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Abstract
by our own actions (e.g., water splashing when I fill my glass) from
stimuli that have an external source (e.g., water splashing in a fountain). Accumulating evidence suggests that processing the auditory
consequences of self-performed actions elicits N1 and P2 ERPs of
reduced amplitude compared to physically identical but externally
generated sounds, with such reductions being ascribed to neural
predictive mechanisms. It is unexplored, however, whether the
sensory processing of action outcomes is similarly modulated by
action observation (e.g., water splashing when I observe you filling
my glass). We tested 40 healthy participants by applying a methodological approach for the simultaneous EEG recording of two
persons: An observer observed button presses executed by a

INTRODUCTION
Sensory outcomes of voluntary actions (e.g., self-generated
sounds) are perceived as less intense than externally generated stimuli that are otherwise physically identical
(Reznik & Mukamel, 2019; Horváth, 2015; Schröger,
Marzecová, & SanMiguel, 2015; Crapse & Sommer, 2008).
According to sensorimotor control accounts explaining
this sensory attenuation, an efference copy of the motor
command is fed into a forward model, which computes
the expected sensory stimulation. The attenuation then
results from the integration of the expected and the actual
sensory input ( Wolpert & Flanagan, 2001; Wolpert &
Ghahramani, 2000). Evidence from neuroimaging and
(virtual) lesion studies indeed shows that the sensory
modulation by action depends on cortical motor regions
that subserve action planning and are a likely source of
efference copies (Timm, SanMiguel, Keil, Schröger, &
Schönwiesner, 2014; Waszak, Cardoso-Leite, & Hughes,
2012), as well as on the cerebellum, which is considered
to provide the computations for the forward model (for
reviews see Dogge, Custers, & Aarts, 2019; Reznik &
Mukamel, 2019; Crapse & Sommer, 2008).
Current theories of action representation and social cognition suggest that we also predict the sensory consequences of others’ actions (Brown & Brüne, 2012). Based
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performer in real time. For the performers, we replicated previous
findings of a reduced N1 amplitude for self- versus externally generated sounds. This pattern differed significantly from the one in
observers, whose N1 for sounds generated by observed button
presses was not attenuated. In turn, the P2 amplitude was reduced
for processing action- versus externally generated sounds for both
performers and observers. These findings show that both action
performance and observation affect the processing of actiongenerated sounds. There are, however, important differences
between the two in the timing of the effects, probably related to
differences in the predictability of the actions and thus also the
associated stimuli. We discuss how these differences might contribute to recognizing the stimulus as caused by self versus others. ■

on the finding that mirror neurons fire both for action execution and for the observation of the same action by
others, further research has confirmed that the neural
mechanisms for action execution and observation overlap
(Rizzolatti & Sinigaglia, 2010). Consequently, it has been
hypothesized that predictive accounts of sensorimotor
processing can be generalized to action observation
(Kilner, Friston, & Frith, 2007; Miall, 2003; Wolpert, Doya,
& Kawato, 2003). Within the framework of sensorimotor
control accounts, it has been claimed that observers may
covertly simulate the motor commands for the observed
action (which generates a signal similar to efference copies;
Wolpert et al. 2003). These are then fed into forward
models that generate predictions about observed action
outcomes (Wolpert & Flanagan, 2001).
Increasing evidence for the brain’s ability to predict observed action consequences comes from psychophysical
studies showing prospective eye movements when observing grasping movements (Rotman, Troje, Johansson, &
Flanagan, 2006; Flanagan & Johansson, 2003) and from observational motor learning research (Wolpert, Diedrichsen,
& Flanagan, 2011). Studies on motor experts (e.g., athletes,
dancers) indicate that the capacity to predict action outcomes can depend on our motor skills (Aglioti, Cesari,
Romani, & Urgesi, 2008; Calvo-Merino, Grèzes, Glaser,
Passingham, & Haggard, 2006), in line with the simulation
hypothesis that others’ actions can be decoded by activating
Journal of Cognitive Neuroscience 33:4, pp. 683–694
https://doi.org/10.1162/jocn_a_01671

Downloaded from http://direct.mit.edu/jocn/article-pdf/33/4/683/1888769/jocn_a_01671.pdf by guest on 25 June 2021

■ In our social environment, we easily distinguish stimuli caused
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observation, there is an important difference compared to
active performance. When the onset time of the observed
action cannot be predicted with high precision, motor areas
in the observer are activated only after the action onset
(Sebastiani et al., 2014; Nishitani & Hari, 2000). In such a
case, motor-related information in the form of an efference
copy is not available before the movement, and thus, also
the prediction generation cannot take place. In a previous
EEG study, we thus hypothesized that efference copies play
no or only a minor role in the processing of sensory outcomes of observed actions, which would result in an absent
or at least a weaker N1 amplitude reduction compared to
action performance (Ghio, Scharmach, & Bellebaum,
2018). For later processing as reflected in the P2, altered
processing such as an amplitude reduction was considered
conceivable in action observation, as reflecting more general
prediction mechanisms. However, we did not find a clear
dissociation between the N1 and the P2, with indication
of N1 amplitude reduction also in observers (Ghio et al.,
2018). In that study, however, the timing of performed
and observed action was not perfectly matched. We used
an animation on a computer screen for action observation,
which entailed a delay between the first indication of the
action and its auditory outcome, and this might have led
to the observed N1 amplitude reduction in observers.
In this study, we therefore applied a methodological
approach for the simultaneous EEG recording in two
participants (Babiloni & Astolfi, 2014): One participant
directly observed button presses performed by another
participant in real time, while brain activity was measured
in both to assess the processing of sounds as action outcomes. Because of the low predictability of the exact timing
of the observed action, we expected that action-related
information would not be available before the observed
movement so that the N1 for action-generated sounds
would be reduced only for performed actions, resulting
in larger amplitudes for observers than performers.
Concerning later processing in the P2 time window, we
expected an amplitude reduction for action-generated
sounds relative to external sounds for both action performance and observation.

