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ARTICLE INFO ABSTRACT

Keywords: Action is an important way for children to learn about the world. Recent theories suggest that action is inherently
EEG accompanied by the sensory prediction of its effects. Such predictions can be revealed by rarely omitting the
Omission

Predictive coding
Auditory N1
Children

expected sensory consequence of the action, resulting in an omission response that is observable in the EEG.
Although prediction errors play an important role in models of learning and development, little is known about
omission-related brain responses in children.

This study used a motor-auditory omission paradigm, testing a group of 6-8-year-old children and an adult
group (N = 31 each). In an identity-specific condition, the sound coupled to the motor action was predictable,
while in an identity unspecific condition the sound was unpredictable.

Results of a temporal principal component analysis revealed that sound-related brain responses underlying the
N1-complex differed considerably between age groups. Despite these developmental differences, omission re-
sponses (0N1) were similar between age groups. Two subcomponents of the oN1 were differently affected by
specific and unspecific predictions.

Results demonstrate that children, independent from the maturation of sound processing mechanisms, can
implement specific and unspecific predictions as flexibly as adults. This supports theories that regard action and
prediction error as important drivers of cognitive development.

1. Introduction

Infants and children exhibit a strong desire to act in the world. In
their first year of life, children voluntarily and repeatedly drop objects,
for instance a spoon, and listen highly concentrated to the sound of the
impact. A growing body of empirical findings demonstrates the impor-
tance of such behaviour, showing that action execution forms associa-
tions between motor acts and sensory consequences, which are
subsequently used to improve perception (Adolph and Hoch, 2019;
Hunnius and Bekkering, 2014). Despite the important role of
action-effect couplings in development, the maturation of the psycho-
physiological mechanisms behind this process, their flexibility and
specificity, and their interaction with sensory processing are largely
unknown. More specifically, the effect of the large developmental
changes in the auditory system in middle childhood and its relation to
neuronal mechanisms underlying action-effect couplings is largely
unexplored.

From a psychophysiological perspective, action-effect couplings are
often considered in the context of predictive coding. This theory
hypothesises that higher-level cortical areas send sensory predictions
downwards to lower levels. When the predicted input does not match
the actual sensory input, a prediction error is generated which is prop-
agated back up the hierarchy, acting as information to update models
and generate better predictions (Friston, 2005). An action that is reliably
coupled to a sensory consequence (such as dropping a spoon and hearing
its impact on the floor) propagates sensory predictions downwards to
sensory levels (Arnal and Giraud, 2012). At the moment the action is
performed, sensory predictions are compared to actual input, where
incorrect predictions result in prediction errors that are propagated back
up to higher levels. For infants and children, these prediction errors
might be a crucial source of information for learning and development
(Emberson, 2017; Koster et al., 2020; Trainor, 2012).

An intriguing example of action-induced prediction error is the
electrophysiologically recorded omission response elicited by motor-
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auditory couplings (Dercksen et al., 2020, from the same lab as the
current study; SanMiguel et al., 2013a, 2013b). In these experiments,
subjects had to press a button every 600-1200 ms, which immediately
resulted in a sound most of the time, but where occasionally the sound
was unexpectedly omitted. Predictive coding hypothesises that in these
cases, where an auditory prediction is present but auditory input is ab-
sent, a prediction error should be elicited in auditory areas. Indeed, a
cascade of omission responses is visible in the EEG, where early re-
sponses likely originate from auditory areas (SanMiguel et al., 2013b).
Similar omission responses have been observed in visual-auditory par-
adigms (Stekelenburg and Vroomen, 2015; Van Laarhoven et al., 2017).
Omission paradigms are a strong tool to investigate prediction as they
avoid confounding adaptation effects and can be regarded to solely
reflect prediction (error) related activity (SanMiguel et al., 2013b;
Schroger et al., 2015). The lack of bottom-up sensory input in these
paradigms is particularly beneficial when studying cognitive develop-
ment, where stimulus processing is still immature (e.g., for auditory
processing: Wunderlich and Cone-Wesson, 2006) and could therefore
confound inferences regarding the maturation of prediction processes.
Several other developmental studies have already demonstrated the
benefits of an omission approach using fNIRS (Boldin et al., 2018;
Emberson et al., 2015), pupil dilation (Zhang et al., 2019), and EEG
(Winkler et al., 2009). These studies were carried out with infants and
did not apply motor-sensory couplings that require action. Instead,
passive couplings were used, for instance combinations of audio-visual
stimuli where occasionally visual stimuli were omitted (e.g. Boldin
et al., 2018).

In the paradigm of SanMiguel et al. (2013a, 2013b) and Dercksen
et al. (2020) the earliest omission-related component in the
event-related potential (ERP) is the omission N1 (oN1). As the first
indication of (cortical) prediction error, and given its presumed origin in
the auditory cortex, the oN1 likely reflects the unconscious comparison
between sensory prediction and sensory input (Arnal and Giraud, 2012;
Friston, 2005; Knolle et al., 2012; Schroger et al., 2015). According to
predictive coding models of perception, the oN1 is related to the
N1-family of sound evoked ERP components, as prediction errors are
thought to be generated by the sensory processing hierarchy responsible
for sound perception (Bastos et al., 2012; Bendixen et al., 2012; Schroger
et al., 2015). Significant developmental changes in the sound evoked N1
subcomponents can be observed in middle childhood. The vertex N1
(also termed N1b) takes a long time to fully develop, showing consid-
erable changes until adolescence (Ceponien et al., 1998, 2002; Egger-
mont and Ponton, 2003; Ponton et al., 2000;). N1b is often absent in
middle childhood, where normally the P1 is the dominant component of
the ERP (e.g., Silva et al., 2017; Wetzel and Schroger, 2007), and is
sensitive to stimulus presentation and the physical properties of the
stimulus (Naatanen and Picton, 1987). The temporal N1 sub-
components-which are considered part of the T-complex (Na and Tb)—
are also subject to significant changes throughout development (Rinker
et al., 2017; Shafer et al., 2015). The first negative peak, the Na (also
termed N1a), is observed in 18-month-olds and is assumed to decrease in
both amplitude and latency as the brain matures throughout childhood
(Tonnquist-Uhlen et al., 2003; Wunderlich and Cone-Wesson, 2006).
The Nla is assumed to reflect the activation of neural generators un-
derlying stimulus detection (Naatanen and Picton, 1987). The later Tb
(also termed N1lc) emerges after three years of age and decreases in
amplitude with age (Albrecht et al., 2000; Ponton et al., 2002), but ef-
fects on latency are inconsistent (Albrecht et al., 2000; Mahajan and
McArthur, 2013; Ponton et al., 2002). The N1c is assumed to reflect the
activation of neural generators underlying stimulus discrimination
(Naatanen and Picton, 1987). Generally, the N1 complex is thought to
reflect sensory processing (Joos et al., 2014) and is mostly generated by
the primary and secondary auditory cortices and auditory association
areas (Picton et al., 1999; Woods, 1995).

