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Abstract

Actions modulate sensory processing by attenuating responses to self- compared
to externally generated inputs, which is traditionally attributed to stimulus-
specific motor predictions. Yet, suppression has been also found for stimuli
merely coinciding with actions, pointing to unspecific processes that may be
driven by neuromodulatory systems. Meanwhile, the differential processing for
self-generated stimuli raises the possibility of producing effects also on memory
for these stimuli; however, evidence remains mixed as to the direction of the ef-
fects. Here, we assessed the effects of actions on sensory processing and memory
encoding of concomitant, but unpredictable sounds, using a combination of self-
generation and memory recognition task concurrently with EEG and pupil re-
cordings. At encoding, subjects performed button presses that half of the time
generated a sound (motor-auditory; MA) and listened to passively presented
sounds (auditory-only; A). At retrieval, two sounds were presented and par-
ticipants had to respond which one was present before. We measured memory
bias and memory performance by having sequences where either both or only
one of the test sounds were presented at encoding, respectively. Results showed
worse memory performance — but no differences in memory bias -, attenuated
responses, and larger pupil diameter for MA compared to A sounds. Critically,
the larger the sensory attenuation and pupil diameter, the worse the memory
performance for MA sounds. Nevertheless, sensory attenuation did not correlate
with pupil dilation. Collectively, our findings suggest that sensory attenuation
and neuromodulatory processes coexist during actions, and both relate to dis-
rupted memory for concurrent, albeit unpredictable sounds.
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1 | INTRODUCTION

Forming predictions about upcoming events in the envi-
ronment is crucial for all behaving organisms. A critical
instance of such predictive processing is our ability to
anticipate the sensory consequences of our own actions,
which is essential for building a sense of self and shapes
our perception of sense of agency (Gallagher, 2000).
Although predictions have been suggested to facilitate
perceptual processing in the wider sensory literature,
in the action literature most studies report that the pro-
cessing of predicted self-produced stimuli is attenuated
(Press et al., 2020; Schroger et al., 2015), with only a few
exceptions showing the opposite effect (e.g., Eliades &
Wang, 2003; Reznik et al., 2014). Thus, several lines of
research have shown that actions suppress the process-
ing of the self-generated reafferent input (so-called self-
generation effect) in a wide range of species (Chagnaud
et al, 2015; Kelley & Bass, 2010; Kim et al., 2015;
Requarth & Sawtell, 2011; Roy & Cullen, 2001; Schneider
et al., 2014) and irrespective of sensory modality (audi-
tory; Baess et al., 2011; Horvath, 2013a; Horvath, 2013b;
Klaffehn et al., 2019; Martikainen et al., 2004; Mifsud &
Whitford, 2017; SanMiguel et al., 2013; Saupe et al., 2013;
Schafer & Marcus, 1973; Timm et al., 2013, visual; Hughes
& Waszak, 2011; Mifsud et al., 2018; Roussel et al., 2013,
2014, and tactile; Blakemore et al., 1998; Hesse et al., 2010;
Kilteni et al., 2020). Nevertheless, the exact mechanisms
underlying the suppression of sensory responses to self-
initiated stimuli is still a matter of debate (for reviews see
Horvath, 2015; Hughes et al., 2013; Schroger et al., 2015).
Interestingly, beyond modulating sensory responses, self-
generation also appears to have consequences for mem-
ory encoding. The so-called “production effect” (Brown &
Palmer, 2012; MacDonald & MacLeod, 1998) refers to mem-
ory benefits reported for stimuli that are self-generated in
a predictive context; f example, it is easier to remember a
piano melody that was learnt by playing versus listening
to it (Brown & Palmer, 2012). Nevertheless, the bulk of the
evidence for the production effect on memory comes from
behavioral studies, and thus the underlying neurophysio-
logical mechanisms remain largely unexplored. Crucially,
given that memory relies on the sensory representation
(e.g., Nyberg et al., 2000; Wheeler et al., 2000), the produc-
tion effect could be a direct consequence of the differential
sensory processing of self-initiated stimulation. However,
to date, the possible relationship between the effects of
self-initiation on sensory processing and memory has not
been investigated. Here we sought out to bridge the gap be-
tween these two different research lines that have evolved
separately over the last decades, aiming to identify the
possibly shared neurophysiological mechanisms involved
in each of these effects, focusing on the auditory modality.

RIGHTSE LI MN iy

In the following paragraphs, we summarize findings that
have inspired the present work, in an attempt to highlight
the need of examining in detail the processes driving the
self-generation effects and their possible links with the en-
coding of self-generated stimulation in memory.

1.1 | Sensory processing of self-
initiated stimuli

To date, most studies assessing the effects of actions on
sensory processing, have attributed the attenuation effects
to a predictive mechanism that predicts the sensory con-
sequences of our actions (e.g., Bays et al., 2006; Blakemore
et al., 1998; Martikainen et al., 2004). This view was in-
spired to a great extent by classic physiology research
and the reafference principle (Sperry, 1950; von Holst &
Mittelstaedt, 1950), and later by motor control theories
that have further refined this idea by suggesting that sen-
sory attenuation is an integral part of our motor abilities
(Miall & Wolpert, 1996; Wolpert et al., 1995). This line of
work was the first to point to the involvement of forward
and inverse models in sensorimotor behavior: The former
estimate the future state of the system by comparing the
predicted to the actual sensory consequences of the action,
while the latter allow the system to estimate a motor plan
(and its associated motor commands) so as to achieve a
desired state (Miall & Wolpert, 1996; Wolpert et al., 1995).
Especially forward models have been at the core of the
dominant cancellation account that has been widely used
to explain the self-generation effects (also known as the
comparator model; Blakemore etal., 1998; Frith et al., 2000;
Wolpert & Flanagan, 2001). According to this account, the
suppression effects result from the operation of a forward
model that generates stimulus-specific prediction signals
before or during an action and sends them from the motor
to the corresponding sensory cortices (Sperry, 1950; von
Holst & Mittelstaedt, 1950). These motor-induced predic-
tions of sensory reafference (i.e., corollary discharge) are
compared to the sensory input generated by one's actions,
and only the difference between the two (i.e., prediction
error) is sent to higher stages of the neuronal hierarchy
for further processing, ultimately suppressing the process-
ing of the anticipated event in order to prioritize the most
informative unexpected inputs (Friston, 2005). An impor-
tant implication of the cancellation model is that the ef-
fects should be specific to the predicted stimulus, and thus
mediated by sensory-specific areas (i.e., the effect should
reflect attenuation of the predicted stimulus' representa-
tion in the sensory-specific areas).

In fact, there is mounting evidence showing that the
attenuation effects for self-generated stimuli are (at least
partly) stimulus-specific (Aliu et al., 2009; Fu et al., 2006;
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Hashimoto & Sakai, 2003; Heinks-Maldonado et al., 2005;
Houde et al.,, 2002; Martikainen et al.,, 2004; Ott &
Jéncke, 2013). Most studies supporting the specificity of the
effects have employed the contingent self-generation para-
digm, where neural responses to sounds generated by the
participants in a fully predictable fashion are compared to
the responses elicited by externally generated sounds (e.g.,
Baess et al., 2009, 2011; Martikainen et al., 2004; Mifsud
& Whitford, 2017) and have shown attenuated auditory
N1 and P2 event-related potential (ERP) amplitudes (for a
review see Schrdger et al., 2015). Crucially, suppression is
larger when the match between predicted and actual sen-
sory input is more precise (Baess et al., 2008; Fu et al., 2006;
Hashimoto & Sakai, 2003; Heinks-Maldonado et al., 2005;
Houde et al., 2002), and it is suggested to occur within
the auditory cortex (Aliu et al., 2009; Flinker et al., 2010;
Martikainen et al., 2004), providing further support to the
stimulus-specificity of the effects.

However, additional, stimulus-unspecific processes are
also known to modulate sensory and perceptual responses
during actions (Korka et al., 2021; Press et al., 2020; Press
& Cook, 2015; Schroger et al., 2015). For example, there
is evidence for generalized unspecific attenuation during
movements (e.g., saccadic suppression and somatosensory
gating, Chapman et al., 1987; Cohen & Starr, 1987; Crapse &
Sommer, 2008; Ross et al., 2001; Williams & Chapman, 2000,
2002; Williams et al., 1998), which suggests that during ac-
tions the system might expect some action-related conse-
quence, without necessarily generating a specific sensory
prediction regarding the effect of the motor act. Supporting
evidence to this idea comes also from studies showing sup-
pression of responses when the stimulus merely coincides
with an action (Hazemann et al., 1975; Horvath, 2013a,
2013b; Horvath et al., 2012; Makeig et al., 1996; Tapia
et al., 1987), that is in the absence of a predictive relation-
ship between action and stimulus. A recent study further
examined the specificity of the attenuation effects, by as-
sessing whether the self-generation effects (measured as au-
ditory N1 attenuation) reflect a genuine modulation within
the auditory cortex (SanMiguel et al., 2013). Based on evi-
dence showing that the N1 response reflects the overlap of
et al. (2013) assumed that if the attenuation effects reflect
stimulus-specific prediction mechanisms, then the effects
should be observable in the sensory-specific components,
namely the N1 at the mastoids (i.e., generated by tangen-
tially oriented sources in the auditory cortex) and the “T
complex” (i.e., the first and second negative peaks, known
as Na and Tb, identified on anterior temporal sites, and
generated by radial sources in the superior temporal gyrus;
Tonnquist-Uhlen et al., 2003; Wolpaw & Penry, 1975).
However, they showed that sensory attenuation mainly
reflects the modulation of the unspecific N1 component,
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which is suggested to be the cortical projection of a reticular
process facilitating motor activity, related to the orienting
response (Nditinen & Picton, 1987). In contrast, they could
not find a clear attenuation of the specific N1 components
(cf. Horvath et al., 2012; Timm et al., 2013). Collectively,
the findings reviewed this far point to a complex picture of
possibly coexisting specific and unspecific effects of actions
on sensory responses and suggest that the effects cannot be
fully attributed to stimulus-specific prediction mechanisms.

