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Attention Periodically Binds Visual Features As Single
Events Depending on Neural Oscillations Phase-Locked to
Action
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Recent psychophysical studies have demonstrated that periodic attention in the 4 - 8 Hz range facilitates performance on visual detection.
The present study examined the periodicity of feature binding, another major function of attention, in human observers (3 females and
5 males for behavior, with 7 males added for the EEG experiment). In a psychophysical task, observers reported a synchronous pair of
brightness (light/dark) and orientation (clockwise/counterclockwise) patterns from two combined brightness- orientation pairs pre-
sented in rapid succession. We found that temporal binding performance exhibits periodic oscillations at ~8 Hz as a function of stimulus
onset delay from a self-initiated button press in conditions where brightness- orientation pairs were spatially separated. However, as one
would expect from previous studies on pre-attentive binding, significant oscillations were not apparent in conditions where brightness-
orientation pairs were spatially superimposed. EEG results, while fully compatible with behavioral oscillations, also revealed a significant
dependence of binding performance across trials on prestimulus neural oscillatory phases within the corresponding band. The peak
frequency of this dependence was found to be correlated with intertrial phase coherence (ITPC) around the timing of button press in
parietal sensors. Moreover, the peak frequency of the ITPC was found to predict behavioral frequency in individual observers. Together,
these results suggest that attention operates periodically (at ~8 Hz) on the perceptual binding of multimodal visual information and is
mediated by neural oscillations phase-locked to voluntary action.
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Recent studies in neuroscience suggest that the brain’s attention network operates rhythmically at 4 - 8 Hz. The present behavioral
task revealed that attentional binding of visual features is performed periodically at ~8 Hz, and EEG analysis showed a depen-
dence of binding performance on prestimulus neural oscillatory phase. Furthermore, this association between perceptual and
neural oscillations is triggered by voluntary action. Periodic processes driven by attention appear to contribute not only to sensory
processing but also to the temporal binding of diverse information into a conscious event synchronized with action. j

ignificance Statement

cally, as exemplified by neural oscillatory activity (VanRullen and
Koch, 2003; Buzsaki, 2006; Fries, 2015; VanRullen, 2016). Recent
studies show that detection performance for visual stimuli fluc-
tuates ~4—8 Hz relative to the timing of stimulus onset or ob-
server action (Tomassini et al., 2015, 2017; Benedetto et al.,

Introduction
Psychophysical and physiological evidence increasingly suggests
that the visual system processes sensory information rhythmi-
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2016). To date, these findings have been interpreted as reflecting
the periodicity of an attentional network that facilitates and
speeds up stimulus processing because visual cues facilitate target
detection in a periodic manner and in correlation with neural
oscillatory phases (VanRullen et al., 2007; Busch and VanRullen,
2010; Landau and Fries, 2012; Fiebelkorn et al., 2013; Dugué et
al., 2015, 2016). Performing a behavioral task that requires atten-
tion will allow the periodic function of attention to be more
directly characterized than in a detection task.
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Figure 1.

Stimulus presentation schematic. Participants initiate trials by pressing a button with fixation at a central point. After a variable delay from the button press (50 —810 ms), two

brightness— orientation pairs are presented in rapid succession (e.g., pairs of Stimulus 1 and Stimulus 2 in either the top or bottom row), and are then followed by dynamic noise mask patterns.
Participants judge whether the white patch is presented at the same time as the 45° or 135° patch; if the white patch is presented with the 45° patch, then the black patch is necessarily presented
with the 135° patch. The duration of each stimulus is adjusted for each participant throughout the trials by the staircase 1 up 2 down rule, which targets a success rate of 70%.

Attention plays an essential role not only in facilitating stim-
ulus processing but also in binding sensory information across
different dimensions (Treisman and Gelade, 1980). To achieve a
unified conscious perception, the brain needs to spatiotempo-
rally integrate cross-modular information processed in different
cortical streams with various timings (Zeki, 1978; Mishkin et al.,
1983; Livingstone and Hubel, 1988; DeYoe et al., 1994; Van Essen
and Gallant, 1994). Multiple features are bound into a conscious
object or event based on the position and timing of stimulus
presentation (Treisman and Gelade, 1980; Wolfe, 1994; Mout-
oussis and Zeki, 1997; Holcombe and Cavanagh, 2001; Bartels
and Zeki, 2006; Fujisaki and Nishida, 2010). Given that reduced
attention can result in feature misbinding, or illusory conjunc-
tions (Treisman and Schmidt, 1982), attention has been consid-
ered to play a crucial role in feature binding. Holcombe and
Cavanagh (2001) reported a psychophysical experiment with a
dynamic conjunctive visual display to measure the temporal lim-
its of feature binding by requiring the combination of temporally
synchronous attributes. This study is in contrast to the conven-
tional visual search paradigm that assesses feature binding less
directly. Holcombe and Cavanagh’s (2001) results indicated that
temporal binding resolution is much lower between spatially sep-
arated features than between spatially superimposed features,
thereby illustrating that slow binding for separated features is
driven by attention.

By using a similar dynamic conjunctive visual display (Fig. 1),
we show here that behavioral performance of attentional feature
binding fluctuates periodically at ~8 Hz with respect to a button
press, as congruent with a significant dependence on neural os-
cillatory phases within the corresponding band. The behavioral
and neural periodicities are both correlated with the peak fre-
quency of intertrial phase coherence around the button press in
individual observers. The psychophysical and physiological re-
sults suggest that an attentional network serves to bind tempo-
rally diverse visual information periodically at ~8 Hz, subserved
by neural oscillatory activity in synchrony with action.

