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Abstract Event-related potentials (ERPs) to tones that are

self-initiated are reduced in their magnitude in comparison

with ERPs to tones that are externally generated. This

phenomenon has been taken as evidence for an efference

copy of the motor command acting to suppress the sensory

response. However, self-initiation provides a strong tem-

poral cue for the stimulus which might also contribute to the

ERP suppression for self-initiated tones. The current

experiment sought to investigate the suppression of mon-

aural tones by temporal cueing and also whether the addi-

tion of self-initiation enhanced this suppression. Lastly, the

experiment sought to investigate the lateralisation of the

ERP suppression via presenting these monaural tones to

each ear respectively. We examined source waveforms

extracted from the lateralised auditory cortices and mea-

sured the modulation of the N1 and P2 components by

cueing and self-initiation. Self-initiation significantly

reduced the amplitude of the N1 component. Temporal

cueing without self-initiation significantly reduced the P2

component. There were no significant differences in the

amplitude of either the N1 or the P2 between self-initiation

and temporal cuing. There was a significant lateralisation

effect on the N1—it being significantly larger contralateral

to the ear of stimulation. There was no interaction between

lateralisation and side of the temporal cue or side of self-

initiation suggesting that the effects of self-initiation and

temporal cuing are equal bilaterally. We conclude that a

significant proportion of ERP suppression by self-initiation

is a result of inherent temporal cueing.

Keywords Event-related potentials � Monaural tones �
Temporal cuing � Self-initiation � Efference copy

Introduction

All volitional movements initiate sensory events. Compared

to externally generated sensory events, self-generated sen-

sory events (reafference) are reduced in perceptual salience.

This reduction is thought to be due to the processing of an

internal representation or the so-called efference copy of the

motor command that is used to predict the sensory conse-

quences of a self-generated movement. Efference copy is

crucial in the visual domain as it provides the information

necessary to create the forward predictions that ensure

stability of visual images is maintained during eye/head

movements (Sperry 1950). Another role of efference copy is

to reduce the sensory consequences of movements, termed

‘‘reafference’’. For example, during gait, central processing

of sensory outflow from the legs is reduced around the time

of heelstrike (Duysens et al. 1995) and similarly, during

masticatory movements, sensitivity to stimulation of the

teeth is reduced during jaw closing (Sowman et al. 2010).

Unmodified, these large reafference signals would inhibit

actions by interfering with smooth movements.
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Disturbance of the normal functioning of efference copy

mechanisms has been implicated in a number of psychiatric

and neurological disorders. For example, disruption of ef-

ference copy has been implicated in the disturbed sense of

agency that is a symptom of schizophrenia (Ford et al.

2008; Synofzik et al. 2010).

Efference copy mechanisms have also garnered much

attention in the study of speech motor control. During

speech, every utterance produces reafference in the form of

auditory stimulation. Electrophysiology has shown that

auto-stimulation of the cortical auditory areas by self-

generated speech produces a significantly reduced response

compared to when the same sounds are played back from a

recording (Curio et al. 2000; Ford et al. 2001; Houde et al.

2002; Heinks-Maldonado et al. 2005; Flinker et al. 2010).

Such studies demonstrate that an accurate mapping of

the auditory consequences of speech production is an

integral part of the speech motor control mechanism.

Furthermore, a disturbance of this mechanism has been

implicated in stuttering where it is thought that reduced

suppression of auditory reafference could interfere with

ongoing speech, disrupting fluency (Maraist and Hutton

1957).

In practice, it is difficult to directly study efference copy

suppression of reafference during speech because a signif-

icant proportion of self-generated auditory stimulation

comes via direct conduction of sound through the skull and

jaw bones. It is a very complex task to match the quality and

intensity of auditory stimulation produced by self-generated

versus externally generated sound, and any discrepancy is

likely to be a significant confound. Fortunately, the motor-

to-sensory mapping that occurs during speech seems to be a

generalisable motor control property, in that sensory events

evoked by sounds that are generated by other motor actions,

even those that are tool mediated (e.g. the bang of a hammer

strike), are also attenuated by efference copy mechanisms.

