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A B S T R A C T

Action suppresses the neural responses to its sensory feedback. The phenomenon, termed action-induced sup
pression, highlights the predictive processes in sensorimotor integration but remains controversial regarding the 
underlying mechanisms. The predictive coding framework posits that action-induced suppression is a general, 
non-action-specific process driven by predictions. In contrast, the Dual-Stream Prediction Model (DSPM) argues 
that motor-based and memory-based predictions are mediated by distinct processes — motor predictions rely on 
precise action-perception mappings and temporal synchrony, whereas memory predictions are based on learned 
associations. To test these competing theories, we compared auditory ERP responses elicited by self-initiated 
keypresses (motor-based) and visually cued auditory events (memory-based) in a matching judgment task. Re
sults revealed significant suppression at the P2 component, when the prediction matched the auditory feedback 
only in the motor-auditory task but not in the visual-auditory task. The findings qualitatively replicated common 
observations of action-induced suppression; the suppression effects are at a later component rather than N1, 
indicating the interaction between prediction and perception at a higher level, such as syllable categorization in 
the current experimental design. Surprisingly, we observed N1 enhancement to the auditory probe in both 
conditions, with greater enhancement in the motor-auditory task compared to the visual-auditory task. The 
enhancement effects likely reflect a prediction-induced attentional-like modulation at an early auditory pro
cessing stage, potentially driven by the demands of the matching judgment task. Together, these findings support 
the DSPM by demonstrating functional dissociable mechanisms of motor-based and memory-based predictions.

Action-induced suppression refers to the reduced intensity of neural 
perceptual responses to sensory stimuli resulting from self-generated 
actions. Such attenuation of perceptual responses caused by action has 
been observed across various sensory modalities, including vision, 
hearing, and touch (Cardoso-Leite et al., 2010; Weiss et al., 2011; 
Shergill et al., 2003). The suppressive effects are hypothesized as an 
important neural indicator to differentiate self-produced sensory feed
back from external stimuli, preventing sensory overload and supporting 
a stable perceptual experience (Frith et al., 2000).

Audition is a representative domain for investigating the action- 

induced suppression with a commonly used contingent paradigm 
(McCarthy and Donchin, 1976; see also Horváth, 2015 for a review). The 
paradigm, by comparing button-press-induced-sound condition with 
button-press-only and sound-only (passive listening) conditions, isolates 
action-induced suppression to auditory responses specifically induced 
by the action of button-press. Human non-invasive electrophysiological 
studies have consistently found the attenuation in early auditory re
sponses of event-related potential (ERP), namely N1/P2 components in 
EEG and M100/M200 in MEG (e.g., Aliu et al., 2009; Bäß et al., 2008; 
Bolt and Loehr, 2021; Cao et al., 2017; Han et al., 2022; Harrison et al., 
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2021; Mifsud et al., 2016; Poonian et al., 2015; Timm et al., 2013; Weller 
et al., 2017).

Although action-induced suppression is consistently observed and is 
commonly interpreted within the framework of action-specific predic
tion theories (Bäß et al., 2008; Aliu et al., 2009; Timm et al., 2014, 2016; 
see also Horváth, 2015 for a review), some researchers argue that the 
attenuation may reflect a more general, non-action-specific predictive 
mechanism (Sanmiguel et al., 2013; Dogge et al., 2019a; Korka et al., 
2022). For example, several lines of evidence reveal that the attenuation 
effect may be due to the predictable timing between the action and the 
onset of the sounds (e.g., Horváth et al., 2012; Kaiser and Schütz-Bos
bach, 2018). Kaiser and Schütz-Bosbach (2018) found that by intro
ducing a countdown, the external cues boost the timing predictability 
and lead to a stronger attenuation to other-induced sounds than that of 
self-induced sounds, suggesting a possibly non-action-specific predictive 
mechanism.

This inconsistency in explaining action-induced suppression high
lights a theoretical debate about predictive mechanisms in a broader 
context. The predictive coding mechanism posits that the brain contin
uously generates predictions of sensory input and compares these pre
dictions with actual sensory input to update internal models. According 
to this theory, action and memory predictions are governed by a unified 
predictive mechanism. When predictions align with actual input, sen
sory suppression occurs, reducing the processing of redundant infor
mation (Friston, 2005, 2010). This view supports the idea that sensory 
suppression is a general, non-action-specific process driven by pre
dictions. In contrast, the Dual-Stream Prediction Model (DSPM) suggests 
that action and memory predictions are independent and complemen
tary mechanisms (Tian and Poeppel, 2013; Tian et al., 2016). In this 
model, action predictions are based on precise action-perception map
pings and correspond to the sensory consequences of voluntary actions, 
with a requirement for temporal synchronization between actions and 
their sensory outcomes (Tian and Poeppel, 2015). Memory predictions, 
on the other hand, depend on experience and associations between 
sensory inputs. According to DSPM, action-induced suppression is 
mainly realized by motor-based prediction (Wolpert and Ghahramani, 
2000; Shadmehr et al., 2010), while learning-modulated sensory pro
cessing (such as the association between certain visual and auditory 
stimuli) is underlined by memory-based prediction (Kok et al., 2012a; 
Todorovic et al., 2011; see also Chu et al., 2023 for a review).

