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Abstract 27 

Our eyes execute rapid, directional movements known as saccades, occurring 28 

several times per second, to focus on objects of interest in our environment. During 29 

these movements, visual sensitivity is temporarily reduced. Despite numerous studies 30 

on this topic, the underlying mechanism remains elusive, including a lingering debate 31 

on whether saccadic suppression affects the parvocellular visual pathway. To address 32 

this issue, we conducted a study employing steady-state visual evoked potentials 33 

(SSVEPs) elicited by chromatic and luminance stimuli, while observers performed 34 

saccadic eye movements. We also employed an innovative analysis pipeline to 35 

enhance the signal-to-noise ratio, yielding superior results compared to the previous 36 

method. Our findings revealed a clear suppression effect on SSVEP signals during 37 

saccades when compared to fixation periods. Notably, this suppression effect was 38 

comparable for both chromatic and luminance stimuli. We went further to measure the 39 

suppression effect across various contrast levels, which enabled us to model SSVEP 40 

responses using contrast response functions. The results suggest that saccades 41 

primarily reduce response gain without significantly affecting contrast gain, and that 42 

this reduction applies uniformly to both chromatic and luminance pathways. In 43 

summary, our study provides robust evidence that saccades similarly suppress visual 44 

processing in both the parvocellular and magnocellular pathways within the human 45 

early visual cortex, as indicated by SSVEP responses. The observation that saccadic 46 

eye movements impact response gain rather than contrast gain implies that they 47 

influence visual processing through a multiplicative mechanism. 48 

 49 

  50 
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New and Noteworthy 51 

The present study demonstrates that saccadic eye movements reduce the 52 

processing of both luminance and chromatic stimuli in the early visual cortex of 53 

humans. By modeling the contrast response function, the study further shows that 54 

saccades affect visual processing by reducing the response gain rather than altering 55 

the contrast gain, suggesting a multiplicative mechanism of visual attenuation affects 56 

both parvocellular and magnocellular pathways. 57 

  58 

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



Introduction 59 

When viewing the environment, our eyes constantly shift gaze rapidly in a 60 

ballistic way through saccadic eye movements. These saccades are crucial as they 61 

allow us to direct the high-resolution fovea toward objects of interest  (1–3). The 62 

execution of saccades, however, poses a challenge to visual perception. Visual 63 

sensitivity is severely suppressed from approximately 100 ms before until 100 ms 64 

after saccade onset (4–7). Saccadic suppression has been studied extensively both 65 

psychophysically and neurophysiologically. Nevertheless, the neural mechanism of 66 

saccadic suppression remains elusive.  67 

There are conflicting results on whether saccadic suppression occurs exclusively 68 

in the magnocellular visual pathway, or whether it extends to the parvocellular 69 

pathway as well. Several psychophysical studies have found that saccades do not 70 

suppress the processing of chromatic information, suggesting that saccades do not 71 

affect the parvocellular pathway. Burr et al. (8) showed that saccades reduced the 72 

sensitivity of luminance-modulated gratings at low spatial frequencies, but did not 73 

affect the perception of equal-luminant color gratings. Most following studies found 74 

similar results and concluded that saccades selectively suppressed visual processing in 75 

the magnocellular pathway (4, 9–16). Two recent studies with a large number of 76 

observers showed significant saccadic suppression for equi-luminant stimuli, but 77 

suppression was less pronounced at equi-luminance and there were notable individual 78 

differences in the strength of suppression (17, 18). However, the evidence is mixed in 79 

neurophysiological studies. Human fMRI studies revealed a comparable saccadic 80 

suppression effect on luminance and color in the relatively early stages of visual 81 

processing, such as the LGN, V1, and V2 (19, 20); whereas studies on non-human 82 

primates showed that saccade suppresses luminance more strongly than color in early 83 

areas such as LGN (21–23). At the superior colliculus of primates, visual motor 84 

neurons showed selective suppression for low spatial frequency luminance stimuli, 85 

but visual neurons showed a general suppression effect independent of stimulus 86 

spatial frequency (24). In higher visual areas, such as V4, hMT+, and V7, human 87 
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fMRI results have also found that saccadic suppression was more pronounced for 88 

luminance than color (19, 20). In contrast, at the frontal eye field (FEF) of non-human 89 

primates, the suppression effect is comparable for luminance and color (25). Thus, 90 

further studies are required on whether saccadic suppression occurs in the 91 

parvocellular pathway in the visual cortex.  92 

A potential problem of previous fMRI studies lies in the fact that BOLD signals 93 

have extremely low temporal resolution. As saccadic suppression occurs in tens of 94 

milliseconds, the fMRI technique is not ideal for capturing such a time-resolved 95 

phenomenon. Here, we used steady-state visual evoked potentials (SSVEPs) to track 96 

neural activities across saccadic eye movements. Previously, J. Chen et al. (26) 97 

showed that SSVEPs can track the time course of saccadic suppression successfully, 98 

despite the neural processing delays involved in measuring neural activities from V1. 99 

Compared to fMRI, SSVEPs have good temporal resolution and are relatively 100 

immune to eye-movement-related artifacts because of their narrowband responses 101 

located at the stimulation frequency (for review, see Ref. 27). Here, across two 102 

experiments, we consistently find a comparable saccadic suppression effect for 103 

SSVEP responses elicited by color- and luminance-defined stimuli, indicating that the 104 

suppression effect is comparable in the parvocellular and magnocellular pathways.  105 

