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Individual Peak Gamma Frequency Predicts
Switch Rate in Perceptual Rivalry
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Abstract: Perceptual rivalry—the experience of alternation between two mutually exclusive interpretations
of an ambiguous image—provides powerful opportunities to study conscious awareness. It is known that
individual subjects experience perceptual alternations for various types of bistable stimuli at distinct rates,
and this a stable, heritable trait. Also stable and heritable is the peak frequency of induced gamma-band (30—
100 Hz) oscillation of a population-level response in occipital cortex to simple visual patterns, which has
been established as a neural correlate of conscious processing. Interestingly, models for rivalry alternation
rate and for the frequency of population-level oscillation have both cited inhibitory connections in cortex as
crucial determinants of individual differences, and yet the relationship between these two variables has not
yet been investigated. Here, we used magnetoencephalography to compare differences in alternation rate for
binocular and monocular types of perceptual rivalry to differences in evoked and induced gamma-band fre-
quency of neuromagnetic brain responses to simple nonrivalrous grating stimuli. For both types of bistable
images, alternation rate was inversely correlated with the peak frequency of late evoked gamma activity in
primary visual cortex (200400 ms latency). Our results advance models of inhibition that account for subtle
variation in normal visual cortex, and shed light on how small differences in anatomy and physiology relate
to individual cognition and performance. Hum Brain Mapp 36:566-576, 2015.  © 2014 Wiley Periodicals, Inc.

Key words: binocular rivalry; bistability; gamma-band; individual differences; magnetoencephalography

*

INTRODUCTION

Perceptual rivalry refers to the tendency of certain
ambiguous images to induce conscious shifts between two
mutually exclusive perceptual solutions. As such bistable
images can elicit ongoing perceptual changes with no
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stimulus modulation, they are often used to investigate the
neural substrates of conscious vision [Rees et al., 2002].
One special case of perceptual bistability is binocular
rivalry (BR), which arises from incompatible images pre-
sented dichoptically to each eye. Binocular rivalry is one
of the leading paradigms for the study of consciousness
[Engel et al., 1999; Rees et al., 2002], as well as for interoc-
ular neural dynamics [Baker et al., 2008; Blake and Wilson,
2011]. This can be contrasted with “monocular” or
“pattern” rivalry, which does not require dichoptic presen-
tation to induce alternations in consciously perceived pat-
terns [Blake and Logothetis, 2002; Buckthought et al., 2011;
Maier et al., 2005].

With regard to neurophysiology, a well-established cor-
relate of conscious perception is the synchronous oscilla-
tion of neuronal populations occurring at frequencies in
the gamma band, or 30-100 Hz [Fries, 2009]. It has been
proposed that neuronal synchronization at such high fre-
quencies is necessary for the binding of information across
the regions of the brain (Fries, 2005; Melloni et al., 2007;
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Singer, 1999]. Gamma-band activity has been linked to
many aspects of conscious experience, including percep-
tion [Martinovic and Busch, 2011], ocular-motor responses
[Yuval-Greenberg et al.,, 2008], and cognitive processing
[Herrmann et al., 2010]. As for visual perception, the onset
or change of a stimulus is known to evoke a transient
phase-locked gamma response in occipital regions [Tallon-
Baudry et al., 1996]. This transient evoked gamma activity
is thought to correspond to early processing of physical
stimulus  properties, while later, nonphase-locked
“induced” gamma activity is thought to reflect integrative
processes [Basar-Eroglu et al., 1996a; Tallon-Baudry and
Bertrand, 1999]. However, it has since been demonstrated
that the properties of the transient evoked gamma
response can also be affected by cognitive factors such as
expectation, attention, and memory [Busch et al., 2008;
Debener et al., 2003; Haenschel et al., 2000; Herrmann
et al., 2004; Oppermann et al., 2012]. In the case of rivalry,
where a perceived pattern changes while the stimulus
does not, several studies have reported gamma-band syn-
chronization in frontal scalp regions preceding the percep-
tual transition, which may reflect top-down attentional
processing (Basar-Eroglu et al.,, 1996b; Doesburg et al.,
2005; Ehm et al., 2011; Freeman and Rogers, 2002].