Given the significant developmental changes of N1 subcomponents,
and the discussed relation between auditory omission responses and
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sound evoked processes, it is unclear whether the oN1 undergoes similar
developmental changes. In a broader sense, it is uncertain whether
motor-sensory omission responses are present at all in children given the
scarce research regarding the development of the responsible prediction
pathways. Basirat et al. (2014) found that 3-month-old infants already
demonstrate distinct error responses to local sound (deviation from
directly successive stimuli, e.g. AAAB, eliciting an early response) and
global sound (general rules over multiple sequences, e.g. AAAB AAAB
AAAA, eliciting a late response) violations, suggesting that the hierar-
chical elicitation of prediction error is present from a young age. The
responses were, however, very different from adult responses in terms of
latency, amplitude, polarity and topography, which might suggest an
ongoing development of these components similar to sound evoked
processes. Furthermore, action-effect associations have been demon-
strated behaviourally in infants around the end of the first year of life
(Elsner, 2007). Paulus et al. (2012) additionally observed motor-related
EEG activity in 8-month-olds in response to a sound that was associated
with the movement of a toy. These findings suggest that action-effect
couplings are present from an early age. However, it is unclear
whether violations of these couplings elicit sensory error responses in
school age children that resemble those of adults given the involvement
of an immature auditory system. In particular, the dissociation between
the generation of sensory predictions that are specific for the identity of
an auditory event, and more general predictions are barely investigated,
even in older children. This knowledge gap regarding the development
of action-effect couplings is especially notable given the essential role
they play in models of motor control (Shadmehr et al., 2010; Imamizu,
2010), speech production (Hickok and Poeppel, 2007; Pickering and
Garrod, 2013), and ideomotor theories in general (for a review see Shin
et al., 2010).

The current study aims to investigate the early prediction error (oN1)
elicited by motor-auditory couplings, using a child-friendly version of
the omission paradigm of SanMiguel et al. (2013a) and Dercksen et al.
(2020) that until now was performed in adults only. The study measures
a child group aged 6-8 years and an adult control group. This age range
ensured that children on the one hand were able to perform the task, and
on the other hand demonstrate a comparable, immature brain response
to sounds. Our paradigm tests motor-auditory omission responses in two
conditions: one where the identity of the sound is known (single sound
condition) and one where the identity of the sound is unknown (random
sound condition). Dercksen et al. (2020) showed that an oN1 is elicited
in both conditions, but that the response is stronger when the sound can
be completely predicted (single sound condition). They attributed these
findings to possible precision weighting effects: a highly specific pre-
diction (single sound condition) increases the weight that is attributed to
the error units, while an unspecific prediction (random sound condition)
decreases the weight (Feldman and Friston, 2010). It is unknown
whether the children’s auditory cortical system, that is not matured in
the respective age range, can already differentiate between identity
specific and unspecific predictions in a similar way as adults. Therefore,
the current study can determine 1) if the oN1 is elicited in children —
especially given the developmental processes of its sound evoked
counterparts — and 2) whether similar precision weighting effects can
also be observed in children.

2. Material and methods
2.1. Participants

EEG and behavioural data were acquired for a group of adults and a
group of children. A total of 39 children and 32 adults were measured. 9
participants were excluded (8 children, 1 adult). 2 children were
excluded because they could not perform the task well enough (defined
as pressing more than 150 times—-out of 1760 trials-too early/late), 3
because of technical problems, and 3 because children switched button-
press hand repeatedly during the experiment. 1 adult was excluded
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because of repeatedly falling asleep and not pressing the button
anymore. 31 children were regarded for further analysis (21 female; age
range: 6-8; mean age = 7.9, SD = 0.7 years; 2 left-handed as measured
by an adapted German version of the Oldfield Scale; Oldfield, 1971;
left-handed participants performed experiment with right hand). 31
adults were regarded for further analysis (12 female; age range: 20-35;
mean age = 25.3, SD = 4.5 years; 2 left-handed as measured by an
adapted German version of the Oldfield Scale; Oldfield, 1971;
left-handed participants performed experiment with right hand). All
participants reported normal hearing and were compensated with
money (for adults) or a voucher for a children’s shop (for children).
Adults gave written consent prior to the experiment, whereas in the case
of children both children and parents gave written consent. For children,
it was vocally explained that (translated from German): “I participate
voluntarily and if I am tired or would like to stop doing the experiment,
it is perfectly ok and we can stop.” If the child agreed, they would write
their name at the bottom of the form that had the vocally mentioned
statement written on it. The project was approved by the local ethical
committee.

2.2. Stimuli

48 different common environmental sounds (e.g., dog, car-horn,
trumpet) rated as identifiable by an independent sample of partici-
pants (in 200 ms form, see Wetzel et al., 2011) were used as sound
stimuli. Sounds were presented binaurally for 200 ms and were
tapered-cosine windowed (10 ms rise- and 10 ms fall-time) and root
mean square (RMS) matched. Loudness was set at 70.4 dB SPL for all
participants. While performing the experiment, participants were asked
to watch a children’s movie that was played silently on a screen at ~ 60
cm distance from the participants eyes (10.3° x 18.9° visual angle). The
movie (Burton and Starzak, 2015) was a clay-animated story about the
adventures of a sheep, that was easy to understand without sound (as
there was no speech involved) and suitable for the young age group.