Furthermore, the present study aims to investigate how saccades exerted the 106 

modulation on the parvocellular and magnocellular neurons. To elucidate the 107 

underlying computational mechanism, we accessed the contrast response function 108 

with SSVEPs in Experiment 2. This is inspired by previous researches conducted with 109 

luminance stimuli (e.g., see Refs. 28–30). By modeling the contrast sensitivity at 110 

various levels of noise, it has been suggested that the most parsimonious mechanism 111 

underlying saccadic suppression was a reduction in response gain (29, 30). 112 

Consistently, C. Y. Chen et al. (28) recorded the neuronal firing rates in the superior 113 

colliculus during microsaccades and found a significant reduction in response gain 114 

with no alteration in contrast gain. Remarkably, our Experiment 2 yielded similar 115 

results with SSVEPs in human observers, regardless of whether the stimuli were 116 
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color- or luminance-based. Thus, these results strongly support the notion that 117 

saccadic eye movements impact visual processing through a multiplicative 118 

mechanism in both the parvocellular and magnocellular pathways.   119 
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Methods 120 

Experiment 1 – Suppression on SSVEP  121 

The purpose of Experiment 1 was to investigate the effect of saccades on SSVEP 122 

responses elicited by color and luminance stimuli.  123 

Participants 124 

Thirteen observers (5 females and 8 males, mean age: 21.4, age range: 18–27) 125 

took part in Experiment 1. They all had normal or corrected-to-normal vision and had 126 

normal color vision, as tested by the Ishihara plates (31). They had no history of 127 

neurological or eye-related disorders. They gave written informed consent before the 128 

experiment. The study was approved by the local ethics committee (No. 129 

102772019RT009).  130 

Apparatus and Stimuli 131 

Experimental procedures were controlled by the Psychophysics Toolbox (32, 33) 132 

in MATLAB (Mathworks, Natick, Massachusetts, USA). Stimuli were displayed on a 133 

60 Hz LCD monitor (Eizo Corporation, Hakusan, Japan). The monitor has a spatial 134 

resolution of 1920 × 1200 pixels and a diagonal size of 61cm (519.1 mm ×324.4 mm, 135 

which corresponds to 47 degrees horizontally and 29 degrees vertically at a viewing 136 

distance of 60 cm). The screen was calibrated with a spectrophotometer (I1 Basic 137 

Pro2, X-Rite, USA). Two blue dots (0.5° in radius) were separated horizontally by 12° 138 

remaining on the screen to serve as the saccade spots. Full-screen horizontal gratings 139 

(spatial frequency = 1.03 cycles/°) in the background were defined by either 140 

luminance or equiluminant red-green color, and were flickering at a pattern-reversal 141 

rate of 7.5 Hz to elicit SSVEP responses. The Stimuli of Figure 1 shows the stimuli 142 

used in the experiment, and the Analysis of Figure 1 shows the stimulus cycles along 143 

the time scale. We employed horizontal gratings intending to reduce stimulus motion 144 

generated by horizontal saccades, as prior research has indicated the significance of 145 

this visual factor in saccadic suppression (34). The level of contrasts was defined as 146 
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the maximally possible modulation achievable in Derrington-Krauskopf-Lennie 147 

(DKL) color space on the monitors (for a detailed description of the DKL color space, 148 

see the Appendix of Ref. 35). Both the luminance and color stimuli were presented 149 

against a gray background of our monitor: CIE xyY = (0.26, 0.28, and 56.5 cd/m2). 150 

The luminance flickering grating bars range from 52.9 to 59.6 cd/m2 at 6% contrast 151 

and from 42.8 to 69.7 cd/m2 at 24% contrast. For the red-green stimuli, luminance 152 

was held constant at 56.5 cd/m2, while color was varied at 12% and 48% chromatic 153 

contrast between CIE xy = (0.27, 0.27) and (0.25, 0.28), and between CIE xy = (0.30, 154 

0.26) and (0.22, 0.29), respectively. The root-mean-square cone contrast for the 12% 155 

and 48% red-green stimuli is 1.6% and 6.3%, respectively. These levels of contrast 156 

ensured that the SSVEP amplitudes were roughly equivalent for luminance and color, 157 

as shown in J. Chen et al. (36). 158 

Procedures 159 

We used the same experiment design as J. Chen et al. (26). Each trial lasted for 160 

90 seconds. The experiment has 2 (type of stimuli: color vs. luminance) × 2 (contrast: 161 

low vs. high) = 4 conditions and has 8 trials in total (2 trials for each condition). 162 

Observers were required to make horizontal saccades back and forth between two 163 

spots (Stimuli of Figure 1), at a rate of once every 1 to 2 seconds. They made saccades 164 

voluntarily without any instruction during the experiment. The order of trials was 165 

randomized. Observers took a short break (at least 30 seconds) after each trial. They 166 

performed a 9-point calibration for the eye tracker at the beginning of the experiment 167 

and re-calibrated it after each break.  168 

Eye movement recordings and analyses 169 

Eye movements from the right eye were recorded with a video-based eye tracker 170 

(EyeLink Portable Duo, SR Research Ltd., Ontario, Canada), at a sampling rate of 171 

1,000 Hz. The observer’s head was rested on a chin rest to minimize head movements. 172 

Saccades were detected by the default algorithm from Eyelink, which uses a velocity 173 

threshold of 30°/s and an acceleration threshold of 8,000°/s2. Customized scripts in 174 

