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Abstract

W Although the voice-sensitive neural system emerges very
early in development, it has yet to be demonstrated whether
the neonatal brain is sensitive to voice perception. We mea-
sured the EEG mismatch response (MMR) elicited by emotion-
ally spoken syllables “dada” along with correspondingly
synthesized nonvocal sounds, whose fundamental frequency
contours were matched, in 98 full-term newborns aged 1-
5 days. In Experiment 1, happy syllables relative to nonvocal
sounds elicited an MMR lateralized to the right hemisphere.

INTRODUCTION

Voice communication, at the heart of human life, is crit-
ical for survival and social communication (Grossmann &
Friederici, 2011; Belin & Grosbras, 2010; Belin, Fecteau,
& Bedard, 2004). The voice carries the acoustical signa-
ture of our species, which conveys important affective
and identity information (Latinus & Belin, 2011; Belin
et al., 2004). In human adults, voices are specifically pro-
cessed in the upper bank of the STS (Belin, Zatorre, Lafaille,
Ahad, & Pike, 2000). In macaque monkeys, voices are pro-
cessed in the superior temporal plane that preferentially re-
sponds to conspecific vocalizations. Recognizing the
vocalization of a species member is independent of lan-
guage, and is an evolutionarily conserved brain function
(Belin & Grosbras, 2010; Petkov, Logothetis, & Obleser,
2009; Petkov et al., 2008).

The temporal voice areas (TVAs) show greater activity
in response to voices (speech and nonspeech vocaliza-
tions such as laughs, cough, etc.) than to natural nonvocal
sounds (environmental sounds, musical sounds, animal
vocalizations, etc.), or amplitude- or frequency-matched
acoustical control sounds (Kriegstein & Giraud, 2004;
Belin et al., 2000). Of note, the right TVA shows strong
sensitivity to affective information crucial in social com-
munication (Belin & Grosbras, 2010; Ethofer et al., 20006;
Grandjean et al., 2005). Such sensitivity is particularly
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In Experiment 2, fearful syllables elicited stronger amplitudes
than happy or neutral syllables, and this response had no sex
differences. In Experiment 3, angry versus happy syllables elic-
ited an MMR, although their corresponding nonvocal sounds
did not. Here, we show that affective discrimination is selec-
tively driven by voice processing per se rather than low-level
acoustical features and that the cerebral specialization for
human voice and emotion processing emerges over the right
hemisphere during the first days of life.

strong for threat-related emotions (e.g., fear and anger),
which are processed independently of attention and con-
sidered as a fundamental neural mechanism that prioritizes
the processing of social stimuli. (Decety, 2011; Vuilleumier,
2005; Belin et al., 2004).

Interestingly, voice perception abilities seem to appear
earlier than speech perception in human development.
Although phoneme discrimination emerges in 2-month-
olds and lexical-semantic processing, in 12- to 14-month-
olds (Friederici, 2005; Dehaene-Lambertz, Dehaene, &
Hertz-Pannier, 2002), infants already exhibit well-developed
abilities for voice perception. Behavioral studies have dem-
onstrated that newborn infants prefer human voices to
nonvocal auditory stimuli (Ecklund-Flores & Turkewitz,
1996; Hutt, von Bernuth, Lenard, Hutt, & Prechtl, 1968)
and their native language to a foreign language with different
prosodic characteristics (Moon, Cooper, & Fifer, 1993; Mehler
et al., 1988). Behavioral and electrophysiological evidence
supports that newborns can discriminate their mother’s voice
from the voice of another woman (Beauchemin et al., 2011;
Ockleford, Vince, Layton, & Reader, 1988; DeCasper & Fifer,
1980). When presented with vocal expressions with a range
of emotional prosodies (happy, angry, sad, and neutral),
newborns showed an increase in eye-opening responses
following happy prosody compared with the other emo-
tional expressions but only while listening to their maternal
language (Mastropieri & Turkewitz, 1999). Importantly,
this voice sensitivity is even present in fetuses before birth
(Kisilevsky et al., 2003). Newborns have extracted a num-
ber of prosodic (rhythmic and intonational) characteristics
of auditory input during the last few days or weeks of
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prenatal development. In spite of this very early form of
sensitivity to happy prosody in familiar contexts, a number
of neuroimaging studies indicated that only from around 3
to 7 months of age do infants could process the voice and
its emotions (Blasi et al., 2011; Lloyd-Fox, Blasi, Mercure,
Elwell, & Johnson, 2011; Grossmann, Oberecker, Koch, &
Friederici, 2010; Flom & Bahrick, 2007; Walker-Andrews,
1997). Here, we report three electrophysiological experi-
ments with newborns designed to examine the neonatal
brain sensitivity to voice perception.

