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1. Abstract  27 

A novel neural signature of active visual processing has recently been described in the form 28 

of the ‘perceptual echo’, in which the cross-correlation between a sequence of randomly 29 

fluctuating luminance values and occipital electrophysiological (EEG) signals exhibits a 30 

long-lasting periodic (~100ms cycle) reverberation of the input stimulus (VanRullen & Macdonald, 31 

2012). As yet, however, the mechanisms underlying the perceptual echo and its function remain 32 

unknown. Reasoning that natural visual signals often contain temporally predictable, though 33 

non-periodic features, we hypothesized that the perceptual echo may reflect a periodic process 34 

associated with regularity learning. To test this hypothesis, we presented subjects with successive 35 

repetitions of a rapid non-periodic luminance sequence, and examined the effects on the perceptual 36 

echo, finding that echo amplitude linearly increased with the number of presentations of a given 37 

luminance sequence. These data suggest that the perceptual echo reflects a neural signature of 38 

regularity learning.  39 

Furthermore, when a set of repeated sequences was followed by a sequence with inverted 40 

luminance polarities, the echo amplitude decreased to the same level evoked by a novel stimulus 41 

sequence. Crucially, when the original stimulus sequence was re-presented, the echo amplitude 42 

returned to a level consistent with the number of presentations of this sequence, indicating that the 43 

visual system retained sequence-specific information, for many seconds, even in the presence of 44 

intervening visual input.  45 

Altogether, our results reveal a previously undiscovered regularity learning mechanism 46 

within the human visual system, reflected by the perceptual echo. 47 

 48 

 49 
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2. Significance Statement  50 

How the brain encodes and learns fast-changing but non-periodic visual input remains 51 

unknown, even though such visual input characterises natural scenes. We investigated whether the 52 

phenomenon of ‘perceptual echo’ might index such learning. The perceptual echo is a long-lasting 53 

reverberation between a rapidly changing visual input and evoked neural activity, apparent in 54 

cross-correlations between occipital EEG and stimulus sequences, peaking in the alpha (~10 Hz) 55 

range. We indeed found that perceptual echo is enhanced by repeatedly presenting the same visual 56 

sequence, indicating that the human visual system can rapidly and automatically learn regularities 57 

embedded within fast-changing dynamic sequences. These results point to a previously 58 

undiscovered regularity learning mechanism, operating at a rate defined by the alpha frequency.  59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

 68 

 69 

Keywords: Perceptual Echo, Cross-correlation, Sequence Learning, EEG, Alpha, Reverberation, 70 

Regularity Learning.  71 
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3. Introduction  73 

There is accumulating evidence that complex spatial-temporal dynamics of visual stimuli are 74 

encoded early in the visual processing stream (Chubykin et al., 2013; Cooke & Bear, 2015; 75 

Gavornik & Bear, 2014; Zold & Shuler, 2015). However, relatively little is known about how the 76 

human visual system tracks, or learns about, such rapidly changing stimulus sequences. One recent 77 

finding relevant to this question is the ‘perceptual echo’ (VanRullen and MacDonald, 2012). This is 78 

long-lasting reverberation between a rapidly changing visual input and evoked neural activity, 79 

apparent in cross-correlations between occipital EEG and the stimulus itself. Specifically, when 80 

visually presenting a non-periodic dynamic sequence, whose luminance randomly fluctuated at a 81 

rate of 160 Hz, VanRullen and MacDonald found that the occipital EEG response displayed a 82 

periodic reverberation or ‘echo’ of the input sequence, which persisted for at least one second, and 83 

was found specifically in the alpha (~10 Hz) frequency range of the cross-correlation function, 84 

primarily over occipital electrodes and was observable at the group level. Importantly, the absence 85 

of such a reverberation when the luminance sequence of each trial was cross-correlated with EEG 86 

recorded on a different trial underlines that the perceptual echo is a true oscillatory response to the 87 

(non-periodic) visual stimulation sequence, and not a general property of ongoing EEG signals in 88 

response to this kind of stimulation. Furthermore, the seconds-long duration of the perceptual ‘echo’ 89 

suggests a long-lasting representation of fast-changing sensory information over time. As yet, 90 

however, the functional relevance and the underlying mechanism of the perceptual echo have 91 

remained unclear.   92 

Here, we examine the idea that perceptual echo in visual cortex is a neural signature of 93 

learning of rapid temporal regularities in ongoing sensory stimulation (following previous studies 94 

(Gavornik & Bear, 2014, Yao et al., 2007), we use the term learning to refer specifically to evidence 95 
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of brain signals distinguishing previously presented stimuli from novel stimuli).This idea is 96 

motivated by the suggestion that perceptual echo in visual cortex repeatedly “replays” neural 97 

activation associated with afferent visual information. Supporting this view, studies in awake 98 

monkeys (Eagleman & Dragoi, 2012), mice and rats (Gavornik & Bear, 2014; Xu et al., 2012) 99 

found that after learning an association between a cue and a sequence stimulus, presenting the cue 100 

alone can elicit the same (temporally extended) neural activation pattern as evoked by the actual 101 

stimulus. This replay activation pattern has been interpreted as a mechanism that may facilitate 102 

learning and memory consolidation (Euston et al., 2007; Skaggs and McNaughton, 1996).  103 

