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a  b  s  t  r  a  c  t

Self-related  stimuli—such  as one’s  own  face  or name—seem  to  be processed  differently  from  non-self
stimuli  and  to involve  greater  attentional  resources,  as  indexed  by larger  amplitude  of  the  P3 event-
related  potential  (ERP)  component.  Nonetheless,  the  differential  processing  of  self-related  vs. non-self
information  using  voice  stimuli  is  still poorly  understood.  The  present  study  investigated  the  electrophys-
iological  correlates  of  processing  self-generated  vs. non-self  voice  stimuli,  when  they  are  in  the  focus  of
attention.

ERP data  were  recorded  from  twenty  right-handed  healthy  males  during  an  oddball  task  comprising
pre-recorded  self-generated  (SGV)  and  non-self  (NSV)  voice  stimuli.  Both  voices  were  used  as  standard
and  deviant  stimuli  in distinct  experimental  blocks.  SGV  was  found  to elicit  more  negative  N2  and  more
ttention
3

positive  P3  in  comparison  with  NSV.  No  association  was  found  between  ERP  data  and  voice  acoustic
properties.

These  findings  demonstrated  an  earlier  and  later  attentional  bias  to self-generated  relative  to non-self
voice  stimuli.  They  suggest  that one’s  own  voice  representation  may  have  a  greater  affective  salience
than  an  unfamiliar  voice,  confirming  the  modulatory  role  of salience  on  P3.

important attentional biases to self-specific stimuli, as reflected
by increased N2 (Fan et al., 2011; Fan et al., 2013; Perrin et al.,
1999) and P31 amplitudes (Berlad & Pratt, 1995; Cygan et al., 2014;
. Introduction

Self-recognition represents the capacity to identify the physical
nd psychological aspects of ourselves, such as one’s own voice, face
r autobiographical memories (Gallup, 1985; Gallup et al., 2014;
illihan & Farah, 2005). This ability emerges early in human devel-
pment, around 18–24 months of age (Keenan, Gallup, & Falk, 2003;
ielsen, Dissanayake, & Kashima, 2003), and is thought to play a
ivotal role in self-awareness and in a sense of agency (Gallup,
985; Gallup et al., 2014; Jeannerod, 2003; Keenan et al., 2003;
latek et al., 2008). Impairments in this ability have been observed
n some neuropsychiatric and neurodevelopmental disorders, such
s schizophrenia (Waters & Badcock, 2010; Waters et al., 2012)
nd autism (Cygan, Tacikowski, Ostaszewski, Chojnicka, & Nowicka,
014; Kita et al., 2011).

In the last decades, studies have suggested that self-related
timuli—such as one’s own voice or face—are processed differently

rom non-self stimuli, involving behavioral and neural corre-
ates that are distinct from those engaged in the processing of
timuli not related to the self. For example, behavioral studies

∗ Corresponding author at: Neuropsychophysiology Lab, CIPsi, School of Psychol-
gy, University of Minho, 4710-057 Braga, Portugal. Fax: +351 25360465.

E-mail address: ana.pinheiro@psi.uminho.pt (A.P. Pinheiro).

ttp://dx.doi.org/10.1016/j.biopsycho.2015.07.014
301-0511/© 2015 Elsevier B.V. All rights reserved.
© 2015  Elsevier  B.V.  All  rights  reserved.

show that in comparison with familiar and unfamiliar stimuli, one’s
own  face is more rapidly identified (Keenan, Freund, Hamilton,
Ganis, & Pascual-Leone, 2000; Sui, Zhu, & Han, 2006; Tacikowski &
Nowicka, 2010; Tong & Nakayama, 1999). Furthermore, self-related
stimuli such as one’s own  face or name elicit greater attentional
resources than non-self stimuli (Chen et al., 2008; Eichenlaub,
Ruby, & Morlet, 2012; Gray, Ambady, Lowenthal, & Deldin, 2004;
Miyakoshi, Nomura, & Ohira, 2007; Perrin et al., 2005; Scott et al.,
2005; Sugiura et al., 2000; Folmer & Yingling, 1997; Tacikowski &
Nowicka, 2010), even when they are task-irrelevant (Berlad & Pratt,
1995; Gray et al., 2004; Holeckova et al., 2006; Müller & Kutas, 1996;
Ninomiya et al., 1998; Perrin et al., 1999; Scott et al., 2005; Sui et al.,
2006; Tateuchi, Itoh, & Nakada, 2012).

Event-related potential (ERP) studies have demonstrated
1 Previous studies showed that the P3 component is not a unitary brain poten-
tial, and that it consists of, at least, two  subcomponents that reflect distinct neural
processes—the P3a and the P3b (see Polich, 2007). The P3a indexes an involuntary
attentional switch elicited by an unpredictable task-irrelevant change in a regular
aspect of the environment, whereas the P3b is believed to reflect the allocation of
higher-order attentional resources to a task-relevant deviant event. Here, the term
“P3”  was  consistently used throughout the manuscript to refer to the component

dx.doi.org/10.1016/j.biopsycho.2015.07.014
http://www.sciencedirect.com/science/journal/03010511
http://www.elsevier.com/locate/biopsycho
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ichenlaub et al., 2012; Fan et al., 2013; Folmer & Yingling, 1997;
ray et al., 2004; Müller & Kutas, 1996; Miyakoshi et al., 2007;
errin et al., 1999; Scott et al., 2005; Su et al., 2010; Sui et al., 2006;
acikowski & Nowicka, 2010; Tacikowski et al., 2011, 2014; Zhao,
u,  Zimmer, & Fu, 2011) for self- compared with non-self stim-

