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Recent, but not long-term, priors
induce behavioral oscillations in

peri-saccadic vision
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Perception of a continuous world relies on our ability to integrate discontinuous sensory signals when
we make saccadic eye movements, which abruptly change the retinal image. Here we investigate the
role of oscillations in integrating pre-saccadic information with the current sensory signals. We
presented to participants (N = 24) a brief pre-saccadic Gabor stimulus (termed the inducer) before
voluntary 16° saccades, followed by a test Gabor stimulus at various times before or after saccadic
onset. Orientation judgments of the test stimulus were biased towards the orientation of both the
inducer and previous (1-back) test stimulus, consistent with serial dependence. In addition to the
average bias, judgments oscillated in synchrony with saccadic onset at alpha frequencies (~9.5 Hz)
towards the orientation of the inducer or 1-back stimulus. There was also a strong bias towards the
mean orientation (central tendency): however, that bias was constant over time, not associated with
saccade-synched oscillations. Perceptual oscillations in serial dependence (but not central tendency)
suggest that alpha rhythms may be instrumental in communicating short-term (but not long-term)
perceptual memory across saccades, helping to preserve stability during saccades. The distinction
between the modes of communicating short- and long-term memory suggests that the two

phenomena are mediated by distinct neuronal circuitry.

Perception is a dynamic process that relies on the integration of sensory
signals, over space and over time, to construct a coherent representation of
the surrounding world. One of the key challenges is understanding how the
brain maintains a sense of perceptual continuity from discontinuous sen-
sory input, particularly during saccadic eye movements. Saccades are rapid,
ballistic eye movements, which occur many times per second, posing sig-
nificant challenges to the perception of a stable and continuous visual world.
Many studies have found that perception is strongly suppressed and dis-
torted during saccades (for review, see refs. 1,2). But most of the time
perception remains stable, despite the radical saccade-induced changes to
the retinal images.

It has been suggested that continuity fields — spatiotemporal integration
mechanisms that continuously bias perception and cognition towards
previously encountered information promote the stability by smoothing
perceptual representations’. Strong evidence for the existence of continuity
fields comes from the recently described phenomenon of serial
dependence’, where the perception of the current stimulus is biased towards
previous stimuli in a sequence. Serial dependence occurs both for simple

visual features, such as orientation or color, as well as for complex features,
such as face identity and gender, beauty, body weight and quality of art (for
reviews see ref. 6-8). Studies suggest that the bias induced by serial
dependence is not a system flaw but rather leads to more efficient
perception™ (but see also refs. 10-12).

Perception is affected not only by recent past stimuli, but also by longer-
term perceptual history. Perceptual estimates of almost every quantity,
including size, time, and number, gravitate toward the average of the
response space, a phenomenon known as regression to the mean, or central
tendency". Regression to the mean is well described within the Bayesian
framework, where the mean, computed over several trials, is considered the
prior, which combines with sensory data (the likelihood), following Bayes’s
rule. The use of the mean as a prior has also been shown to be an efficient
strategy, reducing estimation error'*'"*, as happens with serial dependence.
Under normal experimental conditions, the two types of history-based
expectations interact, together with other phenomena such as adaptation'®"”.

Experimental studies of temporal contextual effects typically involve
artificially altering stimuli between trials, within an otherwise static
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environment. However, a natural testbed for studying integration of spatio-
temporal information in successive stimuli is during saccadic eye-move-
ments, which change the retinal input of stable scenes. To preserve stable
visual continuity, the input of successive fixations before and after each
saccade needs to be integrated. Many processes are at work, including
suppression'*™,  “remapping”*”, and other more complicated
phenomena’. Most of these phenomena show a strong predictive compo-
nent: the visual mechanisms are predictively alerted to the future stimulus it
will be sensing”. Trans-saccadic integration has been well described in
Bayesian terms, as an optimal integration process™”, taking into account
the inherent uncertainty of vision at the time of saccades. Much evidence is
consistent with the idea that trans-saccadic integration is instrumental in
maintaining perceptual continuity”’. Contextual effects, such as serial
dependence, are strongest at saccadic onset™.

A good deal of evidence has accumulated to suggest that neural
oscillations in the alpha and low-beta range are implicated in serial
dependence, and predictive perception in general. Theoretical arguments
suggest that generative feedback could create neural oscillatory reverbera-
tions in the alpha range”"'. The idea is that perceptual oscillations - par-
ticularly in bias - could result from the predictive feedback loop involved in
updating of expectations. This idea has received firm experimental support.
Ho et al.”” showed that alpha-frequency oscillations in auditory judgments
occurred only when the previous stimulus was presented to the same ear as
the current one. Similarly, judgments of the gender of faces showed strong
oscillations in the low-beta frequency, dependent on the gender of the
previous face: 14 Hz if the previous face was female, 17 Hz if it was male™.

Evidence also points to the role of neural oscillations, particularly at
alpha frequencies, in the maintenance of working memory. For example,
Jensen et al.* reported significant EEG responses in the 9-12 Hz range during
the retention interval of working memory tasks. Similarly, Wianda and Ross™
reported alpha oscillations in MEG associated with working memory
retention. VanRullen and Macdonald™ claimed that “perceptual echoes” near
10 Hz reflect brain mechanisms for retaining and processing short-term prior
information. While some theories suggest that alpha-band activity reflects the
active inhibition of task-irrelevant information’”*, these oscillations appear
crucial for the temporary storage, temporal ordering, and manipulation of
sensory inputs within working memory™™. By inhibiting task-irrelevant
brain regions, alpha oscillations ensure that relevant stimuli are maintained in
an accessible state for subsequent processing and decision-making. These
findings support the notion that oscillatory activity is integral to the dynamic
updating and utilization of prior experiences in working memory.

