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Abstract
■ Human action control relies on event files, that is, short-term

INTRODUCTION
Binding processes in the human brain are essential for perception, memory, and action. Cognitive representations of
stimuli and events are stored in distributed neocortical
networks. Therefore, binding processes are necessary to
integrate these features into conjugate neural representations. The binding of stimulus features has been suggested
to result in a hypothetical memory structure, the so-called
“object file” (Kahneman, Treisman, & Gibbs, 1992),
whereas the compound binding of stimulus and response
features has been suggested to result in an “event file”
(Hommel, 1998, 2004). Both (neural) long-term and
short-term bindings exist in the brain. Long-term bindings
that integrate features and distributed information in the
brain related to semantic, episodic, and procedural longterm memories have been extensively studied in the neurosciences (Opitz, 2010; Fries, Fernandez, & Jensen,
2003). Thereby, different hub regions have been identified
that orchestrate long-term bindings of semantic (the anterior temporal lobe; Patterson, Nestor, & Rogers, 2007), episodic (the hippocampus; Rolls, 1996), and procedural
memories (the basal ganglia; Packard & Knowlton,
2002). To date, less is known about the neural signature
of short-term bindings, that is, transient bindings in the
time range of a few hundreds of milliseconds or seconds.
These are typically assumed to reflect representations
of associations in current (e.g., Fournier, Behmer, &
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but not for a longer RSI of 2000 msec, indicating disintegration of
event files over time. EEG results revealed a positive correlation
between individual DRB in the RSI-2000 condition and postmovement beta synchronization after both prime and probe responses. Beamformer analysis localized this correlation effect to
the middle occipital gyrus, which also showed highest coherency
with precentral and inferior parietal brain regions. Together,
these findings suggest that postmovement beta synchronization
is a marker of event file disintegration, with the left middle occipital gyrus being a hub region for stimulus–response bindings in
the visual DRB task. ■

Stubblefield, 2014; Stoet & Hommel, 1999) or recently executed action plans (e.g., Frings & Rothermund, 2011;
Hommel, 1998), and are understood to play an important
role in human action control (Frings et al., 2020; Henson,
Eckstein, Waszak, Frings, & Horner, 2014).
Stimulus–Response Bindings
Evidence for short-term bindings (i.e., binding effects) can
be observed in various paradigms that implement a trial
structure including a sequence of two responses (see
Frings et al., 2020). Two paradigms, explicitly designed
to study short-lived stimulus–response bindings are the
S1R1-S2R2 task, which addresses target–response binding,
and the distractor–response binding (DRB) task. In the
S1R1-S2R2 task (Hommel, 1998), an arbitrary response
(e.g., a left-hand or right-hand key press; R1) is executed
together with a prime stimulus (S1), without depending
on any particular feature of S1. Shortly after the prime response, a probe stimulus (S2) is displayed and participants
are instructed to respond to a specific feature of S2 (e.g.,
its color) by pressing the left or right key (R2). From prime
to probe, stimulus feature and response identity are either
repeated or alternated, with orthogonal manipulation of
the two factors. The typical finding is faster and more
accurate response repetitions (RRs) if the stimulus feature
is repeated than if the stimulus feature is alternated, and
faster and more accurate response changes (RCs) if the
stimulus feature is alternated than if the stimulus feature
is repeated, which can be described as partial repetition
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stimulus–response bindings that result from the integration of
perception and action. The present EEG study examined oscillatory brain activities related to the integration and disintegration
of event files in the distractor–response binding (DRB) task,
which relies on a sequential prime–probe structure with orthogonal variation of distractor and response relations between prime
and probe. Behavioral results indicated a DRB effect in RTs,
which was moderated by the duration of the response-stimulus
interval (RSI) between prime response and probe stimulus onset. Indeed, a DRB effect was observed for a short RSI of 500 msec
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hundreds of milliseconds or seconds. The findings by
Hommel and Frings (2020) further suggest that the disintegration of event files is best described by a decay function
and that interference from intervening events in the RSI
does not affect the disintegration.
Neural Correlates
Various studies examined the neural activities related to
the retrieval of event files in stimulus–response binding
tasks. For instance, with regard to target–response binding,
an fMRI study by Kühn, Keizer, Colzato, Rombouts, and
Hommel (2011), which used the S1R1-S2R2 task with
houses and faces as stimuli, provided evidence for a dissociation of partial repetition effects in the parahippocampal
place area and the fusiform face area, which can be
explained by event file retrieval and downregulation of
potentially conflicting stimulus information. In other
fMRI studies, partial repetition effects have been observed
in the parieto-occipital cortex in a visual search task
(Pollmann, Weidner, Müller, Maertens, & von Cramon,
2006) and the fusiform cortex in a negative priming task
(Dobbins, Schnyer, Verfaellie, & Schacter, 2004). In ERP
studies that used the S1R1-S2R2 task, a partial repetition
effect was found in the P300 component that was localized
to the left parietal cortex (Friedrich et al., 2020; Kleimaker
et al., 2020; Takacs, Zink, et al., 2020). Two other studies
applied multivariate pattern analysis to temporal (Takacs,
Mückschel, Roessner, & Beste, 2020) and time–frequency
decomposed EEG data (Kikumoto & Mayr, 2020). Both
studies provided evidence for event file retrieval and conjunctive representations of (rule-based) stimulus and response information. Takacs, Zink, et al. (2020) analyzed
small-world network activity in EEG data and found evidence for partial repetition effects in theta (4–8 Hz) and
alpha (8–12 Hz) oscillations.
With regard to DRBs, Opitz, Beste, and Stock (2020) examined ERPs in a DRB task in which both targets and distractors were mapped to responses. The results showed a
partial repetition effect with regard to distractor prime–
probe relation in the N450 component. Sources of the
effect were localized to the right dorsolateral pFC and left
inferior parietal cortex. Thus, together with the target–
response binding studies above, the DRB study by Opitz
et al. (2020) provides good evidence for partial repetition
effects in brain activity that can be linked to the processing
of event files and short-term stimulus–response bindings.
Notably, however, all of this research examined brain activity that was time-locked to and started with probe encoding. Because multiple component processes contribute to
the processing of event files during the encoding of the
probe, including retrieval, conflict, unbinding, integration,
and reconfiguration, it may be difficult to determine the
exact functions of brain activities related to probe encoding. In contrast, in the RSI of the DRB task, a relatively
“pure” measure in brain activity that is related to the integration and disintegration or decay of event files may be
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costs. The S1R1-S2R2 task is typically used to analyze
bindings between target–features and responses. By
contrast, the DRB task is typically used to analyze bindings
between responses and additional response irrelevant
stimuli (Frings, Rothermund, & Wentura, 2007). Here, the
task is identical in the prime and the probe display:
Targets (e.g., letters) are presented together with, oftentimes flanking, distractors (e.g., other letters). The participants’ task is to respond to the target identities (e.g., via
a left-hand or right-hand key press) and ignore the
distractors. The typical finding is that RRs are faster and
more accurate if distractor stimuli are repeated than if they
change from prime to probe, whereas RCs are faster and
more accurate if distractors change than if they are repeated.
Statistically, the DRB effect is indicated by an interaction of
response relation and stimulus relation. These partial
repetition costs are referred to as behavioral DRB effects
in RTs and accuracy in the following.
The widely accepted assumption is that responding to
the target in the prime leads to integration of stimulus
and response features in an event file (Hommel, 1998,
2004)—an internal representation of the stimulus–
response compound. Event files have been described as
a loose network of mostly binary bindings. Upon repetition of any feature that was integrated in the event file,
other integrated features are retrieved, influencing
responding (see Hommel, Müsseler, Aschersleben, &
Prinz, 2001). Hence, in the DRB task, it is assumed that distractors are integrated with responses during the prime.
Repetition of the same distractor during the probe then
triggers retrieval of the (past) prime response. Such retrieval facilitates probe responding, if the same response
is required as is retrieved. It leads to probe response
impairment if retrieved and required responses differ.
Notably, all paradigms, used to analyze binding effects,
including the DRB task, separate two processes that are
necessary for binding effects to emerge: feature integration in the prime (or n − 1) and retrieval because of feature repetition in the probe (or n; Frings et al., 2020).
Stimulus–response bindings as studied in the S1R1S2R2 and the DRB task are short-lived. Frings (2011), for
instance, varied the response-stimulus interval (RSI) between the prime response and probe onset in the DRB
task between 500 or 2000 msec and demonstrated a
DRB effect in RT if the RSI was 500 msec but not if the
RSI was 2000 msec. Moeller, Pfister, Kunde, and Frings
(2016) also showed that the DRB effect in RT was larger
if the RSI was 500 msec than when it was 2000 msec,
although the effect was significant in both conditions.
Notably, in both of these studies, no significant influence
of the RSI on the DRB effect in response accuracy was observed. Corroborating these findings, Hommel and Frings
(2020) recently showed that partial repetition costs because of both target–response binding and DRBs decrease
with increasing length of the RSI. Together, these findings
indicate that stimulus–response bindings in the S1R1-S2R2
and the DRB task are short-lived in the time range of a few