Recently, the emergence of TVA was reported in 3-
to 7-month-old infants (Blasi et al., 2011; Lloyd-Fox
et al., 2011; Grossmann, 2010). However, it is possible
that the voice sensitivity in the 7-month-old brain reflects
the processing of low-level acoustical features in vocal
sounds rather than in voice processing per se. Particularly,
the greater response to affective (happy and angry) com-
pared with neutral voices could reflect the processing of
the many acoustical differences between these sound
categories without implying emotional processing (Belin
& Grosbras, 2010). Fundamental frequency, f0, is consid-
ered the most correlative acoustical variable of emotions,
which decreases over time for angry prosody but increases
for happy prosody (Banse & Scherer, 1996). Thus, in the
current study, we used another set of control sounds, in
which nonvocal sounds were created to follow the same
fO contours as vocal sounds, to test the influences of low-
level acoustical structure.

Here, in full-term newborns, we measured the mismatch
response (MMR), an infant equivalent of adult MMN, in
response to emotionally spoken syllables “dada,” which
is known to elicit emotional MMN in adults (Schirmer,
Striano, & Friederici, 2005). MMR may occur as a positive
or negative deflection in infants (Csibra, Kushnerenko, &
Grossmann, 2008; Maurer, Bucher, Brem, & Brandeis, 2003;
Cheour, Kushnerenko, éeponiené, Fellman, & Néiitinen,
2002; Friederici, Friedrich, & Weber, 2002). MMR has been
used to demonstrate the emergence of sound and speech
perception in newborns (Ceponiené et al., 2002; Cheour-
Luhtanen et al., 1995). In addition, MMN, a component of
ERPs, is a reliable indicator for automatic (i.e., attention-
independent) auditory discrimination (Néitinen, Paavilainen,
Rinne, & Alho, 2007). The MMN has also been shown to re-
flect the affective discrimination of voice perception in
adults (Schirmer et al., 2005). Hearing emotional relative
to neutral syllables elicited a stronger MMN in women,
not men, which might be associated with sex differences
in this aspect of social orientation (Schirmer et al., 2008).
Furthermore, the MMN may be generated by neural
sources in primary and nonprimary auditory areas in the
superior temporal cortex, including those known to be
selectively involved in voice processing (Herrmann, Maess,
Hasting, & Friederici, 2009; Nditinen et al., 2007).

We first investigated the voice sensitivity in newborns, as
behavioral studies have shown voices to be processed at
birth. To examine whether newborns are already sensitive
to human voice and able to discriminate vocal from non-
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vocal sounds, Experiment 1 measured the MMR to happily
spoken syllables “dada” as the deviant and the correspond-
ing nonvocal sound as the standard in an oddball paradigm.
In the second experiment, we assessed whether emotional
prosodies modulate the ability for voice sensitivity identi-
fied in Experiment 1 (Belin & Grosbras, 2010; Ethofer
et al., 2006; Grandjean et al., 2005), and whether this modu-
lation, if present, differs between sexes (Schirmer et al.,
2005, 2008). Newborns were presented with happy, fearful,
and neutral syllables while their MMR was recorded. Finally,
the third experiment was conducted to further determine
whether this affective discrimination is driven by low-level
acoustical parameters or not (Belin & Grosbras, 2010; Belin
etal., 2000). In this latter experiment, newborns were tested
with happy and angry syllables as well as corresponding
nonvocal sounds. The nonvocal sounds were synthesized
to follow the fO contours of emotional syllables.