We reasoned that, if the perceptual echo is indeed associated with visual regularity learning, 104 

the perceptual echo response should change across repeated presentations of the same luminance 105 

sequence, as the visual cortex encodes regularities across sequence repetitions. In two experiments 106 

we tested this prediction by using random dynamic luminance sequences that were predictable 107 

across repeated presentations. In Experiment 1, we presented random dynamic luminance 108 

sequences that were each repeated four times and we calculated the perceptual echo for each 109 

presentation. In Experiment 2, we added an ‘inverse’ luminance sequence (which has the inverse 110 

luminance polarity of the original sequence) following the presentation of the fourth repetition of a 111 

sequence, which was followed by an additional presentation of the original sequence, to test 112 

whether changes in perceptual echo were specific to the (non-periodic) temporal and luminance 113 

information within a given sequence.  114 

Anticipating our results, Experiment 1 showed that the amplitude of the perceptual echo 115 

increased with the number of sequence presentations of a luminance sequence, in line with the idea 116 

that the perceptual echo reflects a neural signature of regularity learning. Experiment 2 further 117 

supported this interpretation by showing the increased perceptual echo response accompanying 118 

repeated sequence presentations was abolished by the presentation of an inverse luminance 119 
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sequence. In addition, the echo response recovered when the original sequence was presented again, 120 

indicating that the visual system retained information about the sequence even when challenged by 121 

a novel input sequence. 122 

Altogether, our data provide first evidence for a mechanism by which the human visual system 123 

rapidly learns regularities in fast non-periodic stimulus sequences, and in doing so provides a 124 

functional account of the alpha-band ‘perceptual echo’ response. 125 

4. Methods 126 

In both experiments participants were seated in a dimly lit electromagnetically shielded room 127 

and their heads were stabilised in a head-and-chin rest to maintain centrality 50 cm away from a 128 

LaCie Electron blue IV 22" CRT Monitor, which had been manually gamma corrected. 129 

Luminance-sequence stimuli were generated and presented using the Psychophysics toolbox 130 

(Brainard, 1997). These were constructed based on VanRullen and Macdonald (2012) as follows. 131 

Each sequence consisted of a disc stimulus subtending a visual angle of 7 degrees and placed at 7.5 132 

degrees above a fixation point (a dim grey circle with 0.2 degrees of visual angle). The luminance 133 

of the disc altered randomly at a rate of 160 Hz, so that each sequence consisted of 500 luminance 134 

frames (see Figure 1). Thus, each sequence comprised a rapid non-periodic sequence of luminance 135 

changes. To ensure equal power of all temporal frequencies within each sequence, all sequences 136 

were processed by a whitening procedure. Fourier components of each sequence were obtained by 137 

a fast Fourier transform. Power at all frequencies of each random sequence were equalised by 138 

normalizing the amplitudes of its Fourier components. An inverse Fourier transform was then 139 

applied to reconstruct the sequence. Thus, sequences were not distinguishable by power 140 

characteristics of their temporal frequencies. 141 

EEG data in both experiments were recorded using a 64 channel ANT Neuro amplifier at a 142 
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sampling rate of 2048 Hz. A 64 channel Waveguard EEG cap (ANT Neuro, Enschede) employing 143 

standard Ag/AgCl electrodes placed according to the 10-20 system, using an average reference. 144 

Horizontal and vertical eye movements were recorded using two independent electrode pairs. 145 

Impedances of recording electrodes were maintained below 10kΩ. No analogue filter was applied 146 

during on-line recording. For both experiments pre-processing and data analyses were performed 147 

using the EEGLAB toolbox (Delorme and Makeig, 2004) under Matlab (Mathworks, Inc. Natick, 148 

MA, USA), and custom Matlab scripts. The acquired EEG data were downsampled to 160Hz and 149 

filtered using a 2-80 Hz bandpass FIR (Finite Impulse Response) filter. Independent component 150 

analysis (ICA) was used to identify and remove ocular artefacts. Data in each trial were then 151 

epoched from 0 to 3.125 seconds time-locked to the stimulus onset (start of the luminance 152 

sequence).  153 

 154 

Experiment 1 155 

Participants. 21 healthy University of Sussex students (11 male) with normal or 156 

corrected-to-normal vision completed the experiment (11 male, 18–36 years; mean age 24.9 157 

years). Participants provided informed consent before the taking part and received £10 or course 158 

credits as compensation for their time. The experiment was approved by the University of Sussex 159 

ethics committee. 160 

Experimental Design. Each experimental session comprised of 60 trials utilising 60 unique 161 

random non-periodic luminance sequences. Each trial consisted of four presentations of the same 162 

sequence. Each presentation lasted for 3.125s and successive presentations were separated by an 163 

inter-sequence-interval (ISI) of 3s.  164 

 165 

Figure 1 to be placed here 166 
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 167 

To ensure participants maintained attention, 60 additional ‘response sequences’ were 168 

distributed within the 60 (experimental) trials. Each ‘response sequence’ comprised a unique 169 

non-periodic luminance sequence, which also contained an embedded square target (3.75 degrees) 170 

distinguished by having a non-changing luminance for 1 sec. The target appeared with onset time 171 

selected from a uniformly distributed random time during the sequence presentation. Participants 172 

were informed that the experiment was a visual detection task in which they were required to press 173 

the spacebar on a standard keyboard at the end of a sequence whenever they detected the target. 174 

Each response sequence was randomly assigned to a position in-between experimental trials. This 175 

was done individually for every response sequence, resulting in the possibility of there being one, 176 

more than one, or zero, response sequence between any two experimental trials. This design made 177 

it unlikely that participants could predict the onset of an experimental trial based on the occurrence 178 

of a response sequence. 179 

Participants were not informed that there would be any repetition of the luminance sequences. 180 

The entire experimental session consisted of 300 (240 standard and 60 response) sequences and 181 

took approximately 1 hour to complete. In a post-experiment interview participants were asked if 182 

they noticed any repetition of luminance sequences in the experiment. The following questions 183 

were asked:  184 

Did you notice any experimental manipulation during this experiment?  185 

Did you notice any relationship between any two sequences?  186 

Did you notice any repetition of any of the sequences? 187 

 188 

Analysis. To identify the perceptual echo, we calculated cross-correlations between 189 

(pre-processed) EEG time series and luminance time series for all experimental sequences and 190 
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sensors using the same approach as VanRullen and Macdonald (2012). The cross-correlation 191 

procedure calculated the ‘‘impulse response function’’ (IRF) of the EEG as follows:  192 

 

 193 

where stim and eeg denote the standardized stimulus sequence and the corresponding standardized 194 

EEG response, respectively. 195 

The amplitude spectra of the cross-correlation functions were calculated on lags between 196 