In a laboratory setting, efference copy modulation of

auditory cortical activity can be demonstrated using a

simpler paradigm, which compares auditory cortex activity

elicited by tone that is self-initiated by a button press to

identical tones that are externally generated. Such studies

have demonstrated a reduced auditory-evoked response to

self-initiated stimuli (Schafer and Marcus 1973; McCarthy

and Donchin 1976; Martikainen et al. 2005; Baess et al.

2008, 2009; Aliu et al. 2009).

The current study used this paradigm to investigate two

aspects of the auditory suppression by efference copy

phenomenon. The first is the extent to which reductions of

the auditory-evoked potential might reflect the effects of

temporal certainty of stimulation as opposed to efference

copy mechanisms per se. While there have been a number

of recent studies that use self-stimulation paradigms to

illustrate efference-copy suppression, the contribution that

temporal certainty has in mediating the effects of effer-

ence-copy suppression is less well studied. A self-initiated

stimulus inherently contains powerful timing cues, creating

temporal certainty about the onset of the stimulus. Fur-

thermore, the response mapping that occurs with repetitive

stimulation creates spatial and magnitude certainty. Stim-

ulus certainty, especially in the temporal domain, is known

to reduce the subjective magnitude of sounds (Weiss et al.

2011) and the magnitude of auditory evoked responses

measured with EEG (Schafer et al. 1981).

Two notable studies that have considered these two

processes in parallel generate somewhat conflicting results.

A recent study by Lange (2011) suggests that temporal

cueing does not mediate the suppression of N1 seen during

self-initiation while earlier work by Ford et al. (2007)

indicates that temporal warning can cause a reduction of

the N1 that is smaller but similar in amplitude to the

reduction caused by self-initiation.

The second aim was to assess the extent to which ef-

ference copy suppression in the auditory system is latera-

lised. In the somatosensory domain, it is thought that

efference copy suppression is contralateralised such that

the suppression of an evoked response to self-stimulation is

largely manifest in the contralateral hemisphere (Rossini

et al. 1999). However, the arrangement of the auditory

system is such that unilateral inputs project bilaterally, and

it is unknown how unilateral motor activations interact

with this bilateral sensory representation. With regard to

using efference copy suppression as a measure of abnormal

auditory motor integration in disorder populations,

knowledge of the extent of its lateralisation is essential: a

common feature of range of neurological disorders

including stuttering and schizophrenia is a reduction of

functional lateralisation in the brain (Gur 1977; Foundas

et al. 2003).

Method

Participants

Fifteen subjects (9 female and 6 male) participated in this

experiment. Their ages ranged from 20 to 31 years

(M = 24, SD = 3.7). All participants were right handed

(Oldfield handedness inventory score M = 82.3, SD =

23.4). All participants provided written consent and were

paid for their participation. Experiments were approved by

the Macquarie University Human Ethics Committee.

Stimuli and apparatus

Participants were tested in a dimly lit, quiet room. They

were seated in a comfortable chair that did not rotate or
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swivel. They were then fitted with the EEG cap, which was

positioned such that the electrode Cz was over the vertex.

After being fitted with EEG electrodes, participants were

shown the written instructions for the task and were given

the opportunity to clarify any questions they may have had.

They held, using both hands, a button box that had two

buttons, one for each thumb. EEG activity was recorded

using a BioSemi active electrode EEG system connected

by optic fibre cable to a Dell Precision, T3400 computer.

Continuous EEG was acquired at 2,048 Hz through a

64-channel Biosemi ActiveTwo AD-box. EEG electrode

placement conformed to the international 10/20 standard.

The Biosemi EEG system is a so-called zero-reference

system whereby two extra electrodes, the common mode

sense (CMS) and driven right leg (DRL), replace the

ground electrode of conventional systems. Experimental

presentation and stimulation was controlled by Presenta-

tion software (Presentation 14.4, Neurobehavioral Systems,

Albany, USA). The stimuli were presented on a 45.5-cm

Viewsonic monitor with a refresh rate of 100 Hz. Auditory

stimuli were presented via Etymotic ER-2 insert earphones.

The experiment consisted of four different conditions

(Fig. 1).