li (see Appendix A in Supplementary material for a summarized
escription of ERP studies on self-processing). For example, Scott
t al. (2005) showed that the passive visualization of one’s own
ace elicits increased P3 amplitude in comparison with familiar
nd unfamiliar faces. In the same line, enhanced mobilization of
ttention indexed by increased P3 amplitude was observed when
articipants were passively listening to one’s own  name in com-
arison with both frequent and infrequent names unrelated to
he self (Berlad & Pratt, 1995). Together, these studies indicate
hat different categories of self-stimuli (faces, names, self-related
utobiographical information) elicit larger amounts of attentional
esources than stimuli unrelated to the self, suggesting a prior-
tized processing of self-related information at both earlier and
ater stages of information processing. These attentional biases may
e related to the enhanced affective salience of self-related stim-
li (Brosch, Scherer, Grandjean, & Sander, 2013; Fan et al., 2013;
acikowski & Nowicka, 2010; Vüilleumier, 2005).

Nonetheless, only a few studies investigated the processing of
elf-generated voice cues. Voices play a special role in everyday
ocial communication and can be considered the most impor-
ant class of sounds in our social environment (Belin, Fecteau, &
édard, 2004; Schweinberger, Kawahara, Simpson, Skuk, & Zäske,
014). Through speech production, humans are constantly exposed
o their own voice and need to constantly monitor the feedback
f their own voices in order to detect potential errors and per-
orm adjustments in vocal production to fit the challenges of the
ocial acoustic environment (Eliades & Wang, 2008). Even though
ome studies suggest that individuals are less accurate in recog-
izing their own voice than other familiar voices (e.g., Hughes &
icholson, 2010), probably due to differences in sound transmis-

ion when speaking vs. listening to pre-recorded self-generated
peech (Maurer & Landis, 1990), people can recognize their own
oice above chance level (Nakamura et al., 2001; Rosa et al., 2008).
his ability is preserved even in more demanding tasks, such as
hen voice stimuli are acoustically transformed at the level of pitch

nd formant frequencies cues (Allen et al., 2005, Allen et al., 2007;
u et al., 2013). Importantly, acoustic cues, such as fundamental

requency (F0) of phonation (i.e., the perceived pitch) and formant
requencies have been pointed out as fundamental parameters that
isteners rely on to discriminate and recognize the identity of self-
enerated, familiar and unfamiliar voices (Baumann & Belin, 2010;
atinus & Belin, 2012; Latinus et al., 2013; Xu et al., 2013).

Behavioral and brain studies examining self-generated voice
rocessing corroborate differences in the processing of self vs.
on-self cues observed for other types of stimuli. For example,
hen only higher frequencies are retained in the vocal signal, the

bility to recognize self-generated voices is enhanced in compar-
son with other familiar voices (Xu et al., 2013). Furthermore, in
omparison with a non-self voice, hearing a self-generated voice
licits increased activation in the left inferior frontal and right ante-
ior cingulate (Allen et al., 2005), right inferior frontal (Kaplan,
ziz-Zadeh, Uddin, & Iacoboni, 2008; Nakamura et al., 2001) and
ight parainsular brain regions (Nakamura et al., 2001). A recent

RP study suggests that the differentiation between self- and
on-self voice cues at the preattentive level occurs very early in

nformation processing, which is reflected in a centro-parietal neg-

licited by task-relevant deviants, as our task required that participants focused
heir attention on the sounds and silently counted the infrequent (and task-relevant)
ocal stimuli.
ology 111 (2015) 40–52 41

ativity to self-generated voice deviants in the 70–100 milliseconds
(ms) latency window, and in a right temporo-parietal positivity to
unfamiliar voice deviants in the same time window (Graux et al.,
2013). However, contrary to previous studies that used other types
of self-related information (e.g., Gray et al., 2004; Sugiura et al.,
2000), recent ERP evidence showed that, when participants are
instructed to pay attention to a silent movie whilst ignoring vocal
stimuli, the P3a amplitude to task-irrelevant self-generated voice
deviants is reduced in comparison with unfamiliar and familiar
voice deviants (Graux et al., 2013; Graux et al., 2014). This finding
indicates a decrease in attention orienting to self-generated voice
stimuli, which might reflect the prioritized processing of others’
voices compared to one’s own  voice in a later stage of information
processing (Graux et al., 2013; Graux et al., 2014). Critical differ-
ences in task demands between the studies of Graux et al., 2013;
Graux et al., 2014 and studies of visual processing of self-related
information may  have accounted for the apparently contradic-
tory findings. In particular, in the studies of Graux et al., 2013;
Graux et al., 2014 the appearance of a deviant voice disrupted
the attentional engagement on the primary task (i.e., watching
a silent movie). As such, the reported P3a indexes the orienting
response to unexpected deviant stimuli (Friedman, Cycowicz, &
Gaeta, 2001; Knight, 1996; Spencer et al., 1999; Spencer, Dien,
& Donchin, 2001). This orienting response has been described as
an involuntary change of attention that is normally evoked by
an unpredictable violation in an otherwise unchangeable auditory
sequence (Friedman et al., 2001; Knight, 1996; Spencer et al., 1999;
Spencer et al., 2001). Nonetheless, the P3 component reported in
most of the abovementioned studies on visual self-related infor-
mation processing (e.g., Berlad & Pratt, 1995; Cygan et al., 2014;
Folmer & Yingling, 1997; Gray et al., 2004; Perrin et al., 1999; Scott
et al., 2005; Su et al., 2010; Tacikowski & Nowicka, 2010; Tacikowski
et al., 2014; Zhao et al., 2011) is thought to index the allocation of
high-order attentional resources to a task-relevant event after the
cognitive evaluation of the stimulus meaning, i.e., the P3b (Knight,
1996; Polich, 2007; Spencer et al., 1999; Spencer et al., 2001). Of
note, Spencer et al., 1999; Spencer et al., 2001 demonstrated that
the P3a and the P3b ERP components are dissociable.