Oscillations are also strongly linked to saccadic (and other)
movements”. Neurophysiological work shows that in area V4 of the
monkey, alpha oscillations become coherent between sites active before and
after saccades, suggesting they serve an active role in maintaining trans-
saccadic continuity”’. Psychophysical results also point to a major role of
alpha rhythms during saccades. For example, bias of orientation oscillates
synchronized to the saccade onset at alpha rhythms*, while sensitivity
oscillates at low theta or delta frequencies**’. There is also EEG and MEG
evidence that saccades synchronize neuronal endogenous rhythms****, and
that the power of these oscillations is modulated by the specific trans-
saccadic task”. Thus there is good reason to suspect that alpha rhythms
could be involved in perceptual expectations at the time of saccades. We
therefore examined the role of oscillations in perceptual prediction at the
time of saccades, using a serial-dependence paradigm.

Methods

We ran two separate experiments, one where participants made horizontal
saccades from left to right, the other vertical saccades from top to bottom.
Some preliminary data on horizontal saccade average serial dependence has
already been published™. There was no preregistration of this study.

Participants
Twelve participants participated in the horizontal saccade experiment
(6 Women, 6 Men; Age: 26.9 + 3.0) and twelve different participants took

part in the vertical saccade experiment (5 Women, 7 Men; Age: 23.6 + 4.0).
Gender and age were self-reported. All had normal or corrected-to-normal
vision and provided written informed consent before taking part in the
study. With the exception of one author (XIE), all were naive to the purpose
of the experiment. Experimental procedures were approved by the regional
ethics committee (Comitato Etico Pediatrico Regionale—Azienda
Ospedaliero-Universitaria Meyer—Firenze, FI). Participants were not paid
for their time.

Apparatus

Experimental measures were performed in a quiet and dimly lit room.
Stimuli were generated with Psychtoolbox 3 in MATLAB r2020b (The
MathWorks), and presented with PROPixx projector (VPixx Technologies
Inc., Canada) by back projection onto a screen (Epson ELP-SC21B, 180 x
100 cm) with a resolution of 1920 x 1080 pixels and a refresh rate of 120 Hz.
Participants sat 1 m from the screen, which subtended 90 x 50 cm. Head
position was stabilized by a chin and headrest. Experiments were run in a
dark room. The position of one eye was monitored at 1000 Hz with the
EyeLink 1000 system (SR Research, Canada). Nine-point calibration and
validation was made at the beginning of each session, and eye drift corrected
at the beginning of each block.

Stimuli and procedures

The test and inducer stimuli were Gabor patches (Gaussian-windowed
sinusoidal gratings) presented at the center of a uniformly illuminated
screen background (mean luminance 135 cd/m?). The Gabor stimulus was 3
cycle/deg spatial frequency, 80% contrast, 1.36° standard deviation, and
random phase on every presentation (Fig. 1a).

Trials started with participants viewing a small (0.2° in diameter)
fixation dot (F0), 8° left of (or above) screen center. The pre-saccadic inducer
stimulus was briefly presented for 17 ms (2 monitor frames). After an
800-1200 ms random interval, FO disappeared and a saccadic target (F1)
appeared immediately 8° right of (or below) screen center. Participants
saccaded directly to F1. After a random delay (10-400 ms) from the saccadic
target, the fest stimulus, a brief 17-ms Gabor patch was displayed in the
center of the screen (Fig. 1a), equidistant from the two fixation points. We
did not present the stimulus before the saccadic target to avoid generating a
stimulus-driven saccade. Participants reproduced the test orientation by
rotating the response bar by mouse. If participants did not see the test at all,
they could skip the trial without responding. To ensure that participants did
not completely ignore the inducer stimulus, they were required to report the
approximate orientation (left or rightward tilt) of the inducer stimulus by
pressing the left or right arrow at the end of 10% trials.

For each block, there were 60 trials in total. Six test orientations (35°,
45°, 55°,125°, 135°, 145°) were randomly assigned in each trial (10 trials for
each orientation), and the inducer orientation was randomly chosen from
the positive (Test4-15°), negative (Test—15°), and orthogonal (Test+90°)
conditions (Fig. 1b). Each participant performed 15-20 blocks.

Data analysis

Saccade and psychophysical analysis. To analyze the saccade data,
we utilized the EyeLink parsing algorithms. Saccades were distinguished
from fixations based on specific thresholds: the saccadic velocity
threshold was set at 35°/s, the saccadic acceleration threshold was set at
9500°/s?, and the saccadic motion threshold was set at 0.15°. We excluded
saccades with an amplitude smaller than 1 degree to eliminate the effects
of micro-saccades.

Before analyzing reproduced orientation errors, we discarded the no-
response trials and the trials in which the orientation reproduction error
exceeded two standard deviations of the mean (i.e., 37.7°). A total of 11.9%
and 8.8% of trials were discarded in horizontal and vertical saccade
experiments, leaving on average 962 (SD = 97) and 844 (SD = 71) valid trials
for each participant in both experiments (see ref. 28). The saccadic latency
was 157 ms (SD = 38 ms) for horizontal saccades and 160 ms (SD = 39 ms)
for vertical saccades. The standard deviation of orientation reproduction
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Fig. 1 | Experimental procedures. a Stimulus a
arrangement. Participants first fixated F0, then the
inducer stimulus was presented at screen center.

