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Abstract

Background Saccadic eye movements allow us to sample the world sequentially, but pose challenges to the visual
system, which must integrate information across successive fixations. The mechanisms subserving the integration
may share properties with “serial dependence,” the assimilative bias caused by previous sensory experience on current

perception.

Results We investigated serial dependence during saccadic eye movements by measuring ERP responses from par-
ticipants during visually driven saccadic eye movements while they viewed a brief Gabor patch, presented at various
orientations (+35°,+45°, or+55°), and then reproduced its orientation. Our findings demonstrate that both alpha
and beta oscillations are synchronized by the saccades. Importantly, we found that the strength of alpha oscillations
correlates (negatively) with the magnitude of serial dependence, particular in the right parietal cortex, while that of

beta oscillations does not.

Conclusions These results provide evidence that pre-saccadic alpha oscillations contain information to be carried
across saccades, probably fundamental for integration of visual information across saccades, and trans-saccadic per-

ceptual stability.

Keywords Serial dependence, Saccades, Oscillations, Alpha rhythms, Orientation, Visual memory, EEG

Background

Saccadic eye movements, which sample the world 2-3
times per second, present many challenges to the visual
system [1-4]. One of the greatest is integrating pre-sac-
cadic with post-saccadic information, to create a stable
representation of the world.
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There exists a good deal of evidence that integration
does occur across saccades. Although integration does
not involve simply superimposing the pre- with the
post-saccadic images, as once suggested [5], much use-
ful information is transferred across saccades [6]. For
example, motion [7] and also orientation [8] signals are
remembered across saccades, with clear spatial selectiv-
ity. Trans-saccadic integration between peripheral and
foveal stimuli (the typical task of the visual system) is par-
ticularly strong, often near optimal [9-11]. The underly-
ing neural mechanisms of trans-saccadic integration
has been studied by fMRI, TMS, and EEG, implicating
parietal and occipital cortices [12—21]. Some of this evi-
dence also suggests that a memory signal is transferred
across saccades (rather than to integration between early
visual processing centers), with a crucial role of posterior
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parietal cortex in mediating the mnemonic performance
[22]. In particular, the right parietal cortex is heavily
involved for rightwards saccades during memory tasks.

Integration of pre- and post-saccadic information may
involve similar mechanisms that subserve “serial depend-
ence,” a recently described phenomenon that clearly dem-
onstrates that prior visual information combines with the
current stimulus to bias perception [23-25]. Manassi and
Whitney [26] suggested that merging past with present
perception helps preserve continuity by creating what
they term “continuity fields” Serial dependence occurs
both for simple visual features, such as orientation or
color, and complex features, such as face identity and
gender, beauty, body weight, and quality of art [27-33].
Studies suggest that the bias induced by serial depend-
ence is not a system flaw but rather leads to more effi-
cient perception, by taking advantage of the temporal
redundancy of natural scenes [34].

Serial dependence is usually measured in the labora-
tory with a sequence of images, examining the effect of
the previous image on the current one. However, this is
a very unnatural condition. A more ecological testbed
for serial dependence is vision at the time of saccades,
which continuously displace the retinal image, neces-
sitating appropriate integration of past memory sig-
nals and present stimulus. The little available evidence
suggests that serial dependence is particularly strong
around the time of saccades, maximal at saccadic onset
[35]. This is consistent with theoretical modeling of
serial dependence [36], which predicts stronger integra-
tion of past stimuli when there is high uncertainty about
the current stimuli: saccades are a time of maximal
uncertainty for vision [37, 38].

A good deal of evidence has accumulated to suggest
that neural oscillations in the alpha and low-beta ranges
are implicated in serial dependence, and in predictive
perception in general. Theoretical arguments suggest
that generative feedback from higher to lower visual sta-
tions could create reverberations [39, 40], leading to neu-
ral oscillations in the alpha range [41, 42]. Ho et al. [43]
showed that alpha-frequency oscillations in auditory
judgements occurred only when the previous stimulus
was presented to the same ear as the current stimulus.
Similarly, judgments of the gender of faces showed strong
oscillations in the low-beta frequency (synchronized to
a voluntary hand movement), which depended on the
gender of the previous face: 14 Hz if the previous face
was female, 17 Hz if male [44]. Ranieri and colleagues
[45] decoded an EEG signal associated with percep-
tual priors from past stimuli, suggesting coexistence in
EEG scalp potential of prior and current information.
The accuracy of decoding previous responses correlated
with serial dependence effects, strongly implicating their
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role in predictive processes [46, 47]. More recently, they
have repeated the study for the perception of faces [45],
showing that the information about previous stimuli was
mainly in the beta range, corroborating the psychophysi-
cal results of Bell et al. [44].

