
Received: September 13, 2021. Revised: January 13, 2022. Accepted: January 14, 2022
© The Author(s) 2022. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permission@oup.com.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (https://creativecommons.org/licenses/
by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial
re-use, please contact journals.permissions@oup.com

Cerebral Cortex, 2022, 32, 5455–5466

https://doi.org/10.1093/cercor/bhac026
Advance access publication date 8 February 2022

Original Article

Individual resting-state alpha peak frequency and
within-trial changes in alpha peak frequency both
predict visual dual-pulse segregation performance
Jan Drewes 1,2,*, Evelyn Muschter2,3, Weina Zhu2,4, David Melcher2,5

1Institute of Brain and Psychological Sciences, Sichuan Normal University, 610066 Chengdu, China,
2Department of Psychology and Center for Mind/Brain Sciences, University of Trento, 38068 Rovereto, Italy,
3Centre for Tactile Internet with Human-in-the-Loop (CeTI), Technische Universität Dresden, 01069 Dresden, Germany,
4School of Information Science, Yunnan University, 650091 Kunming, China,
5Psychology Program, Division of Science, New York University Abu Dhabi, Abu Dhabi, United Arab Emirates

*Corresponding author: Institute of Brain and Psychological Sciences, Lion Hill Campus, Sichuan Normal University, 5 Jing’an Road, Chengdu 610066, Sichuan,
China. Email: mail@jandrewes.de

Although sensory input is continuous, information must be combined over time to guide action and cognition, leading to the proposal
of temporal sampling windows. A number of studies have suggested that a 10-Hz sampling window might be involved in the “frame
rate” of visual processing. To investigate this, we tested the ability of participants to localize and enumerate 1 or 2 visual flashes
presented either at near-threshold or full-contrast intensities, while recording magnetoencephalography. The inter-stimulus interval
(ISI) between the 2 flashes was varied across trials. Performance in distinguishing between 1 and 2 flashes was linked to the alpha
frequency, both at the individual level and trial-by-trial. Participants with a higher resting-state alpha peak frequency showed the
greatest improvement in performance as a function of ISI within a 100-ms time window, while those with slower alpha improved more
when ISI exceeded 100 ms. On each trial, correct enumeration (1 vs. 2) performance was paired with faster pre-stimulus instantaneous
alpha frequency. Our results suggest that visual sampling/processing speed, linked to peak alpha frequency, is both an individual trait
and can vary in a state-dependent manner.

Key words: individual alpha frequency; instantaneous alpha frequency; temporal integration; temporal segregation; visual processing
speed.

Introduction
Sensory information arrives continuously to the brain,
raising the question of how cognitive processing, which
takes time, is able to act upon the analog flow of
information. It is clear that sensory information is com-
bined over time to support tasks such as visual motion
processing, multisensory integration, or parsing spoken
language, as well as to simply improve the accuracy
of our perception of stable features of the world. This
suggests that perceptual systems process continuous
sensory input in discrete “temporal integration windows”
(TIWs: Pöppel 1997, 2009; Hasson et al. 2008), which may
be embedded in sampling rhythms (VanRullen and Koch
2003; Dehaene 2016). Specifically, it has been argued
that the alpha rhythm provides a natural time frame for
temporal integration in visual processing (Varela et al.
1981; Gho and Varela 1988).

A typical approach to measure TIWs is to present
2 stimuli in succession, separated by a varying inter-
stimulus interval (ISI). When the duration of the ISI is
relatively short, participants typically perceive only a

single, unified percept. In contrast, when the ISI exceeds
a certain duration, participants are able to correctly
report 2 unique events (VanRullen and Koch 2003; Wutz,
Weisz, et al. 2014; Cecere et al. 2015; Samaha and
Postle 2015; Wutz et al. 2018). In a recent study using
functional magnetic resonance imaging, for example, 2
visual flashes separated by a varying ISI were presented
(Zhou et al. 2018). In voxels localized in early visual
cortex, the temporal window of interaction between
the 2 pulses was relatively short (about 100 ms),
while higher level regions showed interactions even
when the signals were separated by a full second.
Similar results were found with human intracranial
recordings, with the first flash attenuating the evoked
response to the second stimulus when both flashes fell
within a certain temporal window (Zhou et al. 2018).
More generally, this basic “dual-pulse” of presenting
2 stimuli separated by an ISI has been used to mea-
sure temporal windows in visual processing (Gottlieb
et al. 1985; Samaha and Postle 2015; Ronconi et al.
2017), audio–visual processing (Kawabe 2009), auditory
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processing (Robin and Royer 1987), and tactile processing
(Wühle et al. 2010, 2011).