In an attempt to solve these discrepancies, we used the ERP
methodology to investigate whether a self-generated voice has
privileged access to attentional resources in comparison with a
non-self voice, when participants are instructed to focus their
attention on a sequence of vocal stimuli, presented in a modified
version of the oddball task. Participants were asked to identify
an infrequent vocal target stimulus interspersed with frequent
vocal standards. The oddball design is a very robust and reliable
paradigm for eliciting the P3 component in a short amount of time
(Herrmann & Knight, 2001; Polich, 2007; Polich & Criado, 2006).
Also, this design is highly suitable for controlling for differences
in the physical properties between voice stimuli, since it uses a
reduced set of individual stimuli which are presented both as stan-
dard and deviant stimuli in different experimental blocks. Another
main advantage of using the oddball task to probe the attentive
processing of SGV and NSV is that it allows the elicitation of the
P3 component, with no overt response being required, as partici-
pants might be simply asked to mentally count the number of target
deviant stimuli (Knight, 2001; Polich, 2007; Polich & Criado, 2006).
The aims of this study were threefold: (1) to examine the role of
attention in the processing of self-generated and unfamiliar voices,
with the focus on the N2 and P3 ERP components; (2) to test the
association between ERP correlates of voice processing and voice
acoustic properties, considering previous studies demonstrating

that both F0 (i.e., the perceived pitch) and formant frequencies are
critical acoustic parameters that listeners rely on to process voice
identity (Baumann & Belin, 2010; Latinus & Belin, 2012; Latinus
et al., 2013; Xu et al., 2013); (3) to examine whether the ability to



2.3.1.1. Processing of self-generated vs. unfamiliar voices.
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Table 1
Socio-demographic and cognitive characterization of the participants.

M (SD)

Sociodemographic data
Age, years 30.76 (5.39)
Years of education 15.00 (2.96)

Cognitive data*
Full scale IQ 124.55 (12.16)
Verbal IQ 127.25 (11.35)
Performance IQ 115.90 (12.32)
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ote: M: mean; SD: standard deviation; *WAIS-III (Wechsler, 2008).

llocate attention to self-generated vs. non-self voices is associated
ith a more general auditory processing capacity to attentively
etect pitch changes (i.e., in simple tones).

Based on previous evidence supporting the privileged process-
ng of self-related stimuli when in the focus of attention, we
ypothesized increased mobilization of attention to self-generated
elative to non-self voices, which would be indexed by increased P3
mplitude. The P3 is preceded by the N2 component, which indexes
he categorization of task-relevant events in an earlier attentional
tage (Folstein & Van Petten, 2008; O’Donnell et al., 1993; Patel

 Azzam, 2005). Even though both components are sensitive to
he same manipulations (i.e., stimulus probability and stimulus’
ask relevance—Folstein & Van Petten, 2008; Patel & Azzam, 2005),
he question of whether early discrimination and categorization of
ocal distinctions indexed by the N2 are modulated by the salience
f SGV and NSV stimuli remains unanswered. Following previ-
us studies (Leitman, Sehatpour, Garidis, Gomez-Ramirez, & Javitt,
011; Schirmer & Escoffier, 2010; Schirmer, Striano, & Friederici,
005), self and non-self voices were presented as both standard
nd deviant stimuli in two distinct experimental blocks within an
ddball task. Then, ERP to self and non-self vocal deviants were
ompared with self and non-self vocal standards, respectively,
sing difference waveforms. Adopting a “like from like” subtrac-
ion approach allowed us to control for the acoustic differences
etween stimuli, and as such, we predicted that the P3 amplitude
o a self-generated voice is independent from voice acoustic proper-
ies, which would be translated in a lack of association between the
coustic parameters and the ERP correlates of self-generated voice
rocessing. In addition, given the stability of the P3 component
s a neurophysiological index of the individual processing capac-
ty to direct attentional resources to task-relevant events (Cassidy,
obertson, & O’Connell, 2012; Kok, 2001; Polich, 2007; Sandman &
atterson, 2000), we hypothesized a positive association between
3 amplitude to pitch changes in non-vocal sounds and to changes
n voice identity.

