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Abstract Active exploratory behaviors have often been
associated with theta oscillations in rodents, while theta
oscillations during active exploration in non-human pri-
mates are still not well understood. We recorded neural
activities in the frontal eye field (FEF) and V4 simultane-
ously when monkeys performed a free-gaze visual search
task. Saccades were strongly phase-locked to theta oscil-
lations of V4 and FEF local field potentials, and the phase-
locking was dependent on saccade direction. The spiking
probability of V4 and FEF units was significantly modu-
lated by the theta phase in addition to the time-locked
modulation associated with the evoked response. V4 and
FEF units showed significantly stronger responses follow-
ing saccades initiated at their preferred phases. Granger
causality and ridge regression analysis showed modulatory
effects of theta oscillations on saccade timing. Together,
our study suggests phase-locking of saccades to the theta
modulation of neural activity in visual and oculomotor
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cortical areas, in addition to the theta phase locking caused
by saccade-triggered responses.
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Introduction

In daily life, primates actively explore the visual world
with a systematic pattern of eye movements and fixations.
Saccadic eye movements occur every ~ 200 ms—300 ms
to draw different parts of the visual environment to the
high-acuity fovea for accurate analysis. Active exploratory
behaviors are usually associated with theta oscillations in
the hippocampus in rodents [1-5] and monkeys [6, 7]. As
monkeys perform a recognition memory task, saccades
produce a hippocampal theta phase-reset, and enhanced
pre-stimulus theta power predicts stronger stimulus encod-
ing [6]. The saccade-related response of theta phase-
alignment in the hippocampus is observed during a visual
scene search task in human and non-human primates [7].
The visual and oculomotor processes during visual explo-
ration behaviors such as visual search have been studied
extensively in the visual cortex [8—16] and association
cortex [12, 17-21]. In these cortices, theta oscillations
reflect the active neuronal processing of other cognitive
operations, such as sustained attention [22-24], learning
[25-27], cognitive control [28, 29], decision-making [30],
and working memory [31]. Especially in non-human
primates, theta oscillations in V4 and the prefrontal cortex
(PFC) have been associated with working memory [32, 33].
For example, the phase-locking of single-neuron activity to
theta oscillations within V4 and between V4 and PFC was
observed while monkeys perform a working memory task
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[32, 33]. However, the relationship between theta oscilla-
tions in the visual and association cortices and visual
processing and saccadic behaviors during active visual
search is still unclear.

To address this issue, we simultaneously recorded spike
and local field potential (LFP) signals in V4 and the frontal
eye field (FEF) while monkeys performed a free-gaze visual
search task. We found that saccades during the search were
strongly phase-locked to theta oscillations of V4 and FEF
LFPs, and the phase-locking of saccades to the receptive
field (RF) was significantly weaker than those out of the RF.
The amplitudes of theta LFP oscillations were far larger than
the amplitudes of evoked responses, and the spiking
probabilities of neurons were significantly modulated by
theta phase. V4 and FEF neurons showed significantly
stronger responses following saccades initiated at their
preferred phases. Granger causality and ridge regression
analysis provided evidence of modulatory effects of theta
oscillations on saccade timing. These results suggest the
coordination of saccades and neuronal activity of V4 and
FEF in the theta rhythm (4 Hz—8 Hz) during visual search.

Materials and Methods
Subjects

This study was carried out with two male rhesus monkeys
(Macaca mulatta from Xingui Animal Breeding Co., Ltd,
Guilin, China) weighing 11 kg—15 kg. Under aseptic
conditions, a post to fix the head and two recording
chambers were implanted in the heads of each monkey.
The two chambers were over the FEF and V4 areas, and
were located by magnetic resonance imaging (MRI) before
surgery. The visual stimulation and behavioral control were
performed using two computers running the Cortex soft-
ware package (www.cortex.salk.edu). All procedures and
animal care were carried out in accordance with the
guidelines of the National Care and Use of Animals
(China) as approved by the Institutional Animal Care and
Use Committee of Shenzhen Institutes of Advanced
Technology (approval ID: SIAT-IRB-160223-NS-ZHH-
A0187-003).

Visual Stimuli and Behavioral Tasks

Visual stimuli were displayed on a CRT screen (NEC
Corporation, Japan) 57 cm from the monkeys’ eyes at a
resolution of 800 pixels x 600 pixels and a refresh rate of
120 Hz. The stimulus was a combination of one of eight
colors and one of eight shapes with a contrast of ~ 1.1°
and matched in the number of pixels. For details of
matched colors see Zhou and Desimone [34]. A total of 64
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different stimuli appeared on a gray background of 14.5 cd/
m?; 20 of 64 stimuli were randomly selected for the search
array in a given trial. The target/cue of a given trial was
randomly selected from the 20 stimuli.

The researchers trained the monkeys to perform a free-
gaze conjunction visual search task. The paradigm is shown
in Fig. 1. After center fixation for 400 ms, the screen
presented a central cue as the search target, which randomly
stayed for 200 ms—2500 ms (“cue period”). Before the
search array onset, the monkeys were required to hold
fixation within 1.5° of the screen center. Then the screen
presented a search array with 20 stimuli, and the central cue
was replaced by a center spot at the same time. The monkeys
were required to find a target the same as the central cue in the
search array within 4000 ms and fixate on it within 2° for
700 ms to receive a drop of juice reward. Before the visual
search task, we first used a memory-guided saccade task [34]
to determine the cell’s receptive field (RF) and stimulus
selectivity, with a peripheral stimulus flashed for 100 ms at
one of the 20 positions in the above search array.

Recording

With paired recordings in the FEF and V4 areas, we
recorded multi-unit spikes and LFPs with a Multichannel
Acquisition Processor system from Plexon Inc. (Dallas,
USA). Four tungsten microelectrodes (FHC Inc., Bowdoin,
USA) passed through the dura mater of each area. The
distance between electrodes in an area was 650 pm or
900 pm. To obtain spikes, we filtered the recorded neural
signals between 0.25 kHz and 8 kHz, then amplified and
digitized them at 40 kHz. The neural signals were filtered
between 0.7 Hz and 170 Hz to obtain LFPs. We used MRI
imaging to confirm the recorded locations of these two
areas, and electrically (< 50 pA) stimulated in the FEF to
elicit eye movements. With an infrared eye-tracking
system (Eye Link II, SR Research Ltd., Ontario, Canada),
we collected eye movements at a sampling rate of 500 Hz
while monkeys performed the free-gaze visual search task.