As we have seen so far, converging evidence suggests
that stimulus-unspecific processes might partly drive the
sensory attenuation effects, thereby raising the need to
identify the mechanism driving the unspecific attenuation
during movement. One intriguing possibility is that the
suppression effects may be mediated by a halo of neuro-
modulation surrounding actions, which would unspecif-
ically gate auditory processing for stimuli presented close
in time with the motor act. Neuromodulatory influences
on the action-induced suppression effects seem plausible
considering that rodent studies show that actions trig-
ger a cascade of neuromodulatory processes (Eggermann
et al., 2014; McGinley et al., 2015; Vinck et al., 2015), and
that motor and neuromodulatory inputs overlap in au-
ditory areas during movement (Nelson & Mooney, 2016;
for a review see Schneider & Mooney, 2018). A possible
candidate for creating a halo of neuromodulation that
could mediate unspecific effects during movement could
be the locus coeruleus norepinephrine system (LC-NE).
This possibility has received substantial support recently,
mainly by data showing a close association between pupil
diameter - a proxy of LC-NE activity — (Aston-Jones &
Cohen, 2005; Joshi et al., 2016; Murphy et al., 2014; Vinck
et al., 2015) and actions in rodents (Lee & Margolis, 2016;
McGinley et al., 2015; Vinck et al., 2015), monkeys (Bornert
& Bouret, 2021), and humans (Lubinus et al., 2021; Yebra
et al., 2019). However, to the best of our knowledge, there
have been no attempts to test for possible links between sen-
sory attenuation for self-generated sounds and neuromod-
ulation (i.e., as reflected in pupil diameter) during actions.

1.2 | Memory encoding of self-
initiated stimuli

Meanwhile, actions might also affect other high-level
processes beyond the immediate sensory processing.
Strikingly, despite the mounting evidence pointing to
a differential processing of self- and externally gener-
ated stimuli (e.g., for a review see Schroger et al., 2015),
but also to modulatory effects of movements on areas
supporting memory processes (e.g., hippocampal and
parahippocampal activity; Halgren, 1991; Mukamel
et al., 2010; Rummell et al., 2016), there have been only
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few attempts to assess the effects of actions on memory
encoding of self-generated stimulation. One research line
- known as the “production effect” — has shown improved
memory for self-produced stimuli compared to their pas-
sively listened comparisons (e.g., spoken words or played
melodies compared to passively listened ones; Brown &
Palmer, 2012; MacDonald & MacLeod, 1998), which has
been attributed to the increased distinctiveness afforded
by the extra mnemonic information of having produced
these items that is not present for silently read words
(Conway & Gathercole, 1987; Mama & Icht, 2016; Ozubko
etal., 2012). This line of work, however, contrasts with the
predictions made by predictive coding theories of mem-
ory. According to this account, memory is driven by the
amount of surprise (i.e., prediction error) associated with
an item, such that items eliciting larger prediction error
responses (as reflected in larger evoked potentials or fMRI
signal) should be encoded better in memory than the less
surprising, predictable ones (Bar, 2009; Greve et al., 2017;
Heilbron & Chait, 2018; Henson & Gagnepain, 2010;
Krawczyk et al., 2017; Pine et al., 2018). This framework
would, therefore, predict memory enhancements for the
externally generated sounds in a typical contingent para-
digm where they inherently elicit larger prediction error
(and enhanced sensory responses) compared to the more
predictable self-generated stimuli.

1.3 | The present study
To the best of our knowledge, there have been no at-
tempts to simultaneously address the effects of self-
generation on sensory processing and memory encoding
of sounds and assess the possible relationship between
these two phenomena and their underlying neurophysi-
ological mechanisms. Based on the evidence indicating
that self-generation effects might not be solely attributed
to stimulus-specific motor predictions (e.g., Horvith
et al., 2012; SanMiguel et al., 2013), we hypothesize
that performing an action may trigger the activation of
stimulus-unspecific neuromodulatory = mechanisms,
namely the LC-NE system. We hypothesize that this
motor-driven noradrenergic activity may modulate the
processing of sounds presented during the performance
of the action, leading to suppressed sensory responses and
altered memory encoding as a consequence of the latter.
In order to test these hypotheses, here we examine
whether and how motor actions affect sensory processing
and memory encoding of concomitant, but unpredictable
sounds, by employing a combination of a self-generation
and memory recognition task, while monitoring the
brain's and the pupil's responses to sounds that are either
presented passively or that coincide in time with a motor
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act. The aim of this study is twofold: Our first aim is to
investigate the role of the neuromodulatory LC-NE system
in the motor-driven modulation of auditory processing of
self-generated sounds. Related to this first aim, we have
specific hypotheses about the effects of actions on sen-
sory responses and pupil diameter. As for the sensory re-
sponses, we hypothesize that event-related potentials (i.e.,
N1 at vertex but not at the mastoids, P2, and Tb) should
be attenuated for sounds coinciding with an action (cf.
Hazemann et al., 1975; Horvath, 2013a, 2013b; Horvath
et al., 2012; Makeig et al., 1996). As for the pupil diam-
eter, we hypothesize that neuromodulatory activity (i.e.,
reflected in pupil diameter; Aston-Jones & Cohen, 2005)
should increase during actions (cf. Lee & Margolis, 2016;
McGinley et al., 2015; Simpson, 1969; Vinck et al., 2015;
Yebra et al., 2019) and that it should correlate with the sen-
sory attenuation effects measured on the auditory event-
related potentials. Our second aim is to assess whether
the differential sensory processing of stimuli paired with
an action affects their encoding in memory. We expect to
observe differences in memory performance between pas-
sively encoded sounds and sounds that coincide with an
action at encoding. However, given the lack of contingency
between actions and sounds in the present paradigm as
compared to the typical production effect studies, as well
as the mixed evidence (memory for self-initiated stimula-
tion is enhanced in previous production effect studies but
should be reduced according to predictive coding views;
Brown & Palmer, 2012; Henson & Gagnepain, 2010;
MacDonald & MacLeod, 1998), we remain agnostic as to
the direction of the effect. However, critically, we hypothe-
size that the potential differences in the memory encoding
of sounds presented with or without a concomitant action
should be driven by, and thus correlate with, the differ-
ential neurophysiological responses (i.e., event-related po-
tentials and pupil diameter) at encoding for sounds that
were either paired with an action or not.

2 | METHOD

All the scripts for the experimental stimulation and
data analysis are available on Open Science Framework,
along with the detailed experimental protocol (https://
osf.io/238xe/?view_only=4b6d8fdc2a2f4982bac76a72d
c78e0ec).

2.1 | Participants

Twenty-six healthy, normal-hearing subjects, partici-
pated in the present study. Participants were typically
undergraduate university students at the University of
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Barcelona. Data from three participants had to be excluded
due to technical problems, inability to comply with the
task instructions, or excessive artifacts in the EEG record-
ing, leaving data from 23 participants (6 men, 17 women,
Mg = 24.82, age range: 21-36). None of them had any
hearing impairments, suffered, or had suffered from psy-
chiatric disorders or had taken substances affecting the
central nervous system 48 hr prior to the experiment. All
participants gave written informed consent for their par-
ticipation after the nature of the study was explained to
them and they were monetarily compensated (10 euros
per hour). Additional materials included a personal data
questionnaire, a data protection document, and five per-
sonality trait questionnaires. The study was accepted by
the Bioethics Committee of the University of Barcelona.

2.2 | General experimental design

Each trial consisted of three phases: the encoding phase,
the retention phase, and the retrieval phase (Figure 1).

2T Sequences

Encoding

Retention
Retrieval

IPSYGHOPHYSIUI.OGY sPR)

2.2.1 | Encoding phase

At the start of each trial, subjects were presented with a
row of six vertical lines on the screen, separated in semi-
random distances from each other. The positions of verti-
cal lines were distributed based on the sequence presented
in each trial. During the whole duration of the encoding
period (12s), a horizontal line moved at a stable pace
across the screen from left to right, intersecting each of the
vertical lines as it advanced. Participants pressed a but-
ton with their right thumb every time the horizontal line
reached one of the vertical ones. Only half of these presses
produced a sound (Motor-auditory event; MA). The other
half did not result in the presentation of a sound (Motor-
only event; M). Additionally, three more sounds were
presented passively to the participants without being trig-
gered by a button press (Auditory-only event; A). Thus,
in every trial, the encoding set consisted of six different
sounds to be remembered, delivered within nine events
(three motor-only (M), three Motor-auditory sounds
(MA), and three Auditory-only (A) sounds). The interval

1T Sequences

=
b

FIGURE 1 Schematic representation of the experimental design, showing an example trial for the two types of sequences employed: 2 T

sequences (left) and 1 T sequences (right). Each trial consisted of three phases: Encoding, retention, and retrieval. The two types of sequences
differed only in the retrieval phase. The different boxes represent the visual stimulation as a function of time. Each trial started with the
encoding phase, where six vertical lines were initially presented (top box), and subsequently a horizontal line started moving across the screen
from left to right, intersecting each of the six vertical lines as it advanced. Participants were asked to press a button every time the horizontal
line reached one of the vertical ones. Only half of these presses produced a sound (motor-auditory; MA). The other half did not result in the
presentation of a sound (motor-only; M). Additionally, three more sounds were presented passively to the participants without being triggered
by a button press (auditory-only condition; A). Therefore, six different sounds (shown by the different colors of the sounds in the figure) were
presented during encoding and had to be maintained in memory for a 3 s retention period (box with fixation cross). In the retrieval phase,
participants were presented with two sounds, indicated by the visual cues “Sound 1” and “Sound 2.” In the 2 T sequences (left), the sounds

at retrieval were both presented at encoding, one encoded as MA and the other encoded as A. in the 1 T sequences (right), only one of the

two sounds was presented at encoding that was either encoded as A or encoded as MA (in the figure an “Encoded as MA” sound is shown),
while the other sound was not presented at encoding (new). After the presentation of the test sounds, a question mark appeared on the screen,
prompting participants to respond whether the first or the second test sound was presented during the encoding phase.

RIGHTSE LI MN iy
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between any two events (MA, M or A) varied from 0.8 to
2.4 s, in steps of 0.05s, while the interval between any two
sounds varied between 1.6 and 2.4 s in steps of 0.05. The
encoding phase finished when the horizontal line had
intersected all the vertical ones and arrived at the right
of the screen. If the task was performed correctly (i.e., all
required button presses were performed), the trial contin-
ued into the retention phase. Otherwise, an error message
appeared on the screen indicating that the participant did
not press the button every time the horizontal line reached
a vertical one, and a new trial began.