empirically observable (see Hommel & Frings, 2020;
Moeller et al., 2016; Frings, 2011).
This Study

METHODS
Participants
Forty-five students (37 women, three left-handed, mean
age = 25.0 years, SD = 4.2 years) from Trier University,
Germany, participated in the study. G*Power (v3.1.9.4)
sensitivity analysis for correlations indicated a required
medium effect size of |ρ| = .35 (one-tailed) when alpha
was set to .05 and power to .80 (Faul, Erdfelder, Buchner,
& Lang, 2009). All participants reported normal or
corrected-to-normal vision, gave written informed consent before examination, and received course credit or
were paid 20 Euros for participation. No participant reported any history of neurological disease. The study
Pastötter, Moeller, and Frings
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The present study examined the EEG oscillatory correlates
of short-term bindings in the DRB task with focus on the
RSI, that is, the time interval between the prime response
and the onset of the probe stimuli. Synchronizations of
brain oscillations in different frequency bands have been
suggested to constitute temporal short-term and longterm bindings that integrate distributed information in
the brain with respect to perception, attention, and memory (Fell & Axmacher, 2011; Engel & Singer, 2001).
Regarding motor activity and action control, in particular,
alpha (8–14 Hz) and beta (15–25 Hz) oscillations have
been shown to play an important role (Cheyne, 2013;
Pastötter, Berchtold, & Bäuml, 2012). Alpha/beta power
typically decreases (event-related desynchronization
[ERD]; Pfurtscheller & Aranibar, 1977) during movement
preparation and duration and strongly increases (eventrelated synchronization [ERS]; Pfurtscheller, 1992) shortly
after movement execution. Whereas the ERD is predominant in alpha power, the postmovement ERS is predominant in beta power (Pfurtscheller & Lopes da Silva, 1999).
Beta ERS (also called beta rebound) and alpha ERD have
been source localized to the primary motor and sensorimotor cortices, located in the precentral and postcentral gyrus, respectively ( Jurkiewicz, Gaetz, Bostan, &
Cheyne, 2006). With respect to hand movements, beta
ERS lasts for about 1–1.5 sec following movement execution and is more prominent contralateral to the side of the
hand movement (McAllister et al., 2013; Jurkiewicz et al.,
2006; Cassim et al., 2001). The exact functional role of
postmovement beta ERS is not well understood. One
interpretation is that beta ERS corresponds to cortical
removal of excitation or idling (Pfurtscheller, Stancak, &
Neuper, 1996). Alternatively, beta ERS has been suggested
to reflect an active inhibition of the motor cortex by
somatosensory feedback (Cassim et al., 2001). Engel
and Fries (2010) proposed that beta synchronization
signals the tendency of the motor system to maintain
the status quo. In this sense, beta ERS might be related
to temporal representations of individual actions, of the
sort discussed in the action control literature. More
specifically, therefore, this EEG study tested the new idea
that postmovement beta ERS is related to short-term
stimulus–response bindings.
This study took an individual differences approach, relating individual differences in behavior (i.e, individual
DRB effects in RT and accuracy) to individual differences
in neural oscillations (i.e., individual postmovement beta
ERS effects). Neural variability both within and between individuals is considered a key dimension for understanding
brain–behavior correlations ( Waschke, Kloosterman,
Obleser, & Garrett, 2021). Theoretically, individual (DRB
and beta ERS) effects in within-subject designs are