In these human studies, oscillations were revealed by
behavioral measures, when stimulus presentation time is
synchronized with action onset. Many actions can induce
synchronization of endogenous rhythms. When meas-
uring sensitivity, the predominant rhythms are at low
frequencies in the theta range [48]. Saccadic eye move-
ments, both during natural reading [49] and towards
flashed targets [1, 50, 51], also synchronize oscillatory
behavioral performance, again in theta or delta ranges for
sensitivity, and in alpha ranges for criteria [51, 52]. More
recently, Xie et al. [52] reported strong saccade-synchro-
nized behavioral oscillations in the alpha range (~9 Hz),
which were linked to serial dependence, but not to static
priors such as “regression to the mean.” The synchroni-
zation of the endogenous rhythms leading to oscillatory
behavioral performance are less well known. In mon-
keys, saccades induce modulation of local field potentials
(LEP) in the primary visual cortex (V1), aligning neuronal
spike timing with specific phases of these oscillations
[53]. Neural oscillations in the alpha range have also been
implicated in saccadic binding and remapping [54]: alpha
oscillations in primate area V4 become coherent between
cells whose receptive fields correspond to pre- and post-
saccadic stimulation, similar to the process of remapping,
suggesting a role of alpha oscillations in remapping from
pre- to post-saccadic fixations.

To date, there is little electrophysiological data in
humans associated with saccade-synchronized alpha
oscillations. One problem is eliminating the strong 10-Hz
oscillations generated by the stimulus presentations. The
major evidence for saccade-synchronized alpha rhythms
is a study during natural reading [49], where the power
of the pre-saccadic synchronized alpha is modulated by
the usage-frequency of the word targeted by the saccade,
showing that alpha rhythms may play a role in perceptual
processing, rather than only in the generation of the sac-
cade. Again, the source of the modulations is in the pari-
etal-motor area in the right hemisphere (Ba7).

The present study investigates the interrelationship
between neural oscillations and serial dependence of
orientation signals during saccadic eye movements. We
analyzed pre-saccadic EEG of participants as they made
visually driven saccadic eye movements, then reported
the orientation of a briefly flashed Gabor patch. Alpha
oscillations became synchronized with the onset of sac-
cades. Importantly, the magnitude of alpha oscillations
correlated (negatively) across participants with the mag-
nitude of the serial dependence effect.
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Fig. 1 a Schematics of the experimental paradigm. Participants fixated a red dot 8° left of center. After a random delay (between 0.5 and 0.75

s), a dot appeared 8° right of center, to which participants saccaded. A brief 17-ms Gabor patch was presented to screen center at variable
durations, and participants reported its orientation by mouse movement. b An example of two stimuli in successive trials. ¢ Possible orientations

of the Gabor test stimulus. d Serial dependence for each of the 20 participants. The median value of 2.56 [IQR 0.61 4.01] shows an average attraction

of the response towards the orientation of the previous trial
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Fig. 2 a Bias towards the orientation of the previous stimulus as a function of presentation time of the Gabor patch, relative to saccadic onset
(averaged over all 20 participants). The response has been binned into 8.3-ms bins for display purposes (the analysis was done on the raw data
using a GLM). The black curve shows the best fitting sinusoidal grating (11 Hz). b Fourier transform of the timecourse, showing a unique significant
peak at 11 Hz. The shaded area shows the results of permutation of the timestamps of the data

Results

Behavioral oscillations

Participants made 16° left-right saccades, then repro-
duced the perceived orientation of a small, briefly pre-
sented grating patch by rotating a visible line by mouse.
Reproduction was not veridical, but tended to be biased
systematically towards the previous stimulus, showing
clear serial dependence, as previously reported [23, 34—
36, 52]. The average bias towards the previous stimulus
was 2.5°, averaged across all participants and presenta-
tion times. However, while the average is clearly positive
(£(19)=3.55, p=0.002), there was considerable spread in
the magnitude of serial dependence for individual par-
ticipants, some showing repulsion rather than attraction,
by as much as 5°. Such differences in serial dependence

across participants are frequently observed and may sug-
gest different perceptual strategies [55]. The sign and
magnitude of serial dependence of each individual is
shown in Fig. 1d.

