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Background and Methods Results and Discussion 
• Corollary discharges are neural signals used to predict the sensory consequences of overt speech, and can 

suppress the neural responses to speech sounds consistent with that prediction (1).


• Recent evidence suggests that inner speech – the silent production of words in one’s mind –  also produces 

corollary discharge, which can attenuate activity in the auditory cortex as measured by the N1 component of 

the event-related potential (ERP) (2).


• While corollary discharge for inner speech has been found to be associated with the content and timing of 

inner speech (3,4), it is unknown whether it contains information about auditory qualities, such as volume, of 

inner speech.


• Our study examined whether the volume of inner speech was associated with 

corollary discharge mechanisms.
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Experimental Procedure 

Note. Experimental stimuli was a ticker-tape style animation (A) whereby participants kept their eyes on the red !xation line, 
which remained stationary in the centre of the screen for the full duration of each trial. After a slight delay, the green target 
line began to move leftwards across the screen (I-IV) and after four-seconds, the target line overlapped the !xation line (V; 
stimulus onset), before continuing to move across the ticker tape for another second (VI).  At the precise moment of 
stimulus onset (V), the auditory phoneme of either a Loud BA (Loud AP; 95dB SPL) or Soft ba (Soft AP; 65dB SPL) was 
delivered to the participant through headphones. Before each block, participants were instructed to think the pre-de!ned 
phoneme of either a loud BA (Loud IS; 2 blocks of 60 trials each) or soft ba (Soft IS; 2 blocks of 60 trials each) in inner 
speech or to passively listen without producing inner speech (Listen; 2 blocks of 60 trials each). Individual experimental trial-
types (B) therefore included (1) Listen-Loud AP; (2) Listen-Soft AP; (3) Loud IS-Loud AP; (4) Soft IS-Soft AP; (5) Soft IS-Loud 
AP and (6) Loud IS-Soft AP. At the completion of each trial (VI), participants rated their subjective performance of the task 
on a !ve-point Likert scale (1=Not at all successful, to 5=Completely successful). In Aim 1, data for trial-types (3) and (4) 
were parsed as Match conditions, and trial-types (5) and (6) were parsed as Mismatch conditions. In Aim 2, data for trial-
types (3) and (6) were parsed as Loud IS, and trial-types (4) and (5) were  parsed as Soft IS. In both Aim 1 and Aim 2, the 
volume of inner speech and the volume of the auditory phonemes were the experimental manipulation, and Listen trials (1) 
and (2) were used as a control check. 
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audible phoneme occurred as the red and green vertical lines overlapped.

Figure 2: Experimental conditions. BA denotes loud phonemes, and ba soft phonemes

• EEG data was collected on 

participants (N=60) who viewed a 

ticker-tape style cue (Figure 1), 

and were asked to either passively 

listen or actively produce loud or 

soft inner speech at the precise 

moment a loud or soft audible 

phoneme was simultaneously 

delivered. Conditions therefore 

were defined as Listen, Match, or 

Mismatch (Figure 2).
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Figure 3: (A) Listen (black), Match (blue), and Mismatch (red) 
N1 ERP’s showing reduced N1 amplitudes for inner speech 
production. N1 time window represented in grey. (B) Bar 
graphs for mean N1 amplitudes and (C) voltage maps 
representing electrophysiological activity over the scalp for 
the N1 ERP for the three conditions.
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Figure 9 

Aim 1 Grand-Averaged N1 ERP Results 

Note.  Mean-amplitude for the N1 was averaged over electrodes Fz, FCz, and Cz.  Negative voltage on the y-axis is plotted 
downwards, and the transparent grey bar at 84-124ms represents the N1 time-window which was selected around the N1 
peak at 104ms using the collapsed localiser technique (Luck et al., 2017).  Time (ms) at 0 on the x-axis indicates stimulus 
onset time in which inner speech was performed and/or the auditory phoneme was delivered.  (A) Shows the grand-averaged 
ERPs for each condition for the primary aim, with Listen condition represented in black, Match in blue and Mismatch in red.  
(B) Bar graphs show the mean amplitudes for the N1 time-window for the same three experimental conditions, with error 
bars representing the standard-error of the mean (SEM) and negative voltages are plotted upwards along the y-axis.  Voltage 
maps (C) are plotted separately for Listen, Match, and Mismatch, and represent the distribution of electrophysiological 
activity over the scalp during the N1 time-window, and exhibit a negative fronto-central topography.  (D) Grand-averaged 
ERPs for volume conditions, with Loud Audible Phoneme (Loud AP) in maroon and Soft Audible Phoneme (Soft AP) in 
navy blue.  (E) Bar graphs for the mean amplitudes of the N1 time-window for the two volume conditions.  (F) Voltage 
maps for the N1 time-window for Loud AP and Soft AP. 
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Analysis 1 Grand-Averaged N1 ERP Results 

