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Abstract 21 

Visual sensitivity is severely impaired during the execution of saccadic eye 22 

movements. This phenomenon has been extensively characterized in human 23 

psychophysics and non-human primate single-neuron studies, but a physiological 24 

characterization in humans is less established. Here, we used a method based on 25 

steady-state visually evoked potential (SSVEP), an oscillatory brain response to 26 

periodic visual stimulation, to examine how saccades affect visual sensitivity. 27 

Observers made horizontal saccades back and forth, while horizontal black-and-white 28 

gratings flickered at 5-30 Hz in the background. We analyzed EEG epochs with a 29 

length of 0.3s either centered at saccade onset (saccade epochs) or centered at 30 

fixations half a second before the saccade (fixation epochs). Compared with fixation 31 

epochs, saccade epochs showed a broadband power increase, which most likely 32 

resulted from saccade-related EEG activity. The execution of saccades, however, led 33 

to an average reduction of 57% in the SSVEP amplitude at the stimulation frequency. 34 

This result provides additional evidence for an active saccadic suppression in the early 35 

visual cortex in humans. Compared to previous fMRI and EEG studies, an advantage 36 

of this approach lies in its capability to trace the temporal dynamics of neural activity 37 

throughout the time course of a saccade. In contrast to previous electrophysiological 38 

studies in non-human primates, we did not find any evidence for post-saccadic 39 

enhancement, even though simulation results show that our method would have been 40 

able to detect it. We conclude that SSVEP is a useful technique to investigate the 41 

neural correlates of visual perception during saccadic eye movements in humans. 42 

  43 

 44 
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New and Noteworthy 49 

We make fast ballistic saccadic eye movements a few times every second. At the 50 

time of saccades, visual sensitivity is severely impaired. The present study uses 51 

steady-state visually evoked potentials to reveal a neural correlate of the fine temporal 52 

dynamics of these modulations at the time of saccades in humans. We observed a 53 

strong reduction (57%) of visually-driven neural activity associated with saccades, but 54 

did not find any evidence for post-saccadic enhancement. 55 

  56 



4 
 

Introduction 57 

We move our eyes several times a second when we view the world around us. 58 

How does the visual system maintain a stable visual representation, while our eyes 59 

move constantly? One of the well-documented mechanisms that are thought to 60 

support visual stability is saccadic suppression (Binda & Morrone, 2018; Ibbotson & 61 

Krekelberg, 2011; Krock & Moore, 2015; Wurtz, 2008), which is a temporal reduction 62 

of visual sensitivity at the time of saccadic eye movements.  63 

Previous research on saccadic suppression has primarily used behavioral 64 

methods to probe visual perception at the time around saccades in human observers 65 

(Latour, 1962), and electrophysiological techniques to record peri-saccadic single 66 

neuron responses in non-human primates (for reviews, see Ibbotson & Krekelberg, 67 

2011; Krock & Moore, 2015; Wurtz, Joiner, & Berman, 2011). Some other studies 68 

utilized a computational modeling approach, trying to link behavioral findings in 69 

humans and physiological results in the primates (Hamker et al. 2011; Teichert et al. 70 

2010). The assumption of these studies was that visual processing during saccades is 71 

essentially similar for humans and non-human primates. A recent study 72 

(Klingenhoefer and Krekelberg 2017) tested this assumption by assessing 73 

peri-saccadic visual perception (including detection and localization) in both 74 

non-human primates and humans. They observed similarities, but also substantial 75 

differences between species. For example, at a higher level of stimulus contrast, 76 

human observers did not show any saccadic suppression, whereas non-human 77 

primates did. The pattern of peri-saccadic mislocalization in the primates was also 78 

qualitatively different from that observed in humans under identical conditions. These 79 

results demonstrate the need to investigate neural processing of peri-saccadic vision in 80 

human observers.  81 

A few previous studies did investigate physiological responses during saccades 82 

in humans with fMRI (Kleiser et al. 2004; Sylvester et al. 2005; Sylvester and Rees 83 

2006; Vallines and Greenlee 2006). By comparing BOLD signals across different 84 

trials (e.g., saccade trials where observers were required to make saccades constantly, 85 



5 
 

vs. fixation trials where observers were required to maintain fixations), these studies 86 

in general found reductions in brain signals for saccade trials in areas including LGN, 87 