METHODS
Participants

The study sample consisted of 25 newborns (10 girls) in
Experiment 1, 43 newborns (20 girls) in Experiment 2,
and 30 newborns (11 girls) in Experiment 3. An additional
15 newborns were tested (7 = 4 in Experiment 1,72 = 6
in Experiment 2, and » = 5 in Experiment 3) but were
not included in the final sample because of motion artifacts
resulting in too few usable trials for data analysis (minimal
number of 60 trials per condition; 72 = 12) or technical fail-
ure (1 = 3). All neonates aged between 0 and 5 days (M =
2.6, 1.6, and 1.5 days for Experiments 1-3, respectively)
were born full-term (37-42 weeks gestation) and with nor-
mal birth weight (2595-3890 g). They passed a hearing
screening with evoked otoacoustic emissions and were de-
clared healthy by neonatologists. All of their parents gave
informed consent before the study. The study was approved
by the local ethics committee of the National Yang-Ming
University Hospital.

Auditory Stimuli

For Experiment 1, the stimulus material consisted of the
happily spoken syllables “dada” and its corresponding
nonvocal sounds. For Experiment 2, the stimulus mate-
rial consisted of fearful, happy, and neutral syllables. For
Experiment 3, the stimulus material consisted of happy
and angry syllables as well as their corresponding non-
vocal sounds.

A young female speaker (25 years old) produced the
syllables of “dada” with three sets of emotional prosodies
(fearful, angry, and happy) and one set of neutral prosody.
Within a kind of emotional or neutral prosody, the speaker
produced the syllables “dada” for more than 10 times. Syl-
lables were edited to become equally long (550 msec) and
loud (min: 57 dB, max: 62 dB; mean: 59 dB) with the use of
Cool Edit Pro 2.0 and Sound Forge 9.0. Stimuli were rated
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for emotionality by 120 listeners (60 men). For the fearful
set, listeners classified each stimulus with a 5-point scale
from extremely fearful to not fearful at all. For the angry
set, listeners classified each stimulus with a 5-point scale
from extremely angry to not angry at all. For the happy
set, listeners classified each stimulus with a 5-point scale
from extremely happy to not happy at all. Three emo-
tional syllables that had been consistently identified as
extremely fearful, extremely angry, and extremely happy
were selected as the experimental stimuli. The neutral
syllables rated as the most emotionless were selected as
the control stimulus.

Furthermore, the corresponding set of four nonvocal
sounds that follow the envelope of each emotional (fearful,
angry, happy, and neutral) syllables were created by Praat
(Boersma, 2001). For each original syllable, a sine wave-
form was synthesized at a modulated frequency following
the original fO contour. All of the stimuli did not differ with
respect to their duration and mean intensity.

Procedures

Neonates were tested while lying on a bed in a sound-
attenuated room of the hospital. Stimuli were presented
via two loudspeakers placed at approximately 25 cm on
the right and left sides of the newborn’s head. A mean back-
ground noise level was 35-dB SPL (sound pressure level).
Experiment 1 comprised two or three blocks. Each block
lasted 4 min, containing 200 stimuli in an auditory oddball
paradigm with a 1200-msec sound onset asynchrony. Every
block consisted of one deviant (p = .2) and one standard
stimuli (p = .8). The happy syllables were set as the devi-
ant, and its corresponding nonvocal sounds as the stan-
dard. The deviants ran at a random order of sequences,
edited by Matlab 7.0 (MathWorks, Natick, MA). Each devi-
ant followed at least two standards. In Experiment 2, there
were four to six blocks. Every block consisted of one stan-
dard (p = .8) and two deviant stimuli (p = .1). The neu-
tral syllables were set as the standard, and the emotional
syllables were the two deviants (Deviant 1: happy, Deviant 2:
fear). In Experiment 3, there was one session for emo-
tional syllables and another session for their correspond-
ing nonvocal sounds. Each session following the same
auditory oddball paradigm as in Experiment 1 included
the stimuli belonging to the same category (emotional
syllables or nonvocal sounds). The happy was set as the
standard, and the angry was the deviant. The order of
the sessions was randomized across participants. The
experimental duration, including preparation and break,
never exceeded 1 hr. If newborns became hungry or
started crying, the experimental procedure was stopped.