MATLAB were used to analyze eye movement data. The analysis procedures were 175 
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largely the same as in J. Chen et al. (26). To ensure that the analyzed saccades were 176 

larger saccades made towards the two saccade targets, we excluded any saccades with 177 

an amplitude smaller than 9° or larger than 15°. The example eye trace for the first 10 178 

seconds of a trial is shown in the Eye movement of Figure 1. The mean saccade 179 

numbers (M±SE) in color and luminance trial were 52±2 and 54±2, while the saccade 180 

amplitude was 12.79°±0.21 and 12.78°±0.18, respectively. 181 

EEGs recording and analyses 182 

We recorded EEG signals from three electrodes (O1, Oz, and O2) using a 183 

BrainAmp amplifier (Brain Products, Munich, Germany) sampling at 1,000 Hz. 184 

SSVEP responses are mainly confined to these three electrodes in paradigms similar 185 

to ours (26, 36–38). The ground electrode was placed at the AFz, and the online 186 

reference at the FCz. We kept electrode impedances below 10 kΩ. EEGlab toolbox 187 

(39) and customized scripts in MATLAB were used to analyze EEGs. The EEG 188 

signals were firstly detrended by removing the linear fit (40). For the amplitude, we 189 

used fast-Fourier transformation (fft.m in MATLAB) and the frequency resolution 190 

differs when the length of the EEG epoch varies. In the analysis of 90-second EEG 191 

signals (e.g., Figure 2), the frequency resolution was 1/90 = 0.011 Hz. When we 192 

utilized short-term FFT in a 400 ms EEG epoch (e.g., Figure 5), the resulting 193 

frequency resolution was 1/0.4 = 2.5 Hz. For the EEG waveforms (e.g., Figure 3), the 194 

signals were passed to a fourth-order low-pass Butterworth filter (41) with a cutoff 195 

frequency of 40 Hz (ft_preproc_lowpassfilter.m in the Fieldtrip toolbox in 196 

MATLAB).  197 

Eye movement-associated phase-aligned analysis 198 

 To increase the SNRs of SSVEP responses during saccades, we performed Eye 199 

movement-associated phase-aligned analysis to reduce the non-phase-locked EEG 200 

activities. Specifically, we coherently averaged the phase-aligned EEG epochs at the 201 

time of saccades in the time domain separately for each condition and each observer 202 

in the following steps. First, we pinpointed the onset time of the stimulus cycle within 203 

the whole trial (e.g., 90 seconds). For a pattern-reversal rate of 7.5 Hz, each cycle for 204 
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the stimulus lasts approximately 133 ms. Next, we identified the timing of saccade 205 

onset within the stimulus cycle and used the midpoint of this cycle for alignment. 206 

Then, we extracted the EEG epochs from -600 to 1000 ms relative to the midpoint 207 

timing of the stimulus cycle containing the saccade, resulting in 1600 ms EEG epochs 208 

(as shown by the red line in the EEG signals of Figure 1). The EEG epoch was 209 

excluded if there was an overlap between it and the epochs before or after. After 210 

averaging these phase-aligned EEG epochs, we cut out short time windows (400 ms 211 

each, with a 1 ms step) and obtained the amplitude spectrum of the epoch by short-212 

term FFT (as shown in Eye movement-associated phase-aligned analysis of Figure 1). 213 

Then, the SSVEP SNRs were calculated by dividing the peak amplitude at the 214 

harmonics (e.g., 7.5 Hz) by the average amplitude of the two nearby bins (e.g., 5 and 215 

10 Hz). The SSVEP amplitudes were calculated by subtracting the average amplitude 216 

of the two nearby bins from the peak amplitude at each harmonic and summing the 217 

amplitudes at the first three harmonics (i.e., 7.5, 15, and 22.5 Hz) for further analysis. 218 

To illustrate the benefit of our phase alignment, SSVEPs SNRs of Figure 1 show 219 

the SNRs obtained from example EEG epochs from [-600 -200] ms relative to the 220 

midpoint of the stimulus cycle that contains saccades. The left panel displays the 221 

SNRs of the harmonics resulting from Eye movement-associated phase-aligned 222 

analysis, while the right panel displays SNRs using the EEG processing pipeline from 223 

J. Chen et al. (26). It was evident that the SNRs in the left panel were significantly 224 

higher than those in the right panel, though both were derived from a 400 ms window 225 

using short-term FFT. Compared to the incoherent averaging of the amplitude spectra 226 

(26), the Eye movement-associated phase-aligned analysis increases the SNRs at all 227 

harmonics. This improvement arises from the reduced noise achieved through 228 

coherent averaging of phase-consistent EEG epochs.  229 
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 230 

Figure 1. Stimuli: The schematic of the stimuli used in Experiments 1&2, from left to 231 
right, are: low-contrast luminance, high-contrast luminance, low-contrast color, and 232 
high-contrast color. Analysis: The stimulus cycle along the time scale used in 233 
Experiments 1&2. The gratings in the background were flickering in pattern-reversal 234 
at a rate of 7.5 Hz to elicit SSVEP responses; one cycle for the stimulus lasted 235 
approximately 133 ms. The red line indicates the stimulus cycle containing saccade 236 
onset. Eye movement: An example eye trace for the first 10 seconds of a trial. The y-237 
axis is the horizontal eye position (degree) relative to the center of the screen. EEG 238 
signals: The example EEG signals for the first 10 seconds of a trial after detrending. 239 
The red line indicates the extracted EEG epoch, and the black dot on the x-axis shows 240 
the onset timing of the saccade. The cut-out EEG epochs were phase-aligned. Eye 241 
movement-associated phase-aligned analysis: The panel displays coherent averaging 242 
of the phase-aligned EEG epochs. Incoherent average: The panel shows the 243 
application of short-term FFT to each EEG epoch separately (e.g., see Ref. 26). 244 
SSVEPs SNRs: The SNRs of example EEG epoch from [−600 −200] ms relative to the 245 
midpoint of the stimulus cycle that contains saccade. Filled circles are 13 individual 246 
observers. Coherent averaging of the phase-aligned EEG epochs increased the SNRs. 247 
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Error bars indicate the standard errors across observers. 248 

