s ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

The execution of saccadic eye movements suppresses visual processing of both color and luminance in the
early visual cortex of humans

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

Published Version:

Zhang, Y., Valsecchi, M., Gegenfurtner, K.R., Chen, J. (2024). The execution of saccadic eye movements

suppresses visual processing of both color and luminance in the early visual cortex of humans. JOURNAL
OF NEUROPHYSIOLOGY, 2024, 1-44 [10.1152/jn.00419.2023].

Availability:
This version is available at: https://hdl.handle.net/11585/968639 since: 2024-05-03
Published:

DOI: http://doi.org/10.1152/jn.00419.2023

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

(Article begins on next page)
09 September 2026



http://doi.org/10.1152/jn.00419.2023
https://hdl.handle.net/11585/968639

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25
26

The execution of saccadic eye movements
suppresses visual processing of both color and

luminance 1n the early visual cortex of humans

Yuan Zhang
Address: School of Psychology, Shanghai University of Sport, Shanghai, China

Matteo Valsecchi (Orcid ID: 0000-0003-3242-2112)
Address: Dipartimento di Psicologia, Universita di Bologna, Viale Berti Pichat, 5,
40127 Bologna, Italy

Karl R. Gegenfurtner (Orcid ID: 0000-0001-5390-0684)
Address: Abteilung Allgemeine Psychologie, Center for Mind, Brain & Behavior,

Justus-Liebig-Universitéit GieBen, Gieen, Germany

Jing Chen (Orcid ID: 0000-0002-3038-1786)
Address: School of Psychology, Research Center for Exercise and Brain Science,
Shanghai University of Sport, Shanghai, China

Email: chenjingps@gmail.com

Competing Interest Statement: The authors declare no conflict of interest.

Running Head: saccadic suppression of color and luminance

Keywords: saccade, saccadic suppression, color, luminance, steady-state visual

evoked potentials

Downloaded from journals.physiology.org/journal/jn at Univ Studi Di Bologna (137.204.210.029) on May 7, 2024.



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Abstract

Our eyes execute rapid, directional movements known as saccades, occurring
several times per second, to focus on objects of interest in our environment. During
these movements, visual sensitivity is temporarily reduced. Despite numerous studies
on this topic, the underlying mechanism remains elusive, including a lingering debate
on whether saccadic suppression affects the parvocellular visual pathway. To address
this issue, we conducted a study employing steady-state visual evoked potentials
(SSVEPs) elicited by chromatic and luminance stimuli, while observers performed
saccadic eye movements. We also employed an innovative analysis pipeline to
enhance the signal-to-noise ratio, yielding superior results compared to the previous
method. Our findings revealed a clear suppression effect on SSVEP signals during
saccades when compared to fixation periods. Notably, this suppression effect was
comparable for both chromatic and luminance stimuli. We went further to measure the
suppression effect across various contrast levels, which enabled us to model SSVEP
responses using contrast response functions. The results suggest that saccades
primarily reduce response gain without significantly affecting contrast gain, and that
this reduction applies uniformly to both chromatic and luminance pathways. In
summary, our study provides robust evidence that saccades similarly suppress visual
processing in both the parvocellular and magnocellular pathways within the human
early visual cortex, as indicated by SSVEP responses. The observation that saccadic
eye movements impact response gain rather than contrast gain implies that they

influence visual processing through a multiplicative mechanism.
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New and Noteworthy

The present study demonstrates that saccadic eye movements reduce the
processing of both luminance and chromatic stimuli in the early visual cortex of
humans. By modeling the contrast response function, the study further shows that
saccades affect visual processing by reducing the response gain rather than altering
the contrast gain, suggesting a multiplicative mechanism of visual attenuation affects

both parvocellular and magnocellular pathways.
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Introduction

When viewing the environment, our eyes constantly shift gaze rapidly in a
ballistic way through saccadic eye movements. These saccades are crucial as they
allow us to direct the high-resolution fovea toward objects of interest (1-3). The
execution of saccades, however, poses a challenge to visual perception. Visual
sensitivity is severely suppressed from approximately 100 ms before until 100 ms
after saccade onset (4—7). Saccadic suppression has been studied extensively both
psychophysically and neurophysiologically. Nevertheless, the neural mechanism of

saccadic suppression remains elusive.

There are conflicting results on whether saccadic suppression occurs exclusively
in the magnocellular visual pathway, or whether it extends to the parvocellular
pathway as well. Several psychophysical studies have found that saccades do not
suppress the processing of chromatic information, suggesting that saccades do not
affect the parvocellular pathway. Burr et al. (8) showed that saccades reduced the
sensitivity of luminance-modulated gratings at low spatial frequencies, but did not
affect the perception of equal-luminant color gratings. Most following studies found
similar results and concluded that saccades selectively suppressed visual processing in
the magnocellular pathway (4, 9-16). Two recent studies with a large number of
observers showed significant saccadic suppression for equi-luminant stimuli, but
suppression was less pronounced at equi-luminance and there were notable individual
differences in the strength of suppression (17, 18). However, the evidence is mixed in
neurophysiological studies. Human fMRI studies revealed a comparable saccadic
suppression effect on luminance and color in the relatively early stages of visual
processing, such as the LGN, V1, and V2 (19, 20); whereas studies on non-human
primates showed that saccade suppresses luminance more strongly than color in early
areas such as LGN (21-23). At the superior colliculus of primates, visual motor
neurons showed selective suppression for low spatial frequency luminance stimuli,
but visual neurons showed a general suppression effect independent of stimulus

spatial frequency (24). In higher visual areas, such as V4, hMT+, and V7, human
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fMRI results have also found that saccadic suppression was more pronounced for
luminance than color (19, 20). In contrast, at the frontal eye field (FEF) of non-human
primates, the suppression effect is comparable for luminance and color (25). Thus,
further studies are required on whether saccadic suppression occurs in the

parvocellular pathway in the visual cortex.

A potential problem of previous fMRI studies lies in the fact that BOLD signals
have extremely low temporal resolution. As saccadic suppression occurs in tens of
milliseconds, the fMRI technique is not ideal for capturing such a time-resolved
phenomenon. Here, we used steady-state visual evoked potentials (SSVEPs) to track
neural activities across saccadic eye movements. Previously, J. Chen et al. (26)
showed that SSVEPs can track the time course of saccadic suppression successfully,
despite the neural processing delays involved in measuring neural activities from V1.
Compared to fMRI, SSVEPs have good temporal resolution and are relatively
immune to eye-movement-related artifacts because of their narrowband responses
located at the stimulation frequency (for review, see Ref. 27). Here, across two
experiments, we consistently find a comparable saccadic suppression effect for
SSVEP responses elicited by color- and luminance-defined stimuli, indicating that the

suppression effect is comparable in the parvocellular and magnocellular pathways.

Furthermore, the present study aims to investigate how saccades exerted the
modulation on the parvocellular and magnocellular neurons. To elucidate the
underlying computational mechanism, we accessed the contrast response function
with SSVEPs in Experiment 2. This is inspired by previous researches conducted with
luminance stimuli (e.g., see Refs. 28-30). By modeling the contrast sensitivity at
various levels of noise, it has been suggested that the most parsimonious mechanism
underlying saccadic suppression was a reduction in response gain (29, 30).
Consistently, C. Y. Chen et al. (28) recorded the neuronal firing rates in the superior
colliculus during microsaccades and found a significant reduction in response gain
with no alteration in contrast gain. Remarkably, our Experiment 2 yielded similar

results with SSVEPs in human observers, regardless of whether the stimuli were
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117 color- or luminance-based. Thus, these results strongly support the notion that
118  saccadic eye movements impact visual processing through a multiplicative

119  mechanism in both the parvocellular and magnocellular pathways.
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Methods

Experiment 1 — Suppression on SSVEP

The purpose of Experiment 1 was to investigate the effect of saccades on SSVEP

responses elicited by color and luminance stimuli.
Participants

Thirteen observers (5 females and 8 males, mean age: 21.4, age range: 18-27)
took part in Experiment 1. They all had normal or corrected-to-normal vision and had
normal color vision, as tested by the Ishihara plates (31). They had no history of
neurological or eye-related disorders. They gave written informed consent before the
experiment. The study was approved by the local ethics committee (No.