After a random interval between 0.8 and 1 s, FO
disappeared and F1 appeared. Participants saccaded

from FO to F1 with a single saccade, as the test sti-

mulus was presented in the center of the screen

before or after the saccade onset. Participants moved
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b

Test orientations
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the response bar (RB) to reproduce the orientation
of the test stimulus. b Experimental conditions. The
test stimulus comprised 6 orientations, the inducer
stimulus had three orientations relative to the test
stimulus (+15° or 90°).
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error for the valid trials was 10.2°, compared to 18.8° for all trials. We also
conducted an analysis that retained all trials, which yielded results consistent
with those presented in the main text: both the inducer and 1-back stimuli
elicited strong alpha oscillations of bias.

We separately calculated the orientation bias towards inducer, and
towards 1-back stimuli for both horizontal and vertical saccades, scoring
them as positive if towards the inducer stimulus (and negative if away), and
similarly with respect to the 1-back stimulus. For each trial we calculated the
delay of the test appearance from saccadic onset. The frequency analysis,
and all statistical tests were performed applying a General Linear Model
(below), restricting the range of delay of test from saccadic onset between
—200 to 200 ms. To illustrate the time course of the errors, we applied a
moving average smoothing method by fixing the number of trials; the width
of the smoothing window varied from 180 to 800 trials for the various figures
depending on the total number of trials. We sorted all trials from all par-
ticipants by time and calculated the average orientation error and the
average time within a specific smoothing trial window. The window was
then moved forward, recalculating these averages. This smoothing approach
helped visualize the trend (plots in Figs. 2b, 3b, 4a, 4c, 4e, 5b, 6a, and 6c).
However, all statistics were performed on single, unsmoothed and unbinned
trials. Standard errors of the mean were calculated by bootstrap (1000
iterations, with replacement), as the standard deviation of the bootstrap
distributions for each smoothed value.

General linear model (GLM). To examine the data for oscillations and
evaluate their coherence across participants, we used an approach based
on single trials™". The response bias in orientation (degrees) y, (i=1,2...
n, where n is the total number of trials) at time ¢, (i.e., the times from
saccadic onset to test stimulus onset in seconds) is modeled by the linear
combination of sinusoidal functions at each tested frequency (f) as fol-
lows:

3; = By + By sin(27ft; ) + B, cos(2nft;) ey

where j; is the predicted response and f3,, f,, and f3, are fixed-effect
regression parameters estimated by standard least square method.

The regression was performed for each frequency in the range from 5 to
25Hz with 0.1 Hz steps. For the evaluation of the average responses
(amplitude and phases) across temporal frequencies, we randomly selected
trials (with replacement) 2000 times and estimated f3;, and 3, to create a
bootstrap distribution of amplitudes and phases, then vector averaged for
every frequency tested (red curves in Figs. 2¢, 3¢, 4b, 4d, 4f, 5¢, 6b, and 6d).

The significance of the model fitted in Eq. 1 was evaluated with a
permutation test: we shuffled the response (orientation bias) of each indi-
vidual’s trials to create 2000 surrogate datasets of all aggregate data across
participants and regressed each dataset with the model described in Eq. 1.

Shuffling the response and not the time is the appropriate approach keeping
unchanged the numerosity of trials across time. Statistical significance was
determined by calculating p-values, which represent the percentage of
bootstrap amplitudes higher than the original data’s amplitudes at each
frequency. These p-values were subsequently corrected for multiple com-
parison across frequencies using false discovery rate (FDR) procedure.

To ensure that the effects were not driven by only a few participants, the
frequency with maximum and significant amplitude was evaluated in the
data set of each individual participant. Errors of the mean amplitude and
mean phase were evaluated using 2D propagation of error, assuming
a normal 2D distribution of the individual vectors around the mean.
Significance was assessed by applying tests for circularity of the phase
values and the Hotelling’s T* Test.

To further validate that there were no differences in the fitted results
across different saccadic directions or testing orientations, we defined the
time points of peaks and troughs based on the frequency with maximum
amplitude. We centered a 25-ms time window (about a quarter of a cycle at
the frequency of interest) around each peak and trough, and calculated the
average bias across all trials within peaks- and troughs- window for each
participant, respectively. Two-way repeated measures ANOV As were used
to measure the statistical significance of amplitude (bias in peaks and
troughs) and saccadic direction or test orientation. Data distribution was
assumed to be normal, but not formally tested.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results

Effect of inducer

Participants made 16° horizontal (left-right) or vertical (up-down) saccades,
after passively viewing an inducer stimulus (an oriented grating patch)
presented from 1 to 2 s before saccadic onset. Their task was to reproduce
the orientation of a small, brief test grating patch, presented at variable times
before or after the saccadic onset (Fig. 1). The briefly presented inducer
biased the reproduction of the test towards its orientation. The average bias
towards the inducer was similar for Horizontal (1.71 +0.27°, t(11) = 6.37,
p<0.001, Cohen’s d=1.84, 95% CI [1.12, 2.30], one-sample ¢-test com-
paring with 0) and Vertical saccades (1.40 +0.29°, t(11) = 4.74, p < 0.001,
Cohen’s d = 1.37, 95% CI [0.75, 2.05]).