In the case of tactile perception, a neural measure
of TIWs has been estimated in an magnetoencephalog-
raphy (MEG) paradigm by quantifying the influence of
a near-threshold (NT) tactile stimulus on the evoked
response to a second, full intensity stimulus (Wühle et al.
2010, 2011). This is a modified version of the dual-pulse
paradigm in which the first stimulus (near threshold) is
weaker and thus less likely to evoke a strong response on
its own, allowing its impact on the second stimulus to be
measured with less temporal smearing of the 2 evoked
responses. Wühle et al. reasoned that if the ISI between
the 2 stimuli exceeded the temporal integration window,
then the evoked response to the full stimulus would no
longer be affected/attenuated by the NT stimulus. Across
2 studies (Wühle et al. 2010, 2011), they found attenu-
ation of the MEG evoked response to the second (full-
threshold) stimulus in the primary somatosensory (SI)
cortex for ISI values up to 60 ms, while the attenuation in
secondary somatosensory (SII) cortex occurred even for
ISIs of several hundred milliseconds. In other words, the
temporal resolution of area SI was relatively short (within
60 ms), while temporal integration within area SII lasted
over hundreds of milliseconds. This finding was partially
replicated in another MEG study, which also found TIWs
for tactile stimuli in the order of 50–75 ms (Yamashiro
et al. 2011).

The use of paired NT + full stimulation, as used by
Wühle et al. in the somatosensory domain, could be used
to measure the neural correlates of visual TIWs. Impor-
tantly, in terms of links to visual sampling and a potential
role for alpha oscillations, a NT stimulus is less likely to
induce a stimulus-evoked oscillation or traveling wave
(Sato et al. 2012), or to align separate endogenous oscilla-
tory phases temporarily due to a phase reset (for a similar
logic, see Ronconi and Melcher 2017). It is theoretically
useful to distinguish between an endogenous oscillation
and other oscillatory-like activity that does not reflect
a true endogenous oscillation (see, for example Capilla
et al. 2011; Zoefel et al. 2018; Doelling et al. 2019; Lakatos
et al. 2019). The presentation of a stimulus might induce
a short-lived oscillatory pattern due to recurrent process-
ing and/or traveling waves (Pfurtscheller and Lopes da
Silva 1999; Sato et al. 2012). Alternatively, the stimulus
might temporarily align separate endogenous rhythms
for a brief time before they desynchronize into indepen-
dent rhythms. It is well known that the presentation of a
strong visual stimulus influences alpha coherence (for
review: Pfurtscheller and Lopes da Silva (1999)). It has
been shown that a strong phase reset to the first stimulus
can influence processing of the second stimulus (Wutz,
Muschter, et al. 2014), but such a result does not necessar-
ily reflect an endogenous sampling rhythm. Measuring
temporal effects without inducing a new traveling wave
or phase-aligning separate oscillations would provide
stronger evidence for a role of endogenous oscillations.
The disadvantage of such an approach, however, is that

the phase of the ongoing oscillation will vary across trials,
reducing precision in the timing of the behavioral effect.

The main focus of this current study was to investigate
the duration of the visual TIW and the role of sampling
rhythms in visual perception by testing whether alpha
peak frequency predicted performance in this NT + Full
dual-pulse stimulation paradigm. The idea of an endoge-
nous visual sampling rhythm at the alpha oscillatory
frequency, although relatively old (Bishop 1932; Lansing
1957; Harter 1967; VanRullen 2013), remains controver-
sial. One open question is which alpha rhythm is involved
and whether it is linked to individual differences or
to variations within individuals over time. On the one
hand, it has been argued that peak alpha frequency
(PAF) is an individual trait, with some people showing
consistently higher or lower alpha peak frequency across
testing sessions (Salinsky et al. 1991). Indeed, a number
of studies have linked individual differences in PAF to
speed of visual processing (Walsh 1952; Varela et al.
1981; Samaha and Postle 2015). However, recent studies
have investigated variation in this peak frequency by
measuring rapid alterations in the instantaneous PAF
(Haegens et al. 2014). Specifically, performance in single
trials, in rapid visual tasks, has been found to be related
to the instantaneous alpha peak frequency (IAF) on that
trial (Wutz, Weisz, et al. 2014; Cecere et al. 2015; Samaha
and Postle 2015; Wutz et al. 2018) with evidence that IAF
might be to some degree under top–down control (Wutz
et al. 2018).

We measured both individual PAF, determined for each
individual in separate trials, and instantaneous alpha
frequency within each trial. We hypothesized that indi-
viduals with a higher PAF would have shorter TIWs and
that the instantaneous measure of alpha peak would
predict, on single trials, whether participants reported
seeing separate flashes or a single fused percept.

Methods
Study design
We tested 3 main predictions. First, based on the previous
studies with tactile stimulation, we predicted that the
processing of a full-contrast stimulus would be influ-
enced by a preceding NT stimulus when the ISI was
within the TIW of around 100 ms (one alpha cycle).