EEG Apparatus and Recording

EEG data were collected from eight single-used Ag/Ag—Cl
electrodes at F3, F4, C3, C4, T3, T4, P3, and P4 according to

the International 10-20 System. The reference electrodes
were placed over the right mastoid (A2), and the ground
electrode was on the forehead. The EOG-monitored eye
blinks and vertical eye movements from the electrodes po-
sitioned above and below the right eye, and recorded hor-
izontal eye movements from the electrodes placed laterally
to the right and left external canthi. Electrolytic gel was
applied at each electrode to reduce the impedance of the
electrode—skin contact. The impedance of all electrodes
was maintained below 5.

Data were recorded using the NuAmp amplifier and
analyzed with Neuroscan 4.3 (Compumedics Ltd., Victoria,
Australia). Channels were rereferenced off-line to the aver-
age of the left and right mastoids [(Al + A2) /2], sampled
at 250 Hz, and band-pass filtered (0.1-30 Hz). Trials were
epoched over an analysis time of 900 msec, including pre-
stimulus of 100 msec for baseline correction. Any epoch
contaminated by eye blinks, eye movements, or muscle
potentials exceeding =150 pV at any electrode was auto-
matically excluded from the average. The signal quality
was further ensured by careful visual inspection in every
participant and trial and application of a digital 1-15 Hz
zero-phase band-pass filter with a 12-dB/octave slope. To
eliminate the possibility of attention transients because of
the stimulus onset, the first three epochs of each block
were excluded from data analysis. Because previous studies
with newborns did not find differences in MMR latencies and
amplitudes and distribution between sleep and awaken
stages (e.g., Hirasawa, Kurihara, & Konishi, 2002), the signal
was recorded for analysis whenever neonates were either
awake or asleep during the experiments.

The dependent variable was the mean ERP amplitudes,
obtained from each grand-averaged peak (*50 msec)
within a time window of 300-500 msec after stimulus on-
set. With the use of Matlab 7.0 and SPSS 18.0 (SPSS, Inc.,
Chicago, IL), the moving time-window technique (Luck,
2005) determined the target window for each experi-
ment. Considering the frontocentral distribution for MMR
(Nddtdnen et al., 2007) and unclosed fontanels in newborns,
only a subset of the recorded electrodes (F3, F4, C3, and
C4) were included for analysis. For Experiment 1, a three-
way repeated-measures ANOVA (Stimulus [happy syllables
vs. nonvocal sounds] X Lateralization [left vs. right hemi-
spheres] X Region [frontal vs. central electrodes]) was
conducted. For Experiment 2, statistical analysis was exam-
ined through a four-way mixed ANOVA with three within-
subject factors (Stimulus [neutral vs. happy vs. fearful] X
Lateralization [left vs. right hemispheres| X Region [frontal
vs. central electrodes]). Subtracting the neutral ERP from
the emotional ERP produced the corresponding MMR. For
Experiment 3, a four-way repeated-measures ANOVA (Ses-
sion [emotional syllables vs. nonvocal sounds]| X Stimulus
[happy vs. angry] X Lateralization [left vs. right hemi-
spheres] X Region [frontal vs. central electrodes]) was
computed. Subtracting the happy ERP from the angry
ERP produced the angry—happy MMR. Degrees of freedom
were corrected using the Greenhouse—-Geisser method.
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Bonferroni-Dunn test was conducted only when preceded
by significant effects.