-1.5s and 1.5s (Figure 2a). For each participant we then averaged the cross-correlations across each 197 

sequence for all sensors, which revealed a long-lasting post-onset oscillation in the alpha range 198 

(Figure 2b). Phase and power were computed by means of a continuous wavelet transform of 199 

single-trial data for the frequency range from 3 to 80 Hz. Grand average inter-trial coherence (ITC) 200 

was calculated across all 14 participants and sequence presentations (4) for data from  Experiment 201 

1 (Figure 2c). Calculations for the spectral estimate of the normalized power spectrum were run on 202 

-1 to 1.5s epoch using 400ms Hanning-windowed sinusoidal wavelet. ITC values were calculated 203 

for 80 EEG frequency bands between 2 to 80 Hz. This revealed that the long-lasting post-onset 204 

oscillation in the alpha range was due to the strong phase coherence (across trials) of the 205 

cross-correlation time series within the alpha frequency range (~10 Hz, see Figure 2c). These 206 

findings replicate the perceptual echo effect observed by VanRullen and Macdonald (2012). To 207 

quantify the amplitude of the echo response, we applied a Fast Fourier Transform on the average 208 

cross-correlation between 0s and 1s for each participant and sensor to extract the alpha-range (8-12 209 

Hz) power. We emphasize that this is the power of the (average) cross-correlation function, not of 210 

neural oscillations themselves.  211 

 212 
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Figure 2 to be placed here 213 

 214 

To compare the echo response across successive presentations of a luminance sequence, the 215 

cross-correlations were averaged by the order of presentation for each sensor, across trials (e.g., all 216 

cross-correlations for the first presentation of a given random luminance sequence were averaged 217 

across trials, and the same for all second, third, and fourth presentations). We then computed the 218 

amplitude of the echo response for each presentation and participant. To verify that the perceptual 219 

echo was driven by the EEG response to a specific luminance sequence and not by variations in 220 

ongoing alpha activity in the raw EEG signal, we created a ‘shuffled’ set of cross-correlations by 221 

randomly rearranging the EEG time series with stimulus sequences from different trials from 222 

Experiment 1. As can be seen from Figure 2b (red line), this procedure leads to a complete absence 223 

of echo response, confirming that the echo response is not driven by the ongoing alpha-band EEG 224 

response.  225 

We choose to analyse the cross-correlation between luminance values of stimulus sequences 226 

and event-related EEG signals rather than a more classical visual evoked response in order to 227 

isolate the ‘impulse response function’ of the visual system. An impulse response is the reaction of 228 

any dynamic system in response to some external change. Classical stimulus evoked responses 229 

(such as Visual Evoked responses, VEP) can be viewed as a special case of impulse response 230 

function where the sensory input event is a single isolated event (Lalor, Pearlmutter, Reilly, 231 

McDarby, & Foxe, 2006). From this perspective, the perceptual echo can be considered as the 232 

superposition of visually evoked responses to each stimulus frame, rather than a (standard) VEP 233 

evoked by the sequence onset. This perspective has some ecological validity since sensory afferents 234 

are rarely single discrete events that would evoke isolated VEPs. Since natural visual input occurs 235 

in a rapid and continuous fashion, impulse response functions are well suited to characterize the 236 
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response of the visual systems in these circumstances. Overall, since the central aim of the current 237 

study and of previous research investigating the perceptual echo (VanRullen and Macdonald, 2012) 238 

was to examine exactly how the visual system processes these types of dynamic rapid sequential 239 

inputs, we therefore used a type of analysis best suited for this purpose. 240 

Statistical Analysis. We compared the echo response for each presentation of a luminance 241 

sequence using a polynomial trend analysis which is commonly applied to evaluate the relationship 242 

between levels of variables in fixed-effect models. In the present study, the main independent 243 

variable, the number of sequence presentations, consists of 4 fixed levels (i.e. presentation 1, 2, 3, 244 

4). The polynomial trend analysis is the most applicable method for assessing the linear, quadratic, 245 

and, cubic trends with the added benefit of avoiding the issue of multiple comparisons. 246 

 247 

Experiment 2 248 

Participants. Eighteen participants took part in Experiment 2 (12 females, 20–36 years; 249 

mean age 25.2 years, none of whom took part in Experiment 1). Participants provided informed 250 

consent before the taking part and received £10 or course credits as compensation for their time. 251 

The experiment was approved by the University of Sussex ethics committee. 252 

Experimental Design. In Experiment 2, 4 repeated presentations of a specific luminance 253 

sequence were followed, firstly by an inverse version of that luminance sequence, and secondly 254 

by another instance of the original (non-inverse) sequence. Each inverse sequence was created by 255 

inverting the luminance polarity, of the original sequence i.e. reversing black and white relative to 256 

the middle grey level (see Figure 3). This preserved the relative luminance values of the sequence 257 

while also maintaining a flat luminance power spectrum. These manipulations were designed to 258 

test the specificity of changes in echo responses (across presentations) to regularities embedded in 259 

the luminance sequences.  260 
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There were a total of 120 trials in Experiment 2, divided into ‘control’ and ‘experimental’ 261 

conditions. In the control condition (60 trials), a specific 3.125s sequence was presented 6 times 262 

with a 3s inter-sequence-interval. In the experimental condition (60 trials), a sequence was repeated 263 