102772019RT009).
Apparatus and Stimuli

Experimental procedures were controlled by the Psychophysics Toolbox (32, 33)
in MATLAB (Mathworks, Natick, Massachusetts, USA). Stimuli were displayed on a
60 Hz LCD monitor (Eizo Corporation, Hakusan, Japan). The monitor has a spatial
resolution of 1920 x 1200 pixels and a diagonal size of 61cm (519.1 mm x324.4 mm,
which corresponds to 47 degrees horizontally and 29 degrees vertically at a viewing
distance of 60 cm). The screen was calibrated with a spectrophotometer (I1 Basic
Pro2, X-Rite, USA). Two blue dots (0.5° in radius) were separated horizontally by 12°
remaining on the screen to serve as the saccade spots. Full-screen horizontal gratings
(spatial frequency = 1.03 cycles/°) in the background were defined by -either
luminance or equiluminant red-green color, and were flickering at a pattern-reversal
rate of 7.5 Hz to elicit SSVEP responses. The Stimuli of Figure 1 shows the stimuli
used in the experiment, and the Analysis of Figure 1 shows the stimulus cycles along
the time scale. We employed horizontal gratings intending to reduce stimulus motion
generated by horizontal saccades, as prior research has indicated the significance of

this visual factor in saccadic suppression (34). The level of contrasts was defined as

Downloaded from journals.physiology.org/journal/jn at Univ Studi Di Bologna (137.204.210.029) on May 7, 2024.



147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

the maximally possible modulation achievable in Derrington-Krauskopf-Lennie
(DKL) color space on the monitors (for a detailed description of the DKL color space,
see the Appendix of Ref. 35). Both the luminance and color stimuli were presented
against a gray background of our monitor: CIE xyY = (0.26, 0.28, and 56.5 cd/m?).
The luminance flickering grating bars range from 52.9 to 59.6 cd/m’ at 6% contrast
and from 42.8 to 69.7 cd/m” at 24% contrast. For the red-green stimuli, luminance
was held constant at 56.5 cd/mz, while color was varied at 12% and 48% chromatic
contrast between CIE xy = (0.27, 0.27) and (0.25, 0.28), and between CIE xy = (0.30,
0.26) and (0.22, 0.29), respectively. The root-mean-square cone contrast for the 12%
and 48% red-green stimuli is 1.6% and 6.3%, respectively. These levels of contrast
ensured that the SSVEP amplitudes were roughly equivalent for luminance and color,

as shown in J. Chen et al. (36).
Procedures

We used the same experiment design as J. Chen et al. (26). Each trial lasted for
90 seconds. The experiment has 2 (type of stimuli: color vs. luminance) X 2 (contrast:
low vs. high) = 4 conditions and has 8 trials in total (2 trials for each condition).
Observers were required to make horizontal saccades back and forth between two
spots (Stimuli of Figure 1), at a rate of once every 1 to 2 seconds. They made saccades
voluntarily without any instruction during the experiment. The order of trials was
randomized. Observers took a short break (at least 30 seconds) after each trial. They
performed a 9-point calibration for the eye tracker at the beginning of the experiment

and re-calibrated it after each break.
Eye movement recordings and analyses

Eye movements from the right eye were recorded with a video-based eye tracker
(EyeLink Portable Duo, SR Research Ltd., Ontario, Canada), at a sampling rate of
1,000 Hz. The observer’s head was rested on a chin rest to minimize head movements.
Saccades were detected by the default algorithm from Eyelink, which uses a velocity
threshold of 30°/s and an acceleration threshold of 8,000°/s>. Customized scripts in

MATLAB were used to analyze eye movement data. The analysis procedures were
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largely the same as in J. Chen et al. (26). To ensure that the analyzed saccades were
larger saccades made towards the two saccade targets, we excluded any saccades with
an amplitude smaller than 9° or larger than 15°. The example eye trace for the first 10
seconds of a trial is shown in the Eye movement of Figure 1. The mean saccade
numbers (M£SE) in color and luminance trial were 52+2 and 54+2, while the saccade

amplitude was 12.79°+0.21 and 12.78°+0.18, respectively.
EEGs recording and analyses

We recorded EEG signals from three electrodes (O1, Oz, and O2) using a
BrainAmp amplifier (Brain Products, Munich, Germany) sampling at 1,000 Hz.
SSVEP responses are mainly confined to these three electrodes in paradigms similar
to ours (26, 36-38). The ground electrode was placed at the AFz, and the online
reference at the FCz. We kept electrode impedances below 10 kQ. EEGlab toolbox
(39) and customized scripts in MATLAB were used to analyze EEGs. The EEG
signals were firstly detrended by removing the linear fit (40). For the amplitude, we
used fast-Fourier transformation (ff.m in MATLAB) and the frequency resolution
differs when the length of the EEG epoch varies. In the analysis of 90-second EEG
signals (e.g., Figure 2), the frequency resolution was 1/90 = 0.011 Hz. When we
utilized short-term FFT in a 400 ms EEG epoch (e.g., Figure 5), the resulting
frequency resolution was 1/0.4 = 2.5 Hz. For the EEG waveforms (e.g., Figure 3), the
signals were passed to a fourth-order low-pass Butterworth filter (41) with a cutoff
frequency of 40 Hz (ft preproc_lowpassfilter.m in the Fieldtrip toolbox in
MATLAB).

Eye movement-associated phase-aligned analysis

To increase the SNRs of SSVEP responses during saccades, we performed Eye
movement-associated phase-aligned analysis to reduce the non-phase-locked EEG
activities. Specifically, we coherently averaged the phase-aligned EEG epochs at the
time of saccades in the time domain separately for each condition and each observer
in the following steps. First, we pinpointed the onset time of the stimulus cycle within

the whole trial (e.g., 90 seconds). For a pattern-reversal rate of 7.5 Hz, each cycle for
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the stimulus lasts approximately 133 ms. Next, we identified the timing of saccade
onset within the stimulus cycle and used the midpoint of this cycle for alignment.
Then, we extracted the EEG epochs from -600 to 1000 ms relative to the midpoint
timing of the stimulus cycle containing the saccade, resulting in 1600 ms EEG epochs
(as shown by the red line in the EEG signals of Figure 1). The EEG epoch was
excluded if there was an overlap between it and the epochs before or after. After
averaging these phase-aligned EEG epochs, we cut out short time windows (400 ms
each, with a 1 ms step) and obtained the amplitude spectrum of the epoch by short-
term FFT (as shown in Eye movement-associated phase-aligned analysis of Figure 1).
Then, the SSVEP SNRs were calculated by dividing the peak amplitude at the
harmonics (e.g., 7.5 Hz) by the average amplitude of the two nearby bins (e.g., 5 and
10 Hz). The SSVEP amplitudes were calculated by subtracting the average amplitude
of the two nearby bins from the peak amplitude at each harmonic and summing the

amplitudes at the first three harmonics (i.e., 7.5, 15, and 22.5 Hz) for further analysis.

