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SUMMARY

Voices are the most relevant social sounds for humans and therefore have crucial adaptive value in develop-
ment. Neuroimaging studies in adults have demonstrated the existence of regions in the superior temporal
sulcus that respond preferentially to voices. Yet, whether voices represent a functionally specific category
in the young infant’s mind is largely unknown. We developed a highly sensitive paradigm relying on fast
periodic auditory stimulation (FPAS) combined with scalp electroencephalography (EEG) to demonstrate
that the infant brain implements a reliable preferential response to voices early in life. Twenty-three
4-month-old infants listened to sequences containing non-vocal sounds from different categories presented
at 3.33 Hz, with highly heterogeneous vocal sounds appearing every third stimulus (1.11 Hz). We were able to
isolate a voice-selective response over temporal regions, and individual voice-selective responses were
found in most infants within only a few minutes of stimulation. This selective response was significantly
reduced for the same frequency-scrambled sounds, indicating that voice selectivity is not simply driven
by the envelope and the spectral content of the sounds. Such a robust selective response to voices as early
as 4 months of age suggests that the infant brain is endowed with the ability to rapidly develop a functional
selectivity to this socially relevant category of sounds.

INTRODUCTION

Voices are arguably the most relevant sound for social interac-
tions in humans, providing listeners not only with linguistic in-
formation but also with a wealth of para-linguistic information
about speakers, such as their identity, sex, age, emotional sta-
tus, and trustworthiness.'™ A fundamental perceptual ability in
humans is to successfully segregate voices from the incoming
stream of auditory information and to jointly classify as voices
highly heterogeneous voice exemplars heard under variable
listening conditions.*° Despite this perceptual challenge, hu-
man voices are seamlessly and rapidly categorized among
many other sounds by adults.®® Efficient voice categorization
is supported by voice-selective brain regions located along
the bilateral superior temporal sulcus as well as the superior
temporal gyrus, referred to as the temporal voice areas
(TVAs),"® and whose sensitivity to voice stimuli is not fully
accounted for by acoustic features®'® or speech content."
Interestingly, cortical regions responding preferentially to spe-
cies-specific vocalizations have also been found in macaque
monkeys'? and dogs,'® suggesting a phylogenetic origin of
the neurobiology of voice selectivity in humans.'*
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However, the ontogeny of voice categorization in the human
brain remains largely unknown. Behavioral studies have shown
that even before birth, fetuses are able to differentiate between
familiar and unfamiliar voices,''® and electroencephalography
(EEG) studies have demonstrated that, compared with strangers’
voices, young infants respond preferentially to a familiar voice
(e.g., their mother’s'"~'° or their father’s voice®®). However, these
studies do not speak about perceptual or brain selectivity to vocal
sounds perse”' because familiarity detection is not specific to voi-
ces but can be detected in infants with any type of sound.?” In
addition, when investigating voice processing in young infants, it
is often the case that stimuli relied on very specific voice exem-
plars, such as lullabies® or recordings in “motherese,”*° leav-
ing unanswered whether a categorical response to natural voices
that is partially independent from simple acoustic features
emerges early in life.”**® One pioneering study”® examined the
development of the preferential response to voices when
compared with non-vocal sounds during infancy using near-
infrared spectroscopy (fNIRS). Even though vocal stimuli were
confounded by speech (including words and non-words) and
had important acoustic differences with non-vocal sounds,’ the
study showed that 7-month-olds, but not 4-month-olds, had
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Figure 1. Experimental design
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(A) 3-s excerpts of the sequences (10 sounds) for the intact (top) and scrambled (bottom) conditions. Note that the sounds are presented in the same order in both
conditions for illustration but were randomly presented within each sequence during the experiment (see STAR Methods).

(B) Spectrograms of the 3-s excerpts for the intact (top) and scrambled (bottom) sequences.

(C) Bode magnitude plot of the magnitude in decibels for the averaged sounds of vocal and non-vocal stimuli for intact and scrambled sequences.

(D) Schematic representation of auditory stimulation in intact (top) and scrambled (bottom) conditions. 250-ms sounds are embedded together with a 50-ms
silence gap between each sound. Sequences are created by presenting general sounds at 3.33 Hz (blue circles) with voices systematically presented at

1.11 Hz (red circles).

increased responses in the superior temporal cortex to the human
voice.?° This indication of a relatively late development of a prefer-
ential brain response to voices contrasts with the observation that
4-month-old infants already have a preferential response to natu-
ral and complex face images.*° This is particularly intriguing given
that the auditory system develops earlier than the visual one®’ and
that infants similarly attend to faces and voices very early in life.*?