. Methods

.1. Participants

Twenty healthy adult males participated in the study (see
able 1). Participants were native speakers of European Por-
uguese and all reported normal hearing. Inclusion criteria were:
ight handedness (Oldfield, 1971); verbal intelligence quotient (IQ)
bove 90 (Wechsler Adult Intelligence Scale—WAIS-III—Wechsler,
997); no history of neurological illness, electroconvulsive treat-
ent, or history of drug or alcohol abuse in the past year; no

urrent medication for medical disorders that would affect elec-
roencephalogram (EEG) morphology. Participants were excluded

f they scored ≥1.7 in the Positive Symptoms Distress Index of the
rief Symptom Inventory (BSI—Canavarro, 1999; Canavarro, 2007)
see Table 1) or if they reported a history of psychiatric disorder
n oneself or in first-degree relatives (none was excluded). After
ology 111 (2015) 40–52

a detailed description of the study, all participants gave oral and
written informed consent. The consent form was  assessed by the
local Institutional Review Board committee for the protection of
human subjects.

2.2. Stimuli

2.2.1. ERP experiments
2.2.1.1. Processing of self-generated vs. unfamiliar voices. The Por-
tuguese word /nome/ [name] was selected from the Affective Norms
for English Words—ANEW (Soares, Comesaña, Pinheiro, Simões, &
Frade, 201) and P-PAL (Soares et al., 2010) sets, according to the
following criteria: neutral valence (5.33), low arousal (3.97), high
frequency (>100 per million), grammatical class (noun), and short
extension (2 syllables and 4 letters). In addition, the high stabil-
ity of the syllabic structure of this word (i.e., consonant–vowel,
consonant–vowel) aimed to reduce the variability in word pronun-
ciation among participants.

The word was  recorded by each participant (self-generated voice
condition—SGV) and by an unknown middle-aged male (age = 42
years) who was  also a native speaker of European Portuguese
(non-self voice condition—NSV). The recording session took place at
least one week before the ERP experiment, in a sound-proof room,
using a portable digital recorder Roland R-26 and a Shure incorpo-
rated PG48 microphone, with a sampling rate of 44.1 kHz. In order
to minimize variability in word pronunciation, the word (previ-
ously recorded by a middle-aged male voice and without regional
accent—age = 47 years) was  binaurally presented through a set of
Sennheiser CX 300-II earphones, and participants were instructed
to reproduce the word exactly as they just heard. Praat software
(Boersma & Weenink, 2012) was used to match the duration and
intensity of self-generated and unfamiliar voices. Audacity 2.0.2.
software (http://audacity.sourceforge.net/) was  used to remove
background noise. The acoustic analysis of all vocal stimuli was
performed using Praat software (see Table 2).

2.2.1.2. Processing of simple tones. Simple tones (duration = 100 ms;
intensity = 75 dB) with frequencies of 1000 Hz and 1500 Hz were
used as stimuli in a simple auditory oddball task.

2.2.2. Behavioral experiment
2.2.2.1. Self- and non-self voice discrimination task. To ensure that
all participants were able to recognize self-generated stimuli as
their own voice, they performed a behavioral SGV vs. NSV dis-
crimination task after the ERP experiments. Twenty four words,
selected from the ANEW battery (Soares et al., 2012), were recorded
by each participant (SGV) and by the unknown middle-aged male
(NSV) from Experiment 1. All words had high frequency (>100
per million) and differed in affective valence (see Table 3): 8
negative (mean = 2.69; range = 1.68–3.74), 8 neutral (mean = 5.31;
range = 4.91–5.78), 8 positive (mean = 7.20; range = 6.75–7.74). The
conditions and procedure of the recording session were exactly the
same as described in Experiment 1.

2.3. Procedure

Participants performed a total of two ERP experiments (one with
vocal stimuli and another with non-vocal sounds) and one behav-
ioral task requiring self–other voice discrimination. The order of
the ERP experiments was counterbalanced across participants. The

behavioral voice discrimination task took place after the ERP exper-
iments, to avoid any prior exposure to SGV and NSV stimuli and
circumvent potential learning effects associated with a previous
exposure to the experimental stimuli.

http://audacity.sourceforge.net/
http://audacity.sourceforge.net/
http://audacity.sourceforge.net/
http://audacity.sourceforge.net/
http://audacity.sourceforge.net/
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Table  2
Acoustic properties of the voice stimuli used in the ERP Experiment 1.

Participant Mean F0 (Hz) Range F0 (Hz) Formant frequencies (Hz)

Min  Max  F1 F2 F3

P1 115 105 130 717 1016 2312
P2  93 87 105 581 1090 2898
P3  94 83 103 625 1185 2385
P4  103 84 133 494 1284 2125
P5  93 76 101 567 1382 2527
P6  94 78 108 719 1046 2178
P7  93 86 106 573 1138 2886
P8  108 98 120 547 1002 2260
P9  94 77 124 616 1012 2312
P10  96 80 112 557 1032 2777
P11  109 93 119 558 1071 2650
P12  85 75 91 569 1239 2615
P13  99 88 141 570 1223 2410
P14  155 127 174 613 1159 2399
P15  121 108 162 399 1273 2607
P16  124 110 154 519 1143 2557
P17  103 94 113 661 1377 2585
P18  94 87 105 520 973 2169
P19  113 106 120 374 1165 2664
P20  104 98 116 527 1093 2439
Mean  (SD) 104.50 (15.80) 92.00 (13.77) 121.85 (21.65) 565.35 (85.88) 1145.13 (121.62) 2487.75 (275.56)
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ote: M:  mean; SD: standard deviation.