Note.  Mean-amplitude for the N1 was averaged over electrodes Fz, FCz, and Cz.  Negative voltage on the y-axis is plotted 
downwards, and the transparent grey bar at 84-124ms represents the N1 time-window which was selected around the N1 
peak at 104ms using the collapsed localiser technique (Luck et al., 2017).  Time (ms) at 0 on the x-axis indicates stimulus 
onset time in which inner speech was performed and/or the auditory phoneme was delivered.  (A) Shows the grand-averaged 
ERPs for each condition for the primary aim, with Listen condition represented in black, Match in blue and Mismatch in red.  
(B) Bar graphs show the mean amplitudes for the N1 time-window for the same three experimental conditions, with error 
bars representing the standard-error of the mean (SEM) and negative voltages are plotted upwards along the y-axis.  Voltage 
maps (C) are plotted separately for Listen, Match, and Mismatch, and represent the distribution of electrophysiological 
activity over the scalp during the N1 time-window, and exhibit a negative fronto-central topography.  (D) Grand-averaged 
ERPs for volume conditions, with Loud Audible Phoneme (Loud AP) in maroon and Soft Audible Phoneme (Soft AP) in 
navy blue.  (E) Bar graphs for the mean amplitudes of the N1 time-window for the two volume conditions.  (F) Voltage 
maps for the N1 time-window for Loud AP and Soft AP. 
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Internal-Forward Model of Speech-Induced Suppression. 

Note.  An internal-forward model computes predictions of expected sensory feedback (corollary discharge) based on a 
copy of the motor command (e!erence copy).  For speech, the motor cortex commands the articulator organs to move 
while simultaneously producing an e!erence copy.  Information from the e!erence copy is used to generate a corollary 
discharge signal that computes a prediction on the expected sound from articulator organ movement.  "is prediction is 
then compared to speech’s actual auditory feedback.  Self-produced speech is typically correctly predicted, resulting in 
suppressed electrophysiological responses in the auditory cortex.  If there is an incorrect prediction on auditory feedback 
(due to alteration of the sound), a discrepancy ensues and indicates the sound was not self-produced. 

Figure 2  

Corollary Discharge’s Role in N1 Suppression from Self-Produced Speech  

Note.  N1 suppression can be representative of the brain processing self-generated speech as if it were physically quieter 
than external sounds.  "e magnitude of N1 suppression e!ects depends on the degree of consistency between predicted 
and actual auditory feedback from self-produced speech.  If a corollary discharge prediction matches auditory feedback, 
N1 suppression is evident.  However, if predicted auditory consequences are inconsistent (mismatch) with auditory 
feedback, N1 amplitude is intensi#ed.  Corollary discharge’s role in N1 suppression of self-produced speech is consistent 
with leading models of motor control, such as the internal-forward model (Wolpert et al., 1996; Shadmehr et al., 2010) 

Figure 3 

Internal-Forward Model of Inner Speech 

Note.  An internal-forward model of inner speech works through the same mechanisms as overt speech; the only 
di!erence being physical auditory feedback is not used as a comparison.  E!erence copies of motor commands similar to 
those produced in overt speech are used to compute corollary discharge predictions which are compared to the 
phonological features of inner speech.  "is forward model of inner speech almost always biases towards a correct 
prediction, which can result in attenuation of the auditory cortex as measured by the N1 ERP.  However, incorrect 
predictions do occur and have been implicated in psychotic disorders such as auditory-verbal hallucinations (AVH) 
commonly found in positive symptoms of schizophrenia.  
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Analysis 1 Grand-Averaged N1 ERP Results 

