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Abstract

Ambiguous figures induce sudden transitions between rivaling percepts. We investigated electroencephalogram fre-
quency modulations of accompanying change-related de- and rebinding processes. Presenting the stimuli dis-
continously, we synchronized perceptual reversals with stimulus onset, which served as a time reference for averaging.
The resultant gain in temporal resolution revealed a sequence of time—frequency correlates of the reversal process.
Most conspicuous was a transient right-hemispheric gamma modulation preceding endogenous reversals by at least
200 ms. No such modulation occurred with exogenously induced reversals of unambiguous stimulus variants. Post-
onset components were delayed for ambiguous compared to unambiguous stimuli. The time course of oscillatory
activity differed in several respects from predictions based on binding-related hypotheses. The gamma modulation
preceding endogenous reversals may indicate an unstable brain state, ready to switch.

Descriptors: Binding problem, EEG, Gamma oscillation, Necker cube, Object perception, Temporal coding hypothesis

Research on multistable perception phenomena dates back to
Necker’s initial paper (Necker, 1832). However, the neural pro-
cesses underlying spontaneous perceptual reversals remain elusive
(for reviews, see Blake & Logothetis, 2002; Long & Toppino, 2004).
A Dbetter understanding of how the perceptual system changes
spontaneously between two different representations of the same
visual object could also shed light on another more general issue, the
binding problem: How, in principle, does the brain integrate sep-
arately analyzed features to a coherent object representation (e.g.,
Livingstone & Hubel, 1988; Treisman & Gormican, 1988; Uhlhaas
et al., 2009)? In the last two decades binding type problems have
also been discussed in connection with the grouping of letters of a
word or words within a sentence, with the match of memory con-
tents and perceptual contents, with sensory-motor coupling, the
dynamic integration of distant neural subsystems, and with learning
and consciousness (e.g., Cosmelli et al., 2004; Herrmann, Munk, &
Engel, 2004; Revonsuo, 1999; Uhlhaas et al., 2009).

A widely favored but also criticized (e.g., Shadlen & Movshon,
1999) approach to the resolution of ““the” binding problem relies on
the temporal aspects of neural activity. It is hypothesized that neu-
rons engaged in a common task such as the perceptual represen-
tation of some visual object are coordinated and grouped together
through temporally synchronized rhythmic firing (Engel, Fries,
Konig, Brecht, & Singer, 1999; Milner, 1974; von der Malsburg,
1981). This concept received support from studies with single cell
recordings in animals (Eckhorn et al., 1988; Fries, Roelfsema,
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Engel, Konig, & Singer, 1997; Gray, Konig, Engel, & Singer, 1989;
Hirabayashi & Miyashita, 2005) and in humans (e.g., Tallon-Bau-
dry, Bertrand, Henaff, Isnard, & Fischer, 2005).

A version of the temporal coding hypothesis applicable to
electroencephalogram (EEG) data was proposed by Tallon-
Baudry and Bertrand (1999). According to their “‘representational
hypothesis,” induced gamma band activity (iGBA; cf. Data
Analysis) should play an important role in object representation:
Characteristic iGBA modulations would accompany the forma-
tion and decay of a coherent percept and reflect, for example, the
binding of spatially restricted bottom-up neural activity related to
the visual input and top-down activity like rehearsal, retrieval, and
utilization of an internal (memorized) representation (e.g., Herr-
mann et al, 2004; Lutzenberger, Pulvermuller, Elbert, &
Birbaumer, 1995; for a review, see Tallon-Baudry, 2009).

Spontaneous perceptual alternations in the absence of an ex-
ternal stimulus change should provide ideal test cases for the
binding-by-synchrony/temporal coding and the related repre-
sentational hypotheses (Borisyuk, Chik, & Kazanovich, 2009;
Doesburg, Kitajo, & Ward, 2005; Engel et al., 1999; Engel, Fries,
& Singer, 2001; Revonsuo, 1999; Tallon-Baudry & Bertrand,
1999; Varela, Lachaux, Rodriguez, & Martinerie, 2001). This is
because such alternations should be accompanied by de- and
rebinding processes and thus by changes in neural synchroniza-
tion of a purely endogenous origin free from the confounding
factors inevitable when the physical stimulus is changed.

Ambiguous Figures, EEG Oscillations, and the Time Reference
Problem

Perceptual reversals of ambiguous figures have been reported
to be associated with a transient increase of (anterior right
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hemispheric) gamma oscillatory activity (Basar-Eroglu, Striiber,
Schiirmann, Stadler, & Basar, 1996; Mathes, Struber, Stadler, &
Basar-Eroglu, 2006; Striiber, Basar-Eroglu, Hoff, & Stadler,
2000; Striiber, Basar-Eroglu, Miener, & Stadler, 2001), a
concurrent decrease of alpha activity, and a P300-like positive
event-related potential (ERP) component (isoglu-Alkag et al.,
2000; Striiber & Herrmann, 2002).

A major problem with endogenous perceptual reversals is the
lack of a suitable time reference for the not directly accessible
reversal instant (Keil, Muller, Ray, Gruber, & Elbert, 1999;
Kornmeier & Bach, 2004; Striiber & Herrmann, 2002). Most of
the above mentioned studies used the participant’s manual re-
sponse for this purpose. However, the intra-individual temporal
jitter of the reaction times makes it difficult to identify a phys-
iological signature as pre-, peri-, or post-reversal, complicating
the interpretation of the reported effects. Stimulus presentation
events as time reference were used by Keil et al. and Muller,
Federspiel, Fallgatter, and Strik (1999). The former group found
reversal-related gamma modulation but could not clarify
whether it precedes or follows the reversal. The latter group re-
ported reversal-related modulations in the delta and alpha fre-
quency ranges but did not analyze higher frequencies.
Unambiguous stimuli for comparison purposes were considered
in neither of the two studies.

Recently Kornmeier et al. (Kornmeier & Bach, 2004;
Kornmeier, Heinrich, Atmanspacher, & Bach, 2001) proposed
another approach to the time reference problem applicable to
any type of ambiguous figure. They drew upon Orbach, Ehrlich,
and Heath’s (1963) and Orbach, Zucker, and Olson’s (1966)
indication that presenting the Necker cube discontinuously with
short interruptions should urge the reversal instant into a definite
temporal relation with, and close to, stimulus onset. Kornmeier
and Bach (2005) adopted this presentation mode and used the
stimulus onset as time reference for averaging EEG trials. They
reported an improved precision of this time reference with regard
to the reversal instant (+ 30 ms; Kornmeier & Bach, 2005) com-
pared to reaction time (+ 100 ms; Kornmeier & Bach, 2004).
This also improved the temporal resolution of the underlying
processes and allowed them to identify a chain of successive ERP
components.