METHODS
Participants
Forty participants (15 men; mean age = 23.3 years, SD =
5.0 years), who were equally distributed on a performer
and an observer condition (see below), took part in the
experiment. An a priori power analysis was conducted with
G*Power 3.0 (Faul, Erdfelder, Lang, & Buchner, 2007) to
determine the required sample size for the within–between
interaction effect that we planned to test by applying a
mixed ANOVA (see below). Given an alpha value of .05
and an effect size of .25 (that corresponds to an effect size
of .61 described by Cohen, 1988), 36 participants were
required to achieve a power of .90.
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one’s own action system at a subthreshold level (Keysers &
Gazzola, 2007; Decety & Grèzes, 2006). A controversial
issue, however, is whether the perceptual processing of
sensory action outcomes is modulated by action observation in a similar way as by action execution. Conflicting
evidence comes from perceptual research on a potential
sensory attenuation effect for auditory stimuli following
observed actions. While Sato (2008) described a sensory
attenuation effect for action observation, this finding could
not be confirmed in later studies (Weiss & Schütz-Bosbach,
2012; Weiss, Herwig, & Schütz-Bosbach, 2011a, 2011b). Cao
and Gross (2015) also reported mixed results, which were
explained in terms of cultural differences between eastern
(more interdependent) and western (more independent)
cultures based on a negative correlation between sensory
attenuation by observation and independent self-construal
scores.
To gain insights into the neural mechanisms involved in
the processing of auditory outcomes of actions, EEG has
been applied. Studies on active performance showed that
the amplitude of both the N1 and P2 ERP components
(or their magnetic equivalents) is reduced for self- versus
externally generated sounds (Reznik & Mukamel, 2019;
Horváth, 2015). These components appear to be functionally dissociated. The N1 reduction, but not the P2 reduction,
is absent in cerebellar lesion patients, suggesting that it
reflects cerebellar forward model predictions based on
motor information (Knolle, Schröger, & Kotz, 2013). The
role of the forward model and efference copies in
predicting environment-related action outcomes such as
tones has recently been questioned (Dogge et al., 2019).
Instead, the predictive coding account, which also claims
a modulatory role of action outcome anticipation in perception, has suggested different prediction mechanisms
(Picard & Friston, 2014; Pickering & Clark, 2014). According
to this account, motor-related information is only one
potential source for predictions, and the prediction effects
are less specific than those ascribed to forward models.
However, for tones elicited at or near action onset as in
the study by Knolle et al. (2013), there is reason to believe
that predictions derived from motor-related information
available before the action, and thus probably efference
copies, play an important role, because, otherwise, the
predictions could not affect the early processing of action
outcomes in the N1 time window. As Dogge et al. (2019)
have pointed out, forward model predictions may also
contribute to the processing of environment-related outcomes, especially when the timing of the action outcome
is important. The P2 reduction, in turn, seems to be independent from the cerebellum (Cao, Veniero, Thut, & Gross,
2017; Knolle et al., 2013) and may thus reflect higher order
and more general prediction mechanisms in the sense of
predictive coding accounts.
The timing of prediction generation is thus a critical issue in the processing of outcomes of voluntary actions and
should be carefully considered for action observation.
Focusing on when motor regions are involved in action

paradigm from Knolle et al. (2013) and Baess, Horváth,
Jacobsen, and Schröger (2011), externally generated
sounds were presented either intermixed within the
action-outcome block (EXTI) or in a separate block (EXTS).
This variant of the paradigm has two advantages. First, it
allows a within-block comparison between ACT and EXTI,
thus avoiding potential biases because of differences
between blocks (Baess et al., 2011). Second, it allows the
comparison with previous studies applying the standard
self-generation paradigm, which comprises the ACT and
EXTS only. To sum up, our mixed factorial design included
the within-subject factor Sound (ACT, EXTI, EXTS) and the
between-subject factor Group (performers, observers). As
in the standard self-generation paradigm, this variant also
comprised an initial training block—to ensure that the participants learned the specific (observed) action-auditory
outcome association—and a motor-only block—to control
for effects of motor activity associated with the (observed)
button press on the ERPs.

