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Reduction  of  auditory  event-related  potentials  (ERPs)  to  self-initiated  sounds  has  been  considered  evi-
dence for  a predictive  model  in  which  copies  of motor  commands  suppress  sensory  representations
of  incoming  stimuli.  However,  in studies  which  involve  arbitrary  auditory  stimuli evoked  by  sensory-
unspecific  motor  actions,  learned  associations  may  underlie  ERP  differences.  Here,  in a new  paradigm,
eye  motor  output  generated  auditory  sensory  input,  a naïve  action–sensation  contingency.  We measured
the  electroencephalogram  (EEG)  of  40 participants  exposed  to  pure  tones,  which  they  produced  with
EG
1
ensory suppression
accadic movements

either  a button-press  or volitional  saccade.  We  found  that  button-press-initiated  stimuli  evoked  reduced
amplitude  compared  to externally  initiated  stimuli  for both  the  N1 and  P2  ERP  components,  whereas
saccade-initiated  stimuli  evoked  intermediate  attenuation  at N1  and  no reduction  at  P2. These  results
indicate  that  the motor-to-sensory  mapping  involved  in  speech  production  may  be  partly  generalized  to
other contingencies,  and  that  learned  associations  also  contribute  to the  N1  attenuation  effect.

Crown  Copyright  © 2016  Published  by Elsevier  B.V.  All  rights  reserved.
. Introduction

Our brains must regulate a continuous stream of sensory input
n order to flexibly generate behaviour and allow interaction with
he world. A well-established example of such regulation is sen-
ory attenuation, where the sensory input evoked by self-initiated
ctions is marked by reduced phenomenological (e.g., Blakemore,
rith, & Wolpert, 1999; Cardoso-Leite, Mamassian, Schütz-Bosbach,

 Waszak, 2010; Sato, 2008) and neurophysiological representa-
ions (e.g., Baess, Jacobsen, & Schröger, 2008; Houde, Nagarajan,
ekihara, & Merzenich, 2002; Schafer & Marcus, 1973) compared to
dentical, externally initiated sensory input—a phenomenon typi-
ed by the difficulty of tickling ourselves (Weiskrantz, Elliott, &
arlington, 1971). Functionally, sensory attenuation serves to con-

erve attentional resources and to enable sensory processing in
ituations where volitional actions would otherwise desensitize
ensory receptors, such as during speech production (Bendixen,
anMiguel, & Schröger, 2012). It has also been proposed as funda-

ental for self-identity, such that dysfunctional attenuation could

ead to psychotic symptomology (Feinberg, 1978; Ford et al., 2001).

∗ Corresponding author at: School of Psychology, Mathews Building, UNSW
ustralia, Sydney, NSW 2052, Australia.
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In the auditory domain, the N1 or N1 m component (an evoked
potential or magnetic field which appears approximately 100 ms
after the onset of an auditory stimulus) is used as a cortical index
of sensory attenuation, because its amplitude, compared to exter-
nally initiated stimuli, is consistently reduced for both self-initiated
vocalizations (Curio, Neuloh, Numminen, Jousmaki, & Hari, 2000;
Heinks-Maldonado, Mathalon, Gray, & Ford, 2005; Houde et al.,
2002) and button-press-initiated stimuli (Aliu, Houde, & Nagarajan,
2009; Baess et al., 2008; Martikainen, Kaneko, & Hari, 2005;
McCarthy & Donchin, 1976; Schafer & Marcus, 1973; Sowman,
Kuusik, & Johnson, 2012). The predominant explanation for these
findings invokes a theory of motor control in which a forward model
predicts future behavioural states and their sensory consequences
(Wolpert, Ghahramani, & Jordan, 1995). According to this theory,
the sensory consequences of volitional action can be predicted
based on an efference copy (i.e., a copy of the motor command), and
sensory attenuation reflects the subtraction of this prediction from
actual sensory input (Bays & Wolpert, 2007). Conversely, externally
initiated sensory input, for which there is no motor information
to form an accurate prediction, will remain unmodulated by the
efference copy mechanism (see Timm,  SanMiguel, Keil, Schroger, &
Schonwiesner, 2014).
Forward prediction is strongly implicated in speech produc-
tion (Hickok, 2012), which involves a well-defined range of motor
output (e.g., shape formed by lips) producing specific, habitual,