Another possible way in which gamma-band activity
can further our understanding of the brain’s implementa-
tion of perceptual rivalry is as an index of cortical inhibi-
tion. With respect to the generation of gamma-band
oscillations among cortical neuron populations, a recent
model cited the ratio of excitation-to-inhibition in cortex as
crucial for determining the exact frequency of gamma-
band oscillations [Brunel and Wang, 2003]. Consistent
with this, individual differences in the peak frequency of
induced gamma-band responses in early visual cortex to
the onset of simple grating stimuli have been shown to
predict individual resting-state levels of gamma-aminobu-
tyric acid (GABA), the neurotransmitter that enables the
inhibitory functions of interneurons [Edden et al., 2009;
Muthukumaraswamy et al., 2009; but see Cousijn et al.,
2014], such that higher peak frequencies predicted greater
GABA levels. Also consistent with Brunel and Wang
[2003]'s model is the finding by Lally et al. [2014] that
higher resting levels of glutamate, an excitatory neuro-
transmitter, predicted lower peak frequencies of an indi-
vidual’s evoked gamma responses.

With respect to perceptual rivalry, the alternations have
long been understood to be driven by mutual inhibition
between separate pools of neurons, in addition to neural
adaptation [Blake, 1989; Kang and Blake, 2010; Kang et al.,
2010; Tong et al., 2006; Wilson, 2003]. It is also known that
individuals differ reliably in their rate of perceptual
switching for both binocular and pattern rivalry (PR)
[Carter and Pettigrew, 2003; Kleinschmidt et al., 2012], and
this is a stable, heritable trait [Miller et al., 2010]. The
causal role of GABA in visual cortex on switch rate in per-
ceptual rivalry has been recently been demonstrated by
Van Loon et al. [2013], where greater levels of GABA, cor-

responded to slower switching in rivalry. Interestingly, a
study evaluating the causal role of GABA for peak fre-
quency of gamma-band activity found that transient
evoked gamma responses were affected by endogenous
levels of GABA, while the induced responses were not
[Muthukumaraswamy et al., 2013]. Given the findings of
these studies, we sought to formally assess the relationship
between individual differences in peak frequency of
evoked as well as induced gamma-band activity and in
perceptual rivalry switch rate.

We used magnetoencephalography (MEG) technology to
measure neuromagnetic responses to a simple grating
stimulus, and then compared the peak frequency of
evoked and induced gamma-band activity to participant
switch rates for binocular and PR tasks. Given that the
extent of inhibitory connections in cortex may be posi-
tively correlated with peak gamma oscillation frequency
[Brunel and Wang, 2003; Muthukumaraswamy et al.,
2009], and that the dynamics of rivalry are thought to
depend upon durations of suppression [Van Loon et al.,
2013; Yamashiro et al., 2014], we predicted that peak fre-
quency would here be inversely correlated with alterna-
tion rate of perceptual rivalry. We also predicted that the
effect would be stronger in V1 than in V2 [Lee et al., 2005;
Kamphuisen et al., 2008; Tong and Engel, 2001], and might
be stronger for BR than for PR [Wilson, 2003; Bhardwaj
et al., 2008]. Finally, a right hemisphere bias has been
noted repeatedly in the rivalry literature [Buckthought
et al.,, 2011; Kanai et al., 2011, Lumer et al., 1998], so the
possibility of laterality effects was expected.

MATERIALS AND METHODS
Subjects

Twelve healthy adults (6 female, mean age: 25 years)
were recruited via McGill University’s online classified
section and internal listservs, and were paid for two sepa-
rate visits. All participants had normal or corrected—
to-normal vision, as determined by a Snellen Optotype
Acuity test, and a stereoacuity test. Participants were also
screened for magnetic resonance imaging (MRI) safety,
and for potential MEG artifacts due to jewelry or dental
work before partaking in the experiment. During the con-
sent procedure, participants were introduced to a prelimi-
nary run of the PR task, performed on a laptop. This
procedure was included to demonstrate the nature of
rivalry tasks to participants for the sake of informed con-
sent, and also to ensure that they were comfortable with
the task before any recording was done. As such, no data
from these practice runs were recorded.

Image Fusion

In contrast to the practice run, all stimuli in our experi-
ment were presented as two images to be fused via prism
lenses (diopter of 12A) worn by the participant. The setup
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was designed for the BR task, but we used prisms for the
PR and event detection (ED) tasks as well, to ensure iden-
tical viewing conditions throughout the recording session.
To assist image fusion, we provided prominent fixation
marks at the center of each image consisting of a white
diamond within a larger black diamond (Fig. 1). We also
provided a reference border surrounding each image to
help with initial image alignment. A preparatory align-
ment screen with fusible images (distinct from the experi-
mental stimuli) was shown during set-up to confirm
image fusion. Head alignment and stabilization was
assisted by a black divider that was placed in between the
participant’s nasion and the center of the screen. The
divider was also employed to control for distracting image
duplicates that can result from the prisms. The stimuli
were presented via Psychtoolbox (version 3.0.10) running
on Matlab (version R2012b) on a Dell Precision T1650 com-
puter. The image was projected into the recording cham-
ber via a Sanyo projector, and was reflected by mirrors
onto a screen at 42 cm viewing distance.