V1, V4, hMT, and V7. Due to the poor temporal resolution of fMRI, however, it was 88 

not possible to trace the full time course of saccadic suppression. 89 

The EEG technique offers another non-invasive, high temporal resolution 90 

method to investigate human neural processing. The critical problem is that eye 91 

movements create large amounts of electrooculography (EOG) signals that 92 

contaminate the EEG signals originating from the brain. Despite this challenge to use 93 

EEG to examine visual processing during eye movements, a few attempts were made 94 

(Kovalenko and Busch 2016; Parks and Corballis 2008, 2010; Wauschkuhn et al. 95 

1998). One straightforward approach to deal with the problem of 96 

eye-movement-related artifacts is to focus on the EEGs prior to eye movement 97 

initiation. In this way, Wauschkuhn et al. (1998) examined shifts of attention prior to 98 

saccadic eye movements, and Parks and Corballis (2008, 2010) investigated the 99 

remapping prior to saccades. Kovalenko and Busch (2016) took another approach by 100 

implementing algorithms to remove artifact signals from EEG data in the analysis, 101 

and revealed a reduction in ERPs triggered by stimuli displayed during saccades, 102 

which likely reflects the saccadic suppression observed in psychophysics studies 103 

(Burr et al. 1994). 104 

In the present study we chose instead to use the steady-state visually evoked 105 

potential (SSVEP) technique to investigate peri-saccadic visual perception. The 106 

SSVEP is an oscillatory brain response to periodic visual stimulations (Norcia et al. 107 

2015). Compared to ERPs, SSVEP responses have higher signal-to-noise ratio. 108 

SSVEP responses are narrowband, located specifically at the stimulation frequency, 109 

while artifacts in EEGs are distributed across a broad range of frequencies. SSVEP 110 

signals can, therefore, be reliably separated from noise induced by eye movements, 111 

making it an effective approach to examine neural responses during eye movements in 112 

human observers (Chen et al. 2017a, 2017b). Here, we use SSVEPs to show that 113 

visual responses are transiently reduced at the time of saccades.  114 

  115 
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Methods 116 

Participants 117 

Eight observers (6 females and 2 males, average age = 25, ranging from 20 to 28) 118 

participated in the experiment. All had normal or corrected-to-normal visual acuity. 119 

They signed written informed consent forms in agreement with the Declaration of 120 

Helsinki. The study was approved by the local ethics committee (LEK FB6 2017-08). 121 

Stimuli and Procedure 122 

 Stimuli were displayed using the Psychophysics Toolbox (Brainard 1997; Pelli 123 

1997) in MATLAB (MathWorks, Natick, MA, USA), on a 120 Hz Samsung 124 

SyncMaster 2230R7 22-inch monitor (Samsung Group, Seoul, South Korea). With a 125 

spatial resolution of 1680×1050 pixels, the screen extended 61° horizontally and 38° 126 

vertically at a viewing distance of 40 cm.  127 

Two blue spots (radius = 0.25°), separated by 12° horizontally, were displayed at 128 

the center of the screen (Figure 1A). Observers were required to make horizontal 129 

saccades back and forth between the two spots (Figure 1B), at a rate of once every 1 130 

to 2 seconds, for the 90 seconds duration of each trial. In the background, horizontal 131 

gratings were presented on the whole screen. The gratings had a spatial frequency of 132 

0.83 cycles per degree. The luminance of the gratings was modulated sinusoidally 133 

between 124.4 cd/m2 and 172.3 cd/m2, corresponding to a contrast of 16%. The 134 

gratings were pattern-reverse flickering (square wave) at 5, 10, 15, 20, or 30 Hz 135 

depending on the conditions. Note that pattern-reversal stimuli evoke SSVEP 136 

responses at even harmonics, because the two counter-phase components activate the 137 

same visual mechanism (Norcia et al. 2015). 138 

All 8 observers underwent 6 trials in total. Four observers underwent 3 trials with 139 

20 Hz flicker and 3 with 30 Hz flicker. The other 4 observers underwent 2 trials at 5 140 

Hz, 2 at 10 Hz, and 2 at 15 Hz. 141 

 142 

Insert Figure 1 here:   143 

 144 
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Eye movement recordings and analyses 145 