2.2.2 | Retention phase

During the subsequent retention phase, participants were
presented with a fixation cross on the screen for 3 s and
they were asked to remember the six individual sounds
that had been presented in the encoding phase.

2.2.3 | Retrieval phase

In the retrieval phase, participants were presented with
two test sounds with a 2 s sound-to-sound onset asyn-
chrony (indicated by the visual stimuli “Sound 1” and
“Sound 2,” respectively). Subsequently, a question mark
appeared on the screen, prompting participants to respond
whether the first or the second test sound was presented
during the encoding phase. We employed two different
types of sequences (see Section 2.3.1. Sequences for more
details) that differed only in this retrieval phase: “Two Test
Sounds at Encoding” sequences (henceforth 2 T; Figure 1,
left panel) and “One Test Sound at Encoding” sequences
(henceforth 1 T; Figure 1, right panel). Unbeknownst to
the participants, in the 2 T sequences, both test sounds
had been presented at encoding, while in the 1 T se-
quences only one of the test sounds had been presented at
encoding. Nevertheless, participants made a forced choice
between the two sounds on every trial. The response win-
dow was 2 s. After the end of the response window, a fixa-
tion was presented for 2 s (inter-trial interval) before the
start of the next trial.

2.3 | Stimuli

2.3.1 | Sequences

Two types of sequences were created, differing in
whether both or only one of the test sounds presented at
retrieval were also present during the encoding phase.
In the “Two Test Sounds at Encoding” (2 T; Figure 1,
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left panel) and unbeknownst to the participants, the two
test sounds presented passively at retrieval were also
presented in the encoding sequence, one as a motor-
auditory (Encoded as MA) and the other one as an
auditory-only event (Encoded as A). These sequences
were intended to measure memory bias. In the “One
Test Sound at Encoding” (1 T; Figure 1, right panel),
only one of the test sounds at retrieval was presented
at encoding, either as an MA (Encoded as MA) or as an
A event (Encoded as A), while the other sound was not
presented at encoding (New sound). The 1 T sequences
were intended to measure memory performance. They
were introduced only for the behavioral data and were
not used for the EEG and pupillometry analyses. This
design allowed us to have enough trials for Encoded
as A and Encoded as MA sounds at retrieval, keep the
experiment's duration within a reasonable time, and
obtain an additional objective measure of memory per-
formance in the 1 T sequences besides the measure of
memory bias obtained in the 2 T sequences. Five of the
1 T sequences were randomly chosen to be used during
the practice block.

Importantly, the same sounds in the same encoding
sequence positions were used as either A or MA in dif-
ferent trials, which allowed us to compare between phys-
ically identical auditory sequences that only differed
in the actions performed. Additionally, we counterbal-
anced the order of the sounds at encoding that would
be later used as test at retrieval for the 2 T sequences,
the order of the two retrieval sounds, and the position
of the test sounds in the encoding sequence. Related
to the latter, we discarded the first and last position of
the encoding sequence for placing test sounds to avoid
primacy and recency effects, which refer to an improve-
ment in memory retention for stimuli that have been
presented first or last in a list, respectively (Mondor &
Morin, 2004). However, we included 20 catch trials with
test sounds in those positions, which were randomly
interleaved with the experimental sequences described
above and discarded from all analyses.

2.3.2 | Auditory stimuli

For the main experiment, 255 different, environmen-
tal, natural, complex, and non-identifiable sounds were
gathered from the libraries of McDermott Sound Library
(http://mcdermottlab.mit.edu/svnh/Natural-Sound/
Stimuli.html) and Adobe (https://offers.adobe.com/en/
na/audition/offers/audition_dlc.html). These sounds
were then edited to all have 250 ms of duration, a sam-
pling rate of 44.1 kHz and to be played at 16 bits, mono
and with 70dB of intensity. Subsequently, six volunteers

85U80|7 SUOWLIOD dAeaID 8|qeo!|dde ay3 Aq pausenob afe sejolie YO ‘8sN JO Se|n. 10} Aeiq1T8ulUQ AB]IA UO (SUORIPUOO-pUe-SWLBYALID" A8 | 1M Afe1q1jBUI [UO//:SANY) SUORIPUOD PUe Swie 1 8us 88S *[7202/0T/82] Uo Areiqiauliuo A811m ‘(ouleande ) aqnopesy Aq 9GTHT dASA/TTTT 0T/I0p/woo A8 M AReq1jeutjuoy/sdny wo.j pepeojumod ‘T ‘€202 ‘9868694 T


http://mcdermottlab.mit.edu/svnh/Natural-Sound/Stimuli.html
http://mcdermottlab.mit.edu/svnh/Natural-Sound/Stimuli.html
https://offers.adobe.com/en/na/audition/offers/audition_dlc.html
https://offers.adobe.com/en/na/audition/offers/audition_dlc.html
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fpsyp.14156&mode=

PARASKEVOUDI AND SANMIGUEL

7 of 25

that did not participate in the main experiment rated the
255 sounds based on their identifiability (i.e., how easy it
was to assign a name to them). All sounds were presented
to them in a randomized order and each sound was pre-
sented twice. The volunteers rated them in a scale from
1-3 (1 = identifiable, 2 = not sure, 3 = not identifiable),
and the mean score for each sound was calculated. The
108 less identifiable sounds were selected to construct the
unique experimental sound sequences. The sounds used
in the practice block consisted of 35 pure tones of differ-
ent frequencies, ranging from 300Hz to 3700 Hz in steps
of 100.

2.4 | Apparatus

The visual stimuli were presented on an ATI Radeon HD
2400 monitor. The auditory stimuli were presented via
the Sennheiser KD 380 PRO noise canceling headphones.
To record participants’ button presses at encoding (right
hand button press) and behavioral responses at retrieval
(left hand button presses), we used the Korg nanoPAD2.
The buttons of this device do not produce any mechanical
noise when pressed, and, thus, do not interfere with our
auditory stimuli. The presentation of the stimuli and re-
cording of participants’ button presses and responses were
controlled using MATLAB R2017a, the Psychophysics
Toolbox extension (Brainard, 1997; Kleiner et al., 2007),
and the Eyelink add-in toolbox for eyetracker control.

EEG activity was acquired with Neuroscan 4.4 soft-
ware and Neuroscan SynAmps RT amplifier (NeuroScan,
Compumedics, Charlotte, NC, USA). We recorded contin-
uously with Ag/AgCl electrodes from 64 standard loca-
tions according to the 10% extension of the International
10-20 system (Chatrian et al., 1985; Oostenveld &
Praamstra, 2001) mounted in a nylon cap (Quick-Cap;
Compumedics, Charlotte, NC, USA). An additional elec-
trode was placed at the tip of the nose (serving as online
reference). The vertical electrooculogram (EOG) was mea-
sured with two electrodes placed above and below the left
eye, and the horizontal EOG with two electrodes placed
on the outer canthi of the eyes referenced to the common
reference (unipolar montage). The ground electrode was
placed at AFz. All impedances were kept below 10 kQ
during the whole recording session and data were sam-
pled at 500 Hz.

Concurrently with the EEG recording, horizontal and
vertical gaze position, as well as the area of the pupil,
were recorded using EyeLink 1000 desktop mount (SR
Research, sampling rate: 1000 Hz; left eye recordings ex-
cept for three participants for whom the right eye was
recorded instead). The pupil was assessed in the centroid
mode of the eye tracker, which uses a center-of-mass
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algorithm. This algorithm detects the pupil area by iden-
tifying the number of black pixels and its center on the
video image. Importantly, in contrast to methods using el-
lipse fitting for the measurement of the pupil, this method
is hardly affected by noise (S-R Research Eyelink-CL
Manual, p. 71).

2.5 | Procedure

Prior to the start of the experiment, participants were asked
to complete several questionnaires and were given written
and verbal instructions about the task. Specifically, they
were told that at the start of every trial they would first see
six vertical lines and that a horizontal line would start to
move from left to right, intersecting each vertical line as it
advanced. They were explicitly instructed to press the pre-
defined button every time the horizontal line crossed one
of the vertical ones (not too early / late and no more than
one button press per vertical line). They were told that
they would hear several sounds while the line advanced,
some of them might coincide with the button press and
some of them not and that they should try to memorize all
the sounds presented because later they would be tested
in memory. Finally, they were told that once the horizon-
tal line had crossed all the vertical lines, a fixation cross
would appear and subsequently two sounds would be
presented (indicated by the visual stimuli “Sound 1” and
“Sound 2,” respectively) and that they would have only 2
s to reply which one of the two sounds was presented dur-
ing the encoding period of the trial. They were asked to
make a choice on each trial between the two test sounds
within the response window.

After explaining them the instructions, participants
were seated in an electrically and acoustically shielded
room and were asked to place their head on a chinrest
at approximately 60 cm from the screen. Eyetracker cal-
ibration was performed first at the start of the experi-
ment and then every six blocks. In order to familiarize
themselves with the task, participants first completed a
practice block of 5 trials and repeated it as many times as
they needed to make sure they understood how to per-
form the task. During the main experiment, participants
completed a total of 236 trials: 56 1 T trials, 160 2 T tri-
als and 20 catch trials. These were divided in 24 blocks,
20 of them comprised of 10 trials (9 experimental and
1 catch trial) and the remaining 4 comprised of 9 tri-
als (all of them experimental trials). At the end of each
block, a message appeared informing participants about
the number of errors (i.e., not pressing the button when
required) and extra-presses (i.e., more than the required
button presses) at the encoding phase, as well as the
number of missed responses at retrieval for this block.
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Catch trials, as well as trials including errors in button-
pressing and missed responses were discarded from
further analyses. Participants took a break of approxi-
mately 5 minutes every six blocks to prevent fatigue. The
experiment lasted for approximately 1.5 hours excluding
the EEG preparation.