We next examined the dynamics of this phenomenon by measuring
response bias as a function of time from saccadic onset. For this analysis, we
considered only trials where the inducer was +15° from the test, excluding
the other third of trials where it was orthogonal (as they cannot be scored,
Fig. 2a). This left two-thirds of the trials, 11800 in total (for both horizontal
and vertical saccades). Figure 2b shows the results as a function of time from
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Fig. 2 | Oscillations in bias towards inducer. a
a [llustration of how responses were coded, positive

if towards the inducer. b The black line shows the

time course of the bias of the aggregate data,

90°

smoothed over 800 trials (for display purposes only).
The gray area around the line represents +1 SE
computed by bootstrap resampling (1000 reitera-
tions). The colored curve shows a 9.4 Hz oscillation
corresponding to the peak spectral amplitude of the >

Inducer Pos bias

d

Individual vectors at 9.4 Hz
90°

90°

180°

combined horizontal and vertical data. ¢ GLM 0°
spectral analysis of the aggregate data, where each
trial bias contributed at the exact delay from the
saccadic onset. The amplitude spectrum shows a
clear peak around 9.4 Hz. The gray region shows the
95% confidence limits of the permutation analysis of
the bias, keeping trial saccadic onset delay unaltered.
** indicates FDR corrected p < 0.05 in the range
5-25 Hz. d 2D vectors of the peak sinusoidal wave at

N = 11800

9.4 Hz for each individual participant for horizontal
(blue dots) and vertical (yellow dots) saccades. The
blue and yellow arrows show the mean vector of
horizontal and vertical saccades, respectively. The
length and direction of the arrows indicate the
amplitude and phase (relative to time of saccadic
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saccadic onset for all trials of all participants, for both horizontal and vertical
saccades. For display purposes only, the data have been smoothed with a
running window. All data fall above zero (average 1.56 + 0.20°), consistent
with the attraction towards the inducer. However, superimposed on the
average bias is a clear modulation. Spectral analysis (on single trials, using a
GLM approach: Fig. 2c) shows a clear, unique and significant peak at 9.4 Hz
(FDR corrected p = 0.038), with no evidence of other significant perceptual
oscillations in the frequency range 5-25 Hz. This sinusoidal component is
plotted in Fig. 2b (red trace), at appropriate amplitude and phase. Note that
the sinusoid incorporates the peak in bias near saccadic onset, which is
embedded within this best-frequency oscillation. The peak in serial
dependence at saccadic onset is well predicted from the increased uncer-
tainty at that time® here we further show that it is in phase with the ongoing
oscillation.

This and other major analyses of this study analyzed single trial data
without binning, using a general linear model approach. This has been
shown to yield the highest discriminability of real oscillations, and immune
to the spurious frequencies introduced by binning’**"**. However, we also
performed a more standard Discrete Fourier Transform analysis™ on
individual participants’ data (see Supplementary Materials), which similarly
revealed a significant oscillation around 9.5Hz (Mean power =1.84 at
9.5 Hz, 95% CI = [0.92, 2.98], FDR corrected p = 0.049, Fig. S1).

Figure 2d is a polar plot of the amplitudes and phases at the peak 9.4 Hz
sinusoidal frequency for all individual participants, separately for horizontal
(blue dots) and vertical (yellow dots) saccades. The phase clustering is

significant (47.1°+30.0% Hotelling’s T> test at 9.4 Hz: F(2,22)=5.51,
p=0.011, #? = 0.33; abscissa mean = 0.41, 95% ClIs [0.14, 0.68]); ordinate
mean = 0.38, 95% ClIs [0.03, 0.73]). The two saccadic directions yielded
similar results (47.3° + 28.2° for horizontal saccades, 46.9° + 32.3° for ver-
tical saccades). The means for the horizontal and vertical saccades (shown
by larger arrows) were not statistically different (F(2, 21) = 0.03, p=0.98,
112 =0.002, Bayes Factor (BF ;o) = 0.032), pointing to no difference between
the two at the only significant frequency of 9.4 Hz. This is also brought out in
Fig. 2e. Here we fitted subsets of the data with the best-fitting 9.4 Hz sine-
wave (of fixed phase) to analyze (post-hoc) separately the peaks and troughs
for the two saccadic directions. A two-way ANOVA revealed that while the
effect of amplitude (difference between peak and trough) was significant
(F(1,11) = 6.64,p = 0.026, 1112, =0.38,95% CI for amplitude mean difference:
[0.17, 2.10]), there was no significant effect of saccadic direction
(F(1, 11) = 0.005, p = 0.83, 171% = 0.005, 95% CI for saccadic direction mean
difference: [—1.04, 0.84]), nor any interaction between saccadic direction
and amplitude (F(1,11) = 0.024, p = 0.88, 11}2, =0.002,95% CI for interaction
mean difference: [—1.35, 1.56]). Note also that there was a strong average
effect of the inducer, 1.71 + 0.27° for horizontal saccades and 1.40 + 0.29° for
vertical saccades. This reflects the attraction towards the inducer (serial
dependence) mentioned earlier, shown here to be equal for horizontal and
vertical saccades.

Figure 2f shows the post-hoc variation of peaks and troughs of the best-
fitted sinusoidal wave as a function of the orientation of the test stimulus
averaged across subjects. It is apparent that the difference in peaks and
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Fig. 3 | Oscillations in bias towards 1-back test a
stimulus. a [llustration of how responses were

scored, positive if towards the 1-back stimulus.