Materials and Methods

Observers. Seven naive participants and one of the authors (R.N.), including
three females, participated in the psychophysical experiments (average age =
25.0, SD = 4.3) of the spatially separated and superimposed conditions. The
same eight participants and another seven males took part in the EEG exper-
iment (average age = 23.1, SD = 3.7) conducted only for the separated
condition. All participants had normal/corrected-to-normal vision and all of
them were right-handed. All experiments were conducted in accordance
with the Declaration of Helsinki (2003) and were approved by the ethics
committee of the University of Tokyo. All participants provided written
informed consent.

Apparatus. Images were displayed on a gamma-corrected 24 inch LCD
(BENQ XL2430T; 640 X 480 pixel) with a frame rate of 100 Hz. This
monitor is the successor to the BENQ XL2410T that has been proven to
have sufficient temporal precision to display fast-changing stimuli com-
mon in visual psychophysics (Lagroix et al., 2012). The LCD pixel reso-
lution was 3.0 min/pixel at a viewing distance of 70 cm and mean
luminance was 71.7 cd/m?. In the EEG experiment, images were dis-
played on a gamma-corrected 24 inch LCD (BENQ XL2420T; 1024 X
768 pixel) with a frame rate of 100 Hz. The pixel resolution of the LCD
was 1.9 min/pixel at a viewing distance of 70 cm and mean luminance was
54.0 cd/m?.

Stimuli. In the spatially separated condition, as sketched in Figure 1,
visual stimuli were two brightness—orientation pairs consisting of com-
binations of uniform luminance (black/white) and 0.8 cpd square-wave
grating (45/135°) patterns. These patterns were enveloped by horizontal
semicircles (3.2° diameter) with 1.2° vertical offsets from the central
fixation point (0.4° diameter; 143.5 cd/m?), respectively. At stimulus
presentation half time, the first brightness—orientation pair was replaced
by the second pair, e.g., simultaneous changes from white to black along
with from 135 to 45° patches. The presentation positions (upper and
lower visual fields) and orders (first and second pairs) were randomly
combined between brightness and orientation. The luminance contrast
of the square-wave grating was full and the spatial phase was randomized
across the trials.

In the spatially superimposed condition, visual stimuli were two
brightness—orientation pairs (same as above) but superimposed on a
single semicircular pattern (see Fig. 3A). The pattern was offset by 3.7°
above the fixation point to prevent performance from reaching ceiling
during the course of the staircase method. At the half time of the stimulus
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presentation, the first brightness—orientation pair was replaced by the
second pair in the same manner as the separated condition.

Procedure. All experiments were conducted in a dark room. Observers
maintained fixation on a central point that appeared at the beginning and
lasted until the end of each experimental block. Observers pressed a
button with their right middle finger to start the trial. After an equally
likely delay of between 50 and 810 ms in 40 ms steps, two brightness—
orientation pairs were presented in rapid succession and then followed
by dynamic white-noise patterns (H3.2 X V1.6°) to mask the afterimage.
Observers reported the brightness—orientation pair that was presented at
the same time by pressing one of two buttons on either side of the initi-
ating button with the corresponding index or third finger in a two-
alternative forced choice method. To avoid confounding responses and
self-initiated actions, observers were asked to pause for a few seconds
before pressing the button to start the next trial.

In the psychophysical experiments, stimulus duration was manipu-
lated in steps of 0.05 log frame according to a classical “1 up 2 down”
staircase method; duration was shortened if the response was correct in
two consecutive trials but lengthened if the response was incorrect in a
previous trial regardless of the delay condition. The initial value was
determined for each observer by pilot experiments. Average stimulus
duration was 121 ms (SD = 41 ms) in the spatially separated condition
and 68 ms (SD = 53 ms) in the spatially superimposed condition. The
number of trials for each delay was between 55 and 88 and was either the
same or different by a few trials between delays for each observer.

In the EEG experiment, the spatially separated condition was tested
with a constant stimulus duration that gave a 70% correct response rate
for each observer in pilot experiments. Average stimulus duration was
123 ms (SD = 30 ms) and the average correct rate was 0.71 (SD = 0.14)
across all observers. The action-to-stimulus delay was variable between
170 and 450 ms. Because we mainly aimed to examine the relationship
between binding performance and neural oscillatory phases, the delay
was not long enough to confirm behavioral oscillation as a function of
delay. The number of trials for each delay was between 60 and 80 and was
the same between delays for each observer.

Experimental design and statistical analysis: psychophysics. To analyze
behavioral oscillations, we fitted a sinusoid to individual correct response
rates as a function of action-to-stimulus delay by the least-squares
method with no restrictions except for initial values of free parameters:
temporal frequency, phase, amplitude, and mean. Goodness-of-fit to
sinusoids was tested by a nonparametric bootstrap analysis. The coeffi-
cient of determination (r?) of fit was iteratively computed based on delay
values shuffled across trials with replacements for each observer. The
initial values of free parameters were identical as for the observed data.
Ten thousand bootstrap computations were performed to obtain a
p-value as the probability of the real r* in the reconstructed bootstrap
distribution.

To ensure that the fitting was not determined by initial parameter
values, we fixed the temporal frequency parameter at a variable fre-
quency within the 1-12.5 Hz range and repeated fitting a sinusoid to
the data. The initial values of free parameters were identical to those
above. One-way ANOVA was used for comparisons of root mean
square error (RMSE) of fits relative to the best fit between temporal
frequency parameters.