Stimuli
Event detection task

For the ED task, two identical oblique square-wave gra-
tings were presented for fusion via the prism lenses. Once
fused, the grating subtended 9.5° X 13° of visual angle
from the center of the screen. For the sake of compatibility
with the PR task, which employed chromatic stimuli to
enhance the experience of pattern rivalry, we used chro-
matic gratings for the ED task as well. As displayed by
the facility projector, the green gratings (with CIE 1931 xy
coordinates of: 0.33875, 0.60425) had a contrast of 42%
against the white components of the stimuli (luminance:
657.55 ¢/m?), and the red gratings (CIE, ,: 0.5337, 0.42175)
had a similar contrast of 47%. Event detection trials con-
sisted of either red-white or green-white gratings against a
mean luminance gray background, and inter-trial intervals
(in which a grating was absent) consisted only of the fusi-
ble fixation marks against the gray background. Also, to
minimize effects of adaptation, the orientation of the gra-
ting stripes varied pseudorandomly across trials from 30°,
50°, 330°, and 350°.

Rivalry tasks

Stimuli for the BR task were identical to those of the ED
task, except that the two images presented for fusion via
the prisms were gratings of differing color and orientation,
to elicit rivalry (Fig. 1). The gratings were presented in
pairs that differed 60° in orientation: 50°/350°, and 30°/
330°, with the color of each orientation and left-versus-
right eye position counterbalanced and changing every
trial, to prevent color and classical adaptation. Stimuli for
the PR task consisted of two overlaid gratings, consisting
of 50°/350°, and 30°/330° orientation pairs. The gratings

were red versus green against a white background. The
color of the areas at which the gratings intersected was
defined as the product of the red and green color values.
The orientation pair of the PR gratings was changed every
trial, to prevent color and classical adaptation.

Procedure
Event detection task

Before the ED task began, image fusion was confirmed
via a preparatory alignment screen. The participant would
initiate the start of a recording block once he or she felt com-
fortable and had reliable image fusion. The ED recording
block consisted of 90 trials in which a fused grating
appeared on the screen, and participants were instructed to
press a button when the grating disappeared. Trial duration
and interstimulus interval each varied randomly across trials
from 1.5-3 s. The grating color changed randomly from red
to green across the trials, and participants were instructed to
press a button with their left hand for the offset of green
stimuli, and with their right hand for red stimuli. Although
the orientation of the grating also changed across trials to
control for adaptation, this was unrelated to the task.

Rivalry tasks

Like the ED task, the BR and PR recording blocks were
preceded by a preparatory alignment screen, and were ini-
tiated by the participant via a button press once image
fusion was stable. For each participant session, there were
two blocks of six 60-s trials recorded for both BR and PR
tasks. In one of the blocks for each rivalry type, we
instructed participants to press the left button whenever
the green grating appeared to take up at least two-thirds
of the image space, and to press the right button for all
other percepts. For the second block, we gave opposite
instructions: the right button was to be pressed whenever
the red grating took two-thirds of the image, and the left
button was to be pressed for all other percepts. This was
to control against mixed percepts by making them approx-
imately counterbalanced across the two blocks. After each
trial, an alignment screen was presented to ensure that
fusion was stable before a new trial was initiated. The par-
ticipants were encouraged to rest their eyes after each trial,
and to stretch after every recording block.

MEG Recording and Analysis

Before entering the recording chamber, participants had
localizer sensors fastened to three fiducial points on their
head. We used a Fastrak localizer (Polhemus, Vermont) to
acquire three-dimensional coordinates of the fiducials, as
well as about 100 points freely recorded across each partic-
ipant’s scalp using a stylus. Skin electrodes (In Vivo
Metric, CA) were also placed above and below the left
eye, and next to the outer canthi of each eye for
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Figure I.

Experimental stimuli. (@) All stimuli were presented as image
pairs to be fused via prisms. (b) For the Event-Detection task,
participants were presented with either a red or green square-
wave grating stimulus, with orientation randomly varied through-
out the trials. (c) For the Binocular Rivalry task, red and green
gratings with an orientation difference of 60° were presented
dichoptically to induce alternations of perceptual dominance. (d)
For the Pattern Rivalry task, a stimulus composed of two over-
laid gratings (also A60° orientation) was presented to induce
perceptual dominance alternations  without interocular
competition.

electrooculography (EOG) recording, and sensors were
placed across the torso for electrocardiogram (ECG)
recording. A ground sensor was placed on the left
shoulder. All electrode placement regions were first
prepped with alcohol wipes, and the electrodes were
placed on the skin with Elefix EEG paste (Nihon-Kohden,
Tokyo, Japan) to lower electrical impedance.