b The black line shows the time course of the bias of
aggregate data, smoothed over 530 trials (for display
purposes only). The gray area around the line

represents +1 SE computed by bootstrap resampling

(1000 reiterations). The colored curve depicts a

9.9 Hz corresponding to the peak spectral amplitude

Individual vectors at 9.9 Hz
90°

180°

of the combined horizontal and vertical data. c GML
spectral analysis of the aggregate data, where each
trial bias contributed at the exact delay from the
saccadic onset. The amplitude spectrum shows a
clear peak around 9.9 Hz. The gray region shows the
95% confidence limits of the permutation analysis of
the bias, keeping trial saccadic onset delay unaltered.
** indicates FDR corrected p < 0.05 in the range
5-25 Hz. d 2D vectors of the peak sinusoidal wave at
9.9 Hz for each individual participant for horizontal
(blue dots) and vertical (yellow dots) saccades. The
blue and yellow arrows show the mean vector of
horizontal and vertical saccades, respectively. The
length and direction of the arrows indicate the
amplitude and phase (relative to time of saccadic
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troughs (amplitude) is fairly constant with orientation angle. Neither
orientation (F(5, 115) =0.69, p = 0.63, 1712, = 0.03, 95% CI for orientation
mean difference: [—2.08, 1.61]) nor the interaction with amplitude
(F(5, 115) =0.75, p=10.59, 1712, = 0.03, 95% CI for interaction mean differ-
ence: [—2.32, 2.08]) were significant, while the main effect of amplitude
remained highly significant (F(1, 23) = 10.50, p = 0.004, 11127 =0.31,95% CI
for amplitude mean difference: [0.45, 2.03]).

Effect of preceding (1-back) stimuli

The experiment had been designed so every trial was preceded by an inducer
(£15° away from the test) to yield maximum serial dependence, with
orthogonal inducers as a control. However, there was no strong motivation
to attend closely to the inducer, although participants were asked to report
which quadrant it was in on about 10% of trials. Another common way to
study serial dependence is to consider the effects of the preceding (1-back)
test stimuli, which were attended to as the participants were required to
judge their orientation. As serial dependence for orientation works over a
limited range of difference in orientation and not all combinations of stimuli
will be useful. 1-back stimuli with orientations falling in a different quadrant
(more than 75° away, half of the trials) should have little or no effect, and
were therefore discarded from the computation of the serial dependence. Of
the remaining half, one-third were unusable given that 1-back and current
stimuli had the same orientation, leaving a total of one-third of all tested
trials (5370 trials). These were scored positive if the bias was towards the
1-back stimulus, and negative if away, as illustrated in Fig. 3a.

Again, there was a strong average bias towards the 1-back test
(2.37 £0.45° t(11) = 5.29, p < 0.001, Cohen’s d = 1.53, 95% CI [1.38, 3.35]
for horizontal saccades, and 3.39 +0.33°, t(11) = 10.36, p < 0.001, Cohen’s
d=2.99, 95% CI [2.67, 4.11] for vertical saccades). And again, like the bias
towards the inducer, the bias towards the 1-back stimulus was modulated
with a strong perceptual oscillation around 9 Hz, of similar amplitude to that
towards the inducer (Fig. 3b). The GLM spectral analysis on single trials
shows a single clear significant peak at 9.9 Hz (FDR corrected p = 0.033,
Fig. 3¢), plotted with the red curve in Fig. 3b. There was no evidence of other
significant frequencies.

Figure 3d shows the amplitudes and phases of a 9.9 Hz modulation
(peak frequency for the aggregate data) for all participants. The phase
clustering at 9.9Hz is significant (42.3°+30.3% Hotelling’s T test,
F(2,22) =6.93, p=0.005, 112 =0.39; abscissa mean = 0.31, 95% ClIs [—0.07,
0.92]; ordinate mean = 0.55, 95% ClIs [0.18, 0.92]). Although the average
phases of the two saccade directions are slightly different, they are both
concentrated in the first quadrant (7.8°+25.6° for horizontal saccades,
65.9° + 21.2° for vertical saccades, and no evidence of a difference between
them: F(2, 22) =2.38, p=0.12, #* =0.18, BF,o = 0.44). As in the previous
figure, we also looked separately at the post-hoc effects of saccadic direction
(Fig. 3e) and test orientation (Fig. 3f) across subjects. Amplitude of mod-
ulation in Fig. 3e at 9.9 Hz was highly significant (F(1, 11) = 11.95, p = 0.005,
1112) = 0.52, 95% CI for amplitude mean difference: [0.46, 2.07]). Saccadic
direction also had a small effect on bias, with average serial dependence
slightly stronger for vertical than horizontal saccades (3.39+0.33°
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Fig. 4 | Oscillations in bias towards both inducer a
and 1-back stimuli. a, ¢, e The black line shows the

time course of the bias towards 1-back stimuli (and 6
inducers in (c, e)) of aggregate data (only test sti-
mulus is 45 or 135° in (a)), smoothed over 180 trials. 4t

The gray area around the line represents +1 SE
computed by bootstrap resampling (1000 reitera-
tions). The colored curve depicts a 9.2 Hz (a), 9.7 Hz
(c), or 14.8 Hz (e) corresponding to the peak spectral
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compared with 2.36 +0.45% F(1, 11) = 7.41, p = 0.020, > = 0.40, 95% CI
for saccadic direction mean difference: [—2.62, —0.28]). However, there
was no evidence for an interaction between amplitude and saccadic
direction (F(1, 11)=0.12, p=0.73, 1712, =0.01, 95% CI for interaction
mean difference: [—1.14, 1.58]). Figure 3f plots the peaks and troughs as a
function of the orientation of the test stimulus across subjects. Again,
it is fairly apparent that the amplitude of modulation, given by the
difference in peaks and troughs, is highly significant (F(1, 23) = 15.41,
P <0.001, 11127 = 0.40, 95% CI for amplitude mean difference: [0.59, 1.91]).
There was no significant interaction between orientation and amplitude
(F(5, 115)=0.59, p=0.71, 11; =0.03, 95% CI for amplitude mean
difference: [—2.85, 3.47]).