Data Analysis
Data Preprocessing

All data analysis was performed in MatLab (MathWorks,
Natick, USA). The recorded sites with a significant visual
response (Wilcoxon rank-sum test, P < 0.05) were ana-
lyzed. Post-stimulus and pre-stimulus periods were chosen
for statistical comparisons. The post-stimulus period was
50 ms—-250 ms after stimulus onset, and the pre-stimulus
period was — 200 ms—0 ms before stimulus onset. The
firing rate was calculated by 10-ms non-overlapping bins.
The preprocessing of LFPs included powerline artifact
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Fig. 1 Task and recording sites. A Illustration of the free-gaze
conjunction visual search task. No constraints were placed on the
search behaviors in order to allow monkeys to conduct the search

removal [35] and phase correction [36]. First, we extracted
10-s epoch data containing the point of interest, and
calculated the discrete Fourier transform (DFT) at 60 Hz.
Based on the amplitudes and phases estimated by DFT, a
60-Hz sine wave was constructed as the estimated power-
line artifact, which was subtracted from the 10-s epoch. We
corrected the LFP phase shifts caused by the head-stage
and preamplifier of the recording system using the utility
program provided by Plexon Inc. (FPAlign, http://www.
plexoninc.com/support/softwaredownloads.html) as in
Gregoriou et al. [36]. The sinusoidal signal of 0.5 Hz—
400 Hz was injected into two channels. One signal was
recorded after the head-stage and preamplifier, and the
other was directly injected into the A/D channel without
filtering. By Hilbert transform, the average phase differ-
ence between these two signals at each frequency was
calculated, and the response function of the filter was
determined. To eliminate the time delay caused by the
original filter, we used an empirical digital filter to reverse
the data.

Detection of Significant Theta and Alpha Oscillations
in LFPs

LFP signals were band-pass filtered by a finite impulse
response (FIR) filter (eegfilt.m from the EEGLAB tool-
box). Significant theta oscillations of LFPs during search
periods from search array onset to 250 ms after the onset of
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naturally. B Illustration of recording in FEF and V4 areas. Distribu-
tions of search durations (C), saccade reaction times (D), and saccade
amplitudes (E) during the search.

the last target fixation were detected with a method used in
previous studies [37-39]. In short, theta power of LFPs at
4 Hz-8 Hz, and nearby bands of 1 Hz-3 Hz and 9 Hz—
14 Hz were calculated. A ratio of Poweryg g,/
(Power;_3 y, + Powerg_j4 y,) was calculated. We used a
ratio threshold of 1.4 to detect significant theta oscillations
that gave a clear theta peak in the power spectrum.
Significant theta oscillations were detected in V4 LFPs in
35% of search trials, and in FEF LFPs in 17% of trials.
Similarly, significant alpha oscillations of LFPs during
search periods were detected based on their power (8 Hz—
13 Hz) and that of their nearby bands (4 Hz—7 Hz and
14 Hz-16 Hz) using a ratio threshold of 0.8. Significant
alpha oscillations were detected in V4 LFPs in 22% of
search trials, and in FEF LFPs in 18% of trials.

Saccade Phase-Locking to Theta and Alpha Bands of LFPs

LFP signals were 4 Hz—8 Hz (theta) and band-pass filtered
by the FIR filter (eegfilt.m from the EEGLAB toolbox).
The Hilbert Transform was applied to the filtered LFP
signals to calculate the instantaneous phases of theta
oscillations. Saccades that occurred during search periods
with significant theta oscillations were used, and phases of
theta oscillations of an LFP at the onsets of these saccades
were determined, and the distribution with 1° resolution of
theta phases at saccade onsets was generated to study the
saccade phase-locking to theta oscillations of the LFP.
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Saccade onsets were detected based on eye position and
velocity signals [40]. We first detected the time when the
eye position was 2°-3° away from the averaged fixation
position, then traced back to the first time point when the
eye position fell within 3xSD of fixation positions from
the averaged fixation position. We used this time point as
the saccade onset time if the eye movement speed at this
time point was also > 30°/s.

To detect significant saccade phase-locking to theta, we
performed a Rayleigh analysis using a circular statistics
toolbox for MatLab [41]. Given a group of phases ¢, (i = 1,
..., n), the resultant length of the n phases is the modulus of
the first trigonometric moment: m = (1) | &/%r, where j is
the imaginary unit, and e is the natural logarithm base. The
theta phase values were transformed before the Rayleigh
analysis [42] to exclude the effect of theta wave asymme-
try, which leads to a non-uniform phase value distribution.
Uniformity of the underlying distribution of phase values
(¢py) is particularly desirable for Rayleigh analysis. We
devised a transformation : [—m, ) — [—m, ) such that
bf = ¥(dy) = {¥(x)|x € U} is uniform. Let Fy : [—7, 1)
— [0, 1) be the empirical cumulative distribution function
corresponding to ¢y. Then, W(x) = 2nFy(x) — n yielded
the desired transformation. The W-transformed phase value
was used for the Rayleigh analysis. We also calculated the
saccade phase-locking to alpha oscillations in LFPs using a
similar method. In this analysis, LFP signals were band-
pass filtered at 8 Hz—13 Hz. All direct comparisons of
phase-locking using resultant length were conducted after
equalizing the trial numbers. As a control, saccade phase-
locking was also calculated in all search periods with both
significant and non-significant oscillations.

To investigate the relationship between saccade behav-
ior and saccade phase-locking, we sorted saccades into
saccades to RF and saccades out of RF, and the RF of an
LFP was defined as the RF of the unit in the same channel.
Phase-locking of these two types of saccade and cross-trial
LFP phase consistency [6] around the onset of these two
types of saccade were calculated and compared. For cross-
trial phase consistency of an LFP, the theta phases of the
LFP at each time point within 250 ms around saccade onset
were determined, and the distribution of theta phases at
each time point was generated. The resultant length based
on the theta phase distribution was calculated for each time
point to quantify the cross-trial phase consistency of the
LFP. Saccades to RF were further sorted into saccades to
targets and saccades to distractors. Phase-locking and
cross-trial LFP phase consistency in these two conditions
were calculated and compared.