Second, we predicted that individual participant per-
formance in the perceptual segregation task should be
better for participants with higher temporal resolution.
In a general TIW context, 2 stimuli might be fused into
one perceived event if they fall into the same TIW, but
they might be resolved into 2 perceived events if they
fall into different (possibly consecutive) TIWs (VanRullen
and Koch 2003; Wutz, Weisz, et al. 2014; Cecere et al.
2015; Samaha and Postle 2015; Wutz et al. 2018). Under
the assumption that the individual resting-state PAF is
an indicator of the speed of a particular participant’s
visual system, one may assume that the minimal dura-
tion of a TIW, and thereby of the ability to resolve brief
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temporal events, is linked to the PAF (Cecere et al. 2015;
Samaha and Postle 2015; Wutz et al. 2018). Temporal
segregation should therefore be more often successful
with higher PAF. We thus hypothesized that those partici-
pants with higher individual alpha peak frequency would
improve their performance from baseline (i.e. the perfor-
mance at the shortest ISI) at shorter ISI values compared
to participants with lower alpha peak frequency (who
would have longer TIWs). Participants with high indi-
vidual alpha frequency should therefore improve more
in the first ISI step (the interval from 33 to 67 ms)
than those with low individual alpha frequency, while
participants with low individual alpha frequency should
improve more towards the later ISIs (100–400 ms). This
provided a between-subjects test of the role of PAF.

Third, based on recent work linking performance in
rapid visual tasks with the IAF on that trial (Wutz, Weisz,
et al. 2014b; Cecere et al. 2015; Samaha and Postle 2015;
Wutz et al. 2018), we hypothesized that we would also
find higher IAF on trials in which participants correctly
discriminated between 1 and 2 stimuli. A higher IAF
should be accompanied by a higher chance to correctly
separate 2 consecutive flashes on a trial-by-trial basis
within subjects, in addition to any hypothesized PAF
effect in general. This provided a within-subjects test of
the role of PAF in dual-pulse segregation.

Experimental procedure
The task consisted of detecting, localizing, and enumer-
ating the number of flashes presented on the display. On
each trial, 1 or 2 localized visual flashes were presented
on a medium (50%) gray background (see Fig. 1). Flashes
were 2D Gaussian luminance distributions with an
approximate total diameter of 1 degree visual field,
although the perceived size of the Gaussian blob
may have been smaller depending on participant and
adjusted contrast. Flashes were shown at 2 contrast
levels, full contrast and NT contrast. The duration of
each flash was set to 8.3 ms (one screen refresh, 120 Hz).
In full-contrast flashes, the peak of the blob was white
(maximum luminance of the display system), giving
maximum luminance contrast against the background.
Prior to the main experimental sessions, NT contrast
flashes were adjusted by a Quest procedure (Watson
and Pelli 1983) until participants were just above chance
performance (57% correct) at detecting a single threshold
flash. To reduce the number of chance hits included in
the analysis, flashes (or pairs of flashes) were shown
in 1 of 4 quadrants, symmetrically arranged around the
point of fixation, and randomly chosen for each trial
(see Fig. 1). Participants were then asked to identify
the quadrant where they had seen the flash, rather
than whether they had seen it. Flash eccentricity was
6 degrees from point of fixation. Stimuli were generated
on a UNIX computer using Matlab 8.0 (The MathWorks)
and the PsychophysicsToolbox Version 3 (Brainard 1997;
Pelli 1997).

Each trial was chosen from 1 of 6 experimental condi-
tions in a randomized fashion. Four NT—full dual-flash
conditions with different ISIs (33, 67, 100, and 400 ms)
were intended to probe the temporal integration behavior
of the participants. A single-threshold pulse and 2 full-
contrast pulses with an ISI of 33 ms served as baseline
conditions. After each trial, participants were prompted
to make 2 responses (see Fig. 1). The first response was
to indicate the screen quadrant in which the flashes
were perceived. The second question asked the number
of flashes perceived (1 or 2). Responses were made by
means of an MEG-compatible button box, with matching
color coding between buttons and displayed questions
(see Fig. 1). After completion of the main experiment,
participants were directed to look at a fixation cross at
the center of the screen, without further tasks. During
this time period, 5 min of MEG data was recorded for the
purpose of resting-state analysis.

MEG data acquisition
MEG was recorded during a visual stimulation paradigm.
Participants were seated in an Elekta Neuromag 306 in
vertical position, placed inside a magnetically shielded
chamber. The display system was a DLP projector (Pana-
sonic PT-D7700E) running at a refresh rate of 120 Hz,
aimed at a translucent back-projection screen located in
the dimly lit chamber.

Participants
Twenty participants (9 females, mean age 25.6 years,
SD = 2.39 years, all right-handed) participated in the
experiment. All participants provided written informed
consent; the study was approved by the Ethical Com-
mittee of the University of Trento and was conducted
in accordance with the Declaration of Helsinki. Two
participants were excluded from analysis due to mag-
netic interference, suspected to be due to unreported
dental work, and 1 participant aborted the experiment
prematurely.