To illustrate the benefit of our phase alignment, SSVEPs SNRs of Figure 1 show
the SNRs obtained from example EEG epochs from [-600 -200] ms relative to the
midpoint of the stimulus cycle that contains saccades. The left panel displays the
SNRs of the harmonics resulting from Eye movement-associated phase-aligned
analysis, while the right panel displays SNRs using the EEG processing pipeline from
J. Chen et al. (26). It was evident that the SNRs in the left panel were significantly
higher than those in the right panel, though both were derived from a 400 ms window
using short-term FFT. Compared to the incoherent averaging of the amplitude spectra
(26), the Eye movement-associated phase-aligned analysis increases the SNRs at all
harmonics. This improvement arises from the reduced noise achieved through

coherent averaging of phase-consistent EEG epochs.
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Figure 1. Stimuli: The schematic of the stimuli used in Experiments 1&2, from left to
right, are: low-contrast luminance, high-contrast luminance, low-contrast color, and
high-contrast color. Analysis: The stimulus cycle along the time scale used in
Experiments 1&2. The gratings in the background were flickering in pattern-reversal
at a rate of 7.5 Hz to elicit SSVEP responses; one cycle for the stimulus lasted
approximately 133 ms. The red line indicates the stimulus cycle containing saccade
onset. Eye movement: An example eye trace for the first 10 seconds of a trial. The y-
axis is the horizontal eye position (degree) relative to the center of the screen. EEG
signals: The example EEG signals for the first 10 seconds of a trial after detrending.
The red line indicates the extracted EEG epoch, and the black dot on the x-axis shows
the onset timing of the saccade. The cut-out EEG epochs were phase-aligned. Eye
movement-associated phase-aligned analysis: The panel displays coherent averaging
of the phase-aligned EEG epochs. Incoherent average: The panel shows the
application of short-term FFT to each EEG epoch separately (e.g., see Ref. 26).
SSVEPs SNRs: The SNRs of example EEG epoch from [-600 —200] ms relative to the
midpoint of the stimulus cycle that contains saccade. Filled circles are 13 individual
observers. Coherent averaging of the phase-aligned EEG epochs increased the SNRs.
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Error bars indicate the standard errors across observers.

Experiment 2 — Suppression on CRF

The purpose of Experiment 2 was to investigate the effect of saccades on
SSVEPs to color and luminance stimuli at a number of contrast levels, i.c., on the

SSVEP contrast response function (CRF).
Participants

Fourteen observers (8 females and 6 males, mean age: 21.6, age range: 18-25)

took part in Experiment 2.
Apparatus and Stimuli

Experiment 2 used the same monitor as in Experiment 1. The stimuli in
Experiment 2 were largely the same as in Experiment 1 (Stimuli of Figure 1), with the
exception that more levels of contrast were tested. The contrast for luminance-defined
stimuli was at 1.25%, 1.70%, 2.31%, 3.15%, 4.29%, 5.83%, 7.94%, 10.80%, 14.70%
and 20% (log spaced), and the contrast for color stimuli was 2.50%, 3.40%, 4.63%,
6.30%, 8.57%, 11.67%, 15.87%, 21.60%, 29.39% and 40% (log spaced).

Procedures

We manipulated the contrast of stimuli (i.e., 10 contrast levels) and type of
flickering stimuli (i.e., color- or luminance-defined stimuli), which resulted in twenty
combinations of conditions in total. Each observer accomplished forty trials in total.

Each trial lasted for 60 seconds. The procedures were the same as in Experiment 1.
Eye movement recordings and analyses

Eye movement recording and analysis were the same as in Experiment 1. The
mean saccade numbers (M+SE) among 14 observers in color and luminance trial were

38+2 and 3742, while the saccade amplitude was 11.74°+0.09 and 11.73°+0.10,

respectively.

EEGs recording and analyses
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We recorded EEG signals from three electrodes (O1, Oz, and O2) using an
actiCHamp amplifier (Brain Products, Munich, Germany) sampling at 1,000 Hz. The
ground electrode was placed at the FPz, and the online reference at the FCz. We kept
electrode impedances below 10 kQ. EEG analysis procedures were the same as in

Experiment 1.

Bayesian statistical analysis

In Experiment 1, we conducted Bayesian statistical analysis with JASP (42) to
evaluate the null hypothesis and identify the strength of the evidence. BFy; is the
index of how strongly the data support the null hypothesis that there is no difference
between the two conditions. Based on Lee & Wagenmakers (43), BFy; > 3 provides

moderate evidence for Hj, and >10 provides strong evidence for H).

In Experiment 2, we used a Bayesian model to analyze the contrast response
function of SSVEP responses. Experiment 2 measured SSVEPs elicited by color and
luminance stimuli at a large number of contrast levels. The contrast response function
was described with a modified version of the hyperbolic ratio function (44, 45):

ch
R=R ——R 1
maxcgo_l_cn 0 ()

In Equation (1), R is the SSVEP amplitudes, c is the contrast of stimulus, R, is
the asymptotic response to a high-contrast stimulus, » is the slope term, cs is the
contrast at the half-maximum response, and R, is a constant of the response. Ry
changes reflect response gain adjustments, while c¢s5p changes indicate alterations in
contrast gain. We fitted this model to the normalized SSVEPs amplitude at the time
point of fixation (i.e., —400 ms relative to the midpoint of the stimulus cycle that
contains the saccade) and saccade (i.e., 200 ms after the midpoint of the stimulus
cycle that contains the saccade) in each contrast for color and luminance stimuli. The
data from all subjects and conditions were fit with a Bayesian model. We used Gibbs
sampling to estimate the posterior probability distribution of the unknown parameters
based on the observed data. JAGS package was used for Gibbs sampling to implement

the model (42). The model was sampled in 1 chain and contained 20,000 iterations for
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interval (HDI) was computed from the samples for the variables of interest and
differences across conditions. These 99% HDIs were utilized to estimate the credible

ranges for the values and differences.
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Results

Experiment 1 — SSVEP responses to color and luminance

Experiment 1 recorded SSVEPs while the observer made saccadic eye
movements. There were 4 conditions in Experiment 1, which were 2 (type of stimuli:
color vs. luminance) x 2 (contrast: low vs. high). We adopted a single-trial design,
where each trial for one condition lasted for 90 seconds. To access the overall SSVEP
responses, we did a fast-Fourier transformation on the whole 90s EEG signals in four
conditions of all observers. Figure 2A displays the grand average spectra. We can see
the peak response amplitude in 7.5 Hz and its harmonics (e.g., 15 and 22.5 Hz) for
both the color- and luminance-defined stimuli. Next, we summed SSVEP amplitudes
at 7.5, 15, and 22.5 Hz for each condition, as Figure 2B shows. The high-contrast
stimuli elicited significantly higher SSVEP responses than low-contrast (F#(1,12) =
26.66, p = 2.356e-04, 17p2 = 0.690). The SSVEP responses eclicited by color and
luminance were comparable (F(1,12) = 0.003, p = 0.956, 71,,2 =0.0001).
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Figure 2. A. Average amplitude spectra in four conditions over all observers (N = 13).
SSVEP responses are elicited by luminance and color stimuli. Peak responses at 7.5
Hz and its harmonics (e.g., 15 and 22.5 Hz) are visible, as indicated by black arrows.
B. SSVEP amplitudes in four conditions over all participants. Error bars indicate the
standard errors across observers. Overall, the color and luminance stimuli elicited
comparable SSVEP responses.

It is known that the response latency of parvocellular neurons is delayed
compared to the one of magnocellular neurons, by no more than about 10 ms in the
LGN and smaller in V1 by about 5 ms (46—48). If SSVEP responses to color and
luminance can really segregate the two pathways, we would also expect that color

SSVEPs show delayed visual response latency compared with luminance. We first
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visualized the waveforms of luminance and color response. We classified all trials into
luminance and color subsets and then averaged the EEG signals in the time domain.
Next, we segmented the 90-second EEG signals into 133-ms (i.e., the duration of one
cycle for 7.5 Hz) epochs, resulting in 675 epochs. After separately averaging all
epochs of luminance and color, a slight temporal offset can be observed, as depicted
in Figure 3A. In addition to waveforms, we extracted the phase information of the
first three harmonics (i.e., 7.5, 15, and 22.5 Hz) by applying FFT to the 90-second
EEG signals in each individual trial. We calculated the phase difference between
luminance and color and conducted a one-sample test on it (circ dist.m and
circ_mtest.m in the circular statistics toolbox in MATLAB), as shown in Figure 3B.
The average phase differences at 7.5, 15, and 22.5 Hz are 10.57°, 29.02°, and 66.48°,
corresponding to 3.91 ms, 5.37 ms, and 6.16 ms in time, respectively. For 7.5 and 15
Hz, the phase difference was not significantly different from 0, with a 95% confidence
interval of [-39.19, 60.32°] and [—14.89, 72.94°], respectively. At 22.5 Hz, the phase
difference was significantly different, with a 95% confidence interval of [24.84,
108.11°]. Therefore, the phase at 22.5 Hz showed a delay for color as compared to
luminance. It indicates that SSVEP signals from the two types of stimuli can indeed

segregate the parvocellular and magnocellular pathway.
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Figure 3. A. The average EEG waveforms for luminance and color stimuli within one
stimulus cycle. B. The phase difference between luminance and color at the first three
harmonics (i.e., 7.5, 15, and 22.5 Hz). Filled circles are 13 individual observers. Error
bars indicate the standard errors across observers. Asterisks denote the significance of
the phase difference from 0, established using one-sample tests: n.s. for p > 0.05, * for
p <0.05.