dx.doi.org/10.1016/j.biopsycho.2016.08.011
http://www.sciencedirect.com/science/journal/03010511
http://www.elsevier.com/locate/biopsycho
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ensory consequences (i.e., uttered syllables). As candidate lan-
uage fibre pathways have been identified (Dick & Tremblay,
012), upon which the efference copies of speech motor out-
ut conceivably travel, there is also a plausible neural basis for

orward prediction in speech production. However, the N1 attenu-
tion literature largely comprises experiments based on arbitrary
ction–sensation contingencies, usually hand movements to press

 button and elicit a tone. This is problematic, because it is not clear
hat motor-to-sensory mapping can be generalized from speech
roduction to auditory input evoked by motor actions unrelated
o speech (Horváth, 2015). Unlike speech-induced auditory atten-
ation, for which there are distinct neural networks proposed to
e involved (Behroozmand et al., 2016; Chang, Niziolek, Knight,
agarajan, & Houde, 2013; Greenlee et al., 2013) which likely
ncode specific acoustic properties of the upcoming sound, inter-
al predictions arising from non-speech motor actions might be
omparatively more crude. This presents the possibility that sen-
ory attenuation of speech and non-speech stimuli are driven by
ifferent mechanisms.

An alternate (or perhaps complementary) explanation of sen-
ory attenuation relates to learned associations between actions
nd sensations. Operationally, learned associations have been pro-
osed to “pre-activate” potential sensory input, increasing baseline
eural activity at a greater rate than the signal increase resulting

rom an incoming stimulus (Roussel, Hughes, & Waszak, 2013). This
ccount differs from forward prediction in that sensory attenuation
s attributed to poorer stimulus discrimination (and consequent
eduction of the corresponding sensory representations) rather
han an efference copy directly reducing the internal response to

 predicted stimulus. An associative explanation can be reason-
bly applied to the classic paradigm of pressing a button to hear
n auditory stimulus, given that such a contingency conceivably
raws upon a wealth of pre-existing action–sensation associations
hat have been experienced and learnt over the course of a life-
ime. Indeed, there is evidence to suggest that prior experience can
ffect sound perception (Repp & Knoblich, 2007), and some sugges-
ion that contingency strength alters neurophysiological response
n the auditory (Baess et al., 2008; SanMiguel, Widmann, Bendixen,
rujillo-Barreto, & Schröger, 2013) and visual (Roussel, Hughes, &
aszak, 2014) domains (see Horváth, 2015 for a discussion). Hence,

fference copy modulation may  not be wholly responsible for all
ases of sensory attenuation, and an account based on learned asso-
iations may  explain observed effects in contingencies that lack
he highly specific motor-to-sensory mapping that exists during
peech production.

One possible test of the contribution of learned associations
ould be to employ a novel contingency (i.e., one never expe-

ienced before) between motor output and sensory input. For
xample, volitional eye movements cannot directly cause sounds
n our natural environment, and therefore it seems implausible
hat an efference copy of the eye motor command would be
ent to the auditory cortex. Hence, for a contingency between
n eye movement and an auditory stimulus, it is almost cer-
ain that no learned association exists, which provides a strong
est of whether learned associations are an essential component
f sensory attenuation. Moreover, if neurophysiological auditory
ttenuation were still observed for this novel contingency, it
mplies that motor-to-sensory mapping is indeed generalizable to
ndirect action–sensation contingencies. This result would support
he forward prediction model of sensory attenuation. However, if
ensory attenuation was not observed, a limit for generalizability
ill have been identified, which might suggest that learned asso-
iations are driving button-press-elicited auditory N1 attenuation.
lternatively, sensory attenuation may  be driven by a combina-

ion of these processes; for example, it seems possible that forward
chology 120 (2016) 61–68

prediction could be established for novel contingencies, such that
levels of N1 attenuation are mediated by associative strength.