@ Springer

Theta Amplitudes in LFP Oscillations and Saccade-Trig-
gered Average Around Saccade Onset

Theta amplitudes of LFP oscillations were calculated on an
individual trial base. LFP epochs around saccade onsets
were first 4 Hz—8 Hz band-pass filtered. Hilbert Transform
was applied to the filtered LFP to calculate the instanta-
neous theta amplitude in each trial, then the theta
amplitudes were averaged across all trials. For theta
amplitudes in a saccade-triggered average, LFP epochs
around the saccade onset were first averaged across all
trials to generate the saccade-triggered average, and a
4 Hz-8 Hz band-pass filter was applied to the saccade-
triggered average, then Hilbert Transform was applied to
the filtered saccade-triggered average to calculate the
instantaneous theta amplitude in the saccade-triggered
average. The theta amplitude in a 500-ms window centered
on saccade onset was analyzed. We excluded theta
amplitude data in the first 200 ms after array onset to
avoid the larger LFP response to search array onset, thus,
the saccade onsets included in this analysis were at least
450 ms after the array onset. For comparison, we also
calculated the theta amplitude in a 500-ms window
(— 700 ms to — 200 ms before the array onset) in the
cue period with significant theta oscillations, in which
monkeys kept central fixation and no saccade was made.
As a control, the theta amplitudes were also calculated in
all search periods with both significant and non-significant
oscillations.

Modulation of Theta Oscillations on Saccades Timing

To investigate the contributions to saccade phase-locking
by theta oscillations and the saccade-evoked response,
ridge regression and Granger causality were applied for
regression and causal tests. LFP epochs around saccade
onsets (— 250 ms to + 250 ms, 1-ms bins) were extracted,
together with the corresponding theta phases at saccade
onsets (see above).

In ridge regression analysis, for each LFP, we took its
pre-onset LFPs (LFPp.,— 201 ms to — 1 ms), post-onset
LFPs (LFPpos, 31 ms to 230 ms) around each saccade
onset to predict the theta phase at the saccade onset. We
also combined LFP. and LFPp, for the prediction. Ridge
regression with loss function

m

2
‘C(yaypredict) = MSE(Y>ypredict) + )VZQ,'
i=1
was applied, where MSE is the mean square error function,
Ypredice 18 the prediction from ridge regression, 91-2 is the
square of the fitting parameters, and A denotes the
parameter for regularization. Five-fold cross-validation
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was conducted, and correlation coefficients between the
predictions and the real phase values were calculated.
Averaged correlation coefficients with SEM across LFP
populations were calculated to show the prediction power
of pre-onset, post-onset, and the combined LFPs.

Granger causality (GC) analysis was based on the same
LFPp., LFP,, and phases at saccade onsets as used in the
regression analysis, and considered them as three
sources/targets, indexed by ¢ =1, 2, 3. ¢ = 1 for LFP,
¢ =2 for LFPp, and ¢ =3 for the phases at saccade
onsets. To assess the G-causal influences, we consider ¢ as
a target with an observation A(%): = [A(lc),Agc), .. .,A(TC)].
H'©) denotes the history of the covariates of ¢, and HE s
the history of the covariates of c, excluding the effects of ¢.
The log-likelihood ratio statistic associated with the G-
causal influence of source (¢ ) on target (c) can be defined
as

L(wA, HS)

F = S(CO ’ )10 W

where w is a time-varying parameter vector character-
izing the underlying dynamics, L£(w|A, H) denotes the
likelihood of estimated parameter vector w given the
observation sequence A and the history of the covariates 7,
and s(w) = sign(w). Based on this formulation, the GC
effect from source (¢) to target (c) can be measured as the
reduction in the point process log-likelihood of source ( ¢)
in the reduced model as compared with the full model. The
sign determines the effective excitatory or inhibitory nature
of this influence. In our methods, we got the G-causal
influence of pre-onset LFPs on theta phases of saccade
onsets, and the G-causal influence of post-onset LFPs on
theta phases of saccade onsets. For control, we also
shuffled the theta phases at saccade onsets across trials and
ran significance tests between the original G-causal influ-
ences and G-causal influences from shuffled data. LFPs
during search periods with significant theta oscillations
were included in this analysis.

Influence of Theta and Alpha Oscillations on Spiking of V4
and FEF Units

We analyzed how spiking probability varied with theta
phase and the time after saccade onset. In this analysis,
LFPs during search periods with significant theta or alpha
oscillations were used, and the spikes and LFPs were from
the same recording channel. The theta phases of spikes
were determined using the same method for determining
the phases of saccade onsets (see above). These spike
phases were transformed into 0° to 360° and rounded.
Spike phase and LFP phase data in the 250-ms epoch after
saccade onset were collected. A 250 x 360 matrix was

generated with the row number corresponding to the time
(0 ms to 249 ms) after saccade onsets and the column
number corresponding to the phase value (0° to 359°). We
calculated the spiking probability at each time and phase
value combination. For example, LFP phases at 100 ms
after saccade onset were 20° for 10 times and spikes with
20° phase occurred twice at this time, then the spike
probability at this 100 ms and 20° combination was 0.2. If
certain phase values never occurred at certain times,
spiking probability in these time and phase combinations
was set as NaN (not-a-number used in MatLab). Finally,
this 250 x 360 spike probability matrix was binned into a
25 x 18 matrix (bin size: 10 ms x 20°) and all NaNs were
skipped during this process.

To quantify the spiking probability modulation by theta
oscillations, we calculated a modulation index (MI) based
on a normalized entropy measure [43, 44]. The spike
probabilities in the 250 x 360 matrix were averaged across
time with all NaNs skipped and binned into 18 groups
based on the phases (20°/bin). The p(j) was the mean spike
probability at bin j, and f(j) was given by the following
formula:

r()
7 p0) .

where N represented the total number of bins, and its value
was 18. The entropy H was defined by formula 2.

)=

H= =3 f(ilogf()) 2)

MI was the normalized entropy, as shown in formula 3.

MI = Hinax — H (3)
Hmax
where Hp,x represented the maximum possible entropy.
When MI was 0, there was no phase modulation of the
spike probability. The higher the MI value, the stronger the
phase-probability modulation. After shuffling the spike
probability and theta phase, we calculated 200 groups of
MI values to analyze the statistical significance of MI.
With the permutation distribution of MI values, we
determined that the percentage of data points was equal
to or greater than the observed MI. The effects of alpha
oscillations on the spiking probability of V4 and FEF
neurons were also analyzed using similar procedures.