In the present article, the gain in temporal precision is utilized
to reliably distinguish, for the first time, pre- and peri/post-
reversal activity modulations in the frequency domain. This
paves the way for testing some conceptions about binding and
object representation related to the binding-by-synchrony and
the representational hypotheses. Neural correlates of binding
were most often reported for (and searched in) the gamma band,
with a special focus on induced gamma activity (e.g., Roskies,
1999; Tallon-Baudry & Bertrand, 1999). Recent contributions to
the temporal coding discussion also take lower frequencies into
account (e.g., Fries, Nikolic, & Singer, 2007). Accordingly, we
study amplitude modulations in the theta to beta bands in ad-
dition to the gamma band. Frequencies below 4 Hz (delta) would
require longer analysis segments than the ones used here and are
not considered. The data analyzed in the following is taken from
Kornmeier and Bach (2004).

Methods

Participants
Sixteen participants (aged 20 to 31 years, 9 women, 7 men) with
normal or corrected visual acuity took part in the experiment.
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They gave informed written consent to participate and were
naive as to the specific experimental question. The experiments
were performed in accordance with the ethical standards laid out
in the Declaration of Helsinki (World Medical Association,
2000) and approved by the local review board.

Stimuli

Stimuli were perceptually ambiguous Necker lattices (a combi-
nation of nine Necker cubes; Figure lc,d) and unambiguous
variants with depth cues (shading, central perspective, OpenGL
lighting model; Woo, Neider, & Davis, 1998) related to the two
possible three-dimensional (3D) interpretations of the Necker
lattices (Figure la,b). All stimuli were generated with a Macin-
tosh G4 computer and presented on a Philips GD 402 mono-
chrome monitor with a frame rate of 85 Hz under a viewing angle
of 7.51° x 7.51°. Luminance of the Necker lattice was 20 cd/m?;
luminance of the unambiguous lattices was 20 cd/m?> averaged
across all vertices. In all experimental blocks, successive stimuli
were jittered in 3D space over =+ 12° of both elevation and
azimuth angle, resulting altogether in 14 unambiguous and 7
ambiguous variants, thus avoiding afterimages as trivial local
cues. A small cross in the center of the screen served as a fixation
target.

EEG Recording

EEG was recorded from nine gold-cup scalp electrodes at Oz, P3,
P4, Pz, C3, C4, Cz, Fz, and FPz (American Clinical Neuro-
physiology Society, 2006), with averaged ears as reference.
Vertical electrooculogram (EOG) electrodes controlled for
eyeblinks. Signals were amplified, filtered (first-order analogous
bandpass 0.3-70 Hz), digitized with a resolution of 12 bits at a
sampling rate of 500 Hz, and streamed to disk.

Procedure

The Necker lattice is a two-dimensional projection of a 3D
object. When viewed binocularly, a conflict arises between the
3D interpretation and the missing stereo disparity. Participants
viewed the stimuli monocularly in order to prevent such a con-
flict. We ran two experiments, one with the ambiguous Necker
lattices, the other one with the unambiguous lattices. In each
experiment the stimuli were presented discontinuously, an 800-
ms presentation interval alternating with a 400-ms interstimulus
interval (ISI) showing a blank screen. After ambiguity of the
Necker stimuli was pointed out to the participants, they com-
pared in a go/no-go task the perceived front—back orientation of
the current stimulus with that of the preceding one in two ex-
perimental conditions. In one condition they pressed a key
whenever the currently perceived orientation differed from the
preceding one (reversal condition [RC]). The second condition
was identical except that the task was the opposite: a key press
whenever the perceived orientation of the stimulus remained the
same (stability condition [SC]). Each key press, which had to be
executed in the ISI following the task-relevant event, extended
that ISI to 1000 ms and terminated the current trial. The first
stimulus thereafter started the next trial, which again lasted until
the next key press. A trial thus consisted of several (at least two)
ISI+presentation interval pairs hereafter called segments.
Because of the go/no-go paradigm, the number of such seg-
ments varied from trial to trial. The average number of segments
within a trial differed also between conditions and stimuli. For
instance, a trial usually included more segments (hence lasted
longer) under condition RC than under SC, because a percept
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Figure 1. Paradigm. Participants viewed in different experiments either unambiguous lattices (a,b) or ambiguous lattices (c,d) and compared the 3D
perspective of successively presented stimuli. In separate experimental conditions they indicated in a go/no-go manner either a perceived perspective
reversal (conditions RC in a and c) or perceived stability (conditions SC in b and d) across two successive stimulus presentations by a key press in the ISI
following the respective perceptual event. Each key press extended the current ISI from 400 ms to 1000 ms.

reversal across two successive presentations was less likely than
percept stability.

In each of the four experiment—condition combinations, trials
came in six blocks, with a break of about 1 min in between.
Usually, a block was terminated after either 20 responses or 7
min duration. For a few participants with many artifacts or
low reversal rate, block length was prolonged in order to
get roughly 100 artifact-free trials (see below) per experiment and
condition. The 2 x 2 x 6 =24 blocks were counterbalanced
across experiments and conditions in an ABCDDCBA scheme in
order to reduce sequential effects. The entire experimental session
lasted about 3 h with a break of about 10 min after half of the
time.

Our design disentangles trial epochs from task execution and
motor activity. Furthermore, it introduces the stability condition
as a suitable control for the reversal condition. In the latter,
participants were instructed to report reversals only if they
occurred with stimulus onset and to ignore reversals (if any)
occurring later in the presentation interval. They reported after
the experiment that such delayed reversals happened never or
very rarely.

Data Analysis

EEG recordings were split into trials (cf. Procedure), and an
analysis segment was chosen within each trial. The analysis seg-
ment consisted of the /ast (800 ms) presentation interval before a
key press along with the (400 ms) interstimulus interval preceding
it. The instant of stimulus onset in an analysis segment was cho-
sen as the common time reference across trials, 7 = 0. Because
endogenous perceptual reversals might be initiated earlier than

400 ms before stimulus onset, we occasionally also considered
extended analysis segments reaching from 1600 ms before to 800
ms past = 0. Analysis segments showing amplitude excursions
exceeding 4100 pV, typically related to blinks or eye move-
ments, were automatically detected and discarded, along with the
whole trial containing that segment. The minimum number of
artifact-free analysis segments per participant, experiment, and
condition was 64, the maximum 171, the average 113.1.

