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Supplemental Notes 

Wide-band ERP data 

 Here we provide wide-band ERP waveforms to illustrate entrained oscillations and 

justify the usage of delta-band filtered data for the analysis in the current manuscript. 

Supplemental Figure 2 shows the ERP waveforms locked to target onset from Experiment 1, 

as they were recorded by the amplifier (0.16 Hz-150 Hz pass-band) for the Fz, Cz and Pz 

leads. Pre-stimulus potentials are clearly visible before target onset in the raw (0.16-150 Hz) 

waveforms and also in the wide-band filtered (0.5-20 Hz) waveforms in Supplemental Figure 

3. Supplemental Figure 4 shows delta-band filtered ERP waveforms for the Fz, Cz and Pz 

leads. 

 Supplemental Figure 5 shows the raw (0.16-150 Hz) ERP waveforms locked to cue 

onset from Experiment 1, as they were recorded by the amplifier. Grey interval marks the 

period where targets were presented with a random jitter between 1200-1500 ms after cue 

onset. It is clearly visible from these waveforms that there are well defined peaks of EEG 

activity preceding and around the expected onset time of the target stimuli, which are not 

phase-locked to the targets, but to the expected onset time of the targets. It is also visible in 

the grand-average ERP waveforms that this pre-target EEG activity increases as a function of 

target stimulus probability. The same phenomenon is visible in the filtered ERP waveforms in 

Supplemental Figure 6 (0.5-20 Hz) and Supplemental Figure 7 (0.5-3 Hz). 

 Original and wide-band filtered responses from Experiment 2 are shown in 

Supplemental Figure 8 and 9. In Experiment 2, we analyzed the phase of EEG delta activity at 

those time points which was not followed by stimulus-evoked and motor response generated 

components. Supplemental Figure 10 shows delta-band filtered ERP waveforms from 

Experiment 2 for the Fz, Cz and Pz leads. 
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 These plots of unfiltered (and filtered) data all demonstrate differences in the 

prestimulus EEG activity between the experimental conditions. 

 

Prestimulus oscillations 

 To provide further support to the presence of oscillatory activity, we calculated the fast 

Fourier spectra (FFT) of the -500:0 ms segments (0 ms corresponds to target delivery) of each 

epoch from all participants (Supplemental Figure 11). A low frequency component near 1 Hz 

is clearly observable in the individual and average spectra. The mean power spectrum 

averaged from all trials of all participants (Supplemental Figure 11B) shows a low frequency 

peak that is markedly similar to the one visible on the spectrum of a pure sine wave of 1 Hz 

frequency (Supplemental Figure 11E). (Although a 1 Hz oscillation is represented by only a 

half waveform in a 500 ms window, FFT is still capable of its detection. To completely 

exclude cue-evoked responses, we did not apply a longer time window.) Since we performed 

spectrum estimations on the original data without digital filtering and we omitted the ERP 

from the analysis windows, the low frequency components seen in the spectra can not be 

attributed to filter artifacts or any other type of artifacts introduced by the ERP. 

 Wide-band prestimulus delta oscillations in single trials of Experiment 1 and 2 are 

displayed in Figure 3 and Supplemental Figure 13. All single trial data from all experimental 

subjects are shown in order to demonstrate the presence of delta oscillations in our data. 

Sorting delta-band filtered single trials by their phase at target onset reveals oscillatory cycles, 

which can be seen in the ERP-images shown in Figure 3 and Supplemental Figure 12 (0.5-3 

Hz passband) and 13 (0.16-20 Hz passband). Although the plots exhibiting wide-band data are 

somewhat ‘noisier’, prestimulus delta band oscillatory activity is clearly observable. 

Although our paradigm does impose a temporal pattern on neural activity, it has been 

shown that so do most naturalistic stimuli. It has recently been proposed by Schroeder and 
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Lakatos (2009) that, at least in a set of tasks, where the temporal structure of attended stimuli 

is rhythmic or predictable, the brain operates in a ‘rhythmic mode’, in which low frequency 

rhythms provide a general oscillatory framework for sensory processing. Quoting from the 

paper cited above, “rhythmic-mode operation entails: (i) sensory cortical entrainment (phase-

locking) to the temporal structure of an attended stream, (ii) alignment of ‘high-excitability’ 

oscillation phases with events in the attended stream and (iii) systematic enhancement of 

responses to attended events and suppression of responses to events that occur out of phase 

with attended events.” 