Note.  Mean-amplitude for the N1 was averaged over electrodes Fz, FCz, and Cz.  Negative voltage on the y-axis is plotted 
downwards, and the transparent grey bar at 84-124ms represents the N1 time-window which was selected around the N1 
peak at 104ms using the collapsed localiser technique (Luck et al., 2017).  Time (ms) at 0 on the x-axis indicates stimulus 
onset time in which inner speech was performed and/or the auditory phoneme was delivered.  (A) Shows the grand-averaged 
ERPs for each condition for Analysis 1, with Listen condition represented in black, Match in blue and Mismatch in red.  (B) 
Bar graphs show the mean amplitudes for the N1 time-window for the same three experimental conditions, with error bars 
representing the standard-error of the mean (SEM) and negative voltages are plotted upwards along the y-axis.  Voltage maps 
(C) are plotted separately for Listen, Match, and Mismatch, and represent the distribution of electrophysiological activity over 
the scalp during the N1 time-window, and exhibit a negative fronto-central topography.  (D) Grand-averaged ERPs for 
volume conditions, with Loud Audible Phoneme (Loud AP) in maroon and Soft Audible Phoneme (Soft AP) in navy blue.  
(E) Bar graphs for the mean amplitudes of the N1 time-window for the two volume conditions.  (F) Voltage maps for the 
N1 time-window for Loud AP and Soft AP 
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A • While the mere production of inner speech 

attenuated the N1 (Figure 3), there were no 

differences in N1 amplitudes between inner 

phonemes that e i ther matched or 

mismatched the audible phoneme on 

volume.


• These results indicate that 

corollary discharge signals of 

inner speech do not convey 

information on its volume. 
• Importantly, these findings provide a 

greater understanding of the neurobiology 

of thought by suggesting there is a 

functional dissimilarity between how the 

brain processes volume for inner and overt 

speech.


• This study may assist in understanding the 

misattributed sense of agency in auditory-

verbal hallucinations from schizophrenia.
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Note.  Mean-amplitude for the N1 was averaged over electrodes Fz, FCz, and Cz.  Negative voltage on the y-axis is plotted 
downwards, and the transparent grey bar at 84-124ms represents the N1 time-window which was selected around the N1 
peak at 104ms using the collapsed localiser technique (Luck et al., 2017).  Time (ms) at 0 on the x-axis indicates stimulus 
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Internal-Forward Model of Speech-Induced Suppression. 

Note.  An internal-forward model computes predictions of expected sensory feedback (corollary discharge) based on a 
copy of the motor command (e!erence copy).  For speech, the motor cortex commands the articulator organs to move 
while simultaneously producing an e!erence copy.  Information from the e!erence copy is used to generate a corollary 
discharge signal that computes a prediction on the expected sound from articulator organ movement.  "is prediction is 
then compared to speech’s actual auditory feedback.  Self-produced speech is typically correctly predicted, resulting in 
suppressed electrophysiological responses in the auditory cortex.  If there is an incorrect prediction on auditory feedback 
(due to alteration of the sound), a discrepancy ensues and indicates the sound was not self-produced. 

Figure 2  

Corollary Discharge’s Role in N1 Suppression from Self-Produced Speech  

Note.  N1 suppression can be representative of the brain processing self-generated speech as if it were physically quieter 
than external sounds.  "e magnitude of N1 suppression e!ects depends on the degree of consistency between predicted 
and actual auditory feedback from self-produced speech.  If a corollary discharge prediction matches auditory feedback, 
N1 suppression is evident.  However, if predicted auditory consequences are inconsistent (mismatch) with auditory 
feedback, N1 amplitude is intensi#ed.  Corollary discharge’s role in N1 suppression of self-produced speech is consistent 
with leading models of motor control, such as the internal-forward model (Wolpert et al., 1996; Shadmehr et al., 2010) 

Figure 3 

Internal-Forward Model of Inner Speech 

Note.  An internal-forward model of inner speech works through the same mechanisms as overt speech; the only 
di!erence being physical auditory feedback is not used as a comparison.  E!erence copies of motor commands similar to 
those produced in overt speech are used to compute corollary discharge predictions which are compared to the 
phonological features of inner speech.  "is forward model of inner speech almost always biases towards a correct 
prediction, which can result in attenuation of the auditory cortex as measured by the N1 ERP.  However, incorrect 
predictions do occur and have been implicated in psychotic disorders such as auditory-verbal hallucinations (AVH) 
commonly found in positive symptoms of schizophrenia.  
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Analysis 1 Grand-Averaged N1 ERP Results 