Experiment 1 - Comparable suppression on SSVEPs elicited by color and
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luminance

To indicate how saccades modulate the SSVEP responses, we computed SSVEP
power in short time windows (400 ms) centered at variable latencies relative to the
midpoint of the stimulus cycle that contains saccade. Figure 4A displays the time
course of SSVEP responses in four conditions. We can see that saccades did reduce
SSVEP responses strongly among all four conditions. As the low and high contrast
had a similar suppression effect, we combined the two levels of contrast in further
analyses. Figure 4B shows the average SSVEP amplitudes of color and luminance at
different time points relative to the midpoint of the stimulus cycle that contains the
saccade among all observers. The SSVEP response pattern is largely similar in color

and luminance.

Previously, SSVEP measurements revealed that the maximum suppression
occurred approximately 150 ms after saccade onset, due to the neural processing
delay in transmitting visual stimuli to V1 activity (26). In our Eye movement-
associated phase-aligned analysis, we used one stimulus cycle (i.e., approximately
133 ms) that contains the saccade onset for phase alignment, resulting in a jitter where
the saccade onset times were evenly spread (as shown in the insets in Figure 4A). In
addition, the monitor we used differs from the one in J. Chen et al. (26), which may
introduce an uncertain delay in presenting the visual stimulus. Consequently, the
maximum suppression for SSVEP responses in our time course occurred around 200
ms relative to the midpoint of the stimulus cycle that contains the saccade. In light of
this, we indexed the saccadic suppression effect by evaluating SSVEP responses at
two specific time points: the fixation SSVEPs at =400 ms relative to the midpoint of
the stimulus cycle that contains saccade and the saccade SSVEPs at 200 ms after the
midpoint of the stimulus cycle that contains saccade. Figure 4C shows the difference
value in SSVEP responses between these two time points as an index of the
suppression effect. Each filled circle represents data of an individual observer, with
the x-axis representing the suppression index of luminance, and the y-axis the

suppression index of color. The data points fell along the diagonal line, indicating the
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0.583, Cohen’s d = 0.16. Bayesian factor analysis indicated that there is moderate
evidence supporting the null hypothesis (BFy; = 3.13, the prior distribution is a zero-
centered Cauchy with a default scale parameter of » = 0.707). Therefore, the result
suggests that saccadic eye movements suppress the processing of both color and

luminance in the early visual cortex as measured by SSVEPs.
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Figure 4. A. The grand average of SSVEP amplitudes at different time points relative
to the midpoint of the stimulus cycle that contains saccade in four conditions. Shaded
areas indicate SE across all observers. Insets: The x-axis of the insets corresponds to
A, while the y-axis indicates the number of saccade onset times for all observers
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relative to time 0. These histograms showed the onset times were evenly spread out
and confined in one stimulus cycle. The background in gray and light red indicates the
stimulus phase. B. Average SSVEPs amplitude of color and luminance at different
time points relative to the midpoint of the stimulus cycle contains saccade among all
observers. The data from conditions with different contrasts were aggregated. C. The
index of suppression effect for color and luminance in SSVEPs. Filled circles are 13
individual observers. All observers fell along the diagonal line, indicating the SSVEPs
suppression effect is comparable in color and luminance. The gray line shows the
average value and the 95% confidence interval.

Could the suppression effect be the result of SSVEP response reduction due to
the saccade-related noise? Unlike the SSVEP responses observed at the stimulation
frequency and its harmonics (e.g., 7.5 and 15 Hz), EEG signals at broadband
frequencies (e.g., 5 and 10 Hz) encompass saccade-related EEG artifacts, lambda
response, and visual re-afferent responses. By calculating the amplitude difference
between the fixation and saccade epochs, we assessed the suppression effect at the
first three harmonics (i.e., 7.5, 15, and 22.5 Hz) and their nearby bins (i.e., 5 and 10
Hz, 12.5 and 15 Hz, 17.5 and 25 Hz). After averaging each pair of nearby bins, we
pooled it with the harmonic and normalized them, as shown in Figure 5. Each filled
circle represents data of an individual observer, with the x-axis representing the
suppression effect of the harmonic, and the y-axis the suppression effect of its nearby
bins. Most of the data points fell below the diagonal line, indicating the suppression
effect at harmonics is stronger than that at the nearby bins. These results suggest that
the impact of saccade-related broadband noise on the SSVEP suppression effect is
limited. Therefore, the observed suppression effect in SSVEP responses cannot be

attributed to the saccade-related EEG noise.
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Figure 5. The suppression effect at the first three harmonics (i.e., 7.5, 15, and 22.5 Hz)
and their nearby bins (i.e., 5 and 10 Hz, 12.5 and 15 Hz, 17.5 and 25 Hz) for
luminance (A) and color (B). Filled circles are 13 individual observers. The x-axis
represents the suppression effect of the harmonic, and the y-axis the suppression effect
of its nearby bins. Most observers fell below the diagonal line, indicating the
suppression effect at the harmonic is stronger than that at nearby bins. The gray line
shows the average value and the 95% confidence interval.

Experiment 2 — Saccades reduce response gain in SSVEP contrast response

function to color and luminance

Experiment 2 measured SSVEPs in response to color and luminance stimuli at
various contrast levels. Similar to Experiment 1, we used a single-trial design where
each trial for a condition lasted for 60 seconds, while observers made saccadic eye
movements voluntarily. The aim of Experiment 2 was to investigate the effect of
saccades on the SSVEP contrast response function. We employed a Bayesian model
for data analysis, using a Uniform Distribution as the prior for all parameters. Initially,
we normalized the SSVEP amplitudes by the maximum response in each observer to
reduce between-observer variability in the data. Subsequently, the fitting was
performed using the data from all 14 observers. Since we normalized the SSVEP
amplitudes, and given that the mean SSVEP responses across all observers in the
fixation epoch were approximately two times higher than in the saccade epoch, we set

the prior scaling of R, to [0.0001 1.5] for fixation and [0.0001 0.75] for saccade, for
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both luminance and color conditions, while the prior scaling of ¢spwas set to [0.0001

1] for all four conditions.

Figure 6 shows the normalized SSVEP amplitudes and fitting curves for all
conditions. These curves fit our data satisfactorily, accounting for 93.32% of the
variance on average. The parameters for fitting the respective curves are: for
luminance at fixation, n = 1.06, ¢59 = 0.13, R0 = 1.33, Ry = 0.04; for luminance at
saccade, n=1.69, cso = 0.14, R,.x = 0.57, Ry = 0.04; for color at fixation, n = 1.54, cs¢

=0.15 R, = 1.09, Ry = 0.10; for color at saccade, n = 2.49, cs5o = 0.19, R, = 0.62,

Ry=10.10.
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Figure 6. The normalized SSVEP amplitudes as a function of contrast, at the time of
fixation or saccade. The curves were fit with contrast response functions. Saccades
suppress the contrast responses for both luminance (A) and color (B). The error bar
shows the standard errors across observers. Compared with fixation, the SSVEP
amplitudes at saccade are scaled down, rather than shifted to the right, indicating the
saccades reduce response gain but do not affect contrast gain. This suppression effect
is similar for both color and luminance.