However, in this case, there was a significant main effect of orientation
(F(5, 115) =8.56, p <0.001, 1113 = 0.27, 95% CI for orientation mean dif-
ference: [—2.88, 4.42]), apparent on inspection. The mean error at 45 and
135° was about 1°, while those for the other four orientations were around
5° (5.79 £ 0.54° for bias around peaks and 4.70 + 0.59° for bias around
troughs). This is easily explained by another attractive phenomenon, called
“regression to the mean” (mentioned earlier), where the mean can be
considered as a prior". In our experiment, the stimuli clustered around
two perceptually very distinct means (at 45 and 135°), so we may expect
regression to be towards them. The only stimuli not potentially subject to the
central tendency effect were those at the two means, 45 and 135°. However,
the other four orientations could regress towards the mean, which

necessarily confounds with attraction towards the 1-back stimulus. For
example, a test stimulus at 35° will be attracted to the mean of 45°,and in this
analysis the attraction will be scored as attraction towards 1-back (which
could only be 45 or 55°). Similarly, a stimulus at 55° will be attracted to the
mean of 45° consistent with attraction to 1-back stimuli of 35 and 45° (the
same argument holds for the other quadrant). This is a clear confound (often
present in serial dependence studies'"*~**). However, as the oscillations in
the bias towards 1-back test remain strong when considering only test
stimuli at the mean 45 and 135° (even with only 1751 trials), the confound
cannot be the generator of the oscillations.

As both the inducer and the 1-back stimulus bias responses towards
them, and both cause alpha oscillations in similar phases, it is reasonable to
ask what happens when both occur together, when the 1-back and inducer
stimuli are such that both have the same directional slant from the current
test stimulus (both clockwise or both counterclockwise). Biases are con-
sidered positive if towards both the inducers and 1-back stimuli, negative if
away from them. We used both horizontal and vertical saccade data, but the
procedure necessarily reduces the number of trials considerably, to 1817.
Nevertheless, the oscillations, shown in Fig. 4c, d, are strong and significant
(FDR corrected p < 0.001), with higher amplitude than either factor con-
sidered on its own. The amplitude of the modulations was 1.50 £ 0.33°,
compared with 0.53 +0.14° to the inducer and 0.69 £ 0.19° to the 1-back
stimuli alone. The two types of prediction clearly operate together, summing
their effects.
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Fig. 5 | Oscillations in bias towards the mean a
orientation. a Illustration of how responses were
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We also pitted one effect against the other, considering only trials
where the inducer was in the opposite direction from the 1-back stimulus
(Fig. 4e, f). Here the two effects canceled each other out, so there was no
measurable oscillation at ~9 Hz, and no evidence of any significant oscil-
lation within the entire range. That they cancel completely suggests the
oscillations have similar magnitude, despite that the inducer stimulus was
temporally closer to the current stimulus.

Effect of central tendency
As mentioned above, there exists a third potential source of predictive
information: the mean orientation, calculated over a longer time scale than
just the previous trial. We therefore examined directly whether regression to
the mean (or central tendency) oscillated over time (as illustrated in Fig. 5a).
Figure 5b shows the analysis for all trials (except for test stimuli at mean
orientations of 45 or 135° leaving 11548 trials), coding responses as positive
if towards the mean. There is a small but insignificant (FDR corrected
p = 0.42) oscillation around 7 Hz, but virtually none near 9 Hz (FDR cor-
rected p=0.94 at 9.4 Hz, Fig. 5¢). Interestingly, the mean bias was con-
siderable, around 3.5°, and peaked at saccadic onset, agreeing with our
previous report. However, the peak in central tendency (red curve in Fig. 5b)
near saccadic onset did not correspond to a maximum in the 7.2 Hz oscil-
lation (as with the previous effects for bias towards the inducer or 1-back
stimuli), but to a minimum.

We also tested if the 9.4 Hz oscillations generated by other priors
(Figs. 2-3) could be revealed from the individual subject data (Fig. 5d-f).

Figure 5d shows the amplitudes and phases of 9.4 Hz modulation (peak
frequency for the aggregate data) for all participants. The phase is not
clustered (4.54° + 108.67°, Hotelling’s T? test, F(2, 22) = 0.26, p=0.77,
#? = 0.02; abscissa mean = 0.01, 95% CIs [—0.06, 0.03]; ordinate mean =
0.11, 95% CIs [0.08, 0.20]). The peak-trough at 9.4 Hz (Fig. 5e, f) shows
that, while the mean effect was slightly stronger for vertical than for
horizontal saccades (5.29° compared with 3.11°, F(1, 11)=09.06,
p=0.012, 71; = 0.45), the amplitude (difference between peak and
trough) of 9.4 Hz modulation did not reach significance under any
condition (F(1, 11) =0.77, p = 040, 12 =0.07, 95% CI [—0.38, 0.89] for
saccadic direction and F(1, 23)=0.96, p=0.33, 1112, = 0.04 for test
orientation, 95% CI [—0.29, 0.80]). No interaction effects were found.
Pooling all data, without considering saccade direction or test orienta-
tion, the difference between peak and trough was clearly non-significant
(t(23) =0.95, p=0.35, Cohen’s d =0.19, 95% CI [—0.30, 0.81]), with
Bayes Factor (BF,o) equal to 0.31, conventionally considered substantial
evidence in favor of the null effect, indicating that there was no 9.4 Hz
modulation.