MEG activity was recorded via a full-head axial gradi-
ometer system (CTF/VSM MedTech, Coquitlam, British
Columbia, Canada) with 275 channels, sampled at 2,400
Hz. The fiducial sensors were used during recording ses-
sions to monitor participant head movements, and the
EOG sensors were used to monitor for excessive eye
movements or blinks during trials.

In a separate session, anatomical MRI scans were
acquired for all participants using a 3T Siemens Trio scan-
ner. We used a magnetization-prepared rapid gradient
echo sequence optimized for gray/white matter contrast
(176 slices, TR: 2300 ms, TE: 2.98 ms, FOV: 256, voxel size:
1 X 1 X 1 mm). Three scans were acquired per participant
for later averaging, cortical reconstruction, and volumetric
segmentation using FreeSurfer software. This software is
documented and freely available for download online
(http:/ /surfernmr.mgh.harvard.edu/), and the details of
the procedures performed by Freesurfer’s auto-
reconstruction tool are available in previous publications
[Dale et al., 1999; Fischl et al., 2004].

All offline preprocessing and analysis of the MEG data
was performed with Brainstorm [Tadel et al., 2011], a soft-

Figure 2.
Inflated surface mesh of one participant’s cortex showing the
regions of interest used for time-frequency analyses. The VI and
V2 ROIs were both limited to the occipital pole. The regions of
interest were defined for each participant’s anatomical data using
parcellation atlases from FreeSurfer.

ware package that is documented and freely available for
download online under the GNU general public license
(http:/ /neuroimage.usc.edu/brainstorm). All raw data
was preprocessed with a 0.1 Hz high-pass filter, and a
notch filter to remove noise at 60, 120, 180, and 240 Hz.
Artifacts due to EOG and ECG were extracted from the
raw data using a principle components analysis tool, and
components explaining 15% or more of the variance were
removed. Raw data from the ED task trials were divided
into epochs starting 100 ms before event onset, and ending
1000 ms after onset. Cortical sources of the event-related
responses were modeled using a Tikhonov-regularized
minimum-norm estimation [Baillet et al., 2001] fitted to a
surface mesh of each participant’s anatomical data, and
using a head model of 275 overlapping spheres [Huang
et al., 1999]. Regions of interest were determined via two
recently created anatomical parcellation atlases imported
from Freesurfer [Hinds et al., 2008; Destrieux et al., 2010].
From these atlases, labels for V1, V2, and MT were
selected [Destrieux et al., 2010], as well as the boundaries
of the occipital pole [Hinds et al., 2008], overlapping with
central visual field eccentricities stimulated in this study.
Using these label boundaries as a reference, new ROI
labels for left and right V1 and V2 limited to the occipital
pole were created for each subject (see Fig. 2).

For the evoked gamma activity, we used a conventional
protocol for event-related activity: averaging the source
data across trials, then computing Morlet wavelet analyses
(central frequency: 1 Hz; FWHM: 3s) for the vertices of the
four ROIs, which were then averaged per ROI For the
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induced gamma activity, we used an analysis protocol that
is better suited to capture activity that is not phase-locked
to the stimulus (see Tallon-Baudry et al., 1996]. This con-
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Figure 3.

Latency ranges tested for gamma-band responses to stimulus
onset. The green dashed line indicates the time of onset of the
grating stimulus. Peak frequency was observed for each range, as
was the spectral magnitude of activity at that frequency.

a) ED task: Evoked gamma

Gamma-Band Frequency (Hz)

sisted of a Morlet analysis (same as above) for the vertices
of the four ROIs individually for each trial, which was
then averaged across trials per ROIL All time-frequency
data was normalized via event-related spectral perturba-
tion (ERSP) analysis, and using the 100 ms of data before
event onset as a baseline reference for the activity after
event onset. The ERSP analysis yielded values indicating
the percent signal increase or decrease relative to the
baseline.

Results in the time-frequency domain were used to
determine the magnitude per frequency bin of the neuro-
magnetic oscillations of 30-100 Hz, within three latency
ranges (see Fig. 3). The time-frequency plots for evoked
gamma featured prominent activity around 200-500 ms
after stimulus onset, well outside of the range for the clas-
sically defined transient evoked gamma. As differential
task effects have been observed across gamma activity at
differing latencies—both early induced [Haenschel et al.,
2000] and late evoked [Gallinat et al., 2004]—we decided
to include this late evoked gamma as a third latency range
in our analysis. Our “early evoked” range was 10-150 ms;
the “late evoked” range was 200450 ms; and the
“induced” range was 500-1000 ms. Figure 4 depicts repre-
sentative time-frequency plots for an individual subject in

b) ED task: Induced gamma

o o e e

0 01 02 03 04 05 06 07 08 09 1

d) PR task: Induced gamma

Latency (s)

Figure 4.