The absence of systematic control conditions (i.e., contrasting
unfamiliar voices to other sound categories and to acoustically
controlled sounds) and the challenge of interpreting absence of
evidence in young infants'® are linked to the well-known method-
ological challenges of developmental research.”'** Neuroimag-
ing studies are limited in designing optimal infant-friendly
studies, with the consequence that often a large amount of
data is excluded®* or that the testing is often limited to asleep in-
fants.?® The progress of event-related potential recordings with
EEG paradigms has largely increased the feasibility of develop-
mental studies®®; yet, the number of participants excluded
and the time needed to collect reliable data across a variety of
control conditions are still a current challenge.®® Developmental
research therefore calls for a paradigm independent from behav-
ioral performance and that can generate data with high signal-to-
noise within a short testing time and without contamination by
irrelevant attentional, motor, or decisional processes.*’

In the present study, we reveal that 4-month-old infants have
the neural architecture supporting advanced voice categoriza-
tion processes. To do so, we adapted a fast periodic auditory
stimulation (FPAS) paradigm that relies on the principles of
Frequency-Tagging EEG that was initially developed to tag

voice selectivity in adults.” This approach relies on the fact
that a periodic modulation of a sensory feature elicits a periodic
variation in brain activity that projects at the frequency of the
periodic modulation and its harmonics (i.e., integer multiples)
in the EEG spectrum.®®**° The FPAS approach can tag two
key perceptual abilities to assess mature categorical represen-
tation in the brain: discrimination of vocal from non-vocal stim-
uli and generalization of this selective response to voices
across a variety of vocal exemplars.” Here, twenty-three
4-month-old infants listened to a stream of various sounds pre-
sented at a rate of 3.33 Hz in which heterogeneous voices were
inserted in a periodic fashion at 1.11 Hz. Infants were also pre-
sented with a scrambled version of the sounds, where the fre-
quency content and envelope are preserved, but recognizability
is disrupted’® (Figure 1). We found that the infant brain can
discriminate and generalize short voice segments included in
a rapid stream of various non-vocal sounds, leading to a robust
voice-selective response over posterior and temporal regions.
Importantly, a significant difference was found between the
neural activity elicited by intact and scrambled voices, indi-
cating that the voice-selective response cannot be explained
only by the spectrogram and the envelope of the voice ex-
cerpts and suggesting high-level voice categorization in the in-
fant brain as early as 4 months of age.

RESULTS

Visual inspection of the grand-averaged amplitude spectrum
pooled across channels for the intact condition indicates that
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Figure 2. EEG amplitude spectrum for the
intact condition
Grand-averaged raw amplitude spectrum for the
intact sound sequence condition. Light gray lines
depict each of the 63 channels, whereas the black
line represents the average of all EEG channels. A
response at the sound presentation rate (3.33 Hz)
and its first harmonic (6.66 Hz) is clearly visible
in the EEG spectrum. This response indicates that
the brain segments the sound units that compose
the sequences. The voice-selective response is
visible in the EEG spectrum at the voice presen-
Response tation frequency (1.11 Hz) and its first harmonic

to (2.22 Hz).
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a significantly larger response in the
scrambled condition (Table S2).
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presenting a variety of recognizable sounds at a rapid rate of
3.33 Hz elicits a clear general response at the same frequency
and its harmonics in the 4-month-old infant brain (Figure 2).
Importantly, a voice-selective response is also clearly visible at
the rate of voice presentation (1.11 Hz) and subsequent har-
monic (2.22 Hz), revealing a differential neural activity elicited
by voices compared with non-vocal sounds that generalizes
across voice exemplars. After having compiled each neural
response across significant harmonics (see section frequency-
domain analysis in the method details), we investigated their sig-
nificance over the whole scalp and whether they differ between
intact and scrambled conditions.

General auditory response

The significance of the general auditory response was first
determined in the intact and scrambled conditions separately
using Z scores contrasting the amplitude of the response to
the mean amplitude of background noise (p < 0.05, false
discovery rate [FDR]-corrected for the entire electrode set,
one-tailed, signal > noise). We observed a strong response
distributed over the whole scalp, as most channels show a sig-
nificant response in both conditions (all 63 channels for the
intact sounds and 61 channels for the scrambled sounds)
(Table S2). Signal-to-noise ratios (SNRs) calculated on the
average of all channels reveals a 67% and 46% signal increase
compared with surrounding noise in the intact (SNR = 1.67) and
scrambled (SNR = 1.46) conditions, respectively (Figure 3A).
Baseline-corrected amplitudes reveal a topographical distribu-
tion similar for each condition, being larger at bilateral occipito-
temporal channels, with the maximum amplitude for channel
P10 in both conditions (mean + SEM: 1.18 + 0.2 puV in intact,
0.96 + 0.1 pV in scrambled) (Figure 3B). When the two condi-
tions were compared by calculating Z scores on their amplitude
difference (p < 0.05, FDR-corrected for the entire electrode set,
two-tailed, intact # scrambled), a significantly higher response
was found in the intact condition than in the scrambled condi-
tion for 37 out of the 63 channels (=59%), mainly located over
occipital and temporal regions. In contrast, no channel yielded
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As for the general auditory response,