Experiment 2 – Suppression on CRF 249 

The purpose of Experiment 2 was to investigate the effect of saccades on 250 

SSVEPs to color and luminance stimuli at a number of contrast levels, i.e., on the 251 

SSVEP contrast response function (CRF).  252 

Participants 253 

Fourteen observers (8 females and 6 males, mean age: 21.6, age range: 18–25) 254 

took part in Experiment 2. 255 

Apparatus and Stimuli 256 

Experiment 2 used the same monitor as in Experiment 1. The stimuli in 257 

Experiment 2 were largely the same as in Experiment 1 (Stimuli of Figure 1), with the 258 

exception that more levels of contrast were tested. The contrast for luminance-defined 259 

stimuli was at 1.25%, 1.70%, 2.31%, 3.15%, 4.29%, 5.83%, 7.94%, 10.80%, 14.70% 260 

and 20% (log spaced), and the contrast for color stimuli was 2.50%, 3.40%, 4.63%, 261 

6.30%, 8.57%, 11.67%, 15.87%, 21.60%, 29.39% and 40% (log spaced).  262 

Procedures 263 

We manipulated the contrast of stimuli (i.e., 10 contrast levels) and type of 264 

flickering stimuli (i.e., color- or luminance-defined stimuli), which resulted in twenty 265 

combinations of conditions in total. Each observer accomplished forty trials in total. 266 

Each trial lasted for 60 seconds. The procedures were the same as in Experiment 1. 267 

Eye movement recordings and analyses 268 

Eye movement recording and analysis were the same as in Experiment 1. The 269 

mean saccade numbers (M±SE) among 14 observers in color and luminance trial were 270 

38±2 and 37±2, while the saccade amplitude was 11.74°±0.09 and 11.73°±0.10, 271 

respectively. 272 

EEGs recording and analyses 273 
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We recorded EEG signals from three electrodes (O1, Oz, and O2) using an 274 

actiCHamp amplifier (Brain Products, Munich, Germany) sampling at 1,000 Hz. The 275 

ground electrode was placed at the FPz, and the online reference at the FCz. We kept 276 

electrode impedances below 10 kΩ. EEG analysis procedures were the same as in 277 

Experiment 1. 278 

Bayesian statistical analysis 279 

In Experiment 1, we conducted Bayesian statistical analysis with JASP (42) to 280 

evaluate the null hypothesis and identify the strength of the evidence. BF01 is the 281 

index of how strongly the data support the null hypothesis that there is no difference 282 

between the two conditions. Based on Lee & Wagenmakers (43), BF01 > 3 provides 283 

moderate evidence for H0, and >10 provides strong evidence for H0.  284 

In Experiment 2, we used a Bayesian model to analyze the contrast response 285 

function of SSVEP responses. Experiment 2 measured SSVEPs elicited by color and 286 

luminance stimuli at a large number of contrast levels. The contrast response function 287 

was described with a modified version of the hyperbolic ratio function (44, 45):  288 𝑅 = 𝑅௠௔௫ 𝑐௡𝑐ହ଴௡ + 𝑐௡ − 𝑅଴                                                 ሺ1ሻ 

In Equation (1), R is the SSVEP amplitudes, c is the contrast of stimulus, Rmax is 289 

the asymptotic response to a high-contrast stimulus, n is the slope term, c50 is the 290 

contrast at the half-maximum response, and R0 is a constant of the response. Rmax 291 

changes reflect response gain adjustments, while c50 changes indicate alterations in 292 

contrast gain. We fitted this model to the normalized SSVEPs amplitude at the time 293 

point of fixation (i.e., −400 ms relative to the midpoint of the stimulus cycle that 294 

contains the saccade) and saccade (i.e., 200 ms after the midpoint of the stimulus 295 

cycle that contains the saccade) in each contrast for color and luminance stimuli. The 296 

data from all subjects and conditions were fit with a Bayesian model. We used Gibbs 297 

sampling to estimate the posterior probability distribution of the unknown parameters 298 

based on the observed data. JAGS package was used for Gibbs sampling to implement 299 

the model (42). The model was sampled in 1 chain and contained 20,000 iterations for 300 
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both color and luminance stimuli analyses, respectively. The 99% highest density 301 

interval (HDI) was computed from the samples for the variables of interest and 302 

differences across conditions. These 99% HDIs were utilized to estimate the credible 303 

ranges for the values and differences.   304 
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Results 305 

Experiment 1 – SSVEP responses to color and luminance   306 

Experiment 1 recorded SSVEPs while the observer made saccadic eye 307 

movements. There were 4 conditions in Experiment 1, which were 2 (type of stimuli: 308 

color vs. luminance) × 2 (contrast: low vs. high). We adopted a single-trial design, 309 

where each trial for one condition lasted for 90 seconds. To access the overall SSVEP 310 

responses, we did a fast-Fourier transformation on the whole 90s EEG signals in four 311 

conditions of all observers. Figure 2A displays the grand average spectra. We can see 312 

the peak response amplitude in 7.5 Hz and its harmonics (e.g., 15 and 22.5 Hz) for 313 

both the color- and luminance-defined stimuli. Next, we summed SSVEP amplitudes 314 

at 7.5, 15, and 22.5 Hz for each condition, as Figure 2B shows. The high-contrast 315 

stimuli elicited significantly higher SSVEP responses than low-contrast (F(1,12) = 316 