We next examined the dynamics of this phenomenon
by measuring response bias in more detail, as a func-
tion of time from saccadic onset (Fig. 2a). For display
purposes, the data are binned into 8.33-ms bins and
smoothed with a Gaussian of time constant of 1.4 bins.
Most data fall above zero (average 2.5°), consistent with
the serial dependence mentioned above. However, super-
imposed on the average bias is a clear modulation. Spec-
tral analysis (on single trials, using a GLM approach,
Fig. 2b) shows a clear, unique, and significant peak
at 11.25 Hz (FDR-corrected p=0.02), with no other
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Fig. 3 Average evoked response potentials (ERP) across all 20 participants, locked to saccadic movement onset (time 0), for two frontocentral
electrodes FC5 (a) and FC6 (b), and for two parieto-occipital electrodes PO7 (c) and PO8 (d). The upper graph of the zoomed in section of each
subplot shows the detrended timecourse of the period chosen for further analysis (—340 to 0 ms). The lower plot shows the Fourier transform
of the detrended ERP. In all cases, gray shading represents the standard error across participants

significant oscillations in the frequency range 7-18 Hz.
This sinusoidal component is plotted in Fig. 2a (black
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.

Neural oscillations

We measured saccade-synchronized ERP activity dur-
ing the orientation discrimination task. Figure 3 shows
average ERPs across participants after normalization,
aligned to the saccadic onset (zero on the abscissa), for
four representative electrodes from the left and right
hemispheres: two are frontocentral (FC5 (a) and FC6
(b)), two parieto-occipital (PO7 (c) and POS8 (d)). Traces
show only trials where the stimulus was presented after
the saccade, free of potential interference from visual
responses. Clearly, the ERPs are dominated by the sac-
cadic related potentials, both the readiness potential
[56, 57] before saccade onset, and the direct effects of
the saccade itself. We therefore detrended the traces to
eliminate the readiness potential and confined our analy-
sis to the period immediately before saccadic onset, the
interval from — 340 to 0 ms. The inserts to the four panels
show blowups of the detrended traces over this period.

On inspection, the traces modulate over time. Fourier
transforms of the traces (lower traces in inserts) show a
peak in the alpha range, around 10 Hz. However, no indi-
vidual electrodes reached statistical significance after
Bonferroni or FDR correction (sem reported with shaded
area). Some traces also show a secondary peak in the
beta range, around 20-25 Hz, again not significant after
correction.

Figure 4a shows the saccade-synchronized ERPs of all
32 electrodes, averaged over all participants, without
normalization. The response trend is similar to the nor-
malized responses of Fig. 3, showing that normalization
does not bias the average response. The saccade-synchro-
nized power of the alpha oscillation at 11 Hz, computed
from the ERP at the individual electrodes, is reported
in Fig. 4b. Power peaks in the right frontal and parietal-
occipital areas, particularly in the right hemisphere. Fig-
ure 4c shows the unsynchronized alpha power computed
for each trial and average across trials and subjects. It
shows the typical pattern of maxima over the occipital-
parietal regions, clearly different from the pattern of
saccade-synchronized alpha amplitude of Fig. 4b. As the
11-Hz oscillations did not reach FDR-corrected statistical
significance in any of the individual electrodes, we pooled
electrodes into larger regions of interest (below).
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Fig. 4 Synchronized and unsynchronized alpha amplitude. a Synchronized detrended evoked response potentials (ERPs) averaged over all 20
participants (without normalization), locked to saccadic movement onset (time 0) for each channel within the chosen time period (—340-0

ms). Gray shading represents+ 1 standard error across participants. Electrode positions are shown in b. Note the similarity of the ERP profiles

with those of Fig. 2. b Topoplots of modulation at 11 Hz amplitude, taken from the ERPs in a, and interpolated between electrodes. ¢ Topoplots
of the unsynchronized alpha power (average power in the 8-12 Hz range), calculated on single trials across all trial of all subjects. The distribution

is quite different from that of the synchronized power (b)

To improve signal to noise ratios, we defined four
large regions of interest (ROIs), two frontocentral and
two parietal (as illustrated in Fig. 4b), based on previous
work on trans-saccadic memory: frontal FEF and DLPC
[18, 19], and the posterior parietal cortex [22, 49]. We
excluded central electrodes, because of the directionality
of the ERP induced by rightward saccades (see example
in Fig. 3a, b).

Figure 5a shows the average traces of the normalized
EEG signal for these ROIs, over the interval—340 to
0 ms. They are similar to the ERPs of the example elec-
trodes of Fig. 3. Figure 6a shows the Fourier transforms of
the traces, together with bootstrap tests of significance.
The red rectangles indicate the chosen frequency, rep-
resenting the alpha range (11 Hz), which we selected to
capture alpha modulation, and the black rectangle repre-
sents beta frequencies (22 Hz).

We tested the significance of the oscillations by com-
paring their amplitude to desynchronized activity, using
the bootstrapped sign test described in Methods. Basi-
cally, we built a null distribution (1000 reiterations) of
amplitudes measured with each trial desynchronized
from the saccade with a random offset of 0—180 ms. The
red inset histograms for alpha show the null hypothesis
distributions at 11 Hz, with the unperturbed amplitude
indicated by vertical black line at right. Three ROIs out
of four showed significant saccade-synchronized alpha

oscillations: right frontocentral ROI: p=0.05; left parietal
ROLI: p=0.01; right parietal ROI: p=0.051. However, the
left frontocentral ROI was non-significant (p=0.14).