Therefore, contrasting motor-based predictions with memory-based 
predictions under comparable conditions is crucial to differentiate the 
two theories and to investigate the nature of predictive processes. In the 
present study, we compared ERP responses to self-action-induced 
sounds (action-auditory congruence) and visual-cue-induced sounds 
(visual-auditory congruence), and examined the changes in auditory 
responses caused by different types of predictions. If both motor-based 
and memory-based predictions are mediated by a common predictive 
mechanism, as hypothesized by the predictive coding theory, one would 
expect similar attenuated responses in both cases. However, according 
to the Dual-Stream Prediction Model (DSPM), motor-based and 
memory-based predictions are governed by distinct mechanisms, action- 
auditory congruence and visual-auditory congruence should yield 
different suppression effects.

1. Method

Participants. A total of 27 participants (20 females; age M = 22.37 
years (SD = 2.68), range = 18–29 years) were enrolled in the study. We 
conducted an a priori power analysis for our primary paired-samples t- 
test using the “solve_power” method (Seabold and Perktold, 2010). 
Drawing on Weller et al. (2017; t(15) = 2.67, p = 0.017), who reported 
Cohen’s d = 0.67 for P2 attenuation over Cz in a Motor-Auditory vs. 
Auditory contrast, we set α = 0.05 and 1 – β = 0.90. Solving the t-dis
tribution power equation yielded a required total sample of approxi
mately 25.4 to ensure >90 % power to detect an effect of this size. All 

participants had normal hearing and normal or corrected-to-normal 
vision, with no self-reported neurological deficits, and all were 
right-handed. They received monetary compensation for their partici
pation. Written informed consent was obtained from all participants. 
The study was approved by the Institutional Review Board at New York 
University Shanghai.

1.1. Materials and experimental design

Two audible syllables (/ba/and/ga/) were used as auditory stimuli. 
All stimuli were synthesized using the Neospeech web engine (www. 
neospeech.com) at a sampling rate of 44.1 kHz in a male voice (c.f., Li 
et al., 2020). Each stimulus had a duration of 400 ms. Auditory pre
sentations were binaural, with an intensity normalized to 70 dB SPL 
using Praat. The sound stimuli were delivered via plastic air tubes 
connected to foam earplugs (ER-3C Insert Earphones; Etymotic 
Research). The study employed a Cedrus Response Pad RB-740, a 
high-precision device with 7 keys and a 2–3 ms response time resolution.

The experiment included four task sessions using a block design.
All participants completed the four blocks in the same fixed order: 1) 

Motor-Auditory (practice: 40 trials → test: 144 trials); 2) Visual- 
Auditory (practice: 40 trials → test: 144 trials); 3) Passive Listening 
(144 trials); 4) Motor-Only (144 trials).

Motor-Auditory task: During the practice session, which consists of 
40 trials, participants first observed a central fixation on the screen 
before choosing to press either the third or the fifth key on the response 
pad, respectively using the index fingers of both hands. Each keypress 
triggered an auditory stimulus,/ba/or/ga/after a maximum delay of 
approximately 16 ms. Participants were trained to associate each sound 
with a specific key. All participants learned the associations by the end 
of the practice session, as confirmed by their verbal description of the 
key-sound association. The subsequent test session, consisted of 144 
trials. Each trial began with the display of a fixation cross. Participants 
were free to press one of the two keys, followed by a sound. In five-sixths 
of the trials, the sound was congruent with the key pressed (motor- 
match condition), whereas in one-sixth of the trials, the sound was 
incongruent (motor-mismatch condition). 500 ms after sound offset, a 
visual prompt was presented and asked participants to determine 
whether the sound matched the keypress. Participants responded by 
pressing one of the two keys on the response pad with their middle 
fingers. The association between keys and sounds was counterbalanced 
across participants.

Visual-Auditory task: During the practice session, which consists of 
40 trials, participants were trained to associate visual symbols (a circle 
or a square) with auditory stimuli,/ba/or/ga/. Mastery of these associ
ations was confirmed by every participant through direct questioning at 
the end of the practice. In the test session, which consists of 144 trials, 
one of the visual symbols was randomly selected and presented, fol
lowed by a syllable. In five-sixths of the trials, the syllable was congruent 
with the visual symbols (memory-match condition), whereas in one- 
sixth of the trials, the sound was incongruent (memory-mismatch con
dition). The duration of the visual symbol was determined by the 
average response times from the previous motor-auditory task, 
excluding any outliers more than three standard deviations from the 
mean. 500 ms after sound offset, a visual prompt was presented and 
asked participants to determine whether the sound matched the key
press. Participants responded by pressing one of the two keys on the 
response pad with their middle fingers. The associations were 
counterbalanced.

Passive Listening: Participants passively listen to sounds. To ensure 
attentive participation, in one out of six trials, a question follows the 
sound display, asking whether the auditory stimulus was/ba/or/ga/. 
Participants responded by pressing one of the two keys on the response 
pad with their middle fingers. This session consists of 144 trials.

Motor-Only task: During this session, participants perform key 
presses, choosing either the third or the fifth key on the response pad at 
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intervals of 2–3 s. Earplugs are worn to ensure no auditory feedback 
influences their responses, maintaining a purely motor-focused task. 
This session also consists of 144 trials.

Practice for each block was administered immediately before its test 
trials. The Motor-Auditory block was run first because the average key- 
press latency measured in this block determined the cue-to-sound in
terval for both the Visual-Auditory and Passive Listening tasks. The 
Visual-Auditory block preceded Passive Listening so that participants 
would form reliable temporal predictions during its practice phase. This 
fixed order was held constant across all participants. We placed the 
Motor-Only block last because it is an active yet simple task and ensures 
that efference-copy predictions formed during motor-auditory trials 
would not be weakened by the Motor-Only block in which simple key
press was not associated with any sound output.