Figure 7A and 7B shows the Bayesian estimated posterior distributions for csg
and R, at fixation and saccade on luminance and color, respectively. We computed
the distribution of differences by subtracting csp and R, values between fixation and
saccade, as depicted in Figures 7C and 7D. The horizontal bar indicates the 99% HDI.
For c¢sp on luminance and color, both the HDIs for the difference contain zero,
indicating there is no significant difference in contrast gain between fixation and
saccade. However, for R, on luminance and color, both the 99% HDIs for the

difference fall well above zero, indicating that the response gain is significantly larger
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for fixation than saccade (p < 0.01). Therefore, these results indicate that saccades

reduce response gain but do not affect contrast gain, and the suppression effect on

response gain is similar for both color and luminance.
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Figure 7. A and B show the Bayesian estimated posterior probability distributions of
cspand R, at fixation and saccade conditions on luminance and color (left panel: c¢sy;
right panel: R,,). C and D show the Bayesian estimated posterior probability
distributions of the mean difference between fixation and saccade (i.e., fixation minus
saccade condition) of c¢sp and R, on luminance and color. The horizontal bar

indicates the 99% HDI. The x-value for the black dashed line is 0.
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Discussion

In the present study, two experiments were conducted on human participants to
investigate saccadic suppression. This was achieved by recording SSVEPs in response
to chromatic and luminance stimuli. Our findings revealed a comparable reduction in
SSVEP amplitudes during saccades for both types of stimuli, indicating that saccades
have a similar impact on the visual processing of color and luminance information.
The SSVEP amplitude reduction is not due to artifacts or visual re-afferent response,
as the amplitudes of broadband noise increased during saccades, whereas the
amplitudes at SSVEP harmonics decreased. We also calculated the baseline-corrected
SSVEP responses at the stimulation frequency to mitigate the influence of the
broadband noise. Additionally, SSVEPs were measured at various contrast levels
during saccades, and the contrast response function was modeled. The results
demonstrated that saccades primarily reduce the response gain while leaving the
contrast gain unaffected, irrespective of the type of stimuli (chromatic or luminance).
These observations provide compelling evidence suggesting that saccadic eye
movements exert a suppressive effect on both the parvocellular and magnocellular

pathways within the early visual cortex of humans.

Previous physiological studies have reported inconsistent results regarding the
extent to which saccades suppress color processing. Investigations conducted on non-
human primates using single-neuron recordings have shown a stronger saccadic
suppression of luminance compared to color in early visual areas like the LGN (21—
23). However, in V1 neurons, similar microsaccadic suppression of luminance and
color has been observed (49). Human fMRI studies have indicated comparable
suppression effects for color and luminance in regions such as the LGN, V1, and V2
(19, 20). It is worth considering that this discrepancy may stem from the limitations of
the fMRI technique because its low temporal resolution makes it less suitable for
investigating saccadic suppression. To address this issue, the current study employed
the SSVEPs technique, which offers a higher temporal resolution that allows us to

trace the temporal dynamics of neural activity during saccades in humans. Our results

Downloaded from journals.physiology.org/journal/jn at Univ Studi Di Bologna (137.204.210.029) on May 7, 2024.



509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

consistently demonstrated comparable saccadic suppressions for both color and
luminance stimuli. Consequently, the underlying reason for the previous discrepancy
between human fMRI results and single-neuron findings in non-human primates
warrants further examination. One possibility is that there are species-specific
differences in saccadic suppression, as previously observed by Klingenhoefer &
Krekelberg (50). However, it is important to note that comparable suppression effects
between color and luminance have been observed in non-human primates within the
frontal eye field (25). These findings emphasize the necessity of reevaluating the
similarities and differences between humans and non-human primates in the field of

visual neuroscience.

Previous psychophysical studies have reported that saccadic suppression either
does not occur for color stimuli or, at the very least, the effect is significantly weaker
for color compared to luminance stimuli (8—18). However, if the current result, along
with previous fMRI findings (19, 20), suggests that the suppression effect is
comparable for both color and luminance in the early visual cortex, then the question
arises: where does the difference in perception originate? Notably, previous fMRI
studies have examined neural activities in higher visual areas such as V5 and MT,
revealing a stronger saccadic suppression effect for luminance-defined stimuli
compared to color-defined stimuli (19, 20). This observation may indicate that
saccades exert a more pronounced suppression of luminance processing in the higher-
level visual cortex beyond V1/V2. However, due to the limited temporal resolution of
fMRI, further investigations are warranted to delve deeper into this matter.
Alternatively, C. Y. Chen & Hafed (24) showed that visual motor neurons in the
superior colliculus had a spatial-frequency-specific saccadic suppression effect,
similar to perception. Thus, the superior colliculus could also be a neural locus for the

perceptual effect. Further studies could use color stimuli to test this hypothesis.

The most popular view for saccadic suppression is that it is caused by an active
suppressive signal originating from pre-motor areas, including corollary discharge

signals associated with saccadic eye movements (for review, see Ref. 4). However,
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there is an alternative view that saccadic suppression is a visual phenomenon due to
masking (see Ref. 51 for a review). Our current study did not intend to argue about
the two hypotheses, but it is interesting to point out the findings in a recent study by
Idrees et al. (34). They showed that selective suppression of low spatial frequency
luminance stimuli can be observed even when no saccade was required and only the
visual flow was presented to the observer. Furthermore, the selective suppression
effect can be easily violated by using a fine texture background. Their result indicates
that the selective suppression of low spatial frequency information reported in the
literature (e.g., see Refs. 8, 52) is probably a visual phenomenon, and does not
provide enough evidence for the magnocellular suppression hypothesis. This is
consistent with our main message in the present study that, at least in the early visual

cortex, there is no evidence for selective suppression of the magnocellular pathway.

The findings from Experiment 2, showing a reduction in response gain but no
impact on contrast gain during saccades, provide valuable insights into the
computational mechanisms underlying saccadic suppression. By employing contrast
response function modeling, it becomes possible to differentiate between two
potential mechanisms of top-down modulation: an additive mechanism affecting
contrast gain and a multiplicative mechanism affecting response gain. For instance, Li
et al. (53) utilized contrast response functions to compare the effects of overt pre-
saccadic and covert spatial attention on perceptual sensitivities. They observed that
pre-saccadic attention exclusively induced changes in response gain, while covert
spatial attention resulted in a combination of response gain and contrast gain changes.
Our results mirror this effect, as we found that saccades solely affected response gain
without impacting contrast gain. These findings are in line with previous studies
conducted on non-human primates (28), where neural activities were recorded in the
SC during microsaccades, which share similar underlying mechanisms with saccades
(54, 55). C. Y. Chen et al. (28) reported a significant reduction in response gain and no
substantial change in contrast gain during microsaccades. These results concur to

support the notion that saccadic eye movements modulate neural activities through a

Downloaded from journals.physiology.org/journal/jn at Univ Studi Di Bologna (137.204.210.029) on May 7, 2024.



567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

multiplicative mechanism.

Since we used a spectrophotometer to measure luminance, and did not access
equiluminance psychophysically for individual observers, there may be residual
luminance artifacts in our large-field equiluminant stimuli. One might raise the
question of whether these potential luminance artifacts could account for our findings.
Specifically, one could argue that the comparability of the saccadic suppression effect
to color and luminance stimuli may be attributed to the luminance artifacts present in
the equiluminant color stimuli. However, this explanation is unlikely for two reasons.
Firstly, it is widely recognized that humans exhibit a greater sensitivity to color
compared to luminance (see Refs. 56, 57). Our measures of SSVEP contrast response
indicate that even a luminance artifact of 5% contrast would be invisible to
luminance-based processing. Secondly, our stimuli closely resemble those used by J.
Chen et al. (36). In their study, J. Chen et al. (36) demonstrated that smooth pursuit
eye movements, as opposed to fixation, enhance SSVEPs to color stimuli but have no
effect on SSVEPs to luminance stimuli. This result indicates that such stimuli
sufficiently isolate color and luminance to reveal dissociation effects, if present.
Consequently, it is unlikely that the residual luminance in the stimuli can account for

the findings observed in our study.