The null distributions for the desynchronized beta
oscillations are shown by the black histograms, with the
unperturbed amplitude given by the vertical line at right.
Significant pre-saccadic beta oscillations were observed
in three of the four areas, the right frontocentral ROI
(p<0.001), left frontocentral (p=0.04), and left parietal
ROI (p=0.004). However, the right parietal ROI did not
show significant beta oscillations (p=0.17).

Correlations between brain oscillations and serial
dependence
To understand better the roles of alpha and beta oscil-
lations at the time of saccades, we tested whether they
were quantitatively related to serial dependence. We
first tested whether serial dependence correlated with a
standard saccade measure, saccadic latency, which could
lead to spurious correlations with other saccade-related
measures. Figure 7 plots average saccadic latency for
each participant against their index of serial dependence
(taken from Fig. 1b). The correlation was insignificant
(r=0.25, p=0.28).

We next measured the correlation of the magnitude of
serial dependence with the amplitude of 11-Hz saccade-
synchronized oscillations across observers within the
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Fig. 5 a Average normalized pre-saccadic ERPs across all 20 participants (gray shading represents the standard error across participants)
and across electrodes within the same region of interest (ROI). b Map of electrodes showing the pooling within each ROI

four ROIs (Fig. 8). The correlations were significant in
two ROIs: the left frontocentral ROI (r= —0.64, p=0.009
FDR corrected) and the right parietal ROI (r= —0.53,
p=0.034 FDR corrected). The correlations of the other
two ROIs were not significant (right frontocentral: r=
—0.37, p=0.14; left parietal: = —0.24, p=0.31). Figure 8
shows the correlations between saccade-synched alpha
and serial dependence of all 32 electrodes, on a topo-
graphical plot, with correlation represented by color. This
shows that the strongest correlation was surrounded by
the 4 electrodes: P4, C4, CP2, and CP6 (approximately
centered at MNI coordinate of 60,—45, 60), plausibly
reflecting the activity of area BA7, as previously observed
during reading [49], and also posterior parietal cortex
[18]. A strong correlation was also observed in the left
frontocentral ROI (FC1 and FC5) probably reflecting the
activity of the left DLPC and frontal eye field cortex.

Figure 9 shows the map of correlations between beta
oscillations and serial dependence. Unlike alpha oscilla-
tions, the correlations failed to reach significance in any
of the four ROIs (correlations and p, non-corrected, val-
ues shown in figure). This emphasizes the different roles
of alpha and beta oscillations during saccadic eye move-
ments, with alpha but not beta oscillations associated
with serial dependence.

Discussion

This study investigated the neural mechanisms underly-
ing serial dependence at the time of saccadic eye move-
ments. We recorded EEG activity from 20 participants
as they made left-right horizontal saccades. Grouping
the electrodes into four regions of interest (ROIs)—two
frontal and two parietal—clear saccade-synchronized
alpha activity (average 11 Hz), significant in three out of
the four (all except the left parietal ROI). Importantly, the
amplitude of alpha oscillations correlated negatively with
the magnitude of serial dependence across participants,
strongly implicating alpha oscillations in serial depend-
ence at the time of saccades. Behavioral measures (Fig. 2)
also showed alpha-frequency oscillations in orientation
judgments, reinforcing our previous study [52]. On the
other hand, beta oscillations, while significant in three
of the four ROIs, did not correlate with the magnitude of
serial dependence and were not present in the behavioral
measurements, suggesting that they are not involved in
serial dependence.

That saccade-synchronized alpha oscillations are asso-
ciated with memory integration across saccades agrees
with much previous literature. Alpha (and low-beta)
rhythms have been implicated in serial dependence
(and predictive perception in general) in several studies.
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Ten-hertz EEG alpha rhythms clearly emerge in para-
digms designed to maximize predictive feedback [41, 58,
59]. They also emerge in serial dependence auditory tasks
[43] and criteria judgments during saccades [51]. Other
oscillations, in the low-beta range, have been clearly
linked to gender judgments in faces [44, 45]. Oscillations
have also been associated with working memory [60],
which has been linked to perceptual memory.