Influence of Phase at Saccade Onset on Spike Response
Based on the distribution of theta phases at saccade onsets,
we defined the 60° window where saccades initiated most

often as the “preferred phase” of saccades. Another 60°
window in which saccades initiated least often was defined

@ Springer
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as the “non-preferred phase” of saccades. The distributions
of the central values of these preferred phases of V4 and
FEF LFPs were generated. We calculated the spike firing
rates in a 250-ms window following saccade onset at the
preferred phase, non-preferred phase, and all phases.
Similarly, the influence of the alpha phase on the spike
response was assessed based on the detected significant
alpha oscillations. Firing rates in the 250-ms period were
binned in 10-ms intervals. For each unit, the firing rate
aligned on saccade onset was averaged across trials in the
“all saccade phases” condition. All three types of firing
rate (“preferred saccade phase”, “non-preferred saccade
phase”, and “all saccade phases”) of each unit were
normalized to the maximum value of the averaged “all-
saccade phases” response during the 250-ms period
following saccade onset. Significant differences between
firing rates were assessed in the time windows 20 ms—
70 ms and 100 ms—150 ms after saccade onset using the
Wilcoxon signed-rank test.

To test the influence of phases at saccade onsets on the
feature selectivity, we also calculated V4 responses to
stimuli with the preferred and non-preferred colors or
shapes following saccade onsets at their preferred and non-
preferred phases. All four types of firing rates (Fig. 8) in
each unit were normalized to the maximum value of the
averaged “preferred saccade phase, preferred feature in
RF” response during the 250-ms period following saccade
onset. In this analysis, the spike signal for calculating firing
rate and LFP saccade phase-locking was from the same
recording channel. As a control, the influence of phase at
saccade onset was also assessed during all search periods
with both significant and non-significant oscillations.

Results

We recorded 134 multi-units and LFPs in the FEF area and
136 multi-units and LFPs in the V4 area while the two
monkeys performed a free-gaze visual search task (Fig. 1).
All multi-units showed significant visual responses (Wil-
coxon rank-sum test, P < 0.05). The monkeys performed
the task at 95% (monkey L) and 98% (monkey G) correct.
Figure 1C-E shows the distributions of search duration,
reaction time, and saccade amplitude during the search.
Figure S1E and F show representative MRI images of the
two areas.

Saccade Phase-Locking to the Theta Band in V4
and FEF LFPs

To investigate the relationship between theta oscillations
and saccades, we calculated the phases of the theta band in
V4 and FEF LFPs at saccade onset. An example of LFP
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overlaid with its theta (4 Hz—8 Hz) band trace during a
search period is illustrated in Fig. 2A along with saccade
times and spikes, showing clear theta oscillation in the
example LFP. Search periods with significant theta oscil-
lations were determined based on a theta detection method
[37-39]. Power spectral analysis of LFPs during these
periods revealed a clear peak at theta frequencies (Fig. 2B,
F). Figure 2C shows saccade phase-locking to theta
oscillations of a V4 LFP. In this example, saccades
initiated most often at theta phases around 0° or 360°,
but least often at phases around 200°. We ran a Rayleigh
analysis on the phase distributions and found that saccades
were significantly phase-locked to theta oscillations in 135
of 136 V4 LFPs (averaged resultant length = 0.351 +
0.0099, P < 0.05). Figure 2D shows the distribution of
resultant lengths of saccade phase-locking to all 136 V4
LFPs. We also investigated saccade phase-locking to
significant alpha oscillations in V4 LFPs. Phase-locking
to alpha was significantly weaker than that to theta
oscillations in V4 LFPs (Wilcoxon signed-rank test,
P < 0.001; Fig. 2E). Saccades were also significantly
phase-locked to theta oscillations in 132 of 134 FEF LFPs
(Fig. 2G, H) and this phase-locking was also significantly
stronger than that to FEF alpha oscillations (Wilcoxon
signed-rank test, P < 0.001; Fig. 2I). Together, these
results suggested that the phases of theta oscillations in
V4 and FEF were both associated with saccade timing.
Similar trends of saccade phase-locking were also found
during all search periods with both significant and non-
significant oscillations (Fig. S2A, B, D, E). As a control,
we also compared saccade phase-locking to oscillations at
3 Hz and 6 Hz-8 Hz, and found stronger saccade phase-
locking to 6 Hz-8 Hz oscillations in V4 and FEF
(Fig. S6D, H).

To investigate the connection between the saccade
phase-locking and exploratory behaviors, we calculated
saccade phase-locking to significant theta oscillations
(Fig. S3A, D) during inter-trial intervals (ITIs) with a dark
screen. Saccade phase-locking during ITIs was signifi-
cantly weaker than the phase-locking during search periods
in V4 and FEF (Fig. S3B, C, E, and F), suggesting a
stronger correlation between saccade initiation and theta
oscillations during exploratory search.

To further reveal the relationship between LFP theta
oscillations and saccade initiations, we calculated 12 LFP
traces, with each averaged across LFP epochs with their
theta phases at saccade onsets belonging to the same 30°
bins (12 bins for 360°), and the saccade-evoked responses
were calculated from all LFP epochs (Fig. 2J, K). There
were clear theta oscillations in these LFP traces during the
pre-onset period, and systematic phase shifts of these LFP
traces varied with their theta phase at saccade onset,
suggesting that the theta phase at saccade onset was related
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Fig. 2 Saccade phase-locking to the theta band of FEF and V4 LFPs.
A Raw LFP trace during the search period superimposed on saccade
times, and a theta (4 Hz-8 Hz) band-filtered trace of the example
LFP. Below: a spike train of a unit recorded simultaneously.
B Population average of the power spectrum of V4 LFPs during
search periods with significant theta oscillations showing a peak at
theta frequency. The SEM of the power spectrum across LFPs is
marked by shading above and below the average. C An example of
saccade phase-locking to a V4 LFP with significant theta oscillation.
X-axis, phase values of theta oscillations at saccade onset; Y-axis,
proportion of saccades within each phase bin; bin size, 15°. The
sinusoid at the top of the panel illustrates a theta cycle. D Distribution
of resultant lengths quantifying saccade phase-locking to V4 LFPs

to the theta oscillation during the pre-onset period. The
evoked responses were also smaller than the theta oscil-
lations in the pre-onset period, which could include
multiple time-locked components, such as saccade-related
activity and the visual response. Similar systematic phase-
shifts of theta oscillations also occurred during all search
periods with both significant and non-significant theta
oscillations (Fig. S2C, F).