Data processing
Behavior/general

Participants identified the quadrant in which they
perceived the visual stimuli; trials on which the wrong
quadrant was identified were treated as misses and
thus excluded from further analysis (13% of trials, see
Section 3).

There were limits to the extent to which behavioral
data could be used to estimate the TIW for each par-
ticipant. The first issue, raised in Section 1, is that the
lack of a strong phase reset by the first stimulus would
mean that the interaction between the 2 stimuli might
depend on the phase of the ongoing oscillation, which
would be randomly distributed across trials. In principle,
this should “flatten” the psychophysical curve of perfor-
mance as a function of ISI. In addition, there is a question
of fitting the minimum to the psychophysical curve. One
may argue that at zero ISI, the number of trials classified
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Fig. 1. Experimental paradigm. A) One or 2 brief flashes of light are shown in 1 of 4 quadrants. Participants pressed colored buttons to indicate their
responses. B) Stimulus design. Flashes were either of threshold intensity or full intensity, in the case of dual pulses with a variable ISI.

as 2 flashes should be zero as well, since there would
truly be only one flash. However, 2 flashes, even at zero
ISI, would be longer than a single flash, which might
lead to judgments indicating the perception of 2 flashes
rather than 1. Thus, it is not immediately clear how the
psychometric fits should be constrained in terms of a
minimum. Additionally, the shortest and longest ISIs may
be close to the tails of the psychometric curves, making
the fitting procedure susceptible to noise.

Therefore, in addition to psychometric fits for individ-
ual participants, we also performed a correlation analysis
between the individual resting-state PAF of our partic-
ipants and their respective performance improvements
between the 4 ISIs of the Threshold-Full condition (see
Section 3).

Event-related fields

Data were recorded at 1 kHz, then downsampled to
250 Hz. The continuous data were then visually inspected
and noisy channels were excluded without interpolation.
For the trial data analysis, environmental noise was
removed and the data were co-registered in order to
remove small head movements across the separate
measurement runs through signal space separation with
spatiotemporal extension (Taulu et al. 2005; Taulu and
Kajola 2005) implemented via the MaxFilter software

version 2.2.15 (Elektra-Neuromag Ltd, Helsinki, Finland).
Data were then analyzed in Matlab using the Fieldtrip
toolbox (Oostenveld et al. 2010) for general MEG data
treatment and the CoSMoMVPA toolbox for multivariate
cluster statistics (Oosterhof et al. 2016). Epochs of 4 s
were centered on the stimulus onset (in case of 2 pulses,
on the second pulse). Trials were visually inspected for
artifacts and contaminated trials were removed. Of the
1,160 trials recorded from each participant, an average of
1,016 trials remained. No further filtering was performed,
unless otherwise mentioned below.

Resting state

For the resting-state analysis, a 10-s long hamming
window was moved over the whole 5-min resting-state
recording in 1-s steps, and the Fourier amplitude spectra
of each window were averaged to form the resting-state
spectrum of each participant, which was averaged over
all channels. The alpha peak of each participant was then
identified as the location of the highest amplitude in the
alpha frequency range, defined generally as 7–13 Hz.

Of the 17 participants, 1 participant had to be
excluded, as resting-state data were unavailable due to
technical failure. The remaining 16 participants all had
unambiguous alpha peaks (see Fig. 2A) in their resting-
state data and were entered into the following analysis.
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Fig. 2. Analysis of individual alpha peak frequency from resting state data. A) Subject number indicated in the top right corner. Blue line and shade
indicate mean and SD of a 10-s sliding window moving over a 5-min recording (see Section 2). The alpha band (7–13 Hz) has been highlighted, and the
determined peak in the alpha band marked with a dashed line. B) Individual alpha peak frequency for 16 participants, plotted in ascending order.

On average, individual PAF was 10.48 Hz (median: 10.6 Hz,
min: 9.1 Hz, max 11.6 Hz, see Fig. 2B). These results are
comparable to the values reported in previous studies
(Klimesch 1999; Aurlien et al. 2004; Haegens et al. 2014;
Cecere et al. 2015; Wutz et al. 2018) and also confirm
that a wider or narrower limitation of the definition of
the alpha band was not required with these participants.

Instantaneous alpha frequency

As detailed in previously published work (Cohen 2014;
Samaha and Postle 2015; Wutz et al. 2018), the instan-
taneous frequency provides information regarding the
internal organization of the signal and is defined as the
time rate of change of the instantaneous phase angle.
Thus, informed by previous studies, experimental data
were first band-pass filtered with a zero-phase, plateau-
shaped FIR filter in the alpha frequency band between
7 and 13 Hz. Then, we computed the instantaneous
phase angle over time with a Hilbert transformation. The
temporal derivate of the instantaneous Hilbert phase
corresponds to the instantaneous frequency in Hertz
(scaled by sampling rate and 2π ). In order to account
for potential sharp artifacts in the resulting phase angle
time series, we applied a 10-fold median filter (10 equally
spaced window sizes between 10 and 400 ms, see Wutz
et al. 2018). Across those resulting median filter windows,
we calculated the median instantaneous frequency esti-
mates. As task performance was comparable at ISIs of 67
and 100 ms, we pooled these data together and focused
our analysis on participants that reached at least 20% of
accuracy (N = 14) in order to obtain adequate statistical
power. For each perceptual outcome and for each partic-
ipant, an equal number of trials (in which participants

had first correctly identified the correct stimulus loca-
tion) were randomly selected to prevent any bias across
conditions.