Accordingly, the primary aim of the present study was  to deter-
mine whether auditory event-related potential (ERP) attenuation,
particularly with respect to the N1 component, would occur follow-
ing an action–sensation contingency for which no prior learning
exists, and thus provide a valuable contribution to the discus-
sion about the processes underlying sensory attenuation. To do so,
our experimental design contained a new condition which associ-
ated eye movements (the motor output) with tones (the auditory
sensory input), a pairing which cannot occur outside of artificial
contexts, and for which it is difficult to imagine an analogous, nat-
urally occurring pairing of events. Specifically, participants were
presented a pure tone (as is common in auditory ERP studies of this
nature, e.g., Baess et al., 2008) following a singular, volitional sac-
cadic movement. To determine whether N1 attenuation occurred,
their resultant electrophysiological response, following subtraction
of a motor condition (i.e., the same eye movement without stimulus
presentation), was compared to an externally initiated condition in
which tones were presented without any participant input. Given
the possibility raised above that a combination of efference copy
and associative processes drive sensory attenuation, we expected
to observe N1 attenuation for saccade-initiated stimuli compared
to the externally initiated condition. Even so, it seemed unlikely
that a novel contingency could produce the same level of attenu-
ation as previously seen in button-press-initiated experiments, as
we have substantial prior experience with auditory sensory input
following hand motor output.

In view of this hypothesis, our secondary aim was  to quanti-
tatively compare self-initiation effects associated with different
regions of motor output (i.e., hand and eye). To achieve this aim, our
within-subjects design also included an established button-press-
initiated condition, for which convincing N1 and P2 attenuation
has been demonstrated (Mifsud et al., 2016; Oestreich et al., 2016;
Whitford et al., 2011). We  chose to additionally assess the P2
component (a large voltage positivity which peaks approximately
200 ms  after stimulus onset), which reflects the processing of spe-
cific auditory features (Shahin, Roberts, Pantev, Trainor, & Ross,
2005), for two reasons. First, SanMiguel, Todd, and Schröger (2013)
have suggested that it may  provide a more direct measure of
sensory-specific prediction effects than the N1,  because, unlike N1
effects, P2 attenuation was uniform over different stimulus onset
asynchronies. Hence, it seems prudent to report P2 effects so as to
enable comparison between different paradigms. Second, the P2
component has previously been shown to discriminate between
self-initiated conditions which differ by motor output region (i.e.,
hand and foot; van Elk, Salomon, Kannape, & Blanke, 2014), if
not necessarily contingency strength (that is, we have substantive
experience with both hand and feet producing auditory stimula-
tion), and is therefore relevant given the disparate eye and hand
regions targeted in the present study.

2. Method

2.1. Participants

Forty participants were recruited using an online experiment
management system at UNSW Australia. There were 18 females,
36 were right-handed, and mean age was 23 years (SD = 7). Par-

ticipants provided written, informed consent and received either
course credit (n = 24) or financial imbursement (n = 16, A$30) in
exchange for their time. This study was  approved by the UNSW
Human Research Ethics Advisory Panel (Psychology).
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Fig. 1. Experimental protocol. In the press-initiation condition, participants
depressed a button at will any time after a fixation dot appeared. Immediately fol-
lowing the button-press, a tone was  delivered. In the saccade-initiated condition,
participants focused on a distal dot and then shifted at will to the center fixation
dot, which immediately delivered a tone. In the externally initiated condition, tone
delivery followed a variable delay without motor input. Lastly, control conditions
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rejection rate of 4.2% ± 5.4% (SD) trials, with no significant dif-
ere identical to their respective stimulus conditions, except that motor input did
ot result in tone delivery.

.2. Procedure

Participants sat in a quiet, artificially lit room, 60 cm in front
f a computer monitor with integrated eye tracking system (Tobii
X300: 300 Hz gaze sampling rate; 23”, 60 Hz, 1920 × 1080 reso-

ution TFT screen; accuracy of 0.4◦ visual angle; system latency
nder 10 ms). Following a demographics questionnaire, partici-
ants were fitted with the EEG cap and electrodes, and underwent

 5-point eye tracking calibration procedure. EEG was  then con-
inuously recorded while participants completed an experimental
rotocol (see Fig. 1) controlled by MATLAB (MathWorks, Natick,
A).