Note.  Mean-amplitude for the N1 was averaged over electrodes Fz, FCz, and Cz.  Negative voltage on the y-axis is plotted 
downwards, and the transparent grey bar at 84-124ms represents the N1 time-window which was selected around the N1 
peak at 104ms using the collapsed localiser technique (Luck et al., 2017).  Time (ms) at 0 on the x-axis indicates stimulus 
onset time in which inner speech was performed and/or the auditory phoneme was delivered.  (A) Shows the grand-averaged 
ERPs for each condition for Analysis 1, with Listen condition represented in black, Match in blue and Mismatch in red.  (B) 
Bar graphs show the mean amplitudes for the N1 time-window for the same three experimental conditions, with error bars 
representing the standard-error of the mean (SEM) and negative voltages are plotted upwards along the y-axis.  Voltage maps 
(C) are plotted separately for Listen, Match, and Mismatch, and represent the distribution of electrophysiological activity over 
the scalp during the N1 time-window, and exhibit a negative fronto-central topography.  (D) Grand-averaged ERPs for 
volume conditions, with Loud Audible Phoneme (Loud AP) in maroon and Soft Audible Phoneme (Soft AP) in navy blue.  
(E) Bar graphs for the mean amplitudes of the N1 time-window for the two volume conditions.  (F) Voltage maps for the 
N1 time-window for Loud AP and Soft AP 
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Internal-Forward Model of Inner Speech 

Note.  An internal-forward model of inner speech works through the same mechanisms as overt speech; the only 
di!erence being physical auditory feedback is not used as a comparison.  E!erence copies of motor commands similar to 
those produced in overt speech are used to compute corollary discharge predictions which are compared to the 
phonological features of inner speech.  "is forward model of inner speech almost always biases towards a correct 
prediction, which can result in attenuation of the auditory cortex as measured by the N1 ERP.  However, incorrect 
predictions do occur and have been implicated in psychotic disorders such as auditory-verbal hallucinations (AVH) 
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Note.  Mean-amplitude for the N1 was averaged over electrodes Fz, FCz, and Cz.  Negative voltage on the y-axis is plotted 
downwards, and the transparent grey bar at 84-124ms represents the N1 time-window which was selected around the N1 
peak at 104ms using the collapsed localiser technique (Luck et al., 2017).  Time (ms) at 0 on the x-axis indicates stimulus 
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(C) are plotted separately for Listen, Match, and Mismatch, and represent the distribution of electrophysiological activity over 
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onset time in which inner speech was performed and/or the auditory phoneme was delivered.  (A) Shows the grand-averaged 
ERPs for each condition for the primary aim, with Listen condition represented in black, Match in blue and Mismatch in red.  
(B) Bar graphs show the mean amplitudes for the N1 time-window for the same three experimental conditions, with error 
bars representing the standard-error of the mean (SEM) and negative voltages are plotted upwards along the y-axis.  Voltage 
maps (C) are plotted separately for Listen, Match, and Mismatch, and represent the distribution of electrophysiological 
activity over the scalp during the N1 time-window, and exhibit a negative fronto-central topography.  (D) Grand-averaged 
ERPs for volume conditions, with Loud Audible Phoneme (Loud AP) in maroon and Soft Audible Phoneme (Soft AP) in 
navy blue.  (E) Bar graphs for the mean amplitudes of the N1 time-window for the two volume conditions.  (F) Voltage 
maps for the N1 time-window for Loud AP and Soft AP. 
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Figure 9 