.3.1. ERP experiments
Participants were seated in an acoustically and electrically

hielded room at a distance of 100 cm from the computer monitor.
articipants performed two experimental blocks, each one com-
rising a total of 200 standard (P = .083), and 40 target (P = .017)
timuli. In the first block, the non-self voice was the standard stim-
lus and the self-voice was the target stimulus. In the second block,
he self-voice was the standard stimulus and the non-self voice
as the target stimulus. Stimuli were binaurally presented (at a

evel of 70 dB SPL) in a pseudorandom order, with the restric-
ion that there were at least two standard stimuli between two
eviant sounds, following previous studies (Háden, Németh, Török,
rávucz, & Winkler, 2013; Özgürdal et al., 2008; Schirmer et al.,
007; Simons et al., 2011). Presentation software (Neurobehavioral
ystems, Albany, CA, USA) was used to control stimulus timing
nd presentation. Each trial began with a fixation cross (which
emained on the screen during the entire experimental block),
nd then a vocal stimulus (duration = 483 ms)  was presented, with

 stimulus onset asynchrony (SOA) varying between 1283 and
383 ms  (see Fig. 1). Each experimental block lasted approximately

 min. Order of blocks was counterbalanced across participants.
articipants were instructed to silently count the number of times

 target stimulus was presented.

.3.1.2. Processing of simple tones. The 1000 Hz standard tone

n = 200; P = .83) and the 1500 Hz target tone (n = 40; P = .17) were
inaurally presented in a pseudo-random order, with the restric-
ion that at least 2 standard stimuli preceded a deviant sound. Each
rial included a fixation cross (remaining on the screen during the

able 3
sycholinguistic and affective properties of the words used in the voice discrimina-
ion task.

Word type Valence M (SD) Arousal M (SD) Frequency (per
million) M (SD)

Negative 2.69 (0.64) 6.32 (0.41) 199.24 (126.19)
Neutral 5.31 (0.34) 3.81 (0.30) 294.21 (243.21)
Positive 7.20 (0.39) 5.61 (0.45) 294.49 (288.91)

ote: psycholinguistic and affective properties were retrieved from the ANEW
atabase (Soares et al., 2010). M:  mean; SD: standard deviation.
 621 944 2258

entire trial) and a tone (duration = 100 ms), with a SOA ranging
between 900 and 1000 ms  (see Fig. 2). Participants were instructed
to silently count the number of times a target tone was  presented.

2.3.2. Behavioral experiment
2.3.2.1. Self- and non-self voice discrimination task. Twenty four
words uttered by the SGV or the NSV (total = 48) were
randomly presented. Each trial comprised a warning slide (dura-
tion = 1000 ms)  signaling the beginning of a trial, the vocal stimulus
(duration = 1000 ms), and a question mark (duration = 2000 ms  or
until a response was  provided by the subjects) (see Fig. 3). Partici-
pants were instructed to judge if the voice uttering each word was
their own voice (self) or the voice of somebody else (non-self), indi-
cating their response by pressing one of two buttons. The order of
buttons was  counterbalanced across participants.

2.4. EEG data recording and analysis

The EEG was  recorded using a 64-channel BioSemi Active Two
System (http://www.biosemi.com/products.htm). The EEG was
continuously sampled at 512 Hz, with a bandpass of 0.01–100 Hz
and stored for later analysis. Horizontal and vertical eye move-
ments were monitored by placing electrodes at left and right
temples (horizontal electrooculogram-EOG) and one below the left
eye (vertical EOG). Electrodes were also placed on left and right
mastoids for offline referencing.

The EEG data were analyzed using the Brain Vision Analyzer
2.0.4 software (www.brainproducts.com). A high-pass filter of
.01 Hz was applied to the EEG data. Individual EEG epochs of
1100 ms,  time-locked to the onset of the voice stimuli and with
a 100 ms  prestimulus baseline, were computed. Ocular artifacts
were corrected using the Gratton et al.’s method (Gratton, Coles,
& Donchin, 1983). Single epochs containing excessive motor arti-
facts (threshold of ±100 �V) were excluded from the analysis.
For each participant, ERP averages were based on at least 75%

of the trials in each condition (standard SGV = 179.82 ± 15.38;
deviant SGV = 35.06 ± 3.19; standard NSV = 175.65 ± 14.43; deviant
NSV = 36.59 ± 3.26). In order to control for the acoustic differences
between SGV and NSV, difference waveforms were calculated by

http://www.biosemi.com/products.htm
http://www.biosemi.com/products.htm
http://www.biosemi.com/products.htm
http://www.biosemi.com/products.htm
http://www.biosemi.com/products.htm
http://www.biosemi.com/products.htm
http://www.brainproducts.com
http://www.brainproducts.com
http://www.brainproducts.com
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Fig.1. Schematic illustration of a trial in Experiment 1.
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Fig. 2. Schematic illustra

ubtracting SGV standards from SGV deviants, and NSV standards
rom NSV deviants.

After a careful visual inspection of grand average waveforms,
wo auditory ERP components with maximal effect at centro-
arietal (CPz/1/2) and parietal (Pz/1/2) electrodes were identified:
2 and P3. For both SGV and NSV difference waveforms, P3 ampli-

ude was measured as the mean amplitude between 320 and

00 ms  post-stimulus onset, whereas N2 amplitude was measured
s the mean amplitude between 200 and 300 ms  post-stimulus
nset. N2 and P3 peak latency was measured in the same intervals.
f a trial in Experiment 2.