The first condition, which we will henceforth refer to as

‘Cue Motor Tone’, consisted of a fixation cross, followed

by a cue to press either the right or left button. The duration

of the fixation cross was randomly varied between 1,000

and 3,500 ms after which time, a black letter (either L or

R) against a white background appeared in the centre of the

screen. The letter R appeared on half the trials and the letter

L appeared on the other half and their order was random-

ised. When subjects pressed the button in response to the

cue, a tone [1 kHz sinusoid, 80 dB SPL (sound pressure

level), 400 ms] was played monaurally to the ear corre-

sponding to the cue. This first condition was utilised in

order to determine the extent to which the ERPs are sup-

pressed as a result of self-initiation combined with tem-

poral certainty.

The second condition, which we will henceforth refer to

as ‘Cue Tone’, consisted of the same visual stimuli as

condition one. However, prior to the start of this condition,

subjects were instructed not to respond to the cue. Fol-

lowing the cue, a tone, as in condition one, was then played

monaurally; the mean response time gathered from the

preceding Cue Motor Tone condition was used as the time

of the auditory stimulus onset. This second condition was

used to determine the extent to which the ERPs are sup-

pressed as a result of temporal cueing in the absence of

self-initiation.

The third condition, which we will henceforth refer to as

‘Cue Motor’, was the same as condition one except that the

amplitude of the auditory stimulation associated with the

button press was set to zero. This third condition was uti-

lised in order to determine the extent to which the ERPs

seen in the (first) self-initiation condition are affected by

the motor response of button pressing.

The fourth condition, which we will henceforth refer to

as ‘Tone Only’, was the same as the second condition

Fig. 1 Experimental procedure. a Cue Motor Tone (CMT) condition.

Each trial was initiated with a fixation cross which after a variable

delay (VT1) changed to a cue to press the left (L) button (50 % of

trials were left and 50 % right). After the duration of the participants

response time (RT), the button was depressed by the thumb, and a

tone was played to the ear that corresponded to the cued side. b Cue

Motor (CM) condition. The CM condition was identical to the CMT

condition except for the absence of the tone. c Cue Tone (CT)

condition. This condition was identical to the CMT condition except

that the participant was instructed at the beginning of the block not to

respond to the cue. The RT (time between the cue and the tone was set

to be the average of the RT in the preceding CMT block). d Tone only

(TO) condition. Tones were played at variable intervals (VT2) in the

presence of the fixation cross
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except that there was no cue. This last condition functioned

as the control condition, that is, it revealed the ERP

amplitude to auditory stimulation when there was no

temporal cue or self-initiation. Subjects were presented

with a continuous fixation cross and had auditory stimuli

played to them with the same timing as in condition 2.

Each condition block consisted of 50 trials, and each

block was repeated four times in the above sequence such

that the total number of trials for each experiment totalled

800. Each participant completed all sixteen blocks in a

single testing session that lasted approximately 90 min.

EEG data processing

ERPs were analysed using SPM 8 (Wellcome Institute,

London, UK) running on Matlab R2010a (The Mathworks,

Natrick, USA). Data were re-referenced to averaged mas-

toids, down sampled to 250 Hz and bandpass filtered

0.1–40 Hz. For all trials, the analysis epoch was -100 to

500 ms relative to stimulus onset.

Data reduction

In order to reduce the dimensionality of the data and to

investigate the extent to which suppression of auditory

responses was lateralised, a source waveform was extracted

from each cortical auditory area using a tangentially oriented

dipole spatial filter (Ponton et al. 2002). This procedure

resulted in two source waveforms for each subject for each

condition, one in the right auditory cortex and one in the left.

To validate the locations of these sources, a distributed

sources inversion of the grand mean ERPs for the tone

containing conditions (i.e. all conditions except Cue Motor)

was performed using the Greedy Search method (SPM8).

Source power was then averaged across these conditions,

and the point of peak power for each of two largest clusters

(Fig. 2) was used as the source extraction location.

To remove the effect of the slow motor potential on the

source waveform from the Cue Motor Tone condition, the

Cue Motor condition was subtracted from the Cue Motor

Tone condition. All subsequent references to the Cue

Motor Tone condition refer to the Cue Motor Tone after the

Cue Motor condition was subtracted.