We used an Eyelink 1000 table-mounted eye tracker (SR Research, Mississauga, 146 

ON, Canada) to record the eye movements from the right eye at 1000 Hz. Observers’ 147 

head movements were restricted by using a chin rest. Saccades were detected by the 148 

default algorithm from Eyelink, which uses a velocity threshold of 30°/s and an 149 

acceleration threshold of 8,000°/s2. We only included saccades with amplitude 150 

between 9° and 15° to ensure that the saccades we analyzed were indeed the large 151 

saccades made across the two fixation spots (which were 12° apart). In our paradigm, 152 

saccades are frequently followed by small corrective micro-saccades. These are less 153 

of an issue here because they create much less visual suppression (Stevenson et al. 154 

1986). Still, we excluded saccades that were followed by more than 1 155 

micro-/corrective-saccade or by any eye blink in the time window of [0 500] ms (14.7% 156 

of all saccades). Furthermore, we excluded saccades if the follow-up 157 

micro-/corrective saccade had an amplitude larger than 1° (22.5% of all saccades). In 158 

the end, 185 saccades on average entered the final analysis (between 83 and 513 for 159 

different observers). 160 

 161 

EEG recordings and analyses 162 

EEGs were recorded from 29 scalp sites according to the international 10–20 163 

system (FP1, FP2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T7, T8, P7, P8, Fz, Pz, Oz, 164 

FC1, FC2, CP1, CP2, FC5, FC6, CP5, CP6, TP9, TP10). A BrainAmp amplifier 165 

(Brain Products, Munich, Germany) sampled signals at 1,000 Hz. The ground 166 

electrode was placed at the AFz site and the online reference at the Cz site. We kept 167 

electrode impedances below 5 kΩ. 168 

Customized scripts in MATLAB and functions from EEGlab toolbox (Delorme 169 

and Makeig 2004) were used to analyze EEG data (Figure 1C, 1D). The signals were 170 

first re-referenced to a common average reference. We cut out EEG epochs in short 171 

time windows (300ms) centered at variable latencies relative to the onset of saccades. 172 

Each epoch was detrended by removing the linear fit (Bach and Meigen 1999), and 173 
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was multiplied by a Tukey window (i.e., tapered cosine window, alpha = 0.2). The 174 

amplitude spectrum of the epoch was then obtained by fast-Fourier transformation 175 

(fft.m in Matlab). SSVEP amplitude was calculated by subtracting the average 176 

amplitude of nearby 2 bins from the peak amplitude at the stimulation frequency, 177 

which effectively discounted the background noise from the SSVEP amplitude 178 

(Liu-Shuang et al. 2016). We used the average SSVEP amplitude at O1, Oz, and O2 179 

electrodes for statistics, as SSVEPs in the present study were confined to these 180 

electrodes (Figure 3). The circular statistics toolbox in MATLAB was used when 181 

dealing with phase data (Berens 2009). 182 

 183 

  184 
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Results 185 

Saccadic suppression indexed by SSVEPs 186 

We computed SSVEP power in short time windows (300ms) centered at variable 187 

latencies relative to the onset of saccades. Figure 2 displays the averaged response 188 

pattern of all observers, and it shows that saccades did strongly modulate SSVEP 189 

responses. The SSVEP responses, as well as the modulation effect, were confined to 190 

occipital regions, as shown by the topographic plots in Figure 2. We also plotted the 191 

SSVEP curves for each individual observers in Figure 3. The reduction of SSVEPs at 192 

saccades are clear for all 8 observers. The reduction starts from about 100ms before 193 

saccade onset. For the majority of observers, the SSVEP amplitude increased to the 194 

pre-saccade level at about 300 ms after saccades, except for observer 5 and 8.   195 

 196 

Insert Figure 2 here:   197 

 198 

Insert Figure 3 here:   199 

 200 

To examine how exactly saccades affect neural processing, we compared SSVEP 201 

responses at 2 specific time points, i.e., the fixation SSVEP at -500 ms relative to 202 

saccade onset, and the saccade SSVEP at 100 ms after saccade onset (marked by 203 

arrows in Figure 2). As SSVEPs are calculated from a 300-ms EEG epoch, the 204 

fixation SSVEP was computed from the epoch at [-650, -350] ms, and the saccade 205 