composed of mean group effects, meaningful individual
deviations from the mean group effect, and measurement
error (see Seghier & Price, 2018). Previous DRB research
demonstrated significant correlations between individual
DRB effects and other individual binding effects (e.g.,
response-effect binding; Moeller et al., 2016), which
suggests that individual differences in the processing of
stimulus–response bindings are (partially) meaningful
and thus may be reliably related to other measures (e.g.,
postmovement beta ERS). In this study, behavioral
DRB effects were related to individual ERS/ERD values following the prime response in the frequency range from 2 to
30 Hz. In different blocks, the RSI between the prime response and the onset of the probe display was either 500
or 2000 msec.
The following expectations were examined. First, on the
group level, we expected to replicate the findings by Frings
(2011) and Moeller et al. (2016) showing a larger DRB
effect in RT in the RSI-500 condition than in the RSI2000 condition. Also based on this earlier work, no difference in the DRB effect in accuracy between the two RSI
conditions was expected. Second, on the individual level,
according to the idea that postmovement beta ERS is
linked to short-term stimulus–response bindings, positive
correlations between the behavioral DRB scores and
postmovement beta ERS in the RSI-500 interval and/or
RSI-2000 interval were expected. Specifically, the finding
of a positive correlation in the RSI-500 interval would provide evidence that postmovement beta ERS is related to
individual differences in the just integrated stimulus–
response bindings, whereas the finding of a positive correlation in the RSI-2000 interval would be more consistent
with the view that postmovement beta ERS relates to individual differences in the disintegration or decay of
event files over time. Third, beamformer and dynamic
imaging of coherent sources (DICS) analyses were calculated to examine in an exploratory manner (i) the localization of possible hub regions of event file integration
and disintegration or decay over time and (ii) the coherency of brain regions within sensorimotor networks of
beta oscillations.

was conducted in accordance with the Declaration of
Helsinki and was approved by the local ethical review
committee at the University of Trier.

the DRB experiment, the RSI was set to either 500 msec
(RSI-500 condition) or 2000 msec (RSI-2000 condition).
Procedure

Stimuli

Experimental Design
In the prime–probe sequences, response relation
between prime and probe (RR vs. RC) was varied orthogonally to distractor relation (DR vs. RC), resulting in four
equally likely prime–probe combinations: RRDR, RRDC,
RCDR, and RCDC. In addition to response relation and distractor relation, the prime–probe interval (RSI), that is, the
interval between the prime response and the onset of the
probe stimuli, was manipulated. In different blocks of

The experiment was conducted in a soundproof and electrically shielded EEG recording chamber. After preparation of electrodes, an eye tracker (Eyegaze System, LC
Technologies), which was attached below the monitor,
was calibrated for each individual participant. The calibration failed for eight participants; for those individuals, the
eye-tracking control function (see below) was switched
off. Before the DRB task, participants were instructed to
place their left index finger on the key “C” and their right
index finger on the key “M” of a standard German
QWERTZ keyboard. Both keys were marked with red labels. Participants were asked to maintain fixation on the
center of the screen during the DRB task. They should
classify the target letters in both prime and probe displays.
For the target letters “D” and “F,” participants pressed the
left key; for target letters “J” and “K,” they pressed the right
key. Target letters were shown in red font color in the
middle of the screen. Participants were asked to respond
as accurately and as quickly as possible. In addition, participants were instructed to ignore the distractors in both the
prime and probe displays. Distractor letters were presented in green font color directly left and right of the
targets. Target and distractor letters were approximately
1.2° in size. All stimuli were written in bold Courier New
font. The screen background was black. Participants’
viewing distance was 65 cm.
An experimental session consisted of 576 single trials,
that is, prime–probe sequences, which were presented
in six experimental blocks of 96 trials each. In three of
these blocks, the RSI was set to 500 msec; in the other
three blocks, the RSI was set to 2000 msec. The RSI-500 and
RSI-2000 blocks alternated in order. Half of the participants
started with an RSI-500 block, half with an RSI-2000 block.

Figure 1. Experimental task and behavioral RT results. (A) Participants performed a sequential prime–probe DRB task, in which (red) target letters
were presented at central fixation and (green) distractor letters were presented left and right to the targets. Prime–probe response relation
(repetition vs change), distractor relation (repetition vs change), and length of the RSI (RSI-500 vs RSI-2000) were manipulated. (B) RT results
indicated a significant DRB effect in the RSI-500 condition, but not in the RSI-2000 condition. Boxplots with violin and jitter elements of DRB-500 and
DRB-2000 scores.
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Participants performed a DRB task with prime–probe sequences, in which target letters were presented at central
fixation and flanking distractor letters were presented left
and right to the targets (Figure 1A). Target stimuli were the
letters “D,” “F,” “J,” and “K.” The letters “D” and “F” were
mapped to a response with the left index finger, whereas
the letters “J” and “K” were mapped to a response with the
right index finger. Different target letters were used in
prime and probe displays of prime–probe sequences.
Therefore, the combination of target letters was one-toone in prime–probe sequences with RR (“D”→“F,”
“F”→“D,” “J”→“K,” “K”→“J”) and was also controlled to
be one-to-one in sequences with RC (“D”→“K,”
“K”→“D”; “F”→“J,” “J”→“F”). Distractor stimuli were the
letters “G,” “H,” “S,” and “L.” Distractors were always presented left and right to the target and not mapped to any
responses. In prime–probe sequences with distractor repetition (DR), the same distractors were shown in prime
and probe displays, whereas in sequences with distractor
change (DC), different distractors were shown in prime
and probe displays.