Saccade studies typically incorporate a fixation con-
trol. However, this was not possible with the current
paradigm, as we report saccade-synchronized oscillations,
both for the psychophysics and EEG analysis. Indeed
the test of significance was to compare the saccade-syn-
chronized oscillations with unsynchronized oscillations
(Fig. 3). Without a saccade, it would be impossible to dis-
tinguish the two. An additional difficulty arises from the
need to study pre-saccadic alpha, therefore restricting
the data to stimuli presented in the post-saccadic inter-
val. To exclude that the alpha could be associated to the
strategy to allocate attention in time after the saccade,
we presented the stimuli at random at all possible time,
increasing the amount of recording time.
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Fig. 7 Lack of correlation between saccadic latency
and serial dependence, for the 20 participants. The correlation
was not significant (r=0.29, p=0.21)
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parietal, and right parietal ROIs

It is not completely clear why the correlation between
magnitude of serial dependence and synchronized alpha
oscillations should be negative. This implies that indi-
viduals with higher alpha oscillations will have lower
serial dependence. However, this is consistent with the
generally held idea that alpha frequencies are linked to
inhibition. Alpha oscillations have been consistently
linked with regulating visual cortex excitability and visual
processing, in an inhibitory fashion [61-63]. There are
also indications of involvement in attentional processes
related to saccadic eye movements [64, 65]. It is there-
fore not unreasonable that the relationship with serial
dependence should also be negative.

It should be stressed that we find the negative correla-
tion between alpha amplitude and the average magnitude
of serial dependence, an index of how much the judge-
ments of each participant are influenced by immediate
past perceptual experience. However, as Fig. 2 shows,
the effect on orientation judgements is not constant, but
oscillates at 11 Hz, virtually the same frequency as the
saccade-synchronized alpha frequencies in the EEG. This
strongly suggests that when the memory signal is strong,
alpha diminishes allowing for more serial dependence to
take place, as we have previously observed [52]. An obvi-
ous question is whether the amplitude of the behavioral

modulation also correlated with the amplitude of alpha in
the EEG? Is this correlation also negative? Unfortunately,
to answer this question would require far more data than
we could reasonably collect, nearly a tenfold increase on
trials in the individual subject. Measuring average serial
dependence requires far fewer trials than to obtain a
reliable estimate of the oscillations, in individual data.
We also found a non-significant negative correlation
between the average levels of serial dependence and the
11-Hz modulation of serial dependence. Obviously, these
non-significant correlations cannot be taken as firm evi-
dence, but they do allow the possibility that average serial
dependence varies independently from the alpha modu-
lation of it, allowing the average to correlate negatively
with EEG alpha.

Whatever the reasons behind the negative correla-
tion of alpha rhythms and EEG, the fact that the corre-
lations are clear and significant in two out of four ROIs
shows that the two are highly interrelated, albeit in a
non-straightforward manner. Beta rhythms (around 22
Hz) were also synchronized by the saccades, but these
rhythms were not related to the magnitude of serial
dependence, either positively or negatively. This lack of
correlation reinforces the unique role of alpha rhythms
in communicating past perceptual experiences, to bias
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Fig. 9 Correlations between normalized beta amplitude and serial dependence across the 20 participants (otherwise like Fig. 8). The p values are
not FDR corrected, and still fail to reach significance. FDR corrected, they are all p=0.87

current perception with saccades. Interestingly for other
task (faces classification), beta oscillations are the most
informative [44, 45].

The regional specificity of our results is interesting,
with correlations strongest for the left frontal eye field
(FEF) and the right parietal cortex. Given that saccades
in our study were from left to right, the observed correla-
tions in the left FEF align with its contralateral activation
to the saccadic landing point [66], corroborating previous
findings of the involvement of FEF in the trans-saccadic
memory [17]. This finding underscores the potential
involvement of alpha oscillations in modulating serial
dependence within regions actively engaged in saccade
planning and execution. Additionally, the correlation in
the right occipital-parietal cortex may be expected since
we selected trials where the stimulus appeared in the left
visual field after the saccadic movement. As a result, acti-
vation of the serial dependence signal may be expected
in the contralateral hemisphere, as participants were pre-
dicting both an attentional and visual field shift to the left
after saccading towards the right.

Unfortunately, our results do not allow precise localiza-
tion the brain areas that correlate with serial dependence:

we had only 32 electrodes (not adequate for reliable
source analysis) and needed to pool electrode output
within broad ROIs to reach statistical significance. How-
ever, the location of the ROIs is broadly consistent
with previous work identifying neural areas involved in
trans-saccadic integration. For example, Prime et al. [22]
showed that applying TMS to the right posterior pari-
etal cortex (especially near electrode P4) heavily disrupts
trans-saccadic memory during left-to-right saccades.
Later studies [12—14, 19] confirmed this, and also impli-
cated occipital cortex in memory for orientation and
spatial frequency. Whereas frontoparietal cortex seems
to be modulated more by task specificity, parietal cortex
showed trans-saccadic feature modulations [15, 17, 19].
All these localizations are broadly consistent with the
activity in our Fig. 8, where the highest correlations occur
for superior parietal cortex between C4 and P4 elec-
trodes. The strong correlation in the left frontal cortex
ROl is also consistent with the involvement of these more
frontal areas in trans-saccadic integration [17, 19].