SSVEP from the epoch at [-50 250] ms. Note that we did not choose to calculate the 206 

saccade SSVEP exactly at saccade onset (i.e., the [-150 150] ms epoch), because there 207 

is a neural processing delay from visual stimuli to EEG responses. As saccadic 208 

suppression is maximum for stimuli presented exactly at saccade onset (Latour, 1962; 209 

for review, see Ibbotson & Krekelberg, 2011), the suppression effect in EEGs will be 210 

delayed due to the neural processing delay. In Figure 2, we can see that maximum 211 

suppression for SSVEP is indeed not at saccade onset. We, therefore, decided to 212 

analyze the EEG signals within [-50 250] ms window to investigate the effect of 213 

saccadic suppression.  214 
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The amplitude spectrum of saccade epochs vs. fixation epochs is shown in 215 

Figure 4, separately for each flicker frequency. The peaks at the corresponding 216 

stimulation frequencies are visible in all conditions. Note that the inset in each subplot 217 

of Figure 4 shows the normalized SSVEP response, which is the peak amplitude at the 218 

stimulation frequency, minus the average amplitude of the 2 neighboring frequency 219 

bins. Compared to fixation epochs, saccade epochs had increased power especially in 220 

the lower frequency band (< 30 Hz), which most likely resulted from saccade-related 221 

EEG signals. Because we calculated the SSVEP amplitude by subtracting the nearby 222 

average from the peak, the broadband noise would have minimum influence on the 223 

SSVEP signals, even for the conditions where 5/10/15 Hz stimuli were used. 224 

 225 

Insert Figure 4 here:   226 

 227 

Saccade epochs, however, had reduced SSVEP amplitude specifically at the 228 

stimulation frequency. Figure 5A shows the effect in 8 individual observers, all of 229 

which had a significant reduction of SSVEP amplitude in saccade epochs compared to 230 

fixation epochs, t(7) = 6.05, P < .001. The average reduction of 8 observers was 231 

56.6%, with a 95% confidence interval of [37.6%, 75.5%]. Figure 5B shows the 232 

SSVEP amplitudes at saccade and at fixation as a function of temporal frequency. 233 

There is a trend of larger reduction effect at lower frequencies. As EEG power at 234 

lower frequencies is generally stronger, there is probably more room to show the 235 

reduction effect at lower frequency range.  236 
  237 

Insert Figure 5 here:   238 

 239 

In order to clarify whether the execution of saccades added a temporal shift to 240 

the SSVEP response, rather than a genuine suppression, we further analyzed the phase 241 

of the SSVEP oscillation in the saccade and fixation epochs. The two epochs are 242 

separated by 600 ms, which, for all frequencies, contains an integer number of flicker 243 
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cycles. As a result, SSVEPs should be in phase if the SSVEP latency is unaffected by 244 

saccades. Note that only the phase difference between saccade and fixation epochs 245 

was informative here, and the absolute phases were meaningless, as we the epochs 246 

were decided by the timing of voluntary saccades, which are not phase-locked to the 247 

flickering stimuli. We focused out analysis on the main response at the 2nd harmonic. 248 

Figure 6 shows the phase difference between saccade epochs and fixation epochs for 249 

each observer at each response frequency. The phase differences were similar across 250 

frequencies, the average being 11°, 8°, -3°, -12°, and 12° (corresponding to 3 ms, 1 251 

ms, -0.3 ms, -0.9 ms, 0.6 ms in time), for 10Hz, 20Hz, 30Hz, 40Hz, and 60Hz 252 

responses, respectively. After grouping different frequencies together, we did a 253 

one-sample test for the mean angle (circ_mtest.m in the circular statistics toolbox in 254 

MATLAB), and found that the average angle (2.4°) was not significantly different 255 

from 0, with a 95% confidence interval of [-6.2° 11.0°]. SSVEP phases are thus 256 

relatively constant during saccades.   257 

 258 

Insert Figure 6 here:   259 

 260 

No evidence for post-saccadic enhancement 261 

From Figure 2 and 3, we see no signs of post-saccadic enhancement. The 262 

post-saccadic SSVEPs at 300 ms (0.44 µV, SD = 0.20) or 400 ms (0.50 µV, SD = 0.14) 263 

were comparable to, if not smaller than, the fixation SSVEPs at -500 ms (0.64 µV, SD 264 