Analysis of Behavioral Data
Both mean RT and error rate were analyzed. For each participant, trials with probe RT greater or equal to 900 msec
were excluded from the RT analysis. In addition, only trials
for which both prime and probe responses were correct
were included in the RT analysis. Mean numbers of trials
per participant included in the behavioral analysis of RT
data were 261.0 (SD = 25.5) for the RSI-500 and 252.2
(SD = 25.4) for the RSI-2000 condition.
In the first step, behavioral data were analyzed with
repeated-measures ANOVAs with the within-participants
factors of Prime–Probe Response Relation (RR vs. RC),
Prime–Probe Distractor Relation (DR vs. DC), and RSI
(RSI-500 vs. RSI-2000). DRB is reflected in the interaction
of the factors of response relation and distractor relation,
because of faster and more accurate RRs (compared to

RCs) if distractor stimuli are repeated than if distractor
stimuli change, and faster and more accurate RCs (compared to RRs) if distractors change than if they are repeated.
In the second step, individual DRB-500 and DRB-2000
scores were calculated by subtracting the individual distractor relation effect in RC trials (RCDC − RCDR) from the
individual distractor relation effect in RR trials (RRDC −
RRDR), separately for the two RSI conditions. These (double)
difference scores reflect individual DRB effects, that is, the
degree to which individuals integrate stimulus and response
features. Note that both the DRB interaction effect on the
group level and the DRB score on the individual level
measure the integration of stimulus and response aspects
but do not measure separate stimulus and response processing features. Planned comparisons of DRB-500 and
DRB-2000 scores were calculated with paired-samples
t tests. One-sample t tests were calculated to examine
whether DRB-500 and DRB-2000 effects were different
from 0.
Recording of EEG Data
Electrophysiological data were recorded from 65 Ag/AgCl
electrodes, which were positioned according to the 10–10
electrode system with reference to FCz (EC80, Montage
No. 1, Easycap). The ground was placed at location AFz.
The EOG was recorded from four additional bipolar channels, positioned on the inferior and superior regions of the
left eye and the outer canthi of both eyes, in order to monitor the vertical and horizontal EOG. Electrode-skin impedance was kept below 5 kΩ for all electrodes. Signals
were digitalized with a sampling rate of 500 Hz and amplified between 0.016 and 250 Hz (BrainAmp, BrainVision
Recorder, v1.20, Brain Products).
Preprocessing of EEG Data
EEG recordings were rereferenced off-line against average
reference and EOG corrected by using calibration data and
generating individual EOG artifact coefficients, as implemented in BESA Research (v7.0, BESA Software; see Ille,
Berg, & Scherg, 2002). Remaining artifacts were marked
by careful visual inspection. EEG signals of single channels
showing heavy artifacts throughout a participant’s session
were interpolated using spline interpolation as implemented in BESA Research (mean number of channels
per participant = 1.09; SD = 1.18; max = 4). EEG data were
segmented into epochs ranging from −2 to 3 sec around
the onset of prime responses. To avoid filter artifacts at
the edges of the segments, further analyses were restricted to the interval of interest ranging from −1 to
2 sec around the onset of prime responses. Segments containing artifacts in the interval of interest and segments with
prime or probe response errors were discarded from further analysis. Mean percentage of trials per participant
included in the EEG data analysis were 85.5% (SD =
8.6%; min = 55.2%; max = 96.9%) for the RSI-500 and
Pastötter, Moeller, and Frings
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Between blocks, participants took a short break. Within
each block, all predefined prime–probe target and distractor combinations were realized in a counterbalanced manner. Each single trial began with fixation of an asterisk,
which was shown in the center of the screen for an interval
of 500 msec (Figure 1A). If a participant did not fixate
the asterisk at the end of this interval, the duration of
the interval was prolonged until fixation.1 Eye gaze was
controlled by simultaneous eye tracking. Maximum
permissible gaze deviation was set to 1.75° radius from
the asterisk. After presentation of the asterisk, a fixation
cross was shown with variable duration of 1500–2000 msec
with a uniform probability distribution. Thereafter, the
prime display was presented, showing the target letter
(in red font) in the middle of the screen and the distractor
letters (in green font) directly left and right of the target.
Target and distractor letters remained on the screen until a
response was made by the participant. No feedback was
provided. After the response, the fixation cross was shown
again. This time, the presentation time of the fixation cross
was constant and depended on the RSI condition. In the
RSI-500 condition, the fixation cross was presented for
500 msec, whereas in the RSI-2000 condition, it was presented for 2000 msec. Next, the probe display was shown,
again showing the target letter (in red font) in the middle
of the screen and the distractor letters (in green font)
directly left and right of the target. The probe display
remained on the screen until a response was made by
the participant. Again no feedback was provided. Finally,
a fixation cross of 500 msec duration was shown before
the next single trial, that is, the next prime–probe
sequence, started. To familiarize participants with the procedure, they were given one block of 32 practice trials
(with 500 msec RSI) before the first experimental block
started. Presentation of single trials and recording of
behavioral responses was done with E-Prime software
(v2.0, Psychology Software Tools). After the experiment,
additional EEG and EOG data were collected for EOG
calibration and correction.

84.6% (SD = 9.8%; min = 51.7%; max = 97.2%) for the
RSI-2000 condition.