To further analyze behavioral oscillations, we calculated the amplitude
spectrum of correct response rates as a time-series of action-to-stimulus
delay (analysis window = 50—810 ms) using the MATLAB fft function
with zero padding. The significance level of spectrum amplitude was
estimated by a nonparametric bootstrap analysis. For each observer,
spectrum amplitude was iteratively computed with delay values shuffled
across trials with replacements. Ten thousand bootstrap computations
were performed to obtain a significance level at the 95th percentile of the
reconstructed bootstrap distribution of maximum average amplitude
across observers.

EEG recording and preprocessing. The EEG was sampled with Ag-AgCl
electrodes using appropriate sized electrode cap at Fpl, Fp2, F3, F4, C3,
C4,P3,P4,01,02,F7,F8,T7, T8, P7, P8, Fz, Cz, and Pz according to the
international 10-20 system at a sampling rate of 1000 Hz (BrainVision
Recorder, BrainAmp amplifier, EasyCap; BrainProducts). An additional
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electrode served as a common ground electrode placed between Fz and
Fpz on the midline. All electrodes were referenced to another electrode
placed between Fz and Cz, and were then re-referenced off-line to obtain
the average between them. The EEG was resampled at 125 Hz, bandpass
filtered between 1 and 60 Hz, and converted into epochs of between — 1.5
and +2.0 s relative to the button press at the start of each trial and
between —2.0 and + 1.5 s relative to stimulus onset. Artifact components
(i.e., eye movements) were removed by heuristic examination of inde-
pendent components using the EEGALB runica function.

Experimental design and statistical analysis: EEG. A time-frequency
transform was applied to each epoch to obtain the phase angle of EEG
signals for each of the 19 electrodes at various frequencies and time
points using the EEGLAB newtimef function. Frequencies ranged from
1.5 to 50 Hz in 98 logarithmically spaced steps, whereas the length of the
filter window changed linearly from 3 to 5 cycles. Circular-to-linear cor-
relation was computed on the phase angle and the corresponding re-
sponse accuracy (binary correct/incorrect data) across trials for each
frequency, time point, electrode, and observer (Berens, 2009). Correla-
tion values were then averaged across observers. The significance of the
correlation, or the null hypothesis, was tested by a nonparametric boot-
strap analysis. Circular-to-linear correlation was iteratively computed
based on phase values shuffled across trials with replacements for each
frequency, time point, electrode, and observer. Ten thousand bootstrap
computations were performed to obtain a p value as the probability of the
real average correlation in the reconstructed bootstrap distribution.

To further analyze phase-response correlation, we fitted a one-cycle
sinusoid to the correct response rates in aggregate data (pooling individ-
ual data together; Benedetto et al., 2016) as a function of the correspond-
ing neural phase (linearly binned from —r to +r) by the least-squares
method with no restrictions except for initial values of free parameters:
phase, amplitude, and mean. Frequency, time point, and electrode sub-
ject to this analysis were determined based on the circular-to-linear cor-
relation (maximum average correlation). Goodness-of-fit to a sinusoid
was tested by a nonparametric bootstrap analysis. R* of fit was iteratively
computed with phase values shuffled across trials with replacements. Ten
thousand bootstrap computations were performed to obtain a p value as
the probability of the real 2 in the reconstructed bootstrap distribution.

Intertrial phase coherence (ITPC) was also computed as a measure of
the synchronization of neuronal activity locked by a button press for each
frequency, time point, electrode, and observer (Tallon-Baudry et al.,
1996; Delorme and Makeig, 2004) according to the following:

n

1 Fi(fit)
ITPC(fi0) = 2 Tffi)\

where 7 is the number of trials, F;, (£, t) is the spectral estimate of trial k at
frequency fand time ¢, and || represents the complex norm. ITPC would
be 0 for randomly distributed phases and 1 for perfect phase locking. The
ITPC values were then averaged across observers. For analysis of inter-
observer correlation, the null hypothesis was tested based on Pearson’s
correlation coefficient.

Results

Periodicity of binding spatially separate features

We examined periodicity in the temporal binding of brightness
and orientation. After a variable delay from a button press (50—
810 ms), two brightness—orientation pairs were presented in
rapid succession (Fig. 1). Participants judged the brightness—ori-
entation pair that was presented at the same time. If separate
features are bound into a synchronous event in a periodic man-
ner with respect to voluntary action, binding performance will
fluctuate in a time-series of action-to-stimulus delay with a cer-
tain periodicity.

Figure 2A shows the proportions of correct responses for
individual observers in the spatially separated condition. The or-
ange curves are sinusoids fitted to data with respect to the action-
to-stimulus delay. The inset circular plots indicate the sinusoids’
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Periodic fluctuation of binding performance of spatially separate features. A, Left, Correct response rates (filled circles) of individual data fitted with a sinusoid (orange curve) as a

function of action-to-stimulus delay. The best-fitting temporal frequency and phase are displayed in each panel. Right, Bootstrap distributions of r > computed iteratively 10,000 times; dashed lines
indicate the 95th percentile and orange lines indicate the real 2. B, Relative RMSE of fit estimated for different temporal frequency parameters fixed at each frequency divided by the RMSE of the
best fit. Error bars represent =1 SE across observers. €, Spectrum amplitude of correct response rates as a time-series of action-to-stimulus delays. Error bars represent = 1SE across observers. The
horizontal dashed line marks the 95th percentile of a bootstrap distribution of the maximum average amplitude computed iteratively 10,000 times.

phases (seemingly different between observers). Goodness-of-fit
was confirmed by comparing the r* with a distribution of r?
computed iteratively with bootstrapped data. In the recon-
structed distribution of r2, the vertical dashed and orange lines
indicate the 95th percentile and measured r?, respectively. An
orange line to the right of the dashed line implies behavioral
oscillation with a certain periodicity rather than biological noise.
According to data, individual observers exhibit significant peri-
odicities in the correct rates at temporal frequencies within 6.6—
8.5 Hz except for S8 (S1: p = 0.048; S2: p = 0.012; S3: p = 0.001;
S4: p = 0.022; S5: p = 0.006; S6: p = 0.036; S7: p = 0.040; S8: p =
0.119).