2.3. Apparatus

Participants were seated in a dimly lit, electrically shielded, and
acoustically attenuated chamber, while EEG was continuously recorded.
The experiment was programmed using Psychtoolbox (version 3.0.15;
Brainard, 1997) and ran on a Linux-based system using GNU Octave
(version 4.0.0). Auditory stimuli were presented using Sennheiser
HD-25 headphones. Visual stimuli were presented using a VIEW-
Pixx/EEG Display (Resolution 1920(H) x 1080(V) - 23.6-in. display
size). To ensure the button did not make a sound when pressed, a
custom-built infra-red photoelectric button was used that was addi-
tionally padded with sound absorbing material.

2.4. Task and procedure

Participants sat approximately 60 cm from a screen, having their
right index finger on a button. In all conditions, participants were asked
to press a button every 600-1200 ms, while at the same time watch a
movie. If the button was pressed too quickly (< 600 ms ISI) the movie
was interrupted and a bunny would appear. If the button was pressed too
slowly (> 2000 ms ISI) the movie was interrupted and a snail would
appear. As soon as the bunny/snail disappeared, participants could
resume the experiment with the next button press. Two distinct sound
conditions (single sound, random sound) and a motor control condition
were presented. In the sound conditions, a button press resulted in a
sound (without delay) 85% of the time, where the remaining 15% of
trials were unexpectedly omitted. Sound blocks had 220 sound trials and
40 omission trials, and motor control blocks had 100 trials. Omissions
were randomly placed, under the restricting conditions that the first five
trials of every block were always sound trials, and every two trials
following an omission were always sound trials. In the single sound
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condition, the same sound was presented in all sound trials of the block.
Different sounds were used as the single sound in separate blocks, where
all 48 sounds were balanced across participants. In the random sound
condition, sounds changed on every trial. A no-sound motor control
condition was included in which no sound was presented with the but-
ton press to be able to subtract the neural activity related to the pressing
of the button. Before the experiment, a few short training blocks were
completed where subjects attempted to press the button every
600-1200 ms, using an intuitive feedback display. In the first training
block, a speedometer was presented on the screen, where a pointer
would move after every button press either in a green (correct time
between button presses, middle area of the speedometer) or red (too
slow/fast between button presses, left/right areas of the speedometer)
area of the speedometer. This training block presented 150 trials
without sound. Subsequently, three short training blocks of 20 trials
were presented to familiarise participants with the motor control, single,
and random sound conditions together with the movie. Training blocks
were repeated when necessary (i.e., when the participant did not
consistently press in the correct rhythm yet, or when the participant
wanted more practice). What followed were 8 experimental blocks (3
single sound, 3 random sound, 2 motor control). The order of the blocks
was completely randomised. Blocks were approximately 3 min long. A
total of 660 sound trials and 120 omission trials were performed for each
sound condition, and 200 trials were performed as no-sound motor
control. Total experiment time was about 45 min including breaks.

2.5. Data recording

EEG was recorded from a total of 31 active electrodes, placed ac-
cording to the extended international 10-20 system at the following
positions: FP1, Fz, F3, F7, FC5, FC1, C3, T7, CP5, CP1, Pz, P3, P7, Oz, P4,
P8, CP6, CP2, Cz, C4, T8, FC6, FC2, F4, F8, FP2, and the left (M1) and
right (M2) mastoids. Furthermore, EOG was recorded from three elec-
trodes placed left and right of the outer canthi of the eyes and below the
left eye. The reference electrode was placed on the tip of the nose. An
Actichamp amplifier (BrainProducts, Gilching, Germany) was used,
recording at 500 Hz using Vision Recorder software (version 1.21).

2.6. EEG data preprocessing

EEG data analysis was performed with MATLAB software using the
EEGLAB toolbox (Delorme and Makeig, 2004). Data was filtered offline
with a 0.1 Hz high-pass filter (Kaiser windowed sinc FIR filter, order =
8024, beta = 5, transition band width = 0.2 Hz) and a 48 Hz low-pass
filter (Kaiser windowed sinc FIR filter, order = 402, beta = 5, transi-
tion band width = 4 Hz). Data was segmented into epochs starting 200
ms before and ending 500 ms after button press. All trials outside the
600-2000 ms button-press time limit were excluded. Noisy channels
were removed from the data, which were defined as having a robust
z-score of the robust standard deviation larger than 3 (Bigdely-Shamlo
et al., 2015). These channels were removed from analysis and interpo-
lated after ICA. Epochs exceeding a 500 pV signal-change per epoch
threshold were removed. ICA was performed to correct for artefacts.
This was done on raw data that was 1 Hz high-pass filtered (Kaiser,
order = 1604, beta = 5, transition band width = 1 Hz) and 48 Hz
low-pass filtered (same as above), as 1-2 Hz high-pass filters improve
ICA performance (Klug and Gramann, 2020; Winkler et al., 2015). After
ICA, data was segmented — 200 to 500 ms around the button press. The
same channels and trials were removed as was done in the previous step.
The obtained demixing matrix was subsequently applied to the 0.1-48
Hz filtered data. Artefact ICs were detected with support of the IClabel
plugin (Pion-Tonachini et al., 2019). Two independent raters judged
components, aiming to remove all heart-, eye- and muscle-related
components. Selected components were then discussed to come to a
final judgement of components to be removed. For children, on average
11 components were rejected (median = 11, min/max = 8/16, SD = 2),
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while for adults on average 10 components were rejected (median = 9,
min/max = 6/15, SD = 2). Each epoch was baseline corrected by sub-
tracting the mean amplitude of the — 150 to — 50 ms window preceding
stimulus onset. Finally, the first five trials of each block, the two trials
following an omission, and trials that exceeded 125 pV signal-change
per epoch were excluded from analysis. Individual ERPs were
computed for each condition and every subject.

2.7. Behavioural data

Behavioural data were analysed to determine if there were system-
atic differences between age groups in the number of trials pressed
outside the appropriate time window and in the rhythm that the button
was pressed. This rhythm was determined based on the behavioural data
from which any too early/late button presses were removed. Trials were
defined as too early when time between button presses was less than
600 ms, and as too late when time between button presses exceeded
more than 2000 ms (the same time window that would result in an
interruption of the experiment in case of violation, see Section 2.4).