4 times. Then, on the fifth presentation, the inverse luminance sequence was presented. Following 264 

the inverse luminance sequence, the original sequence was presented again, making a total of 6 265 

presentations of a sequence for each trial, see Figure 3.  266 

 267 

Figure 3 to be placed here  268 

 269 

Experiment 2 did not use the response sequences of Experiment 1. This was in order avoid a highly 270 

unlikely confound arising from the distribution of response sequences falling by chance into a 271 

regular pattern between trials in Experiment 1. Potentially, this may have led participants to 272 

develop strategies to deploy more attention towards the end of a trial in anticipation of a possible 273 

response sequence. Instead, in Experiment 2, participants were asked to indicate whether the 274 

average luminance level of each sequence was brighter or darker than the luminance of the fixation 275 

circle, by pressing the left arrow for darker and right arrow for lighter, after each sequence 276 

presentation. This modification meant that all sequences were ‘response’ sequences, ensuring that 277 

participants had to maintain equal attention to all sequences. The average luminance of a sequence 278 

was closely comparable across all sequence presentations (the standard deviations of the average 279 

luminance of all sequences relative to the entire luminance dynamic range of all sequences 280 

were .018% in Experiment 1 and .019% in Experiment 2). Therefore, participants could not use the 281 

average luminance of a sequence as a potential cue to encode a sequence. The luminance of the 282 

fixation circle was constant, meaning that the participant’s judgements about the average 283 

luminance after each sequence were always based on similar information. Across all response 284 
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sequences, participants rated 63.5% of sequences as being brighter than the fixation. One 285 

participant indicated for all sequences that the average luminance was brighter than the fixation, 286 

this may have been due to a perceptual bias when rating similar information across sequences, the 287 

data from this participant still showed a robust echo response and survived the exclusion criteria.  288 

Statistical Analysis. The same procedure used in Experiment 1was used to identify the 289 

perceptual echo for all 6 presentations of a sequence (including the inverse sequence) for each trial 290 

in Experiment 2. 291 

Traditional frequentist hypothesis testing e.g., t-test) does not provide a quantitative measure 292 

about how strongly the data supports the null hypothesis. In Experiment 2, for cases in which 293 

permutation t-tests did not display significant differences in echo amplitude between presentation 294 

number, we therefore used Bayesian analysis to further evaluate to what extent the echo amplitude 295 

supported the null hypothesis (i.e., a conclusion of no difference in echo amplitude between 296 

presentations) or the alternative hypothesis, (i.e. echo amplitude was different between 297 

presentations). We quantified how close to the null or alternative hypothesis each result was by 298 

Bayes Factor (BF) analyses of paired sample t-tests using JASP (JASP Team, 2016) with a default 299 

Cauchy prior of .707 half-width at half-maximum (Rouder, Speckman, Sun, Morey, & Iverson, 300 

2009). 301 

Exclusion criteria. In both experiments, we found that the magnitude of the echo response 302 

varied widely across individuals. Participants with no significant perceptual echo were excluded 303 

from the data analysis, as follows. First, cross-correlation time series were averaged across all trials, 304 

then the distribution of absolute values across lags were derived from the averaged 305 

cross-correlation for real and shuffled data separately. The non-parametric Kolmogorov–Smirnov 306 

test was then performed to examine the similarity of the two distributions. We excluded those 307 

participants with p >.001 (i.e., those participants for whom echo responses were not significantly 308 



 

14 

 

different between the shuffled and non-shuffled data). Seven out of twenty-one participants were 309 

excluded using this procedure in Experiment 1. Four participants were excluded using this 310 

procedure in Experiment 2, meaning that 14 participants’ data were retained for further analyses. 311 

5. Results 312 

Experiment 1. Figure 4 shows the average alpha (8-12 Hz) power of the cross-correlation 313 

from Experiment 1, i.e., the amplitude of the perceptual echo, across all participants and sequence 314 

presentations. We refer to this amplitude simply as ‘echo response’ from here on. We found a 315 

maximal echo response over occipital sensors, centred over POz, consistent with previous findings 316 

(VanRullen & Macdonald, 2012). To maximize the sensitivity to any potential effect of stimulus 317 

sequence repetition on echo response, the following analyses were therefore conducted with data 318 

from POz only.  319 

 320 

Figure 4 to be placed here 321 

 322 

To test whether repetitions of a luminance sequence modulated echo response, we compared 323 

the echo responses for each sequence presentation in Experiment 1 using polynomial trend 324 

contrasts (Figure 5A). Supporting our hypothesis that successive presentations would increase echo 325 

response, we found a strong linear trend from presentation 1 to presentation 4 (F(1, 13) = 7.32, p 326 

= .018). Post-hoc paired t-tests revealed a larger echo response for presentation 4 compared to 327 

presentation 1 (bootstrapping test with 10,000 resamples, p < .01), see Figure 5a (Howell, 2012). 328 

 329 

Figure 5 to be placed here 330 

 331 
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One might wonder whether the increase described above could be attributed to a general effect 332 

of the repetition of luminance sequences on the spectral power of the occipital EEG. To test this 333 

possibility, we computed the EEG amplitude spectra of the 3.125 epochs for every luminance 334 

sequence presentation and then averaged the amplitude spectra across each sequence presentation. 335 

We then compared the average EEG amplitude spectra for each sequence presentation using 336 

polynomial contrasts, which did not reveal a significant linear relationship between presentation 1 337 

to presentation 4 (F(1, 13) = .65, p = .44). Further post-hoc paired t-tests between the 4 338 

presentations confirmed this result (p > .28 for all presentations). We next compared the linear trend 339 

for the perceptual echo and raw EEG alpha amplitudes. Paired t-tests revealed a significantly 340 

stronger linear trend for echo amplitude compared to raw EEG alpha amplitude t(13) = 2.56, p 341 

= .019 as a result of sequence repetition. To further examine the relationship between the perceptual 342 

echo and EEG alpha amplitudes, we performed correlation analyses and computed correlation 343 

coefficients using the data from each individual participant. We then tested whether the correlation 344 

coefficients were significantly above the chance level (zero) at the group level. We found no 345 

significant correlation between raw EEG alpha and the perceptual echo amplitude across 346 

presentations using both Pearson correlation (average correlation coefficient across subjects = -.22, 347 

t(13) = -1.28, p = .22) and Spearman correlation tests (average correlation coefficient = -.12, t(13) = 348 

-0.93, p = .37), indicating that there is no significant linear relationship between the amplitude of 349 

the perceptual echo and ongoing EEG alpha activity. Taken together, the increase in echo response 350 

with successive sequence presentations observed in Experiment 1 cannot be attributed to a general 351 

effect of EEG alpha response to these stimuli (see Figure 5c). 352 

To examine the topography of the change in echo response from the first to the last 353 

presentation, we performed t-tests on echo amplitude between presentation 1 and presentation 4 354 

across subjects and electrodes and plotted the t-values. The largest difference in echo response was 355 
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observed over occipital electrodes (see Figure 5b). 356 