We then statistically compared the difference in IAF
between consciously perceiving 1 or 2 flashes. Follow-
ing the methodology of Samaha and Postle (2015), we
selected the sensors with the highest group-level pre-
stimulus power (right occipital: MEG2511 and MEG2541)
and calculated the difference between perceptual out-
comes in the pre-stimulus time period from −500 to
0 ms (onset of the first flash stimulus) with a dependent
samples t-test with correction for multiple comparison
by means of a nonparametric cluster-based permutation
procedure (Oosterhof et al. 2016).

Phase locking

The NT stimuli were specifically intended to minimize
the strength of a possible induced phase reset. To quan-
tify any residual induced phase reset, we computed the
inter-trial phase coherence (ITPC) across subjects (Van-
Rullen et al. 2011) for the NT-only condition. The 2 chan-
nels with the highest pre-stimulus alpha power were
pooled (MEG2511 and MEG2541, see above), and random
permutation across time (N = 100k) was used to compute
the P-values of the resulting ITPC values in the range
from 3 to 30 Hz.

Results
Behavioral data
On average, across all conditions, participants detected
the stimuli (i.e. identified the correct quadrant) on
approximately 87% of all trials (range: 67.2–95.8%). Single
NT pulses were located correctly in 48.5% of trials,
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Fig. 3. Percent correct responses in enumerating the number of flashes
(only including trials in which the flash was correctly localized in spatial
location). Blue lines indicate performance in the main experimental
condition, in which 1 NT flash and 1 full contrast stimulus were pre-
sented (NT + Full). The solid line shows the mean and the shaded area
indicates the standard error of the mean across participants. The red
line shows performance in the NT-only condition (mean and SEM across
participants). The magenta symbol, at 33 ms, shows performance for 2
full pulses separated by a 33 ms ISI (mean and SEM across participants).
The faint gray lines represent performance of individual participants in
the NT + Full condition.

while NT + Full pulses were correctly localized on 95%
of all trials. This confirms both that the NT stimuli
were truly near threshold and that the participants
were clearly able to see the full-contrast stimuli.
Detection performance was distributed homogenously
across quadrants (SD of quadrant means 4.0%). A
repeated measures analysis of variance on the quadrant
localization correctness showed a significant effect of the
factor stimulus type (F(5,95) = 430, GGe = 0.286, P < 0.001)
but not the factor quadrant (F(3,57) = 0.99, GGe = 0.561,
P = 0.369) or the interaction thereof (F(15,285) = 2.44,
GGe = 0.198, P = 0.074).

As expected, correct enumeration performance (1 vs.
2 flashes) varied as a function of ISI (Fig. 3). On average,
performance correct (identifying the number of flashes
shown) for the NT + Full condition ranged from 22% at
33 ms ISI to just less than 50% at 400 ms ISI and was
therefore within expectation, given that the probability of
detecting the threshold pulse was by design adjusted to
57%. This difference in percentage correct enumeration
between individual ISIs for the NT + Full conditions was
significant (F(3,57) = 28.71, GGe = 0.54, P < 0.001). Perfor-
mance on the Full + Full condition (33 ms) was around
34% and therefore higher than the NT + Full condition
with the same ISI (paired t-test, t = 5.16, df = 19, P < 0.001).
Correct performance with only a single NT pulse was
just below 90%, showing that participants predominantly
reported seeing only a single flash (rather than two)
when the single NT stimulus was presented and correctly
localized.

The main focus of the analysis was on the improve-
ment in performance in the main experimental condition

(dual pulse NT + Full), as a function of ISI (Fig. 3,
blue line). As expected, participants improved their
performance in the NT + Full condition when the
temporal separation between flashes was increased.
This improvement leveled off between 100 and 400 ms
ISI, on average. However, there were large individual
differences. Some participants improved to levels near
their individual maximum performance already by
67 ms, while other participants appeared to require
longer ISIs to reach maximum performance (individual
participant data shown as individual gray lines in Fig. 3).

MEG data
The analysis of the MEG data was focused on 3 main
aspects of the time series data. First, we analyzed
stimulus-evoked (ERF) signatures in order to relate
the magnitude of the evoked response to behavioral
performance. Second, we determined the individual
PAF for each participant and tested whether this was
correlated with average behavioral performance of
the participant. Finally, we measured the trial-by-trial
instantaneous alpha frequency (IAF) to see whether trials
in which the alpha peak frequency was higher led to
better performance in the 2-flash task.