2.8. PCA

Temporal PCA was used to analyse ERPs. This method aims to sta-
tistically decompose ERP waveforms into their constituent building
blocks (see Dien, 2012 for a tutorial). PCA is particularly suited for the
investigation of ERPs in developmental populations reducing problems
due to the enhanced noise level (Dien, 2012). Given the typically
different component structure and latencies in the child and adult
groups, PCAs were performed separately for the adult and child group
and for the sound and omission conditions (see Barry et al., 2016 for a
demonstration that this approach is superior with systematic component
latency differences). The number of retained components was deter-
mined using Horn’s parallel test. An R implementation of the Compo-
nent loss rotation (Jennrich, 2004a, 2004b, 2006) method with Kaiser
normalisation was applied to the initial PCA solution as described by
Scharf and Nestler (2019). Component loss rotation is substantially less
prone to conflating components with strong temporal and spatial over-
lap than other rotation methods. This property made component loss
rotation especially appropriate since we were specifically interested in a
good decomposition of components in the N1 time range. Two separate
PCAs were computed on both age groups, one on the individual average
ERP responses to sound omissions (plus motor-control) and one on the
individual average ERP responses to sounds (plus motor-control). The
PCA of omission responses (plus motor-control) focused on the analysis
of the oN1, which was recognised on the basis of its typical temporal and
topographical characteristics (as described, e.g., by Dercksen et al.,
2020). This PCA was computed on the individual averages of the motor
control, single sound omissions, and random sound omissions. The ROI
for statistical testing of the oN1 was based on the topography reported in
previous studies (SanMiguel et al., 2013a, 2013b; Dercksen et al., 2020),
using electrodes T7 and T8 (which were the only electrodes that were
present in all three aforementioned studies). The PCA of sound responses
(plus motor-control) focused on analysis of the sound ERP. This PCA was
computed on the individual averages of the motor control, single
sounds, and random sounds. ROIs for the components were based on the
topography of activations. For children, frontal P1: F3, Fz, F4, FC1, FC2
(frontal/central); T7, T8 (temporal). Centro-lateral P1: FC5, FC1, FC2,
FC6; T7, T8. N1c/P2: FC1, FC2, Cz; T7, T8. For adults, P1: F3, Fz, F4,
FC1, FC2; T7, T8. N1b: C3, Cz, C4; T7, T8. N1c: F3, Fz, F4, FC1, FC2; T7,
T8. P2: FC1, FC2, Cz; T7, T8. The results of the PCAs of sound-related
ERPs were only analysed within groups.

Because separate PCAs for omission responses were performed for
the adult and child group, analysing the differences between the two
groups could not be performed on the level of the factor scores and
required further consideration. First, we determined the oN1 compo-
nents as described above separately for each group. Then, we
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reconstructed the omission PCA component time courses in pV-units
reflecting the appropriately scaled contribution of each component to
the observed ERP (as previously applied for example by Bonmassar
et al., 2020) per component, participant, electrode location, and con-
dition, by multiplying the component score by the peak amplitude of the
PCA component loading times the standard deviation (per time point).
This conversion of component loadings to real world units (uV) was
demonstrated by Dien (1998, Appendix for a formal proof; 2012 for an
accessible explanation). The resulting time course reflects the portion of
the recorded waveform accounted for by each component scaled to pV,
allowing a statistical comparison between the adult and child groups. An
amplitude measure for the oN1 components was obtained by the peak
amplitude for the single and random condition, respectively, in each
group. Before the amplitudes were subjected to comparisons between
age groups, the motor-control waveform was subtracted from the
motor-auditory waveform to correct for the contribution of motor ac-
tivity to the ERP.

2.9. Statistical analyses

Behavioural data was tested for differences between groups
regarding the number of trials pressed outside the appropriate time
window and the time asynchrony between button presses. Both mea-
sures were tested using frequentist and Bayesian independent t-tests.

The early and late subcomponents of the oN1 were tested for dif-
ferences between conditions using separate paired samples t-tests (single
omission vs. motor control, random omission vs. motor control, single
omission vs. random omission) within each age group. As previous
literature provides clear hypotheses about the expected effects, t-tests
were performed one-sided. Equivalent comparisons were tested using
Bayesian paired samples t-tests (single omission vs. motor control,
random omission vs. motor control, single omission vs. random).

Differences between groups were tested using a mixed model
ANOVA on the omission minus motor control difference amplitudes
testing for elicitation of the components (intercept; within subject), for
condition differences within groups (condition: single vs. random con-
dition; within subject), and for amplitude differences between groups
(age group: children vs. adults; between subject). A significant interac-
tion effect of condition x age group would indicate between group dif-
ferences for the condition effects. All mixed model ANOVA main and
interaction effects including the intercept term (reflecting component
elicitation) were tested with the corresponding Bayesian t-tests. This
analysis strategy provided optimal correspondence between frequentist
and Bayesian tests for evaluating the support provided by the data for
the alternative and null hypotheses. Effect size was reported using the
generalised 12 (ngz; Bakeman, 2005).

Bayesian paired samples t-tests corresponding to the mixed model
ANOVA main effects and interactions were performed in R using the
BayesFactor package (Morey and Rouder, 2018). The null hypothesis
corresponded to a standardised effect size 6 = 0, while the alternative
hypothesis was defined as a Cauchy prior distribution centred around
0 with a scaling factor of r = 0.707 (the default “medium” effect size
prior scaling). Resulting Bayes Factors (BF;¢) were interpreted following
Lee and Wagenmakers (2013), who give the labels anecdotal (0.33-3),
moderate (3-10 or 0.33-0.1), strong (10-30 or 0.1-0.033), and very
strong (> 30 or < 0.033) for specific ranges of the Bayes Factor. We
replaced the label “anecdotal” with “weak™ and “very strong” with
“decisive” to aid interpretation. Analyses were conducted using R 3.6.1
(R Core Team, 2014).