Experimental Design

Experimental Blocks

We adapted the block-designed self-generation paradigm
(for a review see Horváth, 2015) to test the processing
of the auditory sensory consequences not only of selfperformed actions but also of observed actions, with the
EEG data from the performer and the observer being simultaneously recorded during the entire duration of the experiment (for a schematic overview, see Figure 1). Specifically,
the processing of action-generated sounds (ACT) elicited by
either self-performed or observed button presses was compared to the processing of physically identical, externally generated sounds. By applying the variant of the self-generation

Training Block
The aim was to train performers to press a button in a regular rhythm (one every 2400 ± 600 msec; see Ghio et al.,
2018; Knolle et al., 2013) and to familiarize them and the
observers with the sound that accompanied each button
press. The training comprised two tasks. In the first task,
performers tried to press the button simultaneously to
sounds that were presented every 2400 msec. In the second task, performers produced a sequence of soundgenerating button presses in the previously learned
rhythm. Button presses were considered as correct, when

Figure 1. Left: Setting for the
simultaneous EEG recording.
Both participants wore an
electrode cap; the signal was
measured by using separate
amplifiers with separate ground
electrodes for each individual.
Each amplifier was optically
coupled to an adapter, which
then sent all the signals to a
single workstation devoted to
data acquisition. Right: a
schema of the variant of the
self-generation paradigm
applied in the current study.
This block-designed paradigm
comprises a training block, one
block of action-generated
sounds elicited by button
presses executed by the
performer and intermixed with
externally generated sounds
(ACT-EXTI), one block
including externally generated
sounds only (EXTS), and a
motor-only block.
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Participants were recruited two by two (total of 20 pairs).
For each pair, we randomly assigned one participant to the
role of the performer and the other one to the role of the
observer, yielding one group of 20 performers (eight men;
mean age = 23.2 years, SD = 4.1; 18 right-handed, one lefthanded, one bimanual) and one group of 20 observers
(seven men; mean age = 23.5, SD = 5.8; 17 right-handed,
three left-handed). The two groups differed neither in age,
t(38) = −0.157, p = .876, d = −0.050; nor sex, Pearson
χ2(1) = 0.107, p = .744, Cramer’s V = 0.052; nor handedness, Pearson χ2(2) = 2.029, p = .363, Cramer’s V =
0.225. All participants reported normal hearing, normal or
corrected-to-normal visual acuity, and no history of neurological or psychiatric disorders or medication use. All participants gave written informed consent and received either
A15 or course credit for their participation. The ethics committee of the Faculty of Mathematics and Natural Sciences at
Heinrich Heine University Düsseldorf, Germany, has approved this study.

ACT-EXTI Block
Performers pressed a button to generate ACT sounds in the
same rhythm they learned in the training block and were
instructed to carefully listen to them. In addition, EXTI were
randomly delivered by the computer in 40% of the trials.
EXTI followed the ACT with a delay of either 400, 800,
1200, or 1800 msec (each delay was presented in 10% of
the trials). One ACT-EXTI block consisted of two subblocks of 75 button presses performed with the left and
right index finger, respectively, yielding 150 ACT and
60 EXTI trials. The ACT-EXTI block was repeated, for a
total of 300 ACT and 120 EXTI trials. The observers were
asked to observe the button presses and to listen to the
sounds without performing any action themselves.
EXTS Block
Following the procedure described in previous work (Ghio
et al., 2018; Knolle et al., 2013; Baess et al., 2011), both ACT
and EXTI of the preceding ACT-EXTI block were played
back in an EXTS block. Only the playbacks of ACT, however,
were considered as EXTS in the following analyses to ensure
that ACT and EXTS were similarly predictable (Ghio et al.,
2018; Knolle et al., 2013). Accordingly, there were two
EXTS blocks, each including 150 EXTS trials (300 in total).
The instructions for both the performers and the observers
were to carefully listen to the sounds without performing
any action.
Motor-only Block
Performers pressed the button in the learned 2400-msec interval (two subblocks, each of 75 consecutive button presses
with the right and the left index finger, respectively, 150 in
total). Importantly, button presses did not generate sounds.
Observers were instructed to observe the button presses
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without performing any action themselves. Because an
EXTS block always had to follow an ACT-EXTI block, the
motor-only block was presented either before, between,
or after the two iterations of the other blocks, to counterbalance the block presentation order across participants.

Data Acquisition
Setup
The performer and the observer were comfortably seated
next to each other in an electrically and acoustically shielded
experimental room in front of a BenQ (EW2740L, 27 inch
LED, full HD) computer screen with a screen resolution of
1920 × 1080 and a 60-Hz refresh rate (Figure 1). The response box (Response Pad Model RB-844 from Cedrus
Corporation; www.cedrus.com) was placed between the
screen and the performer. Presentation software (Version
17.2, Build 10.08.14) from Neurobehavioral Systems Inc.
(www.neurobs.com) was used for the presentation of all
stimuli. Visual stimuli, namely, instructions and fixation
cross, were presented in white letters on a black background. The 680-Hz sound lasted 50 msec, with an increase
of amplitude in the first and a decrease in the last 5 msec.
This sound was created with MATLAB (R2014a, The
MathWorks, Inc.) and delivered binaurally via headphones
(Sennheiser HD), with the same intensity for all participants.
By performing measurements with a Tectronix TDS 210
Two Channel Digital Real Time Oscilloscope (60 MHz,
1 GSample/sec), we verified that ACT onset was 50 msec
after the button press was registered by the Cedrus box,
and in the time interval between the button press and the
button release (Ghio et al., 2018).