To examine the time course of the repetition enhancement of the echo response, we next 357 

computed the difference in echo response between presentations 1 and 4 in time-frequency space 358 

using FFTs (Hanning window tapering from -100 to 1000ms post stimulus onset and a frequency 359 

range of 2-80Hz). This confirmed the repetition enhancement of the echo response, by showing that 360 

the echo response for presentation 4 was significantly larger than for presentation 1, with this effect 361 

concentrated within the period of the cross-correlation between 375 - 505 ms after sequence onset 362 

(ps < .05 FDR corrected, Figure 5d). 363 

In the post-test questionnaire, all participants responded ‘no’ to all of the questions, ruling 364 

out explicit learning of a sequence as driving the increase in echo response with repeated 365 

sequence presentations. 366 

Summarising, the results from Experiment 1 demonstrate that the amplitude of the 367 

perceptual echo response increases in a linear fashion with successive repetitions of a specific 368 

dynamic luminance sequence, even though participants were not aware of these repetitions. This 369 

finding shows that the visual system can encode regularities defining repetitions of a specific 370 

luminance sequence. We next set out to determine the robustness and stability of this finding.  371 

Experiment 2. Experiment 2 was designed to investigate the robustness of the increase in 372 

echo response with repeated sequence presentations, across time and intervening sensory input. 373 

We reasoned that, if the echo response reflects regularity learning, the dissimilar luminance 374 

polarities of an inverse sequence should abolish any signature of such learning in the echo 375 

response, since the luminance contingencies of the sequence as a whole would be completely 376 

different while all other temporal and visual characteristics are preserved. We further reasoned 377 

that, if the learning process is robust across time and to intervening sensory input, the echo 378 

response amplitude should recover or further increase when the original sequence re-appeared 379 
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following the inverse luminance sequence.   380 

To assess whether the main effect of sequence repetition on echo response was also present in 381 

Experiment 2, we compared the echo response from presentation 1 to presentation 4 (data was 382 

pooled from experimental and control conditions) using a polynomial contrast analysis to test the 383 

linear dependence between presentations 1 to 4. Although showing an unexpectedly high average 384 

echo response for the 3rd presentation, the results remain supportive of a linear trend from 385 

presentation 1 to presentation 4, F(1, 13) = 6.35, p = .026, see Figure 6a. Similar to Experiment 1 386 

post-hoc paired t-tests revealed a larger echo response for presentation 4 compared to presentation 387 

1 (bootstrapping test with 10,000 resamples, p < .01). 388 

 389 

Figure 6 to be placed here 390 

 391 

We next examined whether presentation of an inverse luminance sequence would abolish the 392 

increase in echo response seen after four successive presentations. When considering which 393 

sequence presentation in the control condition to compare with the inverse sequence, we took into 394 

account that other factors such as (for example) neural adaptation and changes of vigilance may 395 

occur across a series of successive stimulus presentations as used in the current study. We reasoned 396 

that these factors would only depend on the presentation number, but not on stimulus type (e.g., 397 

inverted vs. non-inverted). To match the overall presentation number we therefore compared the 398 

echo response elicited by the 5th presentation (control condition) with the inverse sequence (i.e. the 399 

5th presentation in the experimental condition), because in this comparison the number of stimulus 400 

presentations is equated, and only the stimulus type (or the immediately preceding stimulus history) 401 

differs. We found that the echo response elicited by the inverse sequence was significantly lower 402 

than elicited by a 5th (non-inverse) presentation (two-tailed paired t-test, t(13) = 4.36, p < .002, 403 
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bootstrap, 10,000 resamples)(see Figure 6b). 404 

We also compared the echo response elicited by the inverse sequence and presentation 1 in 405 

experimental trials and found no significant differences between the two presentations (two-tailed 406 

paired t-test, t(13) = .02, p = .71, bootstrap, 10,000 resamples). We found BF = .29 (less than .33), 407 

which strongly supports the null (i.e., no difference) over the alternative hypothesis (Dienes, 2011).  408 

Together these results indicate that an inverse luminance sequence, carefully controlled for a 409 

range of perceptual properties, was processed in a similar manner as a new luminance sequence, in 410 

terms of echo response. This confirms that the visual system is encoding precise sequence 411 

information, rather than only general properties of luminance sequences (e.g. time-frequency 412 

dynamic, auto-correlation) or its visual characteristics (e.g. luminance range and variance), since 413 

these more general features are shared with the inverse luminance sequence. 414 

We next compared the topography of the echo response for the 5th sequence presentations 415 

between experimental and control trials. We performed t-tests on echo response between these 416 

presentations across subjects and electrodes and plotted the resulting t-values, see Figure 7a. 417 

Similar to Experiment 1, the largest difference in the echo response was found over occipital 418 

electrodes, with a maximum over POz. 419 

 420 

Figure 7 to be placed here 421 

 422 

We then examined whether sequence information encoded across presentations 1 to 4 could 423 

persist even after the presentation of an inverse luminance sequence. We reasoned that if such 424 

information does persist, re-presenting the original sequence after the inverse luminance sequence 425 

should restore the echo response to a level comparable to six sequential presentations of a particular 426 

sequence. Using the same logic as above, we compared the echo response elicited by presentation 6 427 
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(control condition) with replay (i.e., the 6th presentation in the experimental condition), as the 428 

number of stimulus presentations is directly comparable, and only the stimulus type (or the 429 

immediately preceding stimulus history) differs. No significant difference was observed (Figure 430 

6c); indeed, echo amplitudes for these two presentations were almost identical (t = .01, p = .99). We 431 

computed BF to evaluate whether the echo response elicited by the replay sequence was supportive 432 

of the null hypothesis (i.e. no difference in echo amplitude between the replay and presentation 6) 433 

or the alternative hypothesis, (i.e. echo amplitude is different between replay and presentation 6). A 434 