Sound evoked components were tested for differences between
conditions using separate paired samples t-tests (single omission vs.
motor control, random omission vs. motor control, single omission vs.
random omission) within each age group. These t-tests were performed
two-sided. Equivalent comparisons were tested using Bayesian paired
samples t-tests (single omission vs. motor control, random omission vs.
motor control, single omission vs. random).
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3. Results

In general, both adults and children were able to press the button
within the appropriate time window, although children made more
mistakes than adults. The average number of trials pressed outside the
time window in the child group was 42 (median = 34, min/max = 3/
145, SD = 38) and in the adult group 3 (median=1, min/max = 1/15,
SD = 3). The observed data provides decisive evidence for a difference
between groups (BF1p =3.88 x 104, d=—1.46 [95% CI: — 2.02 — 0.90],
t(60) = — 5.757, p < .001). Mean inter-press interval in the child group
was 941 + 123 (SD) and in the adult group 960 + 130 (SD). The
observed data provides moderate evidence against a difference between
groups (BFj9=0.30,d = — 0.15 [95% CI: — 0.65 0.35], t(60) = — 0.584,
p = 0.561).

The PCA of omission responses extracted a total of 13 components in
the children group, and 15 components in the adult group. The PCA of
sound responses extracted a total of 10 components in the children
group and 13 components in the adult group (Fig. 1).

3.1. Early oN1

PCA extracted two components in the oN1 time range, an early and a
late component, in both age groups (see Table 1 for mean amplitudes).
In the child group, PCA component 2 presumably reflected the early oN1
component, explaining 11.7% of variance. It peaked at 130 ms and was
maximal over temporal leads (see Fig. 1 for overview of component
loadings, Fig. 2 for component details). In the adult group, PCA
component 5 presumably reflected the early oN1 component, explaining
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Table 1
Motor corrected early and late oN1 amplitudes in the single (SO-M) and random
sound conditions (RO-M) in pV units incl. [95% CI] in children and adults.

Adults Children Mean
Early SO-M —0.55[-0.77 —1.60 [— 2.21 —1.08 [— 1.42
oN1 —0.33] —1.00] —0.73]
RO- —0.27 [- 0.44 —0.92[-1.48 —0.59 [ 0.89
M —0.09] —0.36] —0.29]
Mean  — 0.41 [- 0.55 -1.26 [ 1.77
—0.27] —0.75]
Late SO-M - 0.67 [- 0.93 —-1.22[-1.78 —0.94[-1.25
oN1 — 0.40] — 0.66] —0.63]
RO- —0.50 [ 0.80 - 0.74 [- 1.34 —0.62 [— 0.94
M —0.19] —0.13] —0.29]
Mean —0.58 [—0.81 —0.98 [ 1.47
—-0.35] —0.49]

8.9% of variance. In adults, the early oN1 component peaked at 90 ms
and was maximal over temporal leads (see Fig. 1 for overview of
component loadings, Fig. 2 for component details).

The early oN1 component was elicited with comparable topography
(maximal at temporal leads) across age groups (see Fig. 2). Early oN1
amplitude was larger in children compared to adults and larger in the
single compared to the random sound condition. The observed data
provide strong evidence for the elicitation of the early oN1 component
(intercept term: BFyy = 6.56 X 105, d=0.82 [95% CI. 0.53 1.11], F
(1,60) = 41.78, p < .001, ng2 = 0.336). Furthermore, the data provide
strong evidence for higher early oN1 amplitudes in children compared to
adults (main effect age group: BF1g = 20.54, d = 0.84 [95% CI: 0.29
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Fig. 1. Overview of component loadings for omissions and sounds in children and adults. Components identified as oN1 and sound-related components of interest are

shown in opaque.



T.T. Dercksen et al.
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A1 (130 ms; comp. 2)
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A2 (180 ms; comp. 7)
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Fig. 2. Early and late oN1 components in
children and adults. Panel A: Reconstructed
PCA component difference waveforms (opaque)
and grand-average difference waves plus 95%
CIs (transparent) for single (blue) and random
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tions (right column). The omission response can
be seen over temporal areas.
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1.37], F(1,60) = 10.89, p = 0.002, ngz = 0.117) and moderate to strong
evidence for higher early oN1 amplitudes in the single sound compared
to the random sound condition (main effect condition: BF1y = 9.17,
d =0.39 [95% CI: 0.13 0.65], F(1,60) = 9.37, p = 0.003, ngz = 0.041).
The data indicated that the amplitude difference between single and
random sound conditions is similar rather than different between the
age groups, however, the evidence was not conclusive. If the condition
effect is modulated by age group the interaction effect is expected to be
small (interaction effect of condition x age group: BF1g = 0.52, d = 0.33
[95% CI: — 0.18 0.83], F(1,60) = 1.66, p = 0.203, ngz = 0.007).

3.2. Late oN1

In the child group, PCA component 7 presumably reflected the late
oN1 component, explaining 8.7% of variance (see Table 1 for mean
amplitudes). In children, the late oN1 component peaked at 180 ms and
was maximal over temporal leads (see Fig. 1 for overview of component
loadings, Fig. 2 for component details). In the adult group, PCA
component 1 presumably reflected the late oN1 component, explaining

11.4% of variance. In adults, the late oN1 component peaked at 148 ms
and was maximal over temporal leads (see Fig. 1 for overview of
component loadings, Fig. 2 for component details).

A late oN1 component was elicited with comparable topography
(maximal at temporal leads) across age groups (see Fig. 2). Late oN1 had
similar amplitudes in children compared to adults and in the single
compared to the random sound condition. The observed data provide
strong evidence for the elicitation of the late oN1 component (intercept
term: BFjp = 8.56 x 10*, d=0.75 [95% CI: 0.47 1.03], F(1,60) =
34.94,p < .001, ngz = 0.287). The data suggest that late oN1 amplitudes
were similar rather than different between children and adults (main
effect age group: BF19 = 0.67,d = 0.38 [95% CI: — 0.13 0.89], F(1,60) =
2.27, p=0.137, ngz =0.026) and also between single sound and
random sound conditions (main effect condition: BF1o = 0.69, d = 0.24
[95% CI: — 0.02 0.49], F(1,60) = 3.43, p = 0.069, ngz = 0.017) but the
evidence was not conclusive. Potential age and condition effects are
expected to be small if any. The data provide weak evidence that the
amplitude difference between single and random sound conditions is
similar rather than different between the age groups (interaction effect
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of condition x age group: BF1o = 0.359, d = 0.22 [95% CIL: — 0.28 0.72],
F(1,60) = 0.77, p = 0.383, ng* = 0.004).