In the visual search, monkeys made saccades with an
average reaction time of 172.7 + 0.2 ms (median:
153.0 ms; Fig. 1D). This rhythm of saccades was in the
theta range, raising the possibility that theta oscillations

with significant theta oscillation. X-axis, resultant length of saccade
phase-locking; Y-axis, number of LFPs within each resultant length
bin; bin size, 0.02. E Saccade phase-locking to significant theta
oscillation and phase-locking to significant alpha oscillation (Wil-
coxon signed-rank test, P < 0.001; n = 136) in V4. The SEM of these
averages is marked by error bars. F-I As in B-E, except FEF LFPs
(n = 134) with significant oscillations. J Systematic phase shifts of
averaged LFP traces vary with their theta phase at saccade onset.
Each trace is averaged across LFP epochs with their theta phase at
saccade onset belonging to the same 30° bin (12 bins for 360°). The
saccade-evoked response is also shown (red trace), which is averaged
across all LFP epochs around saccade onset. K As in J, except for
FEF LFPs with significant theta oscillations.

during search might be caused by combination of the theta
rhythm of saccades and the LFP response time-locked to
saccade onset. To test this hypothesis, we compared the
amplitude of the theta band of LFPs during the search
period, calculated from the LFPs on individual trials, and
the amplitude of the theta band in saccade-triggered
averages of LFPs, reflected as the LFP response time-
locked to saccade onset. If the hypothesis were true, the
theta amplitude calculated from the saccade-triggered
averages and the theta amplitude calculated from LFPs
based on individual trials should be similar. All LFP
amplitudes were calculated during search periods with
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significant theta oscillations. Figure 3A shows the popula-
tion averages of the two theta amplitudes of V4 LFPs
around the saccade onset. The theta amplitude of saccade-
triggered averages was far smaller than the amplitude of
theta oscillations of LFPs on individual trials (Fig. 3A, B;
Wilcoxon signed-rank test, P < 0.001). The former ampli-
tude was just ~ 30% of the latter, suggesting that the theta
rhythm of saccades and the LFP response time-locked to
saccade onset cannot fully explain the theta oscillations in
V4 and FEF LFPs during a search. We obtained similar
results in FEF LFPs (Fig. 3C, D). Furthermore, we
calculated the amplitude of theta oscillation during the
Cue period in which no saccade occurred. We found that
the theta amplitude in the Cue period was only slightly
weaker than that during the Search period, but far larger
than that in the saccade-triggered average in both V4 and
FEF (Fig. 3B, D), suggesting that there were ongoing theta
oscillations in the two areas independent of the evoked

responses during visual search. LFP amplitudes calculated
during all search periods with both significant and non-
significant oscillations showed similar trends (Fig. S4).
We ran a ridge regression to predict the theta phase
value at saccade onset based LFP,;. and LFP,,, (Methods)
to investigate two possible hypotheses about the mecha-
nisms of the theta phase-locking of saccades: saccade
initiations are modulated by theta oscillations (Hypothesis
1), that is, particular phases of theta oscillations trigger
saccades; and saccades reset theta oscillations at specific
phases (Hypothesis 2). The mechanisms of phase resetting
are considered to be phase concentrations in response to
saccades, thus, the resetting process might be more related
to LFPs during the post-saccade period with strong evoked
responses (and Hypothesis 2). The phase-locking of
saccades related to LFP,. might be more linked to
Hypothesis 1, where the theta oscillations were obvious
and evoked responses were very weak (Figs. 2J, K, 3). We
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Fig. 3 Amplitudes of theta oscillations around saccade onset.
A Population averages of amplitudes of V4 LFPs at theta frequencies
during search periods with significant theta oscillations. Red line,
theta amplitudes on each individual trial were calculated first and then
averaged across all trials in all V4 LFPs; blue line, epochs around
saccade onsets of an LFP were averaged to generate a saccade onset
triggered average of the LFP, and theta amplitude of this saccade-
triggered average was calculated, then the theta amplitudes of the
saccade-triggered averages were averaged across all V4 LFPs. The
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m Individual
m Saccade-triggered average
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SEM of the theta amplitudes is marked by the shading above and
below the averages. B Averaged theta amplitudes in V4. Gray bar,
averaged theta amplitude in a 500-ms window (from 700 ms to
200 ms before search array onset) in Cue periods with significant
theta oscillations (Wilcoxon signed-rank test, P < 0.001; n = 136).
The SEM of these averages is marked by error bars. Formats in C and
D are the same as in A and B, except for FEF LFPs with significant
theta oscillations.
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used 200-ms pre-onset LFPs and post-onset LFPs to predict
the theta phase at saccade onset [45] for comparison.
Coefficients between regressed LFPp,. and real theta phases
were significantly larger than those for LFPy. (Fig. 4A, C;
V4: Pre-onset, 0.43 + 0.011, Post-onset, 0.31 + 0.0086;
Pre-onset vs Post-onset: Wilcoxon signed-rank test,
P < 0.001; FEF: Pre-onset, 0.33 + 0.021, Post-onset,
0.18 £ 0.019; Pre-onset vs Post-onset: Wilcoxon signed-
rank test, P < 0.001), while the coefficient for LFP e post
was the largest in both V4 and FEF (V4, 0.48 £ 0.0088;
FEF, 0.38 & 0.017), indicating that theta oscillations before
saccade onset might influence the theta phases at saccade
onset, in addition to the influence of saccade resetting.
To further check the contributions, we applied the
Granger causality method [46] to investigate the causal role
of pre-onset LFPs and post-onset LFPs in determining the
theta phase at saccade onset. We found a significant causal
influence of pre-onset LFPs on the theta phases in V4
(Fig. 4B; Pre-onset, 0.25 =+ 0.037; Pre-onset vs Pre-
shuffled, Wilcoxon signed-rank test, P < 0.001) and FEF
(Fig. 4D; Pre-onset, 0.21 =+ 0.034; Pre-onset vs Pre-
shuffled, Wilcoxon signed-rank test, P < 0.001), with the
influence of post-onset LFPs excluded in V4 (Fig. 4B;
Post-onset, 0.23 £ 0.035; Post-onset vs Post-shuffled,
Wilcoxon signed-rank test, P < 0.001) and FEF (Fig. 4D;

Fig. 4 Modulation of theta
oscillations on saccade timing.