Thus, while priors from the immediate past — both those associated
with inducers and with 1-back stimuli—produced strong alpha oscillations
and a weak mean bias, the mean orientation had the opposite effect: very
strong mean bias, with no measurable oscillations (for frequencies greater
than 5 Hz). This would appear to be a major difference between the action of
dynamic priors—which change from trial to trial—and long-term priors
derived by averaging over many trials.
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While the results strongly suggest that the saccade-synchronized alpha
modulations reflect the activity of recently presented priors, there is another
possibility. Both theoretical and empirical work suggests that the magnitude
of serial dependence varies with the reliability of the current stimulus, so less
reliable stimuli (with higher intrinsic variance) should demonstrate higher
serial dependence (see for example eqn 3.6 of Cicchini et al.’) So it is
conceivable that it is not the serial dependence per se that oscillates, but the
reliability of the current stimulus, affecting its susceptibility to serial
dependence in a periodic manner.

We tested this idea by examining how the variance of responses
changed over time. Figure 6a plots the squared residuals as a function of time
from saccadic onset, considering only trials with orthogonal inducers that
are immune to serial dependence bias. Variance is high around saccadic
onset, consistent with the low reliability at that time, but there is no sys-
tematic oscillation within the alpha range (Fig. 6b, p=0.68 at 10.5 Hz),
which could have driven the oscillations observed in Figs. 2 and 3. There
may be a significant peak at 5 Hz, which would be consistent with the often-
observed theta oscillation in sensitivity’* ™, but we are reluctant to give too
much weight to this. The period being analyzed was only 400 ms, not
sufficient for reliable measurement at 5 Hz (only two periods). The power at
5 Hz could easily be driven by the non-periodic peak at saccadic onset rather
than reflect a true periodic oscillation™. In any event, this is not relevant to
the issues being addressed by this paper.

Figure 6¢ plots the unsigned error as a function of time relative to
saccadic onset, again for the trials with orthogonal inducers, to test for any
systematic oscillation of bias (towards the vertical). Again, no evidence of
significant oscillations occurred within the alpha range (p=0.08 at
18 Hz, Fig. 6d).

Discussion

The main clear result of this study is that when making orientation judg-
ments at the time of saccades, the biases towards previous stimuli are
accompanied by very strong perceptual oscillations in the alpha range
(~9 Hz), synchronized to the onset of the saccade. The amplitude of the
oscillations could be as high as 1°, of similar magnitude to the average effect.
The oscillations could not be explained by oscillations in stimulus reliability,

or in bias towards cardinal axes. The oscillations towards recently displayed
stimuli contrasted strongly with the central tendency bias. As previously
reported, this bias was far larger than the attraction towards previous stimuli
(around 4°), but there were no consistent oscillations in the alpha range
associated with the effect.

It is now well accepted that current perception is affected by priors,
constructed from both immediate and remote perceptual history'®. Much
empbhasis has been given to the role of recent priors, with paradigms such as
serial dependence”’. However, there is also strong evidence for longer-term
priors, such as the mean of the distribution, calculated over a longer
duration"™". Central tendency and serial dependence can lead to similar
effects, and can be easily confused. For example, as the average of all 1-back
responses tends towards the mean, the two can be very hard to distinguish
when averaged over many trials. However, the two are very different: serial
dependence is based on a dynamic prior that varies on a trial-by-trial basis,
whereas central tendency is a more static prior, averaged over a long time
course’. Central tendency effects can be present even on the first trial, based,
for example, on the layout of the response space of a “number line”".
Despite their apparent similarities, the two effects can be dissociated®,
controlled for®', or separated in modeling®.

The current study reports a further, and important distinction between
the two types of priors: short-term, dynamic priors (operating over a time
period of tens of seconds, as suggested by the “continuity field™’) are asso-
ciated with alpha rhythms, while long-term priors are not. This distinction is
consistent with much previous work. For example, VanRullen and
McDonald™ have suggested that visual stimulation leaves a “perceptual
echo”, a reverberation at 10 Hz that persists in perceptual memory for over a
second. Much evidence has associated this perceptual echo with commu-
nication of perceptual history” ",

Modulation of priors at alpha frequency is also consistent with recent
evidence showing that working memory is associated with neural
oscillations” in theta, alpha, beta, and gamma. In particular, alpha-band
activity has been observed during working memory tasks, such as the
Sternberg task™, and alpha oscillations have been measured in several
sensory modalities during working memory maintenance***’. However,
despite strong evidence for the involvement of alpha-band oscillations in
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working memory maintenance, the functional interpretation is conflicting.
While some studies have related activity in the alpha band to the inhibition
of task-irrelevant brain areas™***°, others have linked it directly to processes
underlying working memory maintenance*””, and a tagging phase
mechanism to retrieve the order of events in a temporal sequence’’. But
while there is still discussion on the exact role of alpha-band oscillations in
working memory, it is clear that they are heavily involved, and may reflect
similar mechanisms to those subserving serial dependence.

Alpha rhythms have also been strongly implicated in serial dependence
of auditory information™. In an ear-of-origin judgment, alpha oscillations
(~9 Hz) occur when the previous stimulus is displayed to the same ear as the
current one (but otherwise not). We have also shown, by both
psychophysical” and EEG techniques”, the beta frequency (14-17 Hz)
oscillations in face-gender perception related to serial dependence. It is not
clear why the oscillations should be at a higher frequency, but presumably,
they reflect resonance of different, faster circuits. Nonetheless, the principle
seems to be the same: oscillations and serial dependence go hand in hand.