1.2. EEG data acquisition and preprocessing

EEG signals were recorded using a 32-channel Brain Products acti
CHamp system. The electrodes were positioned according to the 10–20 
International electrode placement system. To monitor ocular activity, 
the electrooculogram (EOG) was recorded using four additional elec
trodes: the vertical EOG (VEOG) was monitored with electrodes placed 
above and below the left eye, while the horizontal EOG (HEOG) was 
recorded using a bipolar montage with electrodes placed on the right 
and left outer canthi. Electrode impedances were kept below 10 kΩ. The 
Cz electrode was used as the online reference.1 An online low-pass filter 
with a 200 Hz cutoff and a notch filter at 50 Hz were applied. The EEG 
signals were digitized at a sampling rate of 1000 Hz.

EEG data preprocessing was performed using the EEGLAB toolbox in 
MATLAB. The data were down-sampled to 500 Hz and bandpass filtered 
between 0.1 Hz and 30 Hz. The data were then re-referenced to the 
average of all scalp electrodes. Bad channels were visually identified and 
repaired using spherical spline interpolation (Perrin et al., 1989). 
Epochs with particularly large fluctuations were removed within the 
time window from − 200 ms to 2000 ms relative to the auditory probe 
onset. Independent component analysis (ICA) was performed on 
segmented data (− 200 ms–2000 ms relative to the auditory probe onset) 
to remove artifacts, followed by manual inspection. Epochs of 700 ms 
were segmented from − 100 ms to +600 ms relative to the onset of the 
auditory probe, with the first 100 ms serving as a pre-stimulus baseline. 
Baseline correction was applied using the 100 ms pre-stimulus period. 
Epochs were rejected if the amplitude exceeded a threshold criterion of 
±100 μV. Epochs containing missing or incorrect responses were 
excluded. The average rejection rate was 9.05 %.

1.3. Data analysis

1.3.1. Behavior
For the motor-auditory and visual-auditory tasks, response times 

(RTs) were calculated as the interval between the onset of the matching 
prompt and the participant’s response.2 RTs were treated as a behavioral 

index of prediction error because unexpected events typically incur 
additional processing costs and slow responses (Hsu et al., 2013; Par
mentier et al., 2022). For each participant and each condition, outlier 
trials of ±3 standard deviations away from the mean were first removed. 
The mean RT of the remaining trials was then calculated separately for 
Match and Mismatch trials in both the motor–auditory and 
visual-auditory tasks. A two-way repeated-measures analysis of variance 
(ANOVA) was conducted with the factors of Task (motor-auditory vs. 
visual-auditory) and Congruency (match vs. mismatch) to assess dif
ferences in RT. When significant main effects or interactions were found, 
Bonferroni-corrected paired-sample t-tests were used for post hoc com
parisons. Effect sizes were reported using Cohen’s d for t-tests and par
tial eta squared (η2) for the ANOVAs.

1.3.2. EEG
To determine the ERP components of interest, we used the collapsed 

localizer approach (Luck and Gaspelin, 2017) to define unbiased time 
windows for each component. First, we collapsed the ERP waveforms 
across all conditions and participants to identify the peak latencies. 
Based on this collapsed waveform, we defined the following time win
dows: the N1 was measured from 0.071 to 0.101 s, the P2 from 0.155 to 
0.185 s, the P3a from 0.285 to 0.335 s, and the P3b from 0.465 to 0.515 
s. We confined our N1/P2 analysis to the “match” trials in which audi
tory stimuli were consistent with prediction. This selection was to first 
isolate neural responses and effects of fulfilled predictions. Mismatch 
trials (prediction-violation) were excluded in this analysis because they 
evoke additional error-related signals (e.g., mismatch negativity; Gar
rido et al., 2009) and attention-related signals (e.g., early P3a; Escera 
et al., 2000; Polich, 2007) that could temporally overlap with auditory 
ERPs and complicate interpretation. For electrode selection—taking into 
account the scalp topography, relevant literature (e.g., Bednark et al., 
2015; Han et al., 2022), and our 32-channel electrode setup—we 
extracted the N1 and P2 components from electrodes Fz and Cz, which 
provided a clear representation of these components. P3a indexes rapid 
attentional orienting to unexpected events and peaks at fronto-central 
sites (Cz, Fz/Cz) (Polich, 2007; Schröger et al., 2015; Korka et al., 
2019; Baess et al., 2011). We therefore extracted P3a from Fz and Cz as 
the frontal counterpart to P3b, which we measured at Pz (Pz/POz), 
where amplitudes rise monotonically from Fz→Cz→Pz and peak over 
posterior parietal sites (Polich, 2007; Comerchero and Polich, 1998; 
Bednark et al., 2015). This anterior-posterior ROI pairing maximizes 
SNR and illustrates the frontal-to-parietal cascade of prediction-error 
processing.