Statistical analysis

For each of the three conditions [Cue Motor Tone (after

correction), Cue Tone and Tone Only], the baseline to peak

amplitude of both the N1 and P2 was extracted from the

source waveforms for each subject. This value was then

submitted to a 3-factor repeated measures ANOVA, the

factors being side of stimulation (left or right), hemisphere

(ipsilateral or contralateral to the stimulus) and condition

(Cue Motor Tone, Cue Tone and Tone Only). For analysis

of the Cz ERP, both the N1 and P2 amplitudes were sub-

mitted to a 2-factor repeated measures ANOVA, the factors

being side of stimulation (left or right), and condition (Cue

Motor Tone, Cue Tone and Tone Only). Post hoc tests to

compare means were corrected by the Bonferroni method

for multiple comparisons. All statistical analysis was per-

formed using IBM� SPSS� Statistics (v19). Results are

presented as mean ± SEM.

Results

Response times

On average, participants responded 692 ± 19 ms after the

cue with their right hands in the CMT condition and after

685 ± 19 ms with their left hands. There was no signifi-

cant difference in response time between hands.

Source localisation

Inversion of the grand mean waveforms resulted in an

average source map that consisted of two primary sources.

The peak intensity of the source in the left hemisphere was

situated in the Superior Temporal Gyrus (STG), BA42

(MNI coordinates: -62, -32 10). The right hemisphere

source was also located in the STG (MNI coordinates: 52,

-32 6) though in a slightly inferior location (Fig. 2).

Source waveforms

Extraction of the source waveforms returned ERPs that

were characterised by the classic auditory event-related

P1–N1–P2 morphology (Bressler and Ding 2006). How-

ever, the ERP for the Cue Motor Tone condition was

superimposed on a slow motor potential. The waveform

representing the ERP for the Cue Motor condition closely

matched the overall negative trend evident in the com-

pound Cue Motor Tone ERP (Fig. 3).

After subtraction of the slow motor wave, the effect of

the ERP conditioning by self-initiation and temporal cue-

ing is evident (Fig. 4). The N1/P2 complex was largest for

the Tone only condition and smallest in the Cue Motor

Tone condition. The Cue Tone condition evoked an inter-

mediate state between the other two. Also evident in the

grand mean source waveforms is an amplitude bias towards

the contralateral hemisphere.

N1

Statistical analysis of the N1 amplitude revealed that

there was a significant main effect of condition
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(F(2,13) = 4.0, p = 0.043). While the amplitude of both

the Cue Tone and Cue Motor Tone N1 was reduced

compared to Tone only, post hoc tests show that only the

difference between Cue Motor Tone and Tone only was

different (p = 0.041). There was no significant difference

between the N1 amplitudes of Cue Motor Tone and

Cue Tone (p = 0.26). Additionally, there was a signifi-

cant main effect of hemisphere (F(1,14) = 7.0, p = 0.019)

on the amplitude of the N1; the contralateral N1 was

on average 19 % larger than the ipsilateral N1. There

were no statistically significant interactions between

factors.

Fig. 2 Average source map for the grand mean event-related

potentials for all the tone containing conditions. The auditory-evoked

response for the Cue Motor tone, Cue Tone and Tone only conditions

was inverted into source space using SPM8, and the resultant source

power maps averaged across conditions. Left panels show sources

overlaid on a glass brain. Right panels show sources overlaid on a

template brain. The red arrowhead and blue cross hairs indicate the

voxel of peak intensity for the inversion. This was located in

Brodmann area 42 of the superior temporal gyrus in the left

hemisphere. These locations were used for the extraction of

lateralised source waveforms

Fig. 3 Grand mean source

ERPs for the conditions

containing motor activity

resulting from button presses.

Left column contains source

waveforms extracted from the

left hemisphere auditory source.