 

Dealing with filter artifacts 

 To rule out the possibility that filtering artifacts significantly contaminate our results, 

we reanalyzed our data from Experiment 1 choosing a prestimulus reference point of -300 ms 

relative to target stimuli, where it is unlikely that target-evoked responses introduce artificial 

oscillations. To further confirm the lack of technical artifacts, we replaced the prestimulus 

segments with random Gaussian noise and processed this modified signal through the filtering 

and phase calculation algorithms applied in our study. Supplemental Figure 14 shows phase 

histograms calculated from phase values at -300 ms relative to target tones. Since prestimulus 

oscillations were eliminated by the noise replacement procedure, any phase locking in the 

figure should correspond to technical artifacts introduced by the filtering algorithm. However, 

no phase preference could be observed. Next, we analyzed delta phase histograms of real data 

at the -300 ms time point before target delivery. Clear unimodal (one peak) phase preference 

was detected in the high expectancy conditions (p = 0.64 or 0.91) as it is shown in 

Supplemental Figure 15. It should be noted, that phase concentration at -300 ms is smaller 

compared with those at 0 ms (Fig. 2), what we think is attributed to the phase entrainment to 

the expected time point of the target (0 ms), which implies that delta oscillations are less 
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coherent among subjects at earlier time instances. Supplemental Tables 4 and 5 show phase 

statistics for the histograms exhibited in Supplemental Figures 14 and 15, respectively. Phase 

concentration was significantly higher (permutation test) in original vs. replaced data in the 

high expectancy conditions (Supplemental Table 6). This comparison demonstrates that even 

though the effects of filtering artifacts in our phase analysis in Experiment 1 cannot be 

completely ruled out, the differences we observed between conditions in the strength of 

phase-entrainment cannot be accounted for filtering artifacts. 

 We designed Experiment 2 to overcome potential disturbances, including filter 

artifacts, arising from stimulus-evoked and motor-related activity after target onset. However, 

to ensure that filtering of the target-evoked potentials did not cause the difference in phase 

concentration at 1350 ms, we repeated our analysis filtering a shorter epoch (-500 to 2700 

ms), leaving out the target-evoked response completely. As expected, this modification did 

not change the results we report (see Supplemental Figure 16). 

 

Potential impact of differences in the signal-to-noise ratio (SNR) 

 One might argue that stronger responses with better SNR would be detected earlier 

and thus distort ERP latency statistics and affect the estimation of prestimulus phase. 

However, the latency of an evoked neural response, embedded in the activity of several other 

sources, which together form an individual trial as it is recorded by the EEG, does not depend 

on the amplitude of the evoked response in question. Also, prestimulus phase value 

distributions are not significantly affected by the characteristics of the ERP responses (see 

above). 
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Supplemental Tables  

Supplemental Table 1: Age and gender composition for Experiment 1 and 2 

 Number of subjects Gender Mean age (year) 

and standard deviation 

Experiment 1 13 7 females 21 (1.18) 

Experiment 2 11 6 females 24 (3.59) 

 

Supplemental Table 2: Results of Rayleigh’s tests 

EXPERIMENT 1 

Rayleigh’s Z value at target onset (all P<0.001) Electrode 

10% 37% 64% 91% 

Fz 13.45 13.10 15.54 18.05 

Cz 9.89 14.9 21.45 27.02 

Pz 9.74 13.28 21.47 27.43 

EXPERIMENT 2 

Rayleigh’s Z value at Position 1 (all P<0.003) Electrode 

20% 80% 

Fz 43.33 38.36 

Cz 62.81 34.78 

Pz 37.65 13.73 

 

Supplemental Table 3: Concentration parameter (kappa) statistics 

EXPERIMENT 1 

Electrode kappa values at target onset 
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 10% vs. 37% 37% vs. 64% 64% vs. 91% 