In our SSEVPs analysis pipeline, we employed an innovative method, which we
name Eye movement-associated phase-aligned analysis. 1t is an improved version of
the analysis pipeline presented in J. Chen et al. (26) and has resulted in significantly
enhanced SNRs. Previously, J. Chen et al. (26) employed incoherently averaging of
amplitude spectra obtained from short-term FFT to calculate the time course of
SSVEP responses during saccades. In the Eye movement-associated phase-aligned
analysis, we use the saccade onset timing to identify the midpoint of stimulus cycle
timing for extracting phase-aligned EEG epochs. This ensures that the saccade onset
timing is confined within one stimulus cycle, as shown in the insets in Figure 3A,
where they are evenly distributed within the cycle. After coherently averaging the

phase-aligned EEG epochs, the non-phase-locked noise was reduced, resulting in
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increased SNRs and SSVEP amplitudes. The Eye movement-associated phase-aligned
analysis is based on the concept of coherently averaging SSVEP signals to minimize
noise (e.g., see Refs. 58—63). Here, we applied this concept to examine SSVEP
responses during eye movements. Previous studies did not implement phase-aligned
analysis while simultaneously recording eye movement and SSVEPs (e.g., see Refs.
26, 36), presumably due to the inherent uncertainty in the timing of eye movements
relative to the stimulus phase. Here, the issue was addressed by using eye movement
to precisely identify the stimulus cycle for phase alignment, enabling the capture of

SSVEP responses of higher SNRs during eye movement events.

The present study provides the basis for several lines of future work. For
instance, it would be interesting to test the effect of saccades on luminance stimuli
with various spatial frequencies, given that previous psychophysical studies
selectively showed saccadic suppression for low spatial frequency stimuli (e.g., see
Refs. 8, 52). It’s also worth testing whether there is a correlation between the
suppression effect obtained in SSVEP and the suppression effect in perception, by
measuring the saccadic suppression effect using both the SSVEP paradigm as in the

current study, and the perceptual paradigm (such as in Refs. 17, 18).

To summarize, the present study provides strong evidence supporting that
saccades suppress both the parvocellular and magnocellular pathways in the early
visual cortex of humans. Our results further suggest that saccadic eye movements
modulate neural activities, in both the parvocellular and magnocellular pathways,

through a multiplicative mechanism.

Downloaded from journals.physiology.org/journal/jn at Univ Studi Di Bologna (137.204.210.029) on May 7, 2024.



618

619

620

621

622

623

624

625

626

627

628

Acknowledgment

JC was supported by the National Natural Science Foundation of China (No.
31900758), and a research project of the Shanghai University of Sport (A1-3G01-23-
0008-25). KRG was supported by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation)—project number 222641018—SFB/TRR 135 Project
Al, and the European Research Council Advanced Grant Color3.0 project number

884116.

During the preparation of this work, the authors used ChatGPT (OpenAl, Inc.,
https://openai.com/) to improve readability and language. After using this tool, the
authors reviewed and edited the content as needed and took full responsibility for the

content of the publication.

Downloaded from journals.physiology.org/journal/jn at Univ Studi Di Bologna (137.204.210.029) on May 7, 2024.



629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

References

10.

11.

Goettker A, Gegenfurtner KR. A change in perspective: The interaction of
saccadic and pursuit eye movements in oculomotor control and perception.
Vision Research 188: 283-296, 2021. doi: 10.1016/j.visres.2021.08.004.
Griinert U, Martin PR. Cell types and cell circuits in human and non-human
primate retina. Progress in Retinal and Eye Research 78: 100844, 2020. doi:
10.1016/j.preteyeres.2020.100844.

Osterberg G. Topography of the Layer of Rods and Cones in the Human
Retina. Acta Ophthalmologica 13: 6-97, 1935.

Binda P, Morrone MC. Vision During Saccadic Eye Movements. Annu Rev Vis
Sci 4: 193-213, 2018. doi: 10.1146/annurev-vision-091517-034317.

Ibbotson M, Krekelberg B. Visual perception and saccadic eye movements.
Current  Opinion in  Neurobiology  21:  553-558, 2011. doi:
10.1016/j.conb.2011.05.012.

Latour PL. Visual threshold during eye movements. Vision Research 2: 261—
262, 1962. doi: 10.1016/0042-6989(62)90031-7.

Sommer MA, Wurtz RH. Brain Circuits for the Internal Monitoring of
Movements.  Annu  Rev  Neurosci  31: 317-338,  2008. doi:
10.1146/annurev.neuro.31.060407.125627.

Burr DC, Morrone MC, Ross J. Selective suppression of the magnocellular
visual pathway during saccadic eye movements. Nature 371: 511-513, 1994.
doi: 10.1038/371511a0.

Anand S, Bridgeman B. An unbiased measure of the contributions of chroma
and luminance to saccadic suppression of displacement. Experimental Brain
Research 142: 335-341, 2002. doi: 10.1007/s00221-001-0937-0.

Bridgeman B, Macknik SL. Saccadic suppression relies on luminance
information. Psychol Res 58: 163—168, 1995. doi: 10.1007/BF00419631.

Bruno A, Brambati SM, Perani D, Morrone MC. Development of Saccadic
Suppression in Children. Journal of Neurophysiology 96: 1011-1017, 2006. doi:

Downloaded from journals.physiology.org/journal/jn at Univ Studi Di Bologna (137.204.210.029) on May 7, 2024.



658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

10.1152/jn.01179.2005.

Diamond MR, Ross J, Morrone MC. Extraretinal Control of Saccadic
Suppression. J Neurosci 20: 3449-3455, 2000. doi: 10.1523/INEUROSCI.20-
09-03449.2000.

Hass CA, Horwitz GD. Effects of microsaccades on contrast detection and V1
responses in macaques. Journal of Vision 11: 3-3, 2011. doi: 10.1167/11.3.3.
Knéll J, Binda P, Morrone MC, Bremmer F. Spatiotemporal profile of peri-
saccadic contrast sensitivity. Journal of Vision 11: 15-15, 2011. doi:
10.1167/11.14.15.

Ross J, Morrone MC, Goldberg ME, Burr DC. Changes in visual perception
at the time of saccades. Trends in Neurosciences 24: 113-121, 2001. doi:
10.1016/S0166-2236(00)01685-4.

Uchikawa K, Sato M. Saccadic suppression of achromatic and chromatic
responses measured by increment-threshold spectral sensitivity. J Opt Soc Am A
12: 661, 1995. doi: 10.1364/JOSAA.12.000661.

Braun DI, Schiitz AC, Gegenfurtner KR. Visual sensitivity for luminance and
chromatic stimuli during the execution of smooth pursuit and saccadic eye
movements. Vision Research 136: 57-69, 2017. doi:
10.1016/.visres.2017.05.008.

Braun DI, Schiitz AC, Gegenfurtner KR. Age effects on saccadic suppression
of luminance and color. Journal of Vision 21: 11, 2021. doi:
10.1167/jov.21.6.11.

Kleiser R, Seitz RJ, Krekelberg B. Neural Correlates of Saccadic Suppression
in Humans. Current  Biology 14: 386-390, 2004. doi:
10.1016/j.cub.2004.02.036.

Sylvester R, Haynes J-D, Rees G. Saccades Differentially Modulate Human
LGN and V1 Responses in the Presence and Absence of Visual Stimulation.
Current Biology 15: 37-41, 2005. doi: 10.1016/j.cub.2004.12.061.

Bartlett JR, Doty RW, Lee BB, Sakakura H. Influence of saccadic eye

movements on geniculostriate excitability in normal monkeys. Exp Brain Res

Downloaded from journals.physiology.org/journal/jn at Univ Studi Di Bologna (137.204.210.029) on May 7, 2024.



688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

25, 1976. doi: 10.1007/BF00239783.

Responses in the Lateral Geniculate Nucleus. Neuron 35: 961-974, 2002. doi:
10.1016/S0896-6273(02)00823-1.

planning and postsaccadic fixation in the macaque monkey lateral geniculate

nucleus. Exp Brain Res 168: 62—75, 2006. doi: 10.1007/s00221-005-0093-z.

suppression in visual-motor neurons of the primate superior colliculus. J

Neurophysiol 117: 1657-1673, 2017. doi: 10.1152/jn.00911.2016.

preparation of saccadic eye movements. Journal of Neurophysiology 116: 2882—

2891, 2016. doi: 10.1152/jn.01140.2015.

steady-state visual evoked potentials. Journal of Neurophysiology 122: 251—

258, 2019. doi: 10.1152/jn.00712.2018.

steady-state visual evoked potential in vision research: A review. Journal of

Vision 15: 4, 2015. doi: 10.1167/15.6.4.