Top row contains source

waveforms for auditory

stimulation of the right ear and

the bottom row the same

waveforms for auditory

stimulation of the left ear. A

slow motor shift is evident in all

traces. Superimposed on this

shift is the auditory-evoked

response from the Cue Motor

Tone condition. Cue Motor was

subtracted from the Cue Motor

Tone condition prior to

subsequent statistical analysis of

N1/P2 amplitudes. N1 and P2

peaks are shown for the Cue

Motor Tone condition in the

first panel
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P2

Statistical analysis of the P1 amplitude revealed that there

was a significant main effect of condition (F(2,13) = 4.1,

p = 0.041). While the amplitude of both the Cue Tone and

Cue Motor Tone P1 was reduced compared to Tone only,

post hoc tests show that only the difference between Cue

Tone and Tone only was different (p = 0.047). There was

no significant difference between the N1 amplitudes of Cue

Motor Tone and Cue Tone (p = 1.0). There was no sta-

tistically significant effect of side or hemisphere or inter-

action between factors (Fig. 5).

Erp

The auditory N1/P2 complex is maximally measured at the

vertex (Goff et al. 1977; Naatanen and Picton 1987). In

order to verify the validity of the morphology N1/P2 source

waveforms in the current study, we calculated the grand

mean ERPs at the vertex (Fig. 6).

Discussion

The current study investigated the effects of self-initiation

and temporal cueing on auditory-evoked responses. We

have demonstrated that a temporal cueing condition that

mimics the conditions of cued self-initiation creates

reductions in N1- and P2-evoked responses that are con-

sistently smaller than responses to tones that are not

temporally predictive. These reductions are similar in

magnitude to those produced by self-initiated sounds.

The effects of self-initiation and temporal cueing

Recent theoretical formulations of forward modelling

processes in motor control—and in particular in the control

of speech processes (Rauschecker 2011)—have given rise

to a resurgence of interest in the process of efference copy

suppression of self-generated afference. A number of

recent studies have demonstrated that suppression of

auditory evoked responses occurs when the onset of the

stimulus is self-initiated (Martikainen et al. 2005; Baess

et al. 2008, 2009; Aliu et al. 2009; Horvath et al. 2012;

Knolle et al. 2012). This phenomenon has been interpreted

as evidence for motor-related inhibition of predicted sen-

sory processes (Lange 2011). However, none of these

studies have ruled out a role for temporal cueing that is

known to be a powerful suppressor of auditory-evoked

responses (Schafer et al. 1981; Clementz et al. 2002; Lange

2009).

Recently, the hypothesis that efference copy suppression

might in part be due to temporal cueing effects has been

directly investigated by Lange (2011) using a button press

auditory self-stimulation paradigm. This author showed the

auditory N1 to be significantly smaller for self-initiated

tones that occurred at either predictable or unpredictable

delays from the time of the button press than for tones that

occurred at these same delays but were generated exter-

nally. Lange concluded that motoric suppression of ERPs

Fig. 4 Average source waveforms for the 3 conditions tested. Small
panels Left column contains source waveforms extracted from the

right hemisphere maximum. Top row contains source waveforms for

auditory stimulation of the right ear. Cue Motor Tone (CMT)

condition has had Cue Motor subtracted from it. A stepwise reduction

in the N1/P2 amplitude is evident across the conditions from the

largest response evoked by the Tone Only condition (black trace),

through to the smallest response evoked in the CMT condition (red
trace). In general, the Cue Tone condition (blue trace) evoked an N1/

P2 that was intermediate in amplitude. Large panel Mean source

waveforms for the 3 conditions tested averaged across the 4

condition/side combinations
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evoked by self-initiated tones occurs independently of

temporal cueing.

While Lange demonstrated a significant amplitude dif-

ference between ERPs to self-initiated and cued tones, her

lack of a tone only control makes it difficult to evaluate the

extent to which embedded cueing effects might contribute to

the suppression effect that occurs with self-initiation. Fur-

thermore, the lack of comparison to a control condition

makes it impossible to ascertain whether her cueing task was

causing the expected suppression effect. In Lange’s study,

one would expect that the cued condition, in which the tone

followed an unpredictable delay, would be equivalent to a

tone only control, in which case a significant suppression

relative to this condition should have been observed in the

cued condition where the tone followed at a predictable

delay. However, the lack of an interaction between the

conditions of ‘Source’ (cued or self-initiated) and ‘Accu-

racy’ (predictable or non-predictable delay) suggests that

little cueing-induced suppression was present in their study

(Lange 2011). Additionally, without a control condition, it

remains possible that the difference effect was due to an

enhancement of the cued ERP relative to the self-initiated

ERP. Given that attentional manipulations that closely

resemble the catch-trial structure method used by Lange

(2011) have been shown to enhance auditory N1 (Teder et al.