BF = .27 provides strong evidence (less than .33) for accepting the null over the alternative 435 

hypothesis, indicating that sequence-specific information about a particular luminance sequence 436 

persists, for over 9 seconds, even in the presence of intervening visual input.  437 

We also examined the topography of the difference in echo response between presentation 6 438 

(control) and replay (experimental) sequences. We performed t-tests on echo response between 439 

these presentations across participants and electrodes and plotted the resulting t-values, see Figure 440 

7b. There were no significant differences at any sensor, indicating that the echo response to the 441 

replay luminance sequence displayed a similar topography and magnitude as presentation 6.  442 

Finally, to further validate the linear trend of echo response for each presentation of a 443 

luminance sequence found in both Experiments, we generated 2000 surrogate shuffled data sets in 444 

which each EEG time series recorded for a specific trial number (matching the trial number in the 445 

main analysis) was cross-correlated with a luminance sequence presented in a different (shuffled) 446 

trial, but with the same presentation number. We reasoned that if the observed linear trend of the 447 

echo response was caused by an EEG induced effect, and was not specific to the input stimulus 448 

sequence, we should observe a similar linear trend in the shuffled data sets to that observed in the 449 

real data (Figure 5 and 6).  450 

We performed permutation tests in which the linear trend for the real data was compared with 451 



 

20 

 

the linear trends of the 2000 shuffled datasets separately for each experiment. For 452 

each surrogate cross-correlation dataset, we performed a linear trend test, producing an F-value for 453 

each of the 2000 shuffled datasets for each experiment. We then computed p-values by examining 454 

the rank of F-values from the linear trend reported in the manuscript for both experiments to the 455 

F-value distribution for the 2000 shuffled datasets. The results of this permutation test, showed p 456 

= .012 for Experiment 1 and p = .014 for Experiment 2, with both distributions of t-values being 457 

centred around 0, strongly supporting our conclusion that the linear trend in perceptual echo for 458 

successive presentations of the same luminance sequence is stimulus-dependent, and cannot be 459 

attributed due to broader EEG induced effects. 460 

 461 

6. Discussion  462 

In two experiments, we investigated the functional relevance of the previously observed 463 

alpha-band ‘perceptual echo’, testing the hypothesis that it reflects a regularity learning mechanism 464 

that can encode dynamic visual sequences within the visual cortex. Supporting this hypothesis, 465 

experiment 1 showed that the amplitude of the perceptual echo (the echo response) is enhanced by 466 

repetitions of an identical rapid non-periodic luminance sequence. Control analyses using shuffled 467 

data excluded the possibility that increases in echo response could be attributed to general changes 468 

in induced alpha-band EEG responses resulting from sequence repetitions, suggesting instead that 469 

these increases reflected a neural signature of regularity learning. Experiment 2 established that the 470 

repetition enhancement of perceptual response reflects specific sequence information. Following 471 

4 presentations of a specific sequence we presented an inverse luminance sequence, which 472 

preserved all non-sequential spectral and temporal properties of the original sequence. Strikingly, 473 

the echo response for the inverse sequence returned to a level comparable to presentation of a 474 
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novel sequence (see Figure 6b). When the original stimulus sequence was presented again 475 

(following the inverse sequence), the echo response recovered to a level consistent with the number 476 

of presentations of this sequence, demonstrating that information about an encoded sequence 477 

persisted for over 9 seconds and was robust to intervening visual input.  478 

Previous behavioural studies have demonstrated that humans are able to learn temporal 479 

sequences presented at different rates (1.7-8.3 Hz) consisting of spatiotemporal information (Song, 480 

Jr, & Howard, 2008), combinations of visual features (colour and spatial) (Gheysen et al., 2011) 481 

and object orientations (Luft et al., 2015). Our results extend these findings by showing that the 482 

visual system is capable of sequence learning even with stimuli presented orders of magnitude 483 

faster (160 Hz) than previously used. This sensitivity to rapidly changing input is in line with 484 

known properties of the human auditory system, where auditory sequence learning has been 485 

described behaviourally for random and meaningless input signals (Gaussian random noise; Agus 486 

et al., (2010)). Notably, as in the present study, behavioural signatures of sequence-specific 487 

learning were found to persist for seconds and be robust to intervening auditory inputs.  488 

Considering the neural substrates of sequence learning, both human and animal studies have 489 

implicated brain regions outside primary sensory areas. For example, in monkeys, information 490 

about spatiotemporal sequences is encoded in inferior temporal cortex and also in V4 (Li & 491 

DiCarlo, 2008; Meyer & Olson, 2011). However, Gavornik and Bear (2014) found that, in mice, it 492 

was possible to detect the encoding of spatiotemporal sequence information early in the visual 493 

stream, within primary visual cortex. These findings are compatible with the surface localisation of 494 

the perceptual echo – and its increase across repeated sequence presentations – to (human) visual 495 

regions.  496 

What mechanisms could be responsible for the increase in echo response observed with 497 

successive presentations of luminance sequences? One possibility is that this increase may be a 498 
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consequence of the increasing similarity, across sequence repetitions, between luminance changes 499 

in the stimulus sequence and changes in the evoked EEG response. This would result in stronger 500 

cross-correlations between the EEG and the luminance sequence, with successive presentations, 501 

and hence an increase in echo amplitude. This could be thought of as ‘sharpening’ of the neuronal 502 

assemblies representing visual sequences, reflecting increasingly precise representations of 503 

repeated sequences. Supporting this interpretation, previous studies on perceptual learning have 504 

shown that repeated exposure to the same visual input sharpens the responsiveness of neuronal 505 

assemblies representing these inputs (Seitz & Dinse, 2007). For example, monkeys trained on an 506 

orientation discrimination task show a post-training decrease in response variability and an 507 

increase in the slope of orientation-tuning curves in V4 for the trained orientations (Yang & 508 

Maunsell, 2004). Similarly, the phenomenon of repetition suppression may be caused by a 509 

sharpening or tuning mechanism, which occurs when repeated exposure to a stimulus leads to a 510 

more precise and more efficient neural representation of that stimulus (Desimone, 1996; Kok, 511 

