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Abstract

Sensory attenuation describes the phenomenon of reduced sensory processing for self-
generated input compared to externally generated input (e.g., perception as less loud). A
typical measurement of sensory attenuation is through neurophysiological response, in
particular N1 and P2 components in electroencephalography (EEG). Predictive
mechanisms were proposed to underlie sensory attenuation. These include motor-based
cerebellar forward models as well as general predictive mechanisms. A function of
sensory attenuation may be the distinction between own and external effects, and thus a
contribution to the sense of agency. Due to similar neural activation during action
observation and performance, the same mechanisms could be applied for outcomes of
observed actions and yield similar attenuation relative to other external input. Yet,
perceptual and neurophysiological measures have shown inconsistent findings regarding
sensory attenuation in action observation. In this dissertation, sensory attenuation in
action performance and observation was further investigated in three EEG studies to
assess potential effects of temporal predictability, culture, and agency as well as to
examine the role of prediction errors, which might help explain previous inconsistencies
and clarify the underlying mechanisms. A novel addition in these studies compared to
previous studies was the inclusion of the cue condition with temporally predictable
external tones. In the first study, we found the N1 to reflect temporal predictability and
the P2 attenuation in action performance and observation to go beyond it, hinting at
further factors such as the sense of agency. We further found no indication of an
influence of culture on attenuation in action observation, which studies on perceptual
attenuation had suggested. In the second study, to explore effects of agency attribution
we extended action-observation conditions to include a robotic hand controlled by either
a human agent or the computer. However, the P2 did not reflect differences in agency
attribution. Instead, there was a self-specific P2 attenuation beyond the attenuation for
temporally predictable tones. The type of action-observation setting, which was live in
the first study and via video in the second study, might modulate the mechanisms
applied in action observation. The third study focused on the modulation of N1 and P2
amplitudes by prediction errors resulting from tones occurring in only half of the trials.
For this purpose, we used reinforcement learning models to calculate the prediction
error in each trial. In this context, correct predictions or enacting control could be
perceived as rewarding. N1 amplitudes were smaller when the calculated prediction
error was smaller. This effect of prediction error was stronger for self-generated tones.
Smaller amplitudes with smaller errors and a stronger effect for self-generation were
also found for the P2, but overall, the P2 was only attenuated for action observation and
cueing, not self-generation, relative to external tones. Thus, both components showed
self-specific effects relative to the video action-observation and cue conditions, and only
the P2 was sensitive to the lack of a contingent relationship between action and tone. In
sum, processing auditory consequences in action performance and observation appeared
to rely on different mechanisms particularly when the observation was implemented via
video. Moreover, the N1 and P2 components appeared to be functionally distinct, in line
with previous studies, in that the former likely relates to temporal predictability and
cerebellar forward models, whereas the latter could reflect the identification of the tone
as an outcome of an event, particularly self-performed action. Future research might
further examine the relationship of perceptual and neurophysiological measures, the
modulations of action-observation setting and context, and disentangle the different
mechanisms involved in what we measure as sensory attenuation.



1 General Introduction

1.1 The Sensory Attenuation Phenomenon

When typing on your keyboard, you might not take much notice of the keyboard clicks
you produce, but someone else in the same room might find the continuous stream of
clicks rather annoying. Indeed, there is evidence that self-generated sensory input is
processed differently than externally generated input and one phenomenon regarding
this comparison is sensory attenuation (e.g., Korka et al., 2022). Sensory attenuation is
typically defined as a reduction of sensory processing of the self-generated sensory input
compared to externally generated input and, although it has been subject of much
research, the underlying mechanisms are not fully understood (for reviews, see Horvath,
2015; Hughes et al., 2013; Korka et al., 2022). The following sub-sections give an
overview of how sensory attenuation has been measured in previous studies, what
mechanisms have been proposed to lead to sensory attenuation, and of the relationship
between sensory attenuation and the sense of agency.

1.1.1 Measures of Sensory Attenuation

In the first studies measuring the phenomenon of sensory attenuation, stimuli in the
somatosensory modality (Weiskrantz et al., 1971) and the auditory as well as the visual
modality (Schafer & Marcus, 1973) were examined. The former addressed the question
of why one cannot tickle oneself with ticklishness-comparison judgements, while the
latter employed electroencephalography (EEG) to compare components of event-related
potentials (ERPs) as a more direct measure of the brain’s response. Following research
has distinguished between auditory, visual, and somatosensory modalities; and
perceptual (i.e., behavioural) and neurophysiological (i.e., typically with ERP
components) measures of sensory attenuation.

The auditory stimuli in the initial studies were clicks (Schafer & Marcus, 1973) or pure
tones (McCarthy & Donchin, 1976) that were generated by self-timed button presses or
externally. This approach (particularly with tones) has been widely applied in following
studies (Horvath, 2015), but some studies on auditory attenuation have investigated
self-generated and played-back speech (e.g., Curio et al., 2000; Ford et al., 2001).
However, attenuation for self-generated speech (i.e., vocalisation) involves peripheral
confounds and may rather be related to specialised mechanisms (Horvath, 2015; but see
Mifsud & Whitford, 2017). A differentiation of underlying mechanisms was also
proposed as speech and tones were categorised as two different types of action outcomes
(Dogge, Custers, et al., 2019). In the following, auditory attenuation refers to
attenuation of tone processing unless otherwise specified.

Perceptual measures of auditory attenuation have been obtained with a comparison task
(e.g., Sato, 2008). A standard tone with fixed loudness was either self-generated or
externally generated. This was followed by a comparison tone with variable loudness
(but see Kiepe et al., 2024, for switched loudness properties) and participants were
tasked to determine which tone was louder. Based on the responses, the point of
subjective equality (PSE) and the just noticeable difference (JND) can be calculated.
Typically, sensory attenuation was defined as a reduced PSE of self-generated tones
compared to the PSE of externally generated ones, while the JND reflects a general
ability to differentiate loudness levels (e.g., Weiss et al., 2011a). The lack of sensory
attenuation in JND values has been interpreted as intact sensitivity for self-generated



tones, and thus, attenuation as reflecting the systematic reduction of intensity (e.g.,
Weiss et al., 2011a). An alternative approach to measuring auditory attenuation is the
application of an auditory detection task. However, with this approach an enhancement
of sensitivity (i.e., better detection) rather than attenuation was found for self-generated
tones (e.g., Reznik et al., 2014). These findings were reconciled by the study of Reznik et
al. (2015) that applied a modified comparison task with near- or supra-threshold tones.
For self-generated tones compared to cued tones, they showed enhancement with near-
threshold and attenuation with supra-threshold intensities. Including both types of
task, these findings were extended, showing the same interaction effect on PSE (i.e.,
perceptual bias) but no effect on sensitivity in the comparison (via JND) or the detection
task (Paraskevoudi & SanMiguel, 2021).

As mentioned above, neurophysiological studies on auditory attenuation have widely
applied a similar approach as Schafer and Marcus (1973) and McCarthy and Donchin
(1976). Referred to as the contingent paradigm (Horvath, 2015), it encompasses three
types of experimental blocks: (1) an auditory-motor, (1) an auditory-only, and (ii1) a
motor-only block. The tasks of these blocks are typically (i) generating tones with a self-
timed action (e.g., button press), (i1) passively listening to externally generated tones,
and (i11) performing the self-timed action without the presentation of tones (see Figure
1.1.1). Tone processing is typically measured via the auditory N1 and P2 ERP
components or their counterparts in magnetoencephalography (MEG; Horvath, 2015;
Korka et al., 2022). These ERPs of the auditory-motor block are compared to those of the
auditory-only block to assess attenuation but because of the activity related to the
generation itself, the difference of the auditory-motor and motor-only block is used for
the comparison. The calculation of the difference, termed motor correction, has been
criticised because of the differences in ERPs between actions with and without sensory
effects (Horvath, 2015; Neszmélyi et al., 2022) but is yet widely applied (e.g., Klaffehn et
al., 2019). Other criticisms of this paradigm relate to confounds in the comparison of
self-generated and external tones: predictability of the temporal onset (i.e., when-
prediction), control over the temporal onset (i.e., temporal control), and predictability of
stimulus identity (i.e., tone frequency; what-prediction) based on motor and non-motor
cues (Hughes et al., 2013).

FIGURE 1.1.1: VISUALISATION OF THE CONTINGENT PARADIGM

Auditory-Motor Motor-Only Auditory-Only
I- ————— — I- ————— —
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Note. The auditory-motor block is also referred to as self-generation block, the motor-

only block as control block for self-generation, the corrected auditory-motor as self-
generation condition, and the auditory-only block as external-tone block or condition.




Of the two ERP components, the focus has been on the N1 (Horvath, 2015), though its
sub-components (Naatianen & Picton, 1987) are not typically differentiated (for an
example of an anylsis of sub-components, see SanMiguel, Todd, et al., 2013). Defined as
the negative peak occurring 50 to 150 ms after tone onset (Naatidnen & Picton, 1987) at
frontocentral electrodes, the amplitudes of the N1 were found to be reduced for self-
generated compared to the external tones (e.g., Klaffehn et al., 2019). The P2, a
subsequent positivity peaking 150 to 250 ms after tone onset at central electrodes
(Crowley & Colrain, 2004), has been observed to also be attenuated for self-generated
compared to external tones (e.g., Klaffehn et al., 2019). Both components have been
found to increase in amplitudes, for instance, with increasing tone loudness or inter-tone
intervals (Crowley & Colrain, 2004; Woods, 1995). Indeed, in some studies on sensory
attenuation the components are analysed as an N1-P2 complex (e.g., Timm et al., 2014).
However, there is evidence for treating the N1 and P2 as distinct components (Crowley
& Colrain, 2004; Horvath, 2015). In one study on sensory attenuation, for example, the
N1 but not the P2 of self-generated tones was attenuated compared to external tones
when an action-outcome delay was introduced (Klaffehn et al., 2019).

Regarding the relationship between perceptual and neurophysiological measures of
auditory attenuation, the two studies investigating this did not find attenuation in
either perceptual or neurophysiological measures (Dogge, Hofman, et al., 2019; Ody et
al., 2023). This might be due to the modifications of the paradigm they applied with
either voluntary versus involuntary action (Ody et al., 2023) or congruent versus
incongruent action outcomes (Dogge, Hofman, et al., 2019). Yet, overall, perceptual and
neurophysiological measures roughly correspond in showing auditory attenuation of
self-generated stimuli compared to externally generated stimuli.

1.1.2 Mechanisms Underlying Sensory Attenuation

To explain the attenuation of processing of self-generated sensory input compared to
externally generated input, various mechanisms have been proposed and discussed (e.g.,
Horvath, 2015). A common understanding is that because the self-generated sensory
input is more predictable than the external one, the processing is less relevant, but how
the predictions are formed and how this leads to attenuation is under debate (e.g.,
Dogge, Custers, et al., 2019).

Sensory attenuation has been mostly interpreted in terms of internal forward models
(Blakemore, Wolpert, et al., 2000; Wolpert & Flanagan, 2001). Theories of forward
models state that a copy of the motor command, termed the efference copy, is sent to the
forward model, which derives predictions of the sensory input generated by the action.
The predicted and perceived sensory input are then compared. The more the prediction
and the actual input match, the more attenuation is observed. According to one account,
the correctly predicted input cancels out the actual input (e.g., Wolpert & Flanagan,
2001), but alternative accounts have been discussed (e.g., pre-activation, see Dogge,
Custers, et al., 2019; Horvath, 2015; Roussel et al., 2013). It was further proposed that
the forward model is represented in the cerebellum (e.g., Blakemore, Wolpert, et al.,
2000; see also Shadmehr et al., 2010), which is in line with results of studies applying
functional magnetic resonance imaging (fMRI) to examine sensory attenuation in
various modalities (Blakemore et al., 1998; Kilteni & Ehrsson, 2020; Straube et al.,
2017). Interestingly, in the somatosensory modality, perceptual attenuation correlated



with the functional connectivity between the cerebellum and the secondary
somatosensory cortex (Kilteni & Ehrsson, 2020). In the auditory modality, N1 but not P2
attenuation (of self-generated vs. external tones) was absent in patients with cerebellar
lesions (Knolle et al., 20132a). Furthermore, the adaptation of the MEG N1 (i.e., M100)
attenuation (i.e., increased attenuation over time) to an action-outcome delay of 100 ms
was not observed after suppressive transcranial magnetic stimulation (TMS) of the
cerebellum (Cao et al., 2017). Thus, N1 attenuation and its adaptation was shown to be
dependent on the cerebellum.

Further support for forward models came from studies inducing involuntary movements
(i.e., without a motor command) and the comparison of their outcomes to outcomes of
voluntary actions: Attenuation relative to external tones was found for outcomes only of
voluntary actions, not of movements induced by TMS applied to the primary motor
cortex (neurophysiological attenuation in the auditory modality; Timm et al., 2014), of
movements induced by stimulating the median nerve in the forearm (neurophysiological
attenuation in auditory modality; Jack et al., 2021), or of the passive movement of
letting the finger fall when the platform it rested on was removed (perceptual
attenuation in somatosensory modality; Kilteni et al., 2020). Although these studies
show the importance of a voluntary action for sensory attenuation, similar
neurophysiological effects were found for (auditory) action outcomes and outcomes of in-
action, that is, not performing an action in a given timeframe (e.g., Han et al., 2021).
This further highlighted the role of intention rather than the action itself (see also
Korka et al., 2022).

Dogge, Custers, et al. (2019) argued that the often arbitrary environment-related action-
outcome associations, such as a button press and a tone, are learned too quickly for
motor-based mechanisms to be effective. These, they proposed, are rather supported by
general predictive mechanisms, while more body-related action-outcome associations,
such as self-touch and speech, rely on the motor-based forward model (Dogge, Custers,
et al., 2019).

A critical difference between self-generated tones and external tones has been the ability
to predict the temporal onset of the tone (i.e., when-prediction) only for self-generation,
which cannot exclude general predictive mechanisms as underlying the attenuation
effect (Hughes et al., 2013). Previous studies have presented action-outcome tones
immediately after the action (e.g., Knolle et al., 2013a; Sato, 2008), with a fixed delay
(e.g., Elijah et al., 2018; Klaffehn et al., 2019; Lange, 2011), with a variable delay (e.g.,
BalB et al., 2008; Lange, 2011; Pinheiro et al., 2019), or with a delay incongruent to the
learnt temporal relationship (e.g., Aliu et al., 2009; Elijah et al., 2016; Timm et al.,
2016). Some showed that the amplitudes were smallest when the outcome onset was
predictable (e.g., Pinheiro et al., 2019; Timm et al., 2016, for N1) with a deviation
tolerance for learnt delays (e.g., Aliu et al., 2009, for M100; Elijah et al., 2016, for N1),
others that temporal predictability did not affect the amplitudes (e.g., Bali et al., 2008,
for N1; Lange, 2011, for N1). Some studies made external tones temporally predictable
by temporal cueing (i.e., playing tones in a fixed interval; Schafer & Marcus, 1973) or
presenting a visual cue before tone onset, such as a loading bar filling up (Klaffehn et
al., 2019). Comparisons of self-generated and temporally predictable external tones
further showed mixed results: attenuation of self-generated compared to the cued
external tones (e.g., Harrison et al., 2021, for P2; Klaffehn et al., 2019; Lange, 2011, for
N1; Mifsud, Oestreich, et al., 2016, for N1), reduced attenuation of self-generated tones,



that is, additional attenuation for cued external tones compared to unpredictable
external tones (e.g., Mifsud, Oestreich, et al., 2016, for P2; Schafer & Marcus, 1973, for
N1), and no differences in amplitudes of self-generated and cued external tones (e.g.,
Harrison et al., 2021, for N1; Schafer & Marcus, 1973, for P2). N1 attenuation compared
to unpredictable external tones was also observed for external tones when cued (Kaiser
& Schiitz-Bosbach, 2018; see also Sowman et al., 2012, for P2 attenuation) and when
temporal onset was predictable based on a preceding tone sequence (Lange, 2009).
Hence, several studies have indicated the relevance of temporal predictability and thus
general predictive mechanisms for neurophysiological attenuation of (self-generated)
tones relative to unpredictable external tones.

Predictive coding (e.g., Rao & Ballard, 1999) or processing (see also integral forward
model, Pickering & Clark, 2014) is the framework that is discussed for such general
predictive mechanisms (e.g., Dogge, Custers, et al., 2019; Kiepe et al., 2021). According
to this framework, perception results from the minimisation of surprise (i.e., prediction
errors). Unlike the internal forward models described above, one common mechanism
underlies action and prediction, as proprioceptive predictions would result in prediction
errors and these would be resolved by action (active inference; Pickering & Clark, 2014).
Sensory attenuation then arises from lowering precision and drawing away attention
from the predicted sensory input, because instead the precision (i.e., estimated
reliability of the prediction or confidence) for proprioception is increased so that
movement can ensue (Brown et al., 2013; Pickering & Clark, 2014).

Both forward models and predictive coding accounts offer an explanation of the observed
attenuation effects. However, perceived intensity enhancement of self-generated tones
was found for tones at near-threshold level (e.g., Paraskevoudi & SanMiguel, 2021). The
opposing process theory by Press et al. (2020) proposed that after an enhancement based
on the predictability of the stimuli, predicted stimuli relative to stimuli that cause high
surprise appear attenuated (in the time range of N1 and P2 components). This latter
process depends on the informativeness of the stimuli and distinction from noise, and
hence, is not activated for unpredictable near-threshold tones (Press et al., 2020).

In conclusion, motor-based forward models have been proposed to explain sensory
attenuation, but doubts have been raised (e.g., Dogge, Custers, et al., 2019). Instead, the
attenuation of the perceptual and neurophysiological responses to self-generated stimuli
may result from a combination of motor-based and general predictive mechanisms (e.g.,
Korka et al., 2022), though the direction of the difference to external stimuli could
depend on contextual factors (Press et al., 2020). To what extent each of these
mechanisms contribute to sensory attenuation and what factors the magnitude of
contribution depends on remain open questions.

1.1.3 Me vs. the World: Sensory Attenuation as Implicit Measure of
Agency
According to forward models but not to predictive coding, sensory attenuation, that is,
the successful match of predicted and perceived sensory input, poses a distinction to
externally generated stimuli and thus enables the sense of agency (Kiepe et al., 2021).
This describes the “sense that I am the one who is causing or generating an action”
(Gallagher, 2000, p. 15) including action outcomes (Synofzik et al., 2008). For example,
the self-produced keyboard clicks are predicted, attenuated, and thus identified as one’s
own. External keyboard clicks are not predicted, not attenuated, and thus identified as



not-one’s-own. According to the two-step (Synofzik et al., 2008) or optimal-cue-
integration (Synofzik et al., 2013) account of agency, the feeling and the judgement of
agency can be differentiated. The former is an experience that results from a
combination of weighted cues, including (but not limited to) comparison results of
forward models. The latter, on the other hand, refers to the explicit attribution of agency
and is an integration of further contextual cues and intentions. In ambiguous cases,
when the feeling of agency is reduced, the judgement of agency is relied upon to find the
best explanation (Synofzik et al., 2008). The weighting of the cues for feeling and
judgement of agency might also depend on their situational reliability and affective
factors (Synofzik et al., 2013).

It has been proposed that sensory attenuation represents an implicit measure of agency
(Hughes et al., 2013). As explicit measures of agency, on the other hand, participants
have been asked whether they were the agent of the tone allowing for yes-or-no
responses (e.g., Timm et al., 2016), or participants rated the degree of their agency (e.g.,
Sato, 2008). Regarding this interpretation of sensory attenuation, studies have
investigated patients with abnormalities in both the sense of agency and attenuation. In
patients with schizophrenia, for instance, agency has been found to be misattributed,
such in the case of auditory hallucinations, delusions of control, or thought insertions,
which might be related to altered forward models (e.g., Feinberg, 1978; Franck et al.,
2001). Studies comparing attenuation of self-generated stimuli to externally generated
stimuli in such patients and control participants found reduced attenuation in patients
in somatosensory (for perceptual measures, e.g., Blakemore, Smith, et al., 2000; Shergill
et al., 2005) and auditory modalities, including vocalisation (for N1, e.g., Ford et al.,
2007; Ford et al., 2001) and tones (for N1, e.g., Ford et al., 2014; Whitford et al., 2011).
Kort et al. (2017) further found a similarly reduced N1 attenuation for vocalisation in
patients and healthy participants who received infusions of ketamine, which induces
schizophrenia-like symptoms. Moreover, scores relating to symptoms were negatively
correlated with sensory attenuation in several studies: Scores of delusional ideation
(PDI; Peters et al., 2004; Peters et al., 1999) of healthy participants with perceptual
somatosensory attenuation (Teufel et al., 2010), PDI scores of healthy participants with
perceptual auditory attenuation (Cao & Gross, 2015), scores of the schizotypal
personality questionnaire (Raine, 1991) in healthy participants with N1 attenuation of
vocalisations (Oestreich et al., 2015), severity scores of auditory hallucinations and
percentages of agency misattribution in patients with (lacking) N1 attenuation of
vocalisations (Heinks-Maldonado et al., 2007), and severity scores of hallucinations in
patients with (lacking) attenuation in the secondary somatosensory cortex measured via
fMRI (Shergill et al., 2014).

In healthy participants, the explicit rating of agency was reduced when discrepancies,
such as altered stimulus identity and temporal delays, were applied and the
participants were previously instructed that in some cases the experimenter elicits the
tones (Sato & Yasuda, 2005). With a similar setup, Kithn et al. (2011) found agency-
related attenuation (i.e., lower amplitudes for perceived self-agency than perceived
other-agency) of P3a (370-390 ms) but not of N1 amplitudes. The use of delays to induce
agency uncertainties was applied in further auditory attenuation studies: Implementing
three different delays, with one as the most likely (70%), participants were induced to
believe that tones were generated by the experimenter (as implied by the displayed
name, though the tones were always self-generated) in a simultaneous cued generation



task (Desantis et al., 2012). PSE values were reduced when participants believed in self-
agency. Focusing on P2 amplitudes, Weller et al. (2017) found P2 enhancement, instead
of attenuation, for delayed tones. Filling the delay between action and tone (i.e., visual
animation for 2 s), however, increased the rated agency, while P2 amplitudes were not
affected (Weller et al., 2017). In a different manipulation of delays, Timm et al. (2016)
reduced the perceived agency (i.e., yes-or-no responses) by omitting the previously learnt
delay (of 200 ms) between cued actions and tones. This correlated with P2 but not N1
attenuation (Timm et al., 2016). Furthermore, by inducing high or low illusions of
control (i.e., learning 70% or 30% contingency between action and a specific tone), Seidel
et al. (2021) again showed an agency-related effect on P2 (i.e., reduction for high
compared to low perceived control over self-generated tones) but not N1 attenuation.
Lastly, the findings of absent attenuation when movement was involuntary (e.g., elicited
via TMS; Timm et al., 2014) are also in line with the hypothesis that attenuation
represents an implicit agency measure. Including semi-voluntary actions, Jack et al.
(2021) found a linear effect of volition on N1 attenuation, while the P2 was sensitive to
the type of voluntary initiation of the involuntary movement (i.e., P2 attenuation for
finger-on-finger press, but not for stimulator-induced press).

All in all, attenuation and the sense of agency appear to be related (e.g., Heinks-
Maldonado et al., 2007) but diverging findings (e.g., Weller et al., 2017) and that prior
belief about agency could affect attenuation (e.g., Desantis et al., 2012) indicate that this
relation is not causal as forward models proposed. For neurophysiological auditory
attenuation, N1 attenuation might result from cerebellar forward models contributing to
the feeling of agency, while the later P2 attenuation rather reflects a more retrospective
agency judgement (e.g., Knolle et al., 2013a; Seidel et al., 2021; Synofzik et al., 2013;
Timm et al., 2016).

1.2 Me vs. You: Sensory Attenuation in Action Observation

As described above, your own keyboard clicks might escape your notice, while disturbing
another person in the room. However, if that other person directly observes you typing,
then the noise may be as tolerable to them as when producing the keyboard clicks
themselves. Especially if this observer knows what you are typing or even tells you what
to type, they might feel a vicarious sense of agency. Similarities and differences in the
processing of outcomes of actions that are self-performed and that are observed are the
topic of this section. In the following sub-sections, research on the neural activation in
action observation is outlined before previous findings of auditory attenuation in action
observation with perceptual and neurophysiological measures are described.

1.2.1 The Action Observation Network

The neural basis for the action observation network in the brain are mirror neurons that
are active for action performance and observation and encode action goals (for reviews
see Rizzolatti & Fogassi, 2014; Rizzolatti & Sinigaglia, 2010). First discovered in
monkeys (e.g., di Pellegrino et al., 1992; Gallese et al., 1996), such neurons can also be
found in humans (e.g., Buccino et al., 2001; Mukamel et al., 2010). In particular, a
parieto-frontal network has been identified (e.g., Rizzolatti & Sinigaglia, 2010), with a
meta-analysis specifying a premotor, parietal, and somatosensory network across action
performance and observation, and a premotor-parietal and occipital network unique to
observation (Hardwick et al., 2018). Additionally, the action observation network has
been found to extend into the cerebellum (e.g., Casiraghi et al., 2019). However, the



temporal sequence of activation of brain regions within the action network differed
between action performance and observation: MEG studies showed, for instance, that
after occipital activation the frontal and primary motor activation occurred around 100
ms later in action observation compared to action performance (Nishitani & Hari, 2000;
Sebastiani et al., 2014). It was suggested that observing another’s action activates
mirror neurons that activate the action representation and forward models, possibly
involving the cerebellum, to predict the sensory consequences (Miall, 2003).
Importantly, both forward models and predictive coding proposed the same resource for
predicting action outcomes in action performance and observation, for which such
simulations via the action observation network might be used (Kilner et al., 2007,
Pickering & Clark, 2014; Wolpert et al., 2003).

The action observation network thus supposedly enables action matching, which might
be useful for action imitation, and goal matching, which can be useful for action
understanding without inference, though inference is needed for understanding the
reasons of the observed person (e.g., Rizzolatti & Sinigaglia, 2010; see also Urgesi et al.,
2014). Such inferences are made with the so-called mentalising system, which appeared
to be independent from the mirror system (Van Overwalle & Baetens, 2009). Mirror
neurons have further been linked to affective understanding and empathy (e.g.,
Corradini & Antonietti, 2013; Iacoboni, 2009; but see Lamm & Majdandzic, 2015).

1.2.2 Perceptual Attenuation in Action Observation

As described in Section 1.1.1, paradigms for auditory perceptual attenuation typically
include a tone-comparison task. In the study by Sato (2008), participants either
generated the first tone themselves or observed the experimenter generating it. After
the second tone (i.e., the comparison tone) was presented, participants judged which
tone was louder and based on their responses the PSE was determined. Their first
experiment implemented unpredictable external tones as the comparison condition.
After finding significant attenuation in action performance and observation, they added
a comparison condition, in which a robot arm generated the first tone, in their second
experiment. They found significant attenuation in action performance and observation
to both comparison conditions and concluded that the action-observation attenuation
was not merely due to predictability based on visual cues. Explicit measures of agency
were also obtained and found to be self-specific, in that no agency was felt for tones
generated by the experimenter (Sato, 2008). To refine the approach of this study, Weiss
et al. (2011a) conducted two experiments with learning phases for both action
performance and observation: The first experiment applied distinct tone frequencies for
action performance and observation, whereas the second applied the same tone
frequency throughout. A 50 ms delay was implemented between button press and tone
onset. Furthermore, the comparison condition was altered to a visual cueing condition,
in which a cue was presented for 500 ms with a 100 ms interval to tone onset. In
contrast to Sato (2008), Weiss et al. (2011a) consistently found attenuation only in
action performance. This was the case even when the observed action was cued and
therefore temporally predictable (Weiss & Schutz-Bosbach, 2012).

As a potential explanation, Cao and Gross (2015) then explored the discrepant findings
in action observation as an effect of culture. Specifically, they explored it as an effect of
the individualism-collectivism dimension, because attenuation in action observation was
found for the Japanese (Sato, 2008), a (moderately) collectivistic culture (Hofstede,
2011), but not for the German sample (e.g., Weiss et al., 2011a), an individualistic



culture (Hofstede, 2011). Individualism-collectivism describes “the degree to which
people in a society are integrated into groups” (Hofstede, 2011, p. 11). At the individual
level, individualism and collectivism are considered as two separate scores (Hofstede,
2011), which do not necessarily differ (both high: bi-cultural, both low: a-cultural;
Singelis, 1994; Yamada & Singelis, 1999). Cao and Gross (2015) acquired a British and a
Chinese sample and collected scores of the self-construal scale (SCS; Singelis, 1994),
that is, independent (i.e., individualistic) and interdependent (i.e., collectivistic) SCS
scores, from the participants. Their findings supported their hypothesis of an effect of
culture, in that Chinese participants showed attenuation in action observation, but
British participants did not, and attenuation values (i.e., PSE difference values)
correlated with (independent) SCS scores (Cao & Gross, 2015). Thus, the British, and
possibly the Germans in Weiss et al. (2011a), were too individualistic to attenuate the
loudness of tones generated by another person they observed.

1.2.3 Neurophysiological Attenuation in Action Observation

In an EEG study, Poonian et al. (2015) investigated auditory attenuation in action
observation as well as another phenomenon termed an implicit measure of agency.
Showing videos of keypresses led to N1 attenuation (i.e., compared to a control
condition) in action observation similar to action performance (Poonian et al., 2015). In a
second experiment, they further showed reduced N1 amplitudes in action observation to
observation of an unrelated action. However, the interval-recreation task and the
variable delay of 500 to 1500 ms between (observed) action and tone reduce
comparability to studies applying the contingent paradigm with tones following actions
immediately or with a fixed delay.

Acquiring a sample of performers and a sample of observers with the contingent
paradigm, Ghio et al. (2018) also found neurophysiological attenuation in action
observation. This paradigm contained additional external tones that were presented
after the generated tone in 40% of the trials at various delays (i.e., intermixed external
tones). Notably, adding the duration of the onscreen button-press movement before the
button press and the short delay between button press and tone, a participant observing
the video could predict that the tone would follow 175 ms after movement onset. N1 and
P2 amplitudes of tones generated by an observed action were attenuated relative to
external tones, but differences in attenuation to action performance were noted. Firstly,
whereas N1 attenuation in action performance was found relative to intermixed
external tones, N1 attenuation in action observation was not significant in this
comparison. Secondly, P2 attenuation in action performance was significantly stronger
than the P2 attenuation in action observation. These findings were extended by Ghio et
al. (2021) who acquired performers and observers simultaneously (i.e., the observers
observed the performers live). There was again a short delay between button press and
tone but a participant observing the participant next to them faced variable (and
possibly shorter) movement durations. On the one hand, the N1 was attenuated only in
action performance, not in action observation, which considering the results of the
previous study was related to the lack of temporal predictability (Ghio et al., 2021; Ghio
et al., 2018). On the other hand, the P2 was attenuated in action performance and
observation and did not differ significantly between the two (Ghio et al., 2021). The N1
and P2 were interpreted as contributing to the feeling of agency and to agency
judgement, respectively (Ghio et al., 2021; Ghio et al., 2018; Synofzik et al., 2008).
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One limitation of these studies was that they did not control for temporal predictability,
which was identified as a confound in attenuation studies (Hughes et al., 2013) and was
shown to affect attenuation (e.g., Kaiser & Schiitz-Boshach, 2018), though this is not
consistently shown (e.g., Klaffehn et al., 2019). Using a different approach, van
Laarhoven et al. (2021) investigated the effect of temporal (and identity) predictability
on N1 and P2 amplitudes, when observing handclaps onscreen. Clap sounds were
presented at the end of a 500 ms handclap motion, shifted by variable delays between
250 and 170 ms before, and between 210 and 320 ms after, or substituted by random
sounds. N1 and P2 attenuation was found in all conditions. For the N1, attenuation
relative to external tones was stronger with clap sounds presented on time (i.e., when
onset and identity were predictable). For the P2, attenuation relative to external tones
was selectively decreased when the timing was unpredictable. Thus, temporal
predictability was relevant for both N1 and P2 attenuation in action observation and
should be accounted for in future studies.

1.3 Aims and Research Questions: Action Performance vs.

Observation

This dissertation investigated auditory action-outcome processing of action performance
and action observation in three studies. Specifically, the attenuation of N1 and P2 ERP
components of action-generated tones was compared to that of externally generated
tones. In previous studies, the condition to which attenuation in action observation was
examined either was the typical auditory-only condition in neurophysiological
attenuation studies (i.e., unpredictable external tones; e.g., Ghio et al., 2021; Ghio et al.,
2018) or included visual cues. For instance, a visual cue preceded the externally
generated tone by 600 ms in Weiss et al. (2011a). Several of the described studies
presented the tones immediately after action-onset (e.g., Cao & Gross, 2015; Sato, 2008)
or the delay between action and outcome was very short (i.e., 50 ms; e.g., Ghio et al.,
2021; Weiss et al., 2011a). In Ghio et al. (2018) the delay between movement onset of the
observed button press and the tone was longer (i.e., 175 ms), supposedly enabling better
temporal predictability for observed actions and thus the generated tone (see Ghio et al.,
2021; Ghio et al., 2018). However, studies implementing live action observation would
also feature time delays between movement onset and full button press and thus the
tone, which likely vary inter-individually and between trials.

One overarching aim of the dissertation, was to examine whether the previous
attenuation effects in action observation (Ghio et al., 2021; Ghio et al., 2018) were due to
temporal predictability. To account for the effect of temporal predictability, we
implemented (i) a larger action-outcome delay making the tones of observed actions
temporally predictable, and (ii) a condition with external tones that were made
temporally predictable by visual cues in all three studies. Each of the three studies then
addressed a specific research question.

The specific research question of Study 1 was to investigate the potential effect of
culture (i.e., individualism) on neurophysiological attenuation in action observation as
measured by the N1 and P2 amplitudes. In the study by Cao and Gross (2015), the
participant’s culture determined the degree of perceptual attenuation in action
observation. Traits were measured by questionnaires and correlated with attenuation
values in action observation. A decreasing effect on PSE attenuation in action
observation was found for the independent SCS score (i.e., individualism), while no
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(increasing) effect of the interdependent SCS score (i.e., collectivism) was found (Cao &
Gross, 2015). Individualism has not yet been considered as a modulatory variable in
studies on neurophysiological attenuation in action observation (Ghio et al., 2021; Ghio
et al., 2018). Therefore, we included an individualism-collectivism questionnaire in
Study 1 to relate the scores to N1 and P2 amplitudes of self-generated tones and tones
generated by an observed action in a simultaneous EEG acquisition.

The specific research question of Study 2 was to examine the role of agency attribution
for the P2 attenuation in action observation. In Study 1 (Kgan et al., 2023), the P2 was
attenuated significantly in action performance and observation compared to the cue
condition. One possible explanation for the P2 results was the relation of P2 attenuation
to the sense of agency (e.g., Timm et al., 2016). In previous action-observation studies,
the P2 attenuation was also interpreted in terms of agency judgements, attributing
agency to oneself or to the other (Ghio et al., 2021; Ghio et al., 2018). However, non-
human agents that perform the button press and generate the tone have not been
included in these studies. To assess the role of agency attribution for the P2, we included
robotic action-observation conditions and explicit agency measures in Study 2.

The specific research question of Study 3 entailed the effect of varying whether-
prediction errors on N1 and P2 amplitudes in action performance and observation.
According to the forward models, the contingent relation between action and outcome,
that is, the consistent coupling of action and outcome, is a prerequisite for attenuation
(Horvath, 2015). Only when the action is (causally) linked to the outcome, can
predictions be made regarding its temporal onset and identity. Previous studies have
reduced the contingency in one of two ways: Introducing deviants (i.e., infrequent tones
with an altered frequency) reduces the contingency of action and standard tone (e.g.,
Knolle et al., 2013b) thereby affecting the what-prediction. Other studies have reduced
the action-outcome contingency by omitting tones (for a review, see Korka et al., 2022),
which affects the whether-prediction (i.e., predictions about whether the tone occurs or
not). In contrast to forward-model assumptions, N1 and P2 attenuation has been found
as an effect of mere temporal proximity between action and tone in studies applying the
coincidence paradigm (e.g., Horvath et al., 2012), as well as N1 attenuation when there
was only a 50% contingency (through omissions) between action and tone (e.g., Seidel et
al., 2021; Timm et al., 2013). Focusing on whether-predictions but applying different
paradigms, Han et al. (2022) and Harrison et al. (2023) compared full- (i.e., 100%) and
no-contingency (i.e., 50%) conditions and found no effect on N1 amplitudes. Han et al.
(2022), however, found contingency-dependent P2 reduction. Yet, it can be assumed that
with uncertain contingencies the prediction varies from trial to trial and together with
the (lack of) outcome results in varying prediction errors. To explore this further, in
Study 3, we presented tones in only half of the trials, calculated prediction errors in
each trial, and examined their effect on N1 and P2 amplitudes. Effects of contingency
have not yet been investigated for action observation. Hence, in Study 3, we recruited a
group who performed the button press themselves as well as a group who observed the
button press onscreen.
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2 Study Summaries

The three studies that were conducted are summarised in this section. For the complete
articles see Appendix A (i.e., Section 6). Information on the supplementary materials are
provided in Appendix B (i.e., Section 7). As stated in the introduction, the three studies
investigated sensory attenuation in action performance and observation. Study 1 (Egan
et al., 2023) investigated the effect of culture on attenuation in action observation based
on the findings of a perceptual study (Cao & Gross, 2015). It also took the effect of
temporal predictability into account that previous studies on sensory attenuation in
action performance had considered (e.g., Klaffehn et al., 2019). Study 2 (Kgan et al.,
2025) investigated the effect of agency attribution on attenuation in action observation,
which was a potential explanation of the results of Study 1 (Kgan et al., 2023). Finally,
Study 3 (Kgan et al., 2024) investigated the effect of the prediction error on attenuation
in action performance and observation by reducing the contingency between action and
outcome. At the beginning of each sub-section a summary figure is provided for the
study, including depictions of the action-observation setting and schematic depictions of
the attenuation results.

Each study was approved by the ethics committee of the Faculty of Mathematics and
Natural Sciences at the Heinrich Heine University. Participants were recruited at the
university and were mostly (psychology) students. Each participant gave written
informed consent and received either monetary compensation or course credit for
participating. Those who reported a history of psychiatric or neurological disorders were
excluded from data analysis. All studies included EEG acquisitions with 28 passive
Ag/AgCl electrodes (F7, F3, Fz, F4, F8, FT7, FC3, FCz, FC4, FT8, T7, C3, Cz, C4, TS,
CP3, CPz, CP4, P7, P3, Pz, P4, P8, PO7, PO3, POz, PO4, PO8), AFz as ground electrode,
two electrodes on the mastoids as reference, and four electrodes to record eye-
movement-related and muscle activity (F9, F10, FP2, and one attached under the right
eye). BrainVision Recorder was used for recording (1000 Hz sampling rate), BrainVision
Analyser for pre-processing the EEG data (Brain Products GmbH). We further analysed
and visualised the data with R (R Core Team, 2024). Statistical analysis in each study
entailed the computation of linear mixed-effects models. These models have several
advantages over a conventional analysis of variance (ANOVA): Random effects can be
included in mixed-effects models (i.e., variability, such as between participants, can be
modelled), they are more robust regarding missing data, and continuous variables can
easily be modelled as additional predictors (Field et al., 2012). The latter advantage was
exploited for adding trait scores as potential modulators in Studies 1 and 2 (Egan et al.,
2023; Kgan et al., 2025) and analysing the effect of the trial-by-trial varying prediction
error in Study 3 (Egan et al., 2024).

2.1 Auditory N1 and P2 Attenuation in Action Observation:
An Event-Related Potential Study Considering Effects of

Temporal Predictability and Individualism

The first study has been published in the journal Biological Psychology with the
following reference:
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Egan, S., Ghio, M., & Bellebaum, C. (2023). Auditory N1 and P2 attenuation in action
observation: An event-related potential study considering effects of temporal
predictability and individualism. Biological Psychology, 180, 108575.
https://doi.org/10.1016/j.biopsycho.2023.108575

See Figure 2.1 for an overview of the action-observation setting applied in this study and
the attenuation results.

FIGURE 2.1: ACTION-OBSERVATION SETTING AND ATTENUATION RESULTS OF STUDY 1
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Note. Acquisitions were done in pairs. Each participant completed four conditions, in
which tones were presented. External tones were temporally unpredictable in the
external-tone condition (grey) and temporally predictable in the cue condition (blue). In
the action-observation condition (teal) and the action-performance condition (green), a
mirror construction was placed on top of the response box, so that the button presses
were viewed in first-person perspective in the mirror. To press the button comfortably
with their right and left hand, participants switched seats after half of the experiment
was completed. Tones followed 350 ms after button press or cue onset. For precise
descriptions of the conditions see Section 6.1. On the right, N1 and P2 amplitudes from
the chosen electrode are schematically depicted and significant comparisons, in
particular to the external-tone condition (i.e., signifying attenuation), are marked.
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2.1.1 Research Question

As mentioned in Section 1.1.2, temporal predictability has been a confound in the
comparison of self-generated and externally generated tones (Hughes et al., 2013).
Likewise, it presents a confound for attenuation in action observation, as the observed
action might merely serve as a cue to make the tones predictable in time. The effect of
temporal predictability has previously been investigated by making externally
generated tones temporally predictable using visual cues, for example, to compare them
to self-generated tones (e.g., Klaffehn et al., 2019). Results indicated that while N1
amplitudes of self-generated tones can be attenuated compared to temporally
predictable external tones (e.g., Klaffehn et al., 2019), N1 and P2 amplitudes of
temporally predictable external tones can also be attenuated compared to unpredictable
external tones (e.g., Schafer & Marcus, 1973).

The findings of perceptual attenuation in action observation described in Section 1.2.2
were inconsistent and a cultural dimension, namely individualism, was suggested as a
possible explanation for the discrepancies (Cao & Gross, 2015). Specifically, attenuation
in action observation was found for a Japanese (Sato, 2008) and a Chinese sample (Cao
& Gross, 2015), both cultures considered to be more collectivistic, but no attenuation
was found in observers for a German (Weiss et al., 2011a) and a British sample (Cao &
Gross, 2015), both cultures considered to be more individualistic. In the study by Cao
and Gross (2015), scores measuring individualism did indeed correlate with attenuation
values (i.e., differences of PSE values in observation and external conditions). While
neurophysiological measures were also (partially) attenuated in action observation for
German samples (Ghio et al., 2021; Ghio et al., 2018), the modulation by individualism
has not yet been examined. Importantly, the external-tone condition in these perceptual
studies included a visual cue that made the external tones temporally predictable (e.g.,
Weiss et al., 2011a), but the external tones in the neurophysiological studies were not
(Ghio et al., 2021; Ghio et al., 2018).

The first study of this dissertation therefore investigated the attenuation of N1 and P2
amplitudes in action observation by expanding the previous paradigm of Ghio et al.
(2021) with a control condition for temporal predictability (i.e., a condition with cued
external tones) matched in timing to the conditions of action performance and
observation. In this way, the question of the relevance of temporal predictability in
attenuation in action observation was addressed (Ghio et al., 2021; Ghio et al., 2018).
Regarding the action-observation condition, participants were acquired simultaneously
as in Ghio et al. (2021), but each participant performed and observed button presses. To
address the question of whether individualism affects the attenuation in action
observation as suggested by perceptual studies (Cao & Gross, 2015), participants filled
out the Auckland individualism collectivism scale (AICS; Shulruf et al., 2011). The AICS
measures individualism and collectivism as distinct dimensions, providing a separate
score for each. We then tested whether the addition of the respective score significantly
improved the models predicting N1 and P2 amplitudes. There were thus two research
aims: The first was to compare action observation to cueing through other visual stimuli
and the second was to explore the effect of culture. We expected to find attenuation of
N1 and P2 amplitudes in action performance and observation (Ghio et al., 2018; Wolpert
et al., 2003) compared to cued and un-cued external tones (e.g., Klaffehn et al., 2019, for
action performance), assuming action-related mechanisms beyond temporal
predictability contribute to attenuation. Based on the perceptual study by Cao and
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Gross (2015), we further expected an interaction with individualism, as the expected
attenuation in action observation might be particular to participants with low
individualism scores.

2.1.2 Methods

Our experiment had one within-subject factor encompassing four tone-generation
conditions and the action-observation setting in this study was live, in that two
participants were acquired simultaneously (see also Ghio et al., 2021). Both participants
performed button presses themselves and each observed the other pressing the button,
which is a difference to previous studies acquiring a group of performers and a group of
observers (Ghio et al., 2021; Ghio et al., 2018). To increase comparability between
performance and observation, a mirror construction reflected the button press to the
height of the screen in a first-person perspective (for details see Figure 2.1). In a
learning phase, both participants took turns in two tasks to learn the rhythm, in which
they were to press the button, and to familiarise themselves with the action-effect,
namely, the tone. They pressed the button with their right and left index finger in
respective blocks, but we did not differentiate these in the action-performance and
action-observation conditions. Together with the cue and un-cued external-tone
conditions, the experiment had four conditions (see Figure 2.1). A delay of 350 ms
between event onset (i.e., button press or cue presentation onset) ensured temporal
predictability in all but the un-cued external-tone condition. Generated tone sequences
from the action-performance and -observation conditions were played back in the cue
and external-tone conditions. Likewise, cue presentation duration was matched to the
button press duration in those conditions. As in the contingent paradigm, control blocks
were included to later correct the ERPs of tone-unrelated activity (cf. motor correction;
Horvath, 2015). Thus, there were motor-only blocks for action performance and
observation and a visual-only block for the cue condition (i.e., presenting the cues
without tones). Each block comprised 120 trials and was divided into two sub-blocks
(which were completed with right and left index finger, respectively, in action
performance and observation blocks). The order of blocks could not be fully randomised
because of the timing dependency (i.e., of intervals and button press durations) and the
setup with the mirror construction (see Figure 2.1). Instead, four versions of the
experiment with counterbalanced orders were created.

The potentially specific effect of culture on attenuation in action observation was
assessed via a questionnaire, the AICS (Shulruf et al., 2011), to be used as a predictor
for N1 and P2 amplitude values. The questionnaire yielded an individualism score with
the sub-scores competitiveness, uniqueness, and responsibility; and a collectivism score
with the sub-scores advice and harmony. The aim was to have variance in individualism
scores, for which participants from different nationalities were recruited. As empathy
and a concept similar to anomalous perception were also considered in the perceptual
study (Cao & Gross, 2015), anomalous perception (e.g., perceiving sounds as louder than
they would normally be) measured by the Cardiff anomalous perceptions scale (CAPS;
Bell et al., 2006) and empathy measured by the empathy quotient (EQ; Lawrence et al.,
2004) were also considered as potential modulators of N1 and P2 attenuation.

After excluding eight participants due to technical issues and a minimal trial-number
criterium (i.e., 60% usable trials in every block), the sample comprised 49 participants.
The majority was of German nationality (39, including three dual nationalities). The
remaining participants were of other European or Asian nationality. Trials were
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excluded during the pre-processing of the EEG data, which included applications of
direct current detrend, filters, ocular correction independent component analysis,
segmentation, baseline correction, and artifact rejection (see Section 6.1 for details).
Participant averages were calculated and corrected (i.e., the averages of control
motor/visual-only blocks were subtracted from the averages of auditory-motor/visual
blocks, respectively). The FCz electrode showed the highest N1 and P2 peaks (in line
with previous studies, e.g., Ghio et al., 2021) and was thus chosen for further analysis.
FCz amplitude values were averaged in the interval from 92 to 112 ms for the N1 and in
the interval from 161 to 211 ms for the P2 for each participant and condition. The
intervals were determined based on the latencies of the grand average (i.e., collapsed
localiser technique; Luck & Gaspelin, 2017) and interval length was based on visual
inspection of the widths of the peak regions of the condition averages.

The basic linear mixed-effects model for N1 and P2 included the fixed effect of condition
and a random intercept by participant: amplitude ~ condition + (1 | participant). Outliers
were determined with Cook’s distance. This resulted in the exclusion of two additional
participants for the P2 analysis only (i.e., 47 participants included). An ANOVA-like
analysis was applied on the mixed-effects models and post-hoc pairwise comparisons
were Bonferroni-corrected. Regarding the second research aim, the exploration of the
effect of culture, the models for N1 and P2 were extended and then the models with and
without the questionnaire score were compared to determine if the addition of the
questionnaire score significantly improved the model: amplitude ~ condition *
questionnaire score + (1| participant). This was done for the AICS individualism and the
AICS collectivism score as well as for each sub-score, as these allow for finer cultural
differentiation (Shulruf et al., 2007). Additionally, we calculated and compared the
models for the EQ and CAPS scores (cf. Cao & Gross, 2015).

2.1.3 Results and Discussion

A schematic summary of the results can be found in Figure 2.1. The effect of condition
was significant for the models of N1 and P2 amplitudes. Only the N1 amplitudes of cued
external tones were significantly attenuated compared to the un-cued external tones,
while the N1 amplitudes were descriptively reduced in action performance and
observation. All other pairwise comparisons were not significant. The P2 amplitudes of
all temporally predictable tones were significantly attenuated compared to the un-cued
external tones. P2 attenuation in action performance and observation did not differ
significantly and P2 amplitudes for both conditions were significantly attenuated
compared to cued external tones. The addition of the AICS individualism score did not
improve model fit for N1 or P2. Other questionnaire scores, such as AICS collectivism,
the respective AICS sub-scores, the scores derived for anomalous perception (i.e., CAPS
scores), and the EQ score did not improve model fit for N1 or P2 either. Therefore, the
extended models were not further analysed.

An explanation for the results of the N1 amplitude might be temporal predictability,
particularly because cued external tones were significantly attenuated and did not differ
significantly from amplitudes in action performance and observation. This aligns with
some previous studies on attenuation in action performance (e.g., Harrison et al., 2021)
while contrasting with others (e.g., Klaffehn et al., 2019). Alternatively, the tone-
preceding events in the conditions with temporal predictability could have diverted
attention from the tones and reduced the N1 amplitudes (Horvath, 2015) but previous
studies testing this attention hypothesis found no support for it (Harrison et al., 2021;
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Timm et al., 2013). Surprisingly, N1 amplitudes of self-generated tones were not
significantly attenuated, despite it being a common finding (Horvath, 2015), even with
action-outcome delays (e.g., Lange, 2011). Future studies might investigate whether the
altered view of one’s own hand, which the mirror construction in this study provided,
affects N1 attenuation.

The P2 attenuation showed an effect of temporal predictability (i.e., attenuation for
temporally predictable tones) and of action (i.e., stronger attenuation when action-
generated) with no difference between performance and observation. However, it is
possible that the (self-performed or observed) action simply was a better predictor than
the visual cues (i.e., the circle that appeared 350 ms before the tone), considering that
(action planning and) finger movement began earlier than the presentation of the cues.
Temporal predictability was shown to affect P2 attenuation in a previous study with
clap sounds (van Laarhoven et al., 2021) but other studies did not find P2 attenuation
for delayed tones (Klaffehn et al., 2019) or cued external tones (Harrison et al., 2021).
On the other hand, several studies related the P2 attenuation to the sense of agency,
particularly the agency judgement (e.g., Timm et al., 2016). Accordingly, our P2 results
might suggest that the generation of the tones was attributed to oneself or the other
person, in other words, a human agent, but was not attributed or less so to a computer-
generated cue. Whether this is indeed specific to human agency or due to other
distinctions to the visual cueing in our study could be further examined and was
subsequently addressed in Study 2.

Unlike the study by Cao and Gross (2015) on perceptual attenuation, we did not find an
effect of individualism on N1 or P2 amplitudes, as individualism did not significantly
improve the models. In previous perceptual studies, attenuation in action observation
was not found consistently (Sato, 2008; Weiss et al., 2011a) and a cultural effect, namely
the degree of individualism, seemed to explain this inconsistency, in that more
individualistic participants as observers showed less attenuation (Cao & Gross, 2015).
However, few studies have compared perceptual and neurophysiological measures of
attenuation and questioned the relationship between the two measure types (e.g.,
Palmer et al., 2016). Furthermore, whereas Cao and Gross (2015) recruited two groups
of participants with different nationalities (one considered individualistic, and one
considered collectivistic), our sample mainly consisted of participants scoring similarly
on individualism and collectivism, though scoring across the range of the scores, rather
than scoring high on one and low on the other.

Aside from the sample possibly being too moderate to discover the effects of the acquired
questionnaire-based measures, another limitation of our study is the applied motor
correction (see Horvath, 2015). This correction could be inadequate and affect the
observed attenuation for N1 and P2 (Neszmélyi et al., 2022).

In sum, we extended the findings of sensory attenuation in action observation.
Participants observed the hand of the other participant, who was acquired
simultaneously, in first-person perspective via a mirror construction. We did not find
any differences in N1 and P2 amplitude between action performance and action
observation. Temporal predictability played a role for N1 and P2 attenuation as evident
by the attenuation for cued external tones compared to un-cued external tones. For the
P2, however, it could not explain the further attenuation in action performance and
observation, which might relate to the sense of agency, experienced for oneself or
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vicariously. Potential modulations on N1 or P2 attenuation by individualism,
collectivism, anomalous perception, and empathy considered via questionnaire scores
could not be supported in this study. Regarding the two research aims, it can be said
that the attenuation in action observation went beyond an effect of temporal
predictability for the P2 and that unlike the perceptual measure of perceived loudness
(i.e., PSE), the N1 and P2 seemed unaffected by individual differences on the measured
cultural dimension.

2.2 I, You, Robot: Attenuation for Auditory Outcomes of
Actions Performed by Different Agents Shows Distinct
Patterns for N1 and P2 Amplitudes

The second study has been submitted for publication:

Egan, S., Weber, C., Ghio, M., & Bellebaum, C. (2025). I, You, Robot: Attenuation for
Auditory Outcomes of Actions Performed by Different Agents Shows Distinct
Patterns for N1 and P2 Amplitudes [Manuscript submitted for publication].

See Figure 2.2 for an overview of the action-observation setting applied in this study and
the attenuation results.

2.2.1 Research Question

In Study 1 (Kgan et al., 2023), we found attenuated P2 amplitudes in action
performance and observation compared to cued external tones. As has been described in
Section 1.1.3, P2 attenuation was previously related to agency judgements (Timm et al.,
2016), and P2 amplitudes were reduced when participants had a high rather than low
llusion of control over the tone (Seidel et al., 2021). As in action performance, an agent
is involved also in action observation. The agency for tone generation may thus be
attributed to oneself or to the observed person (Ghio et al., 2021; Ghio et al., 2018). This
would be in line with the similar P2 attenuation in action performance and observation
of Study 1 (Egan et al., 2023). However, it could alternatively be an effect of the learnt
action-outcome association that was missing in the cue condition, which instead
presented an association of an external event (i.e., appearance of a circle) and the
outcome (i.e., tone).

A comparison condition with an action by a non-human agent, such as a robot, could
provide the same action-outcome association as in action observation but without a
human agent. Interestingly, such actions can also activate the mirror neuron system
(Van Overwalle & Baetens, 2009). However, in the perceptual study that found
attenuation in action observation and included a comparison condition with a robotic
arm generating the tone, this was not supported (Sato, 2008). Specifically, the PSE did
not differ from the PSE of the comparison condition with external tones, while the PSE
values in action performance and observation were significantly attenuated also relative
to the robotic condition. This was interpreted as highlighting the relevance of a human
agent for (activation of the mirror neuron system and) attenuation (Sato, 2008).

In Study 2, we thus included action-observation conditions that differed in attribution to
a human or robotic agent, to investigate the role of agency attribution for P2 attenuation
in action observation. Specifically, videos of button presses performed by a human hand,
a human-operated robotic hand, and a computer-controlled robotic hand were shown.
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FIGURE 2.2: ACTION-OBSERVATION SETTING AND ATTENUATION RESULTS OF STUDY 2
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Note. Each participant completed six conditions, in which tones were presented.
External tones were temporally unpredictable in the external-tone condition (grey) and
temporally predictable in the cue condition (blue). In the action-observation conditions,
participants observed the button press onscreen in first-person perspective performed by
a robotic hand (muted blue), a robotic hand with human agent (cool teal), and a human
hand (teal). In the action-performance condition (green), participants pressed the button
themselves. Tones followed 300 ms after button press and 500 ms after cue onset. Note
that in action-observation conditions there was an additional interval from movement
onset till button press. For precise descriptions of the conditions see Section 6.2. On the
right, N1 and P2 amplitudes from the chosen electrodes are schematically depicted and
significant comparisons, in particular to the external-tone condition (i.e., signifying
attenuation), are marked.
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Given the effects of temporal predictability on N1 and P2, the comparison condition with
cued external tones from Study 1 (Egan et al., 2023) was retained and matched in
timing to the action-observation conditions. Thus, the primary research aim was to
compare attenuation for action observation of human and of robotic agents, as this could
offer further insights on the results of Study 1 (Egan et al., 2023). The secondary
research aims were to explore the effects of various participant traits on attenuation and
thus account for potential biases. We expected to find N1 attenuation for all temporally
predictable tones relative to unpredictable external tones, in line with previous studies
(e.g., Harrison et al., 2021), although this was found only for cued external tones in
Study 1 (Kgan et al., 2023). For the P2, we expected attenuation for tones attributed to a
human agent relative to those attributed to the computer but also an effect of temporal
predictability (Egan et al., 2023). That is, if the P2 attenuation in action observation
compared to cued external tones found in Study 1 (Egan et al., 2023) relates to the
human agency, we should replicate this finding for the human and human-robot action-
observation compared to robot action-observation and cue conditions. However, for
participants with a high tendency to anthropomorphise (i.e., attributing human
characteristics to non-human animals and objects), the robot action-observation
condition might be more akin to the human and human-robot action observation
conditions and attenuated compared to the cue condition. Therefore, we included scores
of the anthropomorphism questionnaire (AQ; Neave et al., 2015) and expected an
interaction.

2.2.2 Methods

As in Study 1 (Egan et al., 2023), we had one within-subjects factor encompassing the
six different tone-generation conditions, but the action-observation setting was altered.
In the action-observation conditions, videos of the button press in first-person
perspective were presented onscreen (see Figure 2.2), so that timings could be better
controlled. The action-observation conditions included (i) one with a human agent and
natural depiction (i.e., human hand), (i1) one with a human agent and robotic depiction
(i.e., robotic hand), and (iii) one with a non-human agent with robotic depiction. Thus,
human-robot and robot action-observation conditions differed solely in agency
attribution, and human and human-robot action-observation conditions differed solely in
visual likeness to one’s own hand. At the end of the experiment, participants evaluated
the depiction on scales regarding the overall impression (e.g., fake vs. natural) and the
movement (i.e., rigid vs. elegant). Similarly to Study 1 (Egan et al., 2023), we set a delay
of 300 ms between the picture showing the button completely pressed and the tone to
ensure temporal predictability (350 ms in Study 1). To obtain comparable inter-tone
intervals to self-generation, the intervals between button-press videos were determined
by a function that randomly chose an interval from a normal distribution (M and SD
based on previous data). However, there was a latency error in stimuli presentation, and
each picture was presented longer than intended, which prolonged the calculated
intervals. Likewise, the button press video was prolonged and had a duration of 200 ms.
The cue condition was matched in timing to the movement onset and offset in the action-
observation conditions (i.e., 500 ms between cue onset and tone). Participants also
pressed the button themselves in an action-performance condition and listened to a tone
sequence of unpredictable external tones in the external-tone condition. Thus, we had
six conditions in total (cf. Figure 2.2). In the action-performance condition, participants
self-timed the button presses according to the rhythm they learned in a training at the
beginning of the experiment and the tone was presented 300 ms after the button press.
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In the external-tone condition, the inter-tone intervals were generated randomly from a
normal distribution approximating the participant’s self-timed intervals. As in Study 1
(Egan et al., 2023), we included control blocks without tone presentations for action-
performance, action-observation, and cue conditions to later correct the ERPs of tone-
unrelated activity (cf. motor correction; Horvath, 2015). Each block had 80 trials. Blocks
were grouped in experimental and control blocks. Participants began with either the
first group of blocks or the latter, and block order within the group was randomised,
respectively.

Four questionnaires assessed participant traits and were tested for a modulation of
attenuation. As in Study 1 (Egan et al., 2023), this included anomalous perception
measured by the CAPS (Bell et al., 2006) and empathy measured by the EQ
(Wakabayashi et al., 2006). The use of the robotic depiction in two action-observation
conditions led us to further include anthropomorphism measured by the AQ (Neave et
al., 2015) and the general attitudes towards robots scale (GAToRS; Koverola et al.,
2022). Additionally, because of the relevance of the sense of agency to our primary
research aim, we collected an explicit measure of agency after each experimental block:
a judgement (i.e., who caused the tone) and an agency-confidence rating (i.e., how
strongly did they feel their proclaimed agent was indeed the agent of the tone).

The final sample comprised 40 participants, after nine exclusions due to lacking data for
one experimental block (i.e., missing or excluded during pre-processing). Pre-processing
of the EEG data followed these steps: direct current detrend, filters, ocular correction
independent component analysis, manual marking of bad intervals due to closed eyes,
segmentation, baseline correction, and artifact rejection (see Section 6.2 for details).
Trials were excluded at segmentation and artifact rejection. Further, an entire
experimental block and thus the participant was excluded, when the participant
performed button presses in the action-observation, cue, or external-tone conditions. For
the correction of tone-unrelated activity, the single-trial ERPs from the experimental
blocks of action-performance, action-observation, and cue conditions were corrected with
the averages of the respective control blocks. The electrodes FCz and Cz showed the
most pronounced N1 and P2 peaks in grand averages (cf. Klaffehn et al., 2019) and were
thus chosen for further analysis. Peak latencies were determined based on condition-
specific grand averages. For action-performance, human, human-robot, robot, cue, and
external-tone conditions, amplitudes were averaged in 20-ms intervals around the peaks
for the N1 on FCz (99, 87, 87, 83, 84, and 91 ms) and Cz (98, 86, 86, 82, 83, and 90 ms),
and in 40-ms intervals around the peaks for the P2 on FCz (192, 158, 160, 162, 162, and
170 ms) and Cz (195, 155, 159, 161, 152, and 171 ms).

As a first step, mixed-effects models were calculated on the behavioural data regarding
agency judgement and agency-confidence ratings because several participants gave
incorrect agency judgements (e.g., claimed themselves to be the agent in the external-
tone condition) and the agency-confidence ratings were meant to be added to N1 and P2
models. Inaccuracies were found primarily for the action-observation conditions, but the
overall pattern of judgement responses was as intended (e.g., judged the computer as
the agent in the external-tone condition). The model for the analysis of agency-
confidence ratings included only the condition as fixed effect as the further addition of
agency judgment as predictor did not improve the model significantly: rating ~ condition
+ (1| participant). We then calculated Bonferroni-corrected pairwise comparisons.
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The primary analysis was conducted using linear mixed-effects models of N1 and P2
amplitude values. For the N1, we included condition as the fixed effect as well as
random intercept and slope by participant: amplitude ~ condition +

(condition | participant). The model for the P2 further included random intercept by
electrode because this significantly improved the model: amplitude ~ condition +
(condition | participant) + (1 | electrode). ANOVA-like analyses and Bonferroni-corrected
pairwise comparisons were applied. For the secondary analysis, the models for N1 and
P2 were extended by a trait-score main effect and its interaction with condition. The
models with the obtained questionnaire scores (four from CAPS, one EQ, three from AQ,
four from GAToRS) were compared to the model without. Finally, the models for N1 and
P2 were similarly extended sequentially by agency-confidence ratings and judgement
accuracy, and the models were compared.

2.2.3 Results and Discussion

The analysis of agent-confidence ratings confirmed the results from the analysis of the
agency judgement inaccuracies, in that confidence ratings were lower in action-
observation than in the other conditions, particularly for human-robot (and robot) action
observation. A schematic summary of the N1 and P2 results can be found in Figure 2.2.
The effect of condition was significant in both. Compared to the external-tone condition,
only the human and human-robot action-observation conditions showed significant N1
attenuation. Other pairwise comparisons were not significant. On the other hand, the
P2 in action-performance, action-observation, and cue conditions was significantly
attenuated compared to the P2 of temporally unpredictable external tones. The P2 in
action performance was further significantly attenuated compared to the P2 in action-
observation and cue conditions. There were no significant differences between any of the
action-observation and cue conditions. Regarding the model comparisons, there was no
trait score that significantly improved the N1 and P2 models. The subsequent addition
of agency-confidence rating and agency judgement did not improve the N1 and P2
models either. Therefore, the extended models were not further analysed.

Since the results of Study 1 indicated that N1 attenuation reflects temporal
predictability and that temporal predictability could further explain part of the P2
attenuation in action observation (Egan et al., 2023), we accounted for the effect of
temporal predictability in Study 2 as well. Interestingly, in this study we found no
differences between action observation and cueing in either the N1 or the P2. Thus, the
attenuation in action observation relative to unpredictable external tones found in this
study was seemingly based solely on temporal predictability. However, this attenuation
of the N1 was significant only for tones generated by actions attributed to a human
agent. This, in turn, raises doubts about the interpretation of N1 attenuation as
reflecting only temporal predictability, as previous studies have also done (Klaffehn et
al., 2019; Schafer & Marcus, 1973). For the P2 that showed an additional attenuating
effect of action-performance, our results stand in contrast to our hypotheses that
attenuation in action observation would be as in action performance and stronger than
for cued external tones (see Egan et al., 2023). A difference to Study 1 (Kgan et al., 2023)
was the action-observation setting. We changed it to video observation for better control
of the timing, which could have reduced the P2 attenuation. In line with this
explanation, a previous study implementing video observation also found weaker P2
attenuation in action observation than performance (Ghio et al., 2018).
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What might modulate the magnitude of P2 attenuation in action observation — akin to
action performance in a live-observation setting and akin to cueing in a video-
observation setting — is the perception of agency. The P2 attenuation has been
previously related to (vicarious) agency (Ghio et al., 2021; Timm et al., 2016). Yet, effects
of self-agency were shown to be stronger on the PSE in German samples (Weiss et al.,
2011a, 2011b). This may in part rely on an effect of temporal control, which is specific to
action performance and which was also found to be relevant to P2 attenuation: In the
comparison of self-timed and cued actions, only tones of self-timed action showed P2
attenuation (Harrison et al., 2021). In our study, we acquired explicit agency measures
(i.e., judgement who the agent was and rating how strongly the chosen agent was
perceived as the agent). Although weaker agency attribution was found for the action-
observation conditions, the addition of the explicit agency measures did not improve the
P2 model. The relation between P2 and explicit agency attribution could thus not be
convincingly supported.

Intentional binding (i.e., perceived timing shift of action and outcome towards each
other) has also been regarded as an implicit measure of the sense of agency. Studies
have shown the binding effect for action observation (e.g., Poonian & Cunnington, 2013),
including action observation of robotic agents, the results of which suggested that
human-likeness (in physical settings) and perceived intentionality were relevant factors
in this regard (Roselli et al., 2022; Roselli et al., 2021). In our study, participants rated
the action-observation stimuli regarding naturalness, human-likeness, lifelikeness, and
smoothness of movement. In all ratings, the human hand scored significantly higher
than the robotic hand, although in the latter rating the human hand had low ratings,
too. The rating differences were not reflected in the P2 amplitudes in this study but
might be reflected in P2 amplitudes in a live action-observation setting (Ghio et al.,
2021; Roselli et al., 2022). Furthermore, the ratings indicating rigid movement were
likely due to the presentation-latency error slowing the video of the button press and
reducing the perceived similarity in motion to the participants’ own actions. This in turn
was proposed to lead to less anthropomorphism and less activation in the mirror neuron
system (Epley et al., 2007), which could be another reason for the diminished P2
attenuation in action observation.

Surprisingly, we did not find N1 attenuation in action performance (see also Egan et al.,
2023), although it is usually reported (Horvath, 2015), also in studies implementing
longer action-outcome delays (e.g., Klaffehn et al., 2019). It should be noted that in the
contrasts of the fixed-effect estimates with uncorrected p-values, there was a significant
N1 attenuation in action performance. However, the confidence interval was larger in
comparison to other conditions, which could be due to the additional attentional
demands of the task. Another potential confound of the N1 was related to the differences
in inter-tone intervals (SanMiguel, Todd, et al., 2013). These were longer particularly in
the action-observation and cue conditions relative to the external-tone condition because
of the presentation-latency error, thus possibly reducing attenuation, whereas self-
generated tones had a mean value between those two. When considering the participant
means of inter-tone-intervals, self-generated tones further showed a larger standard
deviation, which could be another explanation for the non-significant attenuation.

Furthermore, we did not find an improvement of N1 or P2 models when adding trait
scores (anomalous perception, empathy, anthropomorphism, and attitudes towards
robots) as predictors. This is in line with the results of Study 1 (Egan et al., 2023), and
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regarding empathy in line with findings on PSE attenuation, though PSE attenuation
did correlate with the PDI scores for delusional ideation (Cao & Gross, 2015). Thus, the
considered traits did not seem to influence N1 and P2 attenuation.

In sum, we investigated whether the P2 attenuation of Study 1 (Egan et al., 2023) could
be explained by agency attribution. For this purpose, participants watched videos of
button presses performed by a human hand or a robotic hand attributed to a human or
non-human agent. The N1 was significantly attenuated only in action observation with
human agents but did not differ between action performance and all other conditions. P2
attenuation compared to unpredictable external tones was found for temporally
predictable external tones regardless of action-observation or agency and for self-
generated tones, which was significantly stronger than for the predictable external
tones. Regarding the first research aim, therefore, we did not find an effect of agency
attribution on the P2 attenuation. However, the action-observation setting was different
compared to Study 1 (Egan et al., 2023). Concerning the secondary research aims, we
found, similarly to Study 1 (Egan et al., 2023), no significant effects of traits on N1 or P2
attenuation.

2.3 Fifty Percent of the Time, Tones Come Every Time:
Stronger Prediction Error Effects on Neurophysiological

Sensory Attenuation for Self-Generated Tones

The third study has been published in the Journal of Cognitive Neuroscience with the
following reference:

Egan, S., Seidel, A., Weber, C., Ghio, M., & Bellebaum, C. (2024). Fifty Percent of the
Time, Tones Come Every Time: Stronger Prediction Error Effects on
Neurophysiological Sensory Attenuation for Self-generated Tones. Journal of
Cognitive Neuroscience, 36(10), 2067-2083. https://doi.org/10.1162/jocn_a_02226

See Figure 2.3 for an overview of the action-observation setting applied in this study and
the attenuation results.

2.3.1 Research Question

Sensory attenuation has been interpreted as the match of the perceived sensory input
and the sensory input predicted based on the performed action (e.g., Korka et al., 2022).
Previous studies have manipulated different aspects of action-outcome predictability,
such as the temporal predictability and thereby when-predictions (e.g., Ball et al., 2008),
as described in Section 1.1.2, and found it to modulate attenuation relative to external
tones. Few studies have examined the modulation by whether-predictions (i.e.,
predictions about tone occurrence), applying instead 100% action-outcome contingencies
(e.g., Schafer & Marcus, 1973). Reducing the contingency to 50% through omissions,
seemed not to affect the N1 (Han et al., 2022; Harrison et al., 2023), and attenuation can
still be found (Seidel et al., 2021; Timm et al., 2013). However, it did affect the P2 (Han
et al., 2022). As previously mentioned, the illusion of control (i.e., belief in higher [or
lower] contingency) over own action outcomes also selectively affected the P2 (Seidel et
al., 2021).

Interestingly, modulating contingency by altering stimulus identity (i.e., tone
frequency), did show an effect on the N1: N1 attenuation was reduced for deviant tones
(Knolle et al., 2013b). The P2 in that study was not analysed in this respect, because
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FIGURE 2.3: ACTION-OBSERVATION SETTING AND ATTENUATION RESULTS OF STUDY 3

Fz
FC3 FCz FC4

50%) cz P2

N1

External

+ Fz
50% FC3 FCz FC4
Cz

Cue

300 ms

Performer & Observer

+ Fz N
50% FC3 FCz FC4
Cz

300 ms

Observer

Fz
50% FC3 FCz FC4
Cz

Action

300 ms

Performer

Note. Two groups (performers and observers) completed three conditions, in which tones
were presented. External tones were temporally unpredictable in the external-tone
condition (grey) and temporally predictable in the cue condition (blue). In the action
conditions, the groups differed, as observers (teal) observed the button press onscreen in
first-person perspective, whereas performers (green) pressed the button themselves to
generate the tone. Tones followed 300 ms after button press or cue onset. Note that in
action observation there was an additional interval from movement onset till button
press. For precise descriptions of the conditions see Section 6.3. Importantly, tones were
only presented in half of the trials. On the right, N1 and P2 amplitudes from the chosen
electrode cluster are schematically depicted and significant comparisons to the external-
tone condition, signifying attenuation, are marked.

deviant (i.e., mis-predicted) tones showed overlaying components that were particular to
self-generation (Knolle et al., 2013b). Yet, all these studies compared high- with low-
contingency conditions, not considering trial-wise variations in prediction errors.

Trial-by-trial varying prediction errors in feedback-learning studies are typically
calculated based on reinforcement learning models (e.g., Sutton & Barto, 2018). The
generated tone in attenuation studies does not represent a reward. Nevertheless, merely
perceiving it as the consequence of one’s action could be rewarding (Eitam et al., 2013)
and when the contingency is reduced, participants might automatically strive to predict
the uncertain action-outcomes (Clark, 2013). Predicting whether a tone follows one’s
action based on past tone occurrences may therefore be similar to predicting whether
positive feedback follows one’s action based on previous trials. In feedback-learning,
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action-based predictions differed from stimulus-based predictions (Kobza & Bellebaum,
2015; O'Doherty et al., 2004). Furthermore, vicarious learning, though potentially
similar to active learning (Charpentier & O'Doherty, 2018), led to weaker results (Kobza
& Bellebaum, 2015).

Whereas the previous two studies (Egan et al., 2023; Kgan et al., 2025) and many other
studies on sensory attenuation (for a review, see Horvath, 2015) implemented full (i.e.,
100%) contingency between action and outcome, Study 3 explored how the prediction
(errors) of tone occurrence affects N1 and P2 amplitudes in action performance and
observation. For this purpose, tones were elicited by actions in only half of the trials
(i.e., 50% contingency) and the prediction error was calculated for each trial based on
reinforcement learning models. A group of performers and a group of observers, who saw
videos of button presses likewise generating a tone in only half of the trials, were
recruited. The effect of temporal predictability of the tone was also considered by
including a cue condition similar to the one in Studies 1 and 2 (Egan et al., 2023; Egan
et al., 2025). While the primary research aim was to explore the modulation of N1 and
P2 amplitudes by the trial-by-trial varying whether-prediction error, we first assessed
whether attenuation could be found in action performance and observation, as there was
no fully contingent relationship between action and outcome, which differed from the
Studies 1 and 2 (Egan et al., 2023; Egan et al., 2025). Sensory attenuation was found in
previous studies even with only a 50% contingency between self-performed action and
outcome (e.g., Timm et al., 2013). Thus, we expected to find a similar pattern of
attenuation as in our previous studies with a 100% contingency, though P2 attenuation
might be weakened (Han et al., 2022; Harrison et al., 2023). For the modulation by the
whether-prediction error, we expected that smaller errors lead to smaller amplitudes
(Knolle et al., 2013b), especially for action-generated tones (e.g., Kobza & Bellebaum,
2015).

2.3.2 Methods

We implemented a 2 (group) X 3 (condition) design. Action performance versus
observation was a between-subjects factor in this study, as we acquired separate groups
of participants who performed the button press themselves and who observed the button
press via video onscreen, that is, via a picture sequence depicted in first-person
perspective (see Figure 2.3). Forty participants were acquired for each of the two groups
but seven did not meet the demographic inclusion criteria. The final sample comprised
36 performers and 37 observers. Next to the differentiating action condition, both groups
had identical cue and un-cued external-tone conditions (see Figure 2.3). In the cue
condition, external tones were preceded and made temporally predictable via visual
cues. In the external-tone condition, external tones were not temporally predictable. We
used a delay of 300 ms between event onset (i.e., button press or cue presentation onset)
and tone throughout to ensure temporal predictability in the observer’s action condition
and the cue condition. The inter-trial intervals were determined either by the
participant’s self-timed button press (i.e., in the performer’s action condition) or
according to a function that generated a random interval from a normal distribution
approximating the performing participant’s intervals. In this study, a training block
with 40 trials was included at the beginning of the experiment for action and cue
conditions. The training blocks for the cue conditions and the observer’s action condition
were short versions of the experimental blocks and served to familiarize participants
with the 50% contingency. The performer’s action-condition training was also shorter
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than the respective experimental block. In the performer’s action-condition training,
button presses were visually cued so that performers learned the interval for their self-
timed button presses in the experimental block. The experimental blocks each comprised
140 trials, and thus 70 tone presentations. Technically, tones were programmed into
every trial but were muted in half of them. The sequence of tone and muted-tone trials
was determined randomly for each block. As in the previous studies, we included control
blocks to correct the ERPs of tone-unrelated activity (cf. motor correction; Horvath,
2015) for action and cue conditions, in which all tones were muted. The external-tone
condition (i.e., a single experimental block) was always presented between the
experimental blocks of action and cue conditions, and the respective control blocks to
prevent carry-over effects on the tone expectancy. Half of the participants began the
experiment with the experimental (i.e., 50% of tones muted), the other half with the
control blocks (i.e., 100% of tones muted).

The pre-processing of the EEG data included a direct current detrend, filters, ocular
correction independent component analysis, segmentation, baseline correction, and
artifact rejection (see Section 6.3 for details). Single-trial ERPs from the experimental
blocks of action and cue conditions were corrected with the averages of the respective
control blocks. Based on the visual inspection of the topographies, a cluster of five
frontocentral electrodes, Fz, FC3, FCz, FC4, and Cz, was chosen for analysis. For each
electrode and condition, participant averages were calculated to determine the
participant-specific N1 and P2 latencies. Then, N1 and P2 mean amplitudes were
extracted from each exported trial in an interval of 40 ms around these latencies.

Despite the mere 50% contingency, we hypothesised, participants would attempt
prediction of the occurrence of the next tone. As such, the prediction error in each trial
would vary in magnitude. To calculate the prediction error, we explored three
approaches. Thus, three prediction errors were calculated for each trial in action and cue
conditions. The external-tone condition was not considered, as tones were not temporally
predictable, therefore trials with long inter-tone intervals and trials without tone
occurrence could not necessarily be distinguished, and predictions of tone occurrence
could not be formed. First, the Rescorla-Wagner reinforcement learning model (Rescorla
& Wagner, 1972) was applied, in which the subjective reward expectancy was the
subjective expectancy of the occurrence of a tone. The prediction error was the difference
between tone occurrence (tone as 1, no tone as 0) and the expectancy, which, initialised
at 0.5, was defined as the addition of previous expectancy and the current prediction
error weighted with the fixed learning rate of 0.2. Second, the Rescorla-Wagner model
was applied with a higher learning rate of 0.7. The most recent prediction error thus
had more impact on the expectancy in this calculation. Third, as comparison to the
reinforcement learning models, the expectancy of the tone was determined by the
frequency in the preceding 10 trials, irrespective of the prediction error.

For the attenuation analysis, the mixed-effects model had group (performer, observer)
and condition (external, cue, action) as fixed effects and random effects by participant
and electrode: amplitude ~ group * condition + (1 + condition | participant) +

(1] electrode). As in our previous studies, an ANOVA-like analysis was run on the
models and Bonferroni-corrected pairwise comparisons were calculated where
appropriate. To analyse the modulation by prediction error, fixed effects of action and
cue conditions, performer and observer groups were modelled together with each of the
three prediction errors: amplitude ~ group * condition * prediction error + (1 + condition
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* prediction error | participant) + (1 + condition | electrode). However, the model for the
P2 only included the random intercept by electrode, as the random slope for condition
was removed for convergence of the model. The three prediction-error models were then
compared to determine which prediction error was the best predictor for the respective
ERP component.

2.3.3 Results and Discussion

A schematic summary of results can be found in Figure 2.3. Of the main and interaction
effects of group and condition in the attenuation analysis, only the main effect of
condition was significant for the N1, which showed attenuation in the action condition
compared to the external-tone condition. Other pairwise comparisons were not
significant. For the P2, both main effects and the group X condition interaction were
significant. In performers, the amplitudes for the cued tones were attenuated compared
to those for the un-cued external tones and to those for self-generated ones. In observers,
the action and cue conditions showed attenuation compared to the external-tone
condition.

The best fit for the N1 was the model with the first prediction error, namely, the one
calculated with the reinforcement learning model and low learning rate. The main
effects of condition and prediction error were significant as well as the three-way
interaction. To resolve the interaction, separate models for performers and observers
were calculated (i.e., with the same formula but excluding the group fixed effect). For
the performers, both main effects and the interaction of condition and prediction error
were significant. To resolve the interaction, separate models for action and cue
conditions were calculated: amplitude ~ prediction error + (1 + prediction

error | participant) + (1| electrode). Prediction errors correlated negatively with the
amplitude (i.e., higher error, greater N1 amplitude) in both conditions but the effect was
stronger for self-generated tones. For the observers, only the main effect of prediction
error was significant, providing a similar estimate as in the performer’s cue condition.
The best fit for the P2 was also a prediction error based on a reinforcement learning
model but with the high learning rate. All main effects and interactions were significant.
The resolution of the three-way interaction provided a similar pattern as for the N1. For
the performers, the main effects and the interaction was significant. The prediction
error correlated positively with the amplitude (i.e., higher error, greater P2 amplitude)
in action and cue conditions and the effect was stronger for self-generated tones. For the
observers, only the main effect of prediction error was significant, also showing the
positive correlation with the P2 amplitude.

As previous studies had indicated (e.g., Timm et al., 2013), the N1 amplitudes of self-
generated tones were attenuated compared to un-cued external tones, even with the
50% contingency. This was also the case for tones generated by another person, observed
onscreen via picture sequence, which extends previous findings with 100% contingency
(e.g., Ghio et al., 2018) to the 50% contingency setting of this study. However, the N1 in
action performance and observation was only descriptively reduced compared to cued
external tones, which meant that the role of action-specificity over temporal
predictability in this attenuation cannot be ascertained. Previous studies showed
inconsistent results (e.g., Harrison et al., 2021; Klaffehn et al., 2019). Yet, the effect of
the whether-prediction error on N1 amplitudes, that smaller prediction errors led to
stronger attenuation, was significantly stronger for action-generation than for cueing.
This corresponds to previous findings from a study manipulating a different aspect of
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tone predictability, which compared tones with standard (i.e., expected) identity versus
tones with deviant (i.e., unexpected) identity (Knolle et al., 2013b). Importantly, in
Study 3, the stronger prediction error effect was found only in the performer group,
further restricting the action-specificity to action performance. Of the prediction errors
that were calculated and tested, the one that best fitted the N1 was the prediction error
based on the reinforcement learning model with a low learning rate. Overall, therefore,
the tone expectancy was updated slightly in each trial like the learning of response-
outcome contingencies for reward maximisation. Similarly, results from reinforcement
learning showed the action performance-observation distinction (e.g., Kobza &
Bellebaum, 2015). While our paradigm did not include rewards as such, studies on
language learning suggested that, even without rewards, brain areas of the reward
system are involved in the processing of predicted input (e.g., Ripollés et al., 2014).
However, in our study, the inter-tone intervals were correlated with the prediction
errors and have previously been related to N1 amplitudes (SanMiguel, Todd, et al.,
2013). Thus, an effect of interval length could be an alternative explanation of the
overall prediction error effect (i.e., shorter intervals, lower errors, smaller N1), but not of
the action-specificity.

Cued tones and tones generated by an observed button press elicited an attenuated P2
compared to un-cued external tones. Partially matching previous results in action
observation (e.g., Egan et al., 2023), it thus seemed that temporal predictability would
explain the P2 attenuation. Yet, the P2 attenuation of self-generated tones was not
found in this study applying a 50% contingency, even though the onset of these tones
was highly predictable. Considering the relation to agency judgement (Timm et al.,
2016) and belief in contingency (Seidel et al., 2021), the sense of self-agency may have
been reduced with the 50% contingency. The P2 in this condition in the performer group
also had a higher latency, which matched the pattern of Seidel et al. (2021), who applied
a 50% contingency as well, and could indicate an overlay of an attention-related
component (see also Knolle et al., 2013a, 2013b). Interestingly, the effects of the
prediction error were the same as for the N1: smaller prediction error, stronger
attenuation; and stronger effect in action performance. The two differences to the N1
results are the pattern of attenuation and the type of prediction error. For the P2, the
prediction error based on the reinforcement learning model with a high learning rate
was best. The higher learning rate and thus greater impact of the most recent prediction
error on the tone expectancy in the next trial could indicate a more conscious process,
such as updating the believed contingency (Seidel et al., 2021) underlying the P2
attenuation.

A critical limitation of this study was the constraints of the paradigm on the estimation
of prediction errors, more specifically the learning rates. In reinforcement learning, a
paradigm typically includes a forced-choice task, which enables the estimations of
condition- and participant-specific learning rates. A combination of this and the
paradigm to investigate sensory attenuation could lead to more valid results.
Furthermore, there are several options to manipulate the expectancy of tone
characteristics, such as altering tone identity (e.g., Knolle et al., 2013b) instead of tone
occurrence (i.e., what-predictions instead of whether-predictions), that could further be
explored.

In sum, we assessed trial-by-trial varying expectancies that the participants formed
regarding the occurrence of a tone as outcome of their action, when tones were only
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elicited in half of the trials, and the effect of the resulting prediction errors on N1 and
P2 amplitudes. We tested this not just for self-generated tones (in the performer group)
but also for tones generated by a human hand observed onscreen (in the observer
group), in comparison to cued external tones. Regarding the research aim of assessing
attenuation compared to un-cued external tones when there is no full contingency
between action and outcome, N1 attenuation in action performance and observation was
found but the P2 was only attenuated in action observation and for cued tones. Thus, in
line with previous studies on action performance, reduced contingency seemed to affect
primarily the P2 component (e.g., Han et al., 2022). There was no significant
attenuation in either action performance or observation compared to cued external
tones, and thus seemingly no attenuation effect beyond temporal predictability.
Regarding the primary research aim, it can be said that N1 and P2 amplitudes were
modulated by the trial-by-trial varying whether-prediction error. Specifically, smaller
prediction errors led to smaller amplitudes, supporting the understanding of the
attenuation effect as matching of perceived and predicted sensory input (e.g., Hughes et
al., 2013). Interestingly, this modulation was significantly stronger in action
performance for both the N1 and P2, suggesting that neurophysiological attenuation is
the result of a combination of different mechanisms, including mechanisms specific to
action performance. The paradigm we applied was typical for studies on sensory
attenuation, which enabled comparability to previous attenuation studies but limited
the precision of prediction error estimates, the improvement of which could be the aim of
future research.
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3 General Discussion

The focus of this dissertation was on auditory attenuation measured via N1 and P2 ERP
components of the EEG in action performance and action observation. As in previous
studies (for a review, see Horvath, 2015; e.g., McCarthy & Donchin, 1976), the auditory
stimuli used in the three studies of this dissertation were tones, hence, environment-
related action outcomes (Dogge, Custers, et al., 2019). The comparison of action
performance and observation was of interest because the action observation network
and its overlap to activation during action performance (e.g., Hardwick et al., 2018)
marks a difference between observation and other external generation. Study 1 (Fgan et
al., 2023) examined the potential effect of individualism on neurophysiological
attenuation in action observation, based on the findings of a perceptual study (Cao &
Gross, 2015). This was done by obtaining relevant questionnaire scores and testing
whether they improved the models of N1 and P2 amplitudes. Study 2 (Egan et al., 2025)
investigated the interpretation of P2 attenuation as reflecting agency attribution (e.g.,
Timm et al., 2016), in particular as reflecting agency attribution also to another person
(Ghio et al., 2021; Ghio et al., 2018). For this purpose, the action-observation conditions
were extended to include a robotic agent. In Study 3 (Egan et al., 2024), a different
approach was explored. Action-outcome contingency was reduced by omitting the tone in
half of the trials. Prediction errors regarding whether a tone would occur were
calculated (Rescorla & Wagner, 1972) and related to the N1 and P2 amplitudes to test
the extent of modulation by prediction error and whether differences between action
performance and observation could be found. As an overarching aim, the effect of
temporal predictability on attenuation in action observation was accounted for in all
three studies (Kgan et al., 2023; Egan et al., 2024; Egan et al., 2025). Specifically, tones
generated by an observed person were made temporally predictable by implementing a
fixed action-outcome delay of at least 300 ms. Additionally, to determine the extent of
attenuation that might be explained by temporal predictability, a condition was
included, in which external tones were visually cued and thus temporally predictable.

The key findings can be summarised as follows: The N1 and P2 amplitudes appeared
unaffected by individual differences in individualism, as well as by differences in other
traits, including anomalous perception, empathy, and anthropomorphism in Studies 1
and 2 (Egan et al., 2023; Egan et al., 2025). There was no effect of agency attribution on
the P2 attenuation in Study 2 (Egan et al., 2025). In Study 3, we found attenuation
without a fully contingent relationship between action and outcome (but not for the P2
of self-generated tones), and a modulation of N1 and P2 amplitudes by the trial-by-trial
varying prediction error of whether-predictions (Kgan et al., 2024). This prediction-error
effect was stronger for self-generation than for cueing or action observation.

Irrespective of significant attenuation compared to unpredictable external tones, the N1
amplitudes of tones generated by oneself or an observed person and tones that were
visually cued did not differ in Studies 1, 2, and 3 (Egan et al., 2023; Egan et al., 2024;
Egan et al., 2025). For the P2, the findings diverged. For action performance and
observation, there was no difference in Study 1 (Kgan et al., 2023), smaller P2
amplitudes in action performance in Study 2 (Egan et al., 2025), and smaller P2
amplitudes in action observation in Study 3 (Kgan et al., 2024). Furthermore, Study 3
showed differences between action performance and observation in the magnitude of the
effect of whether-prediction errors on both N1 and P2 amplitudes (Egan et al., 2024).
Cueing only differed from action observation in Study 1, in which the P2 in action
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observation was significantly reduced compared to the P2 in the cue condition (Egan et
al., 2023). Taken together, these results indicate that action performance and
observation do not necessarily engage the same mechanisms in processing action-
generated sensory input and that attenuation in action observation does not go beyond
an effect of temporal predictability with the exception of the P2 attenuation in Study 1
(Egan et al., 2023).

In the following, the results regarding the specific research questions are discussed in
detail: (1) the lack of effect of individualism and other trait influences on attenuation, (ii)
the potential explanation of (P2) attenuation as agency attribution, (iii) the modulation
of attenuation by reduced action-outcome contingency. Furthermore, relevant aspects
for all three studies, namely effects of temporal predictability and temporal proximity,
are considered. Lastly, limitations and further research are addressed, and a conclusion
1s presented.

3.1 No Modulation by Individualism or Other Traits

In previous studies and across the three studies of this dissertation the results of
perceptual and neurophysiological attenuation of tones elicited by observed actions and
whether it differs from attenuation for self-generated and cued external tones was not
consistent. Discrepancies in perceptual studies were related to a cultural effect (Cao &
Gross, 2015). Namely, the PSE in action observation was as attenuated to temporally
predictable external tones as in action performance only for a likely more collectivistic
(Sato, 2008) and not for a likely more individualistic (in this case, German) sample
(Weiss et al., 20114a). In the perceptual study by Cao and Gross (2015), a British sample
was obtained as the individualistic group and a Chinese sample as the collectivistic
group (30 participants each). Significant attenuation in action observation (i.e., when
the experimenter elicited the tone) was found only for the Chinese participants.
Importantly, the independent SCS scores, representing the measure of individualism,
correlated with observation-attenuation values (i.e., PSE difference values) both across
and within the two samples. However, Cao and Gross (2015) found no significant
difference in independent SCS scores between the British and the Chinese sample. A
significant difference was found only for the interdependent SCS, representing the
measure for collectivism (Cao & Gross, 2015). Note that the mean scores for independent
and interdependent SCS were similar in the British sample.

A modulatory effect of culture was not found on neurophysiological attenuation in Study
1 (Egan et al., 2023). Acquiring a mostly German sample, there was no significant
difference in N1 or P2 amplitudes between action observation and performance,
although significant attenuation relative to external tones was only found for the P2.
Importantly, AICS individualism and collectivism did not improve the N1 or P2 models,
indicating no significant modulation in action observation. This was despite observing
larger effect sizes for neurophysiological compared to perceptual attenuation (Cao &
Gross, 2015). Furthermore, Study 1 (Egan et al., 2023) aimed for a sample of 60
participants, but due to exclusions, the final sample consisted of 49 participants. Thus,
although the sample was overall smaller, the sample was greater than a sub-sample of
Cao and Gross (2015), for which significant correlations between SCS and attenuation
values were found. In the sample of Study 1 (Egan et al., 2023), the AICS score of
individualism and of collectivism, as well as the collectivism sub-scores (i.e., advice and
harmony), had a mean around the medium score of the scale, similarly to the SCS scores
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of the British sample of Cao and Gross (2015), and participants often scored similarly
high on individualism and collectivism. Regarding the individualism sub-scores, the
sample’s means were higher for responsibility and uniqueness, than for competitiveness.
This supports the need for finer cultural differentiation as offered by the AICS sub-
scores (Shulrufet al., 2007). Yet, the sub-scores did not improve the N1 and P2 models
either. Overall, the variability in individualism and collectivism scores within our
sample, particularly the discrepancies between the two scores, may have been
insufficient to detect a relationship.

Alternatively, individualism might only affect perceptual but not neurophysiological
attenuation. Few studies have measured and compared perceptual and
neurophysiological attenuation, and the findings remain inconclusive (e.g., Ody et al.,
2023). What Cao and Gross (2015) failed to replicate was the perceptual attenuation in
action performance. This may be related to the different implementation of the visual
cueing condition and the potentially increased precision of temporal predictability by the
gradual transformation of the cue starting 1 s before tone onset (Cao & Gross, 2015). On
the other hand, attenuation or enhancement in action performance, as described in
Section 1.1.1, depended on the loudness of the stimulus relative to the participants’
threshold (Reznik et al., 2015). Yet, an enhancement was also found in an online study
using supra-threshold tones (Kiepe et al., 2024). They interpreted their results as
attentional processes underlying perceptual attenuation (Kiepe et al., 2024). Previous
findings on perceptual attenuation in the auditory modality appear to be consistent with
this interpretation (Dogge, Hofman, et al., 2019; Fritz et al., 2022). As such, the cultural
effect on perceptual attenuation in action observation (Cao & Gross, 2015) could also be
interpreted as an inter-individual difference in the affordance of attention to another
person’s actions. It has also been proposed that for perceptual attenuation, heuristic
judgements, which are relied upon because of the perceptual uncertainty in the
paradigms, determine the effects (Reddy, 2022). The effect of prior belief about (the lack
of) agency could be interpreted in this way (Desantis et al., 2012; Reddy, 2022).
Accordingly, the cultural effect on loudness perception in action observation may be due
to a different heuristic employed by different cultures (Cao & Gross, 2015; Sato, 2008;
Weiss et al., 2011a). Further research is needed to clarify the mechanisms underlying
perceptual attenuation as well as the relationship of perceptual and neurophysiological
measures of attenuation.

Other individual traits that might modulate sensory attenuation in action observation
are empathy and, when observing robots, anthropomorphism. As stated in Section 1.2.1,
empathy has been linked to the mirror neuron system (e.g., Corradini & Antonietti,
2013; Tacoboni, 2009), but this has been criticised (Lamm & Majdandzic, 2015). Neither
in the perceptual study (Cao & Gross, 2015), nor in our neurophysiological studies (Fgan
et al., 2023; Egan et al., 2025) was the empathy score significantly related to
attenuation in action observation. Hence, empathy does not appear to be a relevant trait
for altered processing of sensory input generated by another person. Study 2 (Egan et
al., 2025) further included robotic agents and tested potential modulations of
attenuation by anthropomorphism as well as by attitudes towards robots to account for
potential bias. There was no N1 or P2 model improvement by AQ and GAToRS scores,
which represent the tendency to anthropomorphise (Neave et al., 2015), and positive and
negative attitudes towards robots (Koverola et al., 2022). Thus, these traits did not
appear to affect the processing of tones attributed to our robotic stimuli.
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Given the findings of reduced attenuation of self-generated tones in patients with
schizophrenia (e.g., Ford et al., 2014; Whitford et al., 2011), previous studies have
considered related traits as possible modulators of attenuation measures in action
performance in healthy participants and patients with schizophrenia. For instance, Cao
and Gross (2015) found a significant correlation in healthy participants between self-
attenuation values (i.e., PSE difference values) and PDI scores, representing a measure
of delusional ideation (Peters et al., 2004), and Heinks-Maldonado et al. (2007) found
that severity scores of auditory hallucinations in patients correlated with (lacking) N1
attenuation of vocalisations relative to altered feedback. In contrast, we did not find a
significant N1 or P2 model improvement by adding a measure of anomalous perception
(Bell et al., 2006) in Studies 1 and 2 (Egan et al., 2023; Egan et al., 2025). As such,
anomalous perception did not appear to be a relevant trait for the degree of attenuation
of sensory input generated by oneself (Kgan et al., 2023; Egan et al., 2025). Although
already specific to perceptual experience, perhaps a measure specific to auditory
perception is needed. Supported by the findings of reduced attenuation in patients with
schizophrenia and significant correlations with delusional ideation and symptom
severity, symptoms, such as auditory hallucinations, have previously been related to
altered forward models and resulting misattributions of agency (e.g., Feinberg, 1978;
Franck et al., 2001). However, a recent meta-analysis found reduced (but not absent) N1
attenuation of vocalisation relative to a recording of it across patients and at-risk
participants that was not related to symptom severity or the presence of auditory
hallucinations (Mariano et al., 2024). They concluded that, rather than the cause, the
reduced N1 attenuation represents a risk factor for psychosis. Studies with other patient
groups have also reported diminished N1 attenuation, such as for autism spectrum
disorder (auditory modality: tones; van Laarhoven et al., 2019) or obsessive-compulsive
disorder (visual modality: coloured squares; Gentsch et al., 2012). Thus, the discussed
findings indicate that the impairment of mechanisms yielding neurophysiological
attenuation could be a risk factor for a range of disorders and potential modulators of
sensory attenuation in action performance do not necessarily include traits specifically
associated with schizophrenia.

3.2 Attenuation and Agency Attribution

In Study 1 (Egan et al., 2023), we found no significant differences in N1 or P2
amplitudes between action observation and performance. This stood in contrast to
previous perceptual findings (Weiss et al., 2011a, 2011b; Weiss & Schutz-Bosbach, 2012)
and to previous findings for the N1 (Ghio et al., 2021) and the P2 (Ghio et al., 2018)
component. It was also in contrast to the P2 results of Study 2 (Egan et al., 2025), which
showed attenuation in action observation relative to external tones, but stronger
attenuation for self-generated tones. These inconsistencies in findings might be due to
different methodological implementations of the action-observation condition, such as
perspective, experimental design (i.e., within-subject or between-subjects), and setting.

Whereas action observation is typically experienced in a third-person perspective, as it
was in the perceptual studies (e.g., Weiss et al., 2011a) and in Ghio et al. (2021), action
observation was implemented in a first-person perspective in Ghio et al. (2018) and
Studies 1, 2, and 3 (Egan et al., 2023; Egan et al., 2024; KEgan et al., 2025). Interestingly,
view-dependent mirror neurons were found (with a slight preference for first-person
perspective) in monkeys, which were proposed to facilitate action perception (Rizzolatti
& Fogassi, 2014). In humans, studies found processing advantages for the first-person
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perspective as opposed to the third-person perspective in EEG (e.g., earlier activation of
motor-premotor regions; Angelini et al., 2021; Angelini et al., 2018) and also stronger
activation of frontoparietal (mirror-neuron) and visual regions in fMRI (Ge et al., 2018).
Seidel et al. (2023) examined attenuation relative to external tones during action-
observation in first- and third-person perspective, also considering the temporal
development by accounting for effects of first and second block, and of trials within a
block. The N1 was attenuated in action observation, but for the first-person perspective,
the attenuation developed only in later trials (for both blocks; Seidel et al., 2023). This
was related to the perspective being unfamiliar in action observation, which could have
hindered prediction. This may be a critical point for the action-observation conditions in
Studies 1, 2, and 3 (Egan et al., 2023; Egan et al., 2024; Egan et al., 2025). However, in
these studies, no significant differences to the N1 amplitudes of self-generated tones
were observed. The familiarisation with the first-person perspective may have been
facilitated, as trial numbers in an experimental block were larger (i.e., > 50) and, in
Studies 2 and 3 (Egan et al., 2024; Egan et al., 2025), a single block for each condition
was applied. In Seidel et al. (2023), the P2, on the other hand, was attenuated
irrespective of perspective. Therefore, the perspective of the action observation does not
appear to explain the discrepancies across findings of these and previous studies.

Some previous studies compared action performance and observation as either a within-
subject or a between-subjects factor. In other words, participants faced the action-
outcome association by performing the actions themselves and by observing another
person (e.g., Weiss et al., 2011a), or participants were assigned to be either the
performer or the observer, as was done in both previous neurophysiological studies of
interest (Ghio et al., 2021; Ghio et al., 2018). The latter could be affected by inter-
individual differences, while lacking the direct learning experiences and potential carry-
over or order effects of the former. In an fMRI study with professional ballet dancers,
observation of moves that the observers had motor experience with showed increased
activation of premotor, parietal, and cerebellar regions (Calvo-Merino et al., 2006).
However, the experience of pressing a specific button might be less relevant than that of
performing more complex ballet moves. Indeed, comparing studies with similar action-
observation setting but different experimental designs, Ghio et al. (2018) and Study 2
(Egan et al., 2025) showed no differences in N1 or P2 attenuation, whereas Ghio et al.
(2021) and Study 1 (Egan et al., 2023) differed in the N1 results. Yet, rather than due to
motor experience, this seemed to be due to the introduction of an action-outcome delay
in Study 1 (Egan et al., 2023), which made the tones generated by the other participant
more predictable in time. Therefore, the differences in design do not appear to explain
the discrepancies across findings either.

Focusing on the discrepancies in P2 attenuation in action observation, what differed
between the studies was the action-observation setting, which was either live or via
video. Interestingly, the P2 in action observation in video settings was less attenuated
than for self-generation (Kgan et al., 2025; Ghio et al., 2018), and not different to cued
external tones (Egan et al., 2024; Egan et al., 2025). In contrast, Ghio et al. (2021)
found, similarly to Study 1 (Egan et al., 2023), that the P2 in live action observation was
as attenuated as in action performance. A difference between these settings, which
might affect the activation in the action observation network, was that in the videos only
the hand (and forearm) was visible, while during live observation the participant viewed
or could view more of the person they observed. In an fMRI study testing two types of
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view during action observation, Turella et al. (2009) found no differences in activation of
the action observation network between observing videos of grasping motions performed
by a person or by an isolated hand. Yet, findings from motor imagery tasks with EEG
indicate differences between observing hand-clenches in a video and observing hand-
clenches simulated by a robotic glove in front of the participants (Tang et al., 2025).
Potential explanations for the stronger P2 attenuation when observing a person live
could relate to the sense of agency. This agency-based interpretation of the P2
attenuation was suggested by previous studies (e.g., Knolle et al., 2013a; Seidel et al.,
2021; Timm et al., 2016) and was also discussed for action observation (Ghio et al., 2021;
Ghio et al., 2018). As such, the vicarious sense of agency might be increased in live
observation because of the possibility of interaction, even though it was not included in
the task, and social interaction during EEG preparation (taking at least 40 min) or even
as previous acquaintances in some cases.

However, we attempted to test the agency-based interpretation of the P2 attenuation in
Study 2 and found that the P2 was not affected by different agent scenarios in video
observation (Egan et al., 2025). We noted increased agency judgement inaccuracies and
decreased agency-confidence ratings for the action-observation conditions. It could be
that this decrease of agency led to lesser P2 attenuation. Yet, agency-confidence ratings
and agency judgement accuracy did not significantly improve the (N1 or) P2 model. On
the one hand, Weller et al. (2017) also found diverging effects of filling the action-
outcome delay on the rated agency and the P2. On the other hand, as observed for
delays, effects on explicit agency may depend on the alternatives provided (e.g., self-
generated, self-generated but altered, and externally generated) and the wording of
agency questions (Wen, 2019).

Importantly, (video) action-observation conditions with both human and robotic agents
as well as the cue condition did not differ in P2 amplitudes. A possible explanation
comes from studies on intentional binding, a phenomenon that has also been interpreted
as an implicit measure of the sense of agency (Hughes et al., 2013). Binding describes a
perceived timing shift: The action is perceived to occur later in time and the outcome
(e.g., tone after 250 ms) is perceived to occur earlier in time (Haggard et al., 2002).
Originally binding was measured by presenting a clock face with a single clock hand
(i.e., Libet clock) to enable the tracking of time and by giving instructions to judge when
either the action or the outcome had occurred (Haggard et al., 2002). Binding can also be
found with an interval-estimation task (i.e., participants underestimate the interval
that passed between action and outcome) without the distinction of action and outcome
shift (for a review, see Moore & Obhi, 2012). Studies applying this paradigm have shown
vicarious sense of agency, that is, the binding effect in action observation beyond mere
visual cueing similar as for action performance (Poonian & Cunnington, 2013; Poonian
et al., 2015). With the Libet clock task, studies further found that the action shift for live
action observation of robotic agents depended on human-likeness and perceived
intentionality (Roselli et al., 2022; Roselli et al., 2021). Therefore, binding also depended
on whether the observers adopted the intentional stance (i.e., the observed behaviour
follows intentions) or the design stance (i.e., the observed behaviour is designed)
towards the robotic agent (Dennett, 1971). Similarly to binding, intentionality might be
relevant for P2 attenuation and the videos used in Study 2 (Fgan et al., 2025) might
have rather led to participants taking the design stance towards the depicted human
and robotic agents to predict button presses, instead of ascribing intentions.
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Given the speculated differences between live and video observation, these agent
scenarios could be implemented in a live action-observation setting to investigate
whether the P2 attenuation is affected by agency attribution depending on the setting.
Alternatively, they might be implemented in virtual reality (VR). In a modified
attenuation paradigm using VR, the external-tone condition was implemented with a
robotic agent (Feder et al., 2023). Tones were produced during the use of a keypad to
open doors in VR and were delayed by various fixed delays. The robotic agent was a
sphere, thus lacking human likeness. Furthermore, tones generated by the robotic
sphere were not temporally predictable. The N1 amplitudes were attenuated across
delay conditions relative to the robot generation, whereas the P2 amplitudes were not
attenuated. While it is difficult to compare the results of this study to those of studies
applying the contingent paradigm, it does provide a future direction to investigate
various agent scenarios and their effect on the P2 in a way that is more controlled than
live observation but more immersive than video observation. Indeed, it appears that the
intentional stance is adopted for onscreen VR characters believed to be human-
controlled and affects ERP components later than 170 ms (Caruana & McArthur, 2019).

As an alternative interpretation of the P2 results, the social context of the acquisition in
live action observation settings may have differential effects on attention and arousal,
which have been shown to increase N1 and decrease P2 amplitudes (Crowley & Colrain,
2004). Therefore, in comparing the live action observation in Study 1 (Egan et al., 2023)
and the video action observation in Study 2 (Egan et al., 2025), the N1 attenuation
compared to external tones that only reached significance in Study 2 and the P2
attenuation compared to cued external tones that was evident only in Study 1 might
alternatively be explained by an overlaying effect of increased attentiveness and arousal
during live observation. Then, in a live setting or in immersive VR, the P2 in action
observation might be as attenuated as for action performance but would not depend on
the agent who is observed.

In sum, the inconsistent results of previous studies on neurophysiological attenuation in
action observation do not appear to be due to different implementations of perspective or
design. For the P2 component, however, the action-observation setting seems to be a
relevant factor for the degree of attenuation (i.e., stronger for live observation). While
this might relate to the perceived sense of agency, we did not find an effect of agency
attribution on the P2 in video observation (Kgan et al., 2025). However, participants
might have adopted the design stance instead of the intentional stance (Dennett, 1971)
in this setting. Future research could investigate whether agency attribution effects on
the P2 are evident when participants take the intentional stance towards the observed
agents by applying live observation or observation in VR.

3.3 Prediction Under Action-Outcome Uncertainty

Previous interpretations of sensory attenuation build upon the contingent relationship
between action and tone that enables accurate predictions and might also in this way
enable the sense of agency (Horvath, 2015; Kiepe et al., 2021). However, even without a
contingent relationship between button press and tone, the N1 amplitudes of tones
decreased linearly with increasing temporal proximity to the button press (e.g., Horvath
et al., 2012). Furthermore, for self-generated tones with uncertain occurrence (i.e., 50%
contingency), N1 attenuation could be observed in previous studies (e.g., Seidel et al.,
2021; Timm et al., 2013), as we did in Study 3 (Egan et al., 2024). This was not the case
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for the P2 in Study 3 (Egan et al., 2024). Interestingly, Seidel et al. (2021) did not find a
P2 attenuation either, but an illusion-of-control effect on the P2 that might be
interpreted as an effect of the belief in contingency and that was specific to self-
generation (i.e., not found for external tones). More precisely, P2 amplitudes were
reduced when a belief in high contingency was induced compared to when a belief in low
contingency was induced. This was further shown to be the case particularly for
participants with higher differences in control ratings (i.e., more effective illusion of
control). Applying a different paradigm, in which a time frame was given for the
(in)action, Han et al. (2022) investigated the effect of contingency by comparing tones
produced with 100% and 50% action-outcome or inaction-outcome association. Tones
were temporally predictable throughout. They found reduced amplitudes in the 100%
condition for the P2 but not for the N1 and concluded that the former reflects
contingency, which seems to be in line with the results of Seidel et al. (2021). Similarly,
Harrison et al. (2023) compared 100% and 50% action-effect contingency with further
investigating differences between stimulus-driven and volitional actions, and they found
no significant effect of contingency on the N1. The P2 was not analysed but the
graphical depiction of the ERPs suggested no difference between 100% and 50%
contingent tones as elicited by volitional action. Taken together, unlike the N1, the P2
appeared more sensitive to contingency (i.e., whether-prediction) in some studies.

Considering the broader ecological contingency of action-outcome associations, studies
have investigated the effect of the type of action eliciting the auditory stimulus. van Elk
et al. (2014) compared hand- and foot-generated tones (i.e., pressing the button with the
big toe), finding no difference in N1 attenuation and stronger P2 attenuation for hand-
generated tones (for foot-generation no attenuation was found). Mifsud, Beesley, et al.
(2016), on the other hand, first compared button presses and saccades as eliciting
actions and observed P2 attenuation only for button presses as well as stronger N1
attenuation (see Mifsud et al., 2018, for stronger N1 attenuation of visual outcomes for
saccades rather than button presses). By extending the types of action with soundless
blowing, Mifsud and Whitford (2017) aimed to include a more common association,
namely, mouth-actions and auditory outcomes without the confounds of vocalisation.
They showed that N1 and P2 attenuation was strongest for the mouth and hand-related
actions, though amplitudes were descriptively smallest for mouth-related ones,
especially for the P2 (Mifsud & Whitford, 2017). They interpreted this as the relevance
of habitual associations (i.e., higher prevalence in daily life) for attenuation, particularly
for attenuation of the P2. Ross et al. (2017) further implemented an ecologically valid
action-outcome association by using a singing bowl. They found stronger N1 attenuation
for bowl-actions than producing the same sound by button press and descriptive P2
attenuation only for bowl-actions. An external-tone condition was included before and
after the self-generation condition. While the N1 amplitudes decreased within each
external condition, the P2 was larger in the external condition after self-generation only
when bowl-actions were performed. Therefore, the findings suggested that prior
experience with ecologically valid action-outcome associations can modulate (i.e.,
increase) the P2 amplitude of sounds that are identical to the outcome sounds. Taken
together, the P2 seems more sensitive to contingency also in terms of habitual
associations, which can be interpreted to be in line with the proposed relevance of
agency (e.g., Timm et al., 2016) and intentionality (Egan et al., 2025).
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Study 3 (Kgan et al., 2024) investigated, beyond the effect of the overall 50% contingency
on attenuation, also the potentially modulating effect of trail-by-trial varying prediction
errors on the N1 and P2 amplitudes. Indeed, for both the N1 and the P2 there was a
significant effect of whether-prediction errors: The smaller the error, the smaller the
amplitude (i.e., in case of the N1, the stronger the attenuation). Interestingly, for both,
the best fit was a prediction error calculated based on reinforcement learning, that is,
the expectancy of tone occurrence in each trial resulted from the integration of the
previous expectancy and the most recent (weighted) prediction error. This supports the
assumption that participants attempted to predict the occurrence of tones based on their
previous experience, even though it was not part of the task (Clark, 2013), and that
prediction errors across different contexts of associative learning are conceptually
similar (Sutton & Barto, 2018). For instance, intentional binding (specifically, the action
shift) also appeared affected by prediction-error learning (Moore & Haggard, 2008;
Moore et al., 2011). Moreover, correct predictions were processed similarly as rewards in
studies on language learning (Orpella et al., 2021; Ripollés et al., 2014). However,
whether the reward system is also involved in predicting tone occurrence, as in Study 3
(Egan et al., 2024) should be addressed in future research.

That ERP components reflect the prediction error has been suggested in particular for
the N1 (Schroger et al., 2015). Previous studies have analysed the ERP components in
omission trials (for a review, see Korka et al., 2022). Omission N1 and N2 were found
only for rare omissions (i.e., 12% not 50%) and interpreted as sensory template of
prediction turned prediction error (SanMiguel, Widmann, et al., 2013). In a study
analysing both omission and tone trials, Tast et al. (2024) showed the differential effects
of rare (i.e., 20%) and frequent (i.e., 50%) omissions on the omission N1 and the N1
attenuation, which were consistent with the contingency sensitivity of the omission N1
(SanMiguel, Widmann, et al., 2013) and the contingency insensitivity of the N1
attenuation in Study 3 (Egan et al., 2024). They noted this as support for alternative
interpretations for N1 attenuation, such as sensorimotor gating (i.e., attenuated
processing during movement; e.g., Schroger et al., 2015), which is quasi-predictive, in
that it reflects environmental probabilities without tracking them (Press et al., 2023).
Yet, the prediction-error effect on the N1 that we found in Study 3, especially for self-
generation (KEgan et al., 2024) stands in contrast to this, as well as several studies
showing reduced N1 amplitudes of tones with predictable identity (i.e., frequency)
relative to tones with mis-predicted (or unpredictable) identity (e.g., Ball et al., 2008;
Knolle et al., 2013b; Kihn et al., 2011; but see McCarthy & Donchin, 1976, for
attenuation only of predicted versus mis-predicted external tones). An overall identity-
prediction effect was found also when including self-timed and cued self-generation,
temporally predictable and unpredictable external tones (Harrison et al., 2025). This, in
turn, is in line with specific prediction yielding N1 attenuation. However, this was not
always replicated (e.g., Dogge, Hofman, et al., 2019). In particular, Tast et al. (2025)
found an effect of identity prediction only on the N1 omission but not on the N1
attenuation. Taken together, specific and unspecific mechanisms seem to modulate the
N1 time range of self-generated tones (cf. Tast et al., 2025).

Similarly, the P2 results in Study 3 (Kgan et al., 2024) could suggest multiple
underlying processes: the prediction-error effect attenuating the P2 and a general
enhancement (i.e., lack of attenuation) of the P2 in self-generation with the 50%
contingency. On the one hand, the prediction-error effect may reflect trial-by-trial
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updating of the believed contingency (see also Seidel et al., 2021). That the prediction
error based on the high learning rate was the better fit for the P2 might be interpreted
as a more conscious underlying process. On the other hand, the P2 of self-generated
tones for zero or small prediction errors was still visibly enhanced compared to cued
tones, which could suggest a separate underlying mechanism. In a recent meta-analysis
of neuroimaging studies on sensory attenuation across various modalities, a cerebellar
co-activation network was identified as one of two that drive attenuation, supporting the
role of the cerebellum for the processing of self-generated sensory input (Gu et al., 2025).
The second network, centred in a temporal region, showed stronger activation for
external than self-generated input and was interpreted in terms of sensory conflict
detection and reduced agency. Because the low contingency between action and tone in
Study 3 (Kgan et al., 2024) likely reduced the sense of agency (see also Seidel et al.,
2021), this second network might relate to the enhancement (i.e., the lack of P2
attenuation of self-generated tones). However, this enhancement was specific to self-
generation (i.e., P2 attenuation was found in action-observation and cue conditions) as
was the stronger prediction-error effect. Specifically, for both N1 and P2 amplitudes, the
prediction-error effect was stronger for self-generation compared to the cue condition,
while for observers there was no difference between the prediction-error effect in action
observation and cueing (FEgan et al., 2024). For the self-specific P2 enhancement, an
overlay of a later positivity due to the uncertainty of tone occurrence and greater
saliency of own action-outcomes (Knolle et al., 2013a, 2013b; Seidel et al., 2021) might
be considered as an explanation. The stronger prediction-error effect on N1 and P2
amplitudes for self-generation was further in line with results from feedback learning
(Bellebaum et al., 2012; Bellebaum et al., 2010; Kobza & Bellebaum, 2015) and might
similarly be related to greater saliency of own action outcomes.

An aspect that was listed as one of the confounds by Hughes et al. (2013) and was
exclusive to the self-generation condition compared to all others in Studies 1, 2, and 3
(Egan et al., 2023; Egan et al., 2024; Egan et al., 2025) was the control over the temporal
onset of the tone. If the effect of whether-prediction errors on N1 and P2 is partly linked
to temporal control, then it might be interpreted as an increased feeling of control (and
more attenuation) when the tone occurrence was more expected. However, findings on
the effect of temporal control on N1 and P2 amplitudes are inconsistent (Harrison et al.,
2021; Kaiser & Schiitz-Bosbach, 2018; Sowman et al., 2012; Timm et al., 2016), as are
such findings on PSE values (Kiepe et al., 2024; Weiss et al., 2011b). Overall, a feeling of
lacking control might yet relate to the contingency effect on the P2 and thus the lack of
attenuation that we found for self-generation (Fgan et al., 2024). Another line of studies
has focused on the motivational aspect of control, and thus contingency, highlighting the
connection to reinforcement learning, in that enacting control is rewarding in itself
(Eitam et al., 2013). For instance, when participants randomly selected buttons
associated with different outcome probabilities (e.g., low: 0%, and high: 90%), Penton et
al. (2018) showed that response times were affected by the probabilities only when
contingency was high (i.e., low probabilities of the stimulus occurring independently of
the button press). Thus, the effects of action-outcome uncertainty that are specific to
self-generation might relate to the temporal control over one’s own action outcomes and
their higher saliency or motivational incentive.
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3.4 Temporal Predictability and Temporal Proximity

As previously mentioned, the contingent paradigm has been criticised for containing
confounds in the comparison of self-generated and external tones (Hughes et al., 2013).
One of them was temporal predictability, in that the temporal onset of the tone can be
predicted only for self-generation but not for external tones. Consequently, the
attenuation of N1 and P2 amplitudes might reflect general predictive mechanisms. This
alternative explanation would also apply for the attenuation in action observation. In
action observation, the temporal proximity of action and tone becomes relevant, as it can
determine the temporal predictability of the tones generated by observed actions (e.g.,
Ghio et al., 2021). Moreover, the effect of temporal proximity was raised as a separate
issue for N1 and P2 attenuation of self-generated tones (e.g., Horvath et al., 2012).

3.4.1 Action Observation Provides Temporal Predictability

Temporal predictability was not accounted for in the action-observation studies by Ghio
et al. (2018) and Ghio et al. (2021), but in Studies 1, 2, and 3 (Egan et al., 2023; Egan et
al., 2024; Egan et al., 2025) via the increased action-outcome delay and the cue
condition. We found no significant difference between action observation and cueing in
N1 and P2 amplitudes, and the whether-prediction error effect in Studies 2 and 3 (Kgan
et al., 2024; Egan et al., 2025). Regarding the N1 amplitudes, this was in line with
Study 1 (Kgan et al., 2023) and with the interpretation of the N1 attenuation as
reflecting temporal predictability, which was evident in the comparison of N1 results for
action observation with and without an action-outcome delay (Egan et al., 2023; Ghio et
al., 2021; Ghio et al., 2018). A recent fMRI study investigated differences between
conditions with and without actions, with and without tones, for action performance and
observation (Ghio et al., 2025). Action observation was implemented as a video, thus
matching the action-observation setting of Studies 2 and 3 (Egan et al., 2024; Kgan et
al., 2025), for which we found no differences in N1 and P2 amplitudes to cued tones.
Ghio et al. (2025) found that tones generated by self-performed and observed actions as
well as external tones yielded differential activation in the right auditory cortex. In an
exploratory analysis, the activation was only descriptively attenuated in action
performance and observation. Regarding their analysis of other regions, including
cerebellar regions, their results were in line with the postulated cerebellar forward
model and its efference-copy input for self-generation. Yet, predictive mechanisms in
action observation could not be related to the cerebellum or motor regions. This
contrasts with findings of cerebellar activation as part of the extended action
observation network (for a review, see Antonioni et al., 2024). Still, the results of Ghio et
al. (2025) as well as findings of Studies 2 and 3 support the notion that video action
observation involves more general predictive mechanisms as would be the case for other
temporally predictable external tones (e.g., Egan et al., 2024; Egan et al., 2025) and the
notion that the measured attenuation is the result of a combination of different
predictive mechanisms (e.g., Egan et al., 2024).

3.4.2 The N1 Component

Importantly, in Studies 1 and 2 (and 3), there were also no significant differences in N1
amplitudes of self-generated tones compared to cued tones or tones generated by
observed button presses (Kgan et al., 2023; Egan et al., 2024; Egan et al., 2025), while
the N1 of cued tones (Fgan et al., 2023) or of tones generated by an observed human
agent (Kgan et al., 2025) were attenuated relative to unpredictable external tones. This
could be interpreted as tentative support for previous interpretations of N1 attenuation
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as reflecting temporal predictability also for self-generation (e.g., Harrison et al., 2021).
However, three aspects warrant further discussion: (i) the lack of attenuation for self-
generation relative to unpredictable external tones in Studies 1 and 2 (Egan et al., 2023;
Egan et al., 2025), (i) the inconsistent findings of previous studies regarding the
comparison of self-generated and cued external tones (e.g., Harrison et al., 2021;
Klaffehn et al., 2019), and (i1i) the findings of previous studies regarding the comparison
of predictable and unpredictable temporal onsets that do not support the relevance of
temporal predictability for N1 amplitudes of self-generated tones (Bil} et al., 2008;
Lange, 2011).

Notably, in Studies 1 and 2 the N1 of self-generated tones was not significantly (i.e.,
only descriptively) attenuated relative to unpredictable external tones (Kgan et al.,
2023; Egan et al., 2025). This was found despite the use of relatively long inter-tone
intervals (i.e., 2-3 s), for which N1 attenuation was previously found to be larger
(SanMiguel, Todd, et al., 2013). Yet, studies applying action-outcome delays for self-
generated tones have observed learning effects with N1 attenuation developing over the
first 100 trials (e.g., Aliu et al., 2009; Cao et al., 2017; Elijah et al., 2018). Thus, one
potential reason for the lack of N1 attenuation could be the implemented action-outcome
delay (i.e., > 300 ms), although it was consistent throughout the experiment and,
considering both training and experimental blocks, the number of trials exceeded 100.
Still, this might have been insufficient (i.e., requiring at least 100 training trials),
perhaps particularly for the length of the delay, which was larger than of the delay
primarily tested in the studies on learning effects (i.e., 100 ms; e.g., Aliu et al., 2009). In
studies applying fixed delays over 100 ms, the N1 was attenuated more without the
delay (Aliu et al., 2009) or as much (Klaffehn et al., 2019; Timm et al., 2016), but
attenuated even for delays of 750 ms with trial numbers comparable to those in our
studies (Klaffehn et al., 2019; van Elk et al., 2014). However, in the study by van Elk et
al. (2014) the comparisons of the conditions with no or shorter delays (i.e., 0, 250, and
500 ms) to external tones were not significant either (see also Whitford et al., 2011, for
N1 attenuation of button-press-elicited vocalisation only without delay). Taken together,
effects of temporal proximity on the N1 have so far been inconsistent but some findings
indicated that action outcomes with diminished temporal proximity require more trials
to show N1 attenuation. Furthermore, the effect of inter-tone intervals was previously
mentioned as a limitation for Study 2 (Egan et al., 2025). Because increased intervals
increase the N1 (and P2) amplitudes (Crowley & Colrain, 2004; Pereira et al., 2014;
SanMiguel, Todd, et al., 2013), the interval differences between conditions could be an
alternative explanation for the lack of N1 attenuation for self-generation in Study 2
(Egan et al., 2025). However, in this study the intervals were largest for action-
observation and cue conditions, for two of which significant N1 attenuation was yet
found. As possible additional analyses when using the single-trial approach and if inter-
tone intervals can be extracted for the trials included in the main analysis, inter-tone
intervals could be added as fixed effect in linear mixed-effects models and thus, the
effect of intervals could be accounted for (for an example, see Bolt & Loehr, 2021).
Moreover, trial number could serve as another fixed effect in the model to examine the
temporal progression of attenuation effects (e.g., Seidel et al., 2023), such as differential
learning effects for delayed action-outcomes.

As described in the introduction, studies examining the effect of temporal predictability
on the N1 by comparing self-generated and cued tones, have reported mixed results
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(e.g., Harrison et al., 2021; Klaffehn et al., 2019). Temporally predictable external tones,
despite various implementations (e.g., highly regular intervals, countdowns, and hand-
clap videos), showed descriptive (Sowman et al., 2012) and significant N1 attenuation
relative to unpredictable external tones (Harrison et al., 2025; Harrison et al., 2021;
Kaiser & Schiitz-Bosbach, 2018; Schafer & Marcus, 1973; van Laarhoven et al., 2021;
Vroomen & Stekelenburg, 2010), as we found in Study 1 (Egan et al., 2023). However,
only few studies found no significant difference in N1 amplitudes between temporally
predictable external tones and self-generated ones (Harrison et al., 2025; Harrison et al.,
2021; Sowman et al., 2012), as we found in all three studies (Egan et al., 2023; Egan et
al., 2024; Egan et al., 2025). Considering cued external and cued self-generated tones
(i.e., not self-timed), Kaiser and Schiitz-Bosbach (2018) found an enhancement for the
latter, as opposed to Sowman et al. (2012) who found no significant difference, and to
Harrison et al. (2021), who found stronger attenuation for these (perhaps related to
attentional suppression, see Harrison et al., 2023). Several studies, on the other hand,
found an attenuation of (self-timed) self-generated tones compared to temporally
predictable external ones (Klaffehn et al., 2019; Lange, 2011; Mifsud, Oestreich, et al.,
2016; Schafer & Marcus, 1973; Timm et al., 2016). In those studies, intervals of 1000 ms
(Mifsud, Oestreich, et al., 2016) and 2000 ms (Schafer & Marcus, 1973) to predict the
tone onset were perhaps too long to form highly precise temporal predictions compared
to intervals or movement-videos of 500-ms duration (e.g., Kaiser & Schiitz-Bosbach,
2018; van Laarhoven et al., 2021). Yet, the 750-ms delay in the study by Klaffehn et al.
(2019) offered precise prediction of temporal onset due to the implementation of a
loading bar. For comparability, a visual stimulus moved back and forth between trials.
Participants might have timed their button presses accordingly, motivated by their
displayed mean interval after 25 trials, and thus cueing their actions, which can lead to
further attenuation (Harrison et al., 2021). Overall, the presence or absence of N1
attenuation of self-generated compared to cued tones appears to depend on the
implementation of the cueing, particularly in terms of the prediction precision relative
to the highly precise temporal prediction based on one’s own action.

Previous studies have also investigated the effect of temporal predictability on N1
attenuation by comparing predictable and unpredictable temporal onsets. Studies on
self-generated tones showed no effect of temporal predictability (B4l et al., 2008; Lange,
2011), whereas a study on pitch-shifts during vocalisation (Behroozmand et al., 2016),
and studies investigating predictable external tones and other sounds did (Lange, 2009;
van Laarhoven et al., 2021; Vroomen & Stekelenburg, 2010). Regarding temporal
predictability, the applied temporal range (i.e., difference between minimal and
maximal delay) and the probability of a given delay might be considered as separate
aspects (cf. Tanaka et al., 2019). While the temporal ranges in the above-mentioned
studies were mostly comparable (480-570 ms, but 800 ms in Lange, 2011), some ranges
were located at different points in time: In particular the studies including self-
generation placed the temporal range after the event (e.g., with a maximal delay of 1000
ms; Bali et al., 2008; Behroozmand et al., 2016); the studies focused on visual cues
placed the temporal range around the event (i.e., including trials with auditory stimuli
presented before the event; van Laarhoven et al., 2021; Vroomen & Stekelenburg, 2010).
For the latter, the average delay in the experiment was, therefore, around 0 ms.
Moreover, in a study with a probable immediate tone (probability = 0.7), the N1 of self-
generated tones was also attenuated for small delays of 50 and 100 ms (probability =
0.1, each) but not for a delay of 250 ms (Pinheiro et al., 2019). This tolerance for small
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temporal deviations resembles the tolerance for various deviations found particularly
when action outcomes has been learned with a delay (Aliu et al., 2009; see also Elijah et
al., 2018). Taken together, a greater average delay might lead to higher tolerance for
temporal onset variability and abolish the effect of temporal predictability on N1
amplitudes that is found for average delays of 0 ms (particularly with large temporal
ranges and low probabilities in the unpredictable-onset condition). Alternatively, N1
attenuation of self-generated tones might rely on other mechanisms than temporal
predictability.

It should be noted that the N1 attenuation patterns in all three studies did not neatly
align with the temporal-predictability interpretation. Indeed, the N1 amplitudes of cued
external tones in Studies 2 and 3 were descriptively closer to the external tones than
self-generated ones (Egan et al., 2024; Egan et al., 2025). All in all, the effect of temporal
predictability on N1 amplitudes appears to not be robust and to depend on the temporal
proximity of the outcome to the event and resulting deviation tolerance, as well as on
specific implementations of cue conditions (e.g., regarding the precision of temporal
prediction). For delayed event-outcomes, the degree of N1 attenuation may further
depend on the number of learning trails. Future studies could clarify whether N1
attenuation for self-generation (relative to unpredictable external tones) relies on
specific mechanisms, as suggested by findings regarding the cerebellum (e.g., Ghio et al.,
2025) and the prediction-error effect in Study 3 (Kgan et al., 2024), that provide higher
precision of temporal predictions and weigh the temporal predictability of the outcome
differently than predictive mechanisms for temporally predictable external tones.

3.4.3 The P2 Component

The P2 seemed to in part reflect temporal predictability as well, because the P2 of cued
tones was attenuated relative to unpredictable external tones in all three studies (Egan
et al., 2023; Egan et al., 2024; Kgan et al., 2025). Significant P2 attenuation for
temporally predictable external tones (compared to unpredictable ones) was also found
in previous studies with similar (500 to approx. 692 ms; Sowman et al., 2012; van
Laarhoven et al., 2021) and much longer (1000-2000 ms; Mifsud, Oestreich, et al., 2016;
Schafer & Marcus, 1973) intervals between (last) cue, previous tone, or movement onset
and the tone. An effect of temporal predictability was also evident in the comparison of
predictable and unpredictable temporal onset (van Laarhoven et al., 2021; Vroomen &
Stekelenburg, 2010). However, cued external tones did not show P2 attenuation relative
to unpredictable external tones in the study of Harrison et al. (2021). They further did
not find P2 attenuation in a self-generation condition, namely the cued (opposed to self-
timed) self-generation (Harrison et al., 2021). Thus, in contrast to the above-mentioned
studies, temporal predictability was not sufficient to yield P2 attenuation. They and
other studies also found significant P2 attenuation for self-timed self-generated tones
compared to temporally predictable external tones (Harrison et al., 2021; Klaffehn et al.,
2019; Mifsud, Oestreich, et al., 2016; see also Timm et al., 2016, though not self-timed),
as we did with an action-outcome delay in Studies 1 and 2 (Egan et al., 2023; Egan et
al., 2025). Hence, P2 attenuation has been related to temporal control and sense of
agency, and we explored the effect of agency attribution in Study 2 (KEgan et al., 2025).

Another study did not observe P2 attenuation relative to external tones for cued tones as
well as for a self-generation condition, namely the delayed (opposed to immediate) self-
generation (Klaffehn et al., 2019). P2 attention for immediate) self-generated tones,
though not always analysed (Horvath, 2015), has been found consistently (e.g., Klaffehn
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et al., 2019; Schafer & Marcus, 1973) across various inter-tone intervals (SanMiguel,
Todd, et al., 2013). It was also found with a delay of 100 ms but, unlike for the N1,
without an increase in attenuation over time (Cao et al., 2017). Yet, findings of P2
attenuation with delays and thus decreased temporal proximity between action and tone
have been mixed (e.g., Klaffehn et al., 2019, with a 750-ms delay). For instance, van Elk
et al. (2014) found P2 attenuation for 0 and 750 ms delays (and increase in amplitude for
250 and 500 ms), and Pinheiro et al. (2019) found significant attenuation only for the
probable immediate tones, while reporting an increase in amplitude with increase of
delay (50, 100, and 250 ms). Implementing a cued self-generation condition, Timm et al.
(2016) presented a test tone immediately or after 200 ms, which followed an adaptation
phase with 0, 200, or 400 ms (i.e., the delay was as adapted to or shorter). While a main
effect of delay on the P2 (i.e., greater amplitudes with delay) was observed, the effect
was stronger for self-generation. Specifically, for delayed self-generated tones, they
found an enhancement compared to their comparison condition, irrespective of delay
continuity or deviation (Timm et al., 2016). Taken together, action-outcome delays can
increase P2 amplitudes and the temporal range applied in the experiment, which was
larger in the above-mentioned studies (i.e., > 0) than in Cao et al. (2017) and Studies 1
and 2 (Egan et al., 2023; Egan et al., 2025), might modulate the P2 attenuation for
delayed self-generated tones. Namely, only when participants face various action-
outcome delays, instead of a consistent temporal relation between action and outcome,
does temporal proximity seem relevant for P2 attenuation relative to external tones.
This was also observed in the VR study, in which participants operated virtual keypads
(Feder et al., 2023). They applied a variety of fixed delays in separate blocks and P2
amplitudes increased with increasing delay, showing enhancement relative to external
tones. The P2 enhancement for delayed tones, when participants have experienced
higher temporal proximity between action and outcome, could be interpreted in terms of
decreased perception of the tones as action outcomes. However, in the study by Feder et
al. (2023) participants could not detect larger delays (e.g., 300 ms) more often. As such,
they likely retained a sense of agency for the delayed tones, despite the P2
enhancement.

3.4.4 Attention To Cues and Button Presses

Previous literature has pointed out that attentional effects may be alternative
explanations for attenuation or have additional effects on N1 (and P2) amplitudes
(Horvath, 2015; Schroger et al., 2015): The N1 is decreased with decreased attention to
the tone (Naatanen & Picton, 1987), and the action to elicit the tone is assumed to draw
attention away from it. This could also be an alternative explanation for attenuation for
cued external tones, as the cue could also draw attention away from the following tone.
In this case, the N1 was attenuated relative to external tones because the cue drew more
attenuation in Study 1 (Kgan et al., 2023), possibly due to the lesser familiarity, the
button press by human agents drew more attention in Study 2 (FKgan et al., 2025),
possibly due to social salience, and the button press of oneself or another drew more
attention in Study 3 (KEgan et al., 2024), possibly due to the action-outcome uncertainty.
One study investigated the effect of attention by implementing an external-tone
condition with an additional task that made the tones task-relevant (i.e., detection of
deviant intervals) and found overlapping but distinct attenuation and attention effects
on the N1 (Saupe et al., 2013). Alternatively, participants had to count the occurrence of
a particular event (e.g., tones as action-outcomes), thereby directing their attention to
different elements of the experimental block (Timm et al., 2013). Again, attenuation and
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attention effects on the N1 were found, but the attenuation of self-generated tones to
(temporally unpredictable) external tones was similar when tones were attended to or
not. Counting the number of visual stimuli with a particular colour used for cueing,
further, did not affect the N1 in cued external and cued self-generation conditions but a
later negative component (Harrison et al., 2021). Considering these findings and the
inconsistent suggested affordance of attention to cues and observed or performed button
presses in the three studies, it does not seem likely that our N1 results are explained by
attention.

For the P2, attentional effects are less clear, as the negativity of the N1-attention effect
could reduce the P2 and balance out attentional effects that would increase P2
amplitudes (Horvath, 2015). For instance, Saupe et al. (2013) found no attention effect
on the P2. However, in some attenuation studies the latencies could indicate an overlay
with a later positive component such as the P3a (e.g., Ghio et al., 2018; Seidel et al.,
2021), which has been in this context interpreted as a call for attention for unpredictable
and deviant tones (e.g., Knolle et al., 2013a, 2013b; Neszmélyi & Horvath, 2017). The P2
has also been related to attentional processes, such as the withdrawal of attention
(Crowley & Colrain, 2004), and its attenuation interpreted as the withdrawal of
attention to predicted outcomes identified as self-generated (e.g., Harrison et al., 2025).
Likewise, the P2 attenuation in our studies might be related to a withdrawal of
attention to tones that were identified as the outcome of any action or event, especially
when the action was perceived as intentional.

3.5 Limitations and Outlook

A confound in the self-generation condition regards the performed action, which was a
button press that yielded tactile and auditory feedback itself, and has been found to be
performed less forcefully when a tone is elicited by it, possibly indicating action
optimisation (Horvath et al., 2018; Neszmélyi & Horvath, 2017). This is one of the
reasons the motor correction applied in Studies 1, 2, and 3 has been criticised (Horvath,
2015; Neszmélyi et al., 2022), although the delay that decreased temporal proximity
between action and tone in the studies may have mitigated this confound. There are
further minor differences in the processing of EEG data and in extracting N1 and P2
amplitude values (e.g., Ghio et al., 2021; Mifsud & Whitford, 2017; Neszmélyi &
Horvath, 2021), which may slightly decrease comparability across previous studies and
the three studies of the dissertation (Egan et al., 2023; Egan et al., 2024; Egan et al.,
2025). For example, the low cut-off filter applied in Studies 1 and 2 was 0.1 Hz (Egan et
al., 2023; Egan et al., 2025), whereas a 0.3 Hz filter was used in Study 3 (Kgan et al.,
2024), which may influence the N1 and P2 amplitudes (Luck, 2014). While the three
studies and other studies have focused on the N1 and P2 (e.g., Klaffehn et al., 2019;
Mifsud, Beesley, et al., 2016) or even solely on the N1 (e.g., Elijah et al., 2018; Timm et
al., 2013), some studies have analysed additional ERP components, such as the N2 or
N2b (e.g., Harrison et al., 2025; Harrison et al., 2021; Knolle et al., 2013b; Seidel et al.,
2023), which could offer further insights on similarities and differences between the
implemented experimental conditions. Further insights could also be gained from
considering the sub-components of N1 amplitudes (e.g., SanMiguel, Todd, et al., 2013),
in particular when applying principal component analysis (e.g., Tast et al., 2024).

Another potential decrease in comparability stems from the different implementations of
the action-observation condition(s) across the three studies, as well as compared to
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previous studies. For instance, in the live observation in Study 1 (Egan et al., 2023) a
mirror construction was used to reflect the button press in first-person perspective at
the height of the computer screen, unlike in the live observation of Ghio et al. (2021).
While it had the purpose of increasing the comparability between the experimental
conditions, it is unclear what additional effects the mirror-view on one’s own action
might elicit and whether it could decrease sensory attenuation. However, the lack of
difference in P2 attenuation between action performance and observation was also found
with a more naturalistic view on one’s own and the other’s action (Ghio et al., 2021).
Therefore, although it could be explored in future research, it is unlikely that this poses
an alternative explanation for the P2 results. The video action-observation conditions in
Studies 2 and 3 (Egan et al., 2024; Egan et al., 2025) further used different stimuli, a
different number of frames, and total length of button-press movement. As such, the
observed button-press movements in Study 2 (Kgan et al., 2025) were longer than in
Study 3 (Kgan et al., 2024) and were rated as moving rigidly. This was due to the
latency error in frame presentation. The rigid movement in Study 2 (Egan et al., 2025)
as well as the short two-frame movement in Study 3 (Egan et al., 2024) could have
contributed to the diminished P2 attenuation in action observation. A high-resolution,
naturalistic video of button presses might yield different results, suggesting that the
degree of attenuation depends on the degree of intentionality ascribed to the agent
(which could increase with the increased clarity and naturalism of the observation), as
opposed to other factors that differ between the action-observation settings. In future
studies, measures of intentionality as well as agency attribution might be obtained from
the participants and video action observation might be implemented as a video stream of
a previous participant.

It should be emphasised that the studies addressing intentionality (Roselli et al., 2022;
Roselli et al., 2021), which were discussed in terms of possible explanations for the lack
of agency attribution effect on the P2 in Study 2 (Egan et al., 2025), measured
intentional binding. Hughes et al. (2013) proposed different underlying mechanisms for
binding and attenuation, relating binding to temporal control and not identity
prediction. A subsequent meta-analysis showed that indeed the action shift related to
temporal control, the outcome shift related to temporal predictability, while neither
showed an effect of identity prediction (Tanaka et al., 2019). Dewey and Knoblich (2014)
did not find a significant correlation between attenuation (i.e., auditory perceptual
attenuation via PSE) and binding (see also Borhani et al., 2017). Further, it has been
proposed that, as for perceptual attenuation, binding effects arise from heuristic
judgements (Reddy, 2022). For instance, studies have shown that attentional processes
play a large role in binding (e.g., Schwarz & Weller, 2023). Therefore, the link between
(neurophysiological) attenuation and binding effects is not clear and the suggested
relevance of intentionality for P2 attenuation should be regarded with caution. Future
research could, on the one hand, clarify the ambiguous relationship of binding and
attenuation, and on the other hand, as stated above, examine the role of intentionality
for P2 attenuation via questionnaire measures and more naturalistic action-observation
implementations.

Another option for the implementation of action-observation settings might be the use of
VR with EEG, as mentioned previously. VR has been explored for studying
neurophysiological attenuation in the somatosensory modality, which showed a general
contingency effect on the P300 and replicated sensory attenuation for earlier ERP
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components (Giannini et al., 2025). VR can additionally be used for eye tracking
(Klotzsche et al., 2023), thus enabling an incorporated control of focused observation and
preventing the need for post hoc procedures to exclude segments, in which the eyes of
the participant appear to be closed, as we did in Study 2 (Egan et al., 2025). VR agents
to be observed might also be adjusted to resemble the experimenter, a friend of the
participant, or even the participant themselves. With VR, more ecologically valid action
outcomes (e.g., Ross et al., 2017) might be implemented while maintaining strict control
over stimulus features. For instance, a sports game (e.g., golf, badminton) might be
implemented. In this context, the auditory stimulus might either be an informative
sound (i.e., the impact sound from the shuttle on the racket informs on the quality of the
hit in badminton) or an uninformative one (i.e., random or fixed, or in a different sports
game, in which the impact sound is less informative, such as tennis) as a manipulation
of attention. This sport can then either be played in a single format (e.g., a ball machine
providing the ball) or including the observation of a VR agent. This might also be useful
for the further exploration of the specific research question of Study 1 (Kgan et al.,
2023), regarding the potential effect of culture (Cao & Gross, 2015) on the degree of
attenuation in action observation. As competitiveness was identified as one factor of
individualism (Shulruf et al., 2007) and our sample scored relatively low on it, effects of
action observation on PSE values and the P2 amplitudes might differ between
competitive (i.e., no attenuation of observed tones) and collaborative settings (i.e.,
attenuation of observed tones). Using VR in more complex settings could be established
with one VR agent as the collaborator and another as the competitor (e.g., playing a
doubles or singles tennis match), or promoting either individualistic or collectivistic
social norms. Alternatively, joint action tasks (e.g., Bolt & Loehr, 2023) might be
adapted, such as to include rewards for task performance that can be won by either only
one person or only the pair of them. In previous joint-action tasks, generating a tones
sequence with a partner (i.e., tones every 500 ms), seemed to enhance P2 amplitudes
(Bolt & Loehr, 2021), particularly for other-generated tones, the more coordination was
required (Bolt & Loehr, 2023). They interpreted this as increased temporal orienting of
attention to the tones. On the other hand, a study by Weiss et al. (2011b), in which one
cued the other’s action, showed reduced PSE values in the interactive setting, which was
interpreted as an increased feeling of agency to contrast with the agency of the other in
determining the temporal onset (see also Neszmélyi & Horvath, 2021, for an action-
cueing task in an KEG study). Therefore, interaction might introduce further effects of
attention and agency that need to be considered when designing more complex action-
observation settings in VR.

Lastly, the focus in this dissertation was on the auditory modality, specifically on the
processing of tones, but some studies have examined attenuation in action observation
in other modalities raising further research questions. For instance, Kilteni et al. (2021)
did not find somatosensory attenuation in action observation in a series of behavioural
experiments (e.g., via PSE values) but Kilteni et al. (2018) did find attenuation in a
motor-imagery condition in a force-matching task. How measures of attenuation in
different modalities relate to each other (e.g., Schafer & Marcus, 1973) and how motor
imagery, overlapping in activation with action observation and performance (Hardwick
et al., 2018), compares to action observation (e.g., Tang et al., 2025) in its resulting
attenuation could be explored in future studies.
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3.6 Conclusion

Sensory attenuation has been interpreted as the result of predictive mechanisms, in
that the match of the perceived sensory input and the sensory input predicted based on
the performed action reduces sensory processing (e.g., Korka et al., 2022). Because of the
overlap of activation during action observation and performance (e.g., Hardwick et al.,
2018), explanatory models of attenuation proposed the same resource for predicting
sensory outcomes in action performance and observation (Pickering & Clark, 2014).
Neurophysiological attenuation of tones generated by an observed person compared to
external tones was partially found in previous studies (Ghio et al., 2021; Ghio et al.,
2018). The aim of the three studies of this dissertation was to gain further insights from
comparing N1 and P2 attenuation of self-generated tones and of tones generated by an
observed action, while accounting for temporal predictability.

Individualism was assessed in Study 1 (Egan et al., 2023) as a potentially influencing
factor of neurophysiological attenuation in action observation. Individualism did not
significantly affect N1 or P2 attenuation in action observation, although this was the
case in a previous study for perceptual attenuation measured via the PSE (Cao & Gross,
2015). Future studies could further test the effect of individualism in samples with more
diverging individualism and collectivism scores, and examine whether different
mechanisms underly neurophysiological and perceptual attenuation (e.g., Ody et al.,
2023).

Action-observation conditions with different agents were implemented in Study 2 (Kgan
et al., 2025) to investigate the role of agency attribution for P2 attenuation. However, we
found no difference in P2 attenuation across the cue and action-observation conditions.
P2 amplitudes in the (human) action-observation condition differed from P2 amplitudes
in the cue condition only in Study 1 (Egan et al., 2023), which implemented a live action-
observation setting in first-person perspective as opposed to the video action-observation
setting in first-person perspective in Studies 2 and 3 (Kgan et al., 2024; KEgan et al.,
2025). Potential explanations regard the possibly stronger vicarious sense of agency and
attribution of intentionality in the live setting. Future research could examine these
potential effects, for instance by utilising VR, and thus contribute to understanding the
functional significance of the P2.

In Study 3 (Egan et al., 2024), whether-prediction errors were induced by reducing the
contingency of action and outcome to examine the effects of outcome uncertainty on
attenuation in action performance and action observation. Whereas the overall
attenuation with 50% contingency showed a diverging pattern, a similar effect of the
trial-by-trial varying prediction error was found for N1 and P2 amplitudes. Smaller
whether-prediction errors yielded smaller amplitudes, and this effect was stronger for
self-generation. This might be due to an increased salience of own action outcomes (e.g.,
Knolle et al., 2013b) and a more rewarding experience when predictions of sensory
consequences of own actions prove correct (see Ripollés et al., 2014) or simply when
enacting control over the environment by producing action effects (e.g., Eitam et al.,
2013). With the 50% contingency, the P2 amplitudes of self-generated tones were
enhanced compared to cued and observed action outcomes (i.e., as large as the P2 of
external tones). Such (self-specific) contingency effects on P2 amplitudes were previously
found (Han et al., 2022; Seidel et al., 2021). Unlike the P2, N1 amplitudes were
attenuated in action performance and observation compared to external tones, which
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might indicate the involvement of unspecific mechanisms, such as sensorimotor gating
(cf. Tast et al., 2025).

Importantly, N1 amplitudes were not consistently attenuated compared to external
tones, as they were attenuated only for cued external tones in Study 1 (Egan et al.,
2023), only for tones generated by an observed human agent in Study 2 (Egan et al.,
2025), and only for self-generated and tones generated by an observed person in Study 3
(Egan et al., 2024), even though each study included self-generated and cued tones as
well as tones generated by an observed person. Yet, N1 amplitudes in these conditions
did not differ significantly. Thus, our results tentatively supported previous studies
linking N1 attenuation to temporal predictability (e.g., Harrison et al., 2021) but also
suggested different underlying mechanisms for self-generation (i.e., stronger effect of
whether-prediction errors), despite yielding similar attenuation as action observation
(Egan et al., 2024). This 1s in line with studies showing, particularly for the N1, the
involvement of a cerebellar forward model for self-generation (e.g., Cao et al., 2017; Ghio
et al., 2025; Knolle et al., 2013a) but not action observation (Ghio et al., 2025).

For the P2, we found an attenuating effect of temporal predictability in all three studies
(Egan et al., 2023; Egan et al., 2024; Kgan et al., 2025). However, self-generated tones
showed specific P2 effects, in that there was stronger attenuation in Studies 1 and 2
(Egan et al., 2023; Egan et al., 2025) compared to cued tones and also compared to
action observation in Study 2 (Egan et al., 2025), and no attenuation when there was a
50% contingency between action and tone (Kgan et al., 2024). These results might be
linked to the interpretation of the P2 attenuation as a more retrospective agency
judgement (e.g., Knolle et al., 2013a; Seidel et al., 2021; Timm et al., 2016) and the
degree of intentionality attributed to the agent, the contingency between action and
outcome as well as (consistent) temporal proximity could be relevant to the
identification of the tone as an outcome of an event, particularly of own action.

In sum, auditory outcomes of observed actions seem to be processed not like auditory
outcomes of own actions but like auditory outcomes of other visual cues, although this
need not be reflected in the degree of (N1) attenuation and (for the P2) might depend on
the circumstances of the action observation (Kgan et al., 2023; Egan et al., 2024; Egan et
al., 2025). It should be kept in mind that observed similarities in amplitude do not
necessarily imply equal underlying processes (Press et al., 2023) and multiple
mechanisms might lead to attenuation, including specific and unspecific ones (cf. Tast et
al., 2025) as well as multiple neural networks (Gu et al., 2025). Our results are in line
with accounts of neurophysiological attenuation as a combination of different predictive
mechanisms, including motor-based and general prediction (e.g., Korka et al., 2022) and
call for further research on sensory outcome processing in action observation.
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Tones that are generated by self-performed actions elicit attenuated N1 and P2 amplitudes, as measured by
electroencephalography (EEG), compared to identical external tones, which is referred to as neurophysiological
sensory attenuation (SA). At the same time, self-generated tones are perceived as less loud compared to external
tones (perceptual SA). Action observation led in part to a similar neurophysiological and perceptual SA. The
perceptual SA in observers was found in comparison to tones that were temporally predictable, and one study
suggested that perceptual SA in observers might depend on the cultural dimension of individualism. In this study,
we examined neurophysiological SA for tones elicited by self-performed and observed actions during simulta-
neous EEG acquisitions in two participants, extending the paradigm with a visual cue condition controlling for
effects of temporal predictability. Moreover, we investigated the effect of individualism on neurophysiological
SA in action observation. Relative to un-cued external tones, the N1 was only descriptively reduced for tones that
were elicited by self-performed or observed actions and significantly attenuated for cued external tones. A P2
attenuation effect relative to un-cued external tones was found in all three conditions, with stronger effects for
self- and other-generated tones than for cued external tones. We found no evidence for an effect of individualism.
These findings add to previous evidence for neurophysiological SA in action performance and observation with a
paradigm well-controlled for the effect of predictability and individualism, showing differential effects of the
former on the N1 and P2 components, and no effect of the latter.

1. Introduction cerebellum was proposed to be involved in generating motor-based

sensory predictions (Blakemore et al., 2001; Blakemore & Sirigu,

Sensory attenuation (SA) describes an effect that a voluntary action
has on the processing of its sensory consequences (Jack et al., 2021;
Timm et al., 2014). In an example of auditory processing, when I
generate a tone by pressing a button, [ perceive it as quieter and the
neurophysiological response to the tone in my brain is reduced
compared to an external tone (i.e., a tone I did not generate; Schafer &
Marcus, 1973; Weiss et al., 2011). These two phenomena are possibly
linked and were described separately in the literature. In the following,
we use the terms “perceptual SA” and “neurophysiological SA” to
distinguish them, and “SA™ to refer to both. Acknowledged as the result
of predictive mechanisms (but see Horvath et al., 2012), there are
different approaches to explaining SA. On the one hand, internal for-
ward models based on a copy of the motor command (Wolpert & Fla-
nagan, 2001) were used to explain the SA effect. In this context, the

* Correspondence to: Universitatsstrae 1, 40225 Diisseldorf, Germany.
E-mail address: Sophie.Egan@hhu.de (S. Egan).
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2003; Knolle et al., 2013). On the other hand, it was suggested that the
predictive mechanisms underlying the attenuation of self-generated
tones might be more general, i.e., motor-independent and not neces-
sarily intention-based, and apply also to external tones that are similarly
predictable (Dogge et al., 2019; Kiepe et al., 2021; Korka et al., 2022).
Interestingly, deficits in predictive mechanisms underlying SA and in
agency attribution have, for example, been found in patients with psy-
chotic disorders, such as schizophrenia (Ford et al., 2007; Ford et al.,
2001; Krugwasser et al., 2022; Whitford, 2019).

In humans, neurophysiological SA for auditory stimuli has frequently
been investigated with electroencephalography (EEG), which is well
suited to explore the temporal dynamics of auditory processing. More
specifically, the amplitudes of the N1 and P2 event-related potential
(ERP) components have been found to be reduced for self-generated
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relative to external tones (e.g., McCarthy & Donchin, 1976; Schafer &
Marcus, 1973). However, there are findings suggesting that these com-
ponents are differentially modulated in SA, thus suggesting that they
might represent different processes (Korka et al., 2022), N1 attenuation
was reduced in patients with cerebellar lesions compared to controls,
while the P2 was not affected (Knolle et al., 2013), suggesting that only
the N1 might reflect cerebellar prediction mechanisms. This was in part
supported by Cao et al. (2017), who found the N1 and P2 counterparts in
magnetencephalography (M100 and M200) to be differently influenced
by cerebellar transcranial magnetic stimulation. Further, the P2 but not
the N1 was correlated with the experience of agency (Timm et al., 2016)
and was affected by the induction of high or low control illusions over
the elicitation of an identical tone in a preceding task (Seidel et al.,
2021). Therefore, the P2 was suggested to reflect a retrospective, more
conscious agency judgement (Knolle et al., 2013; Timm et al., 2016). In
line with this, increasing the action-outcome delay in a small percentage
of trials selectively affected P2 amplitudes, in that an increase of delay
reduced attenuation (Pinheiro et al., 2019), possibly due to an increase
of uncertainty about the agency.

1.1. Temporal predictability

In the standard self-generation paradigm applied to investigate
neurophysiological SA, the comparison condition to self-generated tones
consists of a sequence of external un-cued tones (for a review see
Horvath, 2015), and it has been argued that the difference between the
ERP amplitudes in the two conditions might therefore be explained
simply by the higher temporal predictability of the first (Dogge et al.,
2019; Kiepe et al., 2021). Temporal predictability refers to the ability to
predict the onset of a stimulus (Hughes et al., 2013). If general predic-
tion mechanisms lead to the neurophysiological SA effect, the ampli-
tudes elicited by tones that are temporally predictable based on
non-motor information (e.g., a visual cue) should be attenuated rela-
tive to un-cued tones as well.

Previous studies provided controversial evidence on the effects of
temporal predictability: There are studies that showed neurophysio-
logical SA for tones that were temporally cued (i.e., tones came in a
highly regular interval) or cued (i.e., preceded) by visual stimuli (Kaiser
& Schiitz-Bosbach, 2018; Schafer & Marcus, 1973; Sowman et al., 2012).
This was found for the N1 (Kaiser & Schiitz-Bosbach, 2018) and for both
the N1 and P2 component (Schafer & Marcus, 1973; Sowman et al.,
2012). Interestingly, however, Schafer and Marcus (1973) already found
that the N1, but not the P2, attenuation for self-generated stimuli was
stronger than for temporally cued ones. This is in line with recent studies
reporting that N1 amplitudes of self-generated tones were still attenu-
ated in comparison to visually cued tones (Klaffehn et al., 2019; Lange,
2011). In the study by Lange (2011), N1 amplitudes of self-generated
tones and tones preceded by a cue with either constant or variable de-
lays were compared, and a reduction was found for self-generated tones
relative to cued tones irrespective of the length (350 ms vs. 750 ms) or
type (constant or variable) of delay. In the study by Klaffehn et al.
(2019), ERPs of self-generated tones with and without a delay of 750 ms
between button press and tone were compared to externally generated
visually cued (750 ms between cue onset and tone) and un-cued tones.
N1 amplitudes were attenuated for self-generated tones relative to cued
and un-cued tones with and without delay, and P2 amplitudes were
attenuated for self-generated tones only in the condition without the
delay.

Taken together, these findings suggest that a stronger attenuation
occurs for self-generated tones than temporally predictable external
tones (with a potential role of the delay between the button press or
preceding cue on the one hand and the tone on the other hand), which
could reflect the higher reliability of the own action for temporal pre-
dictability and/or a specific action-related process. However, SA was
also found for cued relative to un-cued tones, suggesting that SA for self-
generated tones may be the result of a combination of forward model or
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intention-based and more general predictions (Korka et al., 2022).
1.2. Sensory attenuation and action observation

Studying SA in action observation is particularly interesting, as im-
aging studies show an overlap of neural activity when performing an
action and when observing the same action being performed by someone
else (e.g., Buccino et al., 2013). Hence, predictions regarding the con-
sequences of observed actions may be similar to predictions based on
self-generated actions and thus be action-specific (Wolpert et al., 2003).
Alternatively, predictions based on observed actions may be similar to
predictions based on visual cues (e.g., Kaiser & Schiitz-Bosbach, 2018;
Lange, 2011) and thus only be dependent on temporal predictability
(Korka et al., 2022).

A few studies have investigated a potential perceptual SA effect on
the perceived loudness of tones in action observation (Cao & Gross,
2015; Sato, 2008; Weiss et al., 2011). In these studies, a second tone was
played in variable loudness after an action-generated or cued tone and
participants made a loudness judgment. For the observation condition,
in which the experimenter generated the tones, the results were not
consistent: Sato (2008) found perceptual SA in observers, whereas Weiss
etal. (2011) did not. Cao and Gross (2015) noted that the participants of
the first study were Japanese and the ones of the second were German.
They sought to explain the discrepancy in findings on perceptual SA in
observers as an effect of culture and indeed found culture dependent
differences: In their Chinese sample there was perceptual SA for action
observation but not in their British sample (Cao & Gross, 2015).

Cultures can differ in several dimensions, the one of interest in the
behavioural study being the individualism-collectivism dimension (Cao
& Gross, 2015; Hofstede, 2011). This dimension describes a range of
different aspects but can be summarised as on the one end, individual-
istic people valuing their personal independence and on the other end,
collectivistic people valuing belonging to their group (Hofstede, 2011;
Shulruf et al., 2007). Individualism and collectivism can be seen as two
distinct aspects of personality at the individual level (Hofstede, 2011).
Indeed, questionnaires usually feature two scores and participants were
found to be individualistic or collectivistic (i.e., scored high in one and
low in the other), bicultural (i.e., scored high in both), or a-cultural (i.e.,
scored low in both; Yamada & Singelis, 1999). The results of Cao and
Gross (2015) suggested that individualism, and not collectivism,
modulated the cultural difference in the perceptual SA for observers:
The less individualistic the participant was, the greater the perceptual
SA in observation.

To investigate the neurophysiological SA in observers, Ghio et al.
(2017) introduced an observation condition to the self-generation
paradigm, in which participants viewed a picture sequence showing
another person’s button press from the first-person perspective.
Neurophysiological SA was found in observers in comparison to external
tones (presented in a separate experimental block as in the standard
self-generation paradigm) for the N1 and the P2, though the latter was
weaker than the SA effect for tones generated by own actions (Ghio
et al., 2017). In a following study, the observing participant sat next to
the performing participant and EEG was acquired in both participants
simultaneously (Ghio et al., 2021). In contrast to the previous study, N1
amplitudes of other-generated tones during action observation were not
attenuated, while P2 amplitudes of other-generated tones were attenu-
ated and were not significantly different to P2 amplitudes of
self-generated tones (Ghio et al., 2021).

The differences in N1 findings between the studies might be attrib-
uted to the different delays between observed button press and tone: The
longer delay (about 125 ms) in the first study (Ghio et al., 2017)
compared to the one in the second study (about 50 ms; Ghio et al., 2021)
may have allowed the visual input to be processed in time and thus
enabled temporal predictability of the tone and neurophysiological SA
for N1 amplitudes in observers (see Ghio et al., 2021, for a more detailed
discussion), as it has been shown for visually cued tones (e.g, Kaiser &
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Schiitz-Bosbach, 2018). Both studies lacked a condition controlling for
temporal predictability (Ghio et al., 2021; Ghio et al., 2017). This raises
the question whether the neurophysiological SA effects for action
observation go beyond those reported for tones that are cued by another
visual cue (e.g., Kaiser & Schiitz-Bosbach, 2018).

Moreover, the potential effect of individualism may have contributed
to the inconsistency in the SA findings. It should be noted that both
observation studies on the neurophysiological SA acquired a German
sample (Ghio et al., 2021; Ghio et al., 2017), like the study of Weiss et al.
(2011). Therefore, while individualism possibly influenced the percep-
tual SA in observation (Cao & Gross, 2015; Sato, 2008; Weiss et al.,
2011), a potential effect of individualism on the attenuation of ERP
components (P2 and partly N1) of other-generated tones has not been
investigated yet.

1.3. Present study

In the present study two research questions were addressed. First, we
wanted to examine whether a neurophysiological SA effect, as reflected
in N1 and P2 amplitudes, that goes beyond an unspecific effect of pre-
dictability can be found for action observation. We thus used the
observation version of the self-generation paradigm (Ghio et al., 2021;
Ghio et al., 2017) and added a cue condition to account for the effect of
temporal predictability (Hughes et al., 2013; Klaffehn et al., 2019). To
study the neurophysiological SA effect for observed action outcomes we
applied a simultaneous setting for the acquisition (see Ghio et al., 2021).
In the present study the two participants switched the roles of performer
and observer during the same EEG acquisition session, and both saw the
actions from a first-person perspective (Ghio et al., 2017). All partici-
pants were thus presented with four experimental conditions, in which
the tone generation and cueing was manipulated. Being physically
identical in all conditions, the tone was either self-generated (self),
generated by an observed person (other), preceded by a visual stimulus
(cued) or not preceded by an event (un-cued). Both the observed action
and the cue can be considered visual stimuli that precede the tone, with
the difference that in the observation condition it is a human action and
this action is the same as for self-generation. Importantly, a 350 ms delay
between the preceding event and the tone was applied throughout,
enabling predictions to be formed based on the visual input in the other
and cued conditions (e.g., Kaiser & Schiitz-Bosbach, 2018; Lange, 2011).

The second research question was related to a potential effect of
individualism on the neurophysiological SA effect in action observation,
based on the behavioural study by Cao and Gross (2015). For this pur-
pose, we applied the Auckland Individualism Collectivism Scale (AICS;
Shulruf et al., 2011), which includes several subscales: Individualism
consisted of responsibility, uniqueness, and competitiveness; collec-
tivism consisted of advice and harmony (Shulruf et al., 2007). We aimed
to acquire a sample with varying degrees of individualism and to use the
individualism score as a continuous variable in the analysis. Cao and
Gross (2015) further considered delusional ideation and empathy. They
found that delusional ideation was related to reduced SA in action
performance (only for the British sample) but empathy did not relate to
SA in action observation. Similarly, we added one questionnaire to ac-
count for a potential influence of anomalous perception (Bell et al.,
2006), which is more directly relevant to tone perception than items
measuring delusional ideation (e.g., beliefs), and one questionnaire to
account for potential effects of empathy (Lawrence et al., 2004) on SA in
action performance and observation.

Concerning the first research question we expected a significant ef-
fect of tone trial type. For self-generated tones, we expected an attenu-
ation of the amplitudes of both N1 and P2 compared to external un-cued
tones, as it has been shown in several previous studies (Horvath, 2015),
as well as to cued tones (Klaffehn et al., 2019). For action observation,
given the perspective and the action-outcome delay in our study, the N1
of other-generated tones should be attenuated compared to un-cued
tones (see Ghio et al., 2017; Seidel et al., 2023). Compared to cued
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tones, there are two potential scenarios: If the neurophysiological SA in
observation is action-specific (Wolpert et al., 2003), a stronger N1
attenuation should occur for other-generated vs. cued tones. However, if
prediction based on observation is comparable to prediction based on
other visual cue stimuli (and thus depends only on temporal predict-
ability), there should not be a significant difference between the pro-
cessing of other-generated and cued tones. The interpretation of the P2
attenuation in terms of agency attribution (e.g., Timm et al., 2016)
would suggest action-specificity (Ghio et al., 2021; Ghio et al., 2017).
Therefore, a reduction of the observer P2 amplitude might be found not
only compared to un-cued but also compared to cued tones.

Concerning the second research question, the neurophysiological SA
for action observation may only be found in participants with low
individualism, as suggested by Cao and Gross (2015) for the perceptual
SA in observers. Then, the interaction of tone trial type and individu-
alism would be significant, in that only amplitudes for other-generated
tones are correlated with individualism scores. It is unclear whether
the N1 or P2 attenuation or both might correspond to the perceptual SA
and the interaction with individualism could be significant only for one
component. As the subscales of the AICS, instead of the higher-order
scores, differentiated the tested ethnic groups, this could further
pertain to only a subset of the three individualism subscales (Shulruf
et al., 2007).

2. Method
2.1. Sample

Based on our previous work on neurophysiological SA in action and
observation by applying simultaneous EEG acquisitions in pairs of par-
ticipants (Ghio et al., 2021) and on our work on relating continuous
measures reflecting participants’ trait characteristics to neurophysio-
logical data (Bellebaum et al., 2020), we aimed to recruit 60 partici-
pants, also considering a potential drop-out rate of 10-15%. The
acquisition was planned in pairs of participants (see below for details)
and we thus aimed to test 30 pairs. Some of the invited participants did
not show up, however, so that an experimenter had to jump in as the
second person in a pair. We thus stopped recruiting after 57 participants
in total had been tested. Participants with a history of neurological or
psychiatric disorders or medication use were not considered for this
study. Moreover, eight participants were excluded from data analysis:
two due to technical problems and six due to too few trials for the
analysis of the EEG data (see below). The final sample used in the
analysis thus consisted of 49 participants (39 female). The mean age was
24.65 years (SD = 5.30). We recruited some participants with different
nationalities to increase the chance of variance in the individualism
scores relevant to address our second research question. Most partici-
pants were German (39), three of which stated to have a second na-
tionality (Kazakhstan, Poland, USA). The rest of the participants were
Bulgarian (one), French (one), Hungarian (one), Romanian (one),
Russian (one), and Vietnamese (five). Each participant gave written
informed consent and received up to 35 euros or course credit for their
participation. The ethics committee of the Faculty of Mathematics and
Natural Sciences at Heinrich Heine University has approved this study,
which was conducted in accordance with the ethical standard of the
declaration of Helsinki.

2.2. Experimental procedure

2.2.1. Questionnaires

Participant information and a series of questionnaires were given
online via Soscisurvey before participation in the EEG experiment (self-
generation paradigm). First was a demographic questionnaire including
questions on nationality. Further, three questionnaires were presented
in random order. One questionnaire was the AICS (Shulruf et al., 2011)
as measurement of individualism (and collectivism). To account for
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potential effects of anomalous perception and empathy on the neuro-
physiological SA (in observation), the Cardiff Anomalous Perception
Scale (CAPS; Bell et al., 2006) and the Empathy Quotient (EQ; Lawrence
et al., 2004) were added as well (Cao & Gross, 2015). We regularly
checked the distribution of AICS individualism scores in our participants
during data acquisition to see that they varied on this scale.

2.2.2. EEG experiment

The EEG acquisition was done in pairs (see Fig. 1A), and 25 pairs
consisted of two participants each, while in seven cases, only one
participant came to the acquisition and an experimenter took part as
second person of the pair (this was done by four different experimenters:
two took over once, one twice, and one three times). The EEG experi-
ment started with a learning phase, followed by an experimental phase.

2.2.3. Learning phase

After giving written informed consent, participants began the
learning phase of the self-generation paradigm that consisted of two
parts. Its purpose was to train participants to press a button in a regular
fixed interval and to enable participants to learn the association between
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(own and observed) button press and tone. In the first part, participants
were presented a tone every 2.4 s and they were instructed to press a
button whenever the tone appeared. For each of the two participants this
was done in two blocks consisting of 30 trials each, one block using the
right hand and one block using the left hand, respectively. Thus, each
participant actively pressed the button in two blocks and observed the
other participant pressing the button in the other two. Block order was
fixed due to the constraints of the setup (see Fig. 1A).

In the second part of the learning phase, participants pressed the
button at will, thereby eliciting a tone with a 350 ms delay. They were
asked to press the button in the interval, in which the tone was presented
in the first part of the training (2.4 s) and received visual feedback for
when the intervals were too short (< 1.8 s) or too long (> 3 s). Again,
there were four blocks, with each participant being performer in two
blocks (actions performed with left and right hand) and observer in the
other two, and the order was fixed. Blocks in the second part of the
learning phase consisted of 60 trials each and began with the presen-
tation of three tones in the 2.4 s interval to remind the participants of the
learned interval for button presses. After the learning phase, the par-
ticipants were prepared for the EEG acquisition.

Fig. 1. Setup and Experimental Conditions. (A)
The experimental setup in a block that required
button presses (auditory-motor or motor-only).
For the left participant the setup would be for
the self condition, for the right participant for
the other condition. The mirror construction
was placed above the response box in these
blocks. The participant on the left could
comfortably press the button only with the right
hand, and the participant on the right could
press the button with the left hand. Therefore,
seating position had to be switched once the
right-handed block for one and left-handed
block for the other were completed, before the
same condition was run with the respective
other hand. (B) Photos depicting the view from
the side (top) and from the observing partici-
pant’s point of view (bottom). Participants
wore masks (according to the pandemic guide-
lines) and gloves of different colour to clearly
differentiate between participants’ hands. (C)
Experimental conditions. Enclosed in the dotted
lines are the conditions for which ERPs were
subtracted later in the analysis. The condition
used for correction is in the white box, respec-
tively. Visually, the participants had the same
input: In auditory-motor and motor-only blocks
they saw the hand reflected in the mirror, in the
auditory-only block they saw a picture of the
response box (as reflected in the mirror) on the
screen and in auditory-visual and visual-only
blocks they saw the same picture with a white
circle as visual cue on the response button in
the picture.

Auditory-Motor

Motor-Only

Auditory-Only

Auditory-Visual

Visual-Only
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During both parts of the learning phase and irrespective of whether
they actively performed or observed the button press actions, partici-
pants were asked to look at the button press action in a mirror that
projected the image of the performer’s hand and the button box in front
of the participants at the height of a computer screen (see Fig. 1B). With
this change in the experimental procedure compared to our previous
study applying a simultaneous EEG acquisition with a performer and an
observer (Ghio et al., 2021) we aimed to ensure that visual stimulation
and posture of both participants were comparable.

2.2.4. Experimental phase

For each of the self, other, and cued conditions we included (a) one
block, in which tones followed the preceding event (i.e., the [observed]
action or the visual cue) in all trials, and (b) one block in which all trials
were without tones, which served to control for ERPs related to the event
preceding the tone (see Fig. 1C). Specifically, for the self and other
conditions we included (a) the auditory-motor block, during which one
participant of the pair pressed the button as learned during the learning
phase and thereby generated a tone that followed with a delay of 350 ms
after button press onset in each trial; (b) the motor-only block, during
which in each trial one of the participants pressed the button as learned
but no tone was generated. In both blocks, the other participant was
asked to observe the button presses. Both participants looked at the
button press actions in the mirror, as they did during the learning phase
(see Fig. 1 for the setup in these blocks).

For the cued condition we included (a) the auditory-visual block,
during which the tone trial sequence as generated in the preceding
auditory-motor block was presented. Visually a picture, which showed
the response box reflected in the mirror, was presented on the computer
screen and participants were asked to fixate the button that they pressed
in the blocks involving actions. In each trial, a tone was preceded by a
visual cue (i.e., a white circle) displayed on the button 350 ms before the
tone onset. We included (b) the visual-only block, during which the
visual cues were presented without the tones. In both blocks, each cue
presentation was matched to the respective button press in the preced-
ing auditory-motor (for the auditory-visual) or motor-only (for the
visual-only) block with respect to onset and duration.

For the un-cued condition, we included the auditory-only block,
during which the tone trial sequence as generated in the preceding
auditory-motor block was presented without any preceding event. As in
the visual blocks, participants were asked to fixate the button of the
response box in the picture on the screen, but no visual cue appeared
before the tone (see Fig. 1C for the sequence of events in the different
conditions).

Each block consisted of two subblocks, with a total of 120 trials. In
the blocks that required button presses from one of the participants, 60
trials were performed with the right hand and 60 trials with the left
hand. Each subblock, including those that did not feature tones, began
with three tones in the 2.4 s interval to serve as reminder of the learned
interval. Due to the constraints of the setup and the dependency between
blocks, we created four versions of the experiment, each with a different
but fixed subblock order.

2.3. Experimental setup

The two participants were seated next to each other with the
response box in between (Response Pad Model RB-740 from Cedrus
Corporation, www.cedrus.com), in front of a 22-inch LCD computer
screen with a screen resolution of 1680 * 1050 and a 60 Hz refresh rate
(see Fig. 1A). For the auditory-motor and motor-only blocks, a mirror
construction was placed on top of the response box by an experimenter.
The construction had two mirrors placed so that the response box was
not visible for the participants and the reflection of it could be seen at the
height of the computer screen (Fig. 1B). The software Presentation
(version 20.3, Build 02.25.19) from Neurobehavioral Systems, Inc.
(http://www.neruobs.com) was used for the presentation of all stimuli.
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The tone was a 680 Hz tone that lasted 50 ms, with an increase of
amplitude in the first and a decrease in the last 5 ms, and was delivered
via Sennheiser (HD 201) headphones.

2.4. EEG recording

We followed the same procedure as in Ghio et al. (2021) for the
simultaneous EEG acquisition. First, we attached two reference elec-
trodes on the mastoids (TP9, TP10) of the participants. Then, each
participant was fitted with an Easycap electrode cap (www.easycap.de),
which held 28 passive Ag/AgCl electrodes at F7, F3, Fz, F4, F8, FT7, FC4,
FCz, FC4, FC8, T7, C3, Cz, C4, T8, CP3, CPz, CP4, P7, P3, Pz, P4, P8,
P07, PO3, POz, PO4, PO8, and AFz for the ground electrode. In the case
of five participants, however, data from up to five parietal and
parieto-occipital electrodes were not acquired due to technical problems
during data acquisition. An electrode under the right eye and electrodes
at F9, F10, and FP2 were used to record eye movements. BrainVision
Recorder (Version 1.21.0402, Brain Products GmbH, www.brain-
products.com) and BrainAmp DC-32 channel AC/DC amplifiers (one for
each participant; one of them MR plus) were used to record the EEG data
(1000 Hz sampling rate, 0 Hz low cut-off, 1000 Hz high cut-off, Notch-
and other online software filters disabled) and to apply direct-current
corrections online. Impedances were kept below 10 kQ.

2.5. Data analysis

2.5.1. Questionnaires

The AICS individualism and collectivism scores were calculated as
the means of individualism and collectivism items (1-6 scale), respec-
tively (Shulruf et al., 2011). The sub-scores, likewise, were calculated as
the means of the respective items. The sub-scores of the individualism
scale were competitiveness (seven items), uniqueness (four items), and
responsibility (four items). The sub-scores of the collectivism scale were
advice (seven items) and harmony (four items).

The CAPS total score was calculated as the sum of yes-answers to the
32 items (Bell et al., 2006). For all items with yes-answers the partici-
pants further rated the distress, intrusiveness, and frequency of the
sensation (1-5 scale). The sums of the ratings made up these three CAPS
scores. All CAPS scores were highly skewed (>1.10). For the EQ score,
we calculated the sum of the 60 items (4-point scale valued 0, 0, 1, and 2
after ratings were flipped for reverse items; Lawrence et al., 2004).

2.5.2. EEG pre-processing

The data was pre-processed with BrainVision Analyser (Version
2.20.7383, Brain Products): After a direct current detrend, Butterworth
zero phase filters (low cut-off = 0.1 Hz, 12 dB/oct; high cut-off = 30 Hz,
12 dB/oct), Notch-Filter (50 Hz), and ocular correction independent
component analysis (steps = 512, Infomax restricted biased) to remove
blinking and eye movement artifacts, the data was segmented based on
tone markers in the auditory-motor, auditory-visual and auditory-only
blocks. The segments began 150 ms before the tone and were 600 ms
long in total. The corresponding time window was segmented for the
blocks not containing tones (motor-only and visual-only), based on the
markers of the button press or the visual cue, respectively. Due to
technical reasons the delays between events (i.e., button press or visual
cue) and tones did not equal 350 ms exactly in all participants. More-
over, for cued tones the event-tone delay was systematically shorter, as
the presentation of the cue was delayed till the next frame could be
shown on the computer monitor. To account for this, the median event-
tone delay for each participant was calculated and these medians were
used to calculate the corresponding time window in the motor-only and
visual-only blocks. In all blocks, trials with responses shorter than 1.8 s
and longer than 10s, as well as double presses were excluded. The
100 ms before the tone (and the corresponding time window in the
correction blocks) served as baseline. Before averaging across trials, we
discarded segments with artifacts as identified with the automatic
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procedure in BrainVision Analyser based on the following parameters:
maximal allowed voltage step of 50 uV/ms, maximal allowed difference
of values of 100 pV in 100 ms intervals, allowed amplitudes between
— 100 and 100 pV, and lowest allowed activity of 0.5 pV in 100 ms. Six
participants that had less than 60% of the segments in any block were
excluded from analysis.

2.5.3. N1 and P2 amplitudes

Further processing and visualisation of the data was done in R
(Version 4.2.2, 2022-10-31; R Core Team, 2022) with the ggplot2
package (Wickham, 2016). The average signal time-locked to the
(observed) button presses in the motor-only blocks was subtracted from
the averages for tones of the auditory-motor blocks to yield the corrected
signal for the self and other conditions, respectively (see Ghio et al.,
2021). Similarly, the average signal time-locked to the visual cue in the
visual-only block was subtracted from the condition averages of the cued
tones of the auditory-visual block, yielding the corrected cued tone
condition. The labels “self, other, and cued conditions” refer to these
corrected ERPs (for visualisation of the correction see Figure Al in the
supplement). A paired sample t-test revealed that there was no signifi-
cant difference between the length of the intervals pressed in
self-generation auditory-motor (M 2626 ms, SD 342) and
motor-only blocks (M = 2564 ms, SD = 363), t(48) = 1.792, p = .079,
d = .256. Although based on our experimental design the length of the
intervals between button presses in the self- and other-generation con-
dition should in principle have been the same, due to exclusions and
participant-experimenter acquisitions the two datasets were partially
different. Therefore, we checked the length of the intervals between
button presses also in the other-generation condition. We found that the
intervals were significantly longer in the other-generation auditor-
y-motor blocks (M = 2630 ms, SD = 380) than in the other-generation
motor-only blocks (M = 2532 ms, SD = 345), t(48) = 2.693, p = .010,
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d = .385. Despite this difference indicating that the correction might not
be fully appropriate as other action-related processes could be involved
(Horvath, 2015), the mean difference was relatively small (98 ms) and
we assume that the correction can yet be applied.

Similar to previous studies, as we identified the electrode with the
highest N1 and P2 peaks to be the FCz (see Fig. 2A; see Figure Al in the
supplement for a comparison of the ERPs of midline electrodes), the
analysis was restricted to this electrode (e.g., Ghio et al, 2021;
Neszmelyi & Horvath, 2017). We defined the N1 and P2 amplitudes as
mean signal amplitudes in a 30 ms and 50 ms interval, respectively,
around the respective peak in the grand average across all conditions
according to the collapsed localiser technique (Luck & Gaspelin, 2017).
The different interval lengths (i.e., 30 and 50 ms) for the means of N1
and P2 were chosen based on visual inspection of the peaks of the
condition-specific averages (see Fig. 2B), which suggested different peak
widths for the N1 and P2. The peaks in the grand average were defined
as local minimum in the time interval between 50 and 150 ms after the
tone for the N1, which yielded a peak at 107 ms (interval for means:
92-122 ms), and as local maximum in the time interval between 150 and
250 ms after the tone for the P2, which yielded a peak at 186 ms (in-
terval for means: 161-211 ms).

2.5.4. Statistical analyses

Data were analysed by fitting linear mixed models and all analyses
were done in R (Version 4.2.2, 2022-10-31; R Core Team, 2022). One
advantage of this statistical analysis approach is the ease of analysing an
interaction of a categorical and a continuous variable, which is relevant
for our second experimental question.

To address our first experimental question, namely whether there is
an SA effect for action observation that goes beyond an unspecific pre-
diction effect, we specified models (one for the N1 and one for the P2)
with the tone trial type as fixed effect (coded as 1-4 for un-cued, cued,

Fig. 2. Topographies, ERPs and Amplitudes of N1
and P2. (A) Topographies for the time interval
of the N1 (top; 92-122 ms) and P2 for each
condition (bottom; 161-211 ms) are depicted.
(B) The averaged event-related potentials
(ERPs) at FCz are displayed. See Fig. Al in the
supplement for individual ERPs. Please note
that for the self, other and cued conditions the
ERPs reflect difference waves, as the ERPs from
the respective control conditions were already
subtracted. (C) The mean amplitudes of the
respective intervals for N1 and P2 in each
condition are presented. Error bars represent
one standard deviation. For a visualisation of
the within-subject effect of tone trial type see
Fig. A2 in the supplement, in which individual
N1 and P2 amplitudes are connected for each
pairwise comparison of the four conditions.
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other, self). We modelled a random intercept by participant but not a
random slope because for each ERP component (N1, P2) we entered into
the analyses one mean amplitude value for each participant for each of
the four conditions. This model we called the basic model: amplitude ~
tone trial type + (1|participant). The model was calculated using
restricted maximum likelihood (Meteyard & Davies, 2020) as imple-
mented in the Ime4 package (Bates et al., 2015). Outliers were defined as
having a Cook’s distance over 4/n (with n = 49; Arimie et al.,, 2020;
Cook, 2000) with the help of influence. ME (Nieuwenhuis et al., 2012).
For the N1 amplitudes, no outlier was found and the sample consisted of
the 49 participants described in the sample section. For the P2, two
participants were excluded as outliers and thus the sample consisted of
47 participants (38 female; age: M = 24.53 years, SD = 5.37). For the
decomposition of fixed-effects contributions we applied the anova
function as implemented in the Ime4 package (Bates et al., 2015). To
obtain p-values in type III ANOVA and summary tables for the model fit
we used lmerTest (Kuznetsova et al., 2017). The effect size was calcu-
lated with the package effectsize (Ben-Shachar et al., 2020). As sug-
gested by Volpert-Esmond et al. (2021), we used the Satterthwaite
approximation for the degrees of freedom. Bonferroni-corrected post--
hoc pairwise comparisons were calculated with the package emmeans
(Lenth, 2022).

To address our second experimental question and test for the influ-
ence of culture, particularly of individualism, first we standardised AICS
scores (as suggested for continuous variables by Volpert-Esmond et al.,
2021). We specified separate models starting from the basic model and
adding one of the continuous variables derived from the applied ques-
tionnaire, which was modelled as main effect and in interaction with the
tone trial type factor: amplitude ~ tone trial type * variable + (1|
participant). As before, we entered one mean amplitude value for each
participant for each of the four conditions into the analyses, separately
for the ERP components (N1 and P2). The culture models were: One
model including the individualism score, which was of main interest for
our research question, one with the collectivism score, and one for each
individualism sub-score (i.e., competitiveness, responsibility and
uniqueness) and collectivism sub-score (i.e., advice, harmony). Using
the package performance (Liidecke et al, 2021) we compared the
models with the basic model via likelihood ratio tests, as suggested for
the comparison of nested models (Meteyard & Davies, 2020). For the
model comparison, these models were calculated using maximum like-
lihood (Meteyard & Davies, 2020). To account for the potential effects of
anomalous perception and empathy, we log-transformed and stand-
ardised CAPS scores and standardised EQ scores before specifying
separate models including the main effect of each variable (i.e., CAPS
total score and ratings, and EQ score) and its interaction with tone trial
type. Then, we compared the models with the basic model.

Table 1
Summary of the Results of the Basic Model for the N1 and P2 Component.
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3. Results
3.1. Neurophysiological sensory attenuation

The average ERPs of each condition are depicted in Fig. 2B. The
estimated basic model for each component is summarised in Table 1. For
the N1, the decomposition of fixed-effects contributions by using the
anova function revealed that the effect of tone trial type was significant,
F(3144) =4.37, p < .001, npz =0.08. The N1 amplitudes of self-
generated (M —6.26 pV, p=.076) and other-generated (M
—6.35 pV, p = .14) were only descriptively reduced, but the amplitudes
for cued tones (M = —5.87 uV, p =.004) were significantly reduced
compared to those of the un-cued tones (M = —7.28 puV; see Fig. 2C). The
remaining pairwise comparisons were not significant (all p > .99).

For the P2, the effect of tone trial type was significant, F(3138)
=58.12, p <.001, qu =0.56. The P2 amplitudes of self-generated,
other-generated, and cued tones (all p <.001) were significantly
reduced compared to those of the un-cued tones (M = 8.94 nV; see
Fig. 2 C). Furthermore, there were significantly reduced amplitudes for
self-generated (M = 4.52 uV, p < .001) and for other-generated tones (M
= 3.72 4V, p < .001) in comparison to cued tones (M = 6.59 pV). The
amplitudes between the self- and other-generated tones did not differ
significantly (p = .41).

3.2. Effect of individualism

For both individualism (M = 3.74, SD = 0.64, range: 2.60-5.27) and
collectivism (M = 3.60, SD = 0.79, range: 1.40-5.50) the sample mean
was around the medium score of the scale (3.5) and spanned over the
possible range (i.e., 1-6). Individualism and collectivism mean scores
did not differ significantly, t(48) = 1.121, p = .27, d = 0.160. Indeed,
the difference values (individualism-collectivism) were normally
distributed around 0.14 (SD = 0.87, range: —2.53 to 2.37, Shapiro-Wilk:
p =.50). On the individualism sub-scores, participants scored higher
descriptively on responsibility (M = 4.49, SD = 0.63, range: 3.00-6.00)
and uniqueness (M = 4.18, SD = 0.95, range: 2.50-6.00) than compet-
itiveness (M = 3.06, SD = 0.87, range: 1.57-5.57). On the collectivism
sub-scores, participants scored higher descriptively on advice (M = 3.73,
SD = 1.03, range: 1.29-5.86) than on harmony (M = 3.30, SD = 0.90,
range: 1.50-5.75). The calculated models including culture-related
variables and the respective comparisons are reported in Table 2 for
the N1 and in Table 3 for the P2 (also for anomalous perception and
empathy models). For both N1 and P2, none of the models including a
questionnaire (sub)score provided a significantly better fit to the data
than the basic model.

4. Discussion
In this study, we compared N1 and P2 amplitudes of self-generated,

other-generated, cued and un-cued tones to investigate neurophysio-
logical SA, with a particular focus on the other-generated condition and

Fixed Effects R
TTT Est. SE t P 1cC AIC BIC Cond. Marg.
N1 Un-cued -7.28 0.49 -14.80 <.001 0.66 943.0 962.7 0.67 0.02
Cued 1.41 0.40 3.49 <.001
Other 0.92 0.40 2.28 .024
Self 1.02 0.40 2.52 .013
P2 Un-cued 8.95 0.49 18.30 <.001 0.61 913.5 932.9 0.71 0.27
Cued -2.36 0.43 -5.43 < .001
Other -5.22 0.43 -12.05 <.001
Self -4.43 0.43 -10.21 <.001

Note. The basic model for N1 (49 participants) and P2 (47 participants) amplitudes: Amplitude ~ tone trial type + (1|participant). TTT = tone trial type, Est.

= Estimate, Cond. = Conditional, Marg. = Marginal
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Table 2
Model Comparisons for the N1 Component.
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Basic model: N1 amplitude ~ tone trial type + (1 |participant)

AIC BIC LL df
942.5 962.2 -465.2 6
Further models: N1 amplitude ~ tone trial type * variable + (1|participant)
LRT
Effect Variable AIC BIC LL df x2(4) P BF
Culture (AICS) Individualism 949.2 982.0 -464.6 10 1.247 .87 4.86e-5
Competitiveness 948.0 980.8 -464.0 10 2.448 .65 8.85e-5
Responsibility 944.6 977.4 -462.3 10 5.890 .21 4.95¢-4
Uniqueness 947.0 979.7 -463.5 10 3.528 47 1.52e-4
Collectivism 947.0 979.8 -463.5 10 3.501 .48 1.50e-4
Advice 945.5 978.3 -462.7 10 5.014 .29 3.19¢-4
Harmony 948.5 981.3 -464.2 10 2.010 73 7.11e-5
Anomalous Perception (CAPS) Total score 949.0 981.8 -464.5 10 1.454 .83 5.3%e-5
Distress 948.8 981.6 -464.4 10 1.706 .79 6.11e-5
Frequency 947.7 980.5 -463.8 10 2.797 .59 1.05e-4
Intrusiveness 948.5 981.3 -464.3 10 1.971 74 6.97e-5
Empathy (EQ) 948.3 981.0 -464.1 10 2.233 .69 7.95e-5

Note. For all models the data of 49 participants was used (total of 196 observations). AIC = Aikake information criterion, BIC = Bayesian information criterion, LL

= loglikelihood, LRT = Likelihood ratio test, BF = Bayes Factor.

Table 3
Model Comparisons for the P2 Component.

Basic model: P2 amplitude ~ tone trial type + (1|participant)

AIC BIC LL df
980.31 999.98 -484.16 6
Further models: P2 amplitude ~ tone trial type * variable + (1|participant)
LRT
Effect Variable AIC BIC LL df x2(4) P BF
Culture (AICS) Individualism 985.4 1018.2 -482.7 10 2.912 .57 1.12e-4
Competitiveness 984.3 1017.1 -482.2 10 3.979 .41 1.90e-4
Responsibility 983.8 1016.6 -481.9 10 4.502 .34 2.47e-4
Uniqueness 987.2 1019.9 -483.6 10 1.155 .89 4.64e-5
Collectivism 987.3 1020.1 -483.7 10 0.973 .91 4.23e-5
Advice 987.9 1020.6 -483.9 10 0.460 .98 3.28e-5
Harmony 987.1 1019.9 -483.5 10 1.221 .87 4.79e-5
Anomalous Perception (CAPS) Total score 986.9 1019.6 -483.4 10 1.460 .83 5.40e-5
Distress 985.7 1018.5 -482.9 10 2.578 .63 9.45e-5
Frequency 985.5 1018.3 -482.8 10 2.807 .59 1.06e-4
Intrusiveness 985.6 1018.4 -482.8 10 2.692 .61 1.00e-4
Empathy (EQ) 987.6 1020.4 -483.8 10 0.734 .95 3.76e-5

Note. For all models the data of 49 participants was used (total of 196 observations). AIC = Aikake information criterion, BIC = Bayesian information criterion, LL

= loglikelihood, LRT = Likelihood ratio test, BF = Bayes Factor.

thus action observation. The other-generation was implemented as a
first-person perspective on the button presses of the other participant in
a simultaneous EEG acquisition. We added an action-outcome delay of
350 ms throughout to allow the prediction of the timing of tone onset
also for the observed button press and the visual cue. Our results do not
show clear neurophysiological SA for the N1, as the amplitudes for the
self and other condition were only descriptively reduced relative to un-
cued tones and not reduced relative to cued tones. We found a significant
N1 amplitude reduction for cued external tones compared to un-cued
ones. For the P2 component a different pattern emerged. We found a
significant attenuation for self- and other-generated as well as for cued
external tones compared to un-cued tones, with this attenuation being
stronger for both self- and other-generated tones relative to cued tones.
The strength of P2 attenuation for self- and other-generated tones did
not differ. For both N1 and P2 components, the models including
questionnaire scores related to cultural differences did not provide a
significantly better fit than the basic model with only the tone trial type
as fixed effect. Thus, our results indicated no effects of individualism or
collectivism on neurophysiological SA. The models including the control

variables anomalous perception and empathy were not significantly
better either, thus ruling out potential confounding effects of anomalous
perception or empathy.

4.1. Neurophysiological sensory attenuation in action observation

4.1.1. NI component

The neurophysiological SA in N1 was significant for cued (relative to
un-cued) tones only. Although the amplitudes for cued tones did not
differ from those of self- and other-generated tones, and the latter were
descriptively reduced relative to un-cued external tones, we did not find
significant evidence of SA in the N1 for these conditions. A possible
interpretation of the overall pattern of results is that temporal predict-
ability fully accounts for the (descriptive) N1 attenuation for self, other,
and cued tones. This influence of temporal predictability on N1 atten-
uation is in line with previous studies limited to action performance (e.
g., Harrison et al., 2021; Kaiser & Schiitz-Bosbach, 2018), and the
interpretation that SA is based on general predictive mechanisms as
proposed in recent reviews (Dogge et al., 2019; Korka et al., 2022).
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However, the fact that we did not observe neurophysiological SA in the
N1 for self-generation relative to un-cued external tones should be
carefully discussed as this effect has been consistently reported in a wide
range of studies (Horvath, 2015; Korka et al., 2022), including studies
with the same or longer action-outcome delays (Klaffehn et al., 2019;
Lange, 2011), and a lack of attenuation is rare (Ody et al., 2022). The
paradigm applied in this study was similar to those applied in previous
studies (e.g., Ghio et al., 2021), and the only methodological change that
might have influenced the attenuation effect was the use of a mirror
construction to reflect the button press in first-person perspective. Par-
ticipants did not report any problems getting accustomed to the unusual
view on their actions and we assumed this would not impact the
attenuation effect. This modification, however, might have had an
impact on the prediction mechanisms especially for self-generated tones,
which should be further investigated in future research.

It should be noted that there are previous studies that investigated
the effect of temporal predictability on neurophysiological SA, albeit
limited to action performance, and did not support the interpretation in
terms of general predictive mechanisms (Klaffehn et al., 2019; Lange,
2011). Possibly, the predictability as provided by the cue in these studies
was not as high as the predictability the own action affords (Kiepe et al.,
2021).

Still another interpretation of neurophysiological SA is in terms of
attention as it has been shown that tones that are more attended than
others elicit larger N1 amplitudes (Horvath, 2015; Saupe et al., 2013).
As all conditions but the un-cued condition had an event preceding the
tone that could have drawn attention away from the tone itself, perhaps
more so for the cue than the (observed) action, we cannot exclude
attention effects as a possible alternative explanation for the N1 results.
Yet, Timm et al. (2013) and Harrison et al. (2021) found no N1 modu-
lation by (visual) attention and studies that included external tones in
the same experimental block to account for effects of attention reported
N1 attenuation for self-generated tones (Ghio et al., 2017; Knolle et al.,
2013), though this was not the case for other-generated tones (Ghio
et al., 2017).

In conclusion, our pattern of results seems to speak in favour of
general predictive mechanisms with similar N1 attenuation for self-,
other-generated and cued tones, at least when the event-outcome delay
is sufficient to enable prediction. However, a firm conclusion cannot be
drawn from this study: General predictive mechanisms as applied for
cued external and possibly for other-generated tones may simply result
in similar N1 attenuation as motor- or intention-based mechanisms, and
we still cannot exclude potential interactions between motor or
intention-based and general mechanisms (Korka et al., 2022).

4.1.2. P2 component

We found an attenuation of the P2 amplitude for self-, other-
generated and cued external tones compared to un-cued tones. Inter-
estingly, we additionally found that amplitudes of self- and other-
generated tones were attenuated also compared to cued external
tones. While an interpretation in terms of motor-based mechanisms
cannot explain the P2 attenuation for cued tones, a general effect of
temporal predictability seems plausible to explain the P2 attenuation for
this condition and, possibly in part, also for the other conditions, for
which an attenuation was found. Moreover, action performance and
even action observation may be better predictors than visual cues that
were matched to button presses (and not to finger movements) resulting
in a stronger attenuation. In line with this, van Laarhoven et al. (2020)
showed that the P2 was attenuated for sounds of observed handclaps
compared to sounds without the visual input and this attenuation was
reduced, though still significant, when the timing was not predictable.
On the other hand, Klaffehn et al. (2019) reported P2 attenuation only
for self-generated tones that were not delayed, while P2 amplitudes for
delayed self-generated tones (similar to the self-generated tones in our
study) were not attenuated at all. Further, Harrison et al. (2021) found
that P2 amplitudes of cued external and cued self-generated tones (i.e.,
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participants had no temporal control) were not attenuated; only the
amplitudes of temporally controlled self-generated tones were. The P2
attenuation that we observed may therefore not relate to the temporal
predictability of the tone but to other factors, which is also in line with
our findings for the N1 amplitude.

Another interpretation of the P2 is in terms of the agency judgement
(Knolle et al., 2013; Seidel et al., 2021; Timm et al., 2016). Judgment or
belief of agency was also found to influence perceptual SA, as
self-generated tones were attenuated compared to tones that were
self-generated but believed to be other-generated (Desantis et al., 2012).
A recent finding, that potentially supports this interpretation, is that P2
attenuation was found for tones produced by voluntarily elicited
involuntary actions that included a finger-on-finger press but not those
that were achieved via an electrical stimulator (Jack et al., 2021).
Although, in both cases the participants initiated the action, the elec-
trical stimulator as an external intermediary device might have led
participants to shift the agency to it rather than attribute the agency to
themselves. In our study, the agency for self- and other-generated tones
could be clearly attributed to oneself or the observed person. Yet, the P2
attenuation was not significantly different in these conditions. Hence,
distinguishing between one’s own and other’s action-consequences
based on the P2 amplitudes alone was not possible. In line with this,
the observer P2 attenuation was found in both our previous studies on
neurophysiological SA in action observation (Ghio et al., 2021; Ghio
et al., 2017), albeit weaker than for self-generation in Ghio et al. (2017).
Interpreting the P2 component as a reflection of the agency judgement,
this would mean that the tones were judged to have been generated by
the observed person similarly to the tones being judged to have been
generated by oneself and so the P2 attenuation would reflect the attri-
bution to a human agent. As a live observation (i.e., simultaneous EEG
acquisition) was done in the present study and Ghio et al. (2021), this
setting might determine the strong observer P2 attenuation, regardless
of the perspective which differed between the studies (Ghio et al., 2021;
Ghio et al., 2017).

Regarding the P2 attenuation for cued tones compared to un-cued
tones, it should be noted that the cues in this study were white circles
depicted on top of the button that the participants pressed to elicit the
tones. Because of the temporal, spatial, and outcome similarity, partic-
ipants may have simulated the action or regarded the cue as a type of
agent, though not as strongly as for another human being. Non-human
agents can be attributed agency and intention in a similar manner as
human agents (i.e., anthropomorphism) in case of robotic agents that
mimic the human appearance (Epley et al., 2007): Indeed, studies on
action observation suggested that the observation of robots might
become comparable to the observation of other humans, when perceived
more frequently (Press, 2011). However, the cue in the present study
was not human-like and was presented on the computer screen, which
could have diminished its interpretation as an agent. P2 attenuation thus
might reflect the attribution of the tone to any agent (oneself, other
human or human-like external) and not be essential to the self-external
distinction of event-outcomes.

4.2. Individualism and other potential effects on sensory attenuation

Our results on the neurophysiological SA in observation, at least for
the P2 component, are in line with the behavioural findings of percep-
tual SA in observers in the study by Sato (2008) but not with the findings
of Weiss et al. (2011). Both studies compared self- and other-generated
to cued external tones but only Sato (2008) found perceptual SA for both
self- and other-generated tones, while Weiss et al. (2011) found a
significantly lower perceived loudness for self- relative to
other-generated tones. The divergence of the two behavioural studies in
perceptual SA for observation was proposed to be a cultural effect (Cao
& Gross, 2015). At a cultural level, western countries, such as Germany,
tend to score high on individualism (Hofstede, 2011). According to Cao
and Gross (2015), the degree of individualism served as possible
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explanation of the lack of perceptual SA for other-generated tones in
their British sample and in the German sample of Weiss et al. (2011).
Yet, our sample in this study consisted of mostly German natives and
(possibly assimilated) migrants in Germany. With the AICS we measured
individualism and collectivism in two separate scales, including various
subscales (Shulruf et al., 2011; Shulruf et al., 2007). Our sample was not
more individualistic than it was collectivistic and many participants
scored similarly on both scores. Hence, we had few participants that
could be clearly defined as individualistic or clearly defined as collec-
tivistic. This is in line with findings that place cultures of Western Eu-
ropean countries, like Germany, in the middle instead of at the
individualistic end of the continuum (Kitayama et al., 2009). Impor-
tantly, no model including scores related to individualism (or collec-
tivism) explained the ERP data better than the basic model including
only tone trial type as predictor, which can be interpreted in different
ways. On the one hand, our finding might indicate that there is no effect
of individualism (or culture in general) on neurophysiological SA. This
does, however, not exclude that perceptual SA is affected by individu-
alism (Cao & Gross, 2015). For other modalities it has been suggested
that perceptual and neurophysiological SA are not equivalent (visual
modality: Roussel et al., 2014) and are the result of different mecha-
nisms (tactile modality: Palmer et al., 2016). On the other hand, our
negative finding should be interpreted with caution as the variability of
individualism (and collectivism) scores in our sample may not have been
large enough or the statistical power of our study may have not sufficed
to detect a relationship between individualism and neurophysiological
SA.

Similar to the results for the culture-related scores, we did not find
effects of empathy and anomalous perception on N1 and P2 amplitudes.
Especially with respect to the latter, an effect would have been
conceivable, as in previous work SA has been suggested to be related to
delusional thinking and hallucinations. For example, diminished N1
reductions have been found in schizophrenic patients (Ford et al., 2007)
and linked to the severity of hallucinations (Heinks-Maldonado et al.,
2007). In a sample of healthy participants, Cao and Gross (2015) found
that the difference values representing perceptual SA in action perfor-
mance were related to delusional ideation scores (in the British sample).
Given that our sample consisted entirely of people stating to have no
psychiatric disorders and that we applied a questionnaire focusing on
anomalous perception (Bell et al., 2006) instead of more general delu-
sional ideation, the effect might have been too weak to detect. Our
negative finding in this respect can thus be interpreted to be exploratory
and needs to be tested further.

4.3. Limitations and outlook

It should be noted that the motor correction we applied has been
criticised, for actions with no apparent outcome and actions that elicit a
tone do not have the same action-related activity (Horvath, 2015). A
recent study found that such action-related differences might affect the
N1 and P2, in that the N1 was more attenuated and the P2 less attenu-
ated as a result of the correction (Neszmeélyi et al., 2022). Because of this
and because we found a significant difference in interval length for the
other-generation blocks (observer auditory-motor and motor-only) our
results have to be interpreted with caution.

A live observation could be affected by other processes than an
observation via video in a single EEG acquisition, like in Ghio et al.
(2017), where the P2 attenuation for other-generated tones was weaker
than for self-generated tones. We further did not account for factors
specific to this setting, such as degree of acquaintance or likeability of
the paired participant, which might influence SA in observation.

5. Conclusion

The present study extends previous findings on the neurophysio-
logical SA effect for observed actions. With a first-person perspective on
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the observed action and a temporal delay between button press and tone
onset, other-generated tones led to similar N1 amplitudes compared to
self-generated and cued external tones, while a significant N1 attenua-
tion was only found for cued relative to un-cued tones. This pattern of
results might indicate that N1 attenuation depends mainly on the tem-
poral predictability of the tone and therefore reflects more general
predictive mechanisms (Dogge et al., 2019; Korka et al., 2022), though
attentional effects cannot be excluded (Horvath, 2015). Further, the P2
was also comparable between self- and other-generated tones, and there
was a significant attenuation relative to cued and un-cued tones. This
attenuation could partly depend on temporal predictability, as the am-
plitudes of cued external tones were also attenuated relative to un-cued
ones. The stronger P2 attenuation for self- and other-generated tones
could indicate the clearer agency attribution to oneself or another per-
son, which was not comparable in the cued condition. Importantly, with
our sample we did not find an effect of individualism, collectivism,
anomalous perception, or empathy on the attenuation of these
components.
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Abstract

Compared to external tones, previous studies found reduced N1 and P2 amplitudes in event-related
potentials not only for self-generated tones, referred to as sensory attenuation, but also for tones
generated by a person the participant observed. The P2 in this situation was attenuated, even when
accounting for temporal predictability. P2 attenuation has also been related to the sense of agency. To
test whether the P2 attenuation in action observation depends on the attribution of agency to a human
agent, we added conditions with robotic hands performing the tone-eliciting action. Therefore, we
compared N1 and P2 amplitudes of tones generated by a self-performed action of the participant, by an
observed action of another person using either their own or a robotic hand, and by the computer shown
as a robotic hand, with those of conditions with visual cues predicting the tones and with unpredictable
tones. Only N1 amplitudes in action observation with a human agent (human or robotic hand) were
significantly attenuated compared to unpredictable external tones. The P2 was attenuated for the self-
generation, action-observation and cue conditions compared to unpredictable external tones, but the
P2 of self-generated tones was further attenuated compared to all other conditions. Thus, while the N1
may be affected by (observed) human agency, the P2 showed attenuation effects related to temporal
predictability and self-agency. This contrasts with previous findings in action observation suggesting also
other-agency effects. Future research could further examine the modulation of attenuation by the
action-observation setting.

Keywords: auditory sensory attenuation, action observation, temporal predictability, sense of

agency, EEG
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I, You, Robot: Attenuation for Auditory Outcomes of Actions Performed by Different Agents Shows
Distinct Patterns for N1 and P2 Amplitudes

Sensory attenuation (SA) was defined as a reduction in the perceptual or neurophysiological
response to stimuli that are self-generated compared to external stimuli that are otherwise identical (for
reviews see Dogge et al., 2019; Hughes et al., 2013; Kiepe et al., 2021). For the auditory modality that
means perceiving self-generated tones as less loud and having reduced neurophysiological responses to
self-generated tones compared to identical external tones. The latter is reflected in reduced amplitudes
of the event-related potential (ERP) components N1 and P2, which are typically analysed in studies on
auditory SA applying electroencephalography (EEG; Horvath, 2015; Kiepe et al., 2021).

SA has traditionally been explained by forward model predictions of the sensory input based on
the efference copy of the motor command (Wolpert & Flanagan, 2001). Because this would make SA
specific to self-generation, SA has been considered as an implicit measure of the sense of agency
(Hughes et al., 2013; Kiepe et al., 2021). Indeed, neurophysiological SA (N1, P2, and N1-P2 complex) was
found to occur only for voluntary as opposed to involuntary action (Jack et al., 2021; Timm et al., 2014).
In the forward model framework, the cerebellum has been identified as a relevant brain structure for
both motor-to-somatosensory (e.g., Blakemore et al., 2001) and motor-to-auditory predictions: For
neurophysiological SA in the auditory modality, N1 attenuation was absent in cerebellar patients but P2
attenuation was intact (Knolle et al., 2013), suggesting a functional dissociation between the two
components, with only the N1 reflecting forward model predictions. However, forward models do not
suffice to explain all SA-related phenomena reported in the literature, such as attenuation of N1 and P2
without a contingent action-effect relation (e.g., Horvath et al., 2012), N1 attenuation without action
(e.g., Harrison et al., 2021), and the typically rapid learning of arbitrary action-effect associations (Dogge
et al., 2019). Instead, it has been suggested that a combination of different mechanisms produces

neurophysiological SA (Dogge et al., 2019; Horvath, 2015; Hughes et al., 2013). According to accounts
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claiming that SA can be explained by general predictive mechanismes, a similar attenuation of
neurophysiological activity might occur for predictable external tones relative to unpredictable ones as
for self-generated tones (Dogge et al., 2019; Kiepe et al., 2021; Korka et al., 2022). Findings regarding
this are mixed, but some studies have indeed found such attenuation for the N1 (e.g., Harrison et al.,
2021) and the P2 (e.g., Schafer & Marcus, 1973).

If SA underlies the sense of agency (Hughes et al., 2013; Kiepe et al., 2021), uncertainties
regarding the agency would arise when there is no SA relative to externally generated tones (cf. Sato,
2008). In line with this, in patients with schizophrenia, which has been related to impaired agency
attribution (Franck et al., 2001), N1 attenuation was reduced compared to healthy controls (Ford &
Mathalon, 2012). Studies further found significant correlations between hallucination severity as well as
agency misattribution and N1 attenuation in patients with schizophrenia (Heinks-Maldonado et al.,
2007), and between delusional ideation in healthy participants and perceptual SA (Cao & Gross, 2015).
However, Egan et al. (2023) found no significant relation between anomalous perception in healthy
participants and neurophysiological SA (i.e., N1 or P2 attenuation). Experimental manipulations of
agency with healthy participants have shown diverging results. On the one hand, agency but not
neurophysiological SA (i.e., N1 or P2 attenuation) was affected by filling the delay between action and
effect (Weller et al., 2017). On the other hand, previous studies imply a relation of agency judgement
with the P2 component (Seidel et al., 2021; Timm et al., 2016), and perceptual SA (Desantis et al., 2012).

Action observation is similar to self-generation not only in terms of attribution to an agent but
also to some extent in brain activation (for reviews regarding the mirror neuron system see Ferrari &
Rizzolatti, 2014; lacoboni, 2009). In the forward model framework, it was proposed that the mirror
neuron system, and the action simulation it might entail, enables motor-based predictions also for

observed action-outcomes, similar to the process for self-generation (Wolpert et al., 2003). As such, SA
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might be extended to other-generated tones. However, the observed action makes the tone temporally
predictable, which on its own might lead to attenuated N1 and P2 amplitudes (Hughes et al., 2013).

Previous SA studies in action observation provided mixed results. Perceptual SA was reported to
be both present (Sato, 2008) and absent (Weiss et al., 2011a) in studies applying similar experimental
paradigms, with a potential modulation by the participants’ individualism (i.e., a cultural dimension; Cao
& Gross, 2015). Concerning neurophysiological SA, N1 attenuation for tones elicited by observed actions
was only found with sufficient delay between action and outcome, making the tones temporally
predictable (Ghio et al., 2021; Ghio et al., 2018). Indeed, recent studies found no amplitude difference
between cued tones and tones generated by observed actions (Egan et al., 2023); and between cued
and self-generated tones (Egan et al., 2023; Harrison et al., 2021), further suggesting that N1
attenuation reflects temporal predictability. The P2, on the other hand, was consistently attenuated in
action observation (Egan et al., 2023; Ghio et al., 2021) and, as shown by a recent study, the attenuation
was stronger than for tones that were visually cued without action observation (Egan et al., 2023). The
same study also showed that the P2 for cued tones was attenuated relative to un-cued, and thus
unpredictable, tones, suggesting that the P2 might reflect in part predictability and in part agency
attribution. However, the cue and the observation conditions in this study (Egan et al., 2023) differed
not only in the attribution of the tone to a human agent, but also in the action-effect association, which
was lacking in the cue condition.

In the present study, we further investigated whether neurophysiological SA, represented by the
N1 and particularly the P2, reflects agency attribution, with a focus on action observation. We did this by
extending the previously applied paradigm (Egan et al., 2023) with two additional action-observation
conditions, in which the button press was performed by a robotic hand: In one condition the robotic
hand was said to be controlled by another person and in the other by the computer. Unlike the cue

condition, both conditions included an action-effect association. For strict control of the timing, all
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action-observation conditions were implemented using videos presented onscreen. Studies on the
perception of robotic movement found that it can activate the mirror neuron system as well (Van
Overwalle & Baetens, 2009), perhaps increasingly so with increased human-likeness (Matsuda et al.,
2016) and familiarity (Press, 2011). To our knowledge, the only study using robotic stimuli in a study on
(perceptual) SA in the auditory modality was Sato (2008). In this study, tones generated by a robotic arm
were not attenuated compared to external tones, but tones that were self-generated or generated by
an observed person were attenuated compared to the robot condition, thus suggesting that the agency
attribution to a human agent is relevant (Sato, 2008).

Although the relation between perceptual and neurophysiological measures is unclear (e.g.,
Palmer et al., 2016), we nevertheless expected to find lower P2 amplitudes not only for tones that were
self-generated, but also for tones that were generated by another human agent compared to those
without a human agent, to visually cued tones and un-cued external tones (Egan et al., 2023; Ghio et al.,
2021). Furthermore, we expected P2 attenuation for tones not generated by human agents, but which
were yet temporally predictable, compared to the condition with unpredictable ones (Egan et al., 2023).
Because some studies suggested that the N1 attenuation solely relates to the temporal predictability of
the tone (e.g., Harrison et al., 2021), we expected N1 attenuation for all action-observation conditions
and the cue condition in similar magnitude as for self-generation. Additionally, we acquired explicit
measures of agency (i.e., judgement and confidence rating) to examine their influence on P2 amplitudes
(Timm et al., 2016).

In additional analyses, we considered the modulation of the attenuation effects by certain
individual traits of the participants measured via questionnaires. In previous studies, delusional ideation
or anomalous perception was hypothesised to affect SA (Cao & Gross, 2015; Egan et al., 2023) and so we
included the Cardiff anomalous perceptions scale (CAPS; Bell et al., 2006). Given its relation to the

mirror neuron system (lacoboni, 2009; but see Lamm & Majdandzic, 2015), empathy has been
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considered as a modulatory variable for SA in action observation (Cao & Gross, 2015; Egan et al., 2023),
and so we also assessed the short form of the empathy quotient (EQ; Wakabayashi et al., 2006). The
potential SA for tones generated by a robotic arm might further be modulated by the participants’
tendency to anthropomorphise it. According to Epley et al. (2007), this tendency could be increased, for
instance, by higher perceived similarity in motion and morphology, and possibly by individualism.
Therefore, we included the anthropomorphism questionnaire (AQ; Neave et al., 2015). Participants with
higher AQ scores might process the robotic action-observation conditions more similarly to the human
action-observation condition than participants with lower scores. Lastly, we assessed the general
attitudes towards robots scale (GAToRS; Koverola et al., 2022) to account for potential biases of
participants. For instance, if participants have stronger negative attitudes, they might selectively
anthropomorphise the robotic hand less than they would other objects (and show less attenuation).
Methods

Sample

To further investigate N1 and P2 attenuation for tones that were self-generated and generated
by another participant based on the data from 36 (Ghio et al., 2018) and 38 participants (Ghio et al.,
2021) and in particular the P2 attenuation effect that was found based on data from 49 participants in
Egan et al. (2023) for tones that were self-generated, generated by another participant, or visually cued,
we aimed to recruit a sample of similar size. In the current study, we acquired 49 healthy right-handed
participants in total. However, nine participants were excluded from analysis because the data of one
experimental block was missing (two due to technical difficulties, seven due to task-irrelevant button
presses, i.e., not following instructions for that block). Therefore, the analysed sample consisted of 40
participants (10 male). The mean age was 23.63 years (SD = 4.88; range: 18 - 40). Before beginning the

experiment participants gave written informed consent. They received up to 25 Euro or course credit for
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participation. The ethics committee of the Faculty of Mathematics and Natural Sciences at Heinrich
Heine University Disseldorf has approved this study.
Experimental Design and Conditions

Based on the contingent paradigm (Horvath, 2015) and our previous studies that adapted the
paradigm for action observation (Egan et al., 2023; Ghio et al., 2021; Ghio et al., 2018; Seidel et al.,
2023), we included the self-generation and external-tone conditions as well as conditions with action
observation and a condition in which a visual cue preceded the tone. Thus, we compared the processing
of self-generated tones, tones that were temporally predictable due to an observed action, tones that
were temporally predictable due to a visual cue, and external tones that were not temporally
predictable. The latter represent the comparison condition to which SA was determined in previous
studies (Horvath, 2015). Our study comprised three action-observation conditions: (1) Observation of
button presses performed by a human agent (see Ghio et al., 2018; Seidel et al., 2023), and (2)
observations of button presses performed by a robotic hand that was controlled by another person or
(3) by a computer. The cue condition entailed the presentation of a white circle preceding each tone
(see Egan et al., 2023). Thus, we explored whether the neurophysiological SA we previously found for
action observation (Egan et al., 2023; Ghio et al., 2021; Ghio et al., 2018; Seidel et al., 2023) is
modulated by the attribution of agency to another person, while accounting for possible effects of the
action-effect association (i.e., button press and tone) and temporal predictability (cf. Egan et al., 2023,
for live action observation).

For all conditions but the external-tone condition, there was an experimental block and an
additional control block. In the experimental blocks, tones were time-locked to a preceding event, that
is, a self-performed action, an observed action or visual cue. In the respective control block, the event
took place without the presentation of tones. The purpose of these control blocks was to calculate the

difference between the ERPs of events with and events without tones, and thus correct for activity
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elicited by the preceding event and thus unrelated to the tone (cf. motor correction in the contingent

paradigm; Horvath, 2015). The experimental design is visualised in Figure 1.

Figure 1

Experimental Design

Self-generation Action Observation Cue External
) ) 9 )
= 1 |4 O
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Note. Each condition is depicted and its related blocks are indicated with the sound-signs. For example,
the self-generation condition consisted of one experimental block (in which the self-performed button
press elicited a tone as indicated by the active sound-sign) and one control block (in which the self-
performed button press elicited no tone as indicated by the muted sound-sign). The self-generation
condition with its two blocks and the external condition were comparable to the contingent paradigm
(Horvath, 2015). In the contingent paradigm, the block in which the self-performed button press elicits
no tone serves to correct for button-press-related (and thus tone-unrelated) activity in the event-related
potentials of the self-generated tones. We applied the same procedure for the action-observation and
cue conditions, and therefore, included a control block for each.

Self-Generation and External Conditions
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To determine SA, tone processing in the (corrected) self-generation condition (where the
correction is the result of the difference of experimental and control blocks) is typically compared to
tone processing in the external-tone condition (Horvath, 2015). In the experimental block of the self-
generation condition, participants were instructed to press a particular button (the red button on the
response box) in the learned rhythm of 2400 ms and the button press elicited a tone 300 ms after onset.
In the control block, participants were also instructed to press the button in the learned rhythm, but no
tone was elicited. In the external condition, the interval between the tones was determined by a
function that picked a random number from a normal distribution with a mean of 2400 ms and a
standard deviation of 350 ms (overall for the analysed sample: M = 2425 ms, SD = 42 ms). Participants
were instructed to listen to the tones. In the self-generation experimental block, its control block, and
the external condition, a picture of the response box was shown on the computer screen throughout,
and participants were instructed to fixate the red button.

Action-Observation and Cue Conditions

There were three action-observation conditions (i.e., human, human-robot, and robot). In all
three conditions, the button press (of the red button on the response box) was viewed from a first-
person perspective and shown via a sequence of pictures (see Figure 2). In the human action-
observation condition, participants observed a right human hand pressing the button. Additionally, a left
human hand was visible on the side to further highlight that the agent was human. In the human-robot
action-observation condition, participants observed a right robotic hand pressing the button, with a left
human hand visible on the side, and were instructed that a person was controlling the hand (i.e., human
agent with robotic depiction). In the robot-action observation condition, participants viewed a right
robotic hand pressing the button without a depiction of a left hand and were instructed that the
computer controlled it (i.e., computer as agent with robotic depiction). In the experimental blocks of all

action-observation conditions, the tone was elicited 300 ms after the picture showing the button
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227  completely pressed (see Figure 2 for the timings) and instructions were to fixate the red button, observe
228  the button press, and listen to the tones. Similar to the self-generation condition, there were also

229 control blocks, in which observed button presses did not elicit tones. Similar to the external condition,
230  theinter-trial-intervals for all action-observation conditions (experimental and control blocks) were

231 determined by the function described above. However, due to a latency error of the stimulus-

232 presentation monitor, each picture was presented for one more frame than intended and the intervals,
233 which were calculated based on the a priori duration assumptions, were consistently longer for all

234 blocks of the action-observation conditions (M = 2880-2896 ms, SD = 33-42 ms).

235

236 Figure 2

237 Trials in the Action-Observation and Cue Conditions

300 ms ﬂs}) for 50 ms in tone blocks
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238

239 Note. The timings in the human, human-robot, and robot action-observation conditions were identical.
240  After a random interval presenting the first picture, the sequential presentation of six pictures (each
241 presented for 33 ms, i.e., two frames) led to the picture of the completely pressed button. During the
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presentation of this picture the tone was played. Then, a second picture sequence showing the same six
pictures in reverse order led back to the first picture for the subsequent trial. In the cue condition, the
timing was kept the same, though all six pictures in the videos and the picture shown while the tone was
played were identical: a white cue on the response button.

In the cue condition, participants saw a white circle appear and disappear on the red button of
the response box pictured onscreen that was pressed or observed to be pressed in other conditions
(self-generation and action-observation). Timings were kept comparable to the action-observation
conditions (see Figure 2). In the experimental block, the tone was presented 500 ms (i.e., the sum of the
duration of the button-press motion and the action-outcome delay in the action-observation conditions)
after the onset of the white circle. In the control block, the white circle was not followed by a tone. The
inter-trial-intervals were again determined by the function described above and, as for the action-
observation conditions, were consistently longer than in the external condition (M = 2880 and 2894 ms,
SD =42 and 43 ms).

Questionnaires

We included four questionnaires to assess inter-individual differences in traits between
participants which could potentially modulate attenuation for self-performed action or action
observation. The questionnaire on anomalous perception (CAPS; Bell et al., 2006) assessed a potential
moderating factor for the magnitude of SA for self-generated tones. The CAPS has 32 items, based on
which a total score (i.e., number of items the participants claimed to have experienced) and three rating
scores were calculated. These ratings were done on 1-to-5 scales for distress, intrusiveness, and
frequency; and the rating scores were calculated as the sum of these (items not endorsed by the
participants had a value of 0). For example, one item was: “Do you ever notice that sounds are much
louder than they normally would be?” If the participant endorsed the item, they rated how distressing
this anomalous perceptual experience was, how distracting it was, and how often it occurred. For a

potential modulation of the attenuation in action-observation conditions a questionnaire measure of
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trait empathy (22-item short form of the EQ; Wakabayashi et al., 2006) was considered. This yielded a
single score, the EQ. Given the use of robotic depictions, we additionally included a measure of
anthropomorphism (AQ; Neave et al., 2015), and a questionnaire that scores general attitudes towards
robots (GAToRS; Koverola et al., 2022). For the AQ, a sum score for the two sub-scales regarding
childhood-related items (10 items, e.g., “When | was a child, | made sure that when | put my toys away
the ones who were friends were placed side by side”) and items regarding current (i.e., adult) beliefs
and behaviours (10 items; e.g., “I sometimes wonder if my computer deliberately runs more slowly after
| have shouted at it”), and a total score were calculated (i.e., sum of the sub-scale scores). The GAToRS
included four attitude factors and resulted in four scores with five items each: personal level positive
(i.e., comfort and enjoyment around robots), personal level negative (i.e., unease and anxiety around
robots), societal level positive (i.e., reasonable hopes about robots in general), and societal level
negative (i.e., reasonable worries about robots in general).

To evaluate the stimuli of the action-observation conditions (see Appendix) participants were
asked to rate them on four items of the anthropomorphism scale of the Godspeed questionnaire series
(Bartneck et al., 2008). Three items pertained to the overall impression (fake vs. natural, machine- vs.
humanlike, and artificial vs. lifelike). One item related to the observed movement (moving rigidly vs.
moving elegantly). Each item was rated on a 5-point-Likert scale.

Experimental Procedure

The entire acquisition took about 2.5 h. Participants first filled out a demographic questionnaire
and the questionnaires assessing the traits described above (see Questionnaires). Then, participants
were prepared for EEG recording (see Data Recording) and were seated in the recording chamber in
front of a 22-inch LCD computer screen (resolution: 1680*1050, refresh rate: 60 Hz) and a Cedrus RB-

844 response box (Cedrus Corporation). Sennheiser (HD 201) headphones were placed on top of the
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EEG cap before the experiment was started. The experiment was run with the Presentation software
(Version 20.3, Build 02.25.19; Neurobehavioral systems).

Before running the experimental conditions, consisting of experimental and control blocks (see
Experimental Design and Conditions), participants underwent training that was divided into two blocks.
The first block of the training served to introduce participants to the rhythm that they later had to
reproduce during the self-generation experimental block and the respective control block. Eighty tones
were played every 2400 ms and participants were instructed to press the button simultaneously. The
tone (680 Hz, 50 ms duration, increase of amplitude in the first and decrease in the last 5 ms) was
identical throughout the experiment. In the second training block, participants were instructed to press
the button in the learned rhythm to elicit a tone, and they received feedback if they were too fast (<
1800 ms) or too slow (> 3000 ms). The tone occurred 300 ms after button press onset. In this block, as in
all subsequent blocks, three tones were presented in the 2400 ms intervals at the beginning to remind
participants of the learned rhythm and each block contained 80 trials (i.e., 80 button presses in this
block).

The following blocks belonged to the experimental conditions (see Experimental Design and
Conditions) and could be categorised into experimental and control blocks. The order of experimental
blocks (one per condition, six in total) was randomised, as was the order of control blocks (one per
condition, except for the external condition, five in total, see Figure 1). However, participants were
presented with either all experimental blocks first or all control blocks first. After each tone block, as an
explicit measure of the sense of agency, participants responded to two questions. In an agency
judgement, they were asked to judge who the agent of the tone was: themselves, another person, or
the computer. This was included as an instruction check. Then, they rated how strongly they ascribed
agency to the chosen agent on a 6-point-Likert scale (i.e., agency-confidence rating). At the end of the

experiment, three trials of each of the three action-observation conditions were presented without
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tones and participants were asked to rate the observed hand on the four selected items of the
Godspeed questionnaire series (Bartneck et al., 2008; see Questionnaires).
EEG Acquisition and Data Preparation
Data Recording

EEG data were recorded with BrainVision Recorder (Version 1.21.0402) and a BrainAmp MR Plus
amplifier (Brain Products GmbH). Twenty-eight passive Ag/AgCl electrodes and an electrode at AFz
serving as ground were placed on an Easycap electrode cap (see Figure 3B for electrode sites). Reference
electrodes were placed on the mastoids. To record vertical and horizontal eye movements, further
electrodes were placed at the cap positions F9, F10, and FP2, and under the right eye. For the recording,
the sampling rate was set to 1000 Hz and notch and other software filters were disabled. Impedances
were kept below 10 kQ and direct-current corrections were applied online.
Pre-processing

With BrainVision Analyzer (BVA; Version 2.2.0.7383, Brain Products GmbH) the following pre-
processing steps were done. We applied a direct current detrend and Butterworth zero phase filters
with a low cut-off of 0.1 Hz, a high cut-off of 30 Hz, and a notch filter of 50 Hz. The BVA's ocular
correction independent component analysis was applied (steps = 512, Infomax restricted biased) and
components of blinking and eye movement artifacts were manually selected and removed. Because the
EEG data of some participants clearly indicated that they had closed their eyes, the data was specifically
screened to identify and mark intervals showing alpha activity on most electrodes and longer blinks or
blink-like activity with the raw data inspection function in BVA. A second rater checked the validity of
the markings. Segmentation was done in two steps to apply trial exclusion criteria on a wider pre-tone
interval. First, segments beginning 400 ms before and ending 400 ms after tone markers were extracted.
Note that tone markers were also sent in the control blocks, but the tones were muted. In this step, all

segments with intervals marked in the raw data inspection were excluded as well as those, in which



339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

93

AUDITORY ATTENUATION FOR SELF AND OTHER AGENTS 16

participants pressed the button, although, according to the instructions, they were not required to do so
(i.e., in all blocks except the experimental block of the self-generation condition and its control block).
Furthermore, only segments with preceding inter-event intervals between 1800 and 10000 ms were
considered and, for the self-generation condition, segments of double presses (i.e., when a second
button press followed the button press after less than 800 ms) were also excluded. In the second
segmentation step, the segments were shortened, yielding segments beginning 100 ms before the tone
markers with a total length of 500 ms. The first 100 ms were used for the subsequent baseline
correction. For artifact rejection, we applied the automatic procedure in BVA: maximal allowed voltage
step: 50 pV/ms, maximal allowed difference of values in 100-ms intervals: 100 pV, allowed amplitudes: -
100 to 100 uV, lowest allowed activity in 100ms: 0.5 uV (see Table 1 for numbers of trials retained in
each block). Averages across trials were calculated for control blocks for use in the correction procedure

(see next section).

Table 1

Numbers of Trials after Exclusions

Condition Block M SD Minimum  Maximum
Self-generation Experimental 75.60 4.79 63 79
Control 76.20 3.76 73 79
Action-Observation Human Experimental 76.53 4.66 60 79
Control 77.45 1.72 73 79
Action-Observation Human-Robot Experimental 76.95 3.52 66 79
Control 77.62 2.33 67 79
Action-Observation Robot Experimental 77.08 3.93 57 79
Control 77.10 2.72 69 79
Cue Experimental 75.72 5.07 62 79
Control 77.38 2.48 69 79

External 72.90 7.01 37 79
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Note. All participants retained at least 70 % of trials (56 trials) in all blocks with one exception: 37 trials
in the external condition due to a belated start of recording.
N1 and P2 Amplitude Extraction

For the remaining data preparation, we used R (Version 4.4.2, R Core Team, 2024). For the self-
generation, action-observation, and cue conditions, the ERPs were corrected for tone-unrelated activity
(cf. motor correction in contingent paradigm; Horvath, 2015). For this purpose, average ERPs of the
control blocks were subtracted from the single-trial ERPs of the respective experimental blocks. Based
on the topographies of the grand averages for the corrected ERPs of each condition, FCz and Cz were
identified as electrodes with the most pronounced N1 and P2 peaks (see Figure 3B; cf. Ghio et al., 2018;
Han et al., 2021; Harrison et al., 2021; Klaffehn et al., 2019) and chosen for further analysis. Because of
latency differences between the conditions, N1 and P2 peaks were determined based on condition-
specific grand averages of the corrected ERPs across participants (see Figure 3A). The N1 peak was
determined as the local minimum in the interval between 50 and 150 ms for each condition (condition:
FCz/Cz; self-generation: 99/98 ms, human: 87/86 ms, human-robot: 87/86 ms, robot: 83/82 ms, cue:
84/83 ms, external: 91/90 ms). Mean amplitudes were extracted from the 20-ms interval in each single
trial, centred around the respective condition-specific peak latency (cf. Harrison et al., 2021; Jack et al.,
2021; Neszmélyi et al., 2022; van Laarhoven et al., 2021). The P2 peak was determined as the local
maximum in the interval between 150 and 250 ms for each condition (condition: FCz/Cz; self-
generation: 192/195 ms, human: 158/155 ms, human-robot: 160/159 ms, robot: 162/161 ms, cue:
162/152 ms, external: 170/171 ms). As the P2 waveform was generally wider than the N1 (see Figures
3), mean amplitudes were extracted from the 40-ms interval in each single trial centred around the
respective condition-specific peak latency (cf. Klaffehn et al., 2019; Pinheiro et al., 2019; van Laarhoven

et al., 2021).
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379 Figure 3

380 Condition-Specific Grand-Average ERPs and Topographies
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381

382  Note. A: Grand-average ERPs for each condition and confidence intervals are plotted. This refers to the
383 corrected ERPs for self-generation, action-observation (human, human-robot, and robot), and cue

384 conditions. Grey areas mark the time intervals of the depiction of the topographies. B: Topographies of
385 the grand average across all conditions and for the separate conditions are depicted in 20-ms bins over
386  theinterval between 50 and 250 ms, which contains N1 and P2 peaks. Electrodes FCz and Cz are

387  highlighted in white. The plots were generated in R using the packages packages ggplot2 (Wickham,
388 2016), eegUtils (Craddock, 2024) and ggpubr (Kassambara, 2023). Note that latency differences of N1
389 and P2 are visible between self, visual (action-observation [human, human-robot, robot] and cue), and
390 external conditions. HumRob = Human-robot
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Statistical Analysis

We used R for all statistical analyses, including the calculation of mixed-effects models. The
effect of agent-condition (self-generation, human action-observation, human-robot action-observation,
robot action-observation, cue, external with external as reference) was analysed for obtained agency-
confidence ratings, and N1 and P2 amplitudes. Additionally, potential modulations of the N1 and P2
attenuation by various trait scores and by the agency-confidence ratings were tested.

Because of the single-item ratings of agency-confidence, we used the ordinal package
(Christensen, 2023) to calculate a cumulative link mixed model on the ratings. For the N1 and P2
amplitudes, we used the Ime4 (Bates et al., 2015) and ImerTest packages (Kuznetsova et al., 2017) to
calculate linear mixed models. These linear models were calculated with the optimiser bobyca and using
the restricted maximum likelihood for model reporting and the maximum likelihood for model
comparisons (Meteyard & Davies, 2020). For decomposition of fixed-effects contributions, the anova
function was used for the mixed linear models (with a function to determine effect sizes by the package
effectsize, Ben-Shachar et al., 2020). Estimated means and Bonferroni-corrected pairwise comparisons
for significant effects were calculated with the package emmeans (Lenth, 2022). The package
performance (Lidecke et al., 2021) was used for model comparisons, which included likelihood ratio
tests and Bayes Factors (BF).

Agency Judgements and Confidence Ratings

When exploring the data, we noted that, despite clear instructions, the agency judgements (i.e.,
identifying the agent as oneself, another person, or the computer) were not in all cases as intended (i.e.,
in the self-generation condition as oneself, in human and human-robot action-observation conditions as
another person, and in robot action-observation, cue and external conditions as the computer). The
number of participants who correctly judged the agent in all conditions was 17. On average, participants

made 0.95 errors (SD = 0.99, range: 0-3). To determine whether these inaccuracies occurred consistently
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across conditions, we first computed chi-square tests for each condition with the observed frequencies
of judgement responses (i.e., oneself, another person, and the computer) and adjusted expected
frequencies (correct response: 0.9, incorrect responses each: 0.05). Significant results were obtained for
action-observation conditions, that is, for the human, x*(2) = 38.50, p <.001, human-robot, ¥*(2) = 57.01,
p <.001, and robot conditions, x*(2) = 22.47, p < .001 (all other p > .207), indicating significantly fewer
correct responses in these conditions. Then, a cumulative link mixed model for the judgement responses
(i.e., self, other, and computer) was defined with only the intercept and random intercept by
participant: Judgement ~ 1 + (1 | participant) and a model including also agent-condition as fixed effect.
The model fit was improved by agent-condition, ¥*(5) = 260.51, p < .001 (BF > 1000), indicating
differences across conditions. Pairwise comparisons between conditions showed the expected
significant differences resulting in condition clusters of external, cue and robot action-observation;
human-robot and human action-observation; and self-generation. Thus, although the action-observation
conditions (human, human-robot, and robot) showed increased inaccuracies in agency judgements, the
overall pattern of judgements was as expected.

To analyse the 6-point-Likert scale agency-confidence ratings, a cumulative link mixed model|
was defined which, in a first step, comprised only the intercept and random intercept by participant:
Rating ~ 1 + (1 | participant). The fixed effect agent-condition was added, Rating ~ agent-condition + (1 |
participant), and the models were compared. The addition of agent-condition as a fixed effect improved
the model fit, *(5) = 27.62, p < .001 (BF = 1.11); the addition of the judgement responses (i.e., oneself,
another person, and the computer) as additional predictor of the ratings, x*(2) = 4.03, p = .133 (BF =
0.03), or the addition of judgement accuracy (i.e., correct vs. incorrect), x*(1) = 0.03, p = .869 (BF = 0.06),
did not. Therefore, the model with only agent-condition as fixed effect was further analysed with
pairwise comparisons.

Linear Mixed Models for N1 and P2 Amplitudes
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To determine the random effect grouping factors, models were calculated with the maximum
likelihood method and first defined with only the intercept as fixed effect and a random intercept by
participant. For the N1, the addition of a random intercept by electrode to the model did not improve
model fit, x*(1) = 1.56, p =.211 (BF = 0.01). Adding agent-condition as fixed effect, x*(5) = 83.52, p < .001
(BF > 1000), and adding a random by-participant slope for agent-condition, x*(20) = 738.77, p < .001 (BF
> 1000), greatly improved model fit. The final model, N1 ~ agent-condition + (agent-condition |
participant), was recalculated with the restricted maximum likelihood method and further analysed with
an analysis of variance and pairwise comparisons.

For the P2, the addition of a random intercept by electrode to the starting model improved
model fit, x*(1) = 15.90, p < .001 (BF = 14.84), as did the addition of agent-condition as fixed effect, x*(5)
= 466.02, p < .001 (BF > 1000), and the addition of a random by-participant slope for agent-condition,
¥%(20) = 870.88, p < .001 (BF > 1000). The final model, P2 ~ agent-condition + (agent-condition |
participant) + (1 | electrode), was recalculated with the restricted maximum likelihood method and
further analysed with an analysis of variance and pairwise comparisons.

N1 and P2 Models Including Trait Scores

To investigate modulations of the N1 and P2 amplitude in the different agent-conditions by
anomalous perception, empathy, anthropomorphism, and attitudes towards robots, model comparisons
were planned. The N1 and P2 models resulting from the model building procedure described above (i.e.,
base model) were extended by one of the trait scores at a time (main and interaction effect). The base
and extended models were then compared. For the N1, the trait models took the form: N1 ~ agent-
condition*trait score + (agent-condition | participant), for the P2: P2 ~ agent-condition* trait score +
(agent-condition | participant) + (1 | electrode). A total of 12 such extended models were calculated for
each component. One model was calculated for empathy with the total score. For anomalous

perception, the total score and three sub-scores (distress, intrusiveness, and frequency) were used in
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four separate models. Likewise, the total score and two sub-scores (childhood and current) were used
for three models for anthropomorphism, and for the attitude towards robots, the four sub-scores
(personal level positive, personal level negative, societal level positive, and societal level negative) were
used in four separate models. For each trait score, the values were standardized by subtracting the
mean and dividing by the standard deviation before adding the trait score to the basic model and
comparing the models.
N1 and P2 Models Including Agency Ratings

To investigate modulations of the N1 and the P2 by agency-confidence ratings, further model
comparisons were planned. Again, the N1 and P2 models from the model building procedure (see
above) were extended and compared. However, due to the unexpected inaccuracies of agency
judgements, not only the agency-confidence ratings and the interaction with agent-condition were
added as fixed effects. A subsequent model included also judgement accuracy and all interactions. The
models were compared sequentially. For the N1, the extended models were: N1 ~ agent-
condition*agency-confidence rating + (agent-condition | participant) and N1 ~ agent-condition*agency-
confidence rating*judgement accuracy + (agent-condition | participant). For the P2, the extended
models were: P2 ~ agent-condition*agency-confidence rating + (agent-condition | participant) + (1 |
electrode) and P2 ~ agent-condition*agency-confidence rating*judgement accuracy + (agent-condition |
participant) + (1 | electrode).

Results

Agency-Confidence Ratings

Agency-confidence ratings (and agency judgments) are reported separately for each agent-
condition in Table 2. Agency-confidence ratings were descriptively very high for self-generation, cue,
and external conditions (each Mdn = 6; estimates in relation to external: 0.70 [SE = 0.49] for self, and

0.12 [SE = 0.48] for cue). Ratings were descriptively lower for the conditions for which more inaccurate
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agency judgements were found, namely, in the action-observation conditions: human (Mdn = 5;
estimate in relation to external: -0.46, SE = 0.46), human-robot (Mdn = 4; estimate in relation to
external: -1.43, SE = 0.46), and robot (Mdn = 5; estimate in relation to external: -0.85, SE = 0.46). Ratings
of the human-robot action-observation condition were significantly lower than in the self-generation (p
<.001), cue (p = .011), and external conditions (p = .031). The pairwise comparison between self-
generation and robot action-observation conditions was also significant (p = .014). No other comparison

reached significance (all ps > .20).

Table 2

Agency-Confidence Ratings

Agent-Condition

Action-Observation

Rating Self Cue External
Human HumRob Robot
1 0(0,0,0) 0(0,0,0) 2(0,2,0) 1(0,0,1) 1(0,0,1) 1(0,0,1)
2 0(0,0,0) 4(0,4,0) 3(0,3,0) 3(0,1,2) 3(0,0,3) 3(0,0,3)
3 0(0,0,0) 3(0,2,1) 6 (0,3, 3) 6(0,0,6) 1(0,1,0) 5(0,1,4)
4 8(7,0,1) 5(0,2,3) 10(0, 7, 3) 5(1,2,2) 3(0,1,2) 3(0,1,2)
5 8(8,0,0) 11 (0, 8, 3) 10(0,7,3) 11(0,1,10) 10(0,0,10) 5(0,0,5)
6 24(24,0,0) 17(0, 14,3) 9(0,6,3) 14 (0,2,12) 22(1,0,21) 23(2,1,20)

Note. The number of agency-confidence ratings for each level of the 6-point-Likert scale for each
condition is listed. In brackets, the numbers for the respective agency judgement responses (oneself,
another person, the computer) are reported. HumRob = Human-robot
N1 and P2 Models

The agent-condition ERPs of the entire segment are depicted in Figure 3A. For the N1, the effect
of agent-condition was significant, F(5, 38.95) = 6.20, p < .001, n?, = .44. The fixed-effect estimates and

the estimated means are depicted in Figure 4. Note that though the estimates for self-generation,

human action-observation, and human-robot action-cbservation conditions are significantly different to
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the external condition (see Figure 4A), the Bonferroni-corrected pairwise comparisons to the external
condition reached significance only for human (p = .006) and human-robot action-observation (p = .028),
indicating significant attenuation of the N1 in these conditions (see Figure 4C). All other comparisons

were not significant (all ps > .25).

Figure 4
N1 Results

A Fixed-Effect Estimates (number of observations: 36382)
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Note. The N1 model formula was: N1 ~ agent-condition + (agent-condition | participant). Agent-
condition comprised self-generation (self), action-observation (human, human-robot [HumRob], and
robot), cue and external conditions. A: Fixed-effect estimates of the model with confidence intervals.
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The external condition was the reference. B: Condition-specific grand averages with confidence
intervals. These are depicted for FCz (thin, light) and Cz (thick, dark). C: Estimated means with
Bonferroni-adjusted confidence intervals. Additionally, significant Bonferroni-corrected pairwise
comparisons are highlighted. The plots were generated in R using the packages ggplot2 (Wickham,
2016), ggpubr (Kassambara, 2023), and ggsignif (Ahlmann-Eltze & Patil, 2021).
* < .,050, ** <.010, *** <.001

For the P2, the effect of agent-condition was significant, F(5, 38.77) = 14.00, p < .001, n?, = .64.
The fixed-effect estimates and the estimated means are depicted in Figure 5. Bonferroni-corrected
pairwise comparisons showed significant attenuation to the external condition for the self-generation (p
< .001), action-observation (human: p = .019, human-robot: p = .012, and robot: p = .014), and cue
conditions (p =.027). Furthermore, the self-generation condition was significantly attenuated compared

to all other conditions: human (p = .006), human-robot (p = .005), and robot action-observation (p <

.001); and cue (p = .005). The other conditions did not differ significantly from each other (p > .99).

Figure 5

P2 Results
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A Fixed-Effect Estimates (number of observations: 36382)
0
84 t(38.8) = -3.48** t(39.2) = -3.58***
oy -1
@ t(23.9) = 11.15™** 21
S 4- 5 t(39.0) = -7.09™ 1(39.2) = -3.63"* t(39.1) = -3.34**
£
< 24 4
0 ad
Interlcept Sile\f Hur%an HumlRob Rolbot Clue
125 *kk
B 8 4 C I * 1
I * 1
I * 1
10.07 Kk l;l
: *h = ] [
—_ s 1
Z 75—
[}
e
2
= 5.0
=
<
2.54
0.0
150 175 200 225 250 Self HumanHumRob Robot Cue Extemal

Time (ms)

Note. The P2 model formula was: P2 ~ agent-condition + (agent-condition | participant) + (1 |
electrode). Agent-condition comprised self-generation (self), action-observation (human, human-robot
[HumRob], and robot), cue and external conditions. A: Fixed-effect estimates of the model with
confidence intervals. The external condition was the reference. B: Condition-specific grand averages
with confidence intervals. These are depicted for FCz (thin, light) and Cz (thick, dark). C: Estimated
means with Bonferroni-adjusted confidence intervals. Additionally, significant Bonferroni-corrected
pairwise comparisons are highlighted. The plots were generated in R using the packages ggplot2
(Wickham, 2016), ggpubr (Kassambara, 2023), and ggsignif (Ahlmann-Eltze & Patil, 2021). HumRob =
Human-robot

* <.050, ** <.010, *** <.001

Model Comparisons: Trait Scores
Comparisons of models for the N1 and the P2 including trait scores are reported in Table 3. For

the N1, the addition of the GAToRS societal-negative score improved model fit according to the
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550 likelihood ratio test but not according to the BF. Similar results were found for the P2 amplitudes. The
551  addition of the GAToRS societal-positive score improved model fit according to the likelihood ratio test
552 but not according to the BF. For none of the other trait scores did the model fit improve for the N1 or P2
553  according to the likelihood ratio test or the BF. In sum, no model extended by an obtained trait score
554 convincingly improved model fit for N1 or P2 amplitudes.

555

556 Table3

557 Model Comparisons Including Trait Scores

Component Model Extension x2(6) p BF
N1 Anomalous perception total 4.97 .547 <0.01
Distress 6.05 418 <0.01
Intrusiveness 5.28 .508 <0.01
Frequency 7.23 .300 <0.01
Empathy 11.32 .079 <0.01
Anthropomorphism total 4.19 .650 <0.01
Childhood 3.19 .689 <0.01
Current 4.14 .657 <0.01
GAToRS
Personal-positive 5.95 428 <0.01
Personal-negative 4.88 .559 <0.01
Societal-positive 5.49 482 <0.01
Societal-negative 24.40 <.001 <0.01
P2 Anomalous perception total 7.59 270 <0.01
Distress 7.99 .239 <0.01
Intrusiveness 6.98 323 <0.01
Frequency 10.11 120 <0.01
Empathy 11.59 .072 <0.01
Anthropomorphism total 6.20 401 <0.01

Childhood 4.27 .640 <0.01
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Current 8.81 .185 <0.01
GAToRS
Personal-positive 4.67 .587 <0.01
Personal-negative 2.83 .830 <0.01
Societal-positive 13.43 .037 <0.01
Societal-negative 8.06 .234 <0.01

Note. For the N1 and P2, models including only the fixed effect of agent-condition were compared to the
respective model extended by one of the 12 trait scores. Likelihood ratio tests (significant p-values
indicating that the extended model is better) and Bayes Factors (BF; values greater than 1 indicating that
the extended model is better) are reported. GAToRS = General attitudes towards robots scale
Model Comparisons: Agency Ratings

For the N1, the addition of the agency-confidence rating as predictor did not improve model fit,
x%(6) = 4.84, p = .56 (BF < 0.01), and the obtained model was not improved by the further addition of
agency-judgement accuracy, ¥*(11) = 12.12, p = .36 (BF < 0.01). For the P2, adding agency-confidence
rating did not improve model fit either, ¥?(6) = 9.64, p = .14 (BF < 0.01). Further adding agency
judgement accuracy did improve model fit according to the likelihood ratio test, x*(11) = 23.58, p = .015,
but not according to the BF (BF < 0.01). In sum, the models including predictors related to explicit
agency did not convincingly improve model fit for N1 or P2 amplitudes.

Discussion

In the present study, we explored effects of agency attribution on neurophysiological
attenuation in action observation. This entailed comparisons of N1 and P2 amplitudes in response to
tones that were generated by an observed action performed either by a human hand, a robotic hand
controlled by a human agent, or a robotic hand controlled by a computer to respective ERP amplitudes
for predictable tones cued by a circle or to unpredictable external tones. Additionally, tones generated
by a self-performed action were included in the comparison. We expected to find P2 attenuation of

temporally predictable tones compared to the unpredictable ones but stronger attenuation when the

tones could be attributed to a human agent. As expected, P2 amplitudes in action-observation
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conditions and the cue condition were attenuated compared to the temporally unpredictable external
tones. However, the P2 did neither differ between the action-observation conditions and the cue
condition, nor among the different action-observation conditions. Furthermore, self-generated tones
showed P2 attenuation not only compared to temporally unpredictable and cued (i.e., predictable)
external tones, but also to the tones in the action-observation conditions. We further expected N1
attenuation of temporally predictable tones compared to the temporally unpredictable ones.
Descriptively, self-generation and human action observation showed similar N1 amplitudes, and in
human-robot action-observation, robot action-observation, cue, and external conditions N1 amplitudes
were gradually more negative. However, significant attenuation relative to temporally unpredictable
tones was found only for observation of a human and human-controlled robotic action (i.e., action-
observation conditions with human agent). In additional analyses, we tested for modulations of N1 and
P2 amplitudes by trait scores of anomalous perception, empathy, anthropomorphism, and attitude
towards robots as well as by agency-confidence ratings. No such additional predictor significantly
improved the models for N1 and P2 amplitudes.
Temporal Predictability and Action Observation

Temporal predictability is one of the confounds of the typical comparison of self-generated and
un-cued external tones, as the former ones are temporally predictable and the latter ones are not
(Hughes et al., 2013). Recent studies have found that temporal predictability might indeed explain part
of the neurophysiological SA for the N1 (e.g., Harrison et al., 2021; but see Klaffehn et al., 2019) and the
P2 component (e.g., Egan et al., 2023; but see Harrison et al., 2021). For the P2, the results of the
present study support this explanation, in that the amplitudes for all temporally predictable tones were
reduced relative to the unpredictable external tones, albeit with a retained self-generation effect (i.e.,

the attenuation for self-generated tones was strongest).
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In contrast, the results for the N1 did not follow this pattern. Across human action-observation,
human-robot action-observation, robot action-observation, and cueing, conditions had progressively
lower values. Yet, the N1 amplitude was significantly reduced only for the first two conditions compared
to the unpredictable external tones. Therefore, the results seem more in line with studies indicating no
(e.g., Klaffehn et al., 2019) or a partial (e.g., Schafer & Marcus, 1973) effect of temporal predictability on
the N1. In contrast, in a previous study, N1 amplitudes of tones generated by observed human action
were only descriptively reduced and those of cued tones were significantly attenuated compared to un-
cued external tones (Egan et al., 2023). However, in Egan et al. (2023) and the present study there was
no significant difference in N1 amplitudes between action-observation and cueing conditions.

Whereas we expected this for the N1, we did not expect it for the P2. As mentioned in the
introduction, previous studies found P2 attenuation in action observation similar to the one in self-
generation for live action-observation settings (Egan et al., 2023; Ghio et al., 2021) but weaker for action
observation via video (Ghio et al., 2018). Because we implemented action observation via video in the
present study again, the weaker P2 attenuation for action observation compared to self-generation and
absent attenuation relative to cued (i.e., predictable) tones thus might be a result of the action-
observation setting. That is, when another person is observed onscreen the action-effect may show
similar attenuation as any other temporally predictable stimulus. The reason for this modulation by
observation setting could be a difference in the perception of agency, which might be diminished in the
video setting.

P2 Attenuation and Agency

SA was previously related to the sense of agency (Hughes et al., 2013), particularly regarding the
attenuation of the P2 component (e.g, Timm et al., 2016). Previous studies found P2 attenuation in
action observation, possibly indicating a vicarious sense of agency (Egan et al., 2023; Ghio et al., 2021;

Ghio et al., 2018). Our results replicated P2 attenuation in conditions with human agents other than
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oneself, but this was not significantly different to a condition containing a robotic hand without a human
agent and to a condition containing only a visual circle as preceding event (i.e., controlling for temporal
predictability). Importantly, the P2 amplitudes of self-generated tones were significantly attenuated
compared to all these conditions, which was not the case in previous studies with live action observation
(Egan et al., 2023; Ghio et al., 2021).

Self-agency might have a stronger influence on SA than vicarious agency. This was found for
perceptual SA in two studies involving live action observation (Weiss et al.,, 2011a) and interactive
button pressing with another person (Weiss et al., 2011b). This might be related to temporal control
(i.e., controlling the onset time of the stimulus with an action), which is typically exclusive to the self-
generation condition (Hughes et al., 2013). For neurophysiological SA, Harrison et al. (2021) found P2
attenuation only with temporal control (i.e., for self-timed button presses as opposed to button presses
that were performed in response to a cue). However, effects of self-agency need not be limited to
temporal control and explicit measures of agency can be considered. In this study, the agency
judgements were indeed less accurate and agency-confidence ratings were lower in the action-
observation conditions. However, the inclusion of explicit agency measures did not convincingly improve
the P2 model. Thus, while the results of analyses of the explicit measures suggest weaker agency
attribution could explain the lesser P2 attenuation in action-observation conditions, the measures did
not sufficiently account for more variance, possibly due to the noise in data introduced by the
inaccuracies and the constraints of the design: Clear instructions were given regarding the agent,
perception of agency was not further manipulated (e.g., by varying action-outcome delays, Timm et al.,
2016) and participants gave only one agency judgment and confidence rating per condition.

Future Perspectives
Another phenomenon regarded as an implicit measure of the sense of agency is intentional

binding, which describes the shift of perceived timings of action and effect towards each other (fora
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review see Moore & Obhi, 2012). Vicarious sense of agency was found also in paradigms of intentional
binding, in that the effect was found for action observation (e.g., Poonian & Cunnington, 2013). Studies
including robotic agents found that in physical settings, as opposed to virtual settings, human-likeness
was a relevant factor for finding the effect as well as action-occurrence (i.e., the robot performing a
physical action, rather than a mere command transmission highlighted with visual cues on the robot;
Roselli et al., 2022; Roselli et al., 2021). Further, a significant correlation of the perceived timing shift
with intentionality attribution to the robot was found (Roselli et al., 2022; Roselli et al., 2021).

Although intentional binding likely results from different mechanisms than SA, as it might be less
related to predictability and more to temporal control (Hughes et al., 2013), these findings offer avenues
for alternative explanations and further research. Firstly, the naturalness, human-likeness, and
lifelikeness were rated for our action-observation stimuli and the scores were found to be significantly
lower for the robotic hand than for the human hand (see Appendix). Yet, the P2 amplitudes in these
conditions did not differ significantly. Considering the P2 results in previous studies with live observation
(Egan et al., 2023; Ghio et al., 2021) and the intentional binding results (Roselli et al., 2022), the P2
might only reflect such ratings, if the action observation were realised in a live setting instead of
onscreen, in particular when using a robotic trigger that does not resemble a human hand. For instance,
one study implemented a robotic agent as a sphere in virtual reality (Feder et al., 2023). However, the
N1 of self-generated tones was attenuated compared to the robot-generated ones and the P2 was not,
which is likely due to the lack of temporal predictability in the robot condition and the use of various
action-outcome delays (Feder et al., 2023). Secondly, the smoothness of movement of our action-
observation stimuli was rated and, although robotic-hand movement was rated to be significantly more
rigid than the human-hand movement, the ratings for all stimuli were relatively low (i.e., rated as
moving rigidly). This was due to the latency error of the stimulus-presentation monitor and might have

led to lower perceived similarity in motion (less anthropomorphism) and less mirror neuron activation
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for human and robotic stimuli (Epley et al., 2007). Given this limitation and the onscreen presentation
(instead of live observation), intentionality attribution and attribution of agency might have been
impaired for all action-observation conditions in our study, yielding the significant P2 difference to self-
generation and lack of significant P2 difference to cueing. To test this in future studies, the timings could
be adjusted to increase similarity in motion to self-performed actions and a version of the experiment
could be implemented in a live observation setting.
Limitations

Notably, the neurophysiological SA (i.e., attenuation of self-generated tones compared to un-
cued external tones) that is commonly found (Horvath, 2015), was replicated in the present study only
for the P2 component but not for the N1. Likewise, the N1 of self-generated tones in our previous study
was only descriptively but not significantly attenuated (Egan et al., 2023). We attributed the absence of
N1 attenuation in that study to a methodological deviation from the contingent paradigm (i.e., using a
mirror construction to reflect the first-person perspective on the button press at an elevated position).
However, this was not applied in the present study. Looking at the uncorrected contrasts for the fixed
effects estimates in the present study, there was significant N1 attenuation for self-generation, but the
confidence interval was comparatively large. The increased variance in N1 amplitude of self-generated
tone might be due to additional attentional demands of the button-pressing task. Alternatively, a study
introducing coincidental tones while participants performed button presses found an attenuating effect
of temporal proximity on N1 and P2 amplitudes (Horvath et al., 2012). The lack of N1 attenuation might
therefore also relate to the implemented action-effect delay of 300 ms. However, previous
neurophysiological studies made use of longer action-effect delays and yet reported significant N1
attenuation (e.g., Klaffehn et al., 2019; Lange, 2011). Importantly, the N1 is modulated by inter-trial-
intervals (SanMiguel et al., 2013), which in this study were longer in the self-generation condition (i.e.,

around 200 ms) and in the action-observation and cueing conditions (i.e., around 400 ms) than in the
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external condition. The standard deviation of intervals aggregated across participants were also larger in
the self-generation condition (i.e., around 400 ms) than in all other conditions (i.e., 40 ms). It is possible
that the amplitude increases by the higher inter-trial-intervals masked the attenuation that the self-
generated and the other temporally predictable external tones might have had.

As mentioned above, there was a difference in attentional demands between conditions. The
inaccurate agency judgements, the exclusions of participants because they pressed buttons when they
were not instructed to do so, and the exclusions of trials because participants closed their eyes were all
indications of a lack of attention, possibly due to the length of the experiment. While the order of blocks
was randomised, effects of tiredness may especially affect blocks that did not require actions from the
participants, such as the action-observation conditions.

As in our previous study (Egan et al., 2023), we aimed to examine the influence of inter-
individual differences assessed by questionnaires on neurophysiological SA. Extending N1 and P2 models
by trait scores, we again did not find any significant improvement of the models and thus no convincing
indication of attenuation modulations by traits of participants (Egan et al., 2023). Measuring perceptual
SA, Cao and Gross (2015) likewise found no correlation with empathy scores, but, in contrast to our
study, did find a correlation of SA values to trait scores measuring delusional ideation. It is possible that
the sample of the present study was too small to detect such modulations by trait in healthy
participants, that the applied questionnaires were not suitable, or that other experimental
manipulations are needed to investigate the potential modulations of SA by empathy, anomalous
perception, and anthropomorphism.

Conclusion

In the present study, we explored the role of agency attribution to a human agent for

neurophysiological SA during action observation, while accounting for effects of action-effect

association and temporal predictability. Our results suggest that attenuation of N1 amplitudes is a less
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robust finding than that of P2 amplitudes and might be influenced by temporal predictability but cannot
be fully explained by it. For the P2, there seemed to be an effect of temporal predictability and an
additive effect of self-generation. For both components no effects of agency attribution were found.
However, we discussed how the observation setting might affect attenuation in action observation,
which could be addressed in future studies. The present study supports the notion of a combination of
predictive mechanisms yielding neurophysiological SA (Dogge et al., 2019; Horvath, 2015; Hughes et al.,
2013).
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Appendix
Creation and Evaluation of Visual Stimuli

Creation of Visual Stimuli
Setup and Recording

The robotic hand used for the stimuli came from a KOSMOS experiment box for children with a
hydraulic system. High-resolution videos of button presses, performed by a human hand and using the
robotic hand, were recorded from a perspective similar to that of participants in the study. For the
videos of the button press by the human hand, the other hand was placed on the table as well. For the
videos of the button press by the robotic hand, it was not.
Frame Selection and Modification

For the human button press and the robotic button press eight frames were exported from the
videos. The choice was based on the fluidity of the motion in the resulting videos and on comparability
of the human and robotic motion. Because the robotic hand was larger than the human hand, only the
relative motion was comparable. The frames of the human button press were used in the human action-
observation condition. A frame from the video without hands was used as stationary visual background
stimulus in self-generation and external condition, and with the addition of a white circle in the cue
condition. Using the software GIMP (Version 2.10.32) the frames of the robotic button press were
altered, so that the right human hand seen pulling the levers to control the robotic hand was removed.
These frames were used in the robot action-observation condition. Then, the resting left hand from the
human button press frames was inserted in each frame of the robotic button press. These frames were
used in the human-robot action-observation condition.
Saving as Video

The six frames showing the pressing of the button were added together to a video using the

Windows function available for this purpose and converted to an AVI file. This was done twice for each
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button press: in proper order showing the pressing of the button, and in reverse order showing the
releasing of the button. It was also done in the exact same way with the cue picture (i.e., white circle on
response button; i.e., using the same picture six times in the video) to ensure that the timing of the
visual stimuli in observation and cue conditions would be identical.
Anthropomorphism Evaluation of Action-Observation Stimuli
Statistical Analyses

The evaluation was done based on selected items of the anthropomorphism scale from the
Godspeed questionnaire series (Bartneck et al., 2008) for the visual stimuli used in the human, human-
robot, and robot action-observation conditions. The purpose was to validate higher ratings in human
compared to the robot action-observation conditions, and to get an estimate of anthropomorphism of
the robotic hand we used for stimuli creation. Thus, the agent-condition factor in this analysis was
reduced to the three action-observation conditions. For each of the obtained Godspeed
anthropomorphism ratings (fake - natural, machinelike - humanlike, artificial - lifelike, moving rigidly -
moving elegantly), a model was defined as specified for the main analyses with agent-condition as fixed
effect and random intercept by participant. Bonferroni-corrected pairwise comparisons were calculated
to detect significant differences between the conditions.
Results

All Godspeed anthropomorphism ratings showed the same pattern: the human action-
observation condition had higher ratings than the human-robot and robot action-observation conditions
(see Table Al). For the natural ratings, the human condition had a median of 4, and the human-robot
condition a significantly lower score (Mdn = 1; estimate in relation to human: -2.80, SE = 0.53; pairwise
comparison: p < .001), as did the robot condition (Mdn = 1; estimate in relation to human: -3.95, SE =
0.63; pairwise comparison: p < .001). The human-robot and robot conditions did not differ significantly

(p = .065). Similarly, the human condition had a median humanlike rating of 4, which was significantly
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higher than the ratings in human-robot (Mdn = 1; estimate in relation to human: -3.56, SE = 0.66;
pairwise comparison: p < .001) and robot conditions (Mdn = 1; estimate in relation to human: -4.91, SE =
0.83; pairwise comparison: p < .001). The latter two did not differ significantly (p = .088). For lifelike
ratings, the human condition had a median of 3.5, which was significantly higher than the ratings in
human-robot (Mdn = 1; estimate in relation to human: -3.61, SE = 0.66; pairwise comparison: p < .001)
and robot conditions (Mdn = 1; estimate in relation to human: -5.95, SE = 0.85; pairwise comparison: p <
.001). The latter two did not differ significantly (p = .051). Lastly, the median movement rating was 2 for
each condition but ratings were significantly higher in the human condition than in human-robot
(estimate in relation to human: -1.15, SE = 0.45; pairwise comparison: p = .035) and robot conditions
(estimate in relation to human: -1.43, SE = 0.47; pairwise comparison: p = .008). Again, the human-robot

and robot conditions did not differ significantly in their ratings (p > .999).

Table Al
Godspeed Ratings
Rating Action-Observation Condition 1 2 3 4 5
Natural Human 3 6 8 7 16
Human-Robot 21 9 7 3 0
Robot 31 5 0 4 0
Humanlike  Human 4 9 4 8 15
Human-Robot 27 8 4 1 0
Robot 35 3 1 1 0
Lifelike Human 4 7 9 8 12
Human-Robot 26 8 3 2 1
Robot 34 4 0 2 0
Movement Human 11 12 8 5 4
Human-Robot 15 17 7 1 0
Robot 19 13 6 2 0
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Note. The number of ratings for each level (1 - 5) for each condition is listed. The ratings were done for
fake to natural, machinelike to humanlike, artificial to lifelike, and moving rigidly to moving elegantly.

Taken together, participants evaluated the human hand to be more natural, humanlike, and
lifelike; and to be moving more elegantly than the robotic hand, whereas the two conditions featuring
the identical robotic hand in different agency attribution setting did not differ significantly in any of the
ratings. It should be noted that movement was generally rated to be rigid rather than elegant, which is
linked to the latency error of the stimulus-presentation monitor adding one frame more for each picture
and thus prolonging the videos (i.e., 200 ms instead of 100 ms) and resulting in the aforementioned

inter-trial-interval differences.
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Fifty Percent of the Time, Tones Come Every Time:
Stronger Prediction Error Effects on Neurophysiological
Sensory Attenuation for Self-generated Tones

Sophie Egan'"”, Alexander Seidel'?, Constanze Weber",
Marta Ghio', and Christian Bellebaum"

Abstract

B The N1/P2 amplitude reduction for self-generated tones in
comparison to external tones in EEG, which has recently also
been described for action observation, is an example of the
so-called sensory attenuation. Whether this effect is dependent
on motor-based or general predictive mechanisms is unclear.
Using a paradigm, in which actions (button presses) elicited
tones in only half the trials, this study examined how the pro-
cessing of the tones is modulated by the prediction error in each
trial in a self-performed action compared with action observa-
tion. In addition, we considered the effect of temporal predict-
ability by adding a third condition, in which visual cues were
followed by external tones in half the trials. The attenuation
result patterns differed for N1 and P2 amplitudes, but neither
showed an attenuation effect beyond temporal predictability.

INTRODUCTION

Previous research has shown that sensory stimuli resulting
from self-performed actions (e.g., tones generated by
self-performed button presses) are processed differently
compared with identical sensory stimuli that are externally
generated, which is often described as sensory attenuation
(Korka, Widmann, Waszak, Darriba, & Schroger, 2022;
Horvith, 2015; Hughes, Desantis, & Waszak, 2013). For
example, using EEG, it was shown that the ERP compo-
nents N1 and P2 are reduced in amplitude for tones that
were generated by a self-performed action compared with
externally generated tones (e.g., Horvith, 2015; Schafer &
Marcus, 1973).

Generally, sensory attenuation is believed to be the
result of predictive mechanisms (Korka et al., 2022;
Horvith, 2015). It was claimed that the prediction is gen-
erated by internal forward models, indicating that these
mechanisms are motor dependent in that they are based
on a copy of the motor command (Wolpert & Flanagan,
2001). Alternatively, recent reviews suggested that the sen-
sory attenuation effect for self-generated tones is due to
general predictive mechanisms (Korka etal., 2022; Dogge,
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Interestingly, we found that both N1 and P2 amplitudes reflected
prediction errors derived from a reinforcement learning model,
in that larger errors coincided with larger amplitudes. This effect
was stronger for tones following button presses compared with
cued external tones, but only for self-performed and not for
observed actions. Taken together, our results suggest that attenu-
ation effects are partially driven by general predictive mechanisms
irrespective of self-performed actions. However, the stronger
prediction-error effects for self-generated tones suggest that
distinct motor-related factors beyond temporal predictability,
potentially linked to reinforcement learning, play a role in the
underlying mechanisms. Further research is needed to validate
these initial findings as the calculation of the prediction errors
was limited by the design of the experiment. Hl

Custers, & Aarts, 2019). The findings concerning the role
of motor processes in sensory attenuation are mixed.
Some studies have shown an attenuation of N1 amplitudes
for tones following own button presses even compared
with externally generated tones that were temporally pre-
dictable (Klaffehn, Baess, Kunde, & Pfister, 2019; Lange,
2011; Schafer & Marcus, 1973). Others found a similar
attenuation for temporally predictable tones for N1
(Harrison et al., 2021; Kaiser & Schiitz-Bosbach, 2018)
and P2 amplitudes (Schafer & Marcus, 1973).

A key assumption of prediction models is that the pre-
dicted sensory consequences are compared with the
actual consequences of an action (or event). In case the
two match, sensory attenuation occurs. In daily life, how-
ever, event-outcome contingencies are often probabilistic
(e.g., when outcome-producing devices are defective, like
a doorbell with low battery), leading to graded predictions
and, as a consequence, to outcomes that match predic-
tions more or less rather than in an all-or-nothing manner.
In line with this, it was found that even when tones are
elicited in only 50% of the trials following a button press,
N1 amplitudes are attenuated relative to the processing
of external tones (Seidel, Ghio, Studer, & Bellebaum,
2021; Timm, SanMiguel, Saupe, & Schroger, 2013). In
other words, sensory attenuation can also occur when
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predictions are weaker, and attenuation might be stron-
gest when the prediction is correct and there is the
smallest possible prediction error. It is yet unclear to what
extent sensory attenuation as reflected in N1 and P2 ampli-
tudes is modulated by the strength of the prediction and
thus by the size of the prediction error.

Recent studies directly comparing sensory attenuation
with 100% and 50% action-effect contingencies (i.e., with
different prediction strengths) found no difference for the
N1 (Harrison, Hughes, Rudman, Christensen, & Whitford,
2023; Han, Jack, Hughes, & Whitford, 2022). For the P2,
amplitudes in the 100% condition were reduced com-
pared with amplitudes in the 50% condition (Han et al.,
2022). This is in line with a study that found a reduced
P2 when participants had a higher illusion of control over
sound generation, which can be interpreted as the belief in
a higher contingency (Seidel et al., 2021). In an alternative
approach, the tone pitch (i.e., the tone identity) was
altered in 30% of the trials and sensory attenuation for
standard and deviant self-generated tones was compared,
as the latter would also be associated with prediction
errors (Knolle, Schriger, & Kotz, 2013b; see also Knolle,
Schwartze, Schriger, & Kotz, 2019, for a replication with
vowels generated by button press). In contrast to the stud-
ies varying tone contingency described above, the experi-
mental manipulation affected the N1 amplitude (Knolle
et al., 2013b). An attenuation of the N1 was found also
for the deviant tones (for which the tone identity was
mis-predicted), but the attenuation was weaker than for
the standard tones, suggesting that graded predictions
and prediction errors for sensory events affect the N1
(Knolle et al., 2013b).

In paradigms varying the tone contingency or identity,
the tone is neither completely expected nor completely
unexpected. Rather, the prediction error likely varies from
trial to trial depending on the history of tone occurrences
in previous trials. If the prediction, and thus the prediction
error, varies along a continuum, and if sensory attenuation
reflects the prediction error, this should be reflected in
varying levels of sensory attenuation depending on the
size of the prediction error. In the present study, we
applied a paradigm in which tones followed button
presses with a 50% contingency to address the question
whether the size of the trial-by-trial prediction error affects
the sensory attenuation effect in the processing of action-
generated tones, as reflected in N1 and P2 amplitudes.

On the basis of the conception of the brain as a “predic-
tion machine” that strives to predict incoming sensory
stimuli (Clark, 2013), we hypothesized that the prediction
error in studies on sensory attenuation is conceptually
similar to the prediction error in feedback-learning stud-
ies, in which the error is used to update expectancies
according to reinforcement learning models (Sutton &
Barto, 2018; den Ouden, Kok, & de Lange, 2012). Although
the elicited tones in our study do not represent 4 specific
reward, the tone as the result of the self-performed action
could be perceived as rewarding itself (Eitam, Kennedy, &
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Tory Higgins, 2013). Furthermore, the tone occurrence
could reinforce, not the action itself, but the participant’s
internal prediction of whether a tone follows the action.
Such predictions are generated automatically, also in the
absence of explicit instructions (Clark, 2013). If the history
of tone occurrence is used as a cue to predict the next
occurrence, then each tone or lack of it provides new
information to predict the action outcome. We thus calcu-
lated the prediction error for each trial based on a rein-
forcement learning model (Rescorla & Wagner, 1972)
and examined whether trial-by-trial fluctuations of the pre-
diction error are reflected in the respective ERP compo-
nents by means of a single-trial analysis. To investigate if
a potential prediction error effect is specific for action-
generated tones, we accounted for temporal predictability
by adding a condition with cued external tones (in addi-
tion to a condition with uncued external tones), which also
entailed a 50% contingency between cues and tones.
Whereas attenuation studies showed inconsistent results
for cued external tones (e.g., Harrison et al., 2021; Klaffehn
et al,, 2019), from feedback-learning studies, it is known
that prediction error representations can differ depending
on whether predictions are based on an action or a stimu-
lus (Kobza & Bellebaum, 2015; O'Doherty et al., 2004).
Another open question in the literature on the process-
ing of action consequences is whether sensory attenuation
also occurs in action observation, and if so, what mecha-
nisms are responsible for it. Because of the overlap of
neural activity for self-performed action and action obser-
vation in the mirror neuron system (Rizzolatti & Sinigaglia,
2010), predictions for tones generated by the action of
another human may be similar to predictions for own
action-outcomes, with potential involvement of the motor
system (Wolpert, Doya, & Kawato, 2003). Studies address-
ing sensory attenuation in action observation (Ghio, Egan,
& Bellebaum, 2021; Ghio, Scharmach, & Bellebaum, 2017)
found N1 attenuation (when tones were delayed relative
to the eliciting action) and P2 attenuation for tones gener-
ated by an observed action, although this does notindicate
that the underlying brain regions and neural mechanisms
are the same as for self-performed action. For the attenu-
ation in action observation, effects of feedback contin-
gency and thus of prediction violation have not been
examined so far. For vicarious reinforcement learning,
similar processes seem to be employed as for learning
from own experiences (Charpentier & O'Doherty, 2018).
However, parts of the striatum as key brain structure for
reinforcement learning were more involved in active learn-
ing (Kobza & Bellebaum, 2015; Bellebaum, Jokisch,
Gizewski, Forsting, & Daum, 2012). To investigate the
effect of prediction errors on sensory attenuation in action
observation and to compare it to the one in the self-
performed action, we acquired a second experimental
group, in which the participants viewed picture sequences
of tone-eliciting actions instead of performing the actions
themselves. The conditions for the cued and uncued
external tones were the same as for the performer group.
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We expected that the prediction error modulates ERP
amplitudes of tone processing in that a higher error yields
greater amplitudes (Knolle et al., 2013b). Because of the par-
allels to the prediction error in reinforcement learning, we
expected the thus calculated prediction errors to be better
predictors of the ERP amplitudes than a prediction error
based merely on the recent frequency of tone presentation.
Considering the potential motor dependency of the attenu-
ation effect (Klaffehn et al., 2019; Wolpert & Flanagan, 2001),
the self-generation-specific components in the processing of
mispredicted tones (Knolle et al., 2013b, 2019) and the
results from feedback-learning studies on action-based pre-
diction errors in self-performed action and action observa-
tion (e.g., Kobza & Bellebaum, 2015; Bellebaum et al.,
2012), we expected the modulation-by-prediction error to
be stronger for action-generated tones, especially when
actions are self-performed. This effect may be especially pro-
nounced for the P2, for which a modulation by contingency
was found in a recent study (Han et al., 2022).

METHODS

Sample

In our previous studies on differences in sensory attenua-
tion between a performer and an observer group, we
recruited 20 participants per group (Ghio et al., 2017,
2021). As in the present study, we aimed to examine
trial-by-trial ERP modulations by the prediction error as
well as between-group differences, we recruited 80 partic-
ipants, 40 per group, to increase statistical power. Seven
participants were excluded as they did not fulfil the inclu-
sion criteria, which were specified as verified right-
handedness (three; reported handedness was verified
with the Edinburgh Handedness Inventory; Oldfield,
1971), normal or corrected-to-normal hearing, and no his-
tory of psychiatric or neurological disorders or medication
use (four). The resulting 73 participants were distributed
to two groups: 36 performers (28 female participants; age:
M = 21.8 years, SD = 3.30 years, range: 19-33 years) and
37 observers (28 female participants; age: M = 23.3 vears,
SD = 4.01 years, range: 19-37 years). Participants all gave
written informed consent and received 20-25 euros or
course credit for their participation. The study was approved
by the ethics committee of the Faculty of Mathematics and
Natural Sciences at Heinrich Heine University Diisseldorf.

Experimental Procedure

First, participants were prepared for the EEG recording
and were seated in front of a 22-in. LCD computer screen
with a resolution of 1680 x 1050 and a 60-Hz refresh rate.
Then, they completed the training and the experiment, in
which 680-Hz tones (duration 50 msec, with an increase of
amplitude in the first and a decrease in the last 5 msec)
were presented via Sennheiser (HD 201) headphones
and responses were given via a4 response box (Response

Pad Model RB-740 from Cedrus Corporation). For tone
presentation and response recording in the training and
the experiment, we used the software Presentation
(Version 20.3, Build 02.25.19) from Neurobehavioral
Systems. In total, the acquisition took about 2 hr.

EEG Recording

As references, we placed two electrodes on the mastoids.
Via an Easycap electrode cap (www.casycap.de), further 28
passive Ag/AgCl electrode were placed at F7, F3, Fz, F4, F8,
FT7,FC3, FCz, FC4, FC8, T7, C3, Cz, C4, T8, CP3, CPz, CP4,
P7, P3, Pz, P4, P8, PO7, PO3, POz, PO4, and POS to record
brain activity. An electrode at AFz served as a ground
electrode. In addition, electrodes were placed above
(electrode position FP2) and below the right eye, and to
the sides of the eyes (positions F9 and F10) to record eye
movements. BrainVision Recorder (Version 1.21.0402) and
BrainAmp MR Plus amplifier (Brain Products GmbH) were
used to check that impedances were kept below 20 k{, to
record with a sampling rate of 1000 Hz (low cutoff: 0 Hz,
high cutoff: 1000 Hz, software filters disabled) and to apply
direct-current corrections online.

Training

The training served to familiarize participants with the 50%
event-outcome association and, for performers only, to
train pressing the button in a particular interval. The
training comprised two parts: (1) a training for action-
generated tones and (2) a training for cued tones. Only
the first was different in the performer and observer
groups. For performers, in the first part of the training,
PsychoPy (Version 2020.2.10; Peirce et al., 2019) was used
to present a sign every 2400 msec on a computer screen
(40 times in total). The performers’ task was to press the
response button when they saw the sign. In this way, per-
formers were trained to press a button in regular intervals,
which would be their task in subsequent blacks. In 50% of
the trials, a tone followed 300 msec after the button press.
For the observers, the first part of the training was identical
to the observer-action-tone block, in which a tone was pre-
sented 300 msec after an observed button press in 50% of
the trials (for a detailed description, see below). This part
of the training consisted of 40 trials. For both groups, the
second part of the training was identical to the cue-tone
block, in which a tone followed 300 msec after the onset
of a visual cue in 50% of the trials and which is described
in detail below. This part of the training also consisted of
40 trials. In each block, the instructions did not explicitly
announce the 50% contingency but informed the partic-
ipants that a tone may or may not follow the event.

Experiment

We included experimental blocks with tones either gener-
ated by an action, externally generated and visually cued,

Egan et al. 2069



or externally generated without any cues, referred to as
tone blocks: action, cue, and (uncued) external. To
remove activity unrelated to tone processing, we included
identical blocks without tones, referred to as no-tone
blocks: action and cue. Each block contained 140 trials.
In the tone blocks, 50% of the tones were randomly
muted, resulting in 70 tone presentations per block. That
means that in the action- and cue-tone blocks there were
140 actions or cues, respectively, with only half of them
being followed by a tone. In the external-tone block, the
70 tones were presented without a preceding event
(action or cue). The intervals between (muted) tones in
the external-tone block were randomly picked from a nor-
mal distribution with a mean of 2400 msec and a standard
deviation of 400 msec (approximated from previous data
with a similar paradigm). This block was used for an anal-
ysis aiming at replicating the sensory attenuation effect for
self-generated versus external tones found in previous
studies using a 50% contingency (Seidel et al., 2021; Timm
etal., 2013).

In the action blocks (action-tone and action-no-tone
blocks), performers were asked to press the button in
the previously learned rhythm (i.e., every 2400 msec)

124

without cues or feedback regarding their timing. In the
performer-action-tone block, a tone was presented
300 msec after the button press, and it was muted in
50% of the trials (see Figure 1A), whereas in the
performer-action-no-tone-block, the tone was muted in
100% of the trials. Observers, on the other hand, viewed
a picture sequence of a button press in a first-person per-
spective, which elicited a tone (with a delay of 300 msec) in
50% of the trials in the observer-action-tone block and no
tone (i.e., muted in 100% of the trials) in the observer-
action-no-tone block. The picture sequence consisted of
four distinct pictures and is depicted with the duration
of each picture in Figure 1B. The first picture showed
the index finger placed on the response button and was
presented for a variable interval (e.g., 1917 msec) to imple-
ment the randomly picked button-press interval. The
intervals between the onsets of observed button presses
(and thus between [muted] tones) were randomly picked
from a normal distribution with a mean of 2400 msec and a
standard deviation of 400 msec, which corresponds to the
inter-(muted)-tone interval in the external-tone block. The
second and third pictures were each presented for two
frames (i.e., 33 msec) and showed the index finger

50 msec
300 msec "
Action @
Performer
Observer b
T 6
Cue O
.
External

Button
Press

| - -
®eg., 1917 msec A
BT -II 5
33 msec 33 msec
Button
Release
| .
33 msec 33 msec
: |-
¥350 msec b

Figure 1. Experimental blocks and picture sequence. (A) The experimental conditions are depicted. The groups (performer and observer)

differed only in the action condition. Tone onset was 300 msec after the onset of the button press (in the action-performer condition), of the
full-button-press picture (in the action-observer condition), or of the cue (in the cue condition). The duration of the self-timed button press
varied, but the durations of the observed button press and of the cue were fixed. Cue duration was 350 msec, thus covering the delay of 300 msec
until tone onset and tone duration in trials with tones (for the timing of the observed button press, see B). The tones were muted (depicted
in the figure with dashed outline) in 50% of the trials for the tone blocks (action, cue, and external). For the no-tone blocks (action and cue),
which served to correct the ERPs for tone-unrelated potentials, the tones were muted in 100% of the trials. Apart from the muting of the tones, the
trials of the no-tone blocks were identical in structure to the trials of the corresponding tone blocks. The instructions for performers in the action
blocks were to press the button in the previously learned rhythm (i.e., every 2400 msec). For all other blocks, the intervals between (muted)
tones were randomly picked from a normal distribution with a mean of 2400 msec and a standard deviation of 400 msec (approximated from
previous data with a similar paradigm). (B) Observers viewed a picture sequence of a burton press in the action condition. The relevant details of
these pictures are shown. The first picture had a variable duration to implement the randomly picked interval. The other three pictures had
fixed durations and followed one after the other (for button press and release) until the first picture was presented again. The picture showing the
fully pressed button had a duration of 350 msec and was thus shown until the end of the tone. The pictures were either of a female (depicted) or
of a male hand, matching the gender of the participant.
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pressing the response button further down. The fourth
picture showed the index finger pressing the response
button fully down and was presented for the length of
the 300-msec delay and the duration of the (muted) tone
(i.e., 350 msec in total). For the button release, the second
and third pictures were used in reverse order (each pre-
sented for 33 msec).

In the cue blocks, participants of both groups were pre-
sented with a blue circle on the screen, which was
followed by a (muted) tone after a delay of 300 msec.
The cue stayed on the screen for the length of the delay
and the duration of the (muted) tone (i.e., 350 msec in
rotal). Again, tones were muted in 50% of the trials in
the tone block, and 100% of the trials in the no-tone block.
The cue onset was determined in each trial to fit the ran-
domly picked inter-(muted)-tone interval with a mean of
2400 msec and a standard deviation of 400 msec, as
applied in the observer-action and external-tone blocks.

The block order was counterbalanced in that certain
block combinations were presented in block sets: Half of
the participants were presented with first (Block Set 1)
action- and cue-tone blocks (random order), (Block Set
2) external-tone block, and then (Block Set 3) action-
and cue-no-tone blocks (random order), and the other
half were presented with the block sets in reversed order
(3), (2), and (1). The external-tone block was placed in
between to avoid carryover effects on the expectancy of
the tone, when no-tone blocks directly preceded the tone
blocks.

Data Analysis

The preprocessing of the EEG data was done with
BrainVision Analyser (Version 2.20.7383, Brain Products
GmbH). The correction of the resulting ERPs as well as
the amplitude extraction and prediction error calculation
described below were done with MATLAB R2019a
(9.6.0.1072779, MathWorks Inc.), and the statistical
analyses and visualization with R (Version 4.2.2; R Core
Team, 2022).

EEG Preprocessing

First, we applied a direct current detrend, filters (Butter-
worth zero phase filters: low cutoff = 0.3 Hz, 12 dB/oct;
high cutoff = 30 Hz, 12 dB/oct; Notch filter: 50 Hz), and
an ocular correction independent component analysis
(steps = 512, Infomax restricted biased). Components
reflecting blinking and eye movement artifacts were
selected manually and removed. Then, the data were
segmented based on the tone and no-tone markers,
beginning 200 msec before with a total length of
800 msec. Only trials meeting the response time criteria
were considered (the interval to the preceding button
press was between 1800 and 10,000 msec, and the but-
ton press was not part of a double press, i.e., button
presses were excluded if a second button press followed

less than 800 msec after it). The first 200 msec of the
segment was used for baseline correction. We applied
the automatic procedure in BrainVision Analyser to dis-
card segments with artifacts (maximal allowed voltage
step of 50 pV/msec, maximal allowed difference of
values of 100 pV in 100-msec intervals, allowed ampli-
tudes between —100 and 100 pV, and lowest allowed
activity of 0.5 pV in 100 msec). The main analysis was
based on the single-trial ERPs of the tone blocks, which
entailed action-tone-, cue-tone- and external tone-
related ERPs. For action-tone and cue-tone single-trial
ERPs, corrections were performed to account for ERPs
related to the actions or cues themselves. For this pur-
pose, ERP averages of no-tone blocks were calculated
(i.e., for the action-no-tone and the cue-no-tone). The
differences of action-tone single-trial ERPs and the aver-
aged action-no-tone ERPs made up the single-trial ERPs
of the action condition. The differences of cue-tone
single-trial ERPs and the averaged cue-no-tone ERPs
made up the single-trial ERPs of the cue condition.
The external-tone single-trial ERPs (i.e., the external
condition) were not corrected, as the tone was not pre-
ceded by any event.

Single-trial Amplitudes

The electrodes Fz, FC3, FCz, FC4, and Cz were consid-
ered for analysis. We chose this frontocentral electrode
cluster, because the N1 and P2 topographies (see
Figure 2) showed that both components were most pro-
nounced at frontocentral electrode sites, including three
midline electrodes, which were considered in previous
studies (Klaffehn et al., 2019; Kaiser & Schiitz-Bosbach,
2018; Ghio et al., 2017). In accordance with a procedure
for single-trial analyses we applied in Seidel, Weber,
Ghio, and Bellebaum (2023) and Albrecht and
Bellebaum (2021), participant averages were used to
determine the time windows appropriate for the extrac-
tion of mean amplitudes of the ERP components of
interest in each trial. Thus, ERPs were averaged for each
participant; for the action, cue, and external condition;
and for the specified electrodes. Then, in a first step,
peaks were defined for the N1 component as the local
minimum in the interval between 50 and 150 msec after
tone onset, and for the P2 component as the local max-
imum in the interval between 135 and 300 msec after
tone onset for each participant in each condition at each
electrode (see Figure 2). In a second step, single-trial
amplitudes for the N1 and P2 components were defined
as the mean amplitude in the 40-msec interval around
the respective peak latency for each participant, condi-
tion, and electrode.

Prediction Error Calculation

As outlined in the Introduction section, we aimed to calcu-
late a prediction error for each trial, which represented
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Figure 2. ERPs and topographies. For the topographies, ERPs were aligned to the 40-msec interval as used for N1 and P2 amplitudes, respectively,
and the average amplitudes of that interval are presented for each group, condition, and component. The displayed ERPs were averaged across trials
for each participant, condition, and electrode. For the action and cue conditions, condition refers to the difference of tone single-trial ERPs and
averaged no-tone ERPs. The amplitude is color-coded (white-centered), and the participant averages are stacked on top of each other separately for
the performer and observer groups. To display the N1 and P2 time windows, only the 400 msec after the tone presentation (at 0 msec) are depicted
with dashed lines enclosing the interval for N1 peak detection and dotted lines enclosing the interval for P2 peak detection.
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how surprising the occurrence of the tone was. To do so,
we used the Rescorla—Wagner model known from
reinforcement learning (Zhang, Lengersdorff, Mikus,
Glascher, & Lamm, 2020; Rescorla & Wagner, 1972), in
which the subjective value of a stimulus is updated based
on prediction errors and a specific learning rate. This
seems unusual, as participants in our task were not asked
to learn to predict whether an action would be followed by
a tone. According to accumulating evidence that our brain
continuously makes predictions concerning incoming
sensory stimuli (Clark, 2013), however, it is likely that
participants made sensory-stimuli-related predictions,
even if they were not instructed to do so. The subjective
expectancy of tone occurrence would then correspond
to the subjective reward expectancy in the reinforcement
learning model. The prediction error was calculated in
every trial as the difference between the event that
occurred and the expectancy. The event was either the
tone occurrence (coded as 1) or the omission of the
tone (coded as 0). The expectancy was initialized as 0.5
and updated each trial by adding the prediction error
weighted with the learning rate. As we did not have
any behavioral measure concerning participants’ expec-
tancy, we used fixed learning rates to update it from trial
to trial and calculate the prediction error similarly to
O’Doherty, Dayan, Friston, Critchley, and Dolan (2003).
We tested two different learning rates, a low (i.e., 0.2)
and a high (i.e., 0.7) one, corresponding to slight or
strong updating of expectancy from trial to trial (cf.
O’Doherty et al., 2003).

In an alternative approach, we calculated the expec-
tancy based on the frequency of tone occurrences in the
last 10 trials preceding the current trial. Hence, the expec-
tancy was not updated with a weighted prediction error.
The prediction error was then calculated as the difference
between the event and the expectancy.

Taken together, we had single-trial values of three
types of prediction errors: based on a low and high
learning rate, and on frequency. With this procedure,
we could test if prediction errors based on reinforce-
ment learning models are more strongly related to ERP
amplitudes following tones than prediction errors based
on frequency. Note that, because only the tone trials
were further analyzed, the possible range of the predic-
tion error value was between 0 and 1 for all statistical
analyses.

Statistical Analyses

Two independent statistical analyses were conducted. For
both analyses, we fitted mixed linear models and included
the factors tone trial type (within-subject) and group
(between-subject; performers and observers). The first
analysis aimed to examine whether a pattern of sensory
attenuation occurs in our paradigm with 50% contingency
between preceding event (action or cue) and tone. In this
analysis, the factor tone trial type consisted of three levels:

external, cue, and action (external as reference). We calcu-
lated a model with both factors with restricted maximum
likelihood and the optimizer hobyca using the package
ImerTest (Kuznetsova, Brockhoff, & Christensen, 2017).
This analysis was done separately for N1 and P2 ampli-
tudes. Random effects based on participant and electrode
were manually reduced starting from the maximal model
till the model converged, leaving random intercept and
slope for the tone conditions by participant and random
intercept by electrode for both components. Thus, the
model for N1 and P2 was: Amplitude ~ tone trial type *
group + (1 + tone trial type | participant) + (1 | elec-
trode). We then applied the ANOVA function as imple-
mented in the ImerTest package for the decomposition
of fixed-effects contributions (the effect size was calcu-
lated with the package effectsize; Ben-Shachar, Lidecke,
& Makowski, 2020) and resolved the significant interaction
effects with Bonferroni-corrected pairwise comparisons
using the package emmeans (degrees-of-freedom
method: Satterthwaite; Lenth, 2022).

In the second analysis, which was the one of main inter-
est, aiming to examine a potential modulation of N1 and P2
amplitudes by the prediction error, we considered only
conditions in which an event preceded the tone, namely,
the action and cue conditions. The factor tone trial type
thus consisted of two instead of three levels. The predic-
tion error was introduced as an additional factor, which
was standardized (taking the reference point from no
error to the mean error). We set up three models, one
for each type of prediction error. For the frequency predic-
tion error, the first 10 trials were not considered in the
analysis. We manually reduced the random effects till the
same model for each prediction error type converged,
leaving for the N1 and P2 random intercept and slopes
for the tone conditions, prediction error, and their interac-
tion by participant; random intercept and slope for the
tone conditions by electrode for the N1; and only random
intercept by electrode for the P2. The models were there-
fore: N1 Amplitude ~ tone trial type * group * prediction
error + (1 + tone trial type * prediction error | partici-
pant) + (1 + tone trial type | electrode) and P2 Amplitude
~ tone trial type * group * prediction error + (1 + tone
trial type * prediction error | participant) + (1 | elec-
trode). To determine which type of prediction error
yielded the best model fit, we compared the models of
the different prediction errors that were calculated on
the same data set (i.e., without the first 10 trials) and with
maximum likelihood instead of restricted maximum likeli-
hood (recommended by Meteyard & Davies, 2020). The
package performance (Lidecke, Ben-Shachar, Patil,
Waggoner, & Makowski, 2021) was used for the compari-
son via Bayes Factors and other performance indices (e.g.,
the Akaike information criterion). We recalculated the
best-fitting model with restricted maximum likelihood
and, for learning rate prediction errors, on the original
data set (i.e., including the first 10 trials). As before, we
then calculated an ANOVA and resolved significant
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interaction effects by calculating pairwise comparisons or
separate models.

RESULTS

Sensory Attenuation with 50% Contingency

Figure 3 displays the averaged ERPs. For the N1, the main
effect of Tone Trial Type was significant, F(2, 71.2) =
11.41,p <001, 7> = .24. Amplitudes for action tones were
significantly reduced compared with external tones, but
not compared with cue tones, whereas amplitudes for
cue tones and external tones did not differ significantly
(see Figure 4 for descriptive statistics and statistical
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indices). The main effect of Group, F(1, 71.0) = 0.18,
p=.67, nrz) < .01, and the interaction of Tone Trial Type
and Group, F(2, 71.2) = 0.64, p = .53, v} = .02, were
not significant.

For the P2, all effects were significant. The main effect of
Tone Trial Type, F(2,71.2) = 44.61,p < .001, n = .56, and
the main effect of Group, £(1,71.0) = 10.82, p = .002, 1 =
.13, were further moderated by a significant interaction,
F(2,71.2) = 7.80, p < .001, n?, = .18, which was resolved
by separate pairwise comparisons for the groups. As can
be seen in Figure 4, which shows descriptive statistics
and statistical indices, amplitudes for cue tones were
attenuated compared with external tones in both groups.
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— Performer Cue 44

— Performer External

P2 at FCz

Observer Action
-—- Observer Cue

-—- Observer External -4 4

-200 0
121 121
FC3

200 400 600

FC4

400 600  -200 0

-8
-200 0

T g -8 T T 1
200 400 600  -200 0 200 400 600

Amplitude (uV)

N1 at FCz 200 0

Time (msec)

200 400 600

Figure 3. Averaged ERPs. The displayed ERPs were averaged across trials and participants for each group, condition, and electrode. For the action
and cue conditions, condition refers to the difference of tone single-trial ERPs and averaged no-tone ERPs. Because these are averages across
participants, the ERPs do not directly correspond to our statistical analyses of the N1 and P2 amplitudes, for which the latencies for amplitude

extraction were determined by participant averages.
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In performers, amplitudes for action tones were not atten-
uated but rather comparable to those for external tones
and even enhanced relative to cue tones. In observers,
in turn, action tones elicited comparable amplitudes as
cue tones and attenuated amplitudes relative to external
tones.

Prediction Error Modulation

For the N1, the best-fitting model was provided by the pre-
diction error calculation based on the low learning rate
(see Table 1). For this model, the main effects of Tone Trial
Type (including only action and cue), F(1, 68.9) = 5.01,p =
028, nf; = .07, and of Prediction Error, F(1, 70.5) = 38.79,
P < .001, 'nfj = .36, were significant. More importantly, the
Tone Trial Type, Prediction Error, and Group interaction
was significant, F(1, 69.3) = 6.68,p = 012, n;j = .09, whereas
no other effects were, all p > .064. We resolved the inter-
action by calculating separate models (see Table 2 for
fixed effects and model performance indices of all

subsequent models) for performers and observers includ-
ing the same random effects as before: Amplitude ~ tone
trial type * prediction error + (1 + tone trial type * predic-
tion error | participant) + (1 4 tone trial type | electrode).
In the performer group, all effects were significant, Tone
Trial Type: F(1,34.6) = 4.49, p = .041, né = .11; Prediction
Error: F(1, 34.8) = 22.83, p < .001, fr]ﬁ = 40; interaction:
F(1,33.3) = 9.67,p = .004, v = .23, and separate models
for the tone trial types were calculated including only
random intercept and slope for prediction error by partic-
ipant and random intercept by electrode: Amplitude ~
prediction error + (1 + prediction error | participant) +
(1 | electrode). Although amplitudes for both action and
cue tones were significantly modulated by prediction
error in that higher prediction errors coincided with larger
(i.e., more negative) N1 amplitudes, this was stronger for
action tones (see Figure 5). For observers, only the Predic-
tion Error main effect was significant, F(1, 35.6) = 16.87,
P < .001, né = .32 (Tone Trial Type and interaction p >
.27), and thus amplitudes for action and cue tones were
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Table 1. Prediction Error Mixed Linear Models Summaries and Comparison

N1 P2

LLR HIR FQ LLR HILR FQ
Fixed effects:
Intercept —06.428 —0.455 —06.454 6.130 6.133 6.128
TTT action 1.176 1.196 1.196 4.590 4.644 4.591
PE —0.638 —0.716 —0.446 0.993 1.136 0.767
Group obs 0.702 0.728 0.732 —0.810 —0.826 —0.829
TTT action : PE —-0.771 —0.411 —0.699 1.233 1.226 1.052
TTT action : Group obs —0.474 —0.474 —0.494 —4.061 —4.084 —4.030
PE : Group obs 0.019 0.090 0.127 —0.366 —0.295 —0.388
TTT action : PE : Group obs 0.761 0.521 0.538 —1.123 —0.996 —0.952
AIC 3.094e+5 3.096e+5 3.097e+5 3.224e+5 3.221e+5 3.228¢+5
BIC 3.096e+5 3.098¢+5 3.099¢+5 3.220e+5 3.223¢+5 3.230e+5
Cond. R2 0.157 0.151 0.150 0.216 0.219 0.208
Marg. R2 0.013 0.011 0.008 0.051 0.055 0.044
ICC 0.147 0.142 0.143 0.174 0.174 0.171
BF comparison to LLR 1.22e—48 1.41e—76 7.03e+60 4.20e—98

To analyze the potential prediction error (PE) modulation, mixed linear models with tone trial type (TTT; cue and action), PE, and group (performers
and observers [obs]) were specified. They were calculated with each type of PE (low learning rate [LLR], high learning rate [HLR], and frequency
[FQ]) for the N1 and P2 amplitudes on the same data set for the comparison (i.e., without the first 10 trials excluded for the FQ PE). Specifically, the
models were: N1 Amplitude ~ TTT # group * PE + (1 4+ TTT * PE | participant) + (TTT | electrode) and P2 Amplitude ~ TTT * group * PE + (1 +

W,

* PE | participant) + (1 | electrode). The “*" includes all interactions and main effects; the " refers only to the specified interaction. The
number of data points for each model was 43190. AIC = Akaike information criterion; BF = Bayes Factor; BIC = Bayesian information criterion;
Cond. = Conditional; ICC = intraclass correlation coefficient; Marg. = Marginal.

Table 2. Model Summaries for Interaction Resolutions

Fixed Effects Estimate SE df i 2
NI
Performer Intercept —0.395 0.462 35.0 —13.83 <.001
TTT action 1.216 0.574 34.6 2.12 041
PE —0.630 0.220 32.9 —2.87 007
TTT : PE —0.762 0.245 333 =3.11 .004
Action Intercept -5.175 0.554 36.3 —9.34 <.001
PE —1.393 0.268 34.4 —5.20 <.001
Cue Intercept —0.397 0.463 35.1 —13.82 <.001
PE —0.643 0.224 31.7 —2.88 .007
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Fixed Effects Estimate SE df t p
Observer Intercept —5.715 0.744 375 —7.68 <.001
TTT action 0.728 0.659 36.1 1.10 277
PE —0.694 0.164 45.5 —4.23 <.001
TIT : PE 0.120 0.113 22937.0 1.07 .287
P2
Performer Intercept 0.040 0.710 20.8 8.50 <.001
TT'T action 4.961 0.934 35.1 5.31 <.001
PE 1.180 0.226 35.1 521 <.001
TTI: PE 1.312 0.455 as:l 2.88 007
Action Intercept 11.001 1.185 32.5 9.28 <.001
PE 2.492 0.369 34.9 6.75 <.001
Cue Intercept 6.041 0.633 32.1 9.55 <.001
PE 1.179 0.227 35.1 5.20 <.001
Observer Intercept 5.281 0.747 31.6 7.07 <.001
TTT action 0.589 0.557 30.1 1.06 208
PE 0.875 0.242 557 3.62 <.001
TTT:: PE 0.228 0.260 353 0.88 386
R2
AlC BIC Cond. Marg. cc
NI
Performer 1.654e+5 1.656e+5 0.134 0.018 0.119
Action 8.388e+4 8.393e+4 0.161 0.022 0.142
Cue 8.157e+4 8.162e+4 0.099 0.005 0.094
Observer L.647e+5 1.648e+5 0.176 0.006 0.171
72
Performer 1.735e+5 1.736e+5 0.262 0.066 0.210
Action 8.901e+4 8.966e+4 0.289 0.036 0.263
Cue 8.364e+4 8.369e+4 0.134 0.013 0.123
Observer 1.704e+5 1.705e+5 0.139 0.010 0.131

To resolve the three-way interactions for the N1 model (PE based on LLR) and the P2 model (PE based on HLR), separate mixed linear models were
calculated for performers and observers. For both, the TTT (cue and action) and PE interaction was significant in the performer group, and separate
models for the TTTs were calculated. The “:” refers only to the specified interaction. Number of data points were 22,965 for the performer group,
11,640 for performer-action, 11,325 for performer-cue, and 23,135 for the observer group. AIC = Akaike information criterion; BIC = Bayesian
information criterion; Cond. = Conditional; ICC = intraclass correlation coefficient; Marg. = Marginal.
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Figure 5. N1 amplitudes and prediction error. The prediction error
calculated based on the reinforcement model with the low learning rate
was analyzed for the N1. To resolve the three-way interaction, separate
mixed linear models were calculated for performers and observers. The
tone trial type (action and cue) and prediction error interaction was
significant for performers but not for observers. Therefore, the
prediction error effect was calculated separately for action and cue
tones only for performers. The fixed effect estimates (Est.) of the
respective main effect of prediction error are added. The depicted lines
may vary slightly from the modeled effects because random effects were
not considered.

similarly related to the prediction error (see Figure 5).
Again, higher prediction errors led to larger (i.e., more
negative) N1 amplitudes.

For the P2, the best-fitting model was reached with the
prediction error calculation based on the high learning
rate (see Table 1 for the comparison). All main effects,
Tone Trial Type: F(1, 71.2) = 26.39, p < .001, np = .27,
Prediction Error: F(1, 71.3) = 111.91, p < .001, 2 = .61;
Group: F(1, 71.1) = 12.03, p < .001, 0% = .14; and interac-
tions, Tone Trial Type and Prediction Error: £(1, 71.0) =
8.71, p = .004, v = .11; Tone Trial Type and Group:
F(1,71.2) = 1631, p < .001, n = .19; Prediction Error
and Group: F(1, 71.3) = 10.15, p = .002, nj = .12, were
significant, the three-way interaction being of particular
interest, F(1,71.0) = 4.38, p = .040, n; = .06. As for the
N1, we calculated separate models (see Table 2 for fixed
effects and model performance indices of all subsequent
maodels) for performers and observers including the same
random effects: Amplitude ~ tone trial type * prediction
error + (1 + tone trial type * prediction error | partici-
pant) + (1 | electrode). For performers, all effects were
significant, tone trial type: F(1, 35.1) = 28.23, p < .001,
nf, = 45; prediction error: F(1, 35.3) = 79.99, p < .001,
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Figure 6. P2 amplitudes and prediction error. The prediction error
calculated based on the reinforcement model with a high learning rate
was analyzed for the P2. To resolve the three-way interaction, separate
mixed linear models were calculated for performers and observers. The
tone trial type (action and cue) and prediction error interaction was
significant for performers but not for observers. Therefore, the
prediction error effect was calculated separately for action and cue
tones only for performers. The fixed effect estimates (Est.) of the
respective main effect of prediction error are added. The depicted lines
may vary slightly from the modeled effects because random effects were
not considered.

ﬂ; = .069; interaction: F(1, 35.1) = 8.32, p = .007, ni =
.19, and separate models for the tone trial types were calcu-
lated, now including only random intercept and slope for
prediction error by participant and random intercept by
electrode: Amplitude ~ prediction error + (1 + prediction
error | participant) + (1 | electrode). Again, amplitudes for
action tones were more strongly related to prediction errors
than those for cue tones (see Figure 6) and higher predic-
tion errors led to larger (i.e., more positive) amplitudes.
The same pattern as for the N1 was also evident for the
observer group, in that only the prediction error main effect
was significant, F(1, 35.8) = 33.52, p < .001, n; = .48 (all
other p > .29), and amplitudes for action and cue tones
were larger with higher prediction errors (see Figure 6).

DISCUSSION

In this study, we first investigated the attenuation of N1
and P2 amplitudes in a 50%-contingency paradigm for
action performance and action observation, considering
also effects of temporal predictability via visually cued
external tones. Then, in our analysis of main interest, we
examined the effects of expectancy on the attenuation of
N1 and P2 amplitudes by analyzing the modulation of
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single-trial amplitudes by the prediction error. We found
significant N1 attenuation relative to uncued external
tones only for action tones (i.e., generated by a performed
or an observed action) but not for cued tones. For the P2,
the performers showed (late) amplitudes for action tones
that were not attenuated compared with uncued tones.
However, we found P2 attenuation compared with uncued
tones for tones generated by an observed action and for
cued tones. Interestingly, despite the differences in N1
and P2 amplitude attenuation results, the pattern of results
for the modulation-by-prediction error was the same.
Higher prediction errors were significantly related to
higher amplitudes. This effect was stronger for tones fol-
lowing actions than for tones that were cued by a visual
stimulus, but only when actions were self-performed.

The N1 Component

We replicated the common finding of attenuated N1
amplitudes of self-generated tones compared with uncued
external tones (Horvdth, 2015; Schafer & Marcus, 1973)
even with only a 50% contingency (Seidel et al., 2021;
Timm et al., 2013), and further found no significant differ-
ence between N1 amplitudes of tones generated by self-
performed and observed actions. This is in line with
previous observation studies on sensory attenuation apply-
ing a delay between observed action and tone (Egan, Ghio, &
Bellebaum, 2023; Ghio et al., 2017), similar to the present
study. This could imply action-specific processes underly-
ing the N1 attenuation that apply for an action perfor-
mance as well as observation (Wolpert et al., 2003).
However, temporal predictability remains an important
factor as self-performed actions allow for a highly reliable
temporal prediction of the outcome (if the temporal rela-
tionship of action and outcome is fixed) and we ensured
temporal predictability of the observed actions’ outcome
via the action-outcome delay of 300 msec. In an observa-
tion study without an action-outcome delay, for instance,
there was no N1 attenuation for observers (Ghio et al,,
2021). To account for the effect of temporal predictability
in this study, we included external tones that were visually
cued. The N1 amplitudes in the cue condition were not
reduced compared with those of external tones, which
might suggest that N1 attenuation is indeed action spe-
cific, as previous studies showed (e.g., Klaffehn et al.,
2019). However, we cannot draw firm conclusions as the
N1 amplitudes in the cue condition also did not differ sig-
nificantly from the amplitudes in the action condition, in
line with studies providing evidence that N1 attenuation is
not action specific but rather reflects more general predic-
tion mechanisms (Egan et al., 2023; Harrison et al., 2021;
Kaiser & Schiitz-Bosbach, 2018).

Interestingly, we found a significant modulation-by-
prediction error for action-generated (self-performed
and observed) and cued tones: The more expected the
tones, the smaller the N1 amplitudes, which is in line with
findings for deviant tones (Knolle et al., 2013b). However,

there are differences between deviant tones in previous
studies and the unexpected tones in our study to consider.
Altering the tone identity in a small percentage of the trials
enabled the participants to form precise predictions, mak-
ing the deviant tones mispredicted rather than unpre-
dicted tones (Hsu, Himildinen, & Waszak, 2018). For such
mispredicted tones, sensory attenuation for action-
generated versus external tones was still observed (Knolle
etal., 2013b), although the tone likely elicited a larger pre-
diction error than the more frequently presented standard
tone. Yet, because the predictions in deviant-tone studies
refer to tone identity, that is, to the “what dimension” in
stimulus prediction, the results cannot directly be com-
pared with the results of the present study, which dealt
with predictions concerning “whether” a stimulus would
OCcur or not.

Still, the significant modulation-by-prediction error for
both action-generated and cued tones indicates that pre-
dictive mechanisms influenced the N1 amplitudes (Dogge
etal., 2019; Horvith, 2015) and participants likely formed
predictions regarding the occurrence of the tone on each
trial. Furthermore, the significant three-way interaction
revealed a stronger prediction-error effect for self-
generated tones. This is in contrast to our N1 attenuation
results showing no difference between action perfor-
mance and observation but would be in line with the
proposed action-performance specificity in deviant pro-
cessing (Knolle et al., 2013b, 2019). The stronger effect
for self-generation might be because of the higher reli-
ability and specificity of the prediction or the greater
saliency for fine-tuning the predictive mechanisms
regarding one’s own actions (Knolle et al., 2013b). This
finding might support the internal forward models and
the dependency on motor-related processes (i.e., the
efference copy) in forming the predictions (Wolpert &
Flanagan, 2001).

For the analyses of the effects of variable expectancies
from trial to trial on sensory attenuation, we considered
three types of prediction errors and found the best fitting
for the N1 to be the prediction error based on a reinforce-
ment learning model with a low learning rate, as opposed
to one based on a high learning rate or on the statistics of
tone occurrences. Although they were notinstructed to do
50, participants may have predicted the tone occurrence
after their action and updated their expectancy similarly
as they would to learn response-outcome contingencies
to maximize the reward. This would support the notion
of a general underlying computation of prediction errors
across different domains (Sutton & Barto, 2018; den
Ouden et al., 2012) and would be in line with error-driven
learning accounts for many different types of associations
including those involved in language acquisition (Nixon,
2020). According to these accounts, reinforcement
learning mechanisms require a cue-outcome structure.
In our experimental paradigm, the (observed) action or
the visual stimulus (i.e., blue circle) provided the cue,
based on which the outcome (i.e., tone) could be pre-
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dicted with varying certainty from trial to trial. Studies
from the language domain showed that the successful
prediction of a new word from context recruits the stria-
tum to a similar extent as the processing of rewards
(Ripollés et al., 2014). Along similar lines, striatal activa-
tions reflect trial by trial predictions derived from a
reinforcement learning model in learning syntactic struc-
tures (Orpella, Mas-Herrero, Ripollés, Marco-Pallarés, &
de Diego-Balaguer, 2021). These findings suggest that
the processing of fulfilled and not-fulfilled predictions
recruits neural structures of the reward system, even if
no explicit rewards are involved, which may also underly
the N1 and P2 amplitude modulations by prediction
errors derived from a reinforcement learning model.
Whether and to what extent structures of the reward
system are recruited in predicting sensory outcomes
needs to be addressed in future studies.

The stronger prediction error effect for tones following
own actions than for tones following observed actions and
cued tones can also be interpreted in the reinforcement
learning framework: It has been shown that reward predic-
tion error representations in relevant brain areas, such as
the striatum and cerebellum, are stronger for rewards fol-
lowing own than observed actions (Kobza & Bellebaum,
2015; Bellebaum et al., 2012). The low learning rate led
to a slight expectancy increase or decrease from trial to
trial, as is typical for nondeclarative learning including
feedback learning (Shohamy, Myers, Kalanithi, & Gluck,
2008). The slow change might reflect that the N1, as an
early ERP component, is related to more automatic tone
processing (e.g., Knolle, Schroger, & Kotz, 20132).

As a first note of caution, it has to be mentioned, how-
ever, that the prediction error calculation was based on
arbitrarily fixed learning rates across all participants, as
we did not have a behavioral measure reflecting the actual
updating of participants’ predictions. Although a similar
procedure has been applied for the modeling of learning
in a classical conditioning task (O'Doherty et al., 2003),
this limits the interpretation of our finding. Furthermore,
it should be noted that the N1 has been shown to be
affected by intertone intervals, with shorter intervals lead-
ing to smaller amplitudes (Sanmiguel, Todd, & Schroger,
2013), and that in our prediction error calculation, this is
invariably contained as, for example, the omission of tones
will lead to less expectancy and to longer intertone inter-
vals. Indeed, all our prediction error types correlated sig-
nificantly with the intertone intervals (all p < .001).
Although this may explain the prediction error main effect,
it cannot explain the stronger prediction error modulation
of N1 amplitudes for self-generated tones. Taken together,
our results imply that different underlying processes may
lead to similar overall attenuation patterns. The specifically
strong modulation by the prediction error for tones
following own actions resembles findings from reinforce-
ment learning where (reward) outcomes of own actions
are also processed differently compared with outcomes
not following own actions (Kobza & Bellebaum, 2015;
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Bellebaum et al., 2012; Bellebaum, Kobza, Thicle, &
Daum, 2010; Yeung, Holrovd, & Cohen, 2005).

The P2 Component

For the P2, we found attenuation for temporally predict-
able tones by cueing or action observation via picture
sequence compared with uncued external tones. Thus, it
seems that action observation provides no motor-related
advantage over any other visual cueing in the attenuation
of the P2 amplitude. Regarding the attenuation for action
observation, our results are in line with previous studies
using a picture sequence (Seidel et al., 2023; Ghio et al,,
2017), and studies using live action observation (Egan
et al., 2023; Ghio et al., 2021). However, Egan and
colleagues (2023) included a cue condition and, although
finding P2 attenuation for cued compared with uncued
external tones, the attenuation was stronger for tones gen-
erated by the other participant (i.e., action observation),
whereas Harrison and colleagues (2021), for instance,
did not find P2 attenuation for cued external tones at all.
Given the significant difference in P2 amplitudes between
action performance and observation in the previous
picture-sequence-observation study (Ghio et al., 2017)
and the lack of one in the previous live-observation studies
(Egan et al., 2023; Ghio et al., 2021), we assume that the
setting of the action observation (live or via picture
sequence) may affect the underlying processes.

For action performance (i.e., self-generation), how-
ever, we found late and unattenuated P2 amplitudes,
similar to Seidel and colleagues (2021), who also applied
a paradigm with the action-tone contingency reduced to
50%. Whereas the temporal onset of tones was at least as
predictable as in the cue and observation conditions, the
P2 has also been related to sense or judgment of agency
(Timm, Schonwiesner, Schroger, & SanMiguel, 2016)
and the belief in contingency (Seidel et al., 2021).
Although we did not acquire agency judgments, it is pos-
sible that through the randomness of the occurrence of
the sensory outcome, participants felt less agency for the
tone and so the P2 was not attenuated. Alternatively, as
Seidel and colleagues (2021) discussed, there could be a
P3 overlay causing the increased latencies and ampli-
tudes. A later positivity (i.e., P3 or P3a) has been
reported for infrequent tones and interpreted in terms
of attention orientation to the tone (Knolle et al,,
2013a, 2013b). The uncertainty of the outcome occur-
rence might thus have led to increased attention to it
(similar to the attention afforded to an unpredictable
external tone) but only selectively for own action out-
comes, perhaps because of the greater saliency for one-
self (Knolle et al., 2013b).

Despite the different pattern of results in the attenua-
tion analysis for the N1 and P2, we found comparable
prediction error effects on P2 amplitudes as on the N1
amplitudes. The more expected the tone, the smaller
the P2 amplitudes, as was found by Han and colleagues
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(2022), and this effect was stronger in action performance.
However, we found that, rather than a reinforcement
learning model with a low learning rate as for the N1, a
model with a high learning rate (i.e., greater impact of
prediction errors on subsequent expectancies) fitted the
data best. Hence, we found no clear dissociation of the
components with regard to the prediction error effects
but yet an indication that the processes reflected by the
N1 and P2 differ, like many studies investigating sensory
attenuation have reported (e.g., Knolle et al., 2013a). Pre-
vious studies that described differences in the N1 and the
P2 patterns suggested a more conscious process underly-
ing the P2 attenuation, such as a judgment of agency
(Timm et al., 2016). Considering the reduction of P2
amplitudes when the contingency was merely believed
to be higher (Seidel et al., 2021), the prediction error
effect on the P2 might similarly reflect the trial-by-trial
updating of the believed contingency. However, we did
not acquire contingency estimates or expectancy ratings
from the participants, nor did we apply a paradigm that
allowed for data-driven estimation of the learning rate.
The better model fit for the high learning rate might be
an indication, however, for a more conscious subjective
expectancy influencing the P2 because the most recent
experience is taken more strongly into account.

Limitations and Qutlook

The fixed learning rates in the prediction error calcula-
tion may be considered a limitation of this study. We can-
not account for interindividual differences or differences
between conditions in the learning rate, and so the
results of the prediction-error model comparisons
should not be overinterpreted. A paradigm combining
the tone-generation paradigm from sensory-attenuation
studies and a forced-choice paradigm from reinforce-
ment learning could be applied in a follow-up study to
validate our results. Further manipulations regarding
the prediction strength could be done, such as increas-
ing the contingency or altering the tone identity to inves-
tigate misprediction (Hsu et al., 2018; Knolle et al.,
2013b). In addition, the paradigm could be adapted to
disentangle effects of attention for the uncertain action
outcomes. One possibility for this is manipulating the
task (ir)relevance of the tones, in general (Timm et al.,
2013) or specifically for tones generated by another per-
son, for example, by implementing a joint action setting
(Loehr, 2022).

Conclusion

In this study, we explored the effect of trial-by-trial varying
expectancies of the action outcome occurrence, reflected
in the prediction error, on sensory attenuation, reflected
in N1 and P2 amplitudes, in a paradigm with a 50% contin-
gency between a tone and its preceding event. We
acquired two groups of participants: one performing the

eliciting action themselves and one observing a picture
sequence of the action on screen. We compared N1 and
P2 amplitudes of these action-generated tones to those
of externally generated tones that were either visually
cued (i.e., temporally predictable) or not. For both com-
ponents, a prediction error based on a reinforcement
learning model fitted the data better than the prediction
error based on the statistics of occurrence in the most
recent trials. Higher prediction errors led to larger N1
and P2 amplitudes, and this effect was strongest for self-
generated tones. Such a potentially motor-dependent
effect specific to action performance was not evident in
the attenuation results, and shows that, although temporal
predictability plays a role in the sensory attenuation effect,
so do motor-related factors.
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7 Appendix B: Supplementary Materials

For the published article of Study 1, a supplementary file is available online, depicting
event-related potentials and pairwise comparisons. It is included in the following pages.

For the published article of Study 3, a public repository is available via the Open Science
Framework (OSF). It includes files for running the experiment and files documenting
the data processing and visualisation. The statistical analyses are reproducible as the
data file, analysis output files, and the files for conducting the statistical analysis are
also available. The link to the OSF repository is provided in the article.

For the submitted manuscript of Study 2, an OSF repository was prepared as well. It
includes more extensive documentation overall. The experimental stimuli and the files
for their creation are uploaded. All aspects of the data analyses conducted in the study
are reproducible, as the repository contains the anonymised raw data files, files
documenting and files for conducting all steps of data processing, statistical analysis,
and visualisation. This OSF repository will also be made publicly available.
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Figure Al

Motor and Visual Correction, ERPs of the Midline Electrodes, and Individual ERPs
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Note. For all depicted event-related Potentials (ERPs) the intervals used to calculate mean N1 and P2
amplitudes are marked by dashed lines. (A) The averaged ERPs at FCz are displayed for the

respective auditory blocks (auditory-motor [performed or observed] and auditory-visual), correction
blocks (motor-only and visual-only), and the difference waves that are the conditions self, other and
cued. Additionally, the areas between minimal and maximal participant amplitudes are coloured. (B)
The averaged ERPs of the midline electrodes are presented with colour-coded amplitudes (in uV). (C)
The averaged ERPs of the conditions at FCz are displayed with the individual ERPs of the participants.
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Figure A2

Visualisation of the Tone Trial Type Effect
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