1993), such a possibility is distinct. Our results with regard

to the N1 reduction caused by temporal cuing are largely in

agreement with those of Ford et al. (2007). Their study,

comparing temporal warning and self-initiation, showed

similar reductions in N1 amplitude for both conditions in

control subjects. Similar to Ford et al., the reduction in N1

with temporal cueing in our study was not significantly

different from uncued tones, but there was a trend towards a

reduction. When viewed in the context of the findings of

Ford et al., this indicates the likelihood of a contribution to

efference copy-mediated N1 suppression by temporal cer-

tainty. Furthermore, we did find a significant reduction in the

P2 amplitude with temporal cueing. Interestingly, a recent

study by Knolle et al. (2012) found a significant reduction in

both the N1 and the P2 during a self-initiation task. Fur-

thermore, their comparison between controls and patients

with cerebellar lesions showed that while N1 suppression

was diminished in the presence of cerebellar lesion, P2

suppression was not. Given that the current data suggest that

temporal certainty plays a significant role in P2 suppression,

it might be hypothesised that N1 suppression better reflects

Fig. 5 Effects of condition on N1 and P2 amplitudes. There was a

significant main effect of condition on both the N1 and the P2

amplitude. Post hoc comparisons showed that the N1 was reduced

significantly by self-initiation (Cue Motor Tone) compared to Tone

only, whereas the largest reduction of the P2 was caused by temporal

cueing (Cue Tone). Statistically significant post hoc comparisons are

indicated by the horizontal bar. Amplitudes for source waveforms

reported in arbitrary units. TO Tone only, CMT Cue Motor Tone, CT
Cue Tone

Fig. 6 Event-related potentials from the vertex electrode (Cz). Upper
panel shows the response to auditory stimulation of the right ear,

lower panel left ear. The largest N1/P2 complex is evident for the

Tone only condition (black trace) for both ears. The Cue Motor Tone

condition (red trace) and Cue Tone (blue trace) are both reduced in

comparison
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‘true’ efference copy effects, whereas P2 suppression is a

better correlate of the suppressive effects of self-initiation

contingent temporal certainty.

With the novel temporal cueing control used in the

present study, our results suggest that both temporal cueing

and self-initiation produce markedly similar effects, albeit

slightly larger in absolute magnitude for the self-initiated

tones. In the current study, when the auditory stimulus was

applied to the right ear, there was a significant reduction in

the amplitude of the N1/P2 complex for both cuing and

self-initiation as compared to the control, Tone only, con-

dition. We found no significant difference between the

cued and self-initiated responses, though it must be noted

that when comparing the two conditioned N1 responses to

the Tone only condition in the main effect analysis, only

the Cue Motor Tone effect was significantly different from

the Tone only condition. These results are consistent with

the explanation that the efference copy suppression effect

is mediated, at least in part, by temporal predictability

effects. Other recent evidence take this conclusion a step

further, suggesting that N1-reduction by non-speech self-

initiated sounds may not be caused by the efference copy

mechanism at all, rather it may be brought about by action-

sound coincidence (Horvath et al. 2012).

The present results cannot exclude the possibility that

suppression of the ERPs by self-initiation and cueing

occurs via two independent processes, in which case it

might be argued that we have demonstrated separate pro-

cesses with coincident actions and magnitudes. However,

given the inherent temporal quality of the efference copy

process, it seems intuitively plausible that temporal pre-

diction is an intertwined process. We therefore suggest that

while there may be some motor-only aspect of the effer-

ence copy suppression effect, as evidenced by the slightly

stronger effect of self-initiation over temporal cueing, any

model of the efference copy suppression effect must

account for non-specific temporal cueing mechanisms.

Lateralisation of efference copy suppression

In the current study, we have demonstrated that, for the

auditory system, efference copy suppression is bilaterally

equal. While there was a main effect of hemisphere that

agreed with the well-known contralateral advantage

(Connolly 1985), there was no differential suppression of

either hemisphere (ipsilateral or contralateral) as evidenced

by the lack of a condition by hemisphere interaction.