We then computed the short time Fourier transform (STFT)
across each artifact-free analysis segment, using a Hanning win-
dow (Papoulis, 1962) with four different window widths. The
selected window widths were 160, 240, 320, and 480 ms, to be
applied with different frequency ranges corresponding to 40—65
(upper gamma), 2640 (lower gamma), 14-26 (beta), and 4-14
Hz (theta to alpha), respectively. The time region actually an-
alyzed was restricted to the interval [ — 240, 480] ms in order to
minimize boundary effects and because “late” components were
not in our focus.

Based on the single trial STFTs, a three-level hierarchy of
(event-related) time—frequency charts (TFC) was defined as fol-
lows: (1) At the lowest level, for each subject, stimulus, exper-
imental condition, electrode, and analysis segment, single trial
time—frequency charts (TFCy;,) were obtained by taking abso-
lute values of the respective STFT (amplitudes) and subtracting a
frequency-specific baseline (more details below). (2) At the sub-
ject level, individual time—frequency charts (TFCqyp;) were ob-
tained by averaging the respective single-trial time—frequency
charts across trials. (3) Finally, grand means of the individual
time—frequency charts across participants yielded average time—
frequency charts (TFCypana)-
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For statistical testing, TFCs were compressed on the fre-
quency axis and band-activity traces (BATi., BATgubj
BAT,ana) Were obtained by averaging the respective TFCs
across various frequency bands in the theta to gamma range. To
remove the activity related to stimulus onset and the processing
of low-level stimulus features, we focused on differences of TFCs/
BATs under the reversal (test) and stability (control) conditions,
namely, RC minus SC.

A note on terminology: The TFCs/BATs as computed here
represent what is often called induced activity. We adhere to this
usage even though some authors prefer to call it total activity
(e.g., Herrmann et al., 2004). More important is the delimitation
of induced/total activity from evoked activity, which is computed
from the ERP rather than from single trials. Evoked activity
picks up only those features that are strictly phase-locked,
whereas the present induced measures also collect activity jitter-
ing in time across trials, as it typically occurs before stimulus
onset and at higher latencies or in endogenously generated pro-
cesses, which are of particular interest here.

Statistics

Under the null hypothesis Hy, ‘‘no systematic difference between
the reversal condition (RC) and the stability condition (SC),” the
time course of the difference of the respective band activity traces
should only exhibit chance fluctuations around the zero line.
Randomization tests were performed to check for systematic
departures from Hy at the population level.

The tests were based on the maximum and minimum values
(separately) assumed by the difference of the average ( = average
of differences) traces BATy4nd(RC) — BATy40q(SC) within a
time region of interest (ROI). A reference null distribution for the
observed extrema was obtained as follows. For each subject, the
two BATj,p; under study were randomly labeled SC* and RC*.
The difference BATp,j(RC*) — BAT,;(SC*) was then averaged
across participants, and the extreme values were obtained in the
resulting average trace. This was repeated 10,000 times, provid-
ing reference distributions, hence p values, for the actually ob-
served maximum and minimum values. Such a randomization
procedure yields a correct p value up to a random error that is
largely negligible with 10,000 repetitions (Edgington & Onghena,
2007).

To get a time-, frequency-, and space-resolved picture, the
tests were carried out for a large number of (preselected) tfe cells:
A tfe cell is understood as a triplet (7,F,E) resulting from the
choice of a ROI T, a frequency band F, and an electrode E. ROIs
T were chosen as overlapping time intervals of width 160 ms
centered at delays — 80, 0, 80, ..., 400 ms with respect to stim-
ulus onset. Frequency bands F'in the range 4-65 Hz, such as 4-7
Hz, 8-13 Hz, and so forth, were selected jointly with suitable
window widths of the STFT as indicated above.! A significant
result for the maximum (minimum) type test at tfe cell (T ,F,E)

"Frequency bands F were selected by the following criteria. They
should (1) sparsely cover the range from 4 to 65 Hz, (2) fall roughly
within some standard frequency range, (3) be neither too large (to allow
for sufficient discrimination) nor too narrow (compared to the actual
frequency resolution), and (4) overlap (because a peak/dip at the bound-
ary of F is difficult to detect with average amplitudes across F). Given
these criteria, we decided to select the following frequency bands: 4-7; 8—
13, 10-15; 14-20, 20-26, 14-26; 26-32, 32-40, 26-40; 40-50, 45-55, 50—
60, 55-65; 35-55, 40-60, 45-65 Hz. It should be noted that the classical
frequency bands (e.g., alpha: 8-12/13 Hz) refer to ““raw” signals. How-
ever, which frequency bands are relevant to the comparison RC versus
SC is not a priori clear.
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indicates that the oscillatory activity for frequencies in band F at
electrode E is distinctly higher (lower) somewhere within ROI T
under the reversal than under the stability condition.

Analogous tests for comparisons a and b were applied at the
level of individual participants, based on the maximum (and
minimum) of the difference trace BAT,pj(RC) — BAT(SC).
Corresponding reference distributions were obtained similarly as
above by shuffling the single trials. The trials from both condi-
tions were pooled and then randomly reassigned to SC and RC,
observing the original number of trials in the two conditions.
Repeated 10,000 times, the procedure yielded a p value for the
observed maximum as above, now at the individual level.

The choice of a baseline interval presents special problems in
our case. Usually in studies with evoked potentials, the baseline is
taken across a short time interval before stimulus onset. The
exact choice was nonessential if “nothing of interest” happened
within this baseline interval, as is usually assumed. With ambig-
uous stimuli, however, endogenous perceptual reversals may well
be “prepared” prior to stimulus onset within the typical range of
baseline intervals, so that effects of interest may be confounded
with baseline adjustment effects.? To make significance criteria
less dependent on the choice of the baseline, we considered three
different baseline intervals, namely [— 100,0], [ —200,0], and
[ —240,+480] ms, and reported as “‘three-significant” only those
instances where the single tests were significant for all three
baseline intervals simultaneously. Precisely, we considered as
three-significant (**) any test for which all three p values are
<.01; and as three-significant (*) any test for which all three p
values are <.05 and p<.01 for at least one of the baseline in-
tervals.

We corroborated some results using a work-around for the
baseline interval problem: the derivative, or increment, of a band
activity trace with respect to time is independent of the baseline
interval. Because local maxima of a trace are preceded (or fol-
lowed) by maxima (or minima) of the derivative, the latter gives a
clue to the onset (or offset) of a positive deflection of the trace,
which can be of interest in itself. Tests for extrema of derivative
traces were implemented in complete analogy to those for the
original traces.

Alpha error inflation due to the massive multiple testing in-
volved was only accounted for by setting tight limits via the
notion of three-significance. Arguments defending such an ex-
ploratory approach are given in the discussion.