We  followed the same analysis procedure in the oddball task
with simple tones. In this case, EEG epochs of 800 ms  were
segmented (including a −100 ms  pre-stimulus baseline) and dif-
ference waveforms were calculated by subtracting the 1000 Hz
standard stimulus to the 1500 Hz deviant stimulus. The N2 and
P3 to simple tones had also maximal effect at centro-parietal
(CPz/1/2) and parietal (Pz/1/2) electrodes. N2 and P3 were com-

puted as the mean amplitude considering the following latency
intervals: 180–280 ms  (N2), and 300–450 ms  post-stimulus onset
(P3).
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.5. Statistical analyses

All statistical analyses were conducted using IBM SPSS 21.0 soft-
are (SPSS, Corp., USA).

.5.1. ERP data
All statistical analyses were based on unfiltered ERP data.

he mean amplitude and latency of the N2 and P3 components
ere analyzed using four separate repeated-measures analyses of

ariance (ANOVA), with voice identity (SGV, NSV), region (centro-
arietal, parietal electrodes) and electrode site (CPz/1/2, Pz/1/2)
s within-subjects factors. Main effects and interactions were fol-
owed with pairwise comparisons between conditions, using the
onferroni adjustment for multiple comparisons. Analyses were
orrected for non-sphericity using the Greenhouse–Geisser correc-
ion method, when appropriate.

.5.2. Accuracy in voice recognition
A repeated-measures ANOVA tested the effects of emo-

ional valence (affective dimension indexing the pleasantness
nd unpleasantness of a stimulus—Bradley & Lang, 1994) on
he recognition accuracy (hit rates) of both SGV and NSV, with
alence (negative, neutral, positive) and voice identity (SGV, NSV)
s within-subjects factors. Main effects and interactions were
ollowed with pairwise comparisons between conditions, using
he Bonferroni adjustment. The analysis was corrected for non-
phericity using the Greenhouse–Geisser correction method when
ppropriate.

.5.3. Correlation between ERP and acoustic data
Pearson’s correlation coefficient was calculated to test the asso-

iation between: (a) ERP responses to simple tones and the ERP

esponses to both SGV and NSV conditions, at CPz and Pz electrodes
N2 and P3 amplitudes); (b) voices’ acoustic properties from each
articipant (i.e., F0 and formant frequencies—F1–F3) and the P3
mplitude elicited by SGV (at CPz and Pz). Levels of significance
f a trial in Experiment 3.

were adjusted for multiple comparisons using the Bonferroni cor-
rection.

3. Results

3.1. ERP data

In Experiment 1, the accuracy in target detection was  98.13%
(range = 92.5–100%) for SGV deviants and 98.75% (range = 95–100%)
for NSV deviants. In Experiment 2, accuracy of target detection was
98.25% (range = 90–100%), indicating that participants were able
to successfully detect deviance in auditory stimulation. Therefore,
data from all participants were included in the ERP analyses.

Fig. 4 illustrates grand average difference waveforms for SGV
and NSV conditions at the 6 electrodes included in the statistical
analyses, with topographical maps for N2 and P3 components. Fig. 5
illustrates grand average difference waveforms for simple tones at
the 6 electrodes included in the statistical analyses. A high cutoff fil-
ter at 15 Hz was  applied to the grand average difference waveforms
presented in Figs. 4 and 5 for illustration purposes only.

N2: The repeated measures ANOVA revealed a main effect
of identity, F(1, 19) = 10.42, p = .004, �p

2 = .354, and region, F(1,
19) = 8.84, p = .002, �p

2 = .402, on N2 amplitude. Pairwise compar-
isons showed that N2 was  more negative to the SGV relative to the
NSV condition (p = .004). Also, pairwise comparisons revealed that
N2 was  more negative at centro-parietal than parietal electrodes.
No significant main effects or interactions were observed for the
N2 latency (p > .05).

P3: A significant main effect of identity, F(1, 19) = 4.42, p = .049,
�p

2 = .189, revealed more positive P3 amplitude to the SGV than to
the NSV condition (p = .049). No significant main effects or interac-
tions were observed for the P3 latency (p > .05).
3.2. Behavioral data: accuracy in voice recognition

Participants recognized their own voice with a mean accuracy of
92.92% (SD = 10.30; range = 66.67–100%) and the NSV with a mean
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ccuracy of 95.20% (SD = 8.03; range = 70.83–100%). A significant
ain effect of identity, F(1, 19) = 6.07, p = .024, �p

2 = .242, showed
hat recognition accuracy was higher for the NSV than for the SGV
ondition (p = .024).

.3. Correlation between ERP and acoustic data
The analysis revealed a significant association between the N2
mplitude to simple tones and to vocal sounds at the CPz channel
nly (Fig. 6): the more negative the N2 to pitch changes in simple
ones, the more negative the N2 to SGV (r = .630, p = .003) and to the
aveforms for the SGV and NSV conditions.

NSV (r = .657, p = .002). No significant associations were found for
the P3 amplitude (p > .004).

4. Discussion

This study investigated the effects of attention on the ERP cor-
relates of self-generated and non-self voice processing. By using

a modified oddball task, we found that both early and high-order
attentional processing stages are modulated by voice identity. Con-
firming our initial hypothesis, we  observed that a self-generated
voice engages more attentional resources than the voice of
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omebody else, demonstrated by increased N2 and P3 amplitude
o the former.