3.3. Sound-related ERPs

The morphology and amplitude of the ERPs evoked by sounds
differed substantially between age groups. In adults — after motor
correction — the standard P1-N1-P2-N2 morphology was observed. Here,
PCA extracted two N1 components (Fig. 3 panel B2/B3) presumably
reflecting a vertex N1b (90 ms) and a temporal Nlc (128 ms). In
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children, in the same time range, a large positive wave is observed,
which PCA subdivides in three separate components (Fig. 3 panel A): a
frontal positive wave at 80 ms (termed frontal P1), a centro-lateral
positive wave at 114 ms (termed centro-lateral P1), and a central posi-
tive wave at 162 ms (termed P2). At temporal leads, these components
resemble parts of the T-complex (Wolpaw and Penry, 1975): the frontal
P1 component inverts polarity at temporal leads and resembles the Na or
N1a, the centro-lateral P1 resembles the positive Ta component, and the
P2 inverts polarity resembling the Tb or N1c. None of children’s com-
ponents reflected characteristics of the vertex N1b observed in adults.
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Fig. 3. Reconstructed PCA component difference waveforms (opaque) and grand-average difference waves plus 95% CIs (transparent) for single (S-M; blue) and
random (R-M; red) sound conditions in children and adults. Panel A: Sound evoked components of interest in children. Three positive components were observed (A1,
A2, A4) at frontal (Frontal P1: F3, Fz, F4), centro-lateral (Centro-lateral P1: FC5, FC1, FC2, FC6), or fronto-central ROIs (N1c/P2: Cz, FC1, FC2) and are shown in the
top row. Frontal P1 and P2 showed negative potentials over temporal ROIs (T7, T8; second row). N1c and P2 components were presumably conflated in the PCA
solution in children due to temporal overlap. Bottom row shows component topographies at peak latencies. Panel B: Sound evoked components of interest in adults.
Typical P1, N1b, N1c, and P2 sound components were observed. Components (B1-B4) are shown for frontal (P1: F3, F4, Fz, FC1, FC2), central (N1b: C3, C4, Cz), or
fronto-central ROIs (N1c/P2: Cz, FC1, FC2) in top row and temporal ROI (T7, T8) in second row. Bottom row shows component topographies at peak latencies.
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Table 2
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Statistical results for two-sided frequentist and Bayesian t-tests comparing sound vs. motor component scores evaluating the elicitation of the respective components at
frontal and/or central (Frontal P1: F3, Fz, F4; Centro-lateral P1: FC5, FC1, FC2, FC6; N1c/P2: Cz, FC1, FC2; P1: F3, F4, Fz, FC1, FC2; N1b: C3, C4, Cz) and temporal

ROIs (electrodes T7 and T8). Significant effects are printed bold.

Frontal/central ROIs

Temporal ROI

d BFyo t (30) d BFyg t (30) p

Children

Frontal P1 0.85 496.68 4.74 <.001 -0.84 435.69 -4.69 <.001
Centro-lateral P1 1.23 1.09 x 10° 6.83 <.001 0.76 141.05 4.24 <.001
Nlc/P2 1.66 3.80 x 107 9.24 <.001 -1.01 4854.06 -5.62 <.001
Adults

P1 0.64 28.18 3.58 .001 0.02 0.19 0.10 918
N1b -0.64 27.99 -3.58 .001 -0.93 1700.11 -5.22 <.001
Nlc -0.59 14.06 -3.28 .003 -1.39 1.10 x 10° -7.75 <.001
P2 1.50 4.66 x 10° 8.34 <.001 0.38 1.35 2.12 .042

See Table 2 for statistics.
4. Discussion

The current study aimed to establish an understanding of how pre-
diction related psychophysiological processes develop in the context of
action-effect couplings. We developed a child-friendly version of a
motor-auditory omission paradigm and recorded an electrophysiolog-
ical omission response in 6-8-year-old children and an adult control
group. Participants repeatedly pressed a button triggering a sound
which was rarely omitted while watching a silent video. ERP responses
were measured in two conditions: a single sound condition where al-
ways the same sound was triggered—-allowing specific predictions about
the identity of the expected sound-and a random sound condition where
a random sound was triggered—only allowing unspecific sound pre-
dictions. Results show similar omission responses in both age groups.
The earliest observed omission response was larger in children than in
adults and larger in response to identity-specific predictions compared
to identity-unspecific predictions. The pattern of sound-related brain
responses in the same time range notably differed between children and
adults.

In the following we will discuss (1) the omission response and its
subcomponents in children and adults (2) the dissociation of specific
and unspecific predictions (3) early oN1 amplitude differences between
groups (4) the role of the task-related attentional focus, (5) the devel-
opment of sound-related brain responses in the N1 range and (6) the role
of motor related activity.

4.1. Omission-related brain responses

In line with previous studies in adults using versions of the motor-
sound omission paradigm, an oN1 in response to unexpected omission
of sounds was observed in both age groups (Fig. 2). The oN1 is thought
to reflect a cortical sensory prediction error resulting from the com-
parison between predictions, provided by higher cortical levels, and
actual sensory input (Dercksen et al., 2020; SanMiguel et al., 2013a,
2013b; van Laarhoven et al., 2017). Specifically, important higher
cortical levels involved in motor-sensory prediction seem to be the
(supplementary) motor area (Jo et al., 2019; Lima et al., 2016; Pazen
et al., 2020; Reznik et al., 2015; Schneider and Mooney, 2018) and the
cerebellum (Baumann et al., 2015; Kilteni and Ehrsson, 2020; Knolle
et al.,, 2013; Pazen et al., 2020). These areas, either through direct
cortical (motor cortex) or indirect subcortical (cerebellum) connections,
influence activity in the auditory cortex, presumably based on a pre-
dicted model of the planned movement. The observed results suggest
that the above-described pathways of motor-sensory prediction are
functional in 6-8-year-old children.