The significant correlations between synchronized
alpha amplitude and serial dependences, localized in
occipital-parietal electrodes, are also consistent with
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MEG work from Jenson’s laboratory reporting saccade-
synchronized alpha rhythms during reading, where the
amplitude was informative of task performance [49]. The
strongest activity was in BA7, mostly included within our
region of significant correlation.

What is the functional role of alpha-mediated serial
dependence at the time of saccades? Manassi and Whit-
ney [26] argue that a major function of serial dependence
is to promote the stability, accuracy, and efficiency of per-
ceptual representations by continuity fields: spatiotem-
poral integration mechanisms that continuously bias
perception and cognition towards previously encoun-
tered information, thereby smoothing representations to
promote the stability, accuracy, and efficiency of expe-
rience. They claim that this mechanism allows cogni-
tion to compensate for variability in sensory input, and
thus stabilizes what would otherwise be a noisy, jittery,
and discontinuous experience. A major contributor to
the discontinuity of retinal input are saccadic eye move-
ments, causing large displacements of the retinal image.
It is at this time when mechanisms to preserve continuity,
such as the purported continuity fields created by serial
dependence, are most needed. The current study impli-
cates saccade-synchronized alpha rhythms in the process.

In summary, the correlation between serial dependence
and pre-saccadic alpha power highlights the multifaceted
nature of neural mechanisms underlying perceptual sta-
bility during saccadic eye movements. Future research
should further investigate the specific mechanisms
underlying this relationship to deepen our understand-
ing of how the brain integrates sensory information to
maintain perceptual continuity across dynamic visual
contexts.

Conclusions

Our study highlights the role of neural oscillations in
facilitating perceptual stability across saccadic eye move-
ments. The observation of that pre-saccadic alpha oscilla-
tions correlate negatively with serial dependence suggests
a predictive role for these oscillations, fundamental for
perceptual continuity. Moreover, the predictive nature
of the correlations, observed even before participants
perceived the stimulus, underscores the anticipatory
function of neural oscillations in modulating perceptual
outcomes during dynamic visual processing tasks such
as saccadic eye movements. The correlations observed
between serial dependence and alpha—but not beta—
oscillations highlight the distinct roles of these oscillatory
rhythms in facilitating visual perception during dynamic
visual processing tasks. Further research exploring the
mechanisms underlying these correlations could deepen
our understanding of the neural basis of perceptual sta-
bility in dynamic visual environments.
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Methods

Participants

Twenty observers participated in the experiment (11
females, mean age=26.3, SD=4.0). All participants had
normal or corrected-to-normal vision and provided writ-
ten informed consent before taking part in the study.
With the exception of the first author, all were naive to
the purpose of the experiment. Our previous work meas-
uring behavioral oscillations with saccades [52] shows
reliable oscillations after pooling 24 participants. The
sample size is also in line with previous electrophysi-
ological work [67-69] in saccades and in EEG measur-
ing serial dependence (12-29 participants). Experimental
procedures were approved by the regional ethics com-
mittee (Comitato Etico Pediatrico Regionale, Azienda
Ospedaliero-Universitaria Meyer, Florence, Italy) and
were in line with the declaration of Helsinki.

Apparatus

Experimental procedures were carried out in a quiet,
dimly lit environment. Stimuli were generated using Psy-
chtoolbox [70] in MATLAB R2021b (MathWorks®) and
back-projected through a PROPixx projector (VPixx
Technologies Inc., Canada) onto a matte white PVC
screen (Epson ELP-SC21B, 180 100 cm) with resolution
1920 1080 pixels, refresh rate 60 Hz, and mean lumi-
nance 135 cd-m™2. Participants sat 1 m from the screen,
which subtended 90 x50 cm (48 X 28 deg of visual angle).
Heads were stabilized with chin- and head-rest. Eye
movements and concomitant EEG data were recorded
(see below).

Stimuli and procedure

The test stimuli were Gabor patches (Gaussian-win-
dowed sinusoidal gratings) displayed at screen center.
The Gabor stimulus was 3 c/deg, 80% contrast, 1.36 deg
standard deviation, and random phase for each pres-
entation (Fig. 1). The orientation of the stimuli varied
randomly between 6 possible orientations:+35,+45,
and £ 55° (Fig. 1c), coded as anticlockwise difference from
the horizontal.

Trials started with participants viewing a fixation dot
(FO) positioned 8° left of screen center. After a random
duration of 500 ms (+250 ms), FO disappeared, and the
saccadic target (F1) immediately appeared 8° to the right
of screen center. Participants saccaded to F1 on appear-
ance and kept fixation on F1 until the next trial. After
a random delay from the start of fixation on FO, a brief
17-ms Gabor patch (the test stimulus, two projector
frames) was displayed at screen center (Fig. 1).