= 0.35), both P > .05. This is in contrary to what was found in multiple single-neuron 265 

recording studies (LGN: Reppas, Usrey, & Reid, 2002; V1: Hass & Horwitz, 2011; 266 

Kagan, Gur, & Snodderly, 2008; MT/MST: Ibbotson, Price, Crowder, Ono, & Mustari, 267 

2007). One possibility is that our method, which effectively integrates the EEGs over 268 

a 300 ms time window, is not able to capture the enhancement effect following 269 

suppression. In order to understand if this limitation was decisive, we simulated EEGs 270 

containing 40 Hz oscillations convolved with either a suppression window (Figure 271 

7A), a suppression window followed by an enhancement window with identical 272 
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amplitude (Figure 7B), or suppression followed by enhancement with only 20% of the 273 

amplitude (Figure 7C). The suppression window was a 150-ms window from -50 ms 274 

to 100 ms relative to saccade onset, taken from previous studies (Knöll and Bremmer 275 

2011; Latour 1962). Noise was added between 20 Hz to 60 Hz with a resolution of 276 

3.33 Hz, which is the resolution our analysis is able to capture. The signal-noise-ratio 277 

(SNR) of 40 Hz signals over the signals at the other frequencies was set at 1.7, which 278 

is the SNR of the 40 Hz SSVEP we observed in our dataset (Figure 4, 20 Hz flicker). 279 

A processing delay of 100 ms was added to the simulated SSVEPs (see the discussion 280 

section for details on SSVEP delays). We analyzed the simulated EEGs with the 281 

identical procedure used above and found that it is able to capture the enhancement 282 

effect following suppression (Figure 7B), even when the enhancement effect is at 20% 283 

of the amplitude (Figure 7C). Simulations of SSVEPs at other frequencies such as 284 

10/20/30/60 Hz led to similar results. Additionally, our simulation results show that 285 

the real SSVEP profile (Figure 7, shaded gray) taken from Figure 2 matches closely to 286 

the simulated SSVEPs with a suppression window only (Figure 7A).  287 

 288 

Insert Figure 7 here:   289 
  290 
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Discussion 291 

In the current study, we asked participants to make saccadic eye movements, 292 

while fast flickering stimuli were presented in the background, which evoked SSVEP 293 

responses in EEG signals. The use of horizontal grating stimuli ensured that retinal 294 

motion induced by horizontal saccades is minimized. By computing SSVEP 295 

amplitudes at variable time points relative to the onset of saccades, we found a 296 

significant reduction of neural activity at the time of saccades. This reduction cannot 297 

be explained by eye movement related activities (e.g., EOG artifacts), because these 298 

artifacts were associated with a broadband increase in the power spectrum, whereas 299 

what we observed in the SSVEPs was a relative reduction specifically at the 300 

stimulation frequency. This approach, therefore, is able to capture the neural signature 301 

of saccadic suppression. Our method offers a new approach to investigate 302 

peri-saccadic neural activities in humans, extending previous fMRI and ERP 303 

approaches. While fMRI suffers from poor temporal resolutions, and ERP suffers 304 

from contaminations of EOG artifacts, the current SSVEP-based method is relatively 305 

immune to artifacts and has a good enough temporal resolution to capture the 306 

temporal dynamics (Figure 2 and 3).  307 

Saccadic suppression is a well-established phenomenon in behavioral 308 

measurements in humans and in single-cell recordings in non-human primates (see 309 

reviews in Ibbotson & Krekelberg, 2011; Krock & Moore, 2015). There are also a few 310 

studies on humans using fMRI (Kleiser et al. 2004; Sylvester et al. 2005; Sylvester 311 

and Rees 2006; Vallines and Greenlee 2006) and ERP technique (Kovalenko and 312 

Busch 2016). Kleiser et al. (2004) used a block design by comparing the fMRI 313 

response in blocks of saccadic trials against that in blocks of fixation trials without 314 

any eye movements. They found saccadic suppression effect in brain areas of V4, 315 

hMT+, and V7, but not in early visual areas V1 and V2. Subsequently, two studies 316 

using a similar design did reveal suppression effects in V1 and LGN (Sylvester et al. 317 