Considering the functional significance of the P3 component
s an index of attentional resources allocation and cognitive
valuation of a stimulus meaning (Knight, 1996; Spencer et al.,
999, Spencer et al., 2001), our result of increased P3 ampli-
ude to self- relative to non-self voice deviants suggests that

ore attentional resources were directed to the self-generated
oice. Moreover, this finding is consistent with previous studies
hat used other categories of self-related stimuli, such as one’s
wn face (e.g., Scott et al., 2005; Sui et al., 2006; Tacikowski &
owicka, 2010), name (e.g., Berlad & Pratt, 1995; Perrin et al.,
999; Perrin et al., 2005; Tacikowski et al., 2014), autobiograph-

cal information (Gray et al., 2004) or self-hand (Su et al., 2010).
 plausible explanation for the increased allocation of atten-

ional resources to self-related vs. non-self information is that

uch stimuli are assessed as more emotionally and personally
ignificant than non-self stimuli, thus attracting more attention.
upport for this explanation comes from studies demonstrat-
ng that events with higher emotional salience engage more
 waveforms for simple tones.

attentional resources when compared with neutral stimuli (e.g.,
Carretié, Martín-Loeches, Hinojosa, & Mercado, 2001; Delplanque,
Silvert, Hot, & Sequeira, 2005; Vüilleumier, 2005), and that P3
amplitude is modulated by the affective salience of the eliciting
stimulus, with larger amplitude being devoted, for instance, to
emotional vs. neutral pictures (Delplanque et al., 2005; Delplanque
et al., 2006; Keil et al., 2002; Olofsson et al., 2008) or sounds
(Czigler, Cox, Gyimesi, & Horváth, 2007; Thierry & Roberts, 2007).
Psychophysiological support for increased affective significance of
self-related vs. non-self stimuli was also provided by Sugiura et al.
(2000) who reported larger electrodermal response (an index of
increased emotional reactivity) during the visualization of one’s
own face than when seeing a familiar face. It is well known
that emotion and attention are strikingly related: given the lim-
ited capacity of our information processing system, attentional
resources tend to be preferentially captured by events with greater

affective salience in comparison with neutral events (Carretié et al.,
2001, 2008; Olofsson et al., 2008; Vüilleumier, 2005).

Importantly, when considering the apparent contradiction
between our findings of increased P3 to self-voice and the results
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Fig. 6. Results of the correlation analysis using Pearson’s coefficient between the P3 amplitude to SGV and the acoustic properties, and between the P3 amplitude to simple
tones  and to voice stimuli. Levels of significance were adjusted for multiple comparisons using Bonferroni correction and thus correlations are significant if p ≤ 0.003.
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eported by Graux et al., 2013; Graux et al., 2014 of smaller P3a
o self vs. non-self familiar and unfamiliar voices, it is important
o note crucial differences in task demands between both experi-

ental tasks. In our study, the subject’s attention was  focused on
he target (deviant) voice stimuli and, thus, the functional meaning
f the P3 component most likely reflects the cognitive evaluation
f the stimulus significance as well as the mobilization of high-
rder attentional resources to a task-relevant target event, i.e., the
3b (Knight, 1996; Polich, 2007; Spencer et al., 1999; Spencer et al.
001). However, in the studies of Graux and colleagues, partici-
ants directed attention to a silent movie, whilst ignoring the voice
timuli. In the latter task, the P3 more prominently reflects an ori-
nting response, that is, an involuntary change of attention elicited
y an unexpected violation in an otherwise unchangeable auditory
tream, i.e., a P3a (Cycowicz & Friedman, 1999; Friedman et al.,
001; Knight, 1996; Spencer et al., 1999; Spencer et al. 2001). This

nvoluntary capture of attention is thought to be a crucial biolog-
cal process with implications for survival (Friedman et al., 2001).
n contrast with the P3 elicited by our task-relevant voice deviants,
he P3a to unexpected task-irrelevant deviants typically has a more
rontal scalp distribution that is thought to reflect the contribution
f the frontal cortex (Friedman et al., 2001; Schröger et al., 2000;
pencer et al., 1999, 2001). Thus, in our view, it seems plausible that
n the studies of Graux et al. (2013, 2014) the P3a amplitude was
ncreased to non-self voice stimuli (i.e., familiar/unknown) since
he detection of a novel and completely unexpected voice stim-
lus might be more important for survival than the detection of
ne’s own voice, but specifically when the participant is not paying
oluntary attention to the auditory sequence.

Moreover, we found larger N2 amplitude to SGV in compari-
on with NSV stimuli. The N2 is thought to index early high-order
perations of discrimination and categorization of stimuli that sig-
al change in an otherwise invariant sequence of events (O’Donnell
t al., 1993; Patel & Azzam, 2005; Salisbury et al., 1994). Thus, this
omponent is at the interface between more automatic and con-
rolled processes of the orienting response (Li, Yuan, & Lin, 2008;
uan et al., 2007). As such, the increased amplitude observed for
GV indicates that self and non-self voices were discriminated at
n early attentional processing stage and might suggest an eas-
er detection of the SGV relative to the NSV. More negative N2
mplitude was previously reported by other studies investigating
elf-stimuli processing (Fan et al., 2011; Fan et al., 2013; Perrin
t al., 1999). Since attentional modulation by emotional salience
as shown to take place in early stages of information process-

ng (Alexandrov, Klucharev, & Sams, 2007; Carretié et al., 2001;
ang et al., 2009), the heightened affective salience of SGV might

ave contributed to its facilitated detection. It is plausible that the
nhanced brain response to SGV in this earlier attentional stage
ontributes to increased higher-order attention to self-voice in later
ognitive stages of voice information processing, as indexed by the
3.