This is not true, however, for regression to the mean. As noted by
Hollingworth", all psychophysical judgments tend to show a central ten-
dency. In our experiment, the orientations to be judged were organized in
two groups (35,45, and 55°% and 125, 135, and 145°), each group with its own
local mean (45 or 135°). Previous work has shown that observers can keep
track of up to four separate means™, so it is not unreasonable that their
judgments regressed to two separate means. The regression to the mean in
orientation judgments is consistent with other effects, such as orientation
repulsion bias, the tendency to bias judgments away from the cardinal
vertical and horizontal axes towards the oblique. However, this too can be
considered as a form of prior, well described in Bayesian terms’' ", so it does
not change the substance of the argument. Importantly, these strong biases
towards the two separate means (about 4°, compared with 1° bias towards
the inducer), were not accompanied by alpha oscillations, or any other
consistent oscillation. This was true considering all judgments, or separately
those towards their separate means. It is possible that the strong constant
bias somehow dampens any potential oscillations (with a floor or ceiling
effect), but this seems unlikely, as we were not able to measure any oscil-
lation at all. Thus it would seem that oscillations are not a universal signature
of the action of perceptual priors, but are intrinsic only to the short-term,
dynamic priors generated by the immediate past. This is very consistent with
the recent oscillation-based theories of working memory™**>"**,

It is interesting that the oscillations towards the 1-back and inducer
stimuli summed together seemingly linearly; and that they subtracted, again
linearly, canceling each other out. This suggests that the magnitude of the
two effects was similar, despite the differences in the two classes of stimuli.
The inducer was temporally closer to the current stimulus (making it
potentially stronger™’*”"), but there were less attentional demands on it:
participants merely reported its approximate orientation on 10% of the
trials, while they had reproduced the orientation of the 1-back stimuli. This
is interesting, as evidence from studies showing that reported (and thus
memorized, task-relevant, as the 1-back here) stimuli often produce
stronger serial dependence effects”.

That the modulations caused by the two recent priors interacted quasi-
linearly suggests that the two types of serial dependence involve similar
mechanisms, potentially indicating shared neural mechanisms, which
integrate past information with current sensory inputs. The linear sum-
mation of these oscillations implies that the brain might use a unified fra-
mework for processing and retaining short-term memory signals, regardless
of their specific origin. Moreover, it is also interesting that the effect of
horizontal and vertical saccades was similar, with no obvious difference in
amplitude or phase of oscillations. This uniformity across saccade directions
suggests that the underlying oscillatory mechanisms are robust and gen-
eralizable, functioning consistently regardless of the direction of eye
movement. This is particularly important given that the direction of the
saccade could in principle bias other perceptual phenomenon, acting like
priors. This could indicate that the integration of pre-saccadic information

to maintain perceptual stability is a fundamental process, not dependent on
the specific trajectory of the saccade.

An important aspect of the oscillations is that they are synchronized to
saccadic onset. Obviously, if we did not align our data to the saccade, there
would be no significant oscillations. The oscillations precede and follow the
saccade synchronization. Indeed, the strong bias at saccadic onset is
embedded within the saccade-synched oscillations. With the current
paradigm it was possible to detect oscillations only 200 ms before saccade
onset, but other paradigms have shown that the oscillations precede saccadic
onset by at least 1s">***”. While we presume that the oscillation reflects a
short-term memory signal of the previous trial or the inducer, it is not
obvious how this oscillatory memory is synchronized to the saccade: does
the saccade in some way reset the phase of the endogenous oscillation, as
suggested by Wutz et al.” and Benedetto et al.”—or is saccadic onset
somehow gated by the oscillatory memory signal***? The purpose of this
synchronization could be to align the neural processes involved in inte-
grating past and current sensory information, thereby enhancing perceptual
stability"”*’. This alignment might help maintain a continuous and stable
perception despite the frequent disruptions caused by saccadic eye move-
ments. Alternatively, the gating of saccadic onset by the oscillatory memory
signal might serve to optimize the timing of eye movements to coincide with
phases of heightened perceptual sensitivity. Although oscillation in peri-
saccadic sensitivity are at much lower frequencies, making the under-
standing of synchronized bias even more difficult. Generally, sensitivity and
bias oscillate at different frequencies™**’%, strengthening the idea that the
two not only convey independent information, but also the circuits and the
feedback are independent at least for the higher cortical representation.
Further research is needed to elucidate the mechanisms underlying this
synchronization and to understand its functional significance.

Limitations

In this study, the saccades were always of a fixed length and, within a session,
of a fixed direction, triggered by a go signal. This could lead to overlearning
of the response, and sometimes anticipation. It would be interesting to see if
the results extend to more natural viewing conditions, where participants
make spontaneous saccades of arbitrary length and direction.

Conclusions

This study underscores the crucial role of alpha oscillations in integrating
pre-saccadic prior information with current sensory signals during saccades.
We found that orientation judgments were strongly biased towards previous
stimuli, with oscillations at ~9 Hz synchronized to saccade onset. The
rhythm of the bias was similar for both horizontal and vertical saccades. In
contrast, the central tendency bias, while much larger, did not oscillate.
These findings suggest that alpha rhythms are essential for communicating
short-term perceptual memory across saccades, helping maintain percep-
tual stability, while long-term priors are communicated differently.
Understanding these mechanisms offers insights into how the brain pre-
serves continuity in a dynamic visual world.

Data availability
All single trials data that support our findings are publicly available at the
Open Science Framework (https://osf.io/ev4c9/).

Code availability
All code for the GLM analyses used to generate the figures are publicly
available at the Open Science Framework (https://osf.io/ev4c9/).
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