A Predictions of theta phase at A k%

saccade onset by V4 LFPs
around saccade onset with sig-
nificant oscillations using ridge
regression. Coefficients between
experimental theta phase at
saccade onset and the predicted
theta phase from pre-onset
LFPs, post-onset LFPs, and the
LFPs with both pre-onset and
post-onset LFPs are plotted with
significant tests (Wilcoxon
signed-rank test, P < 0.05;

n = 136) between all coefficient
pairs. B Granger causality links
from pre-onset LFPs and post-
onset LFPs to theta phase at

04F

V4

Correlation coefficient

Pre-
onset
**x P <0.001
*  P<0.05

saccade onset, together with 0.4 -C * k%

links from the LFPs to shuffled
theta phases to validate the
causality links obtained from
experimental data (Wilcoxon
signed-rank test, P < 0.05;

n = 136). The SEM of these
averages is marked by error
bars. C, D As in A and B,
except for FEF LFPs with sig-
nificant theta oscillations (Wil-
coxon signed-rank test,

P < 0.05; n = 134).

FEF

02F

Correlation coefficient

Pre-
onset

Post-onset, 0.19 £ 0.032; Post-onset vs Post-shuffled,
Wilcoxon signed-rank test, P < 0.001). Together, these
results suggested both the mechanisms of theta modulation
of saccades and the mechanisms of saccade resetting
contribute to the saccade phase-locking.

Influence of Behavior on Saccade Phase-Locking

To investigate the effects of behavior on the saccade phase-
locking, we compared the theta phase-locking of saccades
to the RF and out of the RF. The RF of an LFP was defined
as the RF of the unit recorded from the same channel.
Search periods with significant theta oscillations were
included in this analysis. The theta phase-locking of
saccades to the RF was significantly weaker than that out
of the RF in V4 (Wilcoxon signed-rank test, P = 0.002;
Fig. 5A) and FEF (Wilcoxon signed-rank test, P = 0.04;
Fig. SE). The LFP cross-trial phase consistencies in the
“saccade to RF” condition were significantly lower than
those in the “saccade out of RF” condition during the
period mainly after the saccade onset in both V4 and FEF
(Wilcoxon signed-rank test, P < 0.05; Fig. 5B, F).
Further, we compared the theta phase-locking of sac-
cades to a target in the RF and that of saccades to a
distractor in the RF. Theta phase-locking of saccades to a
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Fig. 5 Influence of behavior on theta phase-locking. A V4 theta
phase-locking of saccades to the RF, saccades out of the RF, and all
saccades during search periods with significant theta oscillations
(Wilcoxon signed-rank test, P < 0.05; n = 136). The SEM of these
averages is marked by error bars. B Cross-trial theta phase
consistency between “saccade to RF” and “saccade out of RF”
conditions (Wilcoxon signed-rank test, P < 0.05; n = 136). The SEM
is marked by the shading above and below the averages. C V4 theta

target was significantly weaker than that to a distractor in
V4 (Wilcoxon signed-rank test, P = 0.006; Fig. 5C), but no
significant difference was found in the FEF (Fig. 5G). The
V4 LFP cross-trial phase consistency in the “saccade to
target” condition was also significantly lower during the
short period mainly before saccade onset (Wilcoxon
signed-rank test, P < 0.05; Fig. 5D), while the FEF LFP
cross-trial phase consistency was similar in the two
conditions (Fig. SH). Together, the theta phase-locking
and phase consistency were more dependent on saccade
behaviors (to the RF vs out of the RF), than on task-related
properties of stimuli in the RF (target vs distractor).

Spiking Probability of V4 and FEF Neurons Varies
with the Phase of Theta Oscillation

Previous studies have shown that the spiking probabilities
of V4 and PFC neurons vary with the phases of theta
oscillations in each area [32, 33]. In visual searching,
neural responses time-locked to saccade onsets, such as
saccade-related activity and visual responses, have effects
on spiking probability at theta rhythm, which could
confound spiking probability modulation associated with
theta oscillations. To dissociate spiking probability changes
associated with theta oscillations and the change-associated
factors time-locked to saccade onset, we calculated a
spiking probability matrix with its rows aligned on the time
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phase-locking of saccades to a target in the RF and to a distractor in
the RF (Wilcoxon signed-rank test, P < 0.05; n = 136). D Cross-trial
theta phase consistency between “saccade to target” and “saccade to
distractor” conditions (Wilcoxon signed-rank test, P < 0.05;
n = 136). Formats in E-H are the same as in A-D, except for FEF
LFPs during search periods with significant theta oscillations
(Wilcoxon signed-rank test, P < 0.05; n = 134).

from saccade onset and its columns aligned on the phase of
theta oscillation. Thus, the spiking probability changes
related to time-locked factors were revealed along the Y-
axis, and spiking probability changes related to theta
oscillations were revealed along the X-axis. Search periods
with significant theta oscillation were included in this
analysis. The population average of V4 spiking probability
varied with the V4 theta phase and the time after saccade
onset (Fig. 6A). A peak probability occurred at ~ 100 ms
after saccade onset, which might reflect the influence of a
time-locked evoked response. The V4 spiking probability
also varied with the theta phase, which was high at phases
~ 200° and low at phases between 0° and 100°, suggesting
that V4 spiking probability can be modulated by V4 theta
oscillations. More importantly, these probability changes
associated with the theta phases were evident throughout
the whole 250 ms period after saccade onset. We calcu-
lated the MI [43] to quantify the theta modulation of
spiking probability in different periods after saccade onset.
Figure 6B shows the averaged MlIs in these periods. Theta
modulation was significant in at least 78% of 136 V4 sites
in different periods within the 250-ms period after saccade
onset (permutation test, P < 0.05). Examples of MIs and
shuffled MI distributions were illustrated in Fig. S5G, H.
We also calculated the spiking probability changes asso-
ciated with V4 alpha oscillations, but the alpha modulation
was significantly weaker than the theta modulation in all
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Fig. 6 Spike probability of V4 and FEF units varies with theta phase.
A Color map of population averages of V4 spike probability that vary
with the theta phase and the time from saccade onset. The unit of the
scale bar is the mean spike count within 10 ms x 18° bins. X-axis,
theta phase; Y-axis, time from saccade onset. B Averaged modulation
indexes (Mls) that quantify V4 spiking probability modulated by V4
theta and alpha oscillations in different post-onset periods (Wilcoxon
signed-rank test, P < 0.05; n = 136). Red bars, averaged MIs of theta