Analysis of EEG Data
Time–Frequency Transformation

Beamformer Analysis
Cluster Analysis of Scalp EEG
ERS/ERD values in the time range from 0 to 2000 msec and
the frequency range from 2 to 30 Hz, both in the RSI-500
and RSI-2000 conditions, were related to the individual
DRB-500 and DRB-2000 scores using BESA Statistics
(v2.0, BESA Software). That is, each DRB score was once
correlated with the ERS/ERD values in the RSI condition
(RSI-500 or RSI-2000) in which it was measured and once
with the ERS/ERD values in the other RSI condition. For
each of four correlation analyses (relating DRB-500 to
ERS/ERD in the RSI-500 condition, DRB-500 to ERS/ERD
in the RSI-2000 condition, DRB-2000 to ERS/ERD in the
RSI-500 condition, and DRB-2000 to ERS/ERD in the RSI2000 condition), a non-spatial-cluster-based permutation
analysis was calculated first and a spatial analysis was calculated second.
In the non-spatial-cluster analysis, ERS/ERD values were
averaged across the 65 electrodes and related to individual
DRB scores by calculating Pearson’s product–moment
correlation. Two-tailed t tests were calculated for all
ERS/ERD values (41 [50-msec time bins] × 29 [1-Hz frequency bins]). The sum of t values of adjacent time–
1586
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The Multiple Source Beamformer (MSBF), which is implemented in BESA Research (v7.0), was used to localize the
neural sources of scalp-ERS/ERD in a predefined time–
frequency range. The MSBF is a modified version of the
linearly constrained minimum variance vector beamformer (Gross et al., 2001), which is based on the cross spectral density matrix to estimate oscillatory power of sources.
For calculation of source-ERS/ ERD values, the same
250-msec baseline interval as in the scalp EEG analysis
was used. The time–frequency ranges were based on the
results from the scalp-ERS/ERD cluster analysis. For each
beamformer analysis, the frequency range was set to the
scalp-ERS/ ERD cluster’s maximum frequency range.
Because the MSBF needs the same duration of the baseline interval and the target interval for reliable sourceERS/ERD calculation, the time interval for beamformer
analysis was set to be a multiple of 250 msec and the maximum time interval based on the scalp-ERS/ERD cluster’s
maximum time range was used. MSBF calculations for
neighboring target intervals were averaged. MSBF results
were superimposed onto a standard magnetic resonance
(MR) image.
Volume 33, Number 8
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The EEG data were transformed into the time–frequency
domain using a complex demodulation algorithm, which
is implemented in BESA Research (v7.0; see
Hoechstetter et al., 2004). The algorithm consists of a
multiplication of the time-domain signal with a complex
periodic exponential function, having a frequency equal
to the frequency under analysis, and subsequent low-pass
filtering. The low-pass filter is a finite impulse response
filter of Gaussian shape in the time-domain, which is
related to the envelope of the moving window in wavelet
analysis. The data were filtered in a frequency range from 2
to 30 Hz. Time resolution was set to 78.8 msec (full power
width at half maximum, FWHM), and frequency resolution was set to 1.42 Hz (FWHM). Time–frequency data
were exported in bins of 50 msec and 1 Hz. Event-related
power changes, time-locked to the onset of the prime
response, were determined by calculating the temporal–
spectral evolution, that is, power changes for all time–
frequency points with power increases or decreases at
time point t and frequency f related to mean power at
frequency f ove r a precedi ng basel ine inte rval
(Pfurtscheller & Aranibar, 1977). The baseline interval
was set from −1000 to −750 msec before the onset of
prime responses. Percent power increase indicates ERS,
whereas percent power decrease indicates ERD
(Pfurtscheller, 1992).

frequency points that fell below a p value of .01 in the t test
was calculated as a test statistic. Random permutation analysis was calculated based on 5000 randomization runs. In
each randomization run, the (45) individual DRB scores
were randomly assigned to the ERS/ERD data and t tests
were calculated for each Pearson correlation at each
time–frequency point. At the end of each run, t values of
adjacent time–frequency points that fell below a p value
of .01 were summed and the cluster with the highest
sum of t values was kept. By these means, a null distribution of cluster sums was created from the 5000 random
permutation runs, which was used to calculate the critical
p value ( pcrit) for an empirically derived time–frequency
cluster (see Sassenhagen & Draschkow, 2019; Maris &
Oostenveld, 2007).
Empirical clusters with a pcrit value below .05 went into
spatial analysis. For each cluster, ERS/ERD values were
averaged across data points of the cluster’s maximum time
range and maximum frequency range, separately for each
electrode. These data were correlated with individual DRB
scores. Two-tailed t tests were calculated for all electrodes.
Spatial topographies of significant correlations were identified by considering those electrodes that fell below a
p value of .01 in the t test. No additional cluster analysis
was calculated. Thus, both clustered and scattered effects
of conditions were considered in the spatial analysis. Note
that the spatial analysis was calculated solely to describe
the topography of correlation results because the results
of the spatial analysis clearly depended on the results of
the nonspatial analysis calculated in the step before (see
Kriegeskorte, Simmons, Bellgowan, & Baker, 2009).

(RR vs. RC), Distractor Relation (DR vs. DC), and RSI
(RSI-500 vs. RSI-2000) showed significant main effects of
Response Relation, F(1, 44) = 20.76, MSE = 1250.71,
p < .001, η2p = .321; Distractor Relation, F(1, 44) = 4.35,
MSE = 191.36, p = .043, η2p = .090; and RSI, F(1, 44) =
72.95, MSE = 4570.72, p < .001, η2p =. 624. These main
effects were qualified by a significant two-way interaction
between the factors of Response Relation and RSI, F(1, 44) =
26.81, MSE = 406.61, p < .001, η2p = .379, and, more importantly, a significant three-way interaction between the
three factors, F(1, 44) = 8.64, MSE = 145.91, p = .005, η2p =
.164. Planned comparison of DRB-500 and DRB-2000 indicated significantly larger DRB effects in the RSI-500 condition (mean RT = 9.91 msec; SEM = 3.53 msec; median
RT = 7.67 msec) than in the RSI-2000 condition (mean
RT = −5.06 msec; SEM = 3.52 msec; median RT = −.39 msec),
t(44) = 2.94, p = .005, d = .438 (Figure 1B). Indeed, a
reliable DRB effect was observed in the RSI-500 condition,
t(44) = 2.80, p = .007, d = .418, but not in the RSI-2000
condition, t(44) = −1.44, p = .16.