PCA extracted two components in the time range of the oN1 over
temporal electrode sites in both age groups (Fig. 2). The early oN1
peaked at 90 ms in adults and 130 ms in children and the late oN1

peaked at 148 ms in adults and 180 ms in children. In Dercksen et al.
(2020) only a single oN1 component was extracted. However, the late
oN1 and strong oN2 (which is elicited in a similar time-window but at
frontal electrodes) might have been conflated in this study because of
their close temporal proximity. In the absence of an oN2, the temporal
early and late oN1 omission components have been observed by Korka
et al. (2020), who used two buttons and only two different tones for the
unpredictable condition (in our study termed random condition). In the
current study, the oN2 was also absent or severely reduced because of
diverted attention. Furthermore, the use of component loss rotation
(Scharf and Nestler, 2019) possibly aided in revealing the late oN1, as it
is substantially less prone to conflating components with strong tem-
poral and spatial overlap than other rotation methods.

4.2. Dissociation of specific and unspecific predictions

The present study dissociates psychophysiological mechanisms un-
derlying specific (single condition) and unspecific (random condition)
auditory predictions. Very similar patterns between age groups were
observed regarding the differences between these conditions. The
amplitude of the early oN1 was larger in the single sound compared to
the random sound condition in both age groups, while the late oN1 had
similar amplitudes between conditions in both age groups (Fig. 2). The
higher amplitude early oN1 in the single condition compared to the
random condition is in line with the findings of SanMiguel et al. (2013a)
and Dercksen et al. (2020). This was discussed to reflect specific and
unspecific predictions along the sound processing hierarchy, where
precision weighting might influence the strength of prediction error
(Dercksen et al., 2020). The observed similar responses between age
groups suggests that-like adults—children can implement predictions
flexibly, both using specific predictions resulting in prediction errors
that are attributed a high weight, and more general predictions resulting
in prediction errors that are attributed a low weight. These findings
contribute to the idea that prediction errors play an important role in
learning processes. Learning and sensory prediction error are closely
connected in models of motor control (Shadmehr et al., 2010; Imamizu,
2010) and speech production (Hickok and Poeppel, 2007; Pickering and
Garrod, 2013). In these models, sensory prediction errors calibrate ac-
tion in the face of various sources of noise by adapting the internal
model that produces both the action and the sensory representation of its
consequences. The current study contributes to these ideas by revealing
a neuroscientific demonstration of such action-effect prediction errors,
arguably in its purest form (using omission), to be present in children.
Additionally, we find these prediction error responses to be relatively
mature (as compared with sound processing responses) and sophisti-
cated as they distinguish between specific and unspecific violations.
Such findings fit well to theoretical accounts that consider prediction
(Emberson, 2017; Gredeback et al., 2018; Koster et al., 2020; Stahl and
Feigenson, 2015, 2017; Trainor, 2012) as well as action (Copete et al.,
2016; Hunnius and Bekkering, 2014; Koziol et al., 2012; Koziol and Lutz,
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2013) not to be consequences, but rather drivers of cognitive
development.

4.3. Early oN1 amplitude difference between groups

In contrast to the similar effects between conditions, a larger abso-
lute amplitude of the early oN1 was observed in children compared to
adults. One explanation for this could be that children had to allocate
more attention to the experimental task of pressing the button in a fixed
rhythm. Behavioural results indicate that the child group had more
difficulties compared to adults, pressing the button too soon/early more
often. Increased attention or mental effort devoted to the task, and
therefore to sounds vs. the movie possibly increased the early oN1
response, similar to effects of task-related attention on the sound evoked
N1 (Lange, 2013). On the other hand, children were perhaps more
drawn to the movie as it was suited for a young age group, making it
difficult to determine the exact effect of attention in this paradigm.
However, participants were constantly monitored by the experimenter,
who controlled that at least overt attention was focused on the screen.
An alternative explanation of the higher oN1 amplitudes in children is
that many ERP amplitudes are generally higher in children, and decrease
into adulthood possibly due to, e.g., a decrease in grey matter (synaptic
pruning; Itier and Taylor, 2004; Segalowitz et al., 2010). Lastly, a
number of studies in adults have hypothesised a shift in weighting from
sensory input to the predictive model as age increases (Moran et al.,
2014; Chan et al., 2017; Wolpe et al., 2016). This shift is thought to be
influenced by the deteriorating sensory precision because of aging, but
also by an increased precision of the predictive model as a consequence
of experience. Given the latter, the higher amplitude omission responses
in children could be explained as a consequence of a still imprecise
predictive model, where high weight is assigned to sensory input in
order to update the model. A similar interpretation of the oN1 has
recently been proposed by van Laarhoven et al. (2020) in the context of
autism, where people suffering from autism demonstrated to assign a
uniform, inflexibly high weight to prediction errors (Van de Cruys et al.,
2014). However, whether this hypothesis can be transferred to sensory
predictions in children has to be addressed in future studies.

4.4. Attentional focus

An interesting consequence of the adapted experimental paradigm is
the potential effect of attentional focus on the elicitation of prediction
error. Several changes had to be implemented to make the experiment
suitable for children compared to the study of Dercksen et al. (2020). For
example, the experiment had fewer trials, a slightly higher proportion of
omissions, and lower sound volume. However, the most notable change
was the addition of a silent video during the experiment, which diverted
attention to the visual modality. Given that the other changes were small
(omission ratio 15% instead of 12%, 10.1 dB lower sound volume as
compared to Dercksen et al., 2020), we assume that this diverted
attention was the main driver of the observed differences between the
current study and similar omission studies with adults. Compared to
similar studies (e.g., Dercksen et al., 2020; Stekelenburg and Vroomen,
2015; Van Laarhoven et al., 2017) the oN1 amplitude was slightly
reduced (although no statistical tests were performed). A diminished
response would be in line with the conclusions of Chennu et al. (2016):
although not specifically focused on the oN1, they used dynamic causal
modelling to infer that attention modulates the strength and precision of
downward predictions (and thus, theoretically, of the resulting omission
response). The current study adds to these findings by demonstrating
that directed attention is not required to elicit the oN1, but that diverted
attention might result in a diminished amplitude of the component. The
dampening effect as a presumed consequence of diverted attention was
even more pronounced in the subsequent ERP components that normally
follow the oN1 as observed in previous studies (e.g., oN2 and oP3;
Dercksen et al., 2020; SanMiguel et al., 2013a).
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4.5. Age differences in sound-related brain responses