Results

Behavioral results (e.g., reversal rates) and ERPs for the present
data have already been reported by Kornmeier and Bach (2004).
Prior to our main results we first present, purely phenomeno-
logically, the raw time-frequency characteristics of the original
EEG response before differencing, which are also of interest.

Raw TFCs and BATs

Grand average TFCs averaged across the experimental condi-
tions (indication of perceptual reversal and stability) are shown
in Figure 2a, separately for the two stimuli (ambiguous [A] and
unambiguous [U]). The most conspicuous patterns common to
both stimuli are (a) the initial activation in the alpha to beta range

“The choice of the baseline interval determines what counts as a
positive or negative deflection. For example, if the baseline interval is
located around the global minimum of the trace, anywhere else one will
find positive deflections.
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immediately after onset that quickly shifts to and then persists in
the theta and lower alpha range (<10 Hz); (b) the sustained
deactivation in the beta band starting about 100 ms after onset at
20 Hz and afterward spreading to the whole beta and upper alpha
band (10-26 Hz); (c) the less pronounced, transient increase in
gamma activity (50 Hz) roughly around 350 ms after onset at the
frontopolar electrode (FPz); and (d) a fourth feature, not so
obvious from Figure 2a, that is a transient enhancement of
gamma activity within the ISI before onset.

Remarkably, this pre-onset gamma enhancement essentially
is confined to the ambiguous stimulus and to central and right-
hemispheric electrode positions. As another difference, the post-
onset gamma enhancement (feature ¢) apparently is delayed for
ambiguous compared to unambiguous stimuli.

Further interesting phenomena become visible when epochs
are prolonged to the “past” beyond the ISI; see Figure 3. For
ease of reference, let us call the intervals [ — 400, 600] ms and
[ — 1400, — 400] ms the last and the penultimate segments before
the key press, abbreviated LS and PS, respectively. Alpha and
beta band traces clearly exhibit deactivation with time, in a two-
fold sense. First, activity steeply goes down within both PS and

a Raw Data
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LS after a short ascent around the respective stimulus onset
(which is at — 1200 ms in PS) and then recovers steadily, though
without returning to its initial level. Second, on a larger time
scale, average amplitudes in the segment LS are distinctly de-
creased compared to those in the segment PS. In the theta band,
activity strongly increases with stimulus onset and settles back
roughly to its baseline after about 600 ms within both PS and LS.
Gamma band traces exhibit more complex features (Figure 3,
first three rows). Similar to the adjacent beta frequencies, there
appears to be a tendency for gamma deactivation at a larger scale
(i.e., across PS and LS). However, shapes differ from the stair-
case-like decrease in the alpha and beta bands and appear less
homogeneous across conditions, stimuli, frequency bands, and
electrodes.

Comparison of Experimental Conditions RC versus SC

The difference-TFCgyang in Figure 2b highlight the time—
frequency regions of higher or lower activity under RC com-
pared to SC. To single out the statistically significant excursions,
tests based on maximal deflections of difference-BAT,ana Were
carried out for a large number of tfe cells covering the time—

b Rewversal (RC) — Stability (SC)

3 Cz C4
Pa Pz P4

Figure 2. Time—frequency charts. The baseline interval was [— 100,0] ms. The color scale in panel a was chosen so as to emphasize small effects at higher
frequencies, which otherwise were unnoticeable due to dominance of low frequency amplitudes. (Conversely, modulations within large effects at low
frequencies become less distinguishable.) Dashed vertical lines mark the stimulus onset. TFCs for the ambiguous and unambiguous stimuli are stacked in
pairs, ambiguous on top, unambiguous underneath, on a gray background. (a) Raw time—frequency charts. Grand mean time—frequency charts were
obtained by averaging TFCg.nq (cf. Data Analysis) across conditions and stimuli. (b) Differences of TFCgynq (reversal minus stability). Entries in b such
as Al, U2, and so forth indicate the position in the time—frequency plane of significant deflections from zero (“‘components’; cf. Table 1). A: ambiguous;
U: unambiguous; 1, 2, and so forth: temporal order; black/white coloring of the numbers and letters is only for saliency.
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Figure 3. Band activity traces BAT,,,q Were obtained by averaging
time—frequency charts TFCy,nq over selected frequency bands. Solid and
dashed lines stand for reversal and stability conditions, respectively, and
gray-bold and black-thin for ambiguous and unambiguous stimuli,
respectively. For presentation, traces were baseline corrected by
subtracting average amplitudes.

frequency—electrode space (cf. Statistics). Table 1 lists all tfe cells
that gave rise to a three-significant test result for the ambiguous
stimulus, ordered according to peak time and grouped into com-
ponents. Such listings, followed by a grouping according to peak
time, frequency, and sign, underlie all features discussed in the
following. For frequencies below or above 26 Hz, significance is
understood as three-significant (*¥) or three-significant (*), re-
spectively. Only tfe cells with ROIs ending not later than 400 ms
after onset are taken into account.

In Figure 2b the significant components are indicated by
numbers in the order of their appearance, accompanied by prefix
A (ambiguous) in order to distinguish them from components
Ul, U2, and so on found with stimulus U (unambiguous). For
the latter, components were obtained in the same way as for
stimulus A, based on a list of three-significant test results. The
difference charts represent grand means without any information
about the variability across participants. Thus what appears
prominent in Figure 2b need not necessarily be significant, nor do
all significant components stand out clearly.

Figure 4 summarizes the test results by indicating peak times,
frequencies, positions, and signs of the components. The most
conspicuous difference between stimuli A and U is the appear-
ance of components Al and A2 within the ISI before stimulus
onset in the case of stimulus A. This pattern of activity has no
counterpart with stimulus U, which underlines a similar obser-
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Table 1. Listings of All Three-Significant Outcomes When Testing
RC versus SC (Necker Stimulus)

Extremum
ROI Frequency Peak
(ms) band (Hz) Electrode time (ms) Sign Component
[-240, —80] 26-32 P4 < =250 + Al
[- 160, 0] C4 — 160
[— 240, —80] Cz - 178
[-240, —80]  40-50 Oz —166 — A2
[- 160, 0] — 158
[- 160, 0] 35-55 — 166
[— 80, 80] 55-65 C3 26 — A3
[0, 160] 26
[— 80, 80] Cz 34
[— 80, 80] Fz 34
[— 80, 80] 4-7 Oz 74 — A4
[0, 160] 74
[0, 160] 8-13 P3 134 — AS
[80, 240] 134
[0, 160] 10-15 Fpz 134
[80, 240] 134
[0, 160] 8-13 Oz 146
[80, 240] 146
[0, 160] 10-15 Fpz 146
[80, 240] 146
[0, 160] P3 158
[80, 240] 158
[160, 320] 170
[160, 320] C3 170
[80, 240] P3 194
[160, 320] 194
[160, 320] C3 194
[240, 400] 45-55 C3 258+ A6
[240, 400] Cz 242
[240, 400] 35-55 Cz 250
[240, 400] 14-26 C4 338+ A7