RESULTS

For Experiment 1, mean ERP amplitudes at 400-500 msec
showed main effects of Stimulus [F(1, 24) = 5.28, p =
031, d = 0.94] and Lateralization [F(1, 24) = 4.65, p =
041, d = 0.88] as well as their interaction [Stimulus X
Lateralization: F(1, 24) = 7.07, p = .014, d = 1.09].
The happy syllables (deviant) elicited significantly stronger
amplitudes than the happy-derived nonvocal sounds (stan-
dard). The right hemisphere showed stronger responses
than the left hemisphere. Post hoc analysis found the stim-
ulus effect over the right hemisphere [#(49) = —3.81,p <
.001,d = —0.54] but none over the left hemisphere [£(49) =
—1.01, p = 316, d = —0.14]. The MMR to discriminate
the happy syllables from the nonvocal sounds occurred
at F4 [t(24) = 2.74, p = 011, d = 0.55] and C4 [t(24) =
2.60, p = .016, d = 0.52] but not at F3 [¢(24) = 0.45, p =
.655,d = 0.09] and C3 [t(24) = 0.97, p = 344, d = 0.19;
Figure 1].

For Experiment 2, ERP at the time window of 350—
450 msec reached significance for Stimulus [F(2, 82) =
493, p = .010, d = 0.69] and Region [F(1, 41) = 16.87,
p < .001,d = 1.28] as well as their interaction [F(2, 82) =
6.82, p = .002, d = 0.82]. However, there was no effect
in Sex [F(1, 41) = 0.51, p = .479, d = 0.22] and Later-
alization [F(1, 41) = 0.10, p = .757,d = 0.09]. Follow-up

analysis revealed significant differences among emotional
(fearful vs. happy vs. neutral) syllables at electrodes F3
[F(2,82) = 3.96, p = .023,d = 0.62], F4 [F(2, 82) =
10.24, p < .001, d = 1.00], and C3 [F(2, 82) = 3.63, p =
031, d = 0.59] but not at C4 [F(2, 82) = 1.05, p = .354,
d = 0.32]. Post hoc analysis indicated that fearful (Deviant 2)
relative to neutral (standard) syllables elicited stronger
positivity at F3 [¢(42) = 3.38, p = .002, d = 0.57] and F4
[t(42) = 4.52, p < .001, d = 0.77]. The happy syllables
(Deviant 1) differed from the neutral syllables (standard) at
F4 [1(42) = 2.12,p = .040,d = 0.34], not at F3 [1(42) = 1.10,
b = 279,d = 0.21]. Significant differences between fearful
and happy syllables occurred at F4 over the right hemisphere
[t(42) = 239, p = .021, d = 0.44], not at F3 over the left
hemisphere [¢(42) = 1.45, p = .154, d = 0.27, Figure 2].
The ERP at the time window of 550-650 msec of
Experiment 2 reached significance for the Stimulus [F(2,
82) = 3.42, p = .038, d = 0.58] and for the interaction of
Lateralization X Region [F(1, 41) = 4.77,p = .035,d =
0.68]. However, there was no effect of Region [F(1, 41) =
0.04, p = 842, d = 0.06], Lateralization [F(1, 41) = 0.13,
p = .726,d = 0.11], and Sex [F(1, 41) = 0.74, p = .396,
d = 0.27]. Follow-up analysis revealed significant differ-
ences among emotional (fearful vs. happy vs. neutral) sylla-
bles at electrodes F4 [F(2, 82) = 5.96, p = .004, d = 0.20]
and C4 [F(2, 82) = 3.70, p = .029, d = 0.60] but not at F3
[F(2,82) = 1.88, p = .160, d = 0.43] and C3 [F(2, 82) =
037, p = .696, d = 0.19]. Post hoc analysis showed that
the fearful (deviant) relative to neutral (standard) syllables
elicited stronger positivity at F4 [£(42) = 2.07, p = .045,