Similarly, we found that the best fit, or minimum relative
RMSE of fit, is achieved on average within 7.0—8.5 Hz when a
sinusoid was fitted to the data by various temporal frequency
parameters with 0.5 Hz steps, as presented in Figure 2B (ANOVA:
F23.161y = 3.788, p < 0.05). An additional spectrum analysis

revealed average amplitude to be significant at ~7.5 Hz (Fig. 2C).
These results suggest that temporal binding performance of spa-
tially separated features fluctuates with a periodicity of ~8 Hz.

Periodicity of binding spatially superimposed features
We investigated the possibility of periodicity in binding spatially
superimposed features which has previously been considered to
be independent of the slow binding mechanism driven by atten-
tion (Holcombe and Cavanagh, 2001). Each pair of brightness
(black/white) and orientation (45/135°) was displayed superim-
posed onto a single stimulus (Fig. 3A) and such two pairs were
presented in rapid succession. The psychophysical results of the
temporal binding task same as the separate condition are pre-
sented in Figure 3.

As a result, no individual observers return significant period-
icities in the correct rates (Fig. 3B; S1: p = 0.337; S2: p = 0.645; S3:
p = 0.486; S4: p = 0.669; S5: p = 0.253; S6: p = 0.143; S7: p =
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rapid succession. B—D, Results of analyses same as Figure 2. Performance does not show significant periodic fluctuation for any individual data. Neither relative RMSE offit (C) nor spectrum amplitude

(D) is significant across the temporal frequencies analyzed.

0.739; S8: p = 0.381). Figure 3C presents the same analyses of
relative RMSE of fit (ANOVA: F(,3 6,y = 1.197, p = 0.25) and
Figure 3D presents the spectrum, neither of which on average
shows any significant periodicity. Considering the consistency of
all analyses, these results should rule out the existence of period-
icity in binding performance of spatially superimposed features
at <12.5 Hz; the Nyquist limit of the present sampling frequency.

Correlation of EEG phase with binding performance

We subsequently examined the effect of neural oscillatory phases,
specifically before stimulus onset (Busch et al., 2009; Mathewson
et al., 2009; Dugué et al., 2011; Chakravarthi and VanRullen,
2012), on slow attentional binding performance. EEG was mea-
sured using 19 electrodes for 15 observers performing the same

temporal binding task as with the spatially separated features.
Circular-to-linear correlation was then computed between the
EEG phase and the response accuracy across trials for each fre-
quency, time point, electrode and observer. In this experiment,
stimulus duration was constant at a threshold estimated in ad-
vance for each observer and the action-to-stimulus delay was
variable in a 280 ms period from 170 to 450 ms after the button
press.

Preliminary analysis of behavioral data exhibited periodic
fluctuations of correct responses as a function of action-to-
stimulus delay for 2 observers but not significant for the other 13
observers. This could be explained by the difficulty to fit a sinu-
soid and to estimate behavioral periodicity reliably with a small
number of data points (delays) at the individual level. As noted in
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Binding dependence on prestimulus neural oscillatory phase and ITPC around action. 4, Time-frequency representation of the average circular-to-linear correlation between neural

oscillatory phase at P3 and response accuracy measured by binary correct/incorrect data. The bright color plot marks significant correlation (p << 0.01) identified by bootstrap analysis. The dashed
vertical line corresponds to stimulus onset time (0 ms). The dashed curve indicates, for each frequency, the first time point whose analysis window includes the stimulus onset. B, Scalp map of
circular-to-linear correlation at 8.5 Hzand — 120 ms. Thefilled electrode point marks significant correlation (p << 0.01) identified by bootstrap analysis. €, Left, Correct response rates (filled circles)
of aggregate data (n = 15) fitted with a one-cycle sinusoid (orange curve) as a function of EEG phase at P3, 8.5 Hz, and — 120 ms binned linearly from — 77 to + . Right, Bootstrap distribution
of r2 computed iteratively 10,000 times; the dashed line indicates the 95th percentile and the orange line indicates the real r2. D, Time-frequency representation of average ITPC at P3 aligned with
button press. The dashed vertical line corresponds to button press time (0 ms). £, Scalp map of [TPCat 5.1 Hzand 50 ms. F, Left, Inter-observer correlation between peak ITPC frequency within 3—15
Hzand —200to 400 ms with respect to button press and peak circular-to-linear correlation frequency within 3—15Hzand — 600 to 0 ms relative to stimulus onset, both at electrode P3. The diagonal
line shows a fitted power function: log(y) = 1.43log(x) + log(0.76). Right, Inter-observer correlation between peak ITPC frequency at P3 and the behavioral periodicity frequency of binding

performance measured in the psychophysical experiment. The diagonal line shows a fitted power function: logy) = 0.56log(x) + log(3.21).

the Materials and Methods, behavioral analysis is not the main
aim of the EEG experiment, but at least the average frequency of
the best fit is 7.27 Hz (SD = 3.04 Hz) across all observers, in line
with the psychophysical results.