the significance of the voice-selective
response was first investigated in the intact and scrambled con-
ditions separately. For the intact condition, three contiguous
electrodes showed a significant response over the left temporal
region (C5: Z = 4.05, pgpr = 0.002; FC5: Z = 3.37, prpr = 0.008;
T7:Z=3.2, prpr = 0.011) together with another three contiguous
electrodes at right occipito-temporal scalp locations (P8: Z =
3.62, prpr = 0.005; PO8: Z = 2.99, pgpr = 0.016; PO6: Z =
2.97, prpr = 0.016. For the scrambled condition, only two tem-
poral electrodes showed a significant response, one in each
hemisphere and with no overlap with the channels identified in
the intact condition (TP7: Z = 3.05, pgpr = 0.036; TP8: Z =
3.41, prpr = 0.021; Figure 4A). For the intact condition, the
magnitude of the response is maximal at channel C5 over the
left temporal region (0.99 + 0.24 uV) and at channel P8 over
the right occipito-temporal region (0.88 + 0.23 pV). For the
scrambled condition, the magnitude of the voice-selective
response is 0.51 + 0.13 pV at channel TP7 and 0.62 + 0.17 pV
at channel TP8 for the left and the right areas, respectively.
The mean baseline-corrected amplitude across these respond-
ing channels is 0.80 + 0.17 and 0.56 + 0.12 pV for the intact
and scrambled conditions, respectively (Figure 4B).

Next, to compare the strength of the voice-selective response
between conditions, we computed Z scores on their amplitude
difference and found five electrodes with a significantly larger
response to intact rather than scrambled voices (Figure 4A),
including two electrodes over the left temporal region (FC5:
Z=3.39, prpr = 0.016; C5: Z = 5.4, prpr < 0.001) and three elec-
trodes at right occipito-temporal sites (P8: Z = 2.93, prpr =
0.049; PO8: Z = 2.88, prpr = 0.049, 02: Z = 3.36, prpr =
0.016). In contrast, no electrode showed a significantly
larger voice-selective response for the scrambled condition
(Table S3). SNR values of 1.61 and 1.31 (61% and 31% of
signal increase) were respectively obtained for the intact and
scrambled conditions in these voice-selective channels (Fig-
ure 4C). Z scores were also computed on the individual
amplitude difference and 19 out of 23 infants showed a signifi-
cantly larger response to intact rather than scrambled voices
in at least one out of the 63 channels (p < 0.005, two-tailed,
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Figure 3. General auditory response for the intact and scrambled
sounds

(A) Signal-to-noise ratio graph of the averaged channels in the intact (red) and
scrambled (blue) conditions for the sum of the seven consecutively significant
harmonics (i.e., up to 23.31 Hz). Shaded areas depict the standard error of the
mean (SEM).

(B) Amplitude distribution of the summed response to intact (top) and
scrambled (bottom) sound sequences. Topographic head plots were obtained
by summing the baseline-corrected amplitude of the seven consecutively
significant harmonics (i.e., up to 23.31 Hz).

See Table S2 for Z scores at each channel.

Scrambled

intact # scrambled, Table S4). Even when applying a highly con-
servative threshold at the single-subject level (FDR correction
for the entire electrode set), 15 out of 23 infants showed
an enhanced response to intact versus scrambled voices
(Prpr < 0.05, two-tailed, intact = scrambled) (Table S5).

To ensure that the observed advantage for the intact condition
remains when accounting for the variability of the response
across infants, we then compared the baseline-corrected ampli-
tude of the voice-selective response between conditions,
considering individual infant data. First, we considered the
mean baseline-corrected amplitude across the eight channels
previously identified as showing a significant response in each
condition (i.e., respectively six and two for the intact and scram-
bled conditions, see above) and compared them using a two-
tailed paired t test (p < 0.05, intact # scrambled). We found
that the intact condition yields a significantly larger response
(0.72 + 0.15 pV) than the scrambled condition (0.42 + 0.10 pV,
tpo =2.13, p = 0.022, Cohen’s d = 0.534). We further confirmed
the analysis using only the two best channels (i.e., presenting the
highest Z score; one per condition) for each scalp region (means
across C5 and TP7 in the left hemisphere and across P8 and TP8
in the right hemisphere) to include the same number of channels
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per condition. The difference was again significant in the left tem-
poral region (intact: 0.74 + 0.15 pV, scrambled: 0.44 + 0.11 pnV,

teg =2.15, p = 0.021, Cohen’s d = 0.486), while non-significant
in the right occipito-temporal region despite a still-stronger
voice-selective response to intact voices (0.69 + 0.21 pV) than
scrambled voices (0.56 + 0.14 uV, txp = 0.77, p = 0.45, Cohen’s
d = 0.197). This apparent hemispheric asymmetry of the voice-
selective response is, however, not supported by the mean
lateralization index calculated on the significant channels in the
standard condition (—12.6 + 12%), which was not significantly
different from 0O (2= 0.16, p = 0.157).