To remove the influence of action-related potentials on the auditory- 
evoked responses in the motor–auditory condition, we followed these 
steps. First, in the motor–auditory condition, participants pressed a 
button that triggered an auditory stimulus, and data were recorded with 
time zero aligned to the actual onset of the sound. Next, in the “only 
motor” condition, participants executed the same button-press move
ment without producing any sound (i.e., headphones were discon
nected). However, a “virtual” auditory onset was recorded via a trigger 
box, ensuring that the latency between the button press and the virtual 
auditory marker was matched to that in the motor–auditory condition. 
Finally, we subtracted the “only motor” data—which contained only 
movement-related potentials—from the motor–auditory data, yielding 
difference waveforms that primarily reflect the auditory-evoked 
component (see Appendix Fig. 1 for a detailed depiction of the ERP 
waveforms and topographic maps across the three conditions: the un
corrected motor–auditory condition, the motor-only condition, and the 
motor–auditory condition minus the motor-only condition).

For the ERP analyses, paired-sample t-tests were used to compare the 
mean amplitudes of the ERP components between tasks (e.g., 
motor–auditory vs. passive listening; visual–auditory vs. passive 
listening). In addition, a 2 × 2 repeated-measures ANOVA with the 
factors Task (motor-auditory vs. memory-auditory) and Congruency 
(match vs. mismatch) was applied to the P3b amplitude to assess later- 

1 We chose Cz as the online reference because its central location on the scalp 
minimizes impedance and motion-related noise compared to alternatives like 
the nose tip or mastoids (Yao et al., 2019). Although Cz has no separate channel 
in the raw data, we subsequently re-referenced offline to the average of all scalp 
electrodes—a “memoryless” monopolar method that preserves all 
inter-electrode differences without information loss (Yao et al., 2019). This 
two-step referencing scheme is widely endorsed: Hu et al. (2019) demonstrate 
that transformations between different monopolar references are equivalent; 
and Zhang et al. (2020) show that average referencing effectively corrects 
biases introduced by single-electrode referencing.

2 Note that two participants were removed from the RT analysis due to a 
malfunction with the button board. However, since the accuracy of their button 
presses was recorded, these participants were not excluded from the EEG 
analysis.
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stage processing effects. Bonferroni-corrected post hoc comparisons 
were performed. Effect sizes were computed using Cohen’s d for t-tests 
and partial η2 for the ANOVAs.

2. Results

2.1. Behavioral results

Participants demonstrated high accuracy across all tasks: motor- 
auditory task (97.18 %, SD = 4.72 %), visual-auditory task (98.84 %, 
SD = 1.31 %), and passive listening (99.53 %, SD = 0.79 %). In the 
Motor-Auditory task block, the averaged self-initiated key-press time 
was 0.62 s (SE = 0.07). For the following matching judgment, a two-way 
repeated-measures ANOVA on response times (RTs) with the factors of 
Task (motor-auditory task vs. visual-auditory task) and Congruency 
(match vs. mismatch) revealed a significant main effect of Congruency, F 
(1, 24) = 9.49, p = 0.005, partial η2 = 0.28, indicating that match trials 
yielded faster responses than mismatch trials. The main effect of the 
Task was not significant, F(1, 24) = 0.68, p = 0.418, partial η2 = 0.03, 
suggesting no overall RT difference between action-induced prediction 
and memory-associative conditions. However, there was a significant 
Task × Congruency interaction, F(1, 24) = 11.32, p = 0.003, partial η2 =

0.32, indicating that the effect of Congruency depended on the Task. 
Simple effects analyses showed that, within the motor-auditory task, 
match trials were significantly faster than mismatch trials, t(24) =
− 4.27, p_Bonf < 0.001 (Bonferroni-corrected), d = 0.85. In contrast, 
within the visual-auditory task, the difference between match and 
mismatch trials was not significant, t(24) = − 0.56, p_Bonf = 0.580, d =
0.11. Thus, only the motor-auditory task exhibited a significant RT cost 
for mismatches (see Fig. 1).

2.2. ERP results

Fig. 2a illustrates the ERP responses across three tasks. Typical N1/ 

P2 auditory responses with clear topographies were observed in all 
tasks. The statistical tests on the N1 component revealed significant 
differences among tasks (Fig. 2b). Specifically, the motor-auditory task, 
after accounting for motor ERP, exhibited a significantly more negative 
mean amplitude compared to the passive listening task, (t(26) = − 6.24, 
p < 0.001, d = − 1.21). Additionally, the visual-auditory task showed a 
significantly more negative mean amplitude relative to the passive 
listening task, (t(26) = − 2.74, p = 0.011, d = − 0.57). Moreover, the 
motor-auditory condition elicited a significantly larger (more enhanced) 
N1 amplitude than the visual-auditory condition (t(26) = − 5.25, p <
0.001, d = − 1.01). These results indicate that both the motor–auditory 
and visual-auditory tasks elicited an N1 enhancement effect when the 
sound was consistent with expectations. Contrary to previous findings of 
N1 suppression, the enhancement effects could be driven by the de
mands of the matching judgment task that was unique in this experi
ment. The greater enhancement in the motor-auditory task compared to 
the visual-auditory task suggests that motor-based prediction could 
induce stronger attentional-like modulation on early auditory process
ing than memory-based prediction, demonstrating quantitative differ
ences between the two types of predictions.