Fz 0.77 vs. 0.73 0.73 vs. 0.82 # 0.82 vs. 0.85 

Cz 0.74  vs. 0.82 # 0.82 vs. 1.07 *** 1.07 vs. 1.19 * 

Pz 0.84 vs. 0.87 0.87 vs. 1.18 *** 1.18 vs. 1.31 * 

EXPERIMENT 2 

kappa values at Position 1 Electrode 

20% vs. 80% 

Fz 0.26 vs. 0.45 *** 

Cz 0.27 vs. 0.40 * 

Pz 0.21 vs. 0.29 

 

Symbols next to the kappa values denote significance levels between conditions. *, p<0.05; 

**, p<0.01; ***, p<0.001; #, p<0.1.  

 

Supplemental Table 4. Phase statistics for Supplemental Figure 14 

 10 % 37 % 64 % 91 % 

Fz 
mean: 2.02 
kappa: 0.03 

Rayleigh p: 0.78 

mean: 2.18 
kappa: 0.03 

Rayleigh p: 0.72 

mean: -2.34 
kappa: 0.09 

Rayleigh p: 0.07 

mean: -0.53 
kappa: 0.05 

Rayleigh p: 0.52 

Cz 
mean: 2.23 
kappa: 0.12 

Rayleigh p: 0.008 

mean: 1.92 
kappa: 0.07 

Rayleigh p: 0.20 

mean: 1.71 
kappa: 0.09 

Rayleigh p: 0.06 

mean: 2.08 
kappa: 0.03 

Rayleigh p: 0.70 

Pz 

mean: 2.46 
kappa: 0.24 
Rayleigh p: 
1.46*10-8 

mean: 2.74 
kappa: 0.19 
Rayleigh p: 
7.50*10-6 

mean: 2.36 
kappa: 0.1 

Rayleigh p: 0.053 

mean: 2.30 
kappa: 0.08 

Rayleigh p: 0.10 

 

Phase statistics calculated from delta phase values at -300 ms relative to target stimuli after 

replacement of prestimulus segments with random noise. Mean angle, concentration 
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parameter (kappa) and Rayleigh’s test for uniformity (corresponding to histograms exhibited 

in Supplemental Figure 14). 

 

Supplemental Table 5. Phase statistics for Supplemental Figure 15 

 10 % 37 % 64 % 91 % 

Fz 
mean: 2.38 

kappa: 0.026 
Rayleigh p: 0.41 

mean: 2.02 
kappa: 0.25 
Rayleigh p: 
4.43*10-9 

mean: 2.09 
kappa: 0.24 
Rayleigh p: 
7.12*10-9 

mean: 2.23 
kappa: 0.32 
Rayleigh p: 
5.81*10-15 

Cz 

mean: 2.14 
kappa: 0.20 
Rayleigh p: 
1.94*10-6 

mean: 2.00 
kappa: 0.31 
Rayleigh p: 
2.01*10-14 

mean: 2.13 
kappa: 0.40 
Rayleigh p: 
4.14*10-22 

mean: 2.40 
kappa: 0.48 
Rayleigh p: 
1.51*10-31 

Pz 

mean: 2.27 
kappa: 0.24 
Rayleigh p: 
9.46*10-9 

mean: 2.21 
kappa: 0.33 
Rayleigh p: 
5.47*10-16 

mean: 2.11 
kappa: 0.39 
Rayleigh p: 
4.37*10-22 

mean: 2.44 
kappa: 0.53 
Rayleigh p: 
1.82*10-37 

Phase statistics calculated from delta phase values at -300 ms relative to target tones. Mean 

angle, concentration parameter (kappa) and Rayleigh’s test for uniformity (corresponding to 

histograms exhibited in Figure 15). 

 

Supplemental Table 6. Comparison of phase preference between real vs. noise-replaced 

data 

 10 % 37 % 64 % 91 % 
Fz 0.29574 0.00011021 0.0024933 0.0001 
Cz 0.0705 0.0001 0.0001 0.0001 
Pz 0.4824 0.0072 0.0001 0.0001 

 

P values from comparisons of delta phase concentration at -300 ms in original EEG vs. data 

with replacement of prestimulus segments by random noise (permutation test, 10000 

permutations). 
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Supplemental Table 7. Mean and concentration parameter (kappa) values for phase 

histograms in Supplemental Figure 12. 