Jehee, & de Lange, 2012). At a mechanistic level, neuronal sharpening is thought to depend on 512 

Hebbian processes, among which spike-timing dependent plasticity (STDP) is particularly 513 

significant when dealing with temporal relationships (Bi & Poo, 1998) Relevant to the present 514 

study, STDP has been shown to make neurons extremely sensitive to repeating spatio-temporal 515 

patterns (Guyonneau et al., 2005; Masquelier, Guyonneau, & Thorpe, 2008a, 2008b) and displays 516 

the highest speed and efficacy when spike timing is reliable (Markram et al., 1997). Therefore, the 517 

repeated presentation of a luminance sequence may have increased both the sensitivity and 518 

reliability of neural responses facilitating the rapid encoding of sequence information reflected in 519 

the changes in perceptual echo we describe. 520 

Could the results of the present study be accounted for by stimulus related changes to ongoing 521 
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alpha activity or phase modulation of alpha oscillations? It is possible that the amplitude of specific 522 

evoked EEG responses to the luminance sequence could increase across successive repetitions. 523 

This would lead to an increased signal to noise ratio and thus also to stronger cross-correlations 524 

between the EEG time series and luminance sequences. While the opposite phenomenon is 525 

commonly observed (repetition suppression), a wide range of studies investigating perceptual 526 

learning have indeed found that the neural response to a stimulus can be enhanced by repeated 527 

exposure to identical sensory input (Karni & Sagi, 1991; Vogels, 2010). Indeed, the original 528 

investigation of the perceptual echo by VanRullen and Macdonald (2012) found that the frequency 529 

peak and power of the spontaneous alpha rhythm correlated with the frequency peak and amplitude 530 

of the perceptual echo across subjects. This finding suggests that the perceptual echo is intimately 531 

linked to occipital alpha rhythms. Additionally, the perceptual echo can only be observed after 532 

averaging the cross-correlation time series across trials, which suggests that phase modulation 533 

time-locked to each stimulus frame is a key feature of the perceptual echo. Indeed, we show that 534 

there is a strong phase coherence between cross-correlation time series centred within the alpha 535 

frequency range (Figure 2c). Therefore, both the ongoing alpha rhythm and phase modulation of 536 

this rhythm are critical in the production of the perceptual echo.  537 

However, our data does not support the conclusion that these factors can account for the 538 

modulation of the perceptual echo in response to repeated presentations of rapid luminance 539 

sequences. First, the power of the raw EEG alpha did not display the same linear trend as found for 540 

the perceptual echo across stimulus presentation, which would be expected if the neural response to 541 

sequence repetition were driven by modulations in the amplitude of the alpha-band evoked EEG 542 

signal (see Figure 5C). Second, both the current study and previous research by VanRullen and 543 

Macdonald (2012) show that when the cross-correlation is performed on EEG time series and 544 

stimulus sequences from different trials, the ~10Hz power in cross-correlation is abolished (Figure 545 
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2B). Together these findings strongly suggest that the perceptual echo is not driven by EEG 546 

responses to rapid luminance sequences and that it is indeed stimulus-dependent. 547 

In summary, the enhancement of the echo response with successive presentations of a 548 

sequence is most plausibly due to an increase in similarity between luminance changes in the 549 

stimulus sequence and changes in the evoked EEG response. A candidate mechanism for this 550 

process is STDP, through sharpening the population response for each specific sequence, leading to 551 

an enhanced echo response with successive presentations of a sequence. The echo response is 552 

linked to occipital alpha rhythms a phase-modulation within this frequency range, however it is 553 

stimulus dependent and independent of general features of EEG. 554 

A striking – indeed defining - feature of the perceptual echo is its periodicity. One 555 

interpretation of this feature is that the visual system is actively engaging in repeated patterns of 556 

activity in response to ongoing sensory stimulation. In this view, the periodicity of the perceptual 557 

echo may reflect a process that updates and replays temporal representations at a rate defined by 558 

occipital alpha. This interpretation is in line with ‘predictive processing’ accounts of perception and 559 

brain function, in which the brain continuously generates and updates predictions about incoming 560 

sensory signals (Clark, 2012; Friston, 2005; Hohwy, 2013; Seth, 2014). Extended formulations of 561 

this account suggest that hierarchical predictive generative models update prior knowledge by 562 

extracting and encoding hidden spatial and temporal regularities in the environment (Tenenbaum, 563 

et al., 2011). In our study, increases in echo response with successive repetitions of a sequence 564 

demonstrate that participants were (implicitly) learning information about each sequence, which 565 

may reflect perceptual predictions (Bayesian priors) being updated with each sequence. In this 566 

view the perceptual echo may reflect an iterative process that updates priors about the luminance 567 

dynamics of a sequence, communicating perceptual predictions at rate defined by the alpha 568 

frequency. Further research will be needed to examine connections between perceptual echo and 569 
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predictive processing, for example by manipulating expectations about temporal regularities, 570 

within or across sequence presentations. 571 

7. Conclusion  572 

The perceptual echo is a long-lasting periodic reverberation in the EEG response to dynamic 573 

visual stimulation, reflected by an alpha-band peak in the cross-correlation function between a 574 

rapidly changing random dynamic luminance sequence and the raw occipital EEG response. We 575 

investigated the functional properties of the perceptual echo, finding that it can be enhanced by 576 

repeatedly presenting the same visual sequence, indicating that the human visual system can 577 

rapidly and automatically learn regularities embedded within such fast-changing dynamic stimulus 578 

sequences. By comparing echo responses for inverse and non-inverse luminance sequences, we 579 

further showed that the increase in echo response was sensitive to specific sequence information. 580 