2005; Sylvester and Rees 2006). As the recorded responses in these studies integrated 318 

signals over full trials in the block design, the results were difficult to interpret if one 319 
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considers the fact that post-saccadic enhancement is usually observed following 320 

saccadic suppression in non-human primate studies (e.g., Reppas et al. 2002). Vallines 321 

and Greenlee (2006) took another approach by flashing stimuli at different times 322 

before saccades and measuring BOLD signals at their encoding areas in V1. They 323 

showed that the neural response was reduced as the stimulus was displayed closer to 324 

the saccade onset. Kovalenko and Busch (2016) used a similar design and recorded 325 

ERPs to a flashed stimulus presented before saccades. After removing EOG artifacts 326 

with mathematic algorithms, they showed that the evoked ERPs at occipital regions 327 

were reduced in saccadic trials compared to trials without saccades. Our study 328 

provides evidence, in additional to these previous studies, for saccadic suppressions in 329 

early visual cortex in humans.  330 

One possible issue with our approach is that, if SSVEP is considered as a 331 

superimposition of repeated visual evoked potentials and the latency of responses 332 

changes in the peri-saccadic period, the EEG power might be transiently smeared 333 

across different frequencies, thus producing an apparent reduction in SSVEP power. If 334 

neural latency was reduced during saccades, we would expect a positive phase 335 

difference between saccade epochs and fixation epochs, and the phase difference 336 

should get larger with higher flicker frequency. However, we found that the phase did 337 

not differ between saccade epochs and fixation epochs, which speaks against this 338 

possibility. This result seems to be in conflict with a previous report (Ibbotson, 339 

Crowder, Cloherty, Price, & Mustari, 2008) showing that neural response latency was 340 

reduced by 8 ms at the time of saccade. Ibbotson et al (2008)’s results were, however, 341 

from neurons in MST, whereas SSVEPs are thought to originate mainly from V1 342 

(Norcia et al. 2015; Wittevrongel et al. 2018). It is currently unknown, to our 343 

knowledge, whether V1 neurons show similar response latency changes during 344 

saccades.  345 

Our approach offers the unique advantage of tracing the temporal dynamics of 346 

neural activities throughout the time course of a saccade. In particular, we were able 347 

to study the post-saccadic neural activity (Figure 2 and 3) in ways that were precluded 348 

in previous physiological studies in humans, i.e. without having to deal with eye 349 
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movement EEG artifacts. We did not observe any post-saccadic enhancement 350 

following the saccadic suppression, even though our simulation results showed that 351 

the analysis would have been capable of capturing it even if the effect of enhancement 352 

is at 20% of the effect of suppression. One possibility is that SSVEPs are saturated 353 

during the post-saccadic time window. This is unlikely for our low contrast stimuli 354 

(16%). It is generally found that SSVEPs are a linear function of log stimulus contrast 355 

for a substantial range of contrasts, up to about 30%-40% (see Norcia et al., 2015 for 356 

a review). Therefore, SSVEP saturation is unlikely to explain the lack of 357 

enhancement.  358 

Previous animal studies showed a post-saccadic enhancement in many brain 359 

areas, including LGN, V1, and MST (reviewed in Ibbotson & Krekelberg, 2011), with 360 

a magnitude varying from much larger (e.g., Reppas et al., 2002) to slightly smaller 361 

than the magnitude of suppression (e,g., Bremmer et al., 2009). As SSVEPs are 362 

thought to originate largely from V1 (Müller et al. 1997; Di Russo et al. 2007; 363 

Wittevrongel et al. 2018), one may expect that we should see post-saccadic 364 

enhancement in SSVEPs. In psychophysical studies in humans, however, 365 

post-saccadic enhancement is not generally observed (Diamond et al. 2000; 366 

Klingenhoefer and Krekelberg 2017; Knöll and Bremmer 2011). It might be possible 367 

that human V1 does not show enhancement as non-human primate V1 does. 368 

Alternatively, the absence of a post-saccadic enhancement could be due to the fact 369 

that we elicited SSVEPs by means of a full-field, task-irrelevant stimulus in the 370 

present study. It is plausible that enhancement might be limited to the saccade target 371 

location, which was tested in many previous studies (Bremmer et al., 2009; Ibbotson, 372 