 10 % 37 % 64 % 91 % 

C3 
mean: 2.37 
kappa: 0.83 

 

mean: 2.67 
kappa: 0.86 

 

mean: 2.94 
kappa: 1.07 

 

mean: -3.13 
kappa: 1.18 

 

C4 
mean: 2.51 
kappa: 0.84 

 

mean: 2.77 
kappa: 0.86 

 

mean: 3.04 
kappa: 1.11 

 

mean: -3.05 
kappa: 1.25 

 
 
 

 

 

Supplemental Table 8. Correlation (R) values for C3 and C4 channles. 

Correlation between prestimulus delta phase and RT 
 10 % 37 % 64 % 91 % 

C3 0.10 0.20 0.24 0.29 
C4 0.11 0.22 0.27 0.32 
Correlation between prestimulus delta phase and P300 delta-peak latency 

 10 % 37 % 64 % 91 % 
C3 0.34 0.36 0.48 0.46 
C4 0.32 0.41 0.47 0.47 
Correlation between prestimulus delta phase and P300 delta-peak amplitude 

 10 % 37 % 64 % 91 % 
C3 0.30 0.32 0.31 0.29 
C4 0.36 0.35 0.35 0.33 
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Supplemental Table 9. Partial correaltion between prestimulus delta phase and reaction 

time with P300 delta-peak amplitude as controlling variable  

channel condition partial R p R p 
10% 0.08 0.0024 0.07 0.059 
37% 0.16 2.39*10-9 0.16 7.73*10-8 
64% 0.24 4.28*10-18 0.23 1.78*10-15 

Fz 

91% 0.27 1.4210-23 0.27 0 
10% 0.13 5.58*10-6 0.11 0.00068 
37% 0.23 1.52*10-16 0.20 8.61*10-13 
64% 0.27 1.16*10-22 0.24 0 

Cz 

91% 0.32 1.97*10-32 0.31 0 
10% 0.18 3.47*10-11 0.12 4.20*10-5 
37% 0.25 3.58*10-20 0.21 6.04*10-13 
64% 0.33 1.49*10-34 0.30 0 

Pz 

91% 0.39 6.73*10-49 0.33 0 
 
The table shows partial correlation values (third column) and original correlation values 

without partialization (fifth column). p values next to each correlation value indicates the 

significance level of the correlation. 

 

Supplemental Table 10. Partial correaltion between prestimulus delta phase and 

reaction time with P300 delta-peak latency as controlling variable 

channel condition partial R p R p 
10% 0.08 0.0028 0.07 0.059 
37% 0.15 3.72*10-8 0.16 7.73*10-8 
64% 0.20 1.93*10-13 0.23 1.78*10-15 

Fz 

91% 0.26 1.48*10-21 0.27 0 
10% 0.10 0.00043 0.11 0.00068 
37% 0.17 3.42*10-10 0.20 8.61*10-13 
64% 0.19 7.58*10-12 0.24 0 

Cz 

91% 0.27 3.52*10-23 0.31 0 
10% 0.09 0.0020 0.12 4.20*10-5 
37% 0.08 0.0053 0.21 6.04*10-13 
64% 0.15 8.37*10-8 0.30 0 

Pz 

91% 0.17 3.76*10-10 0.33 0 
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The table shows partial correlation values (third column) and original correlation values 

without partialization (fifth column). p values next to each correlation value indicates the 

significance level of the correlation. 
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Supplemental Figures 

 

Supplemental Figure 1 

 

 

 

Supplemental Figure 1. The periodic structure of stimulus stream in Experiment 2. A 

sequence of cues and targets is shown along with their conditional probabilities. Targets (T in 

green) were followed by cues (Cue 1, C1 in light blue; Cue 2, C2 in dark blue) with p=1 

probability with an inter-stimulus interval (ISI) of 1350 ms. Cues were followed by targets 

with an ISI of 1350 ms (p=0.5) and 2700 ms (p=0.5) creating a rhythmic stream of tones. 