The experiment consisted of five conditions: two  types of self-
nitiation (i.e., button-press and saccade), two corresponding motor
ontrol conditions (i.e., button-presses and saccades without con-
equent tones), and an externally initiated condition (i.e., tones
layed automatically). These conditions are described in detail
elow. Each condition was presented in a homogenous 80-trial
lock, and block order was randomized between participants. Each
lock was preceded by 3 practice trials to ensure participants
nderstood instructions, and, in the self-initiated conditions, to
ncourage self-paced responses. Individual trials were always sep-
rated by a uniformly distributed random interval (2–4 s). The EEG
ecording lasted approximately 50 min, including three additional
locks intermixed with those presented here. These additional
locks contained self- and externally initiated visual stimuli, and
ill be presented in a forthcoming paper, as a discussion here of

he visual ERP literature is precluded by space constraints.

.3. Press condition

This self-initiated condition measured electrophysiological
esponse to an auditory stimulus produced by a button-press (i.e.,
and motor output). Participants were instructed to respond at will
ny time after the appearance of a red fixation dot (0.7◦ diameter)

resented in the centre of a black screen, and did so by pressing the
pace bar on a low-latency keyboard with their dominant hand.
esponses immediately delivered a tone (30 ms  duration, 500 Hz
chology 120 (2016) 61–68 63

frequency, 70 dB sound pressure level) to their headphones (AKG
K77 Perception).

2.4. Saccade condition

This self-initiated condition measured electrophysiological
response to an auditory stimulus produced by a volitional saccade
(i.e., eye motor output). Each trial began with two dots appearing
on screen: a solid red circle in the centre of screen (identical to the
fixation in the press-initiated condition) and a distal (17◦ left) hol-
low white circle. Participants were instructed to initially fixate on
the white circle, which would turn solid once the script detected
their gaze, based on a 20 ms sample of location recordings. If detec-
tion took longer than 5 s, trials were skipped with replacement
(M = 0.8 skipped trials per participant across both stimulus and
motor saccade-initiated blocks). Following fixation on the white
circle, participants shifted their gaze at will to the red circle, which
immediately delivered a tone to the headphones (identical to the
press-initiated tone). More precisely, tone delivery followed detec-
tion of the gaze within the 200-px (5◦) square area of interest
surrounding the central red circle.

2.5. Motor conditions

The motor control conditions were identical to their respective
self-initiated conditions, except that pressing the space bar or shift-
ing gaze between circles did not result in the delivery of a stimulus.
The ensuing EEG activity was  subsequently subtracted from the
appropriate self-initiated conditions to remove EEG activity asso-
ciated with button-pressing, as is standard practice in studies of this
nature (Baess et al., 2008; Martikainen et al., 2005; Whitford et al.,
2011), or with the singular, volitional eye movement associated
with the saccade-initiated procedure.

2.6. External condition

In this condition, auditory stimuli were delivered without par-
ticipant input to assess electrophysiological response to externally
initiated, temporally unpredictable stimuli. Trials began with a red
fixation dot followed by a uniformly distributed random interval
(0.5–2.5 s), after which a tone was  delivered to the headphones
(identical to that in the self-initiated conditions). Participants were
instructed to keep their eyes open and maintain their gaze on the
screen.

2.7. EEG data acquisition

EEG was recorded with a BioSemi ActiveTwo system using 64
Ag-AgCl active electrodes placed according to the extended 10–20
system. Analog signals were anti-aliased with a fixed first-order
filter (–3 dB at 3600 Hz) and continuously digitized at a sampling
frequency of 2048 Hz, with common mode sense (CMS) and driven
right leg (DRL) used as reference and ground electrodes. During
offline preprocessing, data were re-referenced to the averaged mas-
toid electrodes, band-pass filtered from 0.01 to 30 Hz (8th order
zero-phase Butterworth IIR), and separated into 600-ms epochs
(100 ms  pre-onset and 500 ms  post-onset). Data were baseline
corrected with the average voltage between −100 and 0 ms.  To
address eye blinks and movement artefacts, we  rejected individ-
ual epochs at any electrode site which contained EEG activity
exceeding ± 75 �V or min-max changes in excess of 75 �V between
adjacent 100-ms intervals. At electrode Cz, this resulted in a mean
ferences between stimulus blocks. We  then averaged individual
trials for each condition to produce ERPs for each participant. At
this point, a headphone-induced artefact (a solitary spike around
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ig. 2. Grand-averaged ERPs for press, saccade, and external conditions at electrod
orrected. The x-axes represent time in milliseconds (ms) where tone onset is at 0 m