Event-related fields
We first confirmed that the NT and full strength stimuli
were processed differently, with greater response to the
full strength flash. As expected, posterior/occipital and
parietal sensor clusters responded based on stimulus
strength, with weakest responses to the NT stimulus and
strongest response to 2 full-contrast stimuli, with the ERF
for the combination of a NT and a full-contrast stimulus
falling somewhere in between, often a reduced version of
the Full + Full condition. Locally averaged magnetometer
ERFs (Supplementary Fig. S1) as well as general topo-
graphic time course (Supplementary Fig. S2, left) suggest
the presence of spatially large, lateral dipoles involved
in visual processing. Gradiometers showed strong earlier
activations mostly in posterior (occipital) regions, while
later activity appears to transition to more central loca-
tions (Fig. S2, right). To further identify regions that were
sensitive to the stimulation strength, the time course of
the pooled NT + Full conditions was subtracted from the
Full + Full condition (see Supplementary Fig. S3).

Phase locking
To investigate the amount of phase reset induced by
the NT stimuli, we computed the ITPC across subjects
(see Fig. 4), and random permutation (N = 100 k) across
time was used to compute P-values of the resulting ITPC
values. After FDR correction at the 0.05 level (Genovese
et al. 2002), no statistically significant P-values remained.

Correlation analysis: individual peak alpha
frequency
The behavioral data showed a common pattern: all par-
ticipants exhibited relatively poor performance at an

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac026#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac026#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac026#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac026#supplementary-data
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Fig. 4. Inter-trial phase locking analysis. For the NT condition, the 2
channels with the highest pre-stimulus alpha power were averaged, and
the ITPC was computed across subjects in time–frequency space. No
significant phase locking was discovered.

ISI of 33 ms but also relatively high performance at
400 ms ISI. The distribution of the improvement from
the shortest to the longest timing varied between par-
ticipants; some participants showed a strong increase in
the earliest interval (33–67 ms), while other participants
showed the largest improvement in the intermediate (67–
100 ms) or even the latest interval (100–400 ms). This
pattern is consistent with some participants integrating
the 2 signals over a relatively short (less than 100 ms) or
relatively long (over 100 ms) temporal window, as previ-
ously shown in other paradigms using 2 suprathreshold
stimuli (Samaha and Postle 2015; Ronconi et al. 2017).

As hypothesized, individual participant performance
in this perceptual segregation task should be better
for participants with faster temporal resolution. Under
the assumption that the individual resting-state alpha
peak frequency is an indicator of the individual speed
of a participants’ visual system and thereby of the
ability to resolve brief temporal events (Cecere et al.
2015; Samaha and Postle 2015; Wutz et al. 2018), we
hypothesize that those participants with higher PAF
will improve their performance in earlier ISIs compared
to participants with slower PAF. Participants with high
individual PAF might therefore improve their correct
detection rate (relative to 33 ms baseline) already in the
first step (from 33 to 67 ms), while participants with low
PAF should improve mostly in the later steps (67–100,
100–400 ms).

Psychometric function fitting (see Section 2) and the
resulting individual thresholds (50% of the individual
maximum performance) can be seen in Fig. 5. As
described above (see Section 2), there were several
practical issues with fitting the behavioral data given
that the minimum value was not necessarily zero and
the steepness of the curve was likely to be artificially
“flattened” by differences in the phase of the alpha

oscillation across trials. Ideally, to be considered a
psychophysical curve measuring performance as a
function of ISI, the fit to the data should start at a low
value and asymptote (stop increasing) at 50% or higher,
with a goodness of fit of 0.90 or better. The data of
only 6 out of 16 participants would meet these minimal
criteria. The identified thresholds from the existing fits
are located at ISIs between 10 and 260 ms, corresponding
to frequencies between 3.84 and 100 Hz, with only 2 out
of 16 values located in the alpha band. Due to the lack of
curve fits that “look like” a psychophysical curve and the
wide spread of the estimated thresholds, we believe that
the results from the fitting procedure do not successfully
represent the subjects TIWs. Not surprisingly, there was
no significant correlation between the identified thresh-
olds and the individual PAF (Pearson’s R = 0.076, P = 0.779).
The more robust results from directly correlating the
improvement between ISIs with the PAF (see Section
2) are shown in Fig. 6. We found a significant positive
correlation between the performance improvement and
individual PAF in the first interval (33–67 ms, Pearson’s
R = 0.60, P = 0.014). No correlation was observed in the
intermediate interval (67–100 ms, R = 0.01, P = 0.966),
whereas a significant negative correlation was found
in the late interval (100–400 ms, R = −0.60, P = 0.013).
Note that reported P-values are uncorrected but remain
significant after Bonferroni correction (N = 3, threshold
≤0.05).