periods after saccade onset (Wilcoxon signed-rank test,
P < 0.001; Fig. 6B). In the FEF, the preferred theta phase
for spiking varied with time after saccade onset, while this
variation was smaller in V4 (Fig. 6A vs D). Because the
distribution of the preferred theta phase of FEF LFPs at
saccade onset showed two peaks (see below and Fig. S2G),
we also calculated the theta modulation of spiking
probability separately in the two groups of LFPs
(Fig. SSI, J), which showed the influence of the preferred
phase for saccade onset on the theta modulation of spiking.
In the FEF, spiking probability also varied with the phase
of theta oscillations throughout the 250-ms period after
saccade onset (Fig. 6D, E), which were significant in at
least 32% of 134 FEF sites in different periods within the
250-ms period after saccade onset (permutation test,
P < 0.05). This theta modulation was also significantly
stronger than the modulation by FEF alpha oscillations
(Wilcoxon signed-rank test, P < 0.001; Fig. 6E). The theta
modulation of spiking probability was also significant
throughout the 250-ms period after saccade onset during all
search periods with both significant and non-significant
theta oscillations (Fig. S5A, B, D, E).

Theta modulation of spiking was stronger in the
“saccade out of RF” condition than in the “saccade to
RF” condition in V4 (Wilcoxon signed-rank test,

51-100 ms 101-150ms 151-250 ms 0-250 ms

0-50 ms 51-100 ms 101-150 ms 151-250 ms 0-250 ms

Time from saccade onset (ms)

modulation; blue bars, averaged Mls of alpha modulation. The SEMs
of these averages are marked by error bars. C Comparison of theta
MlIs in “saccade to RF” and “saccade out of RF” conditions
(Wilcoxon signed-rank test, P < 0.05; n = 136). D-F as in A-C,
except for spikes and LFPs in the FEF during search periods with
significant oscillations (Wilcoxon signed-rank test, P < 0.05;
n = 134).

P < 0.001 at 0 ms—50 ms, 51 ms—100 ms, 0 ms—250 ms,
and P =0.02, 0.03 at 101 ms—150 ms and 151 ms—
250 ms; Figs. 6C, S5C), while the theta modulation was
similar under these two conditions in the FEF (Figs. 6F,
S5F). As a control, we also calculated the modulation of
spiking by oscillations at 3 Hz and 6 Hz-8 Hz. The
modulation by oscillations at 3 Hz tended to be weaker
in V4, but stronger in the FEF (Figs. S6A-C, S6E-G).

Influence of Phase at Saccade Onset on Spike
Responses in the FEF and V4

Saccades selectively initiated more often at certain theta
phases and spike probability varied with theta phases,
suggesting that spike activity following saccade onset
might be influenced by the theta phase at saccade onset. To
address this, we defined a 60° window of theta phases in
which saccades initiated most often as the “preferred
phase” of saccades. Another 60° window in which
saccades initiated least often was defined as the “non-
preferred phase” of saccades. The distributions of the
central values of these preferred phases for V4 and FEF
LFPs showed shifts between the peaks of the two
distributions and a small second peak in the FEF distribu-
tions (Fig. S2G). Search periods with significant theta
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oscillations were included in this analysis. Figure 7A
shows population averages of V4 responses following
saccade onsets with different theta phases. Following
saccades initiated at their preferred theta phase, V4 activity
first decreased, then showed a strong phasic response. At
the same time, the averaged LFP traces in these trials
increased to a peak around 50 ms after saccade onset
(Fig. STA, red traces), and then decreased sharply. The
peak time of this phasic response was ~ 100 ms after the
saccade onset indicating that this activity mainly repre-
sented the visual response. Following saccades initiated at
their non-preferred theta phase, V4 activity stayed at a
relatively high level in the early period after saccade onset,
while LFP traces decreased in this early period (Fig. S7A,
blue trace). In the early period, V4 activity after saccade
onsets with non-preferred phases was significantly higher
than the activity after saccade onsets with preferred phases
(Wilcoxon signed-rank test, P < 0.001), However, the
latter V4 activity showed a significantly stronger phasic
response between 100 ms and 150 ms after saccade onset
(Wilcoxon signed-rank test, P < 0.001). In the FEF, we
only found the effect of theta phase at saccade onset in the
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Fig. 7 Influence of phase at saccades onset on responses in V4 and
the FEF. A Population averages of V4 responses following saccade
onset at different theta phases of LFPs with significant theta
oscillations. The SEMs of the responses are marked by the shading
above and below the averages. B Population averages of V4 responses
following saccade onset at different alpha phases of LFPs with
significant alpha oscillation in V4. C, D as in A and B, except for
spikes and LFPs in the FEF with significant oscillations.
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early period after the onset (Fig. 7C). We also analyzed the
effects of alpha oscillations (Fig. 7B, D), which were
weaker than the effects of theta oscillations. The influence
of phase at saccade onset on spike responses in the FEF and
V4 also occurred in all search periods with both significant
and non-significant theta oscillations (Fig. S8A-D).
Together, saccade initiations at preferred theta phases
might help V4 neurons to give a strong response to the
visual stimulus, and establish an optimal condition for
stimulus sampling in a visual search.

Influence of Saccade Phase on Color and Shape
Selectivity in V4

We mapped the color and shape selectivity of V4 neurons
in the memory-guided saccade task. 79 and 73 V4 neurons
showed significant color selectivity and shape selectivity
[one-way analysis of variance (ANOVA), P < 0.05],
respectively. Figure 8A shows averaged responses of the
color-selective neurons in a visual search. Search periods
with significant theta oscillations were included in this
analysis. Following saccade onset with preferred and non-
preferred theta phases, these neurons gave significantly
stronger responses to stimuli with preferred colors than to
stimuli with non-preferred colors. Thus, the color selectiv-
ity was retained in these neurons following saccades
initiated at different phases. The shape selectivity was also
retained (Fig. 8B). Therefore, the theta phase at saccade
onset influences the amplitude of spiking rate responses,
but not the feature selectivity in V4. Feature selectivity was
also maintained following saccades initiated at preferred
and non-preferred phases during all search periods with
both significant and non-significant theta oscillations
(Fig. S8E, F).