After completing the saccades, participants reproduced
the perceived position of the stimulus on the screen by



Terzo et al. BMC Biology (2026) 24:146

moving the mouse along the horizontal axis. They then
reproduced the test orientation by rotating a bar pre-
sented on the screen (again, by horizontal mouse move-
ment) and confirmed their responses by left click. If
participants did not see the test, they could skip the trial
without responding by right click.

In every block, a total of 60 trials were conducted (10
trials for each of the six orientations). Participants com-
pleted 15-20 blocks each.

Eye movements acquisition and pre-processing

Acquisition

Eye movement were collected with an EyeLink 1000 sys-
tem (SR Research, Kanata, Canada). The position of the
left eye was recorded at 1000 Hz. Nine-point calibra-
tion and validation were made for each participant at
the start of the experiment and at the beginning of each
session. Only “fair” and “good” validations, as automati-
cally labeled by the EyeLink software, were accepted. Bad
validations procedures were aborted and the calibration
procedure re-run.

Pre-processing

For the analysis of the saccade data, we employed Eye-
Link parsing algorithms. Saccades were differentiated
from fixations using specific thresholds: a saccadic veloc-
ity threshold of 35°/s, a saccadic acceleration threshold of
9500°/s%, and a saccadic motion threshold of 0.15°. Sac-
cades with amplitude less than 1° were excluded to con-
trol for the effect of micro-saccades.

We identified valid trials through the evaluation of both
saccade and response. Five types of trials were excluded
from the data analysis:

(1) No-response trials.

(2) No clear saccade detected.

(3) Small saccade before saccadic target with a landing
error greater than 5 degrees.

(4) The start position of the selected saccade deviates
from the initial fixation by more than 5 degrees.

By this procedure, we excluded 12.5% of total trials of
the experiment across participants.

To optimize the number of trials, we included in the
EEG analysis those trials where participants performed
memory driven saccades to the target before the appear-
ance of the F1 saccadic target. However, when those trials
were excluded from the main analyses, the main results
(alpha and serial dependence correlations and serial
dependence correlation with saccadic latency) remain
significant.

To analyze saccadic latency, we selected only saccades
with latency greater than 100 ms, and similarly for the
analysis of the behavioral oscillation.
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Behavioral analysis

Orientation errors were defined as the difference
between reproduced test stimulus orientation and
actual stimulus orientation. Given the range of test ori-
entations used (+35°,+45° +55° Fig. 1c), the previous
trial could either be similar to the current one (both
positive or both negative), which we termed congruent,
or very different (separated by more than 70°), which
we termed incongruent. Incongruent trials and trials
where the previous stimulus orientation was equal to
the current stimulus orientation were excluded from
the analysis of serial dependence (which has a limited
range [23, 24]). The magnitude of serial dependence for
each trial was defined as the amplitude of the repro-
duction error, scored positive if in the direction of the
previous stimulus (attraction), and negative if in the
opposite direction (repulsion).

General linear model (GLM)

To examine the perceptual orientation bias for oscil-
lations and evaluate their significance, we used an
approach based on single trials (for similar approaches
see [43, 71]). The response bias in orientation (degrees)
y; (i=1, 2... n, where n is the total number of trials) at
time ¢; (the time from saccadic onset to test stimulus
onset in seconds) is modeled by the linear combination
of harmonics at each tested frequency (f) as follows:

yi = Bo + Busin(27f4) + Bacos(2rft;) (1)

where J; is the predicted response and Bo, 81, and B, are
fixed-effect regression parameters estimated by standard
least square method (LSM).

The regression was performed for each frequency in
the range from 7 to 18 Hz 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 esti-
mated 1 and B, to create a bootstrapped distribution of
amplitudes and phases, then vector averaged for every
frequency tested (shaded area in Fig. 2b).

The significance of the model fitted in Eq. 1 was eval-
uated with a permutation test: we shuffled the response
(orientation bias) of each individual trial to create 2000
surrogate datasets of all aggregate data across par-
ticipants 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 number of trials across time. Statistical significance
was determined by sign test, where p is defined as the
proportion of bootstrap amplitudes higher than the
amplitude of the original data at each frequency. These
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p values were subsequently corrected for multiple com-
parison across frequencies using false discovery rate
(FDR) procedure.