As shown in Fig. 2a and b, for the P2 component, significant differ
ences were observed between the motor-auditory task and passive 
listening. The motor-auditory task demonstrated a significantly less 
positive mean amplitude compared to the passive listening, (t(26) =
− 5.16, p < 0.001, d = − 0.99). In contrast, no significant difference was 
found between the visual-auditory task and the passive listening, (t(26) 
= 0.10, p = 0.918, d = 0.02). These results demonstrated that motor- 
based predictions induced the suppression effects, whereas memory- 
based predictions did not. Note that compared to commonly observed 
action-induced suppression at the N1 component, we observed signifi
cant suppression at a later P2 component when motor-based predictions 
matched the auditory feedback. The latency shift could be caused by the 
manipulation at the syllable level.

We extracted P3a amplitudes (see Fig. 2d–f) from an anterior- 

Fig. 1. Experimental procedures and behavioral results. A) Experimental procedures. The top row depicts a trial in the motor-auditory task where participants 
learned the associations between two syllable sounds (/ba/and/ga/) and two keys before the experiment. In each trial, after a fixation cross was presented, par
ticipants were free to press one of two keys. A sound was played after pressing a key, followed by a question asking whether the played sound matched the one 
associated with the key press. The middle row illustrates the visual-auditory task, where participants knew the associations between two visual symbols and syllable 
sounds before the experiment. In each trial, one of the two symbols was randomly presented followed by a sound. The lag between the visual cue onset and sound 
onset was the same duration as the average time of initiating key-press in the motor-auditory task. The similar duration among conditions aims to equalize temporal 
prediction caused by preceding stimuli and sounds. A question was prompted after the sound, asking whether the played sound matched the one associated with the 
visual cue. The bottom row represents the passive listening task. After a fixation appeared on the screen with a similar duration as the other two conditions, par
ticipants listened to a syllable sound. In one out of six trials, they were asked to identify the sound. B) Behavioral results. Response time in four conditions: motor- 
match, motor-mismatch, memory-match, and memory-mismatch. Each dot represents the average response time for an individual participant. ***p < 0.001.
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midline ROI (Fz, Cz) and ran a 2 × 2 repeated-measures ANOVA with 
factors Task (motor-auditory vs. visual-auditory) and Consistency 
(Match vs. Mismatch). The analysis revealed a significant main effect of 
Task, F(1, 26) = 24.77, p < 0.001, partial η2 = 0.49; a significant main 
effect of Consistency, F(1, 26) = 9.90, p = 0.004, partial η2 = 0.28; and a 
marginal Task × Consistency interaction, F(1, 26) = 4.04, p = 0.055, 
partial η2 = 0.13. Bonferroni-corrected simple effects showed that in the 
motor-auditory task, P3a for Mismatch (M = − 1.50 μV, SE = 0.50 μV) 
was significantly less negative (i.e. larger) than for Match (M = − 3.14 
μV, SE = 0.58 μV), t(26) = − 3.65, p_Bonf = 0.002, d = − 0.70; whereas in 
the visual-auditory task there was no reliable difference between 
Mismatch (M = − 0.22 μV, SE = 0.42 μV) and Match (M = − 0.40 μV, SE 
= 0.35 μV), t(26) = − 0.37, p_Bonf = 1.000, d = − 0.07. These results 
suggest that, in the P3a time window, motor-based predictions drive an 
enhanced P3a response to mismatches, whereas memory-based pre
dictions do not.

We further examined the later P3b component to quantify the 

possible differences among tasks and congruency in later effects. A 2 × 2 
repeated-measures ANOVA was conducted to assess the effects of Task 
(motor-auditory vs. visual-auditory) and Congruency (Match vs. 
Mismatch) on the mean amplitude within the P3b time window (see 
Fig. 2g–i)). The results revealed significant main effects of Task, F(1, 26) 
= 8.56, p = 0.007, partial η2 = 0.25, and Congruency, F(1, 26) = 5.64, p 
= 0.025, partial η2 = 0.18. Additionally, the interaction was significant, 
F(1, 26) = 4.51, p = 0.043, partial η2 = 0.15. Bonferroni-corrected 
simple effects analyses showed that, in the motor-auditory task, the 
amplitude of the P3b elicited by Mismatch auditory stimuli (M = 3.76, 
SE = 0.65 μV) was significantly larger than that elicited by Match stimuli 
(M = 2.01, SE = 0.40 μV), t(26) = − 3.81, p_Bonf = 0.002, d = − 0.73. In 
contrast, in the visual-auditory task, no significant difference was 
observed between Match (M = 1.47, SE = 0.52 μV) and Mismatch (M =
1.56, SE = 0.37 μV), t(26) = − 0.15, p_Bonf = 1.000, d = − 0.03. These 
results suggest that, in the P3b time window, the motor-based prediction 
is more sensitive to manipulations of Consistency, whereas memory- 

Fig. 2. ERP results. A) Grand-averaged ERP waveforms at Fz and Cz for the motor-auditory (blue), visual-auditory (orange) and passive-listening (grey) tasks. 
Shaded areas denote ±1 SEM. B) Mean N1 (71–101 ms) and P2 (155–185 ms) amplitudes in those three tasks (averaged across Fz and Cz); error bars = ±1 SEM. C) 
Scalp topographies showing the average voltage distribution over the entire N1 window (71–101 ms; top row) and P2 window (155–185 ms; bottom row) for each 
task. D) Grand-average ERPs at fronto-central electrodes (averaged across Fz and Cz) for the four conditions: motor-match (blue solid), motor-mismatch (blue 
dashed), memory-match (orange solid) and memory-mismatch (orange dashed); Shaded areas denote ±1 SEM. E) Mean P3a amplitude (285–335 ms) for each 
condition; error bars = ±1 SEM. F) Scalp topographies of the 285–335 ms window for match (top row) and mismatch (bottom row) trials. G) Grand-averaged ERP 
waveforms at Pz for the four experimental conditions: motor-match (blue solid), motor-mismatch (blue dashed), memory-match (orange solid) and memory- 
mismatch (orange dashed). Shaded areas denote ±1 SEM. H) Mean P3b (465–515 ms) amplitudes for those four conditions (averaged across Pz); error bars =
±1 SEM. I) Scalp topographies showing the average voltage distribution over the entire P3b window (465–515 ms) for match (top row) and mismatch (bottom row) 
trials. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant.
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based prediction is not.