0 ms  after tone onset) was removed from 7 participants using
ndependent component analysis (ICA) with the FastICA algorithm
Hyvarinen & Oja, 2000). Lastly, motor waveforms were subtracted
rom the appropriate self-initiated waveforms to produce dif-
erence waveforms, as is typical in other button-press-initiated
elf-suppression studies (Baess et al., 2008; Martikainen et al.,
005; Whitford et al., 2011) and which has been extended here
o our saccadic initiation paradigm. Hereafter, unless explicitly
oted otherwise, mentions of the self-initiated waveforms refer to
hese motor-corrected waveforms. Data preprocessing was done in
rainVision Analyzer 2 (Brain Products GmbH, Munich, Germany),
nd statistical analyses were performed in SPSS version 23 (IBM
orp, Armonk, US).

. Results

Fig. 2 shows the grand-averaged ERPs at electrode Cz and its
eighbouring electrodes (i.e., FCz, C1, C2, and CPz), which represent

ocations at which the N1 and P2 components are typically maxi-
al, especially subsequent to bilateral auditory stimulation (Ford,
ray, Faustman, Roach, & Mathalon, 2007; Luck, 2012; Näätänen

 Picton, 1987). In addition, Fig. 3 shows a complete view of scalp
ctivity during the component windows for each stimulus condi-
ion. We  conducted separate one-way repeated-measures analyses

f variance (ANOVA) to determine the effect of condition (three lev-
ls: press-initiated, saccade-initially, and externally initiated) on
he mean amplitudes of the N1 (100–110 ms)  and P2 (180–200 ms)
t electrode Cz.
z, C1, Cz, C2, and CPz. Self-initiated conditions (i.e., press and saccade) are motor-
d the y-axes represent amplitude in microvolts (�V).

3.1. N1 (100–110 ms)

There was  a main effect of condition for the N1 component,
F(2,78) = 13.85, p < 0.001, �p

2 = 0.26, which indicated that mean
N1 amplitude at electrode Cz differed between press (M = −2.81,
SD = 7.43), saccade (M = −5.79, SD = 7.30), and external (M = −7.73,
SD = 6.99) conditions. Follow-up pairwise comparisons indicated
that external significantly differed from both press, F(1,39) = 29.89,
p < 0.001, and saccade, F(1,39) = 4.78, p = 0.035. Additionally, press
and saccade significantly differed from each other, F(1,39) = 8.35,
p = 0.006. These outcomes were underscored by a highly signifi-
cant linear trend for N1 mean amplitudes across the conditions
(F = 29.88, p < 0.001, �p

2 = 0.43).

3.2. P2 (180–200 ms)

There was also a main effect of condition for the P2 component,
F(2,78) = 19.85, p < 0.001, �p

2 = 0.34, which indicated that mean
P2 amplitude at electrode Cz differed between press (M = 6.78,
SD = 6.12), saccade (M = 12.76, SD = 7.79), and external (M = 14.09,
SD = 7.14) conditions. Follow-up pairwise comparisons indicated
that external significantly differed from press, F(1,39) = 36.86,
p < 0.001, but did not differ from saccade, F(1,39) = 1.40, p = 0.244.

However, press and saccade significantly differed from each other,
F(1,39) = 19.20, p < 0.001. As for N1, there was  a highly signifi-
cant linear trend for P2 mean amplitudes across the conditions
(F = 36.88, p < 0.001, �p

2 = 0.49).
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ig. 3. Topographic maps of the N1 (100–110 ms)  and P2 (180–200 ms)  components
or  each condition. Self-initiated conditions (i.e., press and saccade) are motor-
orrected.

.3. Uncorrected waveforms

The effect of the motor subtraction procedure can be seen in
ig. 4, which presents grand-averaged ERPs at electrode Cz and
ts neighbours (i.e., FCz, C1, C2, and CPz) for the uncorrected self-
nitiated waveforms and their corresponding motor waveforms.
his illustrates that the motor subtraction in fact reduced the N1
ifference between button-press and saccade-initiated conditions.
ig. 5 shows scalp activity during the component windows for each
ncorrected stimulus condition and its motor control.