Correlation analysis: pre-stimulus instantaneous
alpha frequency
As mentioned in Section 1, alpha frequency is generally
considered to be a long-term stable feature (Salinsky
et al. 1991). However, on a shorter time scale, peak oscil-
latory frequency (in the alpha band) varies within an
individual during visual perception (Cohen 2014;Samaha
and Postle 2015 ; Wutz et al. 2018). It has further been
shown that just before stimulus onset, correctly discrim-
inated (segregated) visual stimuli in a temporal fusion
task on average exhibit slightly higher IAF compared to
incorrectly discriminated (fused) stimuli (Samaha and
Postle 2015; Wutz et al. 2018).

Consistent with this prediction, IAF in our participants
was higher on average for trials in which both flashes
were reported, compared to those trials where only one
flash was reported (Fig. 7). Permutation testing revealed
a significant difference between correctly and incorrectly
reported stimuli over an interval from 344 to 296 ms
before stimulus onset (P = 0.013, cluster corrected).

Discussion
Using a modified version of the 2-flash fusion task, in
which we also included pairs made up of 1 NT stim-
ulus and 1 suprathreshold stimulus, with a varied ISI
(based on Wühle et al. 2010, 2011), we investigated the
link between alpha frequency and the processing of 2
rapidly presented stimuli. Consistent with the aim of
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Fig. 5. Psychometric fits (unconstrained) for 16 participants. Participant IDs are noted in the top-right corners. Blue dots indicate the performance means
of the respective individual (percentage of trials correctly identified as 2 stimuli, see also Fig. 3). Red lines represent the fitted psychometric functions.
Red squares indicate the location of the individual 50% relative performance thresholds.

our experimental design, the initial NT stimulus did not
generate a strong event-related signal, meaning that the
NT + full paradigm can indeed serve as a useful tool for
investigating temporal integration without the risk of
the first stimulus causing a strong phase-reset (Brandt
1997; Wutz, Weisz, et al. 2014) or artificially generating
an “oscillation-like” activity (VanRullen and Macdonald
2012).

It is possible that the detection likelihood of the NT
stimuli was influenced by the phase of the ongoing brain
activity around the time of stimulus onset. However, as

the NT + Full pulses were localized correctly in 95% of the
trials, we may conclude that localization performance
in these conditions depended mostly on the second, full
intensity pulse. Still, the enumeration performance may
have been affected, as the likelihood of the detection of
the first NT pulse may have altered with the phase of
ongoing oscillatory activity. As the phase of ongoing oscil-
lations is generally distributed randomly with respect to
the stimulus onset timing, any such effect would have
occurred in all subjects and conditions equally, effec-
tively being canceled out of the results.
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Fig. 6. Peak alpha frequency versus behavioral performance. Blue markers represent individual participants; red lines are fitted to the data for better
visualization. Results indicate a positive correlation between individual PAF and performance improvement in the early interval (33–67 ms, Pearson’s
R = 0.60, P = 0.014). No correlation was observed in the intermediate interval (67–100 ms, R = 0.01, P = 0.966), whereas a negative correlation was found in
the late interval (100–400 ms, R = −0.60, P = 0.013).

Fig. 7. Pre-stimulus instantaneous alpha frequency. Within-participants
analysis comparing NT + Full trials in which participants correctly
reported 2 flashes (red) versus those trials in which participants reported
only one flash (blue), mean across participants and within-participant
SEM. Time zero indicates the location of the first flash. The black
line indicates the temporal location of a significant difference (cluster-
corrected permutation test; P < 0.05). The legend indicates the perceptual
outcome as reported by the participants, since all trials were in fact 2-
flash presentations (NT + Full).

Temporal integration is usually not sharp-edged or
absolute (Drewes and VanRullen 2011; Drewes et al. 2014,
2015; Wutz et al. 2016). Stimuli falling near the temporal
borders of a TIW may be only partially merged or be
merged according to some stochastic principle. Also, the
TIWs in our study are most likely not phase-reset at
the time of the threshold stimulus, meaning the TIWs
do not always start at or near the first flash but are
in their respective phase resultant from ongoing activity
and thus randomly aligned with the presentation times
during each trial. Therefore, depending on the temporal
width of each individual TIW, which in turn is depen-
dent on both the individual PAF and trial-by-trial IAF,
the chance for 2 stimuli to be merged at a given ISI
will be overall larger if the window width is larger, and
overall smaller if the window is narrower. Only when the

temporal distance between 2 stimuli is entirely out of the
range of 1 single window (as in the 400 ms condition here)
a segregation of the stimuli may be considered reliable.

The results presented here indicate that 2 stimuli pre-
sented at ISIs of 33 ms (and, by trivial assumption, faster
than that) are most likely to be merged into one percept,
whereas ISIs of 400 ms (and slower than that) are likely
segregated into 2 percepts.