3. Discussion

The current study systematically compared the effects of keypress- 
induced sounds and cross-modal visual-auditory associations on audi
tory processing. By examining ERPs and corresponding behavioral 
measures, our findings revealed that both motor-induced sounds and 
cross-modal memory cues, when aligned with expectations, elicit 
enhanced N1 components, indicative of an enhancement effect. More
over, only motor-based predictions gave rise to the classic P2 suppres
sion, which manifests as reduced perceptual processing of self-generated 
sounds. Consistent with these electrophysiological patterns, response 
times and P300 amplitudes in the motor-auditory task were also more 
sensitive to match-mismatch distinctions. In contrast, although cross- 
modal memory predictions can heighten early perceptual sensitivity, 
they did not exert notable suppression or resource reallocation effects on 
the later components (P2 and P300). Taken together, these observations 
support the DSPM, indicating the coexistence of motor-based and 
memory-based predictive mechanisms.

Contrary to previous reports of attenuated N1 amplitudes in self- 
generated sound paradigms (Baess et al., 2011; Ford et al., 2014; 
Horváth et al., 2012; SanMiguel et al., 2013; Knolle et al., 2012), our 
results demonstrated significant suppression at the P2 component in the 
motor-auditory task. One potential explanation for this discrepancy of 
effect latency is differences in the hierarchical level of predictions 
engaged by the stimuli. Hierarchical predictive-coding models (Tian and 
Poeppel, 2013, 2015) suggest that an initial processing stage around 100 
ms is sensitive to basic acoustic features, whereas a later stage around 
200 ms encodes more abstract linguistic categories. Consistent with this 
model, Tian and Poeppel (2015) observed pitch-related modulations at 
the latency of the N1 component (~100 ms), while Tian and Poeppel 
(2013) reported syllable-level effects at the latency of the P2 component 
(~200 ms). Notably, most seminal studies reporting N1 suppression 
employed simple pure tone as stimuli—primarily 1000 Hz sine waves 
(Baess et al., 2011; Ford et al., 2014; Horváth et al., 2012; SanMiguel 
et al., 2013) or a 600 Hz tone (Knolle et al., 2012)—which predomi
nantly engage early acoustic processing stages. In contrast, in this study, 
we used speech syllables (/ba/and/ga/) as auditory probes. The pre
diction could extend to the abstract phonological level and interact with 
the perceptual responses, and hence yield the suppression at a later P2 
component. This finding aligns with emerging evidence that P2, rather 
than N1, more directly indexes self-specific attenuation, pointing to a 
later stage of stimulus evaluation and categorization in the auditory 
hierarchy (Bolt and Loehr, 2021; Cao et al., 2017; Crowley and Colrain, 
2004; Han et al., 2022; Mifsud et al., 2016; see also Korka et al., 2022 for 
a review).

In the visual-auditory task, we observed no reduction in P2 ampli
tude, whereas in the motor-auditory task a clear P2 attenuation 
emerged. Another possible explanation for this discrepancy is that it 
reflects the influence of temporal predictability on P2 amplitude. For 
example, Behroozmand et al. (2016) showed that self-generated sounds 
with predictable timing evoked reduced P2 amplitudes, whereas un
predictable timing evoked enhanced P2. Similarly, Pinto et al. (2019)
reported that providing explicit temporal cues (i.e., reliable “when” 
information) attenuates the N1/P2 complex; removing temporal pre
dictability abolishes this attenuation. In our experiment, although we 
approximately equalized the lag between the cue and auditory feedback 
in both conditions, the motor-auditory task featured near-instantaneous 
synchronization between keypress and auditory feedback, providing an 
additional cue for high temporal predictability; whereas in the 
visual-auditory task the fixed delay between the visual cue and sound 
onset remained less precise compared to the immediate feedback in the 
action-auditory condition. Thus, the high predictability in the 
motor-auditory task could underlie the P2 attenuation, whereas the 
lower predictability in the visual-auditory task may have diminished or 

even reversed that effect. Future studies should take temporal aspects 
into consideration and match temporal predictability as closely as 
possible, for example using the same fixed or jittered cue-feedback in
tervals, so that any observed P2 effects reflect modality rather than 
timing differences.