Time points selected for delta-phase analysis are marked by red arrows. 
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Supplemental Figure 2 

 

Supplemental Figure 2. Raw ERP waveforms. ERP waveforms as they were recorded by 

the amplifier filtered between 0.16 Hz-150 Hz for the Fz, Cz and Pz leads. Grey interval from 

-1500 to -1200 marks the period where cues were presented with a random jitter relative to 

the target. Due to this jitter, ERPs evoked by the cue stimuli are mostly cancelled out from 

these plots. 
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Supplemental Figure 3 

 

Supplemental Figure 3. Wide-band filtered ERP waveforms. ERP waveforms locked to 

target onset from Experiment 1, digitally filtered with a zero phase-shift finite impulse 

response (FIR) filter between 0.5 Hz-20 Hz for the Fz, Cz and Pz leads. Grey interval from -

1500 to -1200 marks the period where cues were presented with a random jitter relative to the 

target. Due to this jitter, ERPs evoked by the cue stimuli are mostly cancelled out from these 

plots. Waveforms in the middle plot at the Cz electrode are shown in Figure 2M in the 

manuscript. 
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Supplemental Figure 4 

 

Supplemental Figure 4. Delta-band filtered ERP waveforms. ERP waveforms locked to 

target onset from Experiment 1, digitally filtered with a zero phase-shift finite impulse 

response (FIR) filter between 0.5 -3 Hz for the Fz, Cz and Pz leads. Grey interval from -1500 

to -1200 marks the period where cues were presented with a random jitter relative to the 

target. Waveforms in the middle plot at the Cz electrode are shown in Figure 2M in the 

manuscript. 
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Supplemental Figure 5 

 

Supplemental Figure 5. Raw ERP waveforms locked to cue onset. ERP waveforms locked 

to cue onset from Experiment 1, as they were recorded by the amplifier filtered between 0.16 

Hz-150 Hz for the Fz, Cz and Pz leads. Grey interval from 1200 to 1500 marks the period 

where targets were presented with a random jitter relative to the cue. Due to this jitter, sharp 

ERPs components evoked by the target stimuli are mostly cancelled out from these plots. 
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Supplemental Figure 6 

 

Supplemental Figure 6. Wide-band filtered ERP waveforms locked to cue onset. ERP 

waveforms locked to cue onset from Experiment 1 filtered between 0.5-20 Hz for the Fz, Cz 

and Pz leads. Grey interval from 1200 to 1500 marks the period where targets were presented 

with a random jitter relative to the cue. Due to this jitter, sharp ERPs components evoked by 

the target stimuli are mostly cancelled out from these plots. 
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Supplemental Figure 7 

 

Supplemental Figure 7. Delta-band filtered ERP waveforms locked to cue onset. ERP 

waveforms locked to cue onset from Experiment 1 filtered between 0.5-3 Hz for the Fz, Cz 

and Pz leads. Grey interval from 1200 to 1500 marks the period where targets were presented 

with a random jitter relative to the cue. 
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Supplemental Figure 8 

 

Supplemental Figure 8. Raw ERP waveforms. ERP waveforms as they were recorded by 

the amplifier filtered between 0.16 Hz-150 Hz for the Fz, Cz and Pz leads in Experiment 2. 

Dotted vertical line at 1350 ms marks the expected early onset time of 20% and 80% probable 

targets. Vertical lines at 0 ms and 2700 ms mark the onset of cue and target stimuli, 

respectively. 
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Supplemental Figure 9 

 

Supplemental Figure 9. Wide-band filtered ERP waveforms. ERP waveforms filtered 

between 0.5-20 Hz for the Fz, Cz and Pz leads in Experiment 2. Dotted vertical line at 1350 

ms marks the expected early onset time of 20% and 80% probable targets. Vertical lines at 0 

ms and 2700 ms mark the onset of cue and target stimuli, respectively. Waveforms in the 

middle panel at the Cz electrode are shown in Figure 2N in the manuscript. 
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Supplemental Figure 10 

 