Enhancement prior to Microsaccades. Current Biology 25: 2065-2074, 2015.
doi: 10.1016/j.cub.2015.06.022.

reduced detector gain. J Vis 13: 4, 2013. doi: 10.1167/13.8.4.

Suppression. J Neurosci 31: 6535-6541, 2011. doi: 10.1523/INEUROSCI.6255-
10.2011.

Trading., 2004.
Brainard DH. The Psychophysics Toolbox. Spat Vis 10: 433436, 1997.

Downloaded from journals.physiology.org/journal/jn at Univ Studi Di Bologna (137.204.210.029) on May 7, 2024.

Reppas JB, Usrey WM, Reid RC. Saccadic Eye Movements Modulate Visual

Royal DW, Sary Gy, Schall JD, Casagrande VA. Correlates of motor

Chen CY, Hafed ZM. A neural locus for spatial-frequency specific saccadic

Krock RM, Moore T. Visual sensitivity of frontal eye field neurons during the

Chen J, Valsecchi M, Gegenfurtner KR. Saccadic suppression measured by

Norcia AM, Appelbaum LG, Ales JM, Cottereau BR, Rossion B. The

Chen CY, Ignashchenkova A, Thier P, Hafed ZM. Neuronal Response Gain

Guez J, Morris AP, Krekelberg B. Intrasaccadic suppression is dominated by

Watson T, Krekelberg B. An Equivalent Noise Investigation of Saccadic

Ishihara S. Ishihara’s tests for color deficiency. Tokyo, Japan: Kanehara



718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Kleiner M, Brainard D, Pelli D, Ingling A, Murray R, Broussard C. What’s
new in psychtoolbox-3. Perception 36: 1-16, 2007.

Idrees S, Baumann MP, Franke F, Miinch TA, Hafed ZM. Perceptual
saccadic suppression starts in the retina. Nat Commun 11: 1977, 2020. doi:
10.1038/s41467-020-15890-w.

Hansen T, Gegenfurtner KR. Higher order color mechanisms: Evidence from
noise-masking experiments in cone contrast space. Journal of Vision 13: 26-26,
2013. doi: 10.1167/13.1.26.

Chen J, Valsecchi M, Gegenfurtner KR. Enhanced brain responses to color
during smooth-pursuit eye movements. Journal of Neurophysiology 118: 749—
754, 2017. doi: 10.1152/jn.00208.2017.

Chen J, Valsecchi M, Gegenfurtner KR. Attention is allocated closely ahead
of the target during smooth pursuit eye movements: Evidence from EEG
frequency tagging.  Neuropsychologia 102: 206-216, 2017. doi:
10.1016/j.neuropsychologia.2017.06.024.

Chen J, Gegenfurtner KR. Electrophysiological evidence for higher-level
chromatic mechanisms in humans. Journal of Vision 21: 12, 2021. doi:
10.1167/jov.21.8.12.

Delorme A, Makeig S. EEGLAB: an open source toolbox for analysis of
single-trial EEG dynamics including independent component analysis. Journal
of Neuroscience Methods 134: 9-21, 2004. doi:
10.1016/j.jneumeth.2003.10.009.

Bach M, Meigen T. Do’s and don’ts in Fourier analysis of steady-state
potentials.  Documenta  Ophthalmologica  99: 69-82, 1999. doi:
10.1023/A:1002648202420.

Butterworth S. On the theory of filter amplifiers. Wireless Engineer 7: 536—
541, 1930.

Plummer M. JAGS: A program for analysis of Bayesian graphical models
using Gibbs sampling. Proceedings of the 3rd International Workshop on
Distributed Statistical Computing (DSC 2003). 2003.

Downloaded from journals.physiology.org/journal/jn at Univ Studi Di Bologna (137.204.210.029) on May 7, 2024.



748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Lee MD, Wagenmakers E-J. Bayesian Cognitive Modeling: A Practical
Course. 1st ed. Cambridge University Press.

Naka KI, Rushton WAH. S-potentials from luminosity units in the retina of
fish (Cyprinidae). The Journal of Physiology 185: 587-599, 1966. doi:
10.1113/jphysiol.1966.sp008003.

Solomon SG, Peirce JW, Dhruv NT, Lennie P. Profound Contrast Adaptation
Early in the Visual Pathway. Neuron 42: 155-162, 2004. doi: 10.1016/S0896-
6273(04)00178-3.

Kaplan E, Shapley RM. X and Y cells in the lateral geniculate nucleus of
macaque monkeys. The Journal of Physiology 330: 125-143, 1982. doi:
10.1113/jphysiol.1982.sp014333.

Maunsell JH, Gibson JR. Visual response latencies in striate cortex of the
macaque monkey. Journal of Neurophysiology 68: 1332-1344, 1992. doi:
10.1152/jn.1992.68.4.1332.

Maunsell JHR, Ghose GM, Assad JA, McADAMS CJ, Boudreau CE,
Noerager BD. Visual response latencies of magnocellular and parvocellular
LGN neurons in macaque monkeys. Vis Neurosci 16: 1-14, 1999. doi:
10.1017/S0952523899156177.

Hass CA, Horwitz GD. Effects of microsaccades on contrast detection and V1
responses in macaques. Journal of Vision 11: 3, 2011. doi: 10.1167/11.3.3.
Klingenhoefer S, Krekelberg B. Perisaccadic visual perception. Journal of
Vision 17: 16, 2017. doi: 10.1167/17.9.16.

Castet E, Jeanjean S, Masson GS. ’Saccadic suppression’- no need for an
active extra-retinal mechanism. Trends Neurosci 24: 316-318, 2001. doi:
10.1016/s0166-2236(00)01828-2.

Volkmann FC, Riggs LA, White KD, Moore RK. Contrast sensitivity during
saccadic eye movements. Vision Research 18: 1193-1199, 1978. doi:
10.1016/0042-6989(78)90104-9.

Li H-H, Pan J, Carrasco M. Different computations underlie overt presaccadic

and covert spatial attention. Nat Hum Behav 5: 1418-1431, 2021. doi:

Downloaded from journals.physiology.org/journal/jn at Univ Studi Di Bologna (137.204.210.029) on May 7, 2024.



778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

10.1038/s41562-021-01099-4.

Hafed ZM. Mechanisms for generating and compensating for the smallest
possible saccades. European Journal of Neuroscience 33: 2101-2113, 2011. doi:
10.1111/5.1460-9568.2011.07694 .x.

Hafed ZM, Goffart L, Krauzlis RJ. A Neural Mechanism for Microsaccade
Generation in the Primate Superior Colliculus. Science 323: 940-943, 2009. doi:
10.1126/science.1166112.

Chaparro A, Stromeyer CF, Huang EP, Kronauer RE, Eskew RT. Colour is
what the eye sees best. Nature 361: 348-350, 1993. doi: 10.1038/361348a0.
Gegenfurtner KR, Hawken MJ. Interaction of motion and color in the visual
pathways. Trends in Neurosciences 19: 394-401, 1996. doi: 10.1016/S0166-
2236(96)10036-9.

Ales JM, Norcia AM. Assessing direction-specific adaptation using the steady-
state visual evoked potential: Results from EEG source imaging. Journal of
Vision 9: 8-8, 2009. doi: 10.1167/9.7.8.

Candy TR, Skoczenski AM, Norcia AM. Normalization Models Applied to
Orientation Masking in the Human Infant. J Neurosci 21: 4530-4541, 2001. doi:
10.1523/JNEUROSCI.21-12-04530.2001.

Gilmore RO, Hou C, Pettet MW, Norcia AM. Development of cortical
responses to optic flow. Vis Neurosci 24: 845-856, 2007. doi:
10.1017/S0952523807070769.

Hale J, Harrad RA, McKee SP, Pettet MW, Norcia AM. A VEP Measure of
the Binocular Fusion of Horizontal and Vertical Disparities. Invest Ophthalmol
Vis Sci 46: 1786, 2005. doi: 10.1167/i0vs.04-0954.