Surprisingly, we observed N1 enhancement in both tasks, which di
verges from the commonly observed action-induced N1 suppression (e. 
g., Baess et al., 2011; Ford et al., 2014; Horváth et al., 2012; Knolle et al., 
2012; SanMiguel et al., 2013). This reversal of the expected N1 pattern 
likely reflects an interaction between attentional gain and predictive 
suppression. Predictive coding typically suppresses neural responses to 
expected stimuli, enhancing the salience of unexpected events (Friston, 
2005, 2010). However, this suppression can be modulated or reversed 
when attention proactively targets the anticipated sensory input (Kok 
et al., 2012b). Supporting this, Timm et al. (2013) showed that explicit 
auditory attention universally enhances auditory N1 subcomponents. 
Moreover, attentional processes may partially superimpose the 
self-generation effect on the N1 (Saupe et al., 2013; Korka et al., 2022). 
In the current study, the incorporation of a sound-keypress matching 
task markedly increased auditory attentional demands, prompting 
continuous monitoring and rapid congruency assessment. This intensi
fied attention may counteract or surpass traditional predictive sup
pression driven by motor- or memory-based expectations, thereby 
producing the observed N1 enhancement. Consistent with our hypoth
esis, in a tactile study, Thomas et al. (2022) found that when active tasks 
involving probabilistic prediction were introduced, expected tactile 
events were perceived as more intense than unexpected ones, suggesting 
that prediction enhances sensory perception of expected stimuli. Future 
studies could thus consider methodological improvements such as: (1) 
employing passive paradigms to isolate predictive effects, (2) indepen
dently manipulating attentional load and prediction factors within 
factorial designs, and (3) examining various cross-modal or 
non-linguistic stimuli. These approaches would allow clearer separation 
of attentional and predictive influences on early ERP components, 
refining our understanding of predictive coding and motor efference 
copy mechanisms.

From the theoretical aspects of the interaction between prediction 
and attention, both Predictive Coding (Friston, 2005, 2010) and the 
Dual Stream Predictive Model (DSPM; Tian and Poeppel, 2013) propose 
that neural responses—especially the N1/P2 complex—should be 
attenuated when sensory feedback matches internal predictions. Our 
observation of an N1 enhancement thus reveals a possible boundary 
condition: when the task explicitly elevates auditory attention (e.g., 
through a matching judgment), attention-driven gain mechanisms can 
override or even reverse classical predictive suppression. This suggests 
that both theoretical models require refinement to explicitly incorporate 
interactions between prediction and attention, and that predictive sup
pression might predominantly emerge under low-attention or passive 
paradigms. Building on our findings, it is instructive to consider how 
motor-based versus memory-based predictions differentially engage 
attentional gain mechanisms. For example, Li et al. (2020) showed that 
showed that preparing to speak enhanced the auditory responses to the 
expected speech output. Our recent studies show that manual movement 
could alleviate the attentional blink effect, implying a motor-driven gain 
mechanism (unpublished). These findings posit that efference copy or 
corollary discharge in the motor-based prediction may serve as an 
endogenous source of attentional amplification, selectively boosting the 
sensory gain of predicted action outcomes. In the study, we observed 
that the N1 enhancement in the action condition was significantly larger 
than in the memory condition, consistent with the view that 
motor-based prediction may carry a possible gain control mechanism. 
These results indicated a task-modulated precision difference: 
action-driven prediction via efference copy serves as an online “active” 
channel for enhancing basic auditory feature processing, whereas 
memory-driven prediction operate based on less precise past experience 
(Chu et al., 2023; Tian and Poeppel, 2013; Tian et al., 2016; Ma and 
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Tian, 2019).
Dogge et al. (2019b) employed a two-phase paradigm in which 

participants first learned associations between keypresses or visual 
symbols and pure tones (low and high frequencies) and then performed 
a two-alternative forced-choice loudness discrimination task. They 
found that identity-specific motor prediction effects were weak and 
influenced by learning history—suggesting that sensory attenuation 
may primarily reflect a general predictive mechanism rather than one 
that is strictly motor-based. In contrast, participants in our study learned 
associations between keypresses or visual symbols and speech syllables 
(/ba/and/ga/) and then used a matching judgment task where partici
pants actively determined whether the played sound corresponded to 
the pre-learned association. This approach may have more effectively 
engaged efference copy mechanisms—particularly in the keypress con
dition—and recruited a more complex speech-processing network, 
resulting in robust P2 suppression that did not emerge in the visual 
(memory) condition. Differences in stimulus complexity (speech sylla
bles vs. pure tones), task demands (matching judgment vs. loudness 
discrimination), and attentional focus during learning and testing likely 
contribute to the divergent neurophysiological outcomes between our 
study and Dogge et al.’s.

The current study further explored behavioral and neurophysiolog
ical differences under conditions of prediction consistency versus 
inconsistency. Our results indicate that only in the motor-auditory task 
did mismatches lead to increased P300 amplitudes, whereas no such 
significant changes were observed in the visual-auditory task. These 
findings are consistent with Bednark et al. (2015), who reported that the 
P300 component is sensitive to prediction-inconsistent information 
when actions are predictable and accompanied by identity-specific cues. 
That is, stimuli that violate identity-based predictions evoke higher 
P300 amplitudes. Motor-based internal forward models and their asso
ciated efference copy mechanisms provide an explanation (e.g., Ford 
et al., 2007; Wolpert and Kawato, 1998). When intended actions do not 
align with the sensory feedback, the brain must update the contextual 
model—recruiting additional cognitive resources in the process. This 
resource-intensive update is reflected in both elevated P300 amplitude 
and prolonged response times (Feldman and Friston, 2010; Fogelson, 
2015; Polich, 2007). By contrast, memory-based predictions may not 
elicit the same degree of late-stage cognitive engagement or resource 
allocation—possibly because the two syllables used in our study differed 
sufficiently—thus showing limited or no effects on P300 amplitude and 
behavioral performance.