EEG data acquisition, pre-processing, and analysis
Acquisition

Eye movements and EEG data were recorded simultane-
ously so that direct input from the EEG triggers would be
sent directly to the EyeLink. EEG data was recorded using
a Nautilus Research headset (g.tec) at a sampling rate of
250 Hz without online filtering with 32 gel-based active
electrodes (utilizing g LADYbird technology), arranged
in accordance with the 10/20 system. Impedance levels
were maintained below 50 kQ and checked throughout
the recording time (about 3 h).

Pre-processing

EEG were preprocessed offline using custom code in
MATLAB 2021B (MathWorks®). They were bandpass fil-
tered between 0.2 and 30 Hz with a zero-phase Butter-
worth filter (in EEGLab), then segmented into 2-s epochs
locked to saccadic movement onset (+1 s from saccadic
onset). All channels were re-referenced to the average
response.

Head and movement artifacts were rejected manually
to eliminate bad channels and identify “bad” sections.
Independent component analysis (ICA) was computed
to identify artifactual ICs. Each IC identified as a blink
was rejected and remaining ICs (associated presumably
with saccades) were kept in the data. ICA was applied to
the data, and “bad” sections of the data were all removed.
Bad channels were interpolated (using a spherical spline).
Data was labeled by condition depending on whether the
stimulus appeared before saccadic onset (“PRE” trials) or
after saccadic onset (“POST” trials).

Data analysis

For each participant, we selected the trial in the “POST”
condition (stimulus delay >0 ms) to yield a pre-saccadic
period free of stimulus visual responses. As each partici-
pant completed a different number of trials, with a mini-
mum of 300, we selected 300 trials without replacement
from the total number of trials for 100 iterations.

We analyzed data in the pre-saccadic period span-
ning — 340 to 0 ms, to avoid both EEG contamination due
to the saccadic movement. The 340-ms interval allowed
at least three cycles at the frequency investigated (11 Hz).

Saccadic alpha and beta analysis.

We identified four regions of interest (ROIs), two fron-
tocentral including the electrodes AF3, F3, F7, FC5, FC1,
and C3 and the equivalent in the right hemisphere, and
two parietal including electrodes PO7, P3, P5, and CP5
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and the equivalent ROI on the right hemisphere. Pre-
vious work points to frontal cortex, in particular the
FEF and DLPF and to posterior parietal cortex and IPS
region in the parietal lobe as crucial hub for trans-sac-
cadic memory integration [12-20]. Our ROIs include
all those regions. The electrode signals inside each ROI
were summed and used to generate a single ERP for the
individual subject. ERPs of the 4 ROIs across partici-
pants, ERPs of individual electrodes were first linearly
detrended and a normalization factor calculated by tak-
ing the absolute value of the maximum amplitude of volt-
age modulation in the —340 to 0 ms across all electrodes.
The electrodes within each ROI were then averaged. We
transformed the ERP in the time window of — 340 to 0 ms
into the frequency domain via the fast Fourier transform
(FFT) and extracted the signal power at 11 Hz frequency
as representative of the alpha range for each ROI and at
22 Hz as representative of the beta range for each ROL

Significance of saccade-synchronized alpha and beta
oscillations was tested by bootstrap (1000 repetitions).
We created a null distribution by randomly perturbing
the single saccadic onset, anticipating it by 0-180 ms,
then averaging across trials and participants. We then
averaged the surrogate ERPs of the channels within an
RO, selected the nominal pre-saccadic ERP of — 340 to
0 ms (which incorporates the random offset), linearly
detrended it, normalizing, averaging, and computed
the FFT as was performed with the original signals. The
amplitudes in the alpha and beta range led to the null
hypothesis distribution of amplitude for the desynchro-
nized ERPs. We tested the real value of the alpha and
beta amplitude locked to saccadic onset against the null
distribution, correcting p values for multiple compari-
sons via FDR correction.

For initial statistical evaluation of the alpha power
at each electrode, we used a t-test of the subject power
against the extrapolated presumed alpha power obtained
by fitting the average spectra with 1/f power density func-
tion. The fitting procedure excluded the 8-12 Hz range
to avoid circular statistics. No individual electrodes
reached statistical significance after Bonferroni or FDR
correction.

For single trial alpha power evaluation, we calculate the
spectra for the individual trial in the interval [— 340 0] ms
after detrending, and we average the power in the inter-
val 8—12 Hz across trials and subjects.

We then correlated serial dependence of each partici-
pant with the corresponding alpha and beta amplitdes
for each electrode for the topomaps, and also for the 4
selected ROIs. For each region, we calculated the Spear-
man’s rho and p values, applying false discovery rate
(FDR) correction to the p values.
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Abbreviations

Hz Hertz (cycles/second)
BA Brodmann's area

EEG Electroencephalogram
ERP Event-related potential

FC Frontocentral
PO Parieto-occipital
FDR False discover rate

FEF Frontal eye field
DLPC  Dorsolateral prefrontal cortex
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