http://www.ru.nl/neuroimaging/fieldtrip), a toolbox
developed for MATLAB (MathWorks, Natick, MA). A
notch filter at 60 Hz was applied to cancel power-line
noise. For one participant, noise contamination in other
frequencies was so large that data had to be discarded and
the analysis was then conducted on the remaining nine
participants. Eye movement and muscle-related compo-
nents were identified by independent component analysis,
and these artifactual components were removed from the
data (Jung et al., 2000). EEG epochs were analyzed in a
window of T2000 ms around the key press and then
checked again for possible eye-related artifacts by visual
inspection. In this way, for the two blocks of motion
viewing (Figure 1A), roughly half of the key switches
indicated a transition into the perceived illusory motion
and half a transition into the perceived veridical motion,
although total viewing time for the two conditions were
different. When analyzing binocular rivalry (Figure 1B),
we compared transitions between the red-rightward
percept and the blue-leftward percepts. The trials of the

motor control condition were combined (i.e., from left
button to right, or from right to left) as we expected no
difference between them. Oscillatory activity between 4
and 55 Hz was computed using a wavelet-based time-
frequency analysis. The signal from each trial was
convolved with complex Morlet wavelets, belonging to a
wavelet family with a constant ratio f0/Af equal to 5
(Tallon-Baudry, Bertrand, Delpuech, & Permier, 1997).
This parameter defines a wavelet duration of 398 ms at
4 Hz and 29 ms at 55 Hz as extreme values. The power
of the oscillatory activity was then averaged across the
124 channels covering the whole scalp as there was no
a priori hypothesis about the location of the activity.
Power was computed for the classic frequency bands
(theta, 4–7 Hz; alpha, 8–13 Hz; beta, 14–30 Hz; and
gamma, 31–55 Hz, see Nunez & Srinivasan, 2006).

A non-parametric randomization clustering approach
(Maris & Oostenveld, 2007) was applied to control for
multiple comparisons. After computing the t-statistic for
each time point in the data, the algorithm clusters together
those significant data points (p G 0.05, two-tailed) that are

Figure 1. Illusory motion reversal (IMR) was compared with binocular rivalry (BR) and a motor control condition. (A) Participants watched
for two 10-min sessions a series of dots moving in a constant direction and reported which direction was perceived. For half of the
participants, the actual direction of motion was mirrored. Analysis was conducted separately for the switch into illusory and into veridical
direction perception. (B) During BR, participants viewed through color-filtered glasses two superimposed incongruous gratings and
reported which one of the two dominated perception. (C) In motor control, participants were asked to press the buttons at times of their
choosing.
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this observation between the beta power before and after
the switch yielded no significant difference for the BR
condition (t(8) = 0.15, p = 0.89 for Figure 2C and t(8) =
j0.36, p = 0.73 for Figure 2D) while the paired t-test for
the IMR condition was significant in both cases (t(8) =
j2.89, p G 0.025 for Figure 2A and t(8) = 2.75, p G 0.025
for Figure 2B). Below, we will explore the speculation

that the probability of a percept correlates with the
synchronized activity of underlying neural circuitsVthat
is, more probable percepts are associated with larger
neural populations, which, when they dominate, yield a
stronger EEG signal.

Predicting perceived motion direction from EEG data

Based on the observation that the beta amplitude
correlates with the perceived motion direction, we
returned to the raw EEG data and used the beta power
before and after each key press to blindly predict the
direction of the perceptual switch (see Methods section).
Perceptual switches accompanied by beta power decrease
(before vs. after switch) were classified as a switch from
veridicalYillusory perception, and those with beta power
increase were classified as illusoryYveridical switches.
This simple algorithm was able to correctly identify
66.26% of trials for each of the 17 blocks. This percentage
was highly significantly different from chance (t(16) =
5.79, p G 10j4), and in all the blocks except one, the
correct classification was above 50%. Although its
accuracy is still rather low, this method has a higher
success rate than previous presented methods (VanRullen
et al., 2006). Generally, this type of analysis is substan-
tially hindered by the poor signal-to-noise ratio of single-
trial EEG (Jung et al., 2001), yet in the future more
sophisticated algorithms might identify the conscious
percept with greater precision.

Alpha frequency band

Activity in the alpha band showed a similar pattern to
beta but with a few interesting differences. First, around
the time of key press, the oscillatory activity in the motion
condition dropped and returned to the initial level after
approximately 1 s. However, this drop was not observed
in the BR condition (Figure 3).

Second, the amplitude difference between veridical and
illusory motion perception was only significant before the
key press, specifically in the time interval j2000 to
j1800 ms and j1100 to j750 ms (p G 0.05 for each time
window, Figure 3). Preceding a perceptual switch, veridical
motion perception is correlated with larger alpha power
than the illusory perception. This result is consistent with
VanRullen et al. (2006), in which they report a 13-Hz
component associated with veridical motion perception.