Simultaneous EEG Acquisition
EEG data were simultaneously recorded from the pair
(Babiloni & Astolfi, 2014). Both the performer and the observer wore an Easycap electrode cap (www.easycap.de),
on which we attached passive Ag/AgCl electrodes according
to the international 10/20 system. Electrodes were positioned at the following scalp sites: F7, F3, Fz, F4, F8, FT7,
FC3, FCz, FC4, FT8, T7, C3, Cz, C4, T8, CP3, CPz, CP4, P7,
P3, Pz, P4, P8, PO7, PO3, POz, PO4, PO8. For each participant, the electrodes on the mastoids (TP9, TP10) served as
reference electrodes, and the ground electrode was attached
to the AFz position. Four electrodes were used to monitor
vertical (position FP2 and one electrode under the right
eye) and horizontal (positions F9 and F10) eye movements.
To simultaneously record the signal from both participants,
separate Brainamp amplifiers with separate ground electrodes were used for each individual. Each amplifier was
optically coupled to a BrainVision USB2 adapter, which
then sent all the signals to a single workstation devoted to
data acquisition. On the workstation, data of each participant were recorded by using BrainVision Recorder (Version
1.20.0506, Brain Products GmbH; www.brainproducts.com).
Volume 33, Number 4
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they occurred in an interval between 1800 and 3000 msec
after the previous button press. If participants performed
the button presses outside of this time window, they received written feedback informing them whether their response was too early or too late (Knolle et al., 2013). Both
tasks consisted of 150 trials (two separate subblocks, each
of 75 consecutive button presses with the right and the
left index finger, respectively). During the training, observers were instructed to merely observe the performer’s
button presses and to listen to the sounds. To reduce eye
movements that affect the quality of the registered EEG
signal, active performers were asked to look at the fixation
cross on the computer screen. Observers were asked to
look at a fixation cross that was placed on the response
box, in a position that enabled the participants to observe
the button presses of the performers without eye movements. To continue with the experiment, the performer
had to correctly perform in 75% of the trials in the second
task. All pairs fulfilled the criterion at first try.

The signal was recorded at a sampling rate of 1000 Hz.
Impedances were kept below 5 kΩ, and direct-current corrections were applied on-line, when necessary.
Data Analysis

ERP Components
Preprocessing. The same preprocessing procedure was
applied for both performers’ and observers’ data using the
BrainVision Analyzer software ( Version 2.1.0.327, Brain
Products) and MATLAB (2014Ra). We applied a global direct
current detrend, Butterworth zero phase filters (low cutoff =
0.3 Hz, 12 dB/oct; high cutoff = 15 Hz, 12 dB/oct) and a 50-Hz
Notch-Filter (see Baess et al., 2011, and Knolle et al., 2013, for a
similar filtering procedure). Artifacts because of blinks and
horizontal eye movements were detected and discarded for
each participant by using the ocular correction independent
component analysis (ICA; ICA steps = 512, Infomax restricted
biased) as implemented in BrainVision Analyzer.
ERPs were time-locked to the onset of ACT, EXTI, and
EXTS. For ACT, we included sounds generated by both left
and right button presses. The sounds generated by button
presses in an interval shorter than 1800 msec or longer than
10000 msec, or by a double button press were excluded
from further analyses. The EXTI of the different delays after
ACT were pooled for the analysis (as in Ghio et al., 2018;
Knolle et al., 2013). Each epoch had a duration of 600 msec,
including a 150-msec presound period, and was baselinecorrected using the mean amplitude in the time window
between 150 msec and 50 msec before the sound. Epochs
were rejected if they contained artifacts, which were detected by applying an automatic algorithm as implemented
in BrainVision Analyzer, with the following customized
parameters: maximal allowed voltage step = 50 μV/msec,
maximal allowed difference of values within 100-msec intervals = 100 μV, maximal/minimal allowed amplitude =
±100 μV, lowest activity of 0.5 μV within 100-msec intervals.
Then, the average signal was created for ACT, EXTI, and
EXTS, respectively.
To control for the motor activity associated with generating ACT, we applied the standard procedure for the selfgeneration paradigm, which consists in subtracting the
ERPs of the motor-only block from the ERPs associated
with ACT (Horváth, 2015). Before applying such a correction, we verified that the mean intervals between button
presses generating ACT (M = 3176 msec, SD = 1130)