26.66, p = 2.356e-04, ηp
2 = 0.690). The SSVEP responses elicited by color and 317 

luminance were comparable (F(1,12) = 0.003, p = 0.956, ηp
2 = 0.0001).   318 
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 319 
Figure 2. A. Average amplitude spectra in four conditions over all observers (N = 13). 320 
SSVEP responses are elicited by luminance and color stimuli. Peak responses at 7.5 321 
Hz and its harmonics (e.g., 15 and 22.5 Hz) are visible, as indicated by black arrows. 322 
B. SSVEP amplitudes in four conditions over all participants. Error bars indicate the 323 
standard errors across observers. Overall, the color and luminance stimuli elicited 324 
comparable SSVEP responses.  325 

It is known that the response latency of parvocellular neurons is delayed 326 

compared to the one of magnocellular neurons, by no more than about 10 ms in the 327 

LGN and smaller in V1 by about 5 ms (46–48). If SSVEP responses to color and 328 

luminance can really segregate the two pathways, we would also expect that color 329 

SSVEPs show delayed visual response latency compared with luminance. We first 330 
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visualized the waveforms of luminance and color response. We classified all trials into 331 

luminance and color subsets and then averaged the EEG signals in the time domain. 332 

Next, we segmented the 90-second EEG signals into 133-ms (i.e., the duration of one 333 

cycle for 7.5 Hz) epochs, resulting in 675 epochs. After separately averaging all 334 

epochs of luminance and color, a slight temporal offset can be observed, as depicted 335 

in Figure 3A. In addition to waveforms, we extracted the phase information of the 336 

first three harmonics (i.e., 7.5, 15, and 22.5 Hz) by applying FFT to the 90-second 337 

EEG signals in each individual trial. We calculated the phase difference between 338 

luminance and color and conducted a one-sample test on it (circ_dist.m and 339 

circ_mtest.m in the circular statistics toolbox in MATLAB), as shown in Figure 3B. 340 

The average phase differences at 7.5, 15, and 22.5 Hz are 10.57°, 29.02°, and 66.48°, 341 

corresponding to 3.91 ms, 5.37 ms, and 6.16 ms in time, respectively. For 7.5 and 15 342 

Hz, the phase difference was not significantly different from 0, with a 95% confidence 343 

interval of [−39.19, 60.32°] and [−14.89, 72.94°], respectively. At 22.5 Hz, the phase 344 

difference was significantly different, with a 95% confidence interval of [24.84, 345 

108.11°]. Therefore, the phase at 22.5 Hz showed a delay for color as compared to 346 

luminance. It indicates that SSVEP signals from the two types of stimuli can indeed 347 

segregate the parvocellular and magnocellular pathway. 348 

 349 
Figure 3. A. The average EEG waveforms for luminance and color stimuli within one 350 
stimulus cycle. B. The phase difference between luminance and color at the first three 351 
harmonics (i.e., 7.5, 15, and 22.5 Hz). Filled circles are 13 individual observers. Error 352 
bars indicate the standard errors across observers. Asterisks denote the significance of 353 
the phase difference from 0, established using one-sample tests: n.s. for p > 0.05, * for 354 
p < 0.05. 355 

Experiment 1 - Comparable suppression on SSVEPs elicited by color and 356 
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luminance 357 

To indicate how saccades modulate the SSVEP responses, we computed SSVEP 358 

power in short time windows (400 ms) centered at variable latencies relative to the 359 

midpoint of the stimulus cycle that contains saccade. Figure 4A displays the time 360 

course of SSVEP responses in four conditions. We can see that saccades did reduce 361 

SSVEP responses strongly among all four conditions. As the low and high contrast 362 

had a similar suppression effect, we combined the two levels of contrast in further 363 

analyses. Figure 4B shows the average SSVEP amplitudes of color and luminance at 364 

different time points relative to the midpoint of the stimulus cycle that contains the 365 

saccade among all observers. The SSVEP response pattern is largely similar in color 366 

and luminance.  367 

Previously, SSVEP measurements revealed that the maximum suppression 368 

occurred approximately 150 ms after saccade onset, due to the neural processing 369 

delay in transmitting visual stimuli to V1 activity (26). In our Eye movement-370 

associated phase-aligned analysis, we used one stimulus cycle (i.e., approximately 371 

133 ms) that contains the saccade onset for phase alignment, resulting in a jitter where 372 

the saccade onset times were evenly spread (as shown in the insets in Figure 4A). In 373 

addition, the monitor we used differs from the one in J. Chen et al. (26), which may 374 

introduce an uncertain delay in presenting the visual stimulus. Consequently, the 375 

maximum suppression for SSVEP responses in our time course occurred around 200 376 

ms relative to the midpoint of the stimulus cycle that contains the saccade. In light of 377 

this, we indexed the saccadic suppression effect by evaluating SSVEP responses at 378 

two specific time points: the fixation SSVEPs at −400 ms relative to the midpoint of 379 

the stimulus cycle that contains saccade and the saccade SSVEPs at 200 ms after the 380 

midpoint of the stimulus cycle that contains saccade. Figure 4C shows the difference 381 

value in SSVEP responses between these two time points as an index of the 382 

suppression effect. Each filled circle represents data of an individual observer, with 383 

the x-axis representing the suppression index of luminance, and the y-axis the 384 

suppression index of color. The data points fell along the diagonal line, indicating the 385 
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SSVEPs suppression effect is comparable on color and luminance, t(12) = 0.57, p = 386 