Furthermore, our data revealed that self-initiated sounds elicited 
higher P3b amplitudes than externally triggered audiovisual stimuli. 
These observations are consistent with Bednark et al.’s findings that self- 
triggered inputs induce more pronounced P3b responses. A likely 
contributing factor is the sense of agency: when individuals initiate 
actions themselves, the brain generates efference copies to predict sen
sory outcomes, thereby strengthening the coupling between action and 
perception (Blakemore et al., 1999, 2000; Waszak and Herwig, 2007; 
Wolpert and Ghahramani, 2000). When these predictions are violated, 
additional cognitive resources must be marshaled—evidenced by 
elevated P3b activity—to reconcile discrepancies between expected and 
actual sensory input. Taken together, these findings suggest that the 
coupling of action and sensation is pivotal in determining how the brain 
allocates late-stage attentional and cognitive resources, ultimately 
shaping the electrophysiological signatures of prediction processing.

Taken together the effects in different ERP components underscore 
the hierarchical nature of predictive processing: although expectation- 
congruent trials produce enhanced N1 in both motor-based and 
memory-based conditions, significant P300 amplification emerges 
mainly in the motor condition during mismatches. This suggests that 
while forward prediction and self-specific inhibition (e.g., P2 attenua
tion) may be more relevant to successfully predicted actions, substantial 
updates to internal models, evidenced by P300, are particularly trig
gered when self-generated predictions fail to align with actual outcomes.

We analyzed reaction time (RT) as a behavioral proxy of surprise 
based on predictive-coding frameworks, wherein unexpected events 
incur additional processing costs and thus prolong RTs. Match trials 
served as a baseline measure of processing speed, ensuring that any RT 
cost for mismatch trials reflected true prediction violations rather than 
general task difficulty. Classic oddball studies consistently show longer 
RTs for rare, expectation-violating tones (Hsu et al., 2013; Parmentier 
et al., 2022), and Coy et al. (2024) demonstrated that facilitation effects 
for repeated deviants vanish when prediction certainty is low. Quanti
tative links between surprise caused by violation of prediction, ampli
tude of ERP P300 component, and RT metrics have been observed 
(Quintela-Vega et al., 2023; Auksztulewicz et al., 2018). We observed a 
significant RT cost for mismatch trials only in the motor-auditory task, 
indicating that precise, action-based predictions were violated. By 
contrast, the visual-auditory (memory-based) task showed no RT dif
ference. We attribute this to the inherently lower temporal precision and 
reduced precision-weighting of memory-driven predictions 
(Summerfield and Egner, 2009; Ma and Tian, 2019), which often do not 
slow RT unless supported by multiple converging cues (Pieszek et al., 
2013). Moreover, our P300 results qualitatively mirrored the RT pat
tern—both neural and behavioral indices showed match-match effects 
in the motor-auditory task but not in the memory-based task, under
scoring their concordance as markers of surprise caused by violation of 
prediction.

While our ERP results demonstrate functional dissociations between 
motor- and memory-based predictions, the current evidence cannot test 
the anatomical hypothesis of the underlying neural circuits (Chu et al., 
2023). We are currently using sEEG (stereoelectroencephalography) to 
explore the neural sources of these predictive mechanisms. Future 
studies could also employ neural modulation methods, targeting at 
sensorimotor versus association cortices, to establish causal links and to 
map anatomical segregation between motor- and memory-driven pre
dictive circuits.

In this study, we compared auditory ERP responses under self- 
initiated keypresses (motor predictions) and visually cued events 
(memory predictions) to reveal functionally dissociable mechanisms of 
suppression and enhancement. We found that significant P2 suppression 
occurred only in the motor-auditory task when feedback matched the 
prediction, whereas no such effect was observed in the visual-auditory 
task. Unexpectedly, N1 amplitudes were enhanced in both con
ditions—with a markedly greater enhancement in the motor-auditory 
condition—suggesting that predictive processes can evoke attentional- 
like gain modulation during early auditory processing. These findings 
demonstrate that motor- and memory-based predictions modulate sen
sory processing via functionally and temporally distinct mechanisms, 
supporting the DSPM.
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Hsu, Y.-F., Hämaläinen, J.A., Waszak, F., 2013. Temporal expectation and spectral 
expectation operate in distinct fashion on neuronal populations. Neuropsychologia 
51 (13), 2548–2555.

Hu, S., Yao, D., Bringas-Vega, M.L., Qin, Y., Valdes-Sosa, P.A., 2019. The statistics of EEG 
unipolar references: Derivations and properties. Brain Topogr. 32, 696–703.

Kaiser, J., Schütz-Bosbach, S., 2018. Sensory attenuation of self-produced signals does 
not rely on self-specific motor predictions. Eur. J. Neurosci. 47 (11), 1303–1310.

Knolle, F., Schröger, E., Baess, P., Kotz, S.A., 2012. The cerebellum generates motor-to- 
auditory predictions: ERP lesion evidence. J. Cognit. Neurosci. 24 (3), 698–706.

Kok, P., Jehee, J.F., De Lange, F.P., 2012a. Less is more: expectation sharpens 
representations in the primary visual cortex. Neuron 75 (2), 265–270.

Kok, P., Rahnev, D., Jehee, J.F., Lau, H.C., De Lange, F.P., 2012b. Attention reverses the 
effect of prediction in silencing sensory signals. Cerebr. Cortex 22 (9), 2197–2206.
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