Figure 4A shows the average correlation values from the left
parietal (P3) electrode, which we selected based on the most pro-
nounced effect. The bright color plot indicates significant values
(p < 0.01). By visual examination only, a significant ~8 Hz com-
ponent appears to last from —400 to 0 ms before stimulus onset,
overlapping with a period from —450 to —170 ms when observ-
ers were supposed to press a button. Poststimulus signals could
not explain all aspects of the significant component starting
>100 ms before the time points that contain poststimulus signals
due to the analysis window. This component is localized to the P3
electrode with a peak at 8.5 Hz and —120 ms before stimulus
onset (Fig. 4B). We also found that the correct response rate
fluctuates cyclically depending on the EEG phase at this peak
time-frequency point marginally significantly (Fig. 4C; p =
0.051) by fitting a one-cycle sinusoid to the data. From these
results, binding performance seems at least partly to depend on
the prestimulus neural oscillatory phase.

EEG phase coherence locked with action

We further analyzed how voluntary action in the form of a button
press could affect the neural processing that yields the behavioral
oscillations. ITPC, or phase-locking value (Lachaux et al., 1999),

relative to the observer’s button press was computed for each
frequency, time point, electrode, and observer.

Figure 4D shows the ITPC values at the P3 electrode averaged
across all observers. A distinct ITPC component appears centered
at ~4-6 Hz from —50 to 200 ms partly before and just after the
button press. This component is localized to the left hemispheric
electrodes, consistent with observers using a right finger to press a
button, with a peak at P3, 5.1 Hz, and 50 ms after the button press
(Fig. 4E). On grounds that corresponding power components are
absent in similar time and frequency bands (time-frequency rep-
resentation is not shown here), the ITPC component should be
attributed to phase alignment of pre-existing neural oscillations
but not to distinct oscillations evoked by action (as described by
Popovych et al., 2016). Importantly, we found a significant inter-
observer correlation between peak ITPC frequency in the ranges
of 3—15 Hz and of —200 to 400 ms with respect to button press
and peak correlation frequency in the ranges of 3-15 Hz and
—600 to 0 ms relative to stimulus onset at the P3 electrode (r =
0.56, 1,13y = 2.46, p = 0.029 in log scale; Fig. 4F, left). There was
no significant inter-observer correlation between peak ITPC
and peak correlation values themselves (r = 0.16, t, 5y =
0.58, p = 0.57 in log scale). Moreover, peak ITPC frequency
can predict behavioral periodicity frequency between eight
observers who participated in both the EEG and the psycho-
physical experiments (r = 0.76, t(, 5y = 2.90, p = 0.027 in log
scale; Fig. 4F, right), whereas peak ITPC value does not predict
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behavioral periodicity frequency (r = —0.52, £, 5y = 1.
0.19 in log scale) or amplitude (r = 0.13, £, 5y = 0.33, p
in log scale) in the same eight observers.

48,p =
=0.75

Discussion

The present study demonstrated that temporal binding perfor-
mance fluctuates at ~8 Hz with respect to a self-initiated button
press for spatially separated, but not for superimposed, conjunc-
tive features. EEG analysis also revealed a significant dependence
across trials on prestimulus neural oscillatory phases. Further-
more, the peak ITPC frequency locked with the button press was
highly correlated with the peak frequency of this dependence and
with the behavioral periodicity frequency between observers. All
the data are consistent with the notion that the temporal binding
of separate features is performed in a periodic manner at ~8 Hz
based on the periodic function of an attention network and that
neural oscillatory activity phase-locked to voluntary action may
underlie the periodic binding performance.

Here we consider the possibility that the periodic fluctuation
of correct response rate reflects a few factors other than the peri-
odicity of feature binding. First, periodic fluctuation might be a
product of periodic elements in sensory processing (e.g., mecha-
nisms for detecting luminance) rather than of high-level atten-
tional processes. It is however not quite probable since periodic
fluctuation was not evident for binding superimposed features (a
process which has been considered as involved in low-level but
not attentional processes). One might consider that we cannot
compare the separate and superimposed conditions because
stimulus duration was different, but then we should take into
account that in the separate condition stimulus duration was not
correlated with behavioral frequency between observers; if any-
thing, higher behavioral frequency was paradoxically associated
with slower stimulus change (r = —0.21, ¢, ;; = 0.53, p = 0.62 in
log scale). Therefore, the periodic fluctuation would reflect atten-
tional processes that possess distinct periodicities from low-level
processes. Second, one might argue that observers solved the
temporal binding task by comparing attribute presentation order
with features in their working memories. This cannot be the case
however given that stimulus duration, approximated to the dis-
crimination threshold using a staircase method (121 ms per stim-
ulus on average), was several times longer than the generally
reported resolution of temporal order judgment of ~30 ms
(Hirsh and Sherrick, 1961; Poppel, 1997). If one rules out the
possibilities above, one may well interpret the present results as
reflecting periodic processes associated with attentional feature
binding.

The psychophysical results suggest the periodic function of an
attention network on the present binding task. Recent psycho-
physical findings imply that attention samples perceptual infor-
mation at a rate of ~4-8 Hz in high-level processing stages
(Landau and Fries, 2012; Fiebelkorn et al., 2013; Dugué et al.,
2015). This frequency range also corresponds to the temporal
resolution of tracking a single object (Verstraten et al., 2000;
Holcombe and Chen, 2013). Biological visual systems input sen-
sory information by moving gaze in a discrete manner, guided by
attentional processes that can otherwise operate with covert in-
dependence from gaze (Rizzolatti et al., 1987; Moore et al., 2003;
Hogendoorn, 2016). Attention is therefore expected to shift with
such periodicity unless other salient events happen to capture
attention. On this basis, the temporal binding of separate features
may be performed through periodic attentional sampling as well.
In other words, attention may explore locations of separate fea-
tures alternately at ~8 Hz, and then bind them successfully if the
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stimulus presentation coincides with the timing of periodic ex-
ploration. Accordingly, the stimulus duration approximated to
the discrimination threshold (121 ms per stimulus on average)
roughly corresponds to the behavioral periodicity, or perhaps
attentional sampling, frequency of ~8 Hz.