Crowder, Cloherty, Price, & Mustari, 2008; MacEvoy, Hanks, & Paradiso, 2008), or 373 

other pre-defined task-relevant locations (Yao et al. 2016), so a large part of the 374 

stimulation that produced the SSVEP signals in our paradigm might have been 375 

immune to a localized post-saccadic enhancement.  376 

Another possibility is that the micro-/corrective-saccades, which are associated 377 

with suppression as well (e.g., Hafed & Krauzlis, 2010), may mask the post-saccadic 378 

enhancement. The micro-/corrective-saccades occurred in ~70% of main saccades, on 379 
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average 259 ms after the onset of main saccades (from 217 to 333 ms across 380 

observers). In order to minimize their impact, we excluded saccades from data 381 

analysis that were followed by more than 1 micro-/corrective-saccades, or followed 382 

by one with an amplitude larger than 1º, in the post-saccadic time window (0-500ms). 383 

As there is less visual suppression for smaller saccades (Stevenson et al. 1986), this 384 

procedure made sure that the impact of micro-/corrective-saccades in our analysis is 385 

minimal. However, follow-up studies are needed to examine how exactly 386 

corrective-saccades contribute to post-saccadic visual enhancement. 387 

Notice that the maximum suppression point in the curve is not at exactly at the 388 

onset of saccades but is delayed for about 100-150 ms (Figure 2 and 3). This makes 389 

sense if one considers the neural processing delay from stimulus onset to the SSVEP 390 

responses. The previous studies that investigated the temporal dynamics of saccadic 391 

suppression/enhancement were not affected by this delay, because they charted the 392 

observed responses as a function of stimulus onset time relative to saccade onset. In 393 

our study, however, the neural responses were plotted as a function of the time of 394 

SSVEP response relative to saccade onset. How large do we expect the delay for 395 

SSVEP responses after stimulus onset? The best estimate may come from studies that 396 

cross-correlate EEG responses to visual stimuli of random, non-periodic luminance 397 

sequences (Goncalves, Whelan, Foxe, & Lalor, 2014; Lalor, Pearlmutter, Reilly, 398 

McDarby, & Foxe, 2006; VanRullen & MacDonald, 2012). The random luminance 399 

approach has a similar rationale as the SSVEP technique, but the use of non-periodic 400 

stimulation makes it possible to find the exact delay of the responses. For example, in 401 

Lalor et al. (2006)’s study, the delay was around 75-100ms. In Goncalves et al. (2014), 402 

the delay was around 90 – 115 ms (see their Figure 3). Taken such a ~100ms delay for 403 

SSVEPs into consideration, our simulation (Figure 7, right panel) found that the 404 

simulated SSVEP curve fit well with the real SSVEP profiles at the time of saccades 405 

(Figure 2). Our result is therefore consistent with previous studies (Latour, 1962; see a 406 

recent review in Binda & Morrone, 2018) which showed that stimuli presented around 407 

saccade onset (and SSVEPs occurring 100 ms later) get maximally suppressed.  408 

In our hands, the time window of suppression expands from -100 ms to 300 ms 409 
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relative to saccade onset for most observers (Figure 3). In previous studies, saccadic 410 

suppression usually takes place in the window of [-50, 100] ms for both single neural 411 

responses (see a review in Ibbotson & Krekelberg, 2011) and behavioral 412 

measurements (Latour 1962). The fact that the window is longer in our results is 413 

likely due to the fact that we needed to compute the FFT over signal segments of 300 414 

ms. This is also evident in our simulation results (Figure 7A), where a 150 ms 415 

hypothesized suppression window resulted in an expanded SSVEP window of [-100 416 

300] ms, which matched the results in Figure 2 and 3 fairly well. 417 

To conclude, the present study proposed a method based on steady-state visually 418 

evoked potentials (SSVEPs) to examine peri-saccadic neural processing in humans. 419 