For ISIs in between these 2 extremes, the likelihood at
which they will be integrated or segregated will depend
on the size (and in a random fashion, the phase) of the
individual TIWs. For the shortest TIWs, the increase in ISI
from 33 to 67 ms may (and apparently does, as our data
suggests) already suffice to cause a pronounced increase
in segregation likelihood, whereas the longest TIWs may
require times longer than 100 ms to reach the same level.

Further studies with this type of stimulus, using a
more parametric mapping of ISIs, could be used (as in
the Wühle et al.’s studies) to map the effective TIW of
different areas in MEG source space.

Our first hypothesis was that individual differences in
the PAF, measured during a separate resting-state period,
would be related to individual differences in temporal
resolution. We used the degree to which performance
increased rapidly as a function of ISI (showing that the
participant had a high temporal resolution) as a proxy
measure for the speed of visual sampling. Participants
who improved when ISI was increased to 67 ms were
considered to have a TIW of less than 100 ms, while
those who improved only when ISI increased from 100
to 400 ms showed performance consistent with a longer
TIW (>100 ms). Consistent with our hypothesis, partici-
pants with a faster PAF showed the most rapid improve-
ment in performance: They improved as ISI increased up
to around 100 ms, but then no longer benefitted from
the longer ISI. Conversely, those with slower PAF did not
benefit much from the initial increase in ISI but did
improve more when ISI was over 100 ms. This pattern
of results provides further evidence for a link between
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resting-state PAF and visual temporal resolution (Walsh
1952; Varela et al. 1981; VanRullen 2013; Wutz, Weisz,
et al. 2014).

The second main finding was that the instantaneous
measure of peak alpha frequency (IAF), estimated on
each trial for the pre-stimulus period, was higher/faster
when participants correctly reported 2 flashes on that
trial compared to when they only reported 1 flash. This
provides a replication of a previous finding with the
more traditional 2-flash fusion task (Samaha and Postle
2015), but without the possible confound of the first flash
resetting the alpha phase. It was also interesting to show
this effect in the current study given the other finding,
described above, linking performance to individual dif-
ferences. In terms of the question of whether the link
between visual temporal resolution and alpha rhythms
reflects a “trait” or a “state,” our findings suggest that
both may be the case.

Due to uncertainty in both time and frequency, this
identified location of the IAF effect is only approximate.
Still, the effect is found in the interval from 344 to 296 ms
before stimulus onset, which is significantly longer than
one alpha period. In previous studies (e.g. Drewes and
VanRullen 2011; Wutz, Weisz, et al. 2014; Samaha and
Postle 2015), the phase/frequency effects predictive of
trial outcome were also located before time zero (e.g.
stimulus onset), sometimes by comparable temporal dis-
tances. For example, Busch et al. (2009) found alpha
power to be most predictive of trial outcome at around
490 ms before stimulus onset, and alpha phase in a
time window ranging from 300 to 50 ms before stimulus
onset. The latter is particularly relevant to our analysis,
as instantaneous alpha frequency and alpha phase are
closely related, and the critical time interval identified
by our permutation testing overlaps with the interval of
the mentioned study.

One possible reason for the temporal distance between
measured effect and stimulus onset may be an indirect
coupling between measurement and effect: The IAF
difference we were able to identify may not be the
direct cause of the trial-by-trial performance difference;
instead, there may be an intermediate link in the visual
processing chain, dependent on the identified IAF effect,
but in itself not detectable with the current methodology.

The overall pattern of results found here provides
converging evidence for the claim that the “frame rate”
of visual processing is linked to a specific visual tem-
poral integration window that depends on the tempo-
ral sampling rate, at around 10 Hz. This is not to say
that every aspect of visual (or multisensory) processing
operates at this same frame rate (see, for example: Ron-
coni et al. 2017). Some forms of flicker, for example, are
visible at faster rates (Landis 1953; Brindley et al. 1966;
Campos and Bedell 1978; Capilla and Aguilar 1993). One
possible interpretation of the current set of findings is
that rapid individuation of potential objects as distinct
entities in space and time involves this 10 Hz rhythm,
while processing of more complex objects and events

may involve slower rhythms, in the theta range (Drewes
et al. 2015; Wutz et al. 2016; Zhu et al. 2016; Ronconi
et al. 2017). Moreover, there is converging evidence that
selective attention may also alternate, in terms of its
function or spatial locus, in the theta to low-alpha range
(Landau and Fries 2012; Fiebelkorn et al. 2013; VanRullen
2013; Song et al. 2014; Dugué et al. 2015).

In conclusion, our results addressed the question of
whether the individual PAF, linked to a visual sampling
rhythm, is an individual trait (PAF) or state-dependent
and subject to change via top–down control (Samaha and
Postle 2015; Wutz et al. 2018) or other factors. The term
“instantaneous alpha frequency” (IAF) suggests variabil-
ity over time. Here, we found that overall performance
was indeed linked to an individual trait (PAF), but also
that variations in the IAF predicted performance on indi-
vidual trials. In other words, peak alpha may be both a
trait and a state.
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