Statistical analyses. Participants whose data set contained less than 70% of the epochs for either ACT, EXTI, or
EXTS or the motor-only ERPs, because of either reduced
accuracy (concerning button press interval) of the performer
or numerous artifacts, were excluded from analysis. This was
the case for one performer and the associated observer.
Therefore, the following analyses were conducted on the
data of 38 participants: 19 performers (seven men; mean
age = 22.8 years, SD = 3.9; 17 right-handed, one left-handed,
one bimanual) and 19 observers (seven men; mean age =
23.6, SD = 5.9; 16 right-handed, three left-handed). The percentage of excluded epochs for ACT (performers: M = 6.4%;
SD = 7.7%; observers: M = 7.5%; SD = 8.5%), EXTI (performers: M = 2.9%; SD = 2.6%; observers: M = 3.4%; SD =
5.7%), and EXTS (performers: M = 7.4%; SD = 7.4%; observers: M = 9.2%; SD = 9.1%) did not differ across groups,
as indicated by a not significant main effect of Group,
F(1,36) = 0.306, p = .584, η2p = .008, and Sound × Group
interaction, F(1.169, 42.077) = 0.274, p = .640, η2p = .008.
Statistical analyses were conducted on the amplitudes of
the N1 and P2 (potential interpretations of this component
as a P3a are addressed in the Discussion) ERP components.
Based on the visual inspection of the topographies across
groups and conditions (see Figure 2A), we observed pronounced N1 and P2 amplitudes and attenuation effects at
frontocentral midline electrodes, in accordance with previous studies (e.g., Knolle et al., 2013; Baess et al., 2011;
Lange, 2011). Because previous studies did not justify hypotheses concerning differences between frontocentral
midline electrodes, we restricted the analyses to the electrode site FCz, which belonged to the electrode cluster with
most pronounced amplitudes across all sound conditions
and groups for both components. The time windows for
the detection of the N1 and the P2 on the single participant
level were determined based on visual inspection of the
grand average ERPs. Separately for ACT, EXTI, and EXTS,
the N1 and P2 were scored as the maximum negative peak
amplitude between 50 and 150 msec and the maximum
positive peak amplitude between 100 and 300 msec after
sound onset, respectively. For each of the two ERP components, we carried out a mixed 3 × 2 ANOVA, including
Ghio, Egan, and Bellebaum
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Statistical analysis was conducted with JASP (JASP Team,
2019). For all inferential statistics, an alpha level of .05 was
declared. Degrees of freedom were adjusted according to
Greenhouse–Geisser, when violations of sphericity occurred.
Planned follow-up tests for significant interactions as well as
multiple correlations were corrected for the false discovery
rate (FDR), with the procedure introduced by Benjamini
and Hochberg (1995). As measure of effect size, we report
η2p or Cohen’s d, where appropriate.

and the button presses in the motor-only condition (M =
3071 msec, SD = 960) did not differ significantly, t(18) =
0.519, p = .610, d = 0.119. This is an important prerequisite for applying the motor correction to the auditory ERPs,
because differences in action timing between button
presses for inducing the sounds and button presses in the
motor-only condition could be indicative of action-related
processing differences (Horváth, 2015). Then, we created
ERPs time-locked to the (observed) button press in the
motor-only condition, with epoch duration of 600 msec
(−100 to 500 msec relative to the marker of the button
press). After rejecting trials with artifacts (see above), we
calculated the average ERPs for the motor-only block and
subtracted it from the ERPs of the ACT. In all following
analyses, the ACT ERPs refer to these corrected values.

Sound (ACT, EXTI, and EXTS) as a within-subject factor and
Group (performers, observers) as a between-subject factor.
Furthermore, visual inspection also revealed differences between performers and observers with respect to the latency
in the P2 component associated with the processing of
EXTI. We thus additionally applied a 3 × 2 (Sound ×
Group) ANOVA on the P2 latencies.
Preaction Potential
Based on previous studies that linked prediction mechanisms to action preparation processes (e.g., Poonian,
McFadyen, Ogden, & Cunnington, 2015; Ford, Palzes,
Roach, & Mathalon, 2014), and similar to our previous study
(Ghio et al., 2018), we also analyzed EEG signals indicative of
action preparation both in performers and observers (preaction or readiness potential; Poonian et al., 2015; Ford et al.,
688
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2014). We applied the same filtering procedure described
above, except for the low cutoff for the Butterworth zero
phase filters. Specifically, based on the previous work by
Poonian et al. (2015; see also Ghio et al., 2018), we used a
low cutoff of 0.05 Hz to retain slow-wave activity associated
with preaction potentials, while attenuating slower baseline
drift. ICA ocular correction was applied as described above.
Then, we created epochs time-locked to the marker of the
(observed) button presses (starting 1000 msec before and
lasting until 500 msec after button press onset, duration
1500 msec) in the ACT-EXTI block, separately for right
and left index finger button presses. Each epoch was
baseline-corrected using the mean amplitude in the time
interval between −1000 and −900 msec as visual inspection of the ERP data at C3 and C4 for both performers
and observers (see Figure 3) did not show a negative potential during this time interval (for similar epoch definition
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Figure 2. (A) Topographies for
each component (N1 and P2)
and grand-averaged ERPs at
electrode FCz are displayed
separately for performers (on
the left) and observers (on
the right). Topographies and
ERPs are shown for the three
levels of the factor Sound:
action-generated sounds (ACT,
gray line), externally generated
sounds in the intermixed
condition (EXTI, dotted line),
and externally generated
sounds in the separate
condition (EXTS, black line). (B)
Mean peak amplitudes for N1
(right) and P2 (left) at FCz,
separately for the levels of
Sound and Group. Filled circles
represent single-subject data.
Error bars represent ±1 SEM.

Figure 3. Preaction potential
related to left- and right-hand
button press at C3 and C4
electrodes for the performers
(top) and the observers
(bottom). Gray areas indicate
the time windows for amplitude
measurements (from −150 to
−50 msec).