Note: In columns 2 to 6, any entry identical to the one above it is omitted
for better readability.

vation made for the raw TFCs (feature d in the previous section).
Component A1 represents a positive deflection of the difference-
BATgng at low gamma frequencies (26-32 Hz) about 200 ms
before onset at right posterior and central positions. As a further
check of the genuineness of the deflection, permutation tests for
the derivatives of the difference traces were carried out (cf. Sta-
tistics). They resulted in significant (p <.01) minima at elec-
trodes C4 and Cz for ROIs [ — 240, — 80], [ — 160,0], and band
26-32 Hz located about 130 ms before onset, that is, in the right
flank of the peak of the original difference traces. No significant
maxima of derivatives were found in the left flank, maybe due to
a less rapid ascent to the maximum than decay from it. Com-
ponents Al, A2 are followed by a succession of three negative
deflections starting immediately after onset at left central and
frontal positions in the high gamma range (A3), and ending after
about 200 ms at left hemispheric positions with frequencies in the
range 815 Hz (AS5). Differential gamma reduction early after
stimulus onset also is observable for the unambiguous stimulus
(U1), whereas the latter two features (A4 and AS5) occur with
ambiguous figures only. A feature shared by both stimuli is the
positive higher gamma deflection at left central electrodes and
150 to 250 ms peak time (components A6, U2). In both cases it is
followed by a positive deflection in the beta band (components
A7, U3; see the gray underlain areas in Figure 4). However, there
is a marked difference in the peak time of the components
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Figure 4. Significance diagram: Summary of all significant differences (‘“‘components” in Table 1). The closed polygons surrounding electrodes mark
three-significant test results; color indicates the corresponding frequency range. Head positions on the time axes indicate peak time. Positive (negative)
excursions appear above (below) the time axes. Top: Necker stimulus; bottom: unambiguous stimulus. Gray backgrounds highlight apparent analogies

between ambiguous and unambiguous stimuli.

between stimuli, those for A being delayed by about 100 ms
compared to U.

Individual versus Group Results

Tests on the participant level were carried out only for tfe cells
relevant to the components identified in the group analysis. In-
terindividual variability was considered by allowing for slightly
more flexibility regarding frequency bands if these appeared too
narrow. For instance, component A1 was taken to consist of its
deviation type (positive) together with all tfe cells obtained by
free combinations of ROI [ — 240, — 80] ms, bands 26-32, 2640
Hz, and electrodes P4, C4, Cz. Table 2 summarizes the individual
test results by listing for each component the number of partic-
ipants having a three-significant outcome for at least one of the
relevant tfe cells. The term three-significance here is understood
in a weakened sense: (¥) and (**) mean that p <.05 and p <.02 for
all three baselines, respectively.

Discussion

Ambiguous figures allow for the investigation of EEG correlates
of the decay and rebuilding of object representations in the ab-
sence of potentially confounding factors related to a change in
visual stimulation. In the present study, we analyzed EEG cor-
relates of spontaneous perceptual reversals of a Necker-type
stimulus in the time—frequency domain. Using a discontinuous
stimulus presentation mode, we synchronized perceptual rever-
sals with stimulus onset and used the latter as a time reference for
the reversal instant. Participants continually compared the per-
ceived stimulus perspective between successive presentations. In
two experimental conditions of the go/no-go type, they had to

indicate either perceptual reversal (reversal condition) or per-
ceptual stability (stability condition). A second, entirely analo-
gous experiment was run with unambiguous stimulus variants.
There, the orientation reversals were induced by the stimulation
program.

This paradigm has a number of advantages. (1) The parallel
consideration of an experiment with unambiguous stimuli allows
for the identification of effects distinctive of endogenously gen-
erated percept reversals as compared to exogenously driven re-
versals. (2) Both experimental conditions, RC and SC, have
identical stimulation protocols, use the same stimulus, and re-
quire preparation of a motor response. Therefore, EEG patterns
related to such confounding factors should cancel when taking
differences RC minus SC, and only the reversal-related activity
should remain. Nevertheless, we also considered raw data before
subtraction for better comparability with related EEG studies in
which one or several confounders had not been, or could not be,
handled symmetrically in the test (here: RC) and control (here:
SC) conditions. (3) The discontinuous presentation paradigm
yields a time reference, stimulus onset, that is more closely
aligned to the reversal-related processes than a key press, the time
reference commonly used with continuous presentation para-
digms. Kornmeier and Bach (2006) reported a gain in temporal
precision by a factor of more than 3, which helped uncover ac-
tivity patterns that would otherwise be blurred by reaction time
jitter. In particular, pre- and peri-/post-reversal events could be
distinguished more reliably.

The present approach also has its limitations and challenges.
(1) Our results do not immediately carry over to the case where
the stimulus is observed continuously. Still, there is some
evidence that, in regard to the spontaneous reversal-related
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Table 2. Summary of the Individually Three-Significant Test
Results

Component
Al A2 A3 A4 A5 A6 A7 Ul U2 U3 U4
No. of 4 1 1 1 2 3 0 1 3 0 o0
participants
Significance *  *  *  wk % 5

#p<.05; #p<.01.

processes, the difference between the two settings is not substan-
tial (e.g., Kornmeier & Bach, 2004, 2006; Sterzer & Rees, 2008).
(it) By items 1-3 above, our approach opens up chances for
uncovering so far inaccessible neural correlates. This, conversely,
means that there is yet little knowledge about potential regions of
interest. One is thus left with a large search space initially, which
in turn suggests adopting an exploratory approach using heavy
multiple testing. (3) Any attempt to deal with the ensuing prob-
lem of alpha error inflation, for example, by means of (then
necessarily massive) Bonferroni adjustment, would require very
small p values. These, however are out of reach with the ran-
domization tests used here.® Given these considerations it ap-
peared to us more important at the current stage to collect
possibly meaningful patterns than to prove they are relevant.
Ultimately, the latter question will not be answered by a single
experiment but by accumulation of evidence from diverse studies
under varied conditions.

We here report for the first time a sequence of time—frequency
components tracking the processes underlying endogenous per-
ceptual reversals of ambiguous figures with high temporal pre-
cision. This sequence has several similarities to but also
important differences from the corresponding sequence for the
experiment with unambiguous stimulus variants.