We showed that this approach is able to reveal the fine temporal dynamics of the 420 

neural response modulation at the time of saccades. We conclude that the SSVEP 421 

method is a useful technique to investigate the neural correlates of visual perception 422 

during saccadic eye movements in humans.  423 

  424 
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Figure Captions 538 

 539 

Figure 1. (A) Stimulus used in the experiment. Participants were required to make saccades 540 
back and forth across the two blue spots (distance = 12°), once every 1-2 seconds. The 541 
gratings in the background were pattern-reverse flickering at a frequency between 5 to 30 Hz, 542 
eliciting SSVEP responses at the corresponding frequency. (B) Example eye trace for the first 543 
20 seconds of a trial (90 seconds). (C) Left axis: example EEG trace shown from a case where 544 
the stimulus flickered at 10Hz, thus producing an SSVEP response at 20Hz. The EEG signals 545 
were band-pass filtered between 15 Hz and 25 Hz. Right axis: stimulus luminance at a given 546 
pixel flickering at 10Hz (square wave). (D) Evolution of the SSVEP amplitude computed by 547 
means of a moving window (300ms).  548 

Figure 2. The grand average of SSVEP amplitudes at various time point relative to saccade 549 
onset. The 2 images at the top show the topographic distributions of SSVEPs at fixation (left 550 
image, 500 ms before saccade onset) and at saccade (right image, 100 ms after saccade onset). 551 
The SSVEP responses were confined at occipital electrodes (O1, Oz, O2), which were used 552 
for data analysis. Shaded areas indicate SEMs across all observers. 553 

Figure 3. SSVEP amplitude at various time points relative to saccade onset plotted separately 554 
for 8 observers. The gray dashed line marks the onset of the saccade. The reduction of 555 
SSVEPs at saccade onset is present for all observers. Shaded areas indicate SEMs across all 556 
analyzed saccades, the number of which ranges from 83 to 513 across observers (mean = 557 
250).   558 

Figure 4. Amplitude spectrum for different flicker frequencies over all observers. As the 559 
flickering stimuli were counter-phase pattern reversal stimuli, SSVEPs are only observed at 560 
even harmonics (see Methods). Compared with fixation epochs (dashed black), saccade 561 
epochs (solid red) show a broadband power increase, which most likely resulted from 562 
saccade-related EEG activity. The inset in each subplot shows the SSVEP responses at the 563 
stimulation frequency after normalizing the peak amplitude to the average amplitude of 2 564 
nearby frequency bins. The SSVEP amplitude is reduced in saccade epochs compared to 565 
fixation epochs. The amplitude at 50Hz is dashed out because it corresponds to the power line 566 
artifact.  567 
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Figure 5. (A) SSVEP amplitudes at saccade plotted as a function of the amplitude at fixation. 568 
The amplitude was calculated as the peak amplitude at the stimulation frequency relative to 569 
the average amplitude of nearby frequencies. Filled circles denote 8 individual observers. All 570 
observers fell below the diagonal line, indicating reduced SSVEP amplitudes in saccade 571 
epochs compared to fixation epochs. The gray line shows the average value and the 95% 572 
confidence interval. (B) SSVEP amplitude at fixation and saccade plotted as a function of 573 
temporal frequencies. Response of each frequency here was the 2nd harmonic of flicker 574 
frequency (e.g., 20 Hz response was from the 10-Hz flicker). Error bars show the 575 
within-subject 95% confidence intervals. 576 

Figure 6. The difference in phase angles of saccade epochs minus fixation epochs for each 577 
observer, separately for each SSVEP frequency. Different symbols indicate different 578 
observers. 579 

Figure 7. Simulation results. EEG signals were simulated with SSVEPs at 40 Hz (SNR = 1.7 580 
relative to power at nearby frequencies). The 40 Hz content was convolved with different 581 
modulation functions (A: a suppression window; B: a window of suppression followed by 582 
enhancement with the same amplitude; C: a window of suppression followed by enhancement 583 
with 20% of the amplitude). The resulted SSVEP amplitude was the average of 100 iterations. 584 
Both the simulation result (blue curve) and the real data (shaded gray, taken from Figure 2) 585 
were baseline-corrected to the average value of [-500 -300] ms window to make them 586 
comparable. The simulation results show that our method in principle recovers both the 587 
suppression and the enhancement fairly well (the right panel), and that the real SSVEP profile 588 
(shaded gray) matches closely to the simulated SSVEPs with a suppression window only (A). 589 
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