Correlation Analyses
The correlation (Pearson’s r) between N1 reduction and
preaction potentials was also examined (see also Ghio
et al., 2018; Ford et al., 2014). For this purpose, N1 amplitudes of external sounds (EXTI and EXTS) were subtracted
from amplitudes of ACT, resulting in two N1 reduction
values at the electrode site FCz for each participant. The
mean preaction potential was computed as the overall
mean across the C3 and C4 electrode and for both the right
and the left hand. In addition, for the group of observers,
correlations (Pearson’s r) between the temporal variability
of the observed actions, measured as the standard deviation of the timing of ACT responses (Ghio et al., 2018;
Weiss et al., 2011a), and N1 amplitudes, as well as N1 reductions, were examined at the electrode site FCz.

RESULTS
ERPs
The ERPs for the three types of sounds at the electrode
site FCz are displayed in Figure 2A, separately for the performers and the observers. In each group, the N1 and the
P2 components are clearly visible in all conditions.
N1 Component
A 3 × 2 (Sound × Group) ANOVA revealed that neither the
main effect of Sound, F(2, 72) = 1.321, p = .273, η2p = .035,
nor of Group, F(1, 36) = 0.170, p = .682, η2p = .005, was
significant. In turn, we observed a significant Sound ×
Group interaction, F(2, 72) = 5.539, p = .006, η2p = .133
(see Figure 2B for descriptive statistics). To explain the
interaction, we performed a one-way ANOVA with Sound
as a within-subject factor separately for each group. For
the performers, a significant main effect of Sound was
found, F(2, 36) = 5.125, p = .011, η2p = .222. Pairwise comparisons revealed a significant N1 amplitude reduction for
ACT compared to both EXTI, t(18) = 2.687, pFDR = .041,
d = 0.616, and EXTS, t(18) = 2.407, pFDR = .041, d =
0.552. The N1 amplitudes for EXTI and EXTS did not significantly differ, t(18) = −0.274, pFDR = .787, d = −0.063. For
the observers, the main effect of Sound was not significant,
F(2, 36) = 1.290, p = .288, η2p = .067.
P2 Component
A 3 × 2 (Sound × Group) ANOVA revealed a significant
main effect of Sound, F(2, 72) = 46.917, p < .001, η2p =
.566, with the P2 amplitude for ACT (M = 3.228, 95% CI
[1.672, 4.784]) being significantly reduced compared to
Ghio, Egan, and Bellebaum
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and baseline correction, see Ford et al., 2014). Button
presses in an interval shorter than 1800 msec or longer than
10000 msec, and double button presses were excluded
from further analyses. Epochs were rejected if an EXTI
was included in the time interval between −1000 and
0 msec, and if they contained artifacts (see above for criteria).
Finally, based on visual inspection, the preaction potentials
were defined as the average amplitude in the time interval
between −150 and −50 msec before the (observed) button
presses performed with either the right or the left hand.
Statistical analysis was restricted to electrode sites C3 in
the left hemisphere and C4 in the right hemisphere. The
mean preaction potentials were entered into a mixed 2 ×
2 × 2 ANOVA, including Hand (left, right) and Hemisphere
(left, right) as within-subject factors, and Group (performers, observers) as a between-subject factor.

Preaction Potential
The group-averaged preaction potentials related to left and
right button press at the C3 and C4 electrode sites in both
experimental groups are shown in Figure 3. A 2 × 2 × 2
(Hand × Hemisphere × Group) ANOVA revealed a significant main effect of Group, F(1, 36) = 12.731, p = .001,
η2p = .261, indicating a greater negativity before the onset
of button presses in the performers (M = −2.268 μV,
95% CI [−3.162, −1.375]) compared to the observers
(M = −0.045 μV, 95% CI [−0.939, 0.848]). The Hand ×
Hemisphere interaction was significant, F(1, 36) = 17.235,
p < .001, η2p = .324, as well as the Hand × Hemisphere ×
Group interaction, F(1, 36) = 16.657, p < .001, η2p = .316.
We further examined the three-way interaction by applying
a 2 × 2 (Hand × Hemisphere) ANOVA separately for each
group. For the performers, a significant Hand × Hemisphere
interaction was found, F(1, 18) = 23.065, p < .001, η2p = .562.
As expected, we observed more negative preaction potential amplitudes in the right than in the left hemisphere
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for button presses performed with the left hand, t(18) =
2.669, pFDR = .016, d = 0.612. Vice versa, more negative
preaction potential amplitudes were found in the left than
in the right hemisphere for button presses performed
with the right hand, t(18) = −3.894, pFDR = .002, d =
−0.893. For the observers, neither the main effects nor
the Hand × Hemisphere interaction effect was significant
(all p ≥ .112).
Correlation Analyses
For the performers, analyses showed that the correlation
(Pearson’s r) between the mean preaction potential and the
N1 amplitude reduction for ACT computed with respect to
either EXTI or EXTS was not significant at FCz (both pFDR ≥
.692). Similarly, no significant correlation was observed
for the observers (both pFDR ≥ .192). Furthermore, we
did not find any significant correlation between the variability of the timing of the observed actions and the N1
amplitude as well as the N1 reductions for the observers
(all pFDR ≥ .486).