Because alpha activity was significantly different before
the switch but not after, we wondered whether our time
window was not large enough to detect a divergence after
the switch. We therefore tried expanding the time window
up to +4000 ms and found that alpha activity increases for
the veridical condition after È2500 ms, indicating that
alpha activity indeed flips around the perceptual switch,
similar to beta activity but with different temporal
dynamics. However, these observations must be taken

Figure 2. Time course of beta power (14–30 Hz). Averaged EEG
activity across all electrodes for (A) transition to illusory motion
perception, (B) transition to veridical motion, and (C–D) transitions
between the two binocular rivalry percepts. For the motion
conditions, solid and dotted lines indicate veridical and illusory
perceptions, respectively. Traces are aligned to time 0, the time of
the transition between depressed keys. The horizontal line at
97.69 mV2 represents the mean for all the conditions in this time
window. (E) All conditions shown above are combined into one
graph. The control condition, in which participants alternated key
presses with no visual stimulus, is shown in black. Horizontal bars
highlight the periods in which the activity was significantly different
between veridical and illusory motions (j1200 to j900 ms, j800
to j700 ms, and +900 to +1250 ms). Note that the conditions
were marginally significant (p G 0.07) in a larger window that
extended from +500 to +1250 ms. The two transitions in the BR
conditions were not significantly different at any time point.
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direction. If this hypothesis is correct, we reasoned that
investigations into IMR and binocular rivalry (BR) could
reveal common underlying mechanisms. In the present
experiment, we report changes in synchronized oscilla-
tions that correlate with the conscious perception.

It has been hypothesized that conscious perception
arises from coalitions of neurons whose activity, when
maintained above a critical threshold, represents a percept
(Crick & Koch, 2003). The oscillatory activity that
maintains such coalitions has been linked to visual
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perception and awareness (Crick & Koch, 1990; Engel &
Singer, 2001). Extending these hypotheses, we propose
that the amplitude of these oscillations reflects the
effectiveness of the neural coalitions representing the
competing perceptsVthat is, which of two rivaling
percepts dominates at any moment (Figure 4D). In other
words, the size of the neuronal ensemble that drives the
widespread oscillatory activity determines the power of the
EEG signal. In the case of motion viewing, more neurons
encode the veridical direction than the illusory one, and
when the perception is driven by the former, the amount of
EEG activity measured at the scalp will be larger. In
contrast, equally sized coalitions are responsible for the two
equiprobable percepts during BR, resulting in an almost
equal level of beta power during the two possible percepts.

Beta frequency band

The following lines of evidence support beta oscilla-
tions as an index of visual perception. Changes in beta
power between veridical and illusory motion directions
are so consistent that it was possible to predict the
perceived motion direction on the basis of the difference
in synchronized activity with good accuracy. Conversely,
during BR, in which the percepts are equiprobable, the
average power preceding and following the transition did
not significantly change (Figures 4A–4C). Finally, a
temporally specific low level in beta activity was present
at the time of the key press for the three rivalry conditions
but not for the control motor condition. We hypothesize
that this lower, unspecific activity is the result of the
disengagement of the synchronized activity underlying a
stable perceptVin other words, there is a transition of

coalitions during the switch, meaning that neither pop-
ulation is well synchronized.

Furthermore, capitalizing on the difference between
veridical and illusory motion perceptions, we compared
the scalp topography of the beta power for the IMR
condition (Figure 5). The topographical distribution of
the power difference between the two conditions was
extremely stable before and after the switch. The scalp
topography showed the largest differences over the
occipital–parietal areas, which reflects the involvement
of neuronal generators located in the extrastriate visual
cortex, as reported in neuroimaging studies of visual
rivalry (Lumer & Rees, 1999; Tong, Nakayama, Vaughan,
& Kanwisher, 1998). This confirms the hypothesis that the
amount of synchronization of specific groups of neurons
organized in coalitions is responsible for the conscious
perception.

If perception is underpinned by distributed neural
coalitions (Crick & Koch, 2003), synchronized beta
oscillations could represent the mechanism underlying
long-range communications in a brain network. This is in
contrast to gamma activity, which operates on a smaller
spatial scale (Kopell, Ermentrout, Whittington, & Traub,
2000; Sehatpour et al., 2008; von Stein, Rappelsberger,
Sarnthein, & Petsche, 1999). Long-range communication
in neuronal networks might be necessary to integrate the
global neuronal workspace, a collection of areas theorized
to be necessary for conscious perception (Baars, 2005;
Dehaene & Naccache, 2001). Evidence for a role for the
beta frequency in long-range synchronization of brain
activity comes from multisensory integration (Senkowski
et al., 2007), visual detection tasks that involve sensory,
parietal, and motor areas (Brovelli et al., 2004; Classen,
Gerloff, Honda, & Hallett, 1998; Donner et al., 2007), and
the distributed maintenance of visual objects in short-term

Figure 5. Scalp topography of beta power for the illusory motion condition (A) before the perceptual switch (j2000 to j500 ms) and
(B) after the perceptual switch (+500 to +2000 ms). The colors represent the ratio between the transition from veridical to illusory (Figure 2A)
and the transition from illusory to veridical (Figure 2B). The similarity between the topographical distributions of the differences in beta
power suggests that power changes are due to the modulation of the synchronization of the very same neuronal generators.
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