DICS
DICS was used for imaging cortico-cortical coherence in
the brain. DICS as it is implemented in BESA Research
(v7.0) closely follows Gross et al. (2001). DICS computation yields a 3-D image (on a standard MR template), with
each voxel being assigned a coherence value to a predefined reference point (the seed). Coherence values are
described as a neural activity index (in percent), which
contrasts coherence in a target time–frequency bin with
coherence of the same time–frequency bin in a baseline
(same baseline as above). The reference point for each
analysis was derived from the location of significant clusters in the MSBF correlation analysis. Settings of time–
frequency ranges were the same as in the beamformer
analysis. As in the MSBF analysis, calculations for neighboring target intervals were averaged and results were
superimposed onto a standard MR image. Note that
3-D images indicate which brain areas showed the largest
coherence with the seed; no contrasts or inferential statistics were calculated.

RESULTS
Behavioral Results
RT
Mean RTs are shown in Table 1. A three-way repeatedmeasures ANOVA with the factors of Response Relation

Response Errors
Mean response errors are shown in Table 1. The three-way
repeated-measures ANOVA with the factors of Response
Relation (RR vs. RC), Distractor Relation (DR vs. DC),
and RSI (RSI-500 vs. RSI-2000) indicated no significant
main effects or interactions, all ps > .05. Therefore,
brain–behavior correlations were calculated with individual DRB RT scores only.
EEG Results
Scalp EEG Results
Cluster-based permutation testing of significant correlations between ERS/ERD values (averaged over all scalp
electrodes; see Figure 2A) and behavioral DRB-500 and
DRB-2000 RT scores were calculated, separately for the
RSI-500 and the RSI-2000 condition. The analyses showed
no significant correlation cluster between ERS/ERD and
DRB-500, neither in the RSI-500 condition, pcrit = .54,
nor in the RSI-2000 condition, pcrit = .16 (Figure 2B).
However, there were significant correlations between
DRB-2000 and beta ERS in both the RSI-500 and the
RSI-2000 conditions (Figure 2C). Indeed, DRB-2000 was
positively related to beta ERS (approximately 17–24 Hz)
in the RSI-2000 condition, in a cluster that extended
approximately from 400 to 1300 msec after prime

Table 1. Behavioral Results

RT
Errors

RRDC_500

RRDR_500

RCDC_500

RCDR_500

RRDC_2000

RRDR_2000

RCDC_2000

RCDR_2000

548.6 (11.8)

540.8 (12.3)

571.7 (12.1)

573.7 (12.2)

616.9 (9.4)

616.3 (9.6)

625.4 (9.3)

619.7 (9.1)

0.04 (0.01)

0.04 (0.01)

0.03 (0.01)

0.04 (0.01)

0.05 (0.01)

0.05 (0.01)

0.03 (0.00)

0.04 (0.01)

Means and SEMs.
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In the next step, brain–behavior correlations were calculated between the source-ERS/ERD values in the RSI-500
and RSI-2000 conditions and the behavioral DRB-500
and DRB-2000 effects. Cluster-based random permutation
analyses and plotting of sources were done with BESA
Statistics (v2.0). In each permutation analysis, paired
t tests on the Pearson’s product–moment correlations
between source-ERS/ERD values and DRB scores were
calculated for each voxel (voxel size was set to 7 mm in
Talairach space). Clusters were identified by considering
adjacent voxels that fell below a p value of .001 in the t test.
The test statistic was the sum of t values of all voxels in a
cluster. Five thousand random permutations were run to
calculate the critical p value ( p crit ) for an empirically
derived time–frequency cluster. Anatomic labeling of
neural sources was feasible using the MNI 2 Talairach
Converter program (v1.3; Lacadie, Fulbright, Rajeevan,
Constable, & Papademetris, 2008) and MRIcroGL (www
.nitrc.org/projects/mricrogl/).

responses, pcrit = .003.The same DRB effect (DRB-2000;
measured in the RSI-2000 blocks) was also positively related
to beta ERS (approximately 16–24 Hz) in the RSI-500 condition, in a cluster that extended approximately from 1450 to
2000 msec after prime responses, pcrit = .008. Note that this
latter cluster was clearly later than probe onset and the
probe response and can be interpreted as resulting from
probe responding. Spatial analyses indicated that the
DRB–2000 correlations to beta ERS were most pronounced
over parietal electrode sites (see Figure 2C).
Beamformer Results
Neural sources of beta scalp-ERS/ERD in the respective
time–frequency ranges, that is, from 1500 to 2000 msec after prime responses and from 16 to 24 Hz in the RSI-500
1588
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condition, and from 500 to 1250 msec after prime responses and from 17 to 24 Hz in the RSI-2000 condition,
were localized to the motor cortex, with peak ERS in the
left and right precentral gyrus (Brodmann’s area [BA] 6;
Figure 3A; note that the time intervals for the beamformer
analysis were set to multiples of 250 msec, that is, the
length of the baseline interval; see Methods section).
Cluster analysis of brain–behavior correlations of sourceERS/ERD in the respective time–frequency ranges of the
RSI-500 and RSI-2000 conditions to the behavioral
DRB-500 and DRB-2000 RT scores revealed significant
correlation clusters for DRB-2000 (Figure 3B), but zero
correlation clusters for DRB-500. Indeed, in the RSI-2000
condition, DRB-2000 was positively related to a beta ERS
cluster in the left middle occipital gyrus (Talairach coordinates x = −38, y = −73, z = 24; BA 19), p c r i t =
Volume 33, Number 8
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Figure 2. Scalp EEG results. (A) ERS/ERD values, stimulus-locked to the onset of prime responses and averaged over all scalp electrodes in the
RSI-500 and the RSI-2000 condition. (B) No significant correlation cluster between ERS/ERD and DRB-500 was found, both in the RSI-500 and
the RSI-2000 conditions. (C) Significant correlation clusters between beta ERS and DRB-2000 emerged both in the RSI-500 and the RSI-2000
conditions. Spatial analysis indicated tempo-parietal topographies of these effects. Electrodes showing significant correlations are depicted in black.
Color coding of topographic maps denotes ERS/ERD from +40% to −40%.