DISCUSSION
By simultaneously recording EEG data from two participants, we provided novel evidence for a differential modulation of ERP components associated with the sensory
processing of auditory outcomes of performed versus
observed actions. For performers, we replicated previous
findings that action-generated sounds elicited an N1 and a
P2 of reduced amplitude compared to externally generated
sounds at FCz. For observers, we present first data that,
when timing of the observed action is unpredictable (differently from Ghio et al., 2018), the N1 amplitude for sounds
generated by observed button presses was not attenuated
relative to the N1 for externally generated sounds. Crucially,
however, also for observers, we found a reduction of the
later P2 amplitude for processing observed action versus
externally generated sounds. Our study thus contributes
to the extant research by showing a different modulation pattern of the N1 and P2 components in action observation versus a similar attenuation of both components
in action performance for processing action-generated
sounds.

Differences between Performers and Observers in
the Early Phase of Auditory Action
Outcome Processing
Differences between action performance and observation
in the early phase of auditory action outcome processing as
indicated by our results for the N1 component can be interpreted by taking into account one class of studies focusing
on the role of cerebellar forward model predictions, which
suggest a functional dissociation between the N1 and the
P2 component. In an EEG study on cerebellar lesion
Volume 33, Number 4
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EXTI (M = 9.365, 95% CI [7.809, 10.921]) and EXTS (M =
9.926, 95% CI [8.370, 11.482]; both pFDR < .001). No difference was found between the P2 amplitudes of EXTI and
EXTS ( pFDR = .567). The main effect of Group was not significant, F(1, 36) = 0.108, p = .744 η2p = .003, but we found
a significant Sound × Group interaction, F(2, 72) = 11.191,
p < .001, η2p = .237 (see Figure 2B for descriptive statistics).
This interaction was further explored by applying a oneway ANOVA with Sound as a within-subject factor, separately for each group. For the performers, a significant main
effect of Sound was found, F(1.389, 24.997) = 28.735, p <
.001, η2p = .615, with the P2 amplitude for ACT being
reduced compared to both EXTI, t(18) = −6.440, pFDR <
.001, d = −1.477, and EXT S, t(18) = −8.620, p FDR <
.001, d = −1.977. Moreover, the EXTI amplitude was significantly larger than the amplitude for EXTS, t(18) = 2.110,
pFDR = .049, d = 0.484. For the observers, results also
revealed a main effect of Sound, F(2, 36) = 29.532, p <
.001, η2p = .621, but with a different underlying pattern.
The P2 amplitude for ACT was again reduced compared
to both EXTI, t(18) = −3.762, pFDR = .001, d = −0.863,
and EXTS, t(18) = −6.475, pFDR < .001, d = −1.486. The
EXTI amplitude, however, was significantly smaller than the
one for EXTS, t(18) = −4.917, pFDR < .001, d = −1.128.
Differences between performers and observers in the P2
component associated with the processing of EXTI were
evident from visual inspection also with respect to the
latency (see Figure 2A). A 3 × 2 (Sound × Group) ANOVA
on the P2 latencies indeed revealed a significant Sound ×
Group interaction, F(2, 72) = 9.574, p < .001, η2p = .210.
While the latencies of the P2 associated with the processing
of ACT and EXTS did not differ between performers and
observers (both pFDR ≥ .291), the P2 latency for EXTI was
significantly higher in performers than in observers (mean
difference = 44.421 msec, 95% CI [25.167, 63.675]), t(36) =
4.679, pFDR < .001, d = 1.518.

Similarities between Performers and Observers
in the Later Phase of Auditory Action
Outcome Processing
Concerning the later positive ERP component, there are inconsistencies across studies with respect to its latency and
this component has consequently been labeled as either P2
or P3a. For its interpretation, we focus on another class of
studies reporting a functional dissociation between N1 and
P2/P3a and the resulting two main interpretations. First, it
has been suggested that the P2/P3a reflects stimulus (un)
predictability: The lower the predictability, the higher the
amplitude (Neszmélyi & Horváth, 2017; Knolle et al., 2013;
Baess et al., 2011). Contrary to the N1, however, the P2/P3a
amplitude reduction does not seem to reflect motor-based,
cerebellar-dependent predictions as it is independent from
the disruption of cerebellar information processing (Cao
et al., 2017; Knolle et al., 2013). In turn, a P2 but not an
N1 amplitude reduction was found for sounds that were
only visually cued (Sowman, Kuusik, & Johnson, 2012).
These studies suggest that a modulation of the P2/P3a
amplitude can reflect motor-independent predictive mechanisms in accordance with predictive coding accounts.