Time-frequency plots showing normalized spectral magnitude of
activity within the gamma band (30-100 Hz). The data shown is
from an exemplar participant for one region of interest—left
VI. The values indicate the percent signal change relative to
baseline. (a) Shows a TF plot from the analysis pipeline for
evoked gamma responses during the event detection (ED) task;

(b) shows a plot for induced gamma activity for the same condi-
tion. The white dashed lines mark the stimulus onset. (c) Shows
gamma activity for binocular rivalry (BR) trials, and (d) shows
gamma activity for pattern rivalry (PR) trials. The red dashed
lines mark the button press for the trial, which indicates a per-
ceptual switch.
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one ROIL The peak frequency within each latency range
was then defined as the median frequency of activity with
the highest spectral magnitude value per latency range.
Peak frequency and magnitude were used as dependent
variables for separate statistical analyses.

Rivalry sessions. To test for similar effects in the gamma
band during the rivalry sessions themselves, we ran analo-
gous analyses for these data. The patterns used for the
rivalry tasks remained unchanged during each trial, and
so the resulting MEG gamma activity recorded during
these trials would not be expected to be phase-locked to
the stimulus. Because of this, we did not consider the
same latency windows as for the responses to the transient
grating stimuli, and instead only employed the pipeline
described above for induced gamma to analyze the rivalry
data. The epochs were 1,000 ms before and after each but-
ton press that indicated a switch in percept. Although
rivalry rate did vary across participants (discussed in the
Results section), the duration data per individual indicated
that dominance phases almost always lasted longer than
1,000 ms for all individuals. As there was no proper base-
line for the rivalry sessions, the ERSP normalization was
run using an average of the entire 2,000 ms of the trial as
a baseline. With the resulting normalized time-frequency
maps, we noted the peak gamma-band frequency for activ-
ity preceding a button press, as well as after the press.

RESULTS
Behavioral Data

All responses were recorded via LUMItouch optical
response keypads for the left and right hand (Photon Con-
trol, British Columbia, Canada) interfacing via USB with
the stimulus computer. For the ED task, response accuracy
for the red and green grating trials was 100% for all
subjects.

For the BR and PR responses, each subject’s mean
switch rate (button presses per second, first press not
included) was calculated per 60-s trial, and then averaged
across the trials of the two blocks. Individual switch rates
for BR and PR were significantly correlated with one
another [r(10) = 0.73, P < 0.01], although Welch two sample
t-tests showed significantly faster switch rates for BR than
for PR [#(20.27) =4.56, P <0.01]. This difference might be
expected, as switch rates for BR versus PR tasks are differ-
entially affected by stimulus contrast (O’Shea et al., 2009]
and we used fairly high-contrast gratings for our experi-
ment to maximize induced gamma responses [Muthuku-
maraswamy et al., 2009; Schwarzkopf et al., 2012]. With
respect to the duration of perceptual dominance, the mean
duration across participants was 2.14 s (STD=0.73) for
BR, and 4.5 s (STD =1.2) for PR. For the BR task, domi-
nance durations for red patterns were significantly longer
than durations for green [BR: #(20.14) = —2.50, P <0.05],
although this trend was reversed for PR [#(16.55) =3.37,

P < 0.01]. The mean percentage of time viewing mixed per-
cepts was 7% for BR and 13% for PR, and their difference
was not significant.

Rivalry Switch Rate and Peak Gamma Frequency

Given, our a priori hypotheses regarding the effects on
peak gamma frequency of alternation rate (two levels:
high and low), rivalry type (two levels: BR and PR), visual
area (two levels: V1 and V2), cortical hemisphere (two lev-
els: left and right), and latency (three levels: early evoked,
late evoked, and induced) we first assessed these influen-
ces with a 5-way analysis of variance (ANOVA). A median
split was used to divide the participant alternation rates
into the two levels used for the analysis. There was a sig-
nificant main effect of switch rate [F(1,240)=10.29,
P <0.01], and importantly there were significant interac-

tions between region and latency [F(2, 240)=4.61,
P <0.05], hemisphere and latency [F(2, 240)=4.14,
P<0.05], and hemisphere and switch rate [(F(1,

240) =4.93, P <0.05]. Accordingly, we tested for the indi-
vidual subject correlations between alternation rate and
peak frequency, for left and right V1 and V2 for the three
latencies (next section). Finally, we also ran an analogous
multifactorial ANOVA with MEG signal magnitude as the
dependent variable. However, in this case the only effect
observed was the main effect of latency [F(2, 240) = 25.84,
P <0.001], and so we did not consider this variable for fur-
ther analysis.