Raw time-frequency characteristics (prior to differencing)

e Object presentation causes an initial amplitude increase in the
alpha and beta frequency range (after stimulus onset) that
quickly shifts to the lower alpha and theta band. Further,
there is a massive, sustained beta reduction starting about 100
ms after stimulus onset.

e On a larger time scale, average amplitudes at alpha and beta
frequencies are decreased in the last interval before response
compared to the penultimate stimulus interval.

These observations apply to both stimulus types and experimen-
tal conditions. Our main findings rely on test results for differ-
ences of band activity traces (BATs).

Differential time-frequency characteristics: Reversal minus
stability

e Lower gamma activity (26-32 Hz) was (differentially)
increased roughly about 200 ms before stimulus onset, which
deflection was followed by a decrease of higher gamma ac-
tivity (35-55 Hz) at about —160 ms. These

3Very small p values easily surviving Bonferroni correction are
attainable with the classical F-type tests, but presuppose overreliance on
distributional assumptions. Here, we applied randomization tests with
guaranteed validity practically independent of preconditions. However,
for the latter, it is often impossible to determine very small p values with
the necessary accuracy because the required number of Monte Carlo
simulations is infeasibly large.
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transient modulations of the difference traces showed a right-

hemisphic dominance and occurred with ambiguous Necker

stimuli only. No prestimulus gamma modulation was
observed in the case of exogenously induced reversals of un-
ambiguous stimuli.

e For both stimulus types gamma band difference traces de-
creased shortly after stimulus onset.

e About 250 ms after stimulus onset, there was a transient
increase of induced gamma activity for reversed compared to
unchanged (stable) percepts in the case of ambiguous stimuli.
A similar increase occurred about 100 ms earlier in the case of
unambiguous stimuli. We associate it with what is commonly
referred to as induced gamma band activity (e.g., Tallon-
Baudry, 2009).

Could Gamma Activity Modulations Be Explained by Miniature
Saccades?

In recent widely recognized studies, Yuval-Greenberg and Deou-
ell (2009) and Yuval-Greenberg, Tomer, Keren, Nelken, and
Deouell (2008) demonstrated that iGBA largely can be an ar-
tifact of a type of eye movement called miniature saccades. This
fundamentally questions the origin of iGBA in gamma oscilla-
tions and, thus, its functional role in visual grouping and the
related binding processes. We therefore checked whether minia-
ture saccades could alternatively explain the present iGBA re-
sults. To summarize briefly, we found iGBA to be correlated with
EEG spike clustering in the raw band activity traces (BATgyp;).
Quantitatively, spike clustering was less strong than in Yuval-
Greenberg et al.’s data. Moreover, the differential effects found
when comparing the reversal and stability conditions were only
marginally affected by spike rate modulations and less so for
component Al than for A6. Thus for our data, miniature sac-
cades do not provide a sufficient explanation of these differential
effects.

Neural Oscillations and Temporal Aspects of Binding

Our discussion will be organized around three predictions de-
rived from the representational hypothesis (cf. Introduction).
For clarity, let us state what, in the context of bistable perception
of a Necker type stimulus, we tentatively considered as most
relevant to binding: (i) the grouping of the single edges to a 3D
object seen in a certain, well-defined perspective and (ii) the
match of the incoming bottom-up sensory information with top-
down memory contents (e.g., the memorized perspective of the
stimulus).

Prediction 1: Onset of gamma activity when a new percept is
built up. 1f1GBA reflects binding in the sense of (i) and (ii) above,
the buildup of a new stable percept should be accompanied by an
onset of enhanced iGBA (Tallon-Baudry, 2009; Uhlhaas et al.,
2009). Based on previous ERP and reaction time findings we
expect the onset of such activity to be delayed for endogenous as
compared to exogenously induced reversals by about 40 ms
(Kornmeier & Bach, 2006). In any case, it should antecede neural
activity reflecting the maintenance of the newly built percept.

Enhancement of induced gamma activity at about 200-300
ms after stimulus onset of visual and auditory stimuli is an often
reported finding. It was related to a variety of cognitive func-
tions, often in connection with a binding interpretation (e.g.,
Engel et al., 2001; Herrmann et al., 2004; Tallon-Baudry & Ber-
trand, 1999; cf. Introduction) and recently also with miniature
saccades (Yuval-Greenberg & Deouell, 2009; Yuval-Greenberg
et al., 2008) as discussed above. For multistable perception,
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enhancement of induced gamma activity during spontaneous
perceptual reversals was observed in a number of studies (e.g.,
Basar-Eroglu et al., 1996; Mathes et al., 2006; Striiber et al.,
2000, 2001); however, the timing of this activity with respect to
the reversal instant remained vague. The higher temporal reso-
lution achieved in the present study revealed two instances of a
differential gamma modulation, located about 200 ms before and
after the onset of a perceptually reversed Necker stimulus. It
appears plausible to assume that binding as understood here does
not start until the stimulus is presented, leaving only the post-
onset gamma component as a possible correlate of binding. But
how early or late is 200 ms in regard to binding?

The earliest ERP correlate of an endogenous perceptual re-
versal of a Necker stimulus found by Kornmeier and Bach (e.g.,
Kornmeier & Bach, 2006) was a positivity about 130 ms after
stimulus onset (“‘reversal positivity””). The subsequent chain of
ERP components was delayed by about 40 ms compared to an
otherwise largely identical ERP chain found with exogenously
induced reversals of unambiguous stimulus variants. Kornmeier
and Bach argued that this processing delay should account for the
time necessary to disambiguate the ambiguous visual information
from the Necker stimulus and, furthermore, that the ‘““decision”
about the perceptual outcome had taken place 260 ms after stim-
ulus onset, at the latest, which is the temporal position of the
(ERP) “reversal negativity” (Britz, Landis, & Michel, 2009; Ko-
rnmeier & Bach, 2004, 2006; Pitts, Nerger, & Davis, 2007).

Let us, as in Kornmeier and Bach’s ERP analyses (e.g.,
Kornmeier & Bach, 2006), conceive of the succession of com-
ponents displayed in Figure 4 as single steps of some underlying
processing chain. Similarly here, the processing step underlying
the iGBA enhancement occurs later with endogenously than with
exogenously induced reversals (components A6, U2 in Figure 2b
and Figure 4), and its temporal position at about 250 ms fits well
with Kornmeier and Bach’s upper estimate for the completion of
the perceptual decision process. The time delays, 100 ms here
versus 40 ms in the ERPs, agree less well, which might partly be
due to the lower temporal resolution of time—frequency analyses
compared to ERPs. All in all, we may tentatively associate com-
ponents A6 and U2 with Kornmeier et al.’s reversal negativity.
Moreover, there might be a connection between the (hypothet-
ical) disambiguation process starting at their reversal positivity
and component AS5. The temporal position of the reversal pos-
itivity, at 130 ms, coincides with the beginning of A5’s temporal
extension (cf. Table 1). Along with AS’s broad spatial distribu-
tion, from occipital to frontopolar electrodes, and the fact that
neither A5 nor the reversal positivity have an analogue with the
unambiguous stimuli, this suggests associating component A5
with the disambiguation process involving recurrent activity be-
tween several brain areas.