Finally, we show that the encoded sequence information can persist over many seconds even in the 581 

presence of additional intervening sensory input. Together, our results provide evidence that the 582 

perceptual echo reflects the existence of a previously undiscovered regularity learning mechanism, 583 

which operates at a rate defined by the alpha frequency band.  584 

  585 
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9. Legends 659 

9.1. Figure 1: Example of trial structure in Experiment 1. For each trial a specific random 660 
luminance sequence (e.g. sequence A) was presented four times. Each luminance sequence 661 
lasted 3.125s and consisted of a disc with randomly changing luminance at 160 Hz. 662 
Sequences were separated by an inter-sequence-interval (ISI) of 3s. ’Response’ sequences, 663 
which contained an embedded square image (1s duration, random onset time within 664 
sequence), were distributed at random points in-between trials throughout the experiment. 665 
Participants were requested to press a key after each sequence if they noticed a square.  666 

 667 

9.2. Figure 2: Recording and computation of perceptual echo for a representative subject. 668 

A. For each luminance sequence presentation and EEG sensor, we computed the 669 
cross-correlation (-1.5s:1.5s) between the luminance value series and the EEG time series. 670 
This provides an ensemble of cross-correlation time series for each luminance sequence, 671 
indexed by sensor and presentation number. B. As in VanRullen and Macdonald (2012), 672 
averaging the cross-correlations for each luminance sequence revealed a long lasting 673 
oscillation (~1.5 sec) in the alpha range: the ‘perceptual echo’ (blue line). The red line 674 
shows the same analysis with shuffled data (see methods), in which no perceptual echo is 675 
observed. C. Grand average inter-trial phase coherence (ITC) of the cross-correlation time 676 
series, averaged across all participants and sequence presentations (4) from Experiment 1. 677 
The group level analysis reveals that the perceptual echo is due to the strong ITC within the 678 
alpha frequency range (~10 Hz). Phase and power were computed by means of a 679 
continuous wavelet transform of single-trial data for the frequency range from 2 to 80 Hz. 680 
Calculations for the spectral estimate of the normalized power spectrum were run on -1 to 681 
1.5s epoch using 400ms Hanning-windowed sinusoidal wavelet. ITC values were 682 
calculated for 80 EEG frequency bands between 2 to 80 Hz. 683 

 684 
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9.3. Figure 3: Experiment 2 trial structure. In a control trial, 6 presentations of the same 685 
sequence were shown. In an experimental trial, after 4 presentations of a given sequence, 686 
the inverse-polarity luminance sequence was presented, followed by a final replay of the 687 
original (non-inverse) sequence. Each sequence lasted 3.125s, separated by an 688 
inter-sequence-interval of 3s. 689 

 690 

9.4. Figure 4: The topography of the echo response averaged across all sequence 691 

presentations and participants. The topographic plot displays the 8-12 Hz envelope of the 692 
echo response and reveals a maximum at POz with a gradual decrease from posterior to 693 
anterior electrodes (Arbitrary Units (a.u.)). 694 

 695 

9.5. Figure 5: A. Experiment 1. Perceptual echo amplitude (echo response) for each 696 
sequence presentation, averaged across all participants, for electrode POz. The echo 697 
response displayed a linear increase across successive presentations. B. t-value map of 698 
echo response comparing presentation 4 to presentation 1 across all participants. The 699 
maximum difference in echo response was located over occipital electrodes. (× indicates 700 
areas of significant difference between presentations, multiple t-test between all 701 
electrodes, Bonferroni corrected) C. Average of all participants’ power from 8-12 Hz (μV2) 702 
for each sequence presentation for all trials for electrode POz. Average alpha power of the 703 
EEG time series was not affected by the repetition of a luminance sequence. Average power 704 
is measured in microvolts squared. D. Time-frequency analysis of the effect of sequence 705 
repetition on perceptual echo power. The plot shows the difference in time-frequency 706 
analysis of the perceptual echo (cross-correlation function) between presentation 4 and 707 
presentation 1, averaged across luminance sequences and subjects, for POz. The echo 708 
differs significantly between presentations 4 and 1 within the alpha frequency range from 709 
~375 to 505ms (8-12Hz). The outlined area highlighted with a red arrow indicates 710 
significant differences using multiple t-tests, p<.05, False Discovery Rate (FDR) corrected. 711 
Average echo amplitude is measured in Arbitrary Units (a.u.); To effectively represent the 712 
variance within subjects, error bars show standard error of the difference between the first 713 
presentation and all subsequent presentations. **P<.01 714 

 715 
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9.6. Figure 6: A. Echo response as a function of repetition of luminance sequences. For 716 
the first 4 presentations of a given sequence, we observed a linear increase in echo 717 
response with successive presentations, similar to Experiment 1 (data pooled across 718 

experimental and control trials). B. Critically, a subsequent ‘inverse’ sequence 719 
(experimental trials) showed a reduction in echo response to a level similar to initial 720 
presentation of a luminance sequence, as compared to a fifth presentation of a non-inverse 721 

sequence. C. Re-presenting the original sequence following the inverse sequence (Replay, 722 
experimental trials), showed a recovery of echo response indistinguishable from a 6th 723 
successive presentation. Echo response is measured in Arbitrary Units, a.u. To effectively 724 
represent the variance within subjects, error bars show standard error of the difference 725 
between the first presentation and all subsequent presentations. **P<.01. For clarity the 726 
colours of each bar plot are consistent with Figure 3. 727 

 728 

9.7. Figure 7: A. t-value map of echo response difference between presentation 5 (control 729 
condition) and the inverse luminance sequence (experimental condition) for all subjects, in 730 
Experiment 2. A significant difference was centred over occipital electrode POz (outlined, 731 
FDR corrected). . t-value map of echo response difference between presentation 6 732 
(control condition) and the replay sequence (experimental condition) for all subjects, in 733 
Experiment 2. There were no significant differences in echo response between the two 734 
presentations. No other regional differences, positive or negative, reached statistical 735 
significance. 736 

 737 
 738 
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10. Illustrations 740 

10.1. Figure 1. 741 

 742 
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10.2. Figure 2.  743 
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10.3. Figure 3.746 
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10.4. Figure 4. 748 
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10.5. Figure 5. 753 
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10.6. Figure 6. 756 
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10.7. Figure 7.759 
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