Figure 1. Event-related

brain potentials to hearing
happily spoken syllables “dada”
relative to the synthesized
nonvocal sounds in newborns
(n = 25). (A) Oscillogram

of happy “dada” and B
corresponding nonvocal
sound. Their mean intensities
are matched (76.37 dB vs.
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Figure 2. Event-related
brain potentials to hearing A
emotionally spoken syllables
“dada” in newborns (1 = 43).
(A) Spectrogram of the “dada”
syllables produced with neutral,
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potentials to emotional 5000
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d = 0.42] and C4 [1(42) = 2.20, p = .034, d = 0.47]. Sig-
nificant differences between fearful and happy syllables
occurred at F4 over the right hemisphere [£(42) = 2.88,
p = .006,d = 0.62] but not at F3 over the left hemisphere
(t(42) = 1.57,p = .125,d = 0.30].

For Experiment 3, ERPs at the time window of 300—
400 msec reached significance for Stimulus [F(1, 29) =
8.22, p = .008, d = 1.07] and Region [F(1, 29) = 5.99,
p = .002, d = 1.28] but none for Session [F(1, 29) =
0.07, p = .790, d = 0.09] and Lateralization [F(1, 29) =
1.76, p = .195,d = 0.49]. The angry syllables (deviant) elic-
ited stronger amplitudes than the happy syllables (standard).
The frontal electrodes showed stronger responses than the

central electrodes. With regard to the marginal interaction
of Session X Lateralization X Region [F(1,29) = 3.97,p =
056, d = 0.74], post hoc analysis found that the stimulus
effect was mainly driven by the session for emotional syl-
lables [F(1, 29) = 8.79, p = .006, d = 1.10] but not by
the session for nonvocal sounds [F(1, 29) = 1.67, p =
207, d = 0.48]. Both sessions had no lateralization effect
[F(1,29) = 3.65,p = .066,d = 0.71; F(1,29) < 0.01,p =
955, d < 0.01]. Within the session for emotional sylla-
bles, the MMR discrimination of the angry syllables from
the happy syllables significantly occurred at F3 [£(29) =
349, p = .002,d = 0.64] and F4 [¢(29) = 2.40, p = .023,
d = 0.44] and marginally at C3 [£(29) = 2.05, p = .050,
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d = 0.37] but not at C4 [£(29) = 1.22, p = .234,d = 0.22;
Figure 3].

DISCUSSION

This study clearly demonstrates neural processing of voice
sensitivity and affective prosody discrimination during the
first days of life. For the first time, MMR points out that
humans at birth possess voice sensitivity abilities. The
finding indicates that the emergence and maturation of
cerebral specialization for human voice emerges in the
first five days of life, enabling newborns to be socially
responsive.

The neonatal MMR to spoken syllables “dada” taps into
the developmental origins of voice processing in the human
brain. In Experiment 1, the presence of neonatal MMR for
happy syllables relative to corresponding nonvocal sounds
suggests that the capacity for processing human voices
emerges very early during the neonatal period. One study
reported the emergence of voice sensitivity, as indicated
by stronger responses in the right TVA to the human vocal
relative to nonvocal sounds, in 7-month-olds but not in

4-month-olds (Grossmann et al., 2010). This discrepancy
may result from a number of differences in stimulus con-
tent, experimental paradigms (oddball vs. block), and
neuroimaging techniques (ERP vs. functional near-infrared
spectroscopy). First, the vocal stimuli consisted of non-
speech (i.e., crying and laughing) as well as speech (words
and nonwords) stimuli. It is difficult to ascertain whether
the differential response across two age groups was related
to speech perception or to the processing of other types of
vocalization. Second, the nonvocal stimuli included animal
vocal sounds, which may share features with those emitted
by humans. It is unknown whether this had an impact on
the strength of the contrast between the vocal and non-
vocal conditions. Third, the nonvocal stimuli contained a
mixture of sounds with heterogeneous familiarity to in-
fants. It is undetermined whether degree in stimulus famil-
iarity had an effect on the contrasts. Finally, lacking the
control sounds designed to acoustically match human
vocal sounds makes it difficult to ascertain whether the
brain response for voice sensitivity reflects the processing
of low-level acoustical features or voice-specific processing
per se (Belin & Grosbras, 2010; Belin et al., 2000). Although