Visual inspection of individual infant data revealed a focal
voice-selective response with a variable topographical distribu-
tion across infants (Figure 5). To determine whether the advan-
tage for the intact condition remains when accounting for
this variable scalp topography, we considered the channel pre-
senting the largest individual baseline-corrected amplitude in
each condition and for each infant. When the best channel in
the intact condition is compared with the best channel in the
scrambled condition (which can be different across conditions
and infants), the voice-selective response remains significantly
larger in the intact (2.42 + 0.23 pV) than the scrambled condition
(1.84 £ 0.11 puV, txp = 2.60, p = 0.008, Cohen’s d = 0.715). This
finding remains unchanged when considering the mean magni-
tude across the two channels (same channels across conditions,
which can be different across infants), with a larger response in
the intact (1.58 + 0.19 V) than the scrambled condition (1.20 +
0.13 pV, paired t test, tpy = 2.43, p = 0.024, Cohen’s d =
0.269). In sum, the higher response in the intact condition is
consistent across infants and analytical choices (Figure 5).

Finally, we conducted two additional analyses to reinforce the
robustness of the difference between the responses to intact
and scrambled voices. First, whole-scalp cluster-based permu-
tation testing confirmed that a cluster of two left temporal chan-
nels respond more to intact than scrambled voices (FC5: t = 3.06,
p = 0.006; C5: t = 2.39, p = 0.026). Then, intact and scrambled
conditions were successfully decoded from the amplitude of
the voice-selective response over the whole scalp with an accu-
racy of 57 + 0.03%, which was significantly above chance level
(p =0.011).

Voice-selective response normalization by the general
auditory response

Because the general auditory response is of a larger amplitude
for the intact than the scrambled condition, it could relate to
different levels of attention to auditory sequences according to
the nature of the stimuli and influence the strength of the
voice-selective response. Thus, we normalized the voice-selec-
tive response by the general auditory response to ensure that the
amplitude difference between conditions for the former is not ac-
counted for by the amplitude difference for the latter. For each
channel, individual data were normalized using the raw ampli-
tude of the voice-selective response divided by the mean
scalp-wide amplitude of the general response used as norm
in the intact (1.39 pV) and scrambled conditions (1.26 pV),
respectively. Resulting individual amplitudes were grand-aver-
aged by condition and Z scores were calculated on the ampli-
tude difference between conditions for all channels. Channels
C5 and 02, as found in the previous analysis, were again
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(A) Topographic distribution of the significant electrodes of the voice-selective response. Two-dimensional (2D) head plots represent the Z score values of the
intact (top), scrambled (center), and intact minus scrambled (bottom) conditions, contrasted with zero. See Table S3 for Z scores at each channel.

(B) Amplitude distribution of the response at intact (top), scrambled (center), and intact minus scrambled conditions. Topographic head plots were obtained by
summing the baseline-corrected amplitude at the two significant harmonics (i.e., until 2.22 Hz).

(C) Signal-to-noise ratio graph of the averaged significant channels in the intact (red) and the scrambled (blue) conditions. Shaded areas depict the SEM.

significant (C5: Z = 4.81, pepr < 0.001; O2: Z = 3.44, prpr =
0.018). This shows that the voice-selective response elicited by
intact voices remains higher than the one elicited by their scram-
bled versions, even when normalized by the amplitude of the
general auditory response. Moreover, when the same procedure
is applied on the mean baseline-corrected amplitude of the
response across the eight responding channels previously iden-
tified, the difference between conditions remains significant,
with an advantage for the intact (0.55 + 0.1 pV) over the scram-
bled condition (0.33 + 0.08 puV, tpp) = 1.79, p = 0.043, Cohen’s
d = 0.445).

DISCUSSION

Given the importance of vocal information in the social develop-
ment of humans and other animals, evolution may have equip-
ped the brain with the ability to efficiently categorize voices as
a specific sound category very early in development. In this
study, we demonstrate that 4-month-old infants have already
the neural architecture to automatically discriminate voices as
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a specific auditory category, partially independently from low-
level acoustic features characterizing voices.

To do so, we combined EEG recordings with an FPAS
approach that tags the ability of the infant brain to both discrim-
inate vocal from non-vocal stimuli and generalize this response