2.6 | Data analysis

2.6.1 | Behavioral analysis

To test for differences in memory bias (2 T sequences)
and memory performance (1 T sequences) for sounds
encoded as A or MA, we performed two different analy-
ses. For the 1 T sequences, we calculated the percent
correct for the sounds at retrieval (i.e., memory perfor-
mance), separately for those that were Encoded as MA
and Encoded as A, which was subsequently submitted
to a two-sided paired samples ¢t test. For the 2 T-trial
sequences, we calculated the percent recall for sounds
Encoded as MA and Encoded as A and tested for differ-
ences in memory bias, using a two-sided paired samples
t test. We complemented the frequentist ¢ tests with cor-
responding Bayesian ¢ tests, separately for the 1 and 2 T
sequences. For both Bayesian comparisons, the Bayes
factor (BF,,) for the alternative hypothesis (i.e., the dif-
ference of the means is not equal to zero) was calculated
(using the function ttestBF of the BayesFactor package
in R). Specifically, the null hypothesis was specified as
a point-null prior, corresponding to a standardized ef-
fect size 8 = 0, and the alternative hypothesis was de-
fined as a Cauchy prior distribution centered around 0
with a scaling factor of » = .707 (Rouder et al., 2009).
In line with the Bayes Factor interpretation (Lee &
Wagenmakers, 2013) and with previous work report-
ing Bayes Factors (Korka et al., 2019, 2020; Marzecova
et al., 2018), data were taken as moderate evidence for
the alternative hypothesis if the BF;, was greater than
3, while values close to 1 were considered only weakly
informative. Values greater than 10 were considered
strong evidence for the alternative (or null) hypothesis.

2.6.2 | EEG preprocessing

EEG data were analyzed with EEGLAB (Delorme &
Makeig, 2004) and plotted with EEProbe (ANT Neuro).
Data were high-pass filtered (0.5 Hz high-pass, Kaiser
window, Kaiser § 5.653, filter order 1812), manually
inspected so as to reject atypical artifacts and identify
malfunctioning electrodes, and corrected for eye move-
ments with Independent Component Analysis, using
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the compiled version of runica (binica) that uses the lo-
gistic infomax ICA algorithm (Onton & Makeig, 2006).
Components capturing eye movement artifacts were
rejected by visual inspection and the remaining com-
ponents were then projected back into electrode space.
Data were then low-pass filtered (30 Hz low-pass, Kaiser
window, Kaiser B 5.653, filter order 1812), remaining
artifacts were rejected by applying a 75pV maximal
signal-change per epoch threshold, and malfunctioning
electrodes were interpolated (spherical interpolation). A
—100 to +500ms epoch was defined around each event
both at the encoding and the retrieval phase. The data
were subsequently baseline corrected (100 ms prior to
the event). We calculated the average wave for each
event of interest, as well as the grand average for the
whole sample. Specifically, we obtained the averages for
the MA, A, and M events at encoding, while for the re-
trieval data, we binned the responses to motor-auditory
and auditory-only sounds as a function of memory (i.e.,
Encoded as MA and Encoded as A at retrieval that were
remembered or forgotten). For each condition of inter-
est the number of remaining trials used for the analy-
ses after trial rejection were: Auditory-only (M = 424.9,
SD = 46.9), Motor-auditory (M = 427.2, SD = 40.6),
Motor-only (M = 429, SD = 40.8), Encoded as A and
forgotten (M = 68, SD = 11.7), Encoded as A and re-
membered (M = 64, SD = 14.7), Encoded as MA and
forgotten (M = 64.1, SD = 14.2), Encoded as MA and
remembered (M = 67.7, SD = 11.9).

To assess self-generation effects at encoding, MA
sound responses were corrected for motor activity
by subtracting the motor-only (M) averages from the
motor-auditory (MA) averages, as the signal obtained
in the MA condition represents the brain signal elic-
ited by the sound, but also by the planning and execu-
tion of the finger movement to press the button. We,
therefore, obtained a motor-corrected wave that only
included the brain signal elicited by the MA sound.
Self-generation effects at encoding were then assessed
by comparing responses to MA sounds corrected for
motor activity (MA-M) with the responses elicited by
the auditory-only sounds (A). Self-generation effects are
presented in all figures as the difference wave between
the motor-auditory (corrected) sound responses and the
auditory-only sound responses (A-[MA-M]). No motor
correction was performed at retrieval as both test sounds
were presented passively.

2.6.3 | ERP analysis

For all the effects of interest at encoding, we examined
responses separately for the N1 and P2 at Cz (N1, P2)
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and at the mastoids (henceforth, N1, .., P2...), the P3
component at Pz, and the N1 subcomponents Na and
Tb at T7 and T8. The same components except for P3
were examined at retrieval. The windows were defined
after visual inspection of the data by locating the high-
est negative or positive (depending on the component of
interest) peak in the usual latencies for each component
as reported by previous work (SanMiguel et al., 2013).
Specifically, time windows for N1 (and N1,.,,), P2 (and
P2_.s), Na, and Tb were defined on the grand-averaged
waveforms of the auditory-only sounds as previously
reported (e.g., SanMiguel et al., 2013). Na and Tb were
identified as the first and second negative peaks, respec-
tively, identifiable after sound onset on electrodes T7 and
T8, as recommended by Tonnquist-Uhlen et al. (2003).
N1/N1,. and P2/P2_,, were identified as the nega-
tive and positive peaks occurring in the window ~70 to
150 ms, and ~150 to 250 ms after stimulus onset on Cz,
respectively, showing reversed polarity at the mastoid
electrodes. P3 at encoding was identified as the peak
of the difference wave (A -[MA-M]) in the P3 window
range based on previous work (e.g., Baess et al., 2008).
The time windows for the N1/N1,,, P2/P2, P3, Na,
and Tb peaks were centered on the identified peaks +13,
25, 15, 10, and 15 ms, respectively. Therefore, the final
time windows used to calculate the average component
amplitudes were the following: N1/N1,., 94-120ms,
P2/ P2, 174-224ms, P3 256-286 ms, Na 72-92ms, Tb
120-150 ms. Given variations in peak latencies across
the conditions, the width of the windows was defined
such that it could capture the peak of the MA sound
waveform as well, and it was proportional to the width
of the component. For the encoding data, we performed
paired samples ¢ tests with the factor Sound Type (A vs.
MA) to test for differences in N1, P2 and P3, and a re-
peated measures ANOVA with factors Sound Type (A
vs. MA) x Laterality (M1 vs. M2 or T7 vs. T8) to test for
differences in N1, P2, and Na, Tb, respectively.
For the retrieval data we performed 2 x2 ANOVAs with
the factors Sound Type (Encoded as A vs. Encoded as
MA) and Memory (Remembered vs. Forgotten) on N1
and P2, while for the N1, ., P2, Na, and Tb an addi-
tional factor Laterality was introduced in the ANOVAs
(i.e., M1 vs. M2 or T7 vs. T8).

2.6.4 | Pupillometry analysis

Missing data and blinks, as detected by the EyeLink soft-
ware, were padded by 100ms and linearly interpolated.
Additional blinks were found using peak detection on
the velocity of the pupil signal and linearly interpolated
(Urai et al., 2017). Blinks separated by less than 250 ms
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were aggregated to a single blink. The interpolated pupil
time series were bandpass filtered using a 0.05-4 Hz third-
order Butterworth filter. Low-pass filtering reduces meas-
urement noise not likely to originate from physiological
sources, as the pupil functions as a low-pass filter on fast
inputs (Binda et al., 2013; Hoeks & Levelt, 1993). High-
pass filtering removes slow drifts from the signal that are
not accounted for by the model in the subsequent decon-
volution analysis. First, we estimated the effect of blinks
and saccades on the pupil response through deconvolu-
tion and removed these responses from the data using
linear regression using a procedure detailed in previous
work (Knapen et al., 2016; Urai et al., 2017). The resid-
ual bandpass filtered pupil time series was used for the
evoked analyses (Van Slooten et al., 2019). After zscoring
per trial, we epoched trials (epoching window —0.5 to 1.5
post-event), baseline corrected each trial by subtracting
the mean pupil diameter 500 ms before onset of the event
and resampled to 100 Hz.

For each participant, we first obtained the aver-
age evoked response for the main events of interest.
Specifically, we obtained the averages for the A and MA
events at encoding, while at retrieval we obtained the av-
erages for the Encoded as A and Encoded as MA sounds,
separately for the remembered and the forgotten ones.
We used non-parametric permutation statistics to test
for the group-level significance of the individual aver-
ages, separately for encoding and retrieval. Specifically,
we computed ¢ values of the difference between the two
conditions of interest and thresholded these ¢ values at a
p value of .05. Each cluster was constituted by the sam-
ples that passed the threshold of the p value. The cluster
statistics was chosen as the sum of the paired t-values
of all the samples in the cluster. First, we compared
the pupil response to motor-auditory and auditory-only
events at encoding. For the retrieval data, we aimed to
test for possible main effects of Sound Type (Encoded as
A vs. Encoded as MA) and Memory (Remembered vs.
Forgotten), as well as for possible interactions between
the two. For the main effects of Sound Type and Memory
at retrieval, the permutation statistics were performed
between Encoded as A and Encoded as MA sounds (ir-
respective of their memory) and between Remembered
and Forgotten sounds (irrespective of how they were
encoded before), respectively. To test for possible inter-
actions, the cluster-permutation test was performed on
the difference waves ([Encoded as A and remembered
- Encoded as MA and remembered] and [Encoded as
A and forgotten - Encoded as MA and forgotten]). For
each statistical test, this procedure was performed by
randomly switching labels of individual observations
between these paired sets of values. We repeated this
procedure 10,000 times and computed the difference
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between the group means on each permutation. The ob-
tained p value was the fraction of permutations that ex-
ceeded the observed difference between the means (i.e.,
two-sided dependent samples tests). The pupil prepro-
cessing and analysis was performed with custom soft-
ware based on previous work (Urai et al., 2017) using
Fieldtrip (Oostenveld et al., 2011).