Limitations

A methodological consideration that might in future be

investigated directly is the effect that proactive withholding

of a prepotent response in the CT condition. While studies

have shown effects of reactive response inhibition on ERP

amplitudes (Dimoska et al. 2006), the effect of proactive

inhibitory tone on sensory-evoked responses is unknown.

We are confident that in the current study, the block design

we have used would have negated any ongoing inhibitory

influences, though this should be studied directly in future.

Summary

The current study has shown that self-initiated tones evoke

auditory ERPs that are suppressed in amplitude relative to

matched, externally initiated tones. We additionally show

that temporal cueing similarly reduces auditory ERPs,

albeit to a lesser degree for the N1. This effect is bilaterally

symmetrical.

Acknowledgments PFS is a training fellow of the NHMRC, Aus-

tralia (#543438). This research was supported by an NHMRC of

Australia research grant (#1003760) and was also supported by the

Australian Research Council Centre of Excellence for Cognition and

its Disorders (CE110001021) http://www.ccd.edu.au.

References

Aliu SO, Houde JF, Nagarajan SS (2009) Motor-induced suppression

of the auditory cortex. J Cogn Neurosci 21:791–802

Baess P, Jacobsen T, Schroger E (2008) Suppression of the auditory

N1 event-related potential component with unpredictable self-

initiated tones: evidence for internal forward models with

dynamic stimulation. Int J Psychophysiol 70:137–143

Baess P, Widmann A, Roye A, Schroger E, Jacobsen T (2009)

Attenuated human auditory middle latency response and evoked

40-Hz response to self-initiated sounds. Eur J Neurosci 29:1514–

1521

Bressler SL, Ding M (2006) Event-related potentials. In: Akay M (ed)

Wiley encyclopedia of biomedical engineering

Clementz BA, Barber SK, Dzau JR (2002) Knowledge of stimulus

repetition affects the magnitude and spatial distribution of low-

frequency event-related brain potentials. Audiol Neurootol

7:303–314

Connolly JF (1985) Stability of pathway-hemisphere differences in

the auditory event-related potential (ERP) to monaural stimula-

tion. Psychophysiology 22:87–95

Curio G, Neuloh G, Numminen J, Jousmaki V, Hari R (2000)

Speaking modifies voice-evoked activity in the human auditory

cortex. Hum Brain Mapp 9:183–191

Dimoska A, Johnstone SJ, Barry RJ (2006) The auditory-evoked N2

and P3 components in the stop-signal task: indices of inhibition,

response-conflict or error-detection? Brain Cogn 62:98–112

Duysens J, Tax AA, Nawijn S, Berger W, Prokop T, Altenmuller E

(1995) Gating of sensation and evoked potentials following foot

stimulation during human gait. Exp Brain Res 105:423–431

Flinker A, Chang EF, Kirsch HE, Barbaro NM, Crone NE, Knight RT

(2010) Single-trial speech suppression of auditory cortex activity

in humans. J Neurosci 30:16643–16650

Ford JM, Mathalon DH, Heinks T, Kalba S, Faustman WO, Roth WT

(2001) Neurophysiological evidence of corollary discharge

dysfunction in schizophrenia. Am J Psychiatry 158:2069–2071

156 Exp Brain Res (2012) 222:149–157

123

http://www.ccd.edu.au


Ford JM, Gray M, Faustman WO, Roach BJ, Mathalon DH (2007)

Dissecting corollary discharge dysfunction in schizophrenia.

Psychophysiology 44:522–529

Ford JM, Roach BJ, Faustman WO, Mathalon DH (2008) Out-of-

synch and out-of-sorts: dysfunction of motor-sensory communi-

cation in schizophrenia. Biol Psychiatry 63:736–743

Foundas AL, Corey DM, Angeles V, Bollich AM, Crabtree-Hartman

E, Heilman KM (2003) Atypical cerebral laterality in adults with

persistent developmental stuttering. Neurology 61:1378–1385

Goff GD, Matsumiya Y, Allison T, Goff WR (1977) The scalp

topography of human somatosensory and auditory evoked

potentials. Electroencephalogr Clin Neurophysiol 42:57–76

Gur RE (1977) Motoric laterality imbalance in schizophrenia. A

possible concomitant of left hemisphere dysfunction. Arch Gen

Psychiatry 34:33–37

Heinks-Maldonado TH, Mathalon DH, Gray M, Ford JM (2005) Fine-

tuning of auditory cortex during speech production. Psycho-

physiology 42:180–190

Horvath J, Maess B, Baess P, Toth A (2012) Action-sound

coincidences suppress evoked responses of the human auditory

cortex in EEG and MEG. J Cogn Neurosci 24:1919–1931

Houde JF, Nagarajan SS, Sekihara K, Merzenich MM (2002)