A “dada"
% =000 500 5000 00
-
2
El
[~
= 0 75
0 Time (sec) 0,500 Time (sec) 033
= e
F—aﬂm F4
* * m— HAPPY (standard)
A il ANGRY (deviant)
Nonvocal sounds
"E 5000 5000 500
a\ —
g _\"N-
=l
£l - 0 S ———————
e Time (sec) 03300 Time (sec) 0.55
F3re
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Figure 3. MMR to hearing emotionally spoken syllables “dada” and their corresponding nonvocal sounds, respectively, in newborns (z = 30).
(A) Spectrogram indicates that happy syllables “dada” increase fO over time, but angry syllables decrease fO over time. The angry relative to happy
syllables elicit significant MMR at electrodes F3 and F4 (p = .002 and p = .023, black arrow). (B) Spectrogram indicates that the nonvocal sounds
are synthesized to follow the f0 contours of happy and angry syllables, respectively. There is no significant MMR between their corresponding

nonvocal sounds (p > .05 and p > .05, white arrow).
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considering f0 and intensity as the most correlative acous-
tical determinants of emotions (Banse & Scherer, 1996), we
synthesized the corresponding nonvocal sounds that follow
the envelope of each emotional (fearful, angry, happy, and
neutral) syllables by Praat (Boersma, 2001) with the control
of their duration and mean intensity (see Figure 1).

Furthermore, the presence of neonatal MMR for happy
syllables relative to corresponding nonvocal sounds indi-
cates that the TVA specialization in processing voices
emerges very early in development. This may not be
surprising as the primary auditory cortex, involved in
voice processing, undergoes intensive synaptogenesis be-
tween 27 weeks and 3 months postterm (Huttenlocher &
Dabholkar, 1997). This critical period has been shown to
parallel that of dendritic development and myelination in
the auditory cortex (Huttenlocher & Dabholkar, 1997,
Barkovich, 1990). Interestingly, one recent study mea-
sured the electrophysiological index on the auditory odd-
ball paradigm and demonstrated that newborns can
distinctly process their mother’s voice at an early preatten-
tional level (Beauchemin et al., 2011). In parallel with the
fronto-temporal positivity to voices in adults (Charest
et al., 2009) and children (Rogier, Roux, Belin, Bonnet-
Brilhault, & Bruneau, 2010), the fronto-central MMR to the
discrimination between spoken syllables and nonvocal
sounds appears as positive deflections in newborns. Thus,
the neural underpinnings of human voice processing are
already present at birth. MMR, as a biological indicator of
voice sensitivity, may be crucial in assessing such cortical
function in newborns, especially of those infants at risk for
neurodevelopmental disorders with social reciprocity prob-
lems, such as autism spectrum disorders.

Our findings also indicate that voice affect contributes
to the neonatal MMR. In Experiment 3, the angry—happy
MMR was present for emotional syllables but absent for
acoustical controls. The emergence of neonatal MMR to
the perception of emotional syllables, being mainly driven
by affective discrimination beyond acoustical distinction,
is in good agreement with the available behavioral litera-
ture. For instance, one study examined neonates’ eye
widening in reaction to speech produced in either the
mothers’ native language or a novel language using neutral,
happy, sad, or angry prosody (Mastropieri & Turkewitz,
1999). Increased eye widening was found in response to
happy prosody but only for speech produced by the mater-
nal language. This early discrimination of voice emotion
seems to be related to prenatal experience with a specific
language. Our study measured the neonatal MMR in reac-
tion to emotional syllables “dada,” irrelevant to semantics,
which can reflect vocal affective information beyond spe-
cific language.