2.6.5 | Correlations

Finally, we hypothesized that the electrophysiological
and neuromodulatory effects at encoding (i.e., sensory
suppression and pupil dilation for MA events) might be
driving any memory encoding differences between A and
MA sounds, and that neuromodulation might be behind
the suppression of ERP responses to MA sounds. To as-
sess these relationships, we tested for possible correla-
tions between the behavioral, electrophysiological and
neuromodulatory (i.e., pupil diameter) effects of actions.
Only those differences between MA and A events that
were found to be significant in the previous analyses were
introduced in the correlation analyses. For all the behav-
ioral and the electrophysiological effects, we first calcu-
lated the difference by subtracting the MA from A values
(i.e., difference in memory and ERP amplitude for each
component of interest between A and MA). Regarding
the ERPs identified in two electrodes (e.g., Na, Tb, N1 .,
P2,.s), we calculated the mean amplitude across the two
(T7/T8 and M1/M2, respectively). For the pupil data, we
used the peak of the difference wave between A and MA
events at encoding. We then submitted these values to a
Pearson correlation coefficient to test for correlations be-
tween (a) the effects on ERPs at encoding and memory
performance/bias (1 and 2 T sequences, respectively), (b)
the neuromodulatory effects at encoding and memory per-
formance/bias (1 and 2 T sequences, respectively), and (c)
the effects on the ERPs and the neuromodulatory effects
at encoding. In all correlations, for the ERPs, the larger
the attenuation effects for the negative (N1, P2, Na,
Tb) and positive (N1, P2, P3) components, the more
negative and positive the values, respectively. Conversely,
for the pupil and the behavioral data, the more negative
the value, the larger the pupil diameter and the worse the
memory performance for MA sounds.

3 | RESULTS

All statistical analyses were performed using R (version
3.6.0). For all the t-tests performed, we first confirmed that
the assumption of normality was not violated (Shapiro—
Wilk normality test p>.05). As we mentioned before
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(see Method), the 1 T sequences were introduced to be
used only for the behavioral analyses. For the EEG and
pupil analyses, we only included the data from the 2 T se-
quences, after confirming that the results would remain
the same when including the 1 T sequences as well.

3.1 | Behavioral performance

For the analysis of the behavioral data, we calculated the
percent correct (i.e., memory performance in the 1 T se-
quences) and the percent recall (memory bias in the 2 T se-
quences) for sounds that were encoded as motor-auditory
or auditory-only (see Figure 2). For the 1 T sequences,
we obtained significantly better memory performance for
sounds that were encoded as auditory-only compared to
those that coincided with participants’ motor acts in the
previous encoding phase, #(22) = 3.15, p = .005, d = 0.66
(M4 = 0.757, M, = 0.799, SD;,, = 0.108, SD, = 0.0924).
This difference, however, was not reflected in memory bias
since we did not find significant differences between the
Encoded as A and Encoded as MA sounds in the 2 T se-
quences, where both of the test sounds were presented at
encoding, #(22) = 1.14, p = .267 (M4 = 0.509, M, = 0.491,
SDy4 = 0.0395, SD, = 0.0395). The absence of significant
differences in memory bias may suggest that they remem-
bered both sounds as evident by the generally high accu-
racy (i.e., mean performance in the 1 T sequences = 0.78
with standard deviation of 0.1) which led them to choose
randomly between A and MA sounds in 2 T sequences. We
complemented the frequentist ¢ tests with corresponding
Bayesian ¢ tests, separately for memory performance (1 T
sequences) and memory bias (2 T sequences). The Bayesian
t tests for the 1 and 2 T sequences yielded similar results as
the ones obtained from the frequentist ¢ tests. Specifically,
this analysis brought strong evidence for the alternative hy-
pothesis in the case of 1 T sequences (BF,, = 9.375), while
the Bayesian ¢ test for the 2 T sequences, brought weak evi-
dence for the alternative hypothesis (BF;, = 0.389).

3.2 | Electrophysiological responses
at encoding

Figure3a shows all the studied peaks identified on the
passive sound responses for the encoding conditions at
the relevant electrodes for each peak. The motor-auditory
sounds at encoding were motor corrected (see Method).
The time windows defined for each peak were the follow-
ing: Na 72-92ms, Tb 120-150ms, N1/N1,,, 94-120ms,
P2/ P2, 174-224 ms, P3 256-286 ms.

First, we performed a one-sided ¢ test to test for pos-
sible differences in N1 amplitude between A and MA
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FIGURE 2 Summary of the behavioral results, separately for memory bias in the 2 T sequences (left) and memory performance in the

1 T sequences (right). Error bars depict standard error of the mean. Gray lines connect the data points of each subject, showing the response

(% recall and % correct, respectively) to MA and A sounds for each individual. For memory bias (i.e., percent recall in 2 T sequences), there

were no significant differences between motor-auditory and auditory-only sounds (two-tailed paired samples ¢ test, p>.050, M,;, = 0.509,

M, = 0.491, SD;,, = 0.0395, SD, = 0.0395), in line with the Bayesian analysis that provided weak evidence for the alternative hypothesis

(BF;, = 0.389). For memory performance (i.e., percent correct in 1 T sequences), there was a significant difference between motor-auditory

and auditory-only sounds (two-tailed paired samples ¢ test, 1(22) = 3.15, p = .005, d = 0.66; indicated by two asterisks), with higher accuracy
for the latter (M,,, = 0.757, M, = 0.799, SD,,, = 0.108, SD, = 0.0924), which was also supported by the Bayesian analysis that brought

strong evidence in favor of the alternative hypothesis (BF;, = 9.375).

sounds at encoding, with the hypothesis of attenuated
responses for the latter. Indeed, we obtained a significant
attenuation for the N1, #(22) = —1.89, p = .036, d = —0.39,
with lower amplitudes for sounds that coincided with a
motor act, compared to those that were passively pre-
sented to the participants (Figure 3a,b, see Table 1 for all
the mean amplitudes per condition). We also tested for
differences in N1 (with reversed polarity) at the mastoids
(N1, using a repeated measures ANOVA with factors
Sound Type (MA vs. A) and Laterality (M1 vs. M2). We
obtained a significant enhancement for the MA sounds
F(1, 22) = 15.68, p<.001, ;15 = .42, suggesting that be-
sides the attenuation for MA sounds observed at vertex,
further modulatory effects of sound-action coincidence
occur (Figure 3). We also found a significant main effect
of Laterality, F(1, 22) = 5.96, p = .023, nf, = .21, with lower
amplitudes at M1 compared to M2, while the interaction
between Sound Type and Laterality did not reach signifi-
cance, F(1, 22) = 3.55, p = .073.

Next, we examined the attenuation effects at the N1 sub-
components at temporal sites, using a 2x2 ANOVA, with
factors Sound Type (A vs. MA) and Laterality (T7 vs. T8)
on Na and Tb (Figure 3a). For Na, only a significant main
effect of Laterality was obtained, with lower amplitudes
at T8 compared to T7, F(1, 22) = 4.82, p = .039, ’7; = .18,
while the main effect of Sound Type and the interaction
did not reach significance, F(1, 22) = 0.05, p = .828 and
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F(1, 22) = 0.35, p = .563, respectively. For Tb, however,
we obtained significantly lower amplitudes for sounds
coinciding with a motor act compared to the auditory-
only ones, F(1, 22) = 9.03, p = .007, nf, = .29, while the
main effect of Laterality did not reach significance, F(1,
22) = 0.03, p = .871. However, we also found a significant
interaction, F(1, 22) = 8.63, p = .008, n§ = .28, reflecting
that the attenuation for MA sounds was only significant in
T8 but not in T7 (post-hoc ¢ tests, #(22) = —4.06, p<.001,
d = —0.85 and #(22) = —1.04, p = .311, respectively).
Subsequently, we performed a one-sided ¢ test to test
for possible differences in P2 amplitudes between A and
MA sounds at encoding, with the hypothesis of attenu-
ated responses for the latter. We obtained a significant P2
attenuation at Cz, #(22) = 3.98, p<.001, d = 0.83, with
lower amplitudes for sounds that coincided with a motor
act, compared to those that were passively presented to
the participants (Figure 3a,b). We also tested for differ-
ences in this component (with reversed polarity) at the
mastoids (P2,,) using a repeated measures ANOVA
with factors Sound Type (MA vs. A) and Laterality (M1
vs. M2). We observed a significant attenuation for the MA
sounds, replicating the attenuation observed at Cz, F(1,
22) = 34.23, p<.001, ’1; = .61, as well as a main effect of
Laterality, F(1, 22) = 4.66, p = .042, nf, = .17, with more
negative amplitudes at M1 compared to M2. The interac-
tion of Sound Type and Laterality on P2, did not reach
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Auditory Motor-auditory Difference
N1 (94 - 120 ms)

N1 P2 Na Tb

Auditory-only Motor-auditory —— Difference

FIGURE 3 (a)Group-average event-related potentials across 23 participants for the corrected motor-auditory (red) and auditory-only
(blue), analyzed in the corresponding electrodes. Difference waves (A-[MA-M]) depicting the self-generation effects are represented in
black. Time windows used for the analyses are indicated in gray (Na: 72-92ms, Tb: 120-150 ms, N1: 94-120ms, P2: 174-224 ms, P3: 256-
286 ms). Significant differences in the event-related potentials are indicated by asterisks. (b) N1, P2, and P3 scalp topographies in the time
windows for: (1) the auditory-only condition (left); (2) the corrected motor-auditory condition (middle); and (3) the (A-[MA-M]) difference
waves, reflecting suppression (N1, P2) and enhancement (P3) effects.