Modulation of the auditory cortex during speech: an MEG

study. J Cogn Neurosci 14:1125–1138

Knolle F, Schroger E, Baess P, Kotz SA (2012) The cerebellum

generates motor-to-auditory predictions: ERP lesion evidence.

J Cogn Neurosci 24:698–706

Lange K (2009) Brain correlates of early auditory processing are

attenuated by expectations for time and pitch. Brain Cogn

69:127–137

Lange K (2011) The reduced N1 to self-generated tones: an effect of

temporal predictability? Psychophysiology 48:1088–1095

Maraist JA, Hutton C (1957) Effects of auditory masking upon the

speech of stutterers. J Speech Hear Disord 22:385–389

Martikainen MH, Kaneko K, Hari R (2005) Suppressed responses to

self-triggered sounds in the human auditory cortex. Cereb Cortex

15:299–302

McCarthy G, Donchin E (1976) The effects of temporal and event

uncertainty in determining the waveforms of the auditory event

related potential (ERP). Psychophysiology 13:581–590

Naatanen R, Picton T (1987) The N1 wave of the human electric and

magnetic response to sound: a review and an analysis of the

component structure. Psychophysiology 24:375–425

Ponton C, Eggermont JJ, Khosla D, Kwong B, Don M (2002)

Maturation of human central auditory system activity: separating

auditory evoked potentials by dipole source modeling. Clin

Neurophysiol 113:407–420

Rauschecker JP (2011) An expanded role for the dorsal auditory

pathway in sensorimotor control and integration. Hear Res

271:16–25

Rossini PM, Babiloni C, Babiloni F, Ambrosini A, Onorati P,

Carducci F, Urbano A (1999) ‘‘Gating’’ of human short-latency

somatosensory evoked cortical responses during execution of

movement. A high resolution electroencephalography study.

Brain Res 843:161–170

Schafer EW, Marcus MM (1973) Self-stimulation alters human

sensory brain responses. Science 181:175–177

Schafer EW, Amochaev A, Russell MJ (1981) Knowledge of stimulus

timing attenuates human evoked cortical potentials. Electroen-

cephalogr Clin Neurophysiol 52:9–17

Sowman PF, Brinkworth RS, Turker KS (2010) Threshold for

detection of incisal forces is increased by jaw movement. J Dent

Res 89:395–399

Sperry RW (1950) Neural basis of the spontaneous optokinetic

response produced by visual inversion. J Comp Physiol Psychol

43:482–489

Synofzik M, Thier P, Leube DT, Schlotterbeck P, Lindner A (2010)

Misattributions of agency in schizophrenia are based on

imprecise predictions about the sensory consequences of one’s

actions. Brain 133:262–271

Teder W, Alho K, Reinikainen K, Naatanen R (1993) Interstimulus

interval and the selective-attention effect on auditory ERPs: ‘‘N1

enhancement’’ versus processing negativity. Psychophysiology

30:71–81

Weiss C, Herwig A, Schutz-Bosbach S (2011) The self in action

effects: selective attenuation of self-generated sounds. Cognition

121:207–218

Exp Brain Res (2012) 222:149–157 157

123


	Self-initiation and temporal cueing of monaural tones reduce the auditory N1 and P2
	Abstract
	Introduction
	Method
	Participants
	Stimuli and apparatus
	EEG data processing
	Data reduction
	Statistical analysis

	Results
	Response times
	Source localisation
	Source waveforms
	N1
	P2

	Erp

	Discussion
	The effects of self-initiation and temporal cueing
	Lateralisation of efference copy suppression

	Limitations
	Summary
	Acknowledgments
	References