Discussion

In this study, we found that saccades were strongly phase-
locked to theta oscillations in both V4 and FEF LFPs
during a free-gaze visual search. Theta phase-locking of
saccades to the RF was significantly weaker than out of the
RF. The amplitudes of LFP theta oscillations were far
larger than the amplitudes of saccade-evoked responses,
supporting the existence of components of theta oscilla-
tions in the two areas independent of the evoked responses.
The spiking probability of V4 and FEF neurons was
significantly modulated by theta oscillations, which could
be disassociated from the modulation caused by the evoked
responses. V4 neurons showed a significantly stronger
evoked response following saccades initiated at their
preferred theta phase than that following saccades initiated
at their non-preferred phases. In addition to the effects on
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Fig. 8 Influence of theta phase

at saccade onset on the color A
and shape selectivity of V4
units. A Influence on color
selectivity. Red and blue lines,
averaged responses to preferred
and non-preferred colors at the
preferred theta phase, respec-
tively; orange and black lines,
averaged responses to preferred
and non-preferred colors at the
non-preferred theta phase,
respectively. B Influence on
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saccade phase-locking by saccade-evoked responses,
Granger causality and ridge regression analysis provided
evidence of modulatory effects of theta oscillations on
saccade timing. These results suggested that saccades and
neuronal activity in V4 and the FEF are coordinated at
theta rhythm (4 Hz—-8 Hz) during active visual exploration.

We found strong saccade phase-locking to theta oscil-
lations, theta modulation of spiking activity, systematic
phase shifts of theta oscillations varied with their theta
phases at saccade onset, and an increase of cross-trial phase
consistency during the post-onset period in both V4 and the
FEF, while there were also differences in the effects of
saccades on the theta phase-locking, distribution of pre-
ferred theta phases at saccade onset, and relationships
between modulation by oscillations at 3 Hz and 6 Hz—8 Hz
on spiking in the two areas. These results might be related
to the overlap and distinct functions of V4 and the FEF in
visual searching. We recorded a drop in firing rate in the
early period following a saccade initiated at its preferred
theta phase and a high firing rate following a saccade
initiated at its non-preferred phase, while the LFPs showed
the opposite changes during the same period. The opposite
changes in firing rate and LFP signals are consistent with
recent studies [47, 48]. It was likely that different time
courses of LFPs might result in different theta phase
values, then were associated with different firing rate
patterns. In the FEF, the preferred theta phase for spiking
varied clearly with the time after saccade onset, while these
preferred phase jitters in theta modulation of spiking were
weaker in V4, suggesting different levels of time-depen-
dent modulation of the theta modulation of spiking in the
two areas. The interactions between the two types of

modulation are still not clear, so further studies are needed
to understand these interactions.

Theta Modulation of Saccade Timing

Theta oscillations associated with active exploratory
behaviors have been studied extensively in the hippocam-
pus and the medial prefrontal cortex of rodents
[1-5, 42, 49]. In non-human primates, previous studies
have shown phase-alignment and phase-resetting of hip-
pocampal theta-frequency oscillations caused by saccades
during visual exploratory behaviors [6, 7, 50, 51]. Hoffman
et al. [7] found theta phase alignment of saccades during
active searching, but not during ITIs with a dark screen.
Consistently, we recorded stronger saccade phase-locking
during the search period than during ITIs in V4 and the
FEF (Fig. S3C, F).

We found similar theta amplitudes before and after
saccade onset (Fig. 3A, C) and enhancement of cross-trial
phase consistency following saccade onset (Fig. 5B, D, F,
H), consistent with previous findings that support the
hypothesis of saccade resetting of theta oscillations
[6, 7, 51, 52]. The saccade phase-locking in our studies
could be caused by this resetting mechanism. However, we
recorded evident theta oscillations in the averaged LFP
traces during the pre-onset period, whose phases shifted
systematically with their theta phase at saccade onset,
suggesting that the theta phase at saccade onset is related to
the theta oscillations of this period. Consistent with this,
the evoked response and cross-trial LFP phase consistency
were also clearly weaker in this period than the response
and consistency during the post-onset period. Ridge
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regression analysis further showed significantly higher
correlation coefficients between the real and predicted theta
phase at saccade onset based on the LFP,. than the
coefficients based on the LFP,., which suggested a better
prediction of the theta phase based on the pre-onset LFP,
indicating that the evoked response during the pre-onset
period cannot explain the correlation between pre-onset
LFP and the theta phase at saccade onset. In addition,
Granger causality analysis showed a significant causal
influence of pre-onset LFP on the theta phase at saccade
onset as the influence of the post-onset LFP was excluded.
In this method, to test the causal link from one source to the
target, the prediction from all sources without that single
source is compared with the prediction from all sources to
find the significant causal influence of the single source.
This causality result suggested that pre-onset theta oscil-
lations might play an important role in determining the
phase at saccade onset. Together, our study supported the
hypothesis that both pre-onset and post-onset LFPs con-
tribute to the saccade phase-locking, while also providing
evidence for theta oscillation modulation of saccade
timing.

Theta Oscillations and Visual Attention

Theta oscillations have also been associated with the
fluctuations of covert spatial attention in a number of recent
studies [53-61], involving mechanisms such as theta
phases in the lateral intraparietal area and FEF acting as
a clocking mechanism to organize alternating attentional
states [54], coordinating theta-rhythmic attention states
through pulvino-cortical interactions [59], and theta oscil-
lations and coupling in V1 and V4 [61]. Spyropoulos et al.
[61] showed stronger coherence of LFPs within V4 when
the stimulus in RF is not attended. Consistent with this, we
found stronger theta cross-trial phase consistency in the
“saccade out of RF” condition in V4. In addition, the
stronger theta modulation of spiking in V4 and the FEF in
the “saccade out of RF” condition found in this study are
consistent with the finding that spike-field coherence of
low frequencies including theta is desynchronized with
attention within the V4 and FEF areas [36, 62]. We also
found a weak difference in theta cross-trial phase consis-
tency in V4 between “saccade to target” and “saccade to
distractor” conditions and no significant difference in the
FEF. This might be related to the fact that monkeys can
make multiple saccades to find the target and the “saccade
to distractor” condition did not result in search errors in
most trials, compared with tasks with only one saccade
allowed in a search trial, which might weaken the
difference between the two types of condition.

We extended the study of theta oscillations in the visual
cortex and FEF to active visual exploration with rhythmic

@ Springer

saccades or overt spatial attention shifts. Our results of
saccade phase-locking to theta oscillations together with
ridge regression and Granger causality analysis suggested
that theta oscillations participate in the timing of saccades
or overt spatial attention shifts during active visual
exploration.
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