TABLE 1 Mean amplitudes and standard deviation per component and condition across 23 participants

Encoded
Auditory-only Motor-auditory Encoded as MA Encoded as MA  Encoded as A as A and
A) (MA) and forgotten  and remembered and forgotten remembered
Components Electrodes M SD M SD M SD M SD M SD M SD
N1 Cz -3.14 1.79 —2.66 1.98 —-3.89 2.01 —4.51 2.28 —4.13 245 —4.19 2.22
P2 Cz 4.95 2.49 3.83 2.01 7.16 4.38 7.37 3.51 7.33 3.96 7.76 4.25
P3 Pz -0.08 1.29 1.49 1.43 - - - - - - - -
N1, M1 026 087  0.67 0.84 051 133 0.27 1.02 059 095 0.53 129
M2 0.43 0.99 1.03 0.98 0.65 1.12 0.61 1.41 0.83 1.38 0.86 1.33
P2 st M1 -0.75 0.79 -0.19 0.81 —-1.88 1.51 —2.53 1.71 —2.03 1.32 —2.24 142
M2 —-0.56 1.01 0.05 0.87 —2.24 143 —2.63 1.64 —-2.18 1.57 —-245 1.55
Na T7 —0.89 0.94 —0.97 1.18 —1.23 1.37 —1.48 1.19 —1.11 1.02 —0.86 1.09
T8 —-0.47 0.76 —0.45 1.03 —-0.89 1.36 =121 1.30 —-0.82 1.68 —-0.59 1.12
Tb T7 —-191 1.01 —-1.75 1.12 -2.89 1.73 —-3.26 1.94 —-2.97 1.66 —-2.34 1.53
T8 —2.18 1.40 —1.54 1.56 —3.68 2.25 —3.62 1.94 —-3.40 2.19 —2.81 1.63
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significance, F(1, 22) = 0.54, p = .470. Finally, we also
tested for differences in P3 at Pz, which yielded a signifi-
cantly larger P3 amplitude for sounds coinciding with a
motor act, #(22) = —6.57, p<.001, d = —1.37 (Figure 3).
Finally, we decided to examine our data using a more data-
driven approach to test for further effects that may have
not been captured in the hypotheses-driven ERP analy-
sis (cluster-based permutation analyses; see Supporting
Information; Maris & Oostenveld, 2007). We found a neg-
ative cluster (p <.001; 56-344 ms post-stimulus) and one
positive cluster (p = .01; 122-232ms post-stimulus), in
line with the findings obtained in the ERP analysis (see
Supporting Information).

3.3 | Electrophysiological responses
at retrieval

Next, we performed exploratory analyses for the retrieval
data, by subdividing it depending on whether the sound
was encoded as A or MA and whether this sound was re-
called or not. This allowed us to assess whether auditory
evoked responses were affected by how the sound was
encoded and whether it was remembered or forgotten. To
this end, we ran an ANOVA with Sound Type (Encoded
as MA vs. Encoded as A) and Memory (Remembered vs.
Forgotten) as within-subject factors on N1/N1,,,, P2/
P2.. Na, and Tb. An electrode factor (Laterality) was
included in the ANOVA for the components identified in
the mastoids and temporal electrodes. Figure4 shows all
the studied peaks for the remembered (a) and the forgot-
ten (b) sounds at retrieval in the time windows 72-92, 120-
150, 94-120, 174-224 ms, for the Na, Tb, N1/N1, ., and P2/
P2 .« respectively at the relevant electrodes for each peak.

We did not observe any significant effects (all ps>.05)
on the N1 at Cz and N1,,,. However, significant results
were obtained when we analyzed the modulatory effects
of Sound Type and Memory on the N1 subcomponents
at temporal sites. We obtained a significant main effect
of Sound Type on Na, F(1, 22) = 7.39, p = .013, ;112J = .25,
and Tb, F(1, 22) = 7.28, p = .013, nf, = .25, reflecting an
enhanced amplitude for sounds that were previously
encoded as MA. Additionally, we found a significant in-
teraction between Sound Type and Memory on Na, F(1,
22)=5.08, p =.035, nf, =.19, where post-hoc comparisons
showed significantly larger Na amplitude for sounds that
were Encoded as MA and were remembered compared to
sounds that were Encoded as A and were remembered,
t(45) = 3.73, p<.001, d = 0.55. In contrast, the post-hoc
comparisons did not show significant differences for for-
gotten sounds as a function of how they were encoded,
#(45) = 0.67, p = .504. No significant differences were
found between remembered and forgotten sounds that
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were Encoded as A, t(45) = —1.34, p = .187, or between
remembered and forgotten sounds that were Encoded as
MA, 1(45) = 1.64, p = .109. Similarly, we obtained a signif-
icant interaction between Sound Type and Memory on Tb,
F(1, 22) = 4.85, p = .038, ;112) = .18. Post-hoc comparisons
showed significantly larger Tb amplitude for sounds that
were Encoded as MA and were remembered compared to
sounds that were Encoded as A and were remembered,
1(45) = 4.31, p<.001, d = 0.64, which is in line with the
differences we obtained in the Na window. The post-
hoc comparisons also showed lower Tb amplitudes for
the Encoded as A sounds when they were remembered
compared to when they were forgotten, #(45) = —3.23,
p = .002, d = —0.48. Nevertheless, no significant differ-
ences were observed between remembered and forgotten
sounds that were encoded as MA, (45) = 0.64, p = .523,
or between the Encoded as MA and Encoded as A sounds
that were forgotten, t(45) = 0.47, p = .640. For both Na
and Tb, we did not observe any significant main effects
of Laterality, nor any significant interactions between
Laterality and Sound Type and/or Memory (all ps> .05).
Finally, we did not observe any significant effects on P2 at
Cz and P2, (all ps>.05), except for a significant main
effect of Memory on P2, F(1, 22) = 7.65, p = .011,
nf, = .26, that showed lower amplitudes for sounds that
were forgotten (Mgorgormen = —2-08, Mpemembered = —2-46,
SDrorgotten = 1.44, SDgemempered = 1.56). Similar to the
approach we followed for the encoding data, we also
conducted exploratory analyses using cluster-based per-
mutation statistics (Maris & Oostenveld, 2007), but we
did not find any significant clusters for any of the effects
(see Supporting Information).

3.4 | Pupil responses at
encoding and retrieval

Cluster-based permutation statistics were used to test for
possible differences in pupil diameter between the con-
ditions of interest. First, we tested for differences in the
pupil response between motor-auditory and auditory-only
events at encoding and we obtained significantly larger
pupil diameter for motor-auditory events (starting 180 ms
before sound onset and lasting up to 1230 ms after sound
onset; p <.05; Figure 5a) in line with previous work in ro-
dents (e.g., McGinley et al., 2015). Interestingly, the effect
of action started already in the pre-stimulus period, that
is before the button press (which immediately triggered
the sound), in agreement with previous work showing
that LC activity and pupil diameter start increasing be-
fore the onset of movement (Aston-Jones & Cohen, 2005;
Reimer et al., 2016). Subsequently, we conducted an ex-
ploratory analysis to test for possible main effects of Sound
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FIGURE 4 Group-average event-related potentials across 23 participants for the encoded as MA (red) and encoded as A (blue), analyzed
in the corresponding electrodes and presented separately for the remembered (left) and the forgotten sounds (right). Time windows used for
the analyses are indicated in gray (Na: 72-92ms, Tb: 120-150ms, N1: 94-120ms, P2: 174-224 ms). Significant differences in the event-related

potentials are indicated by asterisks.

Type (Encoded as A vs. Encoded as MA) and Memory
(Remembered vs. Forgotten), as well as for interactions
between Sound Type and Memory on the pupil responses
at retrieval. This analysis showed only a significant main
effect of Memory, with larger diameter for forgotten
sounds at retrieval compared to the remembered ones, ir-
respective of how they were encoded (starting 170 ms after
sound onset and lasting until 830ms after sound onset;
p<.05; Figure 5b). Note that the morphology of the re-
sponses differs between the encoding (Figure 5a) and the
retrieval (Figure 5b) data, most likely due to differences
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in the visual stimulation between the two phases (i.e., dy-
namic visual stimulation with the moving line at encoding
vs. brief and static visual stimuli at retrieval, namely the
cues “Sound 1” and “Sound 2”).

3.5 | Correlations

Next, we tested for possible correlations between the be-
havioral performance, pupillometric and electrophysi-
ological data. For the correlation analyses, we focused
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FIGURE 5 (a)The group-average evoked pupil responses

at encoding to auditory-only (blue) and motor-auditory (red)
events. The effect is depicted as the difference between auditory-
only and motor-auditory events (black). Black bar indicates a
significant auditory-only vs. motor-auditory effect in the window
180 pre-stimulus to 1230 ms post-stimulus, p <.05 (cluster-based
permutation test). (b) The group-average evoked pupil responses at
retrieval to encoded as auditory (A) and encoded as motor-auditory
(MA), separately for the remembered and forgotten sounds. Black
bar indicates a significant main effect of memory for remembered
vs. forgotten sounds in the window 170-830ms post-stimulus,
p<.05 (cluster-based permutation test).

on the significant neurophysiological effects at encoding
(i.e., ERPs and pupil diameter) and the significant be-
havioral effect on memory performance. The effects were
introduced in the correlation analyses as the difference
between A and MA events (see Method). For the compo-
nents identified in two electrodes, we calculated the mean
amplitude across the two, except for the Tb at encoding,
where we introduced only the amplitudes at T8 given the
significant interaction between Sound Type and Laterality
that showed that attenuation was lateralized. For the
pupil data, we calculated the peak of the difference wave
(A - MA) within the window of significance (180 ms pre-
stimulus until 1230ms post-stimulus). All the planned
correlations are reported in Table 2.
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TABLE 2 Correlations between the significant self-generation
effects. (a) Electrophysiological effects at encoding (N1, P2,

N1a60 P2mase P3, and Tb amplitudes) and memory performance
(1 T sequences), (b) neuromodulatory effects at encoding

(pupil diameter) and memory performance (1 T sequences), (c)
electrophysiological (N1, P2, N1, P2, P3, and Tb amplitudes)
and neuromodulatory (pupil diameter) effects at encoding.

Correlations between r D

(a) Memory performance (1 T sequences)

N1 —.43 .041*
Tb (at T8 only) —.55 .007**
P2 -.19 .383
N1, -4 055
P2t —.10 657
P3 -.35 .098
(b) Memory performance (1 T sequences)
Pupil diameter 46 .029*
(c) Pupil diameter
N1 -.36 .091
Tb (at T8 only) —-.25 251
P2 27 .209
N1, -23 291
P2, —.16 507
P3 —.08 702

Significant correlations are highlighted in bold and indicated by asterisks
(*p < .05 and **p < .01).