It is worth noting that the differential ERP response to task-
elevant self vs. unfamiliar voice deviants does not seem to be due
o the contribution of specific acoustic properties of the stimuli, as
ur subtraction method involved the direct comparison between
he same stimuli playing different roles (i.e., SGV standards were
ubtracted from SGV deviants, and vice-versa). Furthermore, F0 and
ormant frequencies were not associated with the electrophysi-
logical responses analyzed in this study, even though previous
tudies have found that both acoustic properties are critical cues
nderlying self and non-self voice discrimination and recognition
e.g., Latinus et al., 2013; Xu et al., 2013). Moreover, we  found

n association between the N2 amplitude to vocal and non-vocal
ounds, showing that the greater the ability to discriminate pitch
hanges in simple tones, the easiest the discrimination and cat-
gorization of vocal deviants. Since the N2 is thought to reflect
ology 111 (2015) 40–52 49

classification processes and is at the interface between sensory
and more cognitive stages of task-relevant change detection (Li
et al., 2008; Yuan et al., 2007), this association suggests that the
early categorization of self- and non-self voice deviants is mod-
ulated by the capacity to categorize acoustic changes, dependent
on pitch cues. This keeps with previous evidence showing that
the perception of voice identity involves the integration of pitch
cues (Baumann & Belin, 2010; Belin et al., 2004; Belin et al., 2011;
Latinus & Belin, 2012; Latinus et al., 2013; Schweinberger et al.,
2014; Xu et al., 2013). However, at a higher-order (cognitive) stage
of information processing, the ability to direct attentional resources
to voice stimuli was not associated with the more general ability
to direct attention to auditory stimuli representing a pitch change.
Together, these findings provide additional support to the proposal
that the salience of the voice stimulus (and not the physical differ-
ences between SGV and NSV) seems to play the most critical role in
modulating attention during voice processing at a post-perceptual
stage. In the same line, Tacikowski and Nowicka (2010) proposed
that, after the recognition of a particular stimulus is completed, it is
the meaning assigned to a given stimulus (e.g., face or name) that
determines the engagement of attention. Supporting this expla-
nation, the accuracy rates from the voice discrimination task in
our study demonstrate that participants were able to successfully
identify their voices as self-generated, in spite of differences in the
perception of the voice signal when actively producing speech vs.
passively listening to pre-recorded self-generated speech (Maurer
& Landis, 1990).

Together, our results provide further support for the ‘special’
role of self-related stimuli. Corroborating previous evidence for
increased attentional resources to self-related stimuli (e.g., one’s
own face, name or voice), our findings indicate that there is some-
thing “special” on how the brain processes information about the
self, with one’s own voice receiving a privileged access to atten-
tional resources. The earlier and later attentional biases towards
self-generated vs. non-self voice might explain the advantage of
SGV recognition in acoustically demanding conditions, as reported
by Xu et al., (2013). Since self-awareness refers to the capacity of
subjects being the object of one’s own attention (Jeannerod, 2003;
Keenan et al., 2003; Morin, 2011), the ability to allocate attention
to self-relevant stimuli is likely to have a critical social and adap-
tive value. In particular, the capacity to direct attention to one’s
own voice is fundamental for efficient online speech monitoring
(Brébion, Smith, Gorman, & Amador, 1996; Ilankovic et al., 2011;
Kambeitz-Ilankovic et al., 2013), and thus, plays a critical role in
everyday social communication. Impairments in this capacity were
found to contribute to the external misattribution of self-generated
voice stimuli commonly observed in schizophrenia patients with
auditory verbal hallucinations (Allen et al., 2004; Allen et al., 2007;
Hashimoto & Sakai, 2003; Ilankovic et al., 2011; Kambeitz-Ilankovic
et al., 2013; Kumari et al., 2010), which highlights the need to inves-
tigate these processes in this disorder.

In contrast with some previous studies (e.g., Graux et al., 2014;
Sugiura et al., 2000), we  did not control for familiarity effects. How-
ever, in a recent study, Graux et al. (2014) provided evidence for a
differential attention orienting to self-generated vs. familiar voices.
This suggests that familiarity is not the main factor accounting for
increased attention to self-generated relative to an unknown voice.
Moreover, our experimental stimuli consisted of a dissyllabic word
and, as variables such as duration and phonetic variability were
found to have a critical impact on speaker’s recognition accuracy
(e.g., Cook & Wilding, 1997; Schweinberger et al., 1997), future
studies should explore whether stimulus complexity modulates

how attentional resources are directed to voice stimuli. In order
to account for a better understanding of how attention shapes self-
processing, it is also critical to explore how self-generated voices
are processed when participants are engaged in a primary task
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nd are not paying attention to voice stimuli. These studies were
lready initiated by our research team and the analysis of results is
urrently under way.

. Conclusion

In conclusion, our study provided, for the first time, electrophys-
ological evidence for increased allocation of attentional resources
o a self-generated voice in comparison with a non-self voice, irre-
pective of voice acoustic properties, extending previous studies
hat focused on the processing of visual self-related information.
his attentional bias seems to be driven by the greater affective
alience of one’s own voice representation.
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