Supplemental Figure 10. Delta-band filterer ERP waveforms. ERP waveforms filtered 

between 0.5-3 Hz for the Fz, Cz and Pz leads in Experiment 2. Dotted vertical line at 1350 ms 

marks the expected early onset time of 20% and 80% probable targets. Vertical lines at 0 ms 

and 2700 ms mark the onset of cue and target stimuli, respectively. Waveforms in the middle 

panel at the Cz electrode are shown in Figure 2N in the manuscript. 
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Supplemental Figure 11 

 

Supplemental Figure 11. Fourier spectra of prestimulus segments. FFT of -500:0 ms 

segments from individual trials. A: FFT spectra of all individual trials from all participants 

color coded in a way that warm colors correspond to higher power density (Cz site, conditions 

with increasing target probabilities from left to right). Note the presence of low frequency 

oscillations in most of the trials and alpha-band oscillations around 10 Hz in a subset of the 

trials. B: Average power spectrum of all individual trials shown in A. The color coding of the 

conditions in Figure 6 applies. The inset shows the enlargement of the low frequency part, 

indicating the increase of power density with increasing target probability. C: Logarithm of 

the average power spectrum in B. Inset: enlargement of the initial (low frequency) part. D: 

Average power spectrum from a representative participant. Inset: enlargement of the initial 
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segments of the functions. E: Power spectrum of a pure sine wave of 1 Hz frequency for 

comparison purposes. 
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Supplemental Figure 12 

 

Supplemental Figure 12. Comparison of phase entrainment of prestimulus delta waves 

recorded from the left central (C3) and right central (C4) leads in Experiment 1. From 

left: histograms of prestimulus delta phase on C3 (blue) and C4 (red) channels in the four 

different conditions with increasing predictability of the target event. x axis, delta phase; y 

axis, probability; two cycles are shown in each histogram. There were no significant 

differences between the two leads (10% condition, p = 0.40; 37% condition, p = 0.51; 64% 

condition, p = 0.31; 91% condition, p = 0.16). 
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Supplemental Figure 13 

 

Supplemental Figure 13. Phase-entrainment of delta-band EEG oscillations. Wide-band 

ERP images of single-trial responses low-pass filtered at 20 Hz from both experiments 

(original amplifier filter settings: 0.16-150 Hz). The arrangement of the figure is similar to 

that of Supplemental Figure 9, panel A-D showing data from Experiment 1, panel E-F from 

Experiment 2. 
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Supplemental Figure 14 

 

Supplemental Figure 14. Phase histograms for data with noise replacement. Phase 

histograms calculated from delta phase values at -300 ms relative to target stimuli after 

replacement of prestimulus segments with random noise (data from Fz, Cz and Pz leads). X 

axis, delta phase in radians (two cycles are shown). No phase preference can be observed. 
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Supplemental Figure 15 

 

Supplemental Figure 15. Phase histograms from real data. Phase histograms calculated 

from delta phase values at -300 ms relative to target tones (data from Fz, Cz and Pz leads) 

from our original data. X axis, delta phase in radians (two cycles are shown). Phase 

preference is clearly visible, especially in the high expectancy conditions. 
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Supplemental Figure 16 

 

Supplemental Figure 16. Phase analysis of data from Experiment 2 using a short epoch. 

Main results of Experiment 2 after limiting the window of phase calculation to -500 to 2700 

ms. A: Rose histogram showing the distribution of phase values at time points when target 

was expected at a 0.2 probability. Kappa (phase concentration): 0.28 (significant phase 

locking by Rayleigh’s test, p = 2.57 * 10-34). B: Rose histogram showing the distribution of 

phase values at time points when target was expected at a 0.8 probability. Kappa (phase 

concentration): 0.48 (significant phase locking by Rayleigh’s test, p = 1.81 * 10-24), 

significantly different from the kappa value of the phase distribution in panel A (p < 0.0001, 

permutation test). C, D: The same distributions as in A and B shown as conventional 

histograms (black). Individual histograms are shown in grey. We note that phase 
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concentration value in the 80 % condition is slightly higher compared to Fig. 2 in the original 

manuscript, which can be attributed to the random sampling from all trials to form balanced 

pooled samples for phase statistics. 

 

 