Our findings of a reduction of the positive component for
processing action- versus externally generated sounds both
in action performance and observation can thus be indicative of motor-independent predictive mechanisms in both
conditions at this later stage. It should be noted, however,
that we found a larger and later amplitude peak for processing intermixed externally generated sounds in action performance, which, based on post hoc examinations, could
not be because of a contamination of the analyzed segments by button presses or because of pooling between different EXTI, because the waveforms were comparable for
the different EXTI. Such larger and later amplitude peaks
for EXTI only in performers might indicate a lower predictability for these sounds within a context in which other
sounds can be predicted as a result of self-performed actions (similar findings in Knolle et al., 2013). Speculatively,
this finding might suggest that motor-dependent and
motor-independent prediction mechanisms might interact
in action performance in a different way compared to action
observation (see also Dogge et al., 2019).
The P2/P3a attenuation in observers, however, does not
necessarily hint at motor-independent prediction mechanisms. As outlined in the Introduction, the involvement
of premotor regions, which are a likely source of efference
copies (Timm et al., 2014; Waszak et al., 2012) and responsible for sensory attenuation ( Voss, Ingram, Haggard, &
Wolpert, 2006), occurs later for action observation compared to performance. In a magnetoencephalography
study, Nishitani and Hari (2000) investigated the cortical
activation sequence in active versus observed pinch movements: Whereas in performance, activation starts from the
premotor areas and extends into the motor cortex, in action observation, it starts in the visual cortex, then extends
into the premotor areas, and then to the motor cortex (see
also Sebastiani et al., 2014). The activation of the premotor
areas occurred thus about 100 msec later in action observation (Nishitani & Hari, 2000). In observers, sensory prediction may thus be based on motor simulation after the
observed action, which occurs too late to affect early processing in the N1 time window, but in time for later processing in the P2/P3a time window. This may be different
for observed actions whose onset time is perfectly predictable, for which motor preparation processes are similar
as for performed actions, as revealed by the preaction/
readiness potential (Kilner, Vargas, Duval, Blakemore, &
Sirigu, 2004). In particular, in the study by Kilner et al.
(2004), the onset of the action was always predictable based
on a visual cue. In this study, in turn, the exact observed
actions’ onset times were unpredictable. In this sense, the
fact that we did not find a significant preaction potential in
observers, differently from Kilner et al. (2004), might suggest
that preaction potential in action observation, as well as
motor-based predictions, might crucially depend on action’s
onset predictability. In future studies, additional control
conditions might help to clarify the relative contribution of
motor- and non-motor-based predictive mechanisms in
action observation and the timing of such modulations.
Ghio, Egan, and Bellebaum
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patients, Knolle et al. (2013) found a reduction of the P2
amplitude for processing self versus externally generated
sounds both in patients and healthy controls, while only
the latter showed also a reduction of the N1 amplitude. A
magnetoencephalography study by Cao et al. (2017)
showed that processing action-generated sounds (delayed
by 100 msec) induced an amplitude attenuation of both
the mN1, which originated from the auditory cortex (see
also Aliu, Houde, & Nagarajan, 2009; Martikainen, Kaneko,
& Hari, 2005), and the mP2, whose source was localized in
the inferior frontal gyrus/insula. The findings also revealed a
stronger mN1 but not mP2 attenuation in the adaptation to
the delay between the action and the sound, which was abolished by cerebellar transcranial magnetic stimulation (Cao
et al., 2017). These studies suggest that the modulation of
the N1 component reflects motor-based cerebellar predictions, possibly calculated by forward models based on
efference copies. Although for environment-related action
outcomes, such as the tones of this study, predictions can
also be based on other, nonmotoric types of information
(in line with predictive coding accounts), early processing
in the N1 time window can only be affected by concomitant actions, when action-related information is available
before movement onset. Our interpretation of the selective N1 reduction in response to action-generated sounds
for performers is thus that an efference copy is either not
generated at all in action observation or too late to affect
the N1, at least when the timing of the observed action is
unpredictable. These findings thus also extend and clarify
the result pattern we previously obtained (Ghio et al.,
2018), and highlight the importance of the timing of prediction generation in action observation.

Implications of Similarities and Differences between
Performers and Observers in Auditory Action
Outcome Processing for Agency Attribution

Conclusion
This study shows time-dependent similarities and differences in the influence of performed and observed actions
on the processing of sensory action outcomes. Early processing (N1) of action-generated sounds is altered only
by self-performed actions, probably because (efference
copy-based) motor information is not available early enough in the observation of actions with unpredictable onset timing. In turn, later sound processing (P2) was altered
not only by self-performed actions but also by observed
actions. In how far the modulation by observed actions
reflects motor-dependent or independent prediction
mechanisms and to what extent it depends on the predictability of the observed movement need to be examined in
future studies.
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Diversity in Citation Practices
A retrospective analysis of the citations in every article
published in this journal from 2010 to 2020 has revealed a
persistent pattern of gender imbalance: Although the proportions of authorship teams (categorized by estimated
gender identification of first author/last author) publishing
in the Journal of Cognitive Neuroscience ( JoCN) during
this period were M(an)/M = .408, W(oman)/M = .335,
M/W = .108, and W/W = .149, the comparable proportions
for the articles that these authorship teams cited were
M/M = .579, W/M = .243, M/W = .102, and W/W = .076
(Fulvio et al., JoCN, 33:1, pp. 3–7). Consequently, JoCN
encourages all authors to consider gender balance explicitly
when selecting which articles to cite and gives them the
opportunity to report their article’s gender citation balance.
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Further studies are needed to test our speculative interpretation by measuring indices of agency feeling and attribution both in action performance and observation.
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