Figure 4. DICS results. Largest coherences with the seed in the left middle occipital gyrus were observed bilaterally in the motor cortex and the
inferior parietal cortex, both in the RSI-500 and the RSI-2000 conditions.
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Figure 3. Beamformer results. (A) Neural sources of beta ERS were localized to the motor cortex, with peak beta ERS in the left and right precentral
gyrus, both in the RSI-500 and RSI-2000 conditions. (B) Significant correlation clusters between beta ERS and DRB-2000 were observed in the left
middle occipital gyrus in both the RSI-500 and RSI-2000 condition and the right middle occipital gyrus in the RSI-500 condition only. No significant
correlation clusters between beta ERS and DRB-500 emerged.

.028. Consistently, in the RSI-500 condition, DRB-2000 was
positively related to a beta ERS cluster in the left middle
occipital gyrus (Talairach coordinates x = −38, y =
−73, z = 17; BA 19), pcrit = .003, and, in addition, to a
beta ERS cluster in the right middle occipital gyrus
(Talairach coordinates: x = 45, y = −73, z = 24; BA 19),
pcrit = .024.
DICS Results

DISCUSSION
The behavioral results showed that the DRB effect in
RT was significantly larger if the RSI was relatively short
(500 msec) than when it was relatively long (2000 msec),
which replicates the findings from previous work (Hommel
& Frings, 2020; Moeller et al., 2016; Frings, 2011). In fact,
the behavioral DRB effect in RT was significant in the
RSI-500 but not in the RSI-2000 condition (see also
Frings, 2011). Thus, the behavioral RT results replicated
the findings from earlier DRB work. The scalp EEG results
revealed a significant correlation of individual differences
in DRB-2000 (i.e., DRB scores in the RSI-2000 condition)
with beta ERS (approximately 16–24 Hz) in both the
RSI-500 and the RSI-2000 condition over parietal sites.
Notably, the correlation followed in time the prime response in the RSI-2000 condition and the probe response
in the RSI-500 condition. That is, participants who reached
larger DRB scores in the RSI-2000 condition also showed
larger beta ERS after responses that were followed by
an undisturbed time window of at least 2000 msec.
Beamformer analysis localized the postmovement beta
ERS in the precentral gyrus, which is consistent with
earlier work ( Jurkiewicz et al., 2006). More importantly,
the correlation between DRB-2000 scores and postmovement beta ERS was localized to the left (and in the RSI-500
condition also to the right) middle occipital gyrus (BA 19),
suggesting that the middle occipital gyrus is a hub region
for short-term stimulus–response bindings. DICS analysis
revealed that the left middle occipital gyrus is further synchronized in the beta frequency range to the precentral
1590
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DICS was used for imaging cortico-cortical coherence of
beta oscillations between the left middle occipital gyrus
(the seed), for which beta ERS clusters were consistently
found to correlate with DRB-2000 in the RSI-500 and RSI2000 conditions, and the single cortical voxels in source
space. Settings of time–frequency ranges were the same
as in the beamformer analysis above. The results of the
DICS computation are shown in Figure 4. Both in the
RSI-500 and the RSI-2000 conditions, the largest coherences with the seed in the left middle occipital gyrus were
observed bilaterally in the motor cortex, with peak coherences in the left and right precentral gyrus (BA 6), and the
left and right inferior parietal cortex, with peak coherences
in the supramarginal gyrus (BA 40) and the angular gyrus
(BA 39).

gyrus (BA 6) and the parietal cortex (BA 39/40), indicating
a sensorimotor network of beta oscillations that relates to
visual DRB via the occipital hub.
Note that, at the group level, a significant DRB effect in
RT was observed in the RSI-500 condition but not in the
RSI-2000 condition, which replicates the finding by
Frings (2011). Yet, at the individual-differences level, beta
ERS was significantly correlated with the behavioral DRB2000 score but not with the DRB-500 score. The significant
correlation between beta ERS and DRB-2000 suggests that
postmovement beta ERS (in the RSI-2000 condition after
the prime response, but also in the RSI-500 condition
after the probe response) is linked to individual differences in the disintegration or decay of event files. At least
two possibilities arise regarding the nonfinding of a significant correlation between beta ERS and DRB-500. First, the
integration strength of event files may in fact be unrelated
to beta ERS and thus have a different neural signature.
Second, the integration strength may be in fact related
to beta ERS; however, differences in individual beta ERS
that are due to individual differences in the integration
process are less reliably observed than individual differences in beta ERS that are related to disintegration and
decay.
With regard to the sensorimotor function of beta oscillations, postmovement beta ERS has been linked to cortical removal of excitation or idling (Pfurtscheller et al.,
1996), active inhibition of the motor cortex by somatosensory feedback (Cassim et al., 2001), and the tendency of
the motor system to maintain a status quo (Engel &
Fries, 2010). Possibly specifying the latter suggestion, this
study indicates that postmovement beta ERS is related to
short-term stimulus–response bindings. Specifically, the
results suggest that postmovement ERS is related to individual differences in the short-term storage and decay or
disintegration of DRBs. This view is supported by the finding that the correlation between beta ERS and DRB-2000
was positive in direction. In fact, if beta ERS reflected inhibition or a resetting process, a negative correlation between beta ERS and DRB-2000 should have been
observed. Regarding the time course of beta ERS, we
found the synchronization to last for about 1–1.5 sec following movement execution, which replicates the findings
from earlier work (McAllister et al., 2013; Jurkiewicz et al.,
2006; Cassim et al., 2001). Interestingly, this time course of
beta ERS nicely fits with the time course of behavioral DRB
effects in RT, which have been observed to be clearly present if the probe is presented 500 msec after the prime response but reduced or even absent if the probe is
presented 2000 msec after the prime response (Hommel
& Frings, 2020; Moeller et al., 2016; Frings, 2011). Thus,
the observed time range of postmovement beta ERS may
reflect the exact time window during which short-term
DRBs integrate, are stored within a short time period,
and disintegrate. Indeed, the idea that beta ERS is related
to such short-term memory function is in line with previous studies that linked beta synchronization to short-term