First, we tested whether the significant self-generation
effects at encoding (on N1, P2, N1, .« P2, P3, and Tb
amplitudes) correlated with the significant self-generation
effects on memory performance (1 T sequences). This
analysis showed a negative correlation between N1 sup-
pression and memory performance (r = —.43, p = .041;
Figure 6a), and a negative correlation between Tb suppres-
sion (at T8) and memory performance (r = —.55, p = .007;
Figure 6b), that is, the larger the N1 and Tb suppression,
the greater the memory impairment for motor-auditory
compared to auditory-only sounds. The remaining cor-
relations did not reach significance (all ps>.05). Second,
we assessed whether the difference in pupil diameter
between auditory-only and motor-auditory events was
related to memory performance and we obtained a sig-
nificant positive correlation between the two (r = .46,
p = .029; Figure 6¢), that is, the larger the pupil dilation
for the motor-auditory events, the greater the memory im-
pairment for these sounds. Third, we tested for possible
links between the self-generation effects obtained in the
ERP analyses (i.e., N1, P2, N1, .« P2.s P3 and Tb) and
the larger pupil diameter for motor-auditory events. None
of these correlations reached significance (all ps > .05), but
we observed a non-significant trend toward a correlation

85U80|7 SUOWLIOD dAeaID 8|qeo!|dde ay3 Aq pausenob afe sejolie YO ‘8sN JO Se|n. 10} Aeiq1T8ulUQ AB]IA UO (SUORIPUOO-pUe-SWLBYALID" A8 | 1M Afe1q1jBUI [UO//:SANY) SUORIPUOD PUe Swie 1 8us 88S *[7202/0T/82] Uo Areiqiauliuo A811m ‘(ouleande ) aqnopesy Aq 9GTHT dASA/TTTT 0T/I0p/woo A8 M AReq1jeutjuoy/sdny wo.j pepeojumod ‘T ‘€202 ‘9868694 T


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fpsyp.14156&mode=

PARASKEVOUDI AND SANMIGUEL

16 of 25
4LIPSYCH0PHYSIOI.OGY sprf

_—
Q

~—
o

-
L

Memory performance
d

[
-
o

3 2 4 0 1
N1 attenuation at Cz

—_
()
~
N
-

-
d

Memory performance
L

-10 . . x .
-0.05 0.00 0.05 0.10 0.15
Pupil dilation

(b) °
[
Q
g 10.
£
)
h =
2
> 0
9]
£
[}]
= 10- :
A 0 1
Tb attenuation at T8
(d)
0.151 °
R=-0.36
p=0.091 i

Pupil dilation
o
[=}
Q

0.00-

-0.05~ . . . .
3 2 A 0 1
N1 attenuation at Cz

FIGURE 6 Planned correlations between the behavioral, electrophysiological, and pupil data using the Pearson correlation coefficient.

(a and b) Significant negative correlations between N1 suppression (at Cz) and memory performance (r = —.43, p = .041), and Tb

suppression (at T8) and memory performance (r = —.55, p = .007), showing that the larger the N1 and Tb suppression, the greater the

memory impairment for motor-auditory compared to the auditory-only sounds. More negative values indicate larger suppression effects

for N1 and Tb and worse memory performance for motor-auditory sounds. (c) Significant positive correlation between pupil dilation

and memory performance (r = .46, p = .029), that is, the larger the pupil dilation for the motor-auditory events, the greater the memory

impairment for these sounds. (d) The correlation between N1 attenuation at Cz and pupil dilation at encoding for the MA events did not

reach significance (r = —.36, p = .091). The shaded gray areas represent the confidence interval (95% confidence level).

between N1 attenuation at Cz and pupil dilation for MA
events (Figure 6d).

Finally, we performed an exploratory correlation
analysis to test whether the significant differences in
sensory processing we obtained at retrieval between
Encoded as A and Encoded as MA sounds were related
to the magnitude of the self-generation effects at encod-
ing. To this end, we performed a correlation analysis be-
tween the A - MA difference in peaks of the Na and Tb
amplitudes (only for the remembered sounds due to the
significant interaction) and the effects at encoding (for
the N1, P2, N1, P2, P3, and Tb amplitudes). We
obtained a significant positive correlation between the
P2 suppression at encoding and the Na enhancement
at retrieval for the remembered sounds, reflecting that
the larger the attenuation for P2 at encoding, the larger
the Na enhancement for the Encoded as MA sounds
that were remembered at retrieval (r = .51, p = .012).
Similarly, we also obtained a significant negative cor-
relation between Tb at encoding (at T8) and Na for the
remembered sounds at retrieval (r = —.42, p = .04),
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showing that the larger the attenuation for Tb at encod-
ing, the greater the Na enhancement for motor-auditory
sounds that were remembered at retrieval.

4 | DISCUSSION

In this study, we assessed the effects of motor actions on
sensory processing and memory encoding of concomitant,
but unpredictable sounds, by employing a combination
of a self-generation and memory recognition task, while
monitoring the brain's and the pupil's responses to sounds
that were either presented passively or that coincided in
time with a motor act. The aim of the present work was to
assess how motor acts affect first sensory processing and
second memory encoding of concomitant sounds, and the
possible relationships between these two types of effects
of actions. Related to the first aim, regarding the effects of
actions on sensory processing, we examined whether (a)
attenuation of sensory processing (i.e., measured by ERPs)
prevails even in the absence of a contingent action-sound
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relationship (e.g., Horvath et al., 2012), (b) actions create
a halo of subcortical neuromodulation around them that
could be reflected in the pupil diameter (e.g., McGinley
et al., 2015), and (c) sensory processing (i.e., measured
by ERPs) and subcortical neuromodulation (i.e., meas-
ured by pupil diameter) during actions were related. Our
findings showed N1, P2, P2_ .., and Tb attenuation for
motor-auditory sounds even when they merely coincide
with the action, as well as enhancement of P3 and N1,
(cf. Horvath et al., 2012). These findings suggest that self-
generation effects are at least partly stimulus-unspecific
and driven by alternative mechanisms to the cancella-
tion of predicted sensory reafference via motor forward
modeling. Additionally, our data replicated previous
work (e.g., Lee & Margolis, 2016; McGinley et al., 2015;
Simpson, 1969; Vinck et al., 2015; Yebra et al., 2019)
showing that pupil diameter increases dramatically dur-
ing actions providing evidence for an alternative stimulus-
unspecific mechanism that could partly underlie sensory
suppression for self-generated sounds, namely the acti-
vation of subcortical neuromodulation during motor ac-
tions. However, contrary to our initial hypothesis, the data
did not provide clear evidence for a correlation between
sensory attenuation and pupil dilation for motor-auditory
events. The second aim of the present study was to investi-
gate how actions affect memory encoding of concomitant
sounds and whether the potential differences in the mem-
ory encoding of motor-auditory and passively presented
sounds correlate with sensory suppression and/or subcor-
tical neuromodulation during encoding. We found a sig-
nificant impairment in memory performance for sounds
that were encoded as motor-auditory compared to the
auditory-only ones demonstrating that the mere presence
of an action affects memory encoding of simultaneously
presented stimuli. Most importantly, worsened memory
performance for motor-auditory events correlated with
increased sensory suppression (i.e., N1 and Tb attenua-
tion) and larger pupil dilation for motor-auditory events
at encoding. These findings fit well with the predictive
coding framework suggesting that prediction errors (i.e.,
reflected in ERPs) drive learning and memory (Henson
& Gagnepain, 2010) and further support previous work
showing that high arousal (i.e., reflected in pupil diam-
eter) may worsen behavioral performance (McGinley
et al., 2015). In the following, we discuss each of these ef-
fects in detail.

The first aim of the present study was to assess the
effects of actions on auditory processing and subcortical
neuromodulation, as well as the relationship between the
two. First, we provide evidence that the self-generation
effects are at least partly unspecific by showing that N1
attenuation prevails even for mere action-sound coinci-
dences and that it partly reflects the modulation of the
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unspecific N1 component, as for the suppression to be
specific to the auditory cortex, N1 should be suppressed at
vertex but also at the mastoids, which was not found here
(cf. Horvath, 2013b; Horvath et al., 2012). This finding goes
along with previous work pointing to partly unspecific
mechanisms behind the action-induced suppression ef-
fects (e.g., Horvath et al., 2012; SanMiguel et al., 2013).
For example, attenuation of auditory responses occurs
also for stimuli merely coinciding with finger movements
(Hazemann et al., 1975; Horvath et al.,, 2012; Makeig
et al., 1996; Tapia et al., 1987) or for unrelated auditory
inputs during speech (Numminen et al., 1999). Similarly,
previous work has suggested that N1 (and Tb) attenu-
ation can be driven by mere temporal contiguity (Han
etal., 2021; Hazemann et al., 1975; Horvath et al., 2012) or
by temporal predictability (Kaiser & Schiitz-Bosbach, 2018;
Lubinus et al., 2021; Schafer & Marcus, 1973, but see also
Klaffehn et al., 2019 for evidence showing that attenua-
tion prevails when controlling for temporal predictions),
rather than stimulus-specific predictions, and that it
mostly reflects modulations of the unspecific component
of the auditory N1 (SanMiguel et al., 2013). Meanwhile,
there is also mounting evidence supporting the stimulus-
specificity of the effects by showing more pronounced
suppression when predictions match more precisely
with the sensory input (Baess et al., 2008; Fu et al., 2006;
Hashimoto & Sakai, 2003; Heinks-Maldonado et al., 2005;
Houde et al., 2002). Collectively, we believe that our find-
ings point to the involvement of unspecific processes in
the action-induced suppression of auditory responses that
can, nevertheless, co-exist with stimulus-specific predic-
tive mechanisms as suggested by previous work (Flinker
et al., 2010; Horvath, 2015; Schroger et al., 2015).