0.583, Cohen’s d = 0.16. Bayesian factor analysis indicated that there is moderate 387 

evidence supporting the null hypothesis (BF01 = 3.13, the prior distribution is a zero-388 

centered Cauchy with a default scale parameter of r = 0.707). Therefore, the result 389 

suggests that saccadic eye movements suppress the processing of both color and 390 

luminance in the early visual cortex as measured by SSVEPs. 391 

 392 

Figure 4. A. The grand average of SSVEP amplitudes at different time points relative 393 
to the midpoint of the stimulus cycle that contains saccade in four conditions. Shaded 394 
areas indicate SE across all observers. Insets: The x-axis of the insets corresponds to 395 
A, while the y-axis indicates the number of saccade onset times for all observers 396 
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relative to time 0. These histograms showed the onset times were evenly spread out 397 
and confined in one stimulus cycle. The background in gray and light red indicates the 398 
stimulus phase. B. Average SSVEPs amplitude of color and luminance at different 399 
time points relative to the midpoint of the stimulus cycle contains saccade among all 400 
observers. The data from conditions with different contrasts were aggregated. C. The 401 
index of suppression effect for color and luminance in SSVEPs. Filled circles are 13 402 
individual observers. All observers fell along the diagonal line, indicating the SSVEPs 403 
suppression effect is comparable in color and luminance. The gray line shows the 404 
average value and the 95% confidence interval. 405 

Could the suppression effect be the result of SSVEP response reduction due to 406 

the saccade-related noise? Unlike the SSVEP responses observed at the stimulation 407 

frequency and its harmonics (e.g., 7.5 and 15 Hz), EEG signals at broadband 408 

frequencies (e.g., 5 and 10 Hz) encompass saccade-related EEG artifacts, lambda 409 

response, and visual re-afferent responses. By calculating the amplitude difference 410 

between the fixation and saccade epochs, we assessed the suppression effect at the 411 

first three harmonics (i.e., 7.5, 15, and 22.5 Hz) and their nearby bins (i.e., 5 and 10 412 

Hz, 12.5 and 15 Hz, 17.5 and 25 Hz). After averaging each pair of nearby bins, we 413 

pooled it with the harmonic and normalized them, as shown in Figure 5. Each filled 414 

circle represents data of an individual observer, with the x-axis representing the 415 

suppression effect of the harmonic, and the y-axis the suppression effect of its nearby 416 

bins. Most of the data points fell below the diagonal line, indicating the suppression 417 

effect at harmonics is stronger than that at the nearby bins. These results suggest that 418 

the impact of saccade-related broadband noise on the SSVEP suppression effect is 419 

limited. Therefore, the observed suppression effect in SSVEP responses cannot be 420 

attributed to the saccade-related EEG noise. 421 
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 422 
Figure 5. The suppression effect at the first three harmonics (i.e., 7.5, 15, and 22.5 Hz) 423 
and their nearby bins (i.e., 5 and 10 Hz, 12.5 and 15 Hz, 17.5 and 25 Hz) for 424 
luminance (A) and color (B). Filled circles are 13 individual observers. The x-axis 425 
represents the suppression effect of the harmonic, and the y-axis the suppression effect 426 
of its nearby bins. Most observers fell below the diagonal line, indicating the 427 
suppression effect at the harmonic is stronger than that at nearby bins. The gray line 428 
shows the average value and the 95% confidence interval. 429 

Experiment 2 – Saccades reduce response gain in SSVEP contrast response 430 

function to color and luminance 431 

Experiment 2 measured SSVEPs in response to color and luminance stimuli at 432 

various contrast levels. Similar to Experiment 1, we used a single-trial design where 433 

each trial for a condition lasted for 60 seconds, while observers made saccadic eye 434 

movements voluntarily. The aim of Experiment 2 was to investigate the effect of 435 

saccades on the SSVEP contrast response function. We employed a Bayesian model 436 

for data analysis, using a Uniform Distribution as the prior for all parameters. Initially, 437 

we normalized the SSVEP amplitudes by the maximum response in each observer to 438 

reduce between-observer variability in the data. Subsequently, the fitting was 439 

performed using the data from all 14 observers. Since we normalized the SSVEP 440 

amplitudes, and given that the mean SSVEP responses across all observers in the 441 

fixation epoch were approximately two times higher than in the saccade epoch, we set 442 

the prior scaling of Rmax to [0.0001 1.5] for fixation and [0.0001 0.75] for saccade, for 443 
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both luminance and color conditions, while the prior scaling of c50 was set to [0.0001 444 

1] for all four conditions.  445 

Figure 6 shows the normalized SSVEP amplitudes and fitting curves for all 446 

conditions. These curves fit our data satisfactorily, accounting for 93.32% of the 447 

variance on average. The parameters for fitting the respective curves are: for 448 

luminance at fixation, n = 1.06, c50 = 0.13, Rmax = 1.33, R0 = 0.04; for luminance at 449 

saccade, n = 1.69, c50 = 0.14, Rmax = 0.57, R0 = 0.04; for color at fixation, n = 1.54, c50 450 

= 0.15 Rmax = 1.09, R0 = 0.10; for color at saccade, n = 2.49, c50 = 0.19, Rmax = 0.62, 451 

R0 = 0.10.  452 

 453 
Figure 6. The normalized SSVEP amplitudes as a function of contrast, at the time of 454 
fixation or saccade. The curves were fit with contrast response functions. Saccades 455 
suppress the contrast responses for both luminance (A) and color (B). The error bar 456 
shows the standard errors across observers. Compared with fixation, the SSVEP 457 
amplitudes at saccade are scaled down, rather than shifted to the right, indicating the 458 
saccades reduce response gain but do not affect contrast gain. This suppression effect 459 
is similar for both color and luminance. 460 