Analysis 1 Grand-Averaged N1 ERP Results 

Note.  Mean-amplitude for the N1 was averaged over electrodes Fz, FCz, and Cz.  Negative voltage on the y-axis is plotted 
downwards, and the transparent grey bar at 84-124ms represents the N1 time-window which was selected around the N1 
peak at 104ms using the collapsed localiser technique (Luck et al., 2017).  Time (ms) at 0 on the x-axis indicates stimulus 
onset time in which inner speech was performed and/or the auditory phoneme was delivered.  (A) Shows the grand-averaged 
ERPs for each condition for the primary aim, with Listen condition represented in black, Match in blue and Mismatch in red.  
(B) Bar graphs show the mean amplitudes for the N1 time-window for the same three experimental conditions, with error 
bars representing the standard-error of the mean (SEM) and negative voltages are plotted upwards along the y-axis.  Voltage 
maps (C) are plotted separately for Listen, Match, and Mismatch, and represent the distribution of electrophysiological 
activity over the scalp during the N1 time-window, and exhibit a negative fronto-central topography.  (D) Grand-averaged 
ERPs for volume conditions, with Loud Audible Phoneme (Loud AP) in maroon and Soft Audible Phoneme (Soft AP) in 
navy blue.  (E) Bar graphs for the mean amplitudes of the N1 time-window for the two volume conditions.  (F) Voltage 
maps for the N1 time-window for Loud AP and Soft AP. 
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Figure 1 

Internal-Forward Model of Speech-Induced Suppression. 

Note.  An internal-forward model computes predictions of expected sensory feedback (corollary discharge) based on a 
copy of the motor command (e!erence copy).  For speech, the motor cortex commands the articulator organs to move 
while simultaneously producing an e!erence copy.  Information from the e!erence copy is used to generate a corollary 
discharge signal that computes a prediction on the expected sound from articulator organ movement.  "is prediction is 
then compared to speech’s actual auditory feedback.  Self-produced speech is typically correctly predicted, resulting in 
suppressed electrophysiological responses in the auditory cortex.  If there is an incorrect prediction on auditory feedback 
(due to alteration of the sound), a discrepancy ensues and indicates the sound was not self-produced. 

Figure 2  

Corollary Discharge’s Role in N1 Suppression from Self-Produced Speech  

Note.  N1 suppression can be representative of the brain processing self-generated speech as if it were physically quieter 
than external sounds.  "e magnitude of N1 suppression e!ects depends on the degree of consistency between predicted 
and actual auditory feedback from self-produced speech.  If a corollary discharge prediction matches auditory feedback, 
N1 suppression is evident.  However, if predicted auditory consequences are inconsistent (mismatch) with auditory 
feedback, N1 amplitude is intensi#ed.  Corollary discharge’s role in N1 suppression of self-produced speech is consistent 
with leading models of motor control, such as the internal-forward model (Wolpert et al., 1996; Shadmehr et al., 2010) 

Figure 3 

Internal-Forward Model of Inner Speech 

Note.  An internal-forward model of inner speech works through the same mechanisms as overt speech; the only 
di!erence being physical auditory feedback is not used as a comparison.  E!erence copies of motor commands similar to 
those produced in overt speech are used to compute corollary discharge predictions which are compared to the 
phonological features of inner speech.  "is forward model of inner speech almost always biases towards a correct 
prediction, which can result in attenuation of the auditory cortex as measured by the N1 ERP.  However, incorrect 
predictions do occur and have been implicated in psychotic disorders such as auditory-verbal hallucinations (AVH) 
commonly found in positive symptoms of schizophrenia.  

Figure 9 

Analysis 1 Grand-Averaged N1 ERP Results 

Note.  Mean-amplitude for the N1 was averaged over electrodes Fz, FCz, and Cz.  Negative voltage on the y-axis is plotted 
downwards, and the transparent grey bar at 84-124ms represents the N1 time-window which was selected around the N1 
peak at 104ms using the collapsed localiser technique (Luck et al., 2017).  Time (ms) at 0 on the x-axis indicates stimulus 
onset time in which inner speech was performed and/or the auditory phoneme was delivered.  (A) Shows the grand-averaged 
ERPs for each condition for Analysis 1, with Listen condition represented in black, Match in blue and Mismatch in red.  (B) 
Bar graphs show the mean amplitudes for the N1 time-window for the same three experimental conditions, with error bars 
representing the standard-error of the mean (SEM) and negative voltages are plotted upwards along the y-axis.  Voltage maps 
(C) are plotted separately for Listen, Match, and Mismatch, and represent the distribution of electrophysiological activity over 
the scalp during the N1 time-window, and exhibit a negative fronto-central topography.  (D) Grand-averaged ERPs for 
volume conditions, with Loud Audible Phoneme (Loud AP) in maroon and Soft Audible Phoneme (Soft AP) in navy blue.  
(E) Bar graphs for the mean amplitudes of the N1 time-window for the two volume conditions.  (F) Voltage maps for the 
N1 time-window for Loud AP and Soft AP 