Of special interest was the presumed relation of the sound-related N1
with the oN1 (SanMiguel et al., 2013b). It has been assumed that the
generation of predictions induces a pattern of activity that involves
shared sources and similar time courses like those of the predicted
stimulus (Bastos et al., 2012; SanMiguel et al., 2013b). The current study
indicates a largely developed function of cortical sensory prediction
error underlying the oN1 component in children aged 6-8 years. In
contrast, sound evoked N1 subcomponents in children were either ab-
sent or significantly different from adults. Instead of an N1b, children
ERPs were dominated by a large amplitude, triple-peaked positive
component between ~ 80 and 170 ms, followed by a negative peak N2
between ~ 200 and 250 ms, which is typical for the age group (Bruneau
and Gomot, 1998; Ceponien et al., 1998, 2002; Ponton et al., 2000; Silva
et al., 2017; Wunderlich and Cone-Wesson, 2006). The three extracted
subcomponents of the positivity around 80-170 ms in children pre-
sumably reflect a frontal P1 at 80 ms, a centro-lateral P1 at 114 ms, and
a P2 at 162 ms (Fig. 3). In contrast, adults showed the standard
P1-N1-P2-N2 morphology at central electrodes.

The frontal distribution of the P1 component-that is associated with
stimulus encoding processes (Liegeois-Chauvel et al., 1994)-and their
observed latencies in the respective age groups are in line with existing
literature (Wunderlich and Cone-Wesson, 2006). It has been discussed
that the polarity inversion at temporal electrodes, that we also observed
in the present study, could partly reflect the Na of the T-complex, even if
a different developmental time course of P1 and Na in early childhood
suggests some independence of the sources underlying P1 and Na
(Shafer et al., 2015). While a bifurcation of the P1 component over
fronto-central leads in children has been interpreted as the first sign of
N1b (vertex N1) development in previous studies (Gilley et al., 2005;
Sussman et al., 2008), PCA did not extract a N1b component. This
suggests an absence of the N1b in children, which is in line with the
protracted development of the N1b observed in other children studies,
particularly when relatively short interstimulus intervals (lower than
around 1 s) were used (Ceponien et al., 1998; Eggermont and Ponton,
2003; Wetzel and Schroger, 2007). The lack of the vertex N1 and the
existence of the oN1 in children indicates a clear dissociation of mech-
anisms underlying both components. Based on visual inspection of the
topographies displayed in Fig. 3, it could be speculated that the
centro-lateral P1 extracted by PCA (Fig. 3) resembles the topography of
the adult N1b with inverted polarity. Whether both components reflect
partly overlapping mechanisms of sound processing might be an inter-
esting question that can be addressed in further developmental studies.

In adults, the vertex N1 was temporally followed by another sub-
component of the N1 family, the bilateral temporal Nlc (Fig. 3 panel
B3). The Nlc emerges in early childhood at temporal leads with
increased amplitudes and latencies compared to adults. In 4-8-year-olds
the N1c peaks 170 ms after stimulus onset in response to sounds (Bru-
neau et al., 1997). In the current study, the N1c was probably conflated
with the P2 due to strong temporal overlap, peaking around 160 ms
(Fig. 3 panel A4). The prominent P2 component can be observed early in
childhood, can be reliably identified in the auditory ERP of children, and
most studies report a similar latency and topography in primary school
age children and adults (Wunderlich and Cone-Wesson, 2006). In
contrast to children, adults do not show a polarity inversion at temporal
leads in the time range of the P2 component (Fig. 3, panels A1/A4 &
B1/B4). This supports the assumption that the temporal negative pattern
in the P2 range reflects the N1c in children. The topography of the sound
evoked Nlc of both groups with a maximum over temporal leads re-
sembles the topography of the oN1, which might indicate at least partly
similar sources of activation in the auditory cortex. The finding that both
the N1c and the oN1 are strongly elicited in children can be considered
additional evidence to support such a link. Taken together, a largely
matured response to the unexpected omission of an expected sound is
elicited in both age groups while sound-related brain responses show
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significant developmental differences, demonstrating that the predic-
tion error differs from obligatory sound processing.

4.6. The role of motor related activity

An assumption of the current paradigm is that by subtracting the
motor control condition from the single and random conditions, these
latter conditions only reflect sound and omission related brain activity.
This way, potential differences in motor activity between adults and
children in this study should not influence the conclusions regarding
sound and omission responses. Given the typical sound responses ob-
tained in both age groups after motor subtraction, the assumption that
single and random conditions only reflect sound and omission related
activity seems valid. Nevertheless, little is known about how the inter-
action between motor and sensory activity develops as the brain ma-
tures, especially in the framework of prediction. Motor activity related
to voluntary movement has been shown to differ in comparison with
adults in terms of latency, amplitude, polarity and oscillatory power,
where large differences have been observed until at least 10 years of age
(Cheyne et al., 2014; Huo et al., 2011; Johnson et al., 2019; Trevarrow
et al., 2019). How such differences influence the interaction between
motor and sensory activity is an important subject that could be
addressed in future studies.

5. Conclusion

Both an early and late oN1 component were observed in children and
adults. Children’s basic oN1 morphologies and topographies were
similar to adults, which is especially interesting given the pronounced
differences in sound-related ERPs between groups. Children also show
sophisticated processing of identity-specific and identity-unspecific
stimuli, demonstrating that they implement specific, higher-weight
predictions and more general, lower-weight predictions as efficient as
adults. The mature manifestation of action-effect omission responses in
children can be considered psychophysiological evidence supporting the
important role ascribed to prediction and action as drivers of cognitive
development. Furthermore, PCA revealed three distinct subcomponents
of the positive peak in the auditory ERP of children, an absence of the
N1b, and a presence of the temporal N1c. The early maturation of both
the oN1 and the Nlc, as well as similar topographies, suggests similar
sources. Apart from the developmental perspective, the study shows
elicitation of the oN1 in the absence of directed attention, making
omission a suitable tool to study prediction in children and patients.
However, absence of attention did seem to have a dampening effect on
the component amplitudes, especially the components following the
oN1. Finally, omission results seem congruent with earlier omission
findings that apply motor-auditory couplings.
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