For the N1 component, a one-way ANOVA using the uncorrected
aveforms revealed a main effect of condition, F(2,78) = 35.38,

 < 0.001, �p
2 = 0.48, which indicated that mean N1 amplitude at

lectrode Cz differed between press (M = −0.80, SD = 7.88), saccade
M = −7.22, SD = 6.38), and external (M = −7.73, SD = 6.99) condi-
ions. Follow-up pairwise comparisons indicated that external
ignificantly differed from press, F(1,39) = 51.69, p < 0.001, but not
accade, F(1,39) = 0.39, p = 0.535, and that press and saccade signifi-
antly differed from each other, F(1,39) = 44.84, p < 0.001. There was
lso a main effect for the P2 component, F(2,78) = 5.68, p = 0.005,
p

2 = 0.13, which indicated that mean P2 amplitude at electrode
z differed between press (M = 10.70, SD = 6.76), saccade (M = 11.62,
D = 6.27), and external (M = 14.09, SD = 7.14) conditions. Follow-up
airwise comparisons indicated that external significantly differed

rom both press, F(1,39) = 8.63, p = 0.006, and saccade, F(1,39) = 8.54,
 = 0.006, but that press and saccade did not differ from each other,
(1,39) = 0.71, p = 0.405.

. Discussion
The present study investigated sensory attenuation of self-
nitiated stimuli in terms of the effect of motor output region
i.e., hand or eye actions) on neurophysiological response to
chology 120 (2016) 61–68 65

identical contingent sensory input (i.e., auditory tones). We  found
that button-press-initiated stimuli evoked significantly reduced
N1 and P2 component amplitude compared to both saccade- and
externally initiated stimuli. In the saccade-initiated condition, we
observed an intermediary level of N1 attenuation, that is, a signifi-
cant reduction compared to the externally initiated condition, but
significantly less reduction than in the button-press-initiated con-
dition. In contrast, there was no difference between the saccade-
and externally initiated conditions in terms of their P2 component
amplitude. Hence, in relation to our primary aim, which was to
determine whether ERP attenuation would occur following a novel
action–sensation contingency (i.e., saccade–tone), the data indi-
cates that it does at the N1 component, but not the P2 component.
We will discuss the possible implications of these outcomes in turn.

Our finding that button-press-initiation was associated with
significant N1 and P2 attenuation was expected, as it replicates pre-
vious iterations of a similar paradigm (Mifsud et al., 2016; Oestreich
et al., 2016; Whitford et al., 2011) and aligns with data from sev-
eral other research groups (e.g., Aliu et al., 2009; Knolle, Schröger,
Baess, & Kotz, 2012; Sowman et al., 2012). More crucially in terms
of our experimental rationale was the new finding that N1 atten-
uation also occurred in the saccade-initiated condition, despite
participants’ lack of prior experience with the novel saccade–tone
contingency. This suggests that sensory attenuation does not rely
upon learned associations, and potentially that forward prediction
can operate for any combination of motor and sensory events. The
finding that saccade-initiated N1 attenuation was  not as strong as
button-press-initiated N1 attenuation could suggest that learned
associations contribute to the size of N1 attenuation in button-
press paradigms, or it may  be that optimal parameters for saccade
initiation are still to be determined. Studies which introduce a
wider range of action–sensation contingencies than are presently
investigated could provide a clearer indication of the relationship
between existing learned associations on sensory attenuation of
self-initiated stimuli. Based on the results of the present study,
one might hypothesise a positive relationship between N1 attenu-
ation and the existing strength of action–sensation contingencies.
As such, an action which has consistently resulted in a given sound
over the course of a person’s life would be expected to elicit a high
degree of N1 attenuation.

For the P2 component, saccade-initiated stimuli did not differ
from externally initiated stimuli, which diverges from the press-
initiated outcome and indicates that the P2 is sensitive to a property
of the motor output region. It has been suggested that P2 atten-
uation may  more directly correlate with ‘contingent temporal
certainty’ (Sowman et al., 2012) or ‘sensory-specific predictions’
(SanMiguel, Todd et al., 2013) than N1 attenuation. Such factors are
more strongly implicated by button-press initiation than saccade
initiation, given the greater practice we have with auditory stimu-
lation following button-presses as opposed to saccades, which may
explain the present pattern of results. This is similar to the specu-
lation provided by van Elk et al. (2014) in explaining the lack of P2
modulation for feet-initiated compared to hand-initiated stimuli,
who argued that associations between feet actions and subsequent
sounds are less established than for hands. However, direct evi-
dence for this line of reasoning remains scarce. Shahin et al. (2005)
showed that P2 (but not N1) response to tones was enhanced for
pianists, and when the tones became more spectrally complex,
which indicates that the P2 reflects the specific features of acous-
tic stimuli. To properly link this study to sensory attenuation, it
would be useful to see if there is an inverse pattern for self-initiated
tones (i.e., that attenuation increases with spectral complexity).