We speculate that during disambiguation the perceptual sys-
tem tries to match—or bind—the visual information to one of
the perceptual interpretations (pre)existing in memory. Visual
information may be called ambiguous if more than one inter-
pretation is possible and a kind of binding competition takes
place. This could explain the time delay of the measured ERP and
frequency components between the ambiguous and unambigu-
ous stimuli. The assumption that this kind of binding has already
taken place at around 130 ms fits well with recent results by
Kirchner and Thorpe (2006), who found that natural scences
with and without animals can be distinguished as early as 120 ms
after stimulus onset. This would seem possible only if binding in
the above sense has already taken place by that time.

555

According to these considerations, the transient gamma mod-
ulation (component A6) about 100 ms after the alpha modula-
tion (component A5, between 130 ms and 190 ms) could mirror
perceptual processes executing after disambiguation and, hence,
after binding, in the sense described in connection with our pre-
dictions, has already been accomplished. This does not rule out a
binding interpretation of component A6. It could reflect binding
processes executing later on, such as binding necessary for a
conscious percept or the binding of the perceptual outcome with
the task and/or the related motor preparation and execution as
recently suggested (Revonsuo, 1999; Uhlhaas et al., 2009) This,
then, would mean that the processes from vision to action are
implemented in a stepwise fashion, a supposition that would yet
have to be verified. In any case, the discussion highlights the
necessity of clearly specifying what is meant by “binding” when it
comes to timing issues.

Prediction (2): Sustained gamma activity during perceptual
stability. 1f iGBA reflects the maintenance of a percept, it should
continue during perceptually stable periods. Recent studies (e.g.,
Rolls, 2000; Sterzer & Rees, 2008) suggest that the neural activity
underlying a stable object representation is maintained even
when the stimulus is temporarily absent during short inter-
stimulus intervals as used in the present paradigm.

We only found transient gamma modulations. This is in line
with a number of studies reporting a transient iGBA increase
between 200 ms and 300 ms after stimulus onset (e.g., Tallon-
Baudry, 2009). Induced gamma band activity was often inter-
preted as evidence for binding processes (e.g., Uhlhaas et al.,
2009). However, the question of how the result of this bind-
ing—the final object representation—is held active during the
period of the observer’s object awareness remains largely unan-
swered. If gamma oscillations were crucial in that respect, they
should continue during periods of percept stability. In fact, sus-
tained gamma activity could be observed with single cell abla-
tions in primates (e.g., Fries et al., 1997; Fries, Schroder,
Roelfsema, Singer, & Engel, 2002) and humans as well as in
magnetoencephalography (MEG) data (e.g., Hoogenboom,
Schoffelen, Oostenveld, Parkes, & Fries, 2006), though gener-
ally not with EEG data in humans (e.g., Tallon-Baudry et al.,
2005); an exception is the study by Koch, Werner, Steinbrink,
Fries, and Obrig (2009). In response to this issue. it was hypoth-
esized that transient gamma in the EEG signifies the supposedly
fast buildup of a coherent percept rather than its maintenance
(e.g., Engel et al., 1999; Revonsuo, 1999; Uhlhaas et al., 2009).
The question of how the percept is held active once built up was
not addressed. According to another idea, gamma oscillations
come in periodic bursts gated by low frequency oscillations (3—6
Hz) during periods of percept stability (Fries et al., 2007; see also
Schroeder & Lakatos, 2009). The object representation would
then be maintained by continued refreshment or cognitive update
(e.g., VanRullen, Reddy, & Koch, 2006). A third possibility
might result from too fuzzy a time reference. Even if gamma
oscillations were sustained during the period of percept stability,
that period could be shifted back and forth across trials relative
to the time reference. Averaging across trials would then produce
a peak in the center of the jitter region and, hence, the impression
of a transient phenomenon. For stimulus-related activity, such is
certainly more likely to happen when relying on a button press as
a time reference than with the present paradigm.

In contrast to the gamma band, we did observe sustained
activity modulations at lower frequencies. In large parts of the
presentation intervals theta activity was enhanced, whereas beta
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was suppressed in the TFCyrand/BATgrang data before subtrac-
tion (Figures 2a and 3). In fact, a growing body of literature
reports lower frequency oscillations correlated with several per-
ceptual and cognitive brain functions (e.g., Gail, Brinksmeyer, &
Eckhorn, 2004; Klimesch, Freunberger, Sauseng, & Gruber,
2008; Pfurtscheller & Lopes da Silva, 1999). For example, there
is recent evidence for sustained oscillations in the alpha range
correlated with motion perception of the ambiguous Wagon-
Wheel stimulus (VanRullen et al., 2006). This raises the question
of whether sustained binding underlying stable object represen-
tation might be realized, at least in the present case, by synchro-
nous neural activity in the theta frequency band concurrent with
suppression of the beta band.

Prediction (3): Decay of gamma activity prior to perceptual
reversals. Psychophysical and physiological evidence suggests
that an initially stable conscious percept gradually wanes up to an
instant of maximal instability, after which an alternative object
representation is built up (e.g., Long, Toppino, & Mondin, 1992;
Roeber & Veser, 2009; Striiber & Herrmann, 2002). Accordingly,
gamma activity should decrease slowly prior to endogenous re-
versals and collapse suddenly in the case of exogenously induced
reversals.

Psychophysical evidence for decay processes preceding per-
ceptual reversals recently was found by Roeber and Veser (2009)
and Alais, Cass, O’Shea, and Blake (2009). In an MEG exper-
iment with the Stroposcopic Alternative Motion (SAM) stim-
ulus,* Striiber and Herrmann (2002) observed a slow decay of
oscillatory activity during endogenous motion reversals and a
fast drop after onset in the case of exogenously induced motion
reversals of an unambiguous SAM variant. However, this find-
ing pertained to the alpha band and not to the gamma band
commonly regarded as relevant for object representation.