Figure 7A and 7B shows the Bayesian estimated posterior distributions for c50 461 

and Rmax at fixation and saccade on luminance and color, respectively. We computed 462 

the distribution of differences by subtracting c50 and Rmax values between fixation and 463 

saccade, as depicted in Figures 7C and 7D. The horizontal bar indicates the 99% HDI. 464 

For c50 on luminance and color, both the HDIs for the difference contain zero, 465 

indicating there is no significant difference in contrast gain between fixation and 466 

saccade. However, for Rmax on luminance and color, both the 99% HDIs for the 467 

difference fall well above zero, indicating that the response gain is significantly larger 468 
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for fixation than saccade (p < 0.01). Therefore, these results indicate that saccades 469 

reduce response gain but do not affect contrast gain, and the suppression effect on 470 

response gain is similar for both color and luminance. 471 

 472 
Figure 7. A and B show the Bayesian estimated posterior probability distributions of 473 
c50 and Rmax at fixation and saccade conditions on luminance and color (left panel: c50; 474 
right panel: Rmax). C and D show the Bayesian estimated posterior probability 475 
distributions of the mean difference between fixation and saccade (i.e., fixation minus 476 
saccade condition) of c50 and Rmax on luminance and color. The horizontal bar 477 
indicates the 99% HDI. The x-value for the black dashed line is 0. 478 

  479 
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Discussion 480 

In the present study, two experiments were conducted on human participants to 481 

investigate saccadic suppression. This was achieved by recording SSVEPs in response 482 

to chromatic and luminance stimuli. Our findings revealed a comparable reduction in 483 

SSVEP amplitudes during saccades for both types of stimuli, indicating that saccades 484 

have a similar impact on the visual processing of color and luminance information. 485 

The SSVEP amplitude reduction is not due to artifacts or visual re-afferent response, 486 

as the amplitudes of broadband noise increased during saccades, whereas the 487 

amplitudes at SSVEP harmonics decreased. We also calculated the baseline-corrected 488 

SSVEP responses at the stimulation frequency to mitigate the influence of the 489 

broadband noise. Additionally, SSVEPs were measured at various contrast levels 490 

during saccades, and the contrast response function was modeled. The results 491 

demonstrated that saccades primarily reduce the response gain while leaving the 492 

contrast gain unaffected, irrespective of the type of stimuli (chromatic or luminance). 493 

These observations provide compelling evidence suggesting that saccadic eye 494 

movements exert a suppressive effect on both the parvocellular and magnocellular 495 

pathways within the early visual cortex of humans. 496 

Previous physiological studies have reported inconsistent results regarding the 497 

extent to which saccades suppress color processing. Investigations conducted on non-498 

human primates using single-neuron recordings have shown a stronger saccadic 499 

suppression of luminance compared to color in early visual areas like the LGN (21–500 

23). However, in V1 neurons, similar microsaccadic suppression of luminance and 501 

color has been observed (49). Human fMRI studies have indicated comparable 502 

suppression effects for color and luminance in regions such as the LGN, V1, and V2 503 

(19, 20). It is worth considering that this discrepancy may stem from the limitations of 504 

the fMRI technique because its low temporal resolution makes it less suitable for 505 

investigating saccadic suppression. To address this issue, the current study employed 506 

the SSVEPs technique, which offers a higher temporal resolution that allows us to 507 

trace the temporal dynamics of neural activity during saccades in humans. Our results 508 
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consistently demonstrated comparable saccadic suppressions for both color and 509 

luminance stimuli. Consequently, the underlying reason for the previous discrepancy 510 

between human fMRI results and single-neuron findings in non-human primates 511 

warrants further examination. One possibility is that there are species-specific 512 

differences in saccadic suppression, as previously observed by Klingenhoefer & 513 

Krekelberg (50). However, it is important to note that comparable suppression effects 514 

between color and luminance have been observed in non-human primates within the 515 

frontal eye field (25). These findings emphasize the necessity of reevaluating the 516 

similarities and differences between humans and non-human primates in the field of 517 

visual neuroscience. 518 

Previous psychophysical studies have reported that saccadic suppression either 519 

does not occur for color stimuli or, at the very least, the effect is significantly weaker 520 

for color compared to luminance stimuli (8–18). However, if the current result, along 521 

with previous fMRI findings (19, 20), suggests that the suppression effect is 522 

comparable for both color and luminance in the early visual cortex, then the question 523 

arises: where does the difference in perception originate? Notably, previous fMRI 524 

studies have examined neural activities in higher visual areas such as V5 and MT, 525 

revealing a stronger saccadic suppression effect for luminance-defined stimuli 526 

compared to color-defined stimuli (19, 20). This observation may indicate that 527 

saccades exert a more pronounced suppression of luminance processing in the higher-528 

level visual cortex beyond V1/V2. However, due to the limited temporal resolution of 529 

fMRI, further investigations are warranted to delve deeper into this matter. 530 

Alternatively, C. Y. Chen & Hafed (24) showed that visual motor neurons in the 531 

superior colliculus had a spatial-frequency-specific saccadic suppression effect, 532 

similar to perception. Thus, the superior colliculus could also be a neural locus for the 533 

perceptual effect. Further studies could use color stimuli to test this hypothesis. 534 

The most popular view for saccadic suppression is that it is caused by an active 535 

suppressive signal originating from pre-motor areas, including corollary discharge 536 

signals associated with saccadic eye movements (for review, see Ref. 4). However, 537 

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



there is an alternative view that saccadic suppression is a visual phenomenon due to 538 

masking (see Ref. 51 for a review). Our current study did not intend to argue about 539 

the two hypotheses, but it is interesting to point out the findings in a recent study by 540 