Periodic processes may be a consequence of neural oscilla-
tions as the most fundamental principle underlying neural infor-
mation processing in the brain. Neural oscillations show various
frequencies in cortical and subcortical systems, appearing to af-
fect perceptual tasks with different periodicities (VanRullen,
2016). Computationally speaking, periodic activities can play a
role in integrating temporally diverse neural representations
from different cortical streams into a “present” window and thus
produce a temporally unified conscious perception. Behavioral
performance of integration and/or segregation tasks across visi-
ble frames depends on neural oscillatory phases within widely
distributed bands (Varela et al., 1981; Cravo et al., 2015; Samaha
and Postle, 2015; Milton and Pleydell-Pearce, 2016), and neuro-
nal rhythmicity is coupled across cortical areas between different
frequencies (Lakatos et al., 2005; Canolty et al., 2006; Landau et
al., 2015). In this sense, stimulus duration in the superimposed
condition (68 ms per stimulus on average) might be critical to the
absence of behavioral oscillations because it would be difficult to
discriminate two successive pairs presented within one cycle of
~8 Hz rhythms (Wutz et al., 2016, 2018). While this speculation
presupposes the existence of behavioral rhythms related to the
present binding task, such behavioral rhythms might reflect the
periodic processes of integration and discrimination for visual
stimuli.

The EEG results suggest that neural phase-locking with action
may underlie the periodic binding performance. To date, behav-
ioral oscillations have been found relative to the timing of stim-
ulus onset (VanRullen et al., 2007; Busch and VanRullen, 2010;
Landau and Fries, 2012; Fiebelkorn et al., 2013; Dugué et al.,
2015, 2016) and observer action (Tomassini et al., 2015, 2017;
Benedetto et al., 2016; Bellet et al., 2017). Neurologically, it could
be explained that neural information processing is modulated
according to the neural oscillatory phase being reset by an exter-
nal stimulus (Fiebelkorn et al., 2011; Romei et al., 2012; Mercier
etal.,2013,2015). Tomassini et al. (2017) discussed the relevance
of motor command to synchronization between perception and
action on the grounds that orientation detection performance is
correlated with prestimulus 4 Hz neural oscillatory phases
around the observer’s hand movement. In common with the
present study, it is still possible that spontaneous motor actions
are locked to an ongoing attentional rhythm; there is no way to
know whether the button press is truly randomly timed, and
resets the behavioral oscillation, or whether its timing always
tends to be around the same phase of a preexisting attention
oscillation, which then continues after the button press with or
without a phase reset. Assuming that feature binding and action
are both involved in attention and that attentional selection in-
duces oscillatory phase reset of neuronal firing patterns (Lakatos
et al., 2008; Schroeder and Lakatos, 2009), we can argue for an
important role of attention in mediating, or perhaps phase-
resetting, neural and perceptual oscillations that are well syn-
chronized with voluntary action.

Here we attempt to account for the frequency difference be-
tween the ITPC component aligned with the timing of action
(4—6 Hz) and the periodic binding performance (~8 Hz), al-
though these frequencies both fall within the range of 4-8 Hz
that has been presumed an attentional rhythm. The frequency
difference can be explained by assuming that the periodicity of
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feature binding is not determined but rather affected by the
action-locked component. In addition to the numerous neuro-
physiological phenomena of frequency entrainment (Regan,
1966; Morgan et al., 1996; von Stein and Sarnthein, 2000; Fries et
al., 2002), Benedetto et al. (2016) demonstrated that the behav-
ioral frequency of contrast detection increases from 5 to 7 Hz by
reducing display luminance, and the authors interpreted the re-
sults in terms of entrainment as amplified alpha activity of ~10
Hz. Considering the essential role of parietal cortex in feature
binding (Friedman-Hill et al., 1995; Shafritz etal., 2002), periodic
processes associated with feature binding might slightly shift in
frequency depending on the ITPC component centered at the
parietal area.

Increasing studies have reported periodic effects of attention
(for review, see VanRullen, 2016) and rhythmic percepts
(Chakravarthi and VanRullen, 2012). Although the periodicity
varies by the stimulus and the task, feature binding would be
involved in achieving a unified conscious perception. The bind-
ing problem is known to essentially assume the existence of
consciousness, which is often considered a goal of cortical infor-
mation processing (Tononi, 2004). Combined with perceptual
experiences of discrete sampling with visual stimuli where dis-
tinct features anticipate different positions (Arnold and John-
ston, 2003; Nakayama et al., 2018), the present study implies that
periodic integration processes might be key in understanding
consciousness.

References

Arnold DH, Johnston A (2003) Motion-induced spatial conflict. Nature
425:181-184.

Bartels A, Zeki S (2006) The temporal order of binding visual attributes.
Vision Res 46:2280-2286.

Bellet J, Chen CY, Hafed ZM (2017) Sequential hemifield gating of alpha-
and beta-behavioral performance oscillations after microsaccades. ] Neu-
rophysiol 118:2789-2805.

Benedetto A, Spinelli D, Morrone MC (2016) Rhythmic modulation of vi-
sual contrast discrimination triggered by action. Proc Biol Sci 283:
20160692.

Berens P (2009) CircStat: a MATLAB toolbox for circular statistics. J Stat
Softw 31:1-21.