Liu-Shuang J, Torfs K, Rossion B. An objective electrophysiological marker
of face individualisation impairment in acquired prosopagnosia with fast
periodic visual stimulation. Neuropsychologia 83: 100-113, 2016. doi:
10.1016/j.neuropsychologia.2015.08.023.

Lygo FA, Richard B, Wade AR, Morland AB, Baker DH. Neural markers of

suppression in impaired binocular vision. Neurolmage 230: 117780, 2021. doi:

Downloaded from journals.physiology.org/journal/jn at Univ Studi Di Bologna (137.204.210.029) on May 7, 2024.



808 10.1016/j.neuroimage.2021.117780.

809

Downloaded from journals.physiology.org/journal/jn at Univ Studi Di Bologna (137.204.210.029) on May 7, 2024.



Eye movement-associated phase-aligned analysis

Recording
saccade & —> Eyetrace:
SSVEPs

EEG signal:

=l
SSVEPs saccadic suppression: > ?
.. S1s)
a
» M = P pathway g .
& — uminance
5)0_5 = cOlOF
(7]

-400 -200 O 200 400 600 800
Time relative to the midpoint of stimulus cycle
that contains saccade (ms)

, Luminance 1 Color
3
. E 0.8 o8
g ContraSt galn -~ %.o.e 0.6
£
» R n in: 5 o4 )
esponse gain: 0, : -
314 —paton ¢ frater
-0.2 02
~* FaF ¢ ® > S o8 @‘Q W\.@ @a‘b ©

Downloaded from journals.physiology.org/journal/jn at Univ Studi Di BcPodiast1%7)204.210.029) on May F0p888t (%)



Stimuli . . . . . . 5 0

Analysis = (
t |
0 10000ms
6 e——— (BERERNI
Eye movement gE [
- il | | |
0 10000ms
) 10
eG signals 5/l bs it Mt A o
0 | il i 1 i | |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 ms
Eye movement-associated Incoherent average:
phase-aligned analysis: A/J\WW‘I‘MWWW
phase-aligned WJ\{WNM'J\’\
EEG epochs

|

amplitude average

phase coherent

average i l
j,ﬁfz
18 - SNRs=54 18 SNRs = 1.1
12 . 12
SSVEPs SNRs g | ) : g
» 6l » 6

T
i A :

0 ] s H 0 ! § 4
7.5 15 225 7.5 15 225

Frequency (Hz) Frequency (Hz)

a2k caces TG B0y ol osyprRuEnaln et Wi, Sl D Bolagia (137 20421083901 7 R0 nvia

contains saccade movement trace contains saccade of saccade i i forgi observer




Luminance
contrast = 6%

1.6
S
212
()
Sos t
—g l
0
75 15 22.5
Frequency (Hz)
Luminance
16, contrast =24%
— {
212 !
(0]
308
2 {
Eoas
0
75 15 22.5
Frequency (Hz)
25

-} luminance

—F—color

N

<
<
.
e
G
&
&
o
.
3
s

Amplitude (V)
. &

0.5 :

Color
16, contrast=12%

212
o {
308
% l
Fo4 L

0

7.5 15 225
Frequency (Hz)
Color
16, contrast=48%

: l
212
o {
So0s8
EL l
Eo4

0

7.5 15 225

Frequency (Hz)

Downloaded frorlrﬂ\ﬁ'urnalsphysi ol ogy.'a}gijburnalljn at Univ Studi Di Bologna (137.204.210.029) on May 7, 2024.

Contrast level



luminance

n.s.

g color
05 @ 100 l
) o
T o o 0 ! |
= 7]
[ P
g 05 o -100
< 1
) -200
! aded\qu,Q(b @@@/\Q%QQQQQ a(}’ rbrb Studi Di Bol 37.204310.029) ot May, 7,5
D au DiB 137. 1 M
ownlo romjournﬁpﬁléohgﬁgvﬁoum in niv Studi Di Bologna ( Ig u) HC)?YH (32



A Luminance Color

— ——low contrast - ——low contrast
>157 >15¢

2 2

o) o)

S 1 =i

g g

0.5 c05¢

o o

= =~

n Or n O0Fp°

7 7 OLM%

-400 -200 0 200 400 600 800 -400 -200 0 200 400 600 800
Luminance Color

§3.5 ——high contrast ,>.\3.5 | ——high contrast
2 2

o) o)

e} o

225 225

Q. Q.

IS IS

[v] (]

& 1.5¢ & 157

P 30 > 30

) %)

%) OL»% ) J—%

0 5 L ‘0 Aaldibilivia L L L ' 05 [ L o L L L '
-400 -200 0 200 400 600 800 -400 -200 0 200 400 600 800
Time relative to the midpoint of stimulus cycle Time relative to the midpoint of stimulus cycle

that contains saccade (ms) that contains saccade (ms)
B ——Iluminance C 1
< 2y ——color o
= i} o0 o
= g0.8 p
[} .
S15 kS ®
= x 0.6 o
g— S o ® \
c .
© —04 e °
& 1r 5
> ?0.2
) o L]
0.5 o 0
L >
-400 -200 0 200 400 600 800 @

Pienenlesiagicom jvrsnalidiiyrinl o arglisunaljolat Univ Studi Di Bologna (13?)2040220 089) orpMday @,82024
that contains saccade (ms) Suppression index of luminance



>

Suppression at the
nearby bins of 7.5 Hz
o
)]

o

o

Suppression at the
nearby bins of 7.5 Hz
o
(&) ]

-

N

t(12) = 6.91
p=1639-05 4
%
\ )
“ e o

0 0.5 1

Suppression at 7.5 Hz

or.”

°
f(12)=3.04
p=0010 -
/// L
°
¢ \ H
[ BN [

-

Suppression at the
nearby bins of 15 Hz
o
[6;]

-

Suppression at the
nearby bins of 15 Hz
o
(&) ]

o

[ ]

t(12) =316 .
=0. 008/, e
\\.

[ ]
[

L X ]
0 0.5 1

Suppression at 15 Hz

0f.

t(12) =3.37
=0.006

Suppression at the
nearby bins of 22.5 Hz

Suppression at the
nearby bins of 22.5 Hz
o
(6]

°
°

o °

0 0.5 1

Suppression at 22.5 Hz

° o/
[ ] e
t(12)=1.99 ®
p=0070 .
o °
[ ]
// °
(U ® )

Downloaged from jougnal s.physiology.org/journal/jn@t Univ Stugli Di Bolagna (137.204.210.029) on May0752024. 1

Suppression at 7.5 Hz

Suppression at 15 Hz

Suppression at 22.5 Hz



>

SSVEP amplitude

o

1 Luminance 1 Color
—fixation —fixation
| — d d
0.8 saccaae % 0.8 saccaae
2 ¢
061 = o0s
€
04t S 04r
i
02f 0.2
>
(7]
0r %) ot
0.2 . ‘ 02 A ‘ ‘
Q o (b’b qb\ Q;\ /\Q Q Q (,)Q [ @ @Q p,gb
Downloaded froﬁ’ijoﬂr‘naJs*ﬁhysioIoWorg/journal?jn at Univ Studi Di Bolo@na (137.204.280.029) on M a7, 2024.
Contrast (%) Contrast (%)



A Luminance B Color

1
1
Fixation !
- | = | — ] e
-0.30 015 O 0.15 030 -2 -1 0 1 2 -0.30 -0.15 O 015 030 -2 -1 0 1 2
C50 Rmax C50 Rmax
i i i i
1 1 1 1
Saccade ! ! ! !
1 | . 1 1 ||
-0.30 015 O 015 030 -2 -1 0 1 2 -0.30 -0.15 O 015 030 -2 -1 0 1 2
Csp Rimax Csp Riax
i i i i
. 1 1 1 1
Difference ! ! ! !

Downigered o cov Skl siokogy arg/aMamnar pniv Studi Di Bpiggdas 1oy 24216529 o May 7, #0287 3

Cso Rmax Cso Rmax



	Article File
	Graphical Abstract
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