Idrees et al. (34). They showed that selective suppression of low spatial frequency 541 

luminance stimuli can be observed even when no saccade was required and only the 542 

visual flow was presented to the observer. Furthermore, the selective suppression 543 

effect can be easily violated by using a fine texture background. Their result indicates 544 

that the selective suppression of low spatial frequency information reported in the 545 

literature (e.g., see Refs. 8, 52) is probably a visual phenomenon, and does not 546 

provide enough evidence for the magnocellular suppression hypothesis. This is 547 

consistent with our main message in the present study that, at least in the early visual 548 

cortex, there is no evidence for selective suppression of the magnocellular pathway. 549 

The findings from Experiment 2, showing a reduction in response gain but no 550 

impact on contrast gain during saccades, provide valuable insights into the 551 

computational mechanisms underlying saccadic suppression. By employing contrast 552 

response function modeling, it becomes possible to differentiate between two 553 

potential mechanisms of top-down modulation: an additive mechanism affecting 554 

contrast gain and a multiplicative mechanism affecting response gain. For instance, Li 555 

et al. (53) utilized contrast response functions to compare the effects of overt pre-556 

saccadic and covert spatial attention on perceptual sensitivities. They observed that 557 

pre-saccadic attention exclusively induced changes in response gain, while covert 558 

spatial attention resulted in a combination of response gain and contrast gain changes. 559 

Our results mirror this effect, as we found that saccades solely affected response gain 560 

without impacting contrast gain. These findings are in line with previous studies 561 

conducted on non-human primates (28), where neural activities were recorded in the 562 

SC during microsaccades, which share similar underlying mechanisms with saccades 563 

(54, 55). C. Y. Chen et al. (28) reported a significant reduction in response gain and no 564 

substantial change in contrast gain during microsaccades. These results concur to 565 

support the notion that saccadic eye movements modulate neural activities through a 566 
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multiplicative mechanism. 567 

Since we used a spectrophotometer to measure luminance, and did not access 568 

equiluminance psychophysically for individual observers, there may be residual 569 

luminance artifacts in our large-field equiluminant stimuli. One might raise the 570 

question of whether these potential luminance artifacts could account for our findings. 571 

Specifically, one could argue that the comparability of the saccadic suppression effect 572 

to color and luminance stimuli may be attributed to the luminance artifacts present in 573 

the equiluminant color stimuli. However, this explanation is unlikely for two reasons. 574 

Firstly, it is widely recognized that humans exhibit a greater sensitivity to color 575 

compared to luminance (see Refs. 56, 57). Our measures of SSVEP contrast response 576 

indicate that even a luminance artifact of 5% contrast would be invisible to 577 

luminance-based processing. Secondly, our stimuli closely resemble those used by J. 578 

Chen et al. (36). In their study, J. Chen et al. (36) demonstrated that smooth pursuit 579 

eye movements, as opposed to fixation, enhance SSVEPs to color stimuli but have no 580 

effect on SSVEPs to luminance stimuli. This result indicates that such stimuli 581 

sufficiently isolate color and luminance to reveal dissociation effects, if present. 582 

Consequently, it is unlikely that the residual luminance in the stimuli can account for 583 

the findings observed in our study. 584 

In our SSEVPs analysis pipeline, we employed an innovative method, which we 585 

name Eye movement-associated phase-aligned analysis. It is an improved version of 586 

the analysis pipeline presented in J. Chen et al. (26) and has resulted in significantly 587 

enhanced SNRs. Previously, J. Chen et al. (26) employed incoherently averaging of 588 

amplitude spectra obtained from short-term FFT to calculate the time course of 589 

SSVEP responses during saccades. In the Eye movement-associated phase-aligned 590 

analysis, we use the saccade onset timing to identify the midpoint of stimulus cycle 591 

timing for extracting phase-aligned EEG epochs. This ensures that the saccade onset 592 

timing is confined within one stimulus cycle, as shown in the insets in Figure 3A, 593 

where they are evenly distributed within the cycle. After coherently averaging the 594 

phase-aligned EEG epochs, the non-phase-locked noise was reduced, resulting in 595 
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increased SNRs and SSVEP amplitudes. The Eye movement-associated phase-aligned 596 

analysis is based on the concept of coherently averaging SSVEP signals to minimize 597 

noise (e.g., see Refs. 58–63). Here, we applied this concept to examine SSVEP 598 

responses during eye movements. Previous studies did not implement phase-aligned 599 

analysis while simultaneously recording eye movement and SSVEPs (e.g., see Refs. 600 

26, 36), presumably due to the inherent uncertainty in the timing of eye movements 601 

relative to the stimulus phase.  Here, the issue was addressed by using eye movement 602 

to precisely identify the stimulus cycle for phase alignment, enabling the capture of 603 

SSVEP responses of higher SNRs during eye movement events. 604 

The present study provides the basis for several lines of future work. For 605 

instance, it would be interesting to test the effect of saccades on luminance stimuli 606 

with various spatial frequencies, given that previous psychophysical studies 607 

selectively showed saccadic suppression for low spatial frequency stimuli (e.g., see 608 

Refs. 8, 52). It’s also worth testing whether there is a correlation between the 609 

suppression effect obtained in SSVEP and the suppression effect in perception, by 610 

measuring the saccadic suppression effect using both the SSVEP paradigm as in the 611 

current study, and the perceptual paradigm (such as in Refs. 17, 18). 612 

To summarize, the present study provides strong evidence supporting that 613 

saccades suppress both the parvocellular and magnocellular pathways in the early 614 

visual cortex of humans. Our results further suggest that saccadic eye movements 615 

modulate neural activities, in both the parvocellular and magnocellular pathways, 616 

through a multiplicative mechanism.   617 
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