Inspection of Figure 3 indicates that, on average, alpha ac-
tivity decays from the penultimate ([— 1600, — 400] ms) to the last
segment ([— 400,800] ms) before the key press, in agreement with
Striiber and Herrmann’s results. Notably, this pattern is restricted
neither to the unambiguous stimuli nor to the reversal condition.
In fact, the overall shapes of the band activity traces BATpang in
the lower frequency bands exhibit a number of striking similar-
ities. Such are prominent when comparing (1) the BAT,,nq across
stimuli and conditions (theta, alpha, beta), (2) the respective time
courses within the penultimate and the last segment before the key
press (theta; in the alpha and beta bands up to an overall down-
ward shift), and (3) the BATyunq for the alpha and beta bands
(apart from the difference in magnitude of the amplitude deflec-
tions). Initially, this homogeneity—which also prevails at elec-
trodes other than P4 and Cz (not shown in Figure 3)—renders it
unlikely that oscillations in the lower frequency bands (theta,
alpha, beta) should carry important information specific to stim-
ulus type or to perceptual reversal/stability. They rather may
reflect processes triggered by the discontinuous presentation
mode and slow state changes across time.

The slow/fast decay phenomenon initially was hypothesized
to occur in the gamma frequency range. Close examination of
Figure 3 suggests that, in the reversal condition, the BATang

“The SAM stimulus was introduced by von Schiller (1933) and con-
sists of four dots placed at the corners of an imaginary square. Two
diagonal dots flash together in synchrony and in alternation with the
other diagonal pair. This presentation mode induces either apparent
horizontal or vertical motion. Both directions of motion perception are
mutually exclusive, instable, and alternate spontaneously with each
other.
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decay after stimulus onset (at z = 0) in the range 26-40 Hz may
indeed be steeper at electrode Cz for the unambiguous than for
the ambiguous stimulus. However, the evidence is weak.

Individual versus Group Results

Most of the time—frequency components determined on the basis
of grand means could also be found in individuals, though gen-
erally for a few only, and for different ones—maximally 4 out of
16 in the case of component A1 (Table 2). The reasons behind this
gap can be manifold. In the best case, the trial-wise variability
within participants is too large to allow for individual signifi-
cance, but effects are homogeneous enough across participants to
aggregate to population-wise significance. The latter may, how-
ever, also be due to the influence of a single subject and vanish if it
is excluded from the population. Such is the case with component
A4, for instance, where three-significance is missed upon exclu-
sion of 1 of the 16 participants, even if the criterion is weakened
to p<.1 for all baselines.

On a more fundamental note, grand average analyses cer-
tainly are appropriate if effects for the single participants are
weak but unanimous, described as the best case above. However,
they appear less appropriate if response patterns are dissimilar or
oppositional across participants. Sometimes such may result
from artifacts and can safely be ignored. Pattern classification
would account for diversity but does not give way to one-sen-
tence take-home messages. A purely statistical approach would
declare deviant cases as outliers and focus on the bulk. In fact, at
the lower sensory or motor processing levels, all human brains
seem to work similarly, which affords the basis for neurological
diagnostics. Here, the statistical approach appears suitable.
However, the more cognitive neural processing becomes, the
more likely it is that individuality prevails over commonness.
From this perspective, interindividual discrepancies present less
surprise than the often remarkable similarities of grand averages
across different conditions, a circumstance that allows differen-
tial analyses to focus on a few components only.

Does Gamma Predict Spontaneous Perceptual Reversals?

The most conspicuous and robust result of our study was the
pattern of increased and decreased gamma activity in the inter-
stimulus interval preceding those ambiguous stimuli that were
indicated as reversed. No such effects were observed in the case of
unambiguous stimuli. Additional evidence from other studies
indicates that this increase of right-hemispheric induced gamma
activity at about 200 ms before onset and its subsequent occip-
ital/parietal decrease may be highly specific to and even predic-
tive for endogenous reversals.

Thus Basar-Eroglu et al. (1996) reported a right anterior
gamma increase during endogenous perceptual reversals of the
SAM stimulus. VanRullen et al. (2006) recently found higher
gamma activity at right hemispheric central locations with illu-
sory motion direction reversals of the Wagon-Wheel Illusion
compared to real motion reversals. Lumer, Friston, and Rees
(1998) found selective right hemispheric functional magnetic
resonance imaging (fMRI) activation during perceptual transi-
tions of binocular rivalry stimuli, but no such activity with ex-
ogenous transitions of unambiguous stimulus variants. Sterzer
and Kleinschmidt (2007) reported an increased fMRI response in
the right inferior frontal cortex with endogenous motion reversals
of the SAM stimulus compared to exogenously induced reversals
of unambiguous SAM variants. Similarly, Ilg et al. (2008) found
posterior right hemispheric fMRI activity with spontaneous
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motion direction reversals of the spinning wheel illusion (Wert-
heimer, 1912), but no such activity with exogenously induced
reversals. Roeber et al. (2008) recently reported a right hemi-
spheric ERP correlate of binocular rivalry of sine wave gratings.
Muller et al. (2005) used the onset of the SAM stimulus imme-
diately before a button press as the time reference for reversals of
motion direction. They found changes in EEG activity about 300
ms before the reversal-related SAM flashes, that is, temporally
close to our pre-onset gamma modulation. Spatial information
was not provided. Britz et al. (2009) reported right-hemispheric
EEG correlates anticipating spontaneous perceptual reversals.
They used the same onset paradigm and type of ambiguous stim-
ulus as in the present work, but did not consider unambiguous
stimulus variants. In summary, all studies listed above reported
right-hemispheric EEG activity accompanying endogenous per-
ceptual reversals. Some of them provide a sufficient temporal
resolution to locate this activity prior to endogenous reversals.

Conclusions

Single-cell recordings in primates and MEG studies in humans
indicate that stable object representation is accompanied by
sustained oscillatory activity in the gamma frequency range
(e.g., Tallon-Baudry, 2009). In contrast, in the present
study with EEG data, the periods of perceptual stability were
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accompanied by a sustained increase of theta and decrease
of beta activity. iGBA was transient only, as in many other
EEG studies, and was delayed by more than 100 ms compared to
the onset of lower frequency oscillations (beta, theta). The
delay casts doubt on iGBA as a correlate of binding processes as
unterstood here, which should begin early after stimulus
onset. On the other hand, (differential) iGBA also could
not be reduced to miniature saccades. Thus the role of the
post-onset gamma modulations remains largely unclear in the
present study.

Transient right-hemispheric modulations of gamma activity
were found in the interstimulus interval preceding an endogenous
perceptual reversal by about 200 ms. Remarkably, similar
prereversal right-hemispheric activations were observed with a
variety of paradigms and ambiguous stimuli. A common
feature of all these settings is spontaneous perceptual reversals
and, along with them, endogenously generated transitions
from one stable brain state to another. We speculate that
prereversal gamma modulations might reflect a transient
brain state of maximal instability reached in the interstimulus
interval antedating a perceptual reversal or else the recognition
of that state by some unconscious and so far unknown neural
instance.
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