Moreover, in any attempt to functionally dissociate N1 and P2, it
is important to consider pertinent research in the speech domain.
For instance, Houde and Chang (2015) recently accounted for dif-
ferences between N1 and P2 response using the state feedback
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ontrol (SFC) model of speaking. As mentioned earlier, discordance
n the pattern of ERP response following speech and non-speech

otor actions seems related to the likelihood that predictions of the
esponsible neural mechanisms differ in their respective degrees of
pecificity.

As the saccade initiation paradigm presented in this paper
s new, we acknowledge that the motor subtraction procedure,
tandard practice in contingent button-press studies investigat-

ng sensory attenuation (e.g., Baess et al., 2008; Martikainen et al.,
005; Whitford et al., 2011), has not been previously applied
o eye movements. A direct investigation into possible differ-
nces in motor activity between action-only and action-response

ig. 5. Topographic maps of the N1 (100–110 ms)  and P2 (180–200 ms)  component wi
ontrols.
itiated conditions (solid traces) and their corresponding motor conditions (dotted
he y-axes represent amplitude in microvolts (�V).

conditions for both button-press and saccade-initiations would
be worthwhile. Nonetheless, it is crucial to highlight that in
the present study, button-press and saccade-initiated conditions
significantly differed even when uncorrected for motor activity
(see Fig. 4). That is, motor subtraction reduced the N1 difference
between button-press and saccade-initiated conditions, suggest-
ing that there are true N1 attenuation differences related to motor
output region.
An explicit assumption so far in this discussion has been that
N1 and P2 differences between motor output conditions may  be
only ascribed to the presence (or lack) of either forward predic-
tion or learned associations, but it should be noted that other

ndows for the uncorrected stimulus conditions (Press, Saccade) and their motor
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ontributory factors are feasible. For instance, exogenous orient-
ng effects may  play a role if differences in the strength of learned
ssociations produce differences in the degree to which stimuli are
xpected (Santangelo, Olivetti Belardinelli, & Spence, 2007). It is
lso possible that using a saccadic movement to investigate sen-
ory attenuation poses an issue due to the existence of saccadic
uppression, a compensatory mechanism classically grounded in
orward prediction (Sperry, 1950; Von Holst, 1954), in which the
etinal consequences of eye movements are suppressed in order to

aintain stability of the visual field. However, exactly why  saccadic
uppression would have a substantial effect on auditory perception
eems unclear. Outside of the laboratory, there are no situations
n which auditory consequences directly arise due to saccades.
ven beyond saccades, eye movements as a whole produce only
isual, and, rarely, social consequences (e.g. staring, eye rolling).
f eye movements were to attenuate sensory perception in non-
isual modalities, there would be a persistent, resource-intensive
ource of usually irrelevant suppression in the sensory system. In
ny case, visual suppression has been shown to disappear within
50 ms  post-saccade (Diamond, Ross, & Morrone, 2000), prior to

he time window of the auditory components examined in this
aper, further diminishing the likelihood of non-visual modulation.
oreover, in a multimodal localization task, Binda, Bruno, Burr, and
orrone (2007) found that due to blurring during saccades, audi-

ory rather than visual signals were accorded heavier weight. This
uggests that if saccades were to affect auditory perception, one
ould expect the auditory signal to be enhanced. That we found

he opposite effect indicates that the saccade per se is not causing
1 attenuation.

The present study presented a new saccade-initiation paradigm,
hich demonstrated that auditory N1 attenuation occurs even for

n action–sensation contingency for which no prior learning exists.
e suggest that sensory-specific forward prediction is an essen-

ial component of sensory attenuation, but as saccade-initiated
1 attenuation was less severe than in button-press-initiated N1
ttenuation, that learned associations are likely to also play a role.
oreover, we have provided support for the notion that the pro-

esses contributing to N1 and P2 effects may  be independent, but
he specific identity and functionality of these underlying pro-
esses, particularly P2, remains an open question.
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