beta ERS as found in this study either for longer or for later
time windows regarding target or effect stimuli. Thereby,
although the left middle occipital gyrus was found to be a
possible hub region for short-term stimulus–response
bindings in the present visual DRB task, different hubs
may be expected for different feature modalities (e.g.,
auditory, haptic) of stimuli and for bindings between
responses. Examining these issues is a high priority for
future research.
Although this study was on the short-term aftereffects of
a single encounter of a stimulus together with a response,
another important focus in action control research is on
long-term learning of repeated pairings of stimuli and responses. Both the study of short-term bindings and the
study of long-term learning are essential to get a better understanding of how humans interact with their environment in an adaptive way (Colzato, Raffone, & Hommel,
2006). Moeller and Frings (2017) provided behavioral
evidence that short-term bindings and long-term contingency learning of stimulus–response associations are dissociable. Replicating the findings of Frings (2011) and
consistent with the present results, Moeller and Frings
(2017) showed a significant DRB effect in RT in the RSI500 condition but not in the RSI-2000 condition, indicating
that short-term DRBs disintegrate within a short period of
time. In contrast, long-term contingency learning effects
were found to be significant for slow-paced learning in
the RSI-2000 but not for fast-paced learning in the RSI500 condition, indicating that contingency learning needs
sufficient time. On the other hand, in every situation
that creates long-term learning of stimulus–response
associations, short-term bindings should be involved.
Therefore, partly overlapping brain activations of shortterm bindings and encoding events that lead to long-term
learning should be observed. Indeed, an fMRI study by
Dobbins et al. (2004) demonstrated that the left fusiform
cortex and its surrounding areas (BA 19/37) show a partial
repetition effect in long-term learning of stimulus–
response associations in the repetition priming task.
This topography of this effect is largely consistent with
the present beamformer localization of the EEG-DRB correlation effect (BA 19). Future EEG and fMRI studies are
needed to examine the interplay of mechanisms relating
to short-term bindings and long-term learning of
stimulus–response associations within single experiments
in more detail. In addition, future EEG work may like to
examine the roles of stimulus–response and response–
response bindings (see Moeller & Frings, 2019) for motor
sequence learning (see Abrahamse, Jiménez, Verwey, &
Clegg, 2010, for a review), which has also been linked to
beta oscillatory activity and premovement beta ERD in particular (Pollok, Latz, Krause, Butz, & Schnitzler, 2014).
Conclusions
To conclude, short-term binding and retrieval of stimulus–
response information are considered as different and
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attention and working memory (Pastötter, Dreisbach, &
Bäuml, 2013; Siegel, Warden, & Miller, 2009; Deiber
et al., 2007; Gross et al., 2004).
Exploratory beamformer and DICS analyses revealed a
sensorimotor network of beta oscillations that was linked
to behavioral DRB-2000 via the left middle occipital gyrus
as a hub. Needless to say that EEG has an excellent temporal resolution but, in comparison to other imaging
methods like functional magnetic resonance imaging, a
relatively low spatial resolution. Moreover, beamformer
and DICS techniques rely on inverse modeling of EEG
data, and therefore estimated sources in the brain should
be interpreted with caution. Having said this, we think that
the beamformer and DICS analyses revealed some very interesting and meaningful results. In the neuroscientific literature, it is a prominent idea that different ventral and
dorsal visual systems in the human brain provide different
information for perception and action (Goodale & Milner,
1992; Mishkin, Ungerleider, & Macko, 1983). The middle
occipital gyrus (BA 19) is considered to be part of the dorsal visual system; it receives inputs from the primary and
secondary visual cortex and projects to the posterior parietal cortex. The dorsal visual system can be divided into a
dorso-dorsal and a ventro-dorsal stream (Binkofski &
Buxbaum, 2013; Rizzolatti & Matelli, 2003), with the latter
being crucially involved in the interaction of perception
and action. Interestingly now, the present DICS results
provided evidence for a network of beta oscillations
exactly along the ventro-dorsal stream, which passes from
visual cortex to the angular gyrus (BA 39), the supramarginal
gyrus (BA 40), and the lateral precentral gyrus (BA 6). Thus,
the present results propose the new idea that short-term
stimulus–response bindings, at least in the present visual
DRB task, are partially processed along the vento-dorsal
stream. Future imaging studies with high spatial resolution
should investigate this new idea in more detail.
In this study, we analyzed bindings between distractor
stimuli and responses and found that this binding
effect correlates with beta ERS approximately from 400 to
1300 msec after integration. Notably, this is also the time
frame within which complete decay of DRB takes place:
Whereas DRB-effects are reliably measurable at 500 msec
after integration, the same effect is typically not found at
2000 msec after integration (e.g., Frings, 2011; see also the
present behavioral results). Bindings between target–stimuli
(e.g., Hommel & Frings, 2020; Hommel & Colzato, 2004)
or effect-stimuli (e.g., Herwig & Waszak, 2012) and responses last for longer periods of time. Target–response
bindings are still measurable after 4 sec following integration (Hommel & Colzato, 2004) and have been shown to
completely decay within 5–6 sec (Hommel & Frings,
2020). Response–effect bindings (Herwig & Waszak,
2012) and also bindings between individually planned
and executed responses (Moeller & Frings, 2019) were
even reported after a delay of 6 sec. If the decay function
of bindings is generally related with beta ERS, we would
expect a similar correlation between binding effects and

separable processes that independently contribute to sequential prime–probe binding effects in the S1R1-S2R2
and DRB task (Frings et al., 2020). Previous fMRI and
EEG work focused on partial repetition effects in response
to the encoding of probe information, to which, arguably,
multiple component processes may contribute. In
contrast, this EEG study provided a relatively “pure” brain
oscillatory measure of short-term stimulus–response
binding between the encoding of prime and probe information. It demonstrates that postmovement beta ERS is
related to the (dis)integration of event files and suggests
that the left middle occipital gyrus is a hub region for
the short-term storage of (visual) distractor–response
information.
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for behavioral raw data, and aggregated EEG data are provided on the Open Science Framework at https://osf.io
/br67v/ [DOI 10.17605/OSF.IO/BR67V]. The raw EEG data
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Note
1. For those eight participants for whom the eye tracker calibration failed, the asterisk was shown for a fixed time interval of
500 msec in all single trials.
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