Negativity bias emerges early in the neonatal period.
Here, in Experiments 2 and 3, newborns showed a stronger
MMR, independent of attention, when hearing fearful and
angry syllables relative to happy syllables. MMR repre-
sents attention-independent perceptual change detection
(Nditinen et al., 2007). Angry prosody elicited a more

negative-going ERP and a stronger TVA activation than
happy or neutral prosody in 7-month-olds (Grossmann,
2010; Grossmann, Striano, & Friederici, 2005). Angry sylla-
bles evoked a stronger MMN than happy or neutral sylla-
bles in adults (Schirmer et al., 2005). From an evolutionary
perspective, the processing of threat-related emotions
(e.g., fear and anger) is particularly strong, independent of
attention (Belin & Grosbras, 2010; Vuilleumier, 2005).

Furthermore, the affective voice processing in new-
borns is characterized by a right hemispheric dominance.
In spite of prominent MMR obtained from newborns in
response to complex harmonic tones and speech sounds
(Cheour, Leppanen, & Kraus, 2000), such response has no
hemispheric asymmetry. In our study, the MMR in reaction
to happy syllables versus nonvocal sounds (Experiment 1)
as well as the differential MMR for fearful versus happy
syllables (Experiment 2) were lateralized to the right hemi-
sphere. Previous work has demonstrated stronger re-
sponses in the right superior temporal cortex and the
right inferior frontal cortex to the emotional compared
with neutral prosodies in 3- to 7-month-olds (Blasi et al.,
2011; Grossmann et al., 2010). Voice-sensitive activity,
which conveys affective cues, appeared stronger in the
right than left TVA (Latinus & Belin, 2011; Belin et al.,
2000). These results are consistent with the view that emo-
tion processing is characterized by a right hemispheric
dominance (Fox, 1991). The right TVA shows strong sen-
sitivity to affective information crucial for social commu-
nication (Belin & Grosbras, 2010; Ethofer et al., 2006;
Grandjean et al., 2005).

Behavioral studies have shown that newborns are cap-
able of responding to cries emanating from other neonates
(Dondi, Simion, & Caltran, 1999; Martin & Clark, 1982).
This early affective arousal and discrimination is thought
to play a crucial role as a building block of empathy (Decety,
2010). Neonates appear to possess the neural mechanism
to discriminate emotions from voices. Emotions differen-
tially modulate voice processing in the right hemisphere
already in neonatal period.

In Experiment 2, we found that the MMR, as an indicator
for affective discrimination, does not differ between gen-
ders. However, in young adults, one study reported that
MMN to emotional syllables with the same auditory oddball
paradigm exhibited gender differences (Schirmer et al.,
2005). This finding suggests that neonatal brain may use
different (immature) brain mechanisms to process this
discrimination. Sexual dimorphism of voice sensitivity
may be a result of sociocultural factors and sex hormones
during adolescence.

Finally, the findings of our study have important im-
plications for autism, a neurodevelopmental disorder.
Adults with autism fail to activate voice-sensitive regions
in temporal cortex (Gervais et al., 2004). Children and
adults with autism have difficulties to recognize emo-
tional expressions through voice (Rutherford, Baron-Cohen,
& Wheelwright, 2002; Hobson, Ouston, & Lee, 1989; Van
Lancker, Cornelius, & Kreiman, 1989). On the basis of a
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relatively large sample (7 = 98), our findings robustly
demonstrated that MMR for affective discrimination is
already specialized during the neonatal period. Amplitude
of MMN in response to pure tone is associated with the
functioning status of autism (Dunn, Gomes, & Gravel,
2008; Ferri et al., 2003). Therefore, in future work, the cur-
rent approach could be used to assess individual differences
in infants” MMR to affective voices and might thus serve as
one of potentially multiple markers that can help with early
identification of infants at risk for autism (Belin & Grosbras,
2010; Elsabbagh & Johnson, 2007).
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