Busch NA, VanRullen R (2010) Spontaneous EEG oscillations reveal peri-
odic sampling of visual attention. Proc Natl Acad Sci U S A 107:16048—
16053.

Busch NA, Dubois J, VanRullen R (2009) The phase of ongoing EEG oscil-
lations predicts visual perception. ] Neurosci 29:7869-7876.

Buzsdki G (2006) Rhythms of the brain. New York: Oxford UP.

Canolty RT, Edwards E, Dalal SS, Soltani M, Nagarajan SS, Kirsch HE, Berger
MS, Barbaro NM, Knight RT (2006) High gamma power is phase-
locked to theta oscillations in human neocortex. Science 313:1626-1628.

Chakravarthi R, VanRullen R (2012) Conscious updating is a rhythmic pro-
cess. Proc Natl Acad Sci U S A 109:10599-10604.

Cravo AM, Santos KM, Reyes MB, Caetano MS, Claessens PM  (2015) Visual
causality judgments correlate with the phase of alpha oscillations. ] Cogn
Neurosci 27:1887-1894.

Delorme A, MakeigS (2004) EEGLAB: an open sorce toolbox for analysis of
single-trail EEG dynamics including independent component anlaysis.
J Neurosci Methods 134:9-21.

DeYoe EA, Felleman DJ, Van Essen DC, McClendon E (1994) Multiple pro-
cessing streams in occipitotemporal visual cortex. Nature 371:151-154.

Dugué L, Marque P, VanRullen R (2011) The phase of ongoing oscillations
mediates the causal relation between brain excitation and visual percep-
tion. ] Neurosci 31:11889—-11893.

Dugué L, McLelland D, Lajous M, VanRullen R (2015) Attention searches
nonuniformly in space and in time. Proc Natl Acad Sci U S A 112:15214—
15219.

Dugué L, Roberts M, Carrasco M (2016) Attention reorients periodically.
Curr Biol 26:1595-1601.

Fiebelkorn IC, Foxe JJ, Butler JS, Mercier MR, Snyder AC, Molholm S (2011)

Nakayama and Motoyoshi e Attention Periodically Binds Visual Features

Ready, set, reset: stimulus-locked periodicity in behavioral performance
demonstrates the consequences of cross-sensory phase reset. ] Neurosci
31:9971-9981.

Fiebelkorn IC, Saalmann YB, Kastner S (2013) Rhythmic sampling within
and between objects despite sustained attention at a cued location. Curr
Biol 23:2553-2558.

Friedman-Hill SR, Robertson LC, Treisman A (1995) Parietal contributions
to visual feature binding: evidence from a patient with bilateral lesions.
Science 269:853—855.

Fries P (2015) Rhythms for cognition: communication through coherence.
Neuron 88:220-235.

Fries P, Schroder JH, Roelfsema PR, Singer W, Engel AK (2002) Oscillatory
neuronal synchronization in primary visual cortex as a correlate of stim-
ulus selection. ] Neurosci 22:3739-3754.

Fujisaki W, Nishida S (2010) A common perceptual temporal limit of bind-
ing synchronous inputs across different sensory attributes and modalities.
Proc Biol Sci 277:2281-2290.

Hirsh IJ, Sherrick CEJr (1961) Perceived order in different sense modalities.
J Exp Psychol 62:423—432.

Hogendoorn H (2016) Voluntary saccadic eye movements ride the atten-
tional rhythm. J Cogn Neurosci 28:1625-1635.

Holcombe AO, Cavanagh P (2001) Early binding of feature pairs for visual
perception. Nat Neurosci 4:127-128.

Holcombe AO, Chen W (2013) Splitting attention reduces temporal reso-
lution from 7 hz for tracking one object to <3 hz when tracking three. J
Vis 13:12 1-19.

Lachaux JP, Rodriguez E, Martinerie J, Varela FJ (1999) Measuring phase
synchrony in brain signals. Hum Brain Mapp 8:194-208.

Lagroix HE, Yanko MR, Spalek TM (2012) LCDs are better: psychophysical
and photometric estimates of the temporal characteristics of CRT and
LCD monitors. Atten Percept Psychophys 74:1033—-1041.

Lakatos P, Shah AS, Knuth KH, Ulbert I, Karmos G, Schroeder CE (2005)
An oscillatory hierarchy controlling neuronal excitability and stimulus
processing in the auditory cortex an oscillatory hierarchy controlling neu-
ronal excitability and stimulus processing in the auditory cortex. ] Neu-
rophysiol 94:1904—1911.

Lakatos P, Karmos G, Mehta AD, Ulbert I, Schroeder CE (2008) Entrain-
ment of neuronal oscillations as a mechanism of attentional selection.
Science 320:110-113.

Landau AN, Fries P (2012) Attention samples stimuli rhythmically. Curr
Biol 22:1000-1004.

Landau AN, Schreyer HM, van Pelt S, Fries P (2015) Distributed attention is
implemented through theta-rhythmic gamma modulation. Curr Biol 25:
2332-2337.

Livingstone M, Hubel D (1988) Segregation of form, color, movement, and
depth: anatomy, physiology, and perception. Science 240:740—749.

Mathewson KE, Gratton G, Fabiani M, Beck DM, Ro T (2009) To see or not
to see: prestimulus « phase predicts visual awareness. ] Neurosci 29:2725—
2732.

Mercier MR, Foxe JJ, Fiebelkorn IC, Butler JS, Schwartz TH, Molholm S
(2013) Auditory-driven phase reset in visual cortex: human electrocor-
ticography reveals mechanisms of early multisensory integration. Neuro-
image 79:19-29.

Mercier MR, Molholm S, Fiebelkorn IC, Butler JS, Schwartz TH, Foxe JJ
(2015) Neuro-oscillatory phase alignment drives speeded multisensory
response times: an electro-corticographic investigation. ] Neurosci 35:
8546—-8557.

Milton A, Pleydell-Pearce CW (2016) The phase of pre-stimulus alpha os-
cillations influences the visual perception of stimulus timing. Neuroim-
age 133:53-61.

Mishkin M, Ungerleider LG, Macko KA (1983) Object vision and spatial
vision: two central pathways. Trends Neurosci 6:414—417.

Moore T, Armstrong KM, Fallah M (2003) Visuomotor origins of covert
spatial attention. Neuron 40:671-683.

Morgan ST, Hansen JC, Hillyard SA (1996) Selective attention to stimulus
location modulates the steady-state visual evoked potential. Proc Natl
Acad Sci U S A 93:4770—4774.

Moutoussis K, Zeki S (1997) A direct demonstration of perceptual asyn-
chrony in vision. Proc Biol Sci 264:393-399.

Nakayama R, Motoyoshi I, Sato T (2018) Discretized theta-rhythm percep-
tion revealed by moving stimuli. Sci Rep 8:5682.

Popovych S, Rosjat N, Toth TI, Wang BA, Liu L, Abdollahi RO, Viswana-



Nakayama and Motoyoshi e Attention Periodically Binds Visual Features

than S, Grefkes C, Fink GR, Daun S (2016) Movement-related phase
locking in the delta—theta frequency band. Neuroimage 139:439—449.

Poppel E (1997) A hierarchical model of temporal perception. Trends Cogn
Sci 1:56-61.

Regan D (1966) Some characteristics of average steady-state and transient
responses evoked by modulated light. Electroencephalogr Clin Neuro-
physiol 20:238-248.

Rizzolatti G, Riggio L, Dascola I, Umilta C (1987) Reorienting attention
across the horizontal and vertical meridians: evidence in favor of a pre-
motor theory of attention. Neuropsychologia 25:31-40.

Romei V, Gross J, Thut G (2012) Sounds reset rhythms of visual cortex and
corresponding human visual perception. Curr Biol 22:807—813.

Samaha J, Postle BR (2015) The speed of alpha-band oscillations pre-
dicts the temporal resolution of visual perception. Curr Biol
25:2985-2990.

Schroeder CE, Lakatos P (2009) Low-frequency neuronal oscillations as in-
struments of sensory selection. Trends Neurosci 32:9-18.

Shafritz KM, Gore JC, Marois R (2002) The role of the parietal cortex in
visual feature binding. Proc Natl Acad Sci U S A 99:10917-10922.

Tallon-Baudry C, Bertrand O, Delpuech C, Pernier ] (1996) Stimulus spec-
ificity of phase-locked and non-phase-locked 40 Hz visual responses in
human. ] Neurosci 16:4240—4249.

Tomassini A, Spinelli D, Jacono M, Sandini G, Morrone MC (2015) Rhyth-
mic oscillations of visual contrast sensitivity synchronized with action.
J Neurosci 35:7019-7029.

Tomassini A, Ambrogioni L, Medendorp WP, Maris E (2017) Theta oscil-
lations locked to intended actions rhythmically modulate perception.
eLife 6:¢25618.

J. Neurosci., May 22,2019 - 39(21):4153—-4161 « 4161

TononiG (2004) Aninformation integration theory of consciousness. BMC
Neurosci 5:42.

Treisman AM, Gelade G (1980) A feature-integration theory of attention.
Cogn Psychol 12:97-136.

Treisman A, Schmidt H (1982) Illusory conjunctions of objects. Cogn Psy-
chol 14:107-141.

Van Essen DC, Gallant JL (1994) Neural mechanism of form and motion
processing in the primate visual system. Neuron 13:1-10.

VanRullen R (2016) Perceptual cycles. Trends Cogn Sci 20:723-735.

VanRullen R, Koch C (2003) Is perception discrete or continuous? Trends
Cogn Sci 7:207-213.

VanRullen R, Carlson T, Cavanagh P (2007) The blinking spotlight of atten-
tion. Proc Natl Acad Sci U S A 104:19204-19209.

Varela FJ, Toro A, John ER, Schwartz EL (1981) Perceptual framing and
cortical alpha rhythm. Neuropsychologia 19:675-686.

Verstraten FA, Cavanagh P, Labianca AT (2000) Limits of attentive tracking
reveal temporal properties of attention. Vision Res 40:3651-3664.

von Stein A, Sarnthein J (2000) Different frequencies for different scales of
cortical integration: from local gamma to long range alphartheta synchro-
nization. Int J Psychophysiol 38:301-313.

Wolfe JM (1994) Guided search 2.0: a revised model of visual search. Psy-
chon Bull Rev 1:202-238.

Wautz A, Muschter E, van Koningsbruggen MG, Weisz N, Melcher D (2016)
Temporal integration windows in neural processing and perception
aligned to saccadic eye movements. Curr Biol 26:1659-1668.

Wautz A, Melcher D, Samaha ] (2018) Frequency modulation of neural oscillations
according to visual task demands. Proc Natl Acad Sci U S A 115:1346-1351.
Zeki SM (1978) Functional specialisation in the visual cortex of the rhesus

monkey. Nature 274:423—428.



	Attention Periodically Binds Visual Features As Single Events Depending on Neural Oscillations Phase-Locked to Action
	Introduction
	Materials and Methods
	Results
	Discussion
	References