Pearson product moment correlations were run to test
for relationships between each subject’s peak gamma fre-
quency in V1, and V2 for early evoked (10-150 ms), late
evoked (200450 ms), and induced (500-1000 ms) gamma
activity for the ED task and their respective mean switch
rate for BR and PR (see Table I). As Table I indicates, no
correlations were significant for the early evoked or
induced gamma ranges. However, for late evoked gamma,
our results show significant inverse correlations for BR
switch rate and peak gamma frequencies in left and right
V1 (Fig. 5). We found similar effects for PR, although the
correlation in right V1 did not reach statistical significance.
The effects in V2 were weak and inconsistent in direction.

To assess if the peak gamma effects observed for the ED
task might generalize to the rivalry tasks, we also ran a 5-
way ANOVA to test for effects upon the gamma frequency
data from the rivalry sessions (using the same variables as
before, though with only two levels for latency: pre and
post). In this case, we observed a main effect of hemi-
sphere [F(1,160)=5.21, P<0.05] and an interaction
between region of interest and latency [F(1,160) = 4.20,
P <0.05]. Overall, the peak frequencies in the left hemi-
sphere were higher than those in the right (mean for left
hemisphere: 62.58 Hz; mean for right hemisphere: 57.77
Hz). As for region of interest and latency, Figure 6 depicts
the nature of the interaction. The mean peak gamma fre-
quency in V1 before a button press was significantly
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TABLE I. Correlations for BR and PR switch rates and peak gamma frequency in four ROIls, and three latency

ranges
Early Evoked Late Evoked Induced
R P-value P-value R P-value

BR

V1L 0.054 0.867 —0.618 0.032 0.262 0411

VIR —0.244 0.44 —0.649 0.022 0.301 0.341

V2L —0.040 0.903 —0.282 0.375 0.340 0.280

V2R 0.277 0.392 0.446 0.146 -0.169 0.599
PR

VIL 0.011 0.972 —0.764 0.004 0.433 0.160

VIR -0.478 0.116 -0.527 0.078 0.439 0.153

V2L 0.108 0.738 0.312 0.324 0.453 0.139

V2R 0.294 0.354 0.263 0.409 —0.041 0.899

Significant correlations were observed only in V1 for late evoked gamma activity (200-450 ms).

higher than for the activity following a press, while this
difference of mean frequency across the two time windows
was negligible for V2. Interestingly, this effect in V1 might
be taken as an indication of greater inhibition immediately
before a switch than after, and will be discussed further in
the next section. As there were no further effects observed
from the ANOVA, and none concerning switch rate and

BR Left V1 Right V1
R =-0.62 R=-0.65
E 8
> o
g ~
g
o
g [Ts)
W o
(2]
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
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PR Left V1 Right V1
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g &
g e
| =
g
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Figure 5.

Individual response rates for binocular (BR) and pattern rivalry
(PR) tasks plotted against individual peak frequency of late
evoked gamma activity (200450 ms) observed in VI in
response to stimulus onset. R values printed in red indicate stat-
istically significant correlations (P < 0.05).

peak frequency, further correlation testing at the individ-
ual level was not pursued.

DISCUSSION

Perceptual rivalry and measurements of cortical gamma-
band activity have both proven to be popular in the inves-
tigation of conscious visual perception [Alais, 2012; Fries,
2009; Martinovic and Busch, 2011], and so it is not surpris-
ing that the two would be investigated together (Basar-
Eroglu et al., 1996b; Doesburg et al. 2005, 2009; Ehm et al.,
2011; Engel et al., 1999; Fairhall et al., 2008; Freeman and
Rogers, 2002; Fries et al., 2002]. The synchronization of
neuronal populations at these high frequencies is thought
to enable conscious cognitive and perceptual experiences,

~ OPre
L 90 -
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E | T

L 70 T T
E T

a 50 1

c

©
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S 30 T .

V1

Figure 6.
Bar chart showing mean peak frequencies in VI and V2 before
and after a button press during perceptual rivalry. The plot
shows the interaction between region of interest and time of
activity relative to the button press: while peak frequencies in
VI are higher before a button press compared to after the
press, there is no such difference observed in V2.

V2
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including pattern dominance during perceptual rivalry, to
occur at lower frequencies such as the theta band [Does-
burg et al., 2009; Fries, 2009]. In one proposal particularly
relevant to the competitive dynamics of perceptual rivalry,
Fries et al. [2005] suggest that inter-regional gamma-band
synchronization contributes to a winner-take-all dynamic
of competition between neural populations with distinct
oscillation frequencies. As cells are recruited into a popu-
lation synchronized with certain other populations, but
not with those resonating at incompatible frequencies,
their collective inhibition may reinforce this dynamic.
Interestingly, such inter-region (global) phase locking of
electroencephalographic (EEG) activity in the gamma band
has been found to predict a subsequent change in percep-
tual state during BR [Doesburg et al., 2005], while local
gamma synchronization of activity in occipital channels
did not (see also Fairhall et al., 2008].

Rather than predict an alternation, local gamma-band
synchronization has been more compellingly linked to
rivalry as an index of resting-state inhibition in visual cor-
tex. A recent model of gamma oscillation frequency in cor-
tex cites differences in the extent of inhibition relative to
excitation as an important determining factor of peak fre-
quency [Brunel and Wang, 2003], and some experiments
have indicated that individual differences in peak gamma
frequency correspond to differences in levels of GABA
[Edden et al., 2009; Muthukumaraswamy et al., 2009]. As
mutual inhibition between alternative perceptual represen-
tations is considered to be an important contributor to the
alternation dynamics in rivalry [Wilson, 2003], and
because rivalry switch rate and perceptual suppression
duration are both known to vary reliably across individu-
als [Carter and Pettigrew, 2003; Miller et al., 2010; Van
Loon et al.,, 2013; Yamashiro et al., 2014], we sought to
assess the predictive relationship between individual
switch rates in rivalry and the peak gamma frequency of
neuromagnetic responses to a visual stimulus.

We found that the peak frequency of late evoked
gamma in V1 was indeed inversely correlated with switch
rate for rivalry, meaning that participants with slower
alternation rates exhibited higher peak gamma frequencies,
and by extension from the previous models [Atallah and
Scanziani, 2009; Brunel and Wang, 2003], greater extents of
inhibition. Compatible with this is a recent study compar-
ing resting-state GABA levels and switch rate for BR, in
which greater levels of GABA predicted slower switch
rates [Van Loon et al., 2013]. This provides further support
for the link between the extent of inhibitory connections in
cortex and perceptual alternation, and is compatible with
our observed link between switch rate and peak induced
gamma frequency. Several models of perceptual bistability
cite mutual inhibition as an important factor [Blake, 1989;
Seely and Chow, 2011; Wilson, 2003]. Accordingly, we
argue that individual differences in perceptual switch rate
can serve as an index of a subject’s inhibitory connections
in visual cortex, and that the strength or extent of rivalry-
related mutual inhibition likely also contributes to the

excitation/inhibition ratio that determines peak gamma
oscillation frequency. It stands to reason that the other key
component of many models of rivalry, local neural adapta-
tion, is a distinct factor not measured here.

In addition, with regard to BR, recent models include
two stages of competition: interocular rivalry occurring in
V1, and higher-level perceptual rivalry occurring across
the visual cortex [Lee et al., 2007; Wilson, 2003]. Interest-
ingly, our results show clear predictive trends in V1, with
more mixed results in extrastriate cortex. Nevertheless,
given the fact that we observed similar effects for both
rivalry types, it can be assumed that our observed link
between switch rate and peak gamma frequency indexes
inhibitory properties that are relevant for higher-level
rivalry, not confined to interocular rivalry only. A com-
mon oscillation mechanism has been proposed to explain
individual differences in alternation rates across different
types of perceptual rivalry [Carter and Pettigrew, 2003],
and is thought to have a strong heritable component
[Miller et al., 2010]. The only other known behavioral cor-
relate of peak gamma frequency, orientation discrimina-
tion, is also wunlikely to rely only on interocular
connections [Edden et al., 2009].

Also compatible with previous research is the lack of
correspondence between rivalry switch rate and the mag-
nitude of the peak activity found here. Muthukumarasw-
amy et al. [2009] found that, despite correlating with blood
oxygen level dependent (BOLD) response magnitude, rest-
ing levels of GABA did not predict the signal magnitude
or power of the stimulus induced neuromagnetic response.
Conversely, Lally et al. [2014] found that individual levels
of glutamate did reliably predict MEG signal magnitude.
Given this, our observation of no effect of switch rate on
MEG signal magnitude seems to indicate that rivalry
switch rate does indeed reflect differences in individual
levels of inhibition in visual cortex, rather than both inhi-
bition and excitation. Clearly the possibility that fMRI and
MEG magnitude measures have differing sensitivities to
resting GABA is important and worthy of further study.

Additionally, our data indicate that the connection
between switch rate and peak frequency of gamma-band
activity depends upon latency, with the late-evoked, but
not induced gamma range yielding significance. Evoked
gamma activity is often thought to simply reflect early
processing of stimulus properties, while induced gamma
reflects more integrative processes [Tallon-Baudry and
Bertrand, 1999], yet there is evidence that the distinction
may be more subtle than this traditional interpretation.
For instance, several studies have demonstrated task
effects related to cognition and memory on evoked gamma
responses properties [Busch et al., 2008; Debener et al.,
2003; Haenschel et al., 2000; Herrmann et al., 2004; Opper-
mann et al., 2012]. Moreover, with regard to Brunel and
Wang [2003]’s model of oscillation frequency among neu-
ronal populations, both evoked [Lally et al, 2014] and
induced [Edden et al.,, 2009; Muthukumaraswamy et al.
2009] gamma response data have successfully predicted
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individual physiology of visual cortex. In fact, while
Muthukumaraswamy et al. [2009] and Edden et al. [2009]
initially focused on induced gamma-band activity for their
correlations with resting level GABA, the researchers
recently reported that increasing participants’ levels of
endogenous GABA via GAT-1 blockade affected evoked
but not induced gamma activity [Muthukumaraswamy
et al., 2013]. Additionally, a recent attempt to replicate the
findings of Muthukumaraswamy et al. [2009]'s study
reported no significant link between peak induced gamma
frequency and resting state GABA measured by MR spec-
troscopy [Cousijn et al., 2014]. The issue of how the differ-
ent response types relate to one another certainly requires
further exploration.

As suggested by earlier studies [Gallinat et al., 2004;
Haenschel et al., 2000] and supported by our data here,
future exploration of the gamma band response could ben-
efit from a focus on response latencies beyond the conven-
tional dichotomy of evoked and induced ranges. For
instance, Haenschel et al. [2000] noted differential effects
of a learning task for early versus late induced gamma
activity, and the latency range for their “early induced”
gamma activity was similar to that for our observed “late
evoked” gamma activity. Another study by Gallinat et al.
[2004] found reduced power in late evoked gamma activ-
ity for unmedicated schizophrenic patients, which covered
a similar latency range. The tasks, recording modalities,
and regions of interest of these studies were all distinct
from ours, and so the activity reported likely reflected dif-
ferent processes from what we observed here, yet all of
the studies suggest that a finer discrimination of evoked
and induced gamma activity at different latencies may
improve our understanding of the various ways in which
gamma-band activity is implicated in perceptual and cog-
nitive processing.

Finally, to test the generality of the link between switch
rate and peak gamma frequency, we also compared the
switch rates to the peak gamma frequencies of activity
during the rivalry sessions. With respect to group-level
effects, the higher peak frequency for V1 activity preced-
ing the button press versus activity following the button
press is intriguing, and perhaps could be interpreted as
showing increased inhibition necessary for perceptual sup-
pression of the dominant percept at the end of each
switch. This could be tested for in future studies, and in
fact a specific prediction would be a steeper slope of inhi-
bition increase for shorter alternations [e.g., Alais et al.,
2010]. However, the suitability of the continuous rivalry
tasks to yield peak gamma activity is unclear, and so the
extent to which the properties of these data can be com-
pared with those from more conventional event-related
designs is not known.

With regard to study limitations, our sample of 12 par-
ticipants may not be ideal for exploring small population
effects in a correlation study. However, the fact that simi-
lar effects were found for two types of rivalry suggests
that the observed predictive relationship is real. Of course,

a larger sample could perhaps reveal effects for the more
variable data, such as the induced gamma activity, or the
responses from V2. It also should be stressed that correla-
tional relationships do not necessarily indicate causation.
For instance, the surface area of V1 has been shown to
vary in size threefold across individuals, and to correlate
positively with peak induced gamma [Schwarzkopf et al.,
2012], and so this could be considered an additional rele-
vant covariate for all such correlational studies, although
the relationship between V1 surface area and peak evoked
gamma frequency remains to be investigated. Finally, it is
important to note that the link proposed by Muthukumar-
aswamy et al. [2009] and Edden et al. [2009] between rest-
ing state GABA as measured by voxel-wise magnetic
resonance spectroscopy and actual inhibitory functions
remains a contentious issue [Cousijn et al., 2014], and mul-
tiple technical issues may be relevant. Overall, however,
there is theoretical support for our interpretation of the
data, including evidence for a causal role of GABA, in
perceptual rivalry dynamics [Van Loon et al., 2013], and it
is easily accommodated by a framework for cortical
gamma oscillation suggested by Schwarzkopf et al. [2012].

In conclusion, we observed a predictive link between
individual peak gamma-band frequency in V1 and in alter-
nation rate for two perceptual tasks. Our findings support
models that propose that inhibitory connections in visual
cortex are crucial for the tuning of both of these variables.
The study demonstrates that subtle variations of behavior
within a normal population can directly advance our
understanding of brain function by requiring modeling at
increasingly finer scales.
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