In addition to the N1-attenuation effects, we observed
attenuated P2 and enhanced P3 responses for the sounds
coinciding with actions. Although a functional interpre-
tation of P2 is missing (Crowley & Colrain, 2004), empiri-
cal evidence has shown that the P2 component originates
in secondary auditory areas (Bosnyak et al., 2004; Pantev
etal., 1996), reflecting the processing of the specific features
of auditory stimuli (Shahin et al., 2005), and it correlates
with the sense of agency (i.e., the feeling of control over
actions and their consequences; Gallagher, 2000) contrary
to the N1 that does not (Ford et al., 2014; Kiihn et al., 2011;
Timm et al., 2016). These characteristics along with our
data showing P2 attenuation in both vertex and mastoids
may point to a functional dissociation between N1 and P2
as suggested by previous work (Chen et al., 2012; Knolle
et al., 2013b; Schroger et al., 2015). Following the P2 atten-
uation, we found enhanced P3 amplitude at Pz for sounds
coinciding with actions. Interestingly, a P3 effect was
also evident - although not discussed - in previous work
with action-sound coincidences (Horvath et al., 2012).
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Recently, this effect has been suggested to reflect viola-
tions in action-related predictions (Darriba et al., 2021)
which may occur in tasks where the self-generated sound
is unexpected (e.g., in coincidence tasks where the action
does not always result in a sound; Horvath et al., 2012).
Although previous work has already described P3 modu-
lations in self-generation paradigms, the posterior distri-
bution and later peak of our effect differentiates it from
the fronto-central P3a effect reported for unexpected
externally-generated sounds (Baess et al., 2011) or self-
generated deviant sounds (Knolle et al., 2013a). Based
on previous theories, we speculate that the posterior P3
effect may be related to context updating (Donchin &
Coles, 1988), event categorization (Kok, 2001) or decision
making (Twomey et al., 2015) and may reflect an evalua-
tive process of the stimulus (i.e., self/external categoriza-
tion) that ultimately updates the internal model about the
sensory consequences of the button press (Polich, 2007).

The second important finding related to our first aim is
that neuromodulatory processes take place concomitantly
to the modulatory effects of action-sound coincidence
on evoked electrophysiological responses. We obtained
pupil dilation measures that are known to track the ac-
tivity of the LC-NE system (Aston-Jones & Cohen, 2005;
Joshi et al., 2016; Murphy et al., 2014) and in line with our
hypothesis, we showed a remarkable increase in pupil di-
ameter for the motor-auditory events that started even be-
fore the action (cf. Aston-Jones & Cohen, 2005; McGinley
et al., 2015; Reimer et al., 2016), supporting previous work
reporting pupil dilation during finger movements (Lubinus
et al., 2021; Yebra et al., 2019), and locomotion (McGinley
et al., 2015; Reimer et al., 2014; Vinck et al., 2015) even in
the absence of visual stimulation (Hupe et al., 2009). We
also hypothesized that these neuromodulatory processes
might be behind the stimulus-unspecific effects of actions
on the auditory evoked responses. However, pupil dilation
did not correlate with the sensory suppression effects for
self-generated sounds. Although this may suggest that
motor-induced sensory suppression and arousal-related
neuromodulation during actions operate independently,
there was a non-significant trend toward a link between
N1 attenuation at vertex and pupil dilation, and both of
these measures correlated significantly with memory per-
formance. Taken together, these findings raise the need
of future work to further test for relationships between
action-induced suppression effects and neuromodulatory
mechanisms operating during movement.

The second aim of the present study was to assess how
the differential processing for sounds coinciding with ac-
tions might affect their encoding in memory. While the
links between sensorimotor processing of auditory stim-
uli and memory processes remain largely unexplored,
there is evidence that actions attenuate responses in areas
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supporting memory processes (i.e., Mukamel et al., 2010;
Rummell et al., 2016), raising the possibility of a link be-
tween self-generation and memory. In our study, motor
actions affected the memory encoding of concurrent
sounds, but the effects were reflected only in memory
performance and not in memory bias. The null effects on
memory bias might suggest that participants could rec-
ognize that both test sounds at retrieval were presented
before, which is supported by the general high level of ob-
jective accuracy as well as by reports during an informal
debriefing suggesting that many participants thought that
most times all sounds at retrieval were presented before.
The memory benefit for the more surprising externally
generated sounds fits well with predictive coding theories
postulating that items eliciting larger prediction errors
at encoding will be encoded better in memory (Exton-
McGuinness et al., 2015; Greve et al., 2017; Heilbron
& Chait, 2018; Henson & Gagnepain, 2010; Krawczyk
et al., 2017; Pine et al., 2018; Rescorla & Wagner, 1972).
Yet, one would expect to observe this effect only in con-
tingent paradigms where self-generated sounds are in-
herently more predictable than the externally generated
ones. However, although in our study actions were not
predictive of sound identity or occurrence, they afforded
better temporal predictability, which might have rendered
motor-auditory sounds less salient, thereby compromis-
ing their encoding in memory (but not in 2 T sequences
where participants clearly remembered both sounds). We,
therefore, acknowledge that our study cannot completely
disentangle whether the effects observed on memory en-
coding are due to the neurophysiological effects of motor
acts at encoding (e.g., attenuation and increased neuro-
modulation as indexed by pupil dilation), temporal pre-
dictability, or both.

Related to the second aim of the present study, we
also hypothesized that the memory encoding of sounds
paired with actions should be related to the neurophysio-
logical effects of actions on sensory processing of sounds,
namely the suppression effects and the pupil dilation for
action-sound coincidences. First, we showed that the
self-generation effects (i.e., N1 and Tb attenuation) are
related to the performance decrements for sounds pro-
duced by actions as suggested by previous work in rodents
(McGinley et al., 2015; Schneider et al., 2014, for a review
see Schneider, 2020). These findings support the idea that
the larger prediction error responses to unexpected items
(as indexed by enhanced ERPs to A compared to MA
events at encoding) initiate a cascade of synaptic changes,
allowing for more distinctive representations at encoding
(Kirwan & Stark, 2007; Norman, 2010) and thus better
recollection at retrieval. Our findings could also fit with
the compelling evidence for hippocampal involvement in
learning from prediction errors (Schiffer et al., 2012) and
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expecting upcoming events (Davachi & DuBrow, 2015;
Hindy et al., 2016; Schapiro et al., 2017): The reduced pre-
diction errors at hippocampus to self-initiated stimulation
(Mukamel et al., 2010; Rummell et al., 2016) could trans-
late to memory decrements for these items. Second, we
showed that memory performance correlated with pupil
diameter as well, such that the larger the pupil diameter
for motor-auditory events the worse the memory perfor-
mance for these sounds at retrieval. To date, there have
been no direct attempts to test for possible links between
motor-induced pupil dilation and memory performance
for stimuli triggered by actions. Some interim evidence
points to a negative relationship between pupil dilation
and detection performance during locomotion (McGinley
et al., 2015), suggesting that performance may follow the
classically described, inverted U-shaped dependence on
arousal (Yerkes & Dodson, 1908): Intermediate levels of
arousal - as indexed by pupil diameter — occur in states of
quiet wakefulness and are characterized by optimal per-
formance. In contrast, performance during high-arousal
states such as movement drops dramatically. Collectively,
we showed that sensory attenuation and pupil dilation
independently correlate with memory performance, sup-
porting the predictive account of memory (i.e., memory
enhancements for items eliciting larger prediction errors
at encoding) and providing yet another piece of evidence
supporting the detrimental effects of high arousal (i.e., as
indexed by pupil diameter) on behavioral performance.
The present study had clear hypotheses about the effects
of actions on sensory and pupil responses at encoding, yet,
exploratory analyses of the retrieval data revealed further
effects. First, we obtained higher Na and Tb amplitudes for
the sounds encoded as motor-auditory and remembered
compared to the remembered and encoded as auditory-only
ones. As the sounds encoded as motor-auditory were pre-
sented passively at retrieval (i.e., without the motor represen-
tation that they were encoded with), the higher Na and Tb
amplitudes may reflect a form of contextual prediction error
(Exton-McGuinness et al., 2015; Kim et al., 2014; Sinclair &
Barense, 2019) due to the mismatch between encoding and
retrieval contexts for these sounds. This interpretation can
be partly supported by the exploratory correlation analy-
ses that showed that the larger the P2 and Tb attenuation
for motor-auditory sounds at encoding, the greater the Na
enhancement for these sounds at retrieval when they were
remembered. Thus, the greater the effect of the action at en-
coding, the greater the contextual prediction error when the
sound is presented without the action at retrieval. Second,
we found larger pupil responses for the forgotten compared
to the remembered sounds at retrieval irrespective of how
they were encoded. While previous work has reported an
old/new pupil effect (i.e., increased pupil responses for
the remembered items; Kafkas & Montaldi, 2015; Naber
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et al., 2013, but see Beukema et al., 2019 for the opposite
effect), in our study both sounds at retrieval were presented
before. The increase in pupil diameter for the forgotten
sounds at retrieval could be instead related to selection or
decision uncertainty (Geng et al., 2015; Nassar et al., 2012;
Preuschoff et al., 2011; Richer & Beatty, 1987) when par-
ticipants experienced greater difficulty to decide whether a
given sound was presented before or not.

In sum, the overarching aim of the present study was
to investigate how motor acts affect both sensory process-
ing and the memory encoding of concomitant sounds.
To the best of our knowledge, there have been no previ-
ous attempts to simultaneously assess the specificity of
the self-generation effects and their possible link with
neuromodulatory processes while also looking into the
effects of actions on memory encoding of sounds. Here,
in a combination of self-generation and memory task, we
show that actions affect auditory responses, pupil diame-
ter, and memory encoding of sounds. Actions suppressed
sensory responses for concomitant sounds and increased
pupil diameter, but these effects were not related, point-
ing to simultaneous, but probably independent processes.
However, sensory suppression and pupil dilation both
correlated with memory performance independently,
such that the memory performance for sounds coincid-
ing with actions decreased with larger sensory attenua-
tion and greater pupil dilation. Collectively, our findings
show self-generation effects even in the absence of a pre-
dictive action-sound relationship, replicate previous work
showing that pupil diameter increases during actions, and
finally point to differentiated internal memory representa-
tions for stimuli triggered by ourselves compared to exter-
nally presented ones. More importantly, the present study
shows that subcortical neuromodulatory systems, along
with cortical processes, simultaneously orchestrate audi-
tory processing and memory encoding.
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Additional supporting information can be found online in
the Supporting Information section at the end of this article.
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Figure S1. Non-parametric cluster-based permutation
test comparing the average EEG signal in the auditory-
only and the corrected motor-auditory condition (A-
[MA-M]). Topographical maps denote the positive (red)
and negative (blue) effects. The topography is shown for
segments of 25 ms. The black dots indicate the electrodes
over which the difference between the two conditions
reaches significance. There were two significant clusters,
a negative cluster (p <.001; 56-344 ms post-stimulus) and
one positive cluster (p =.01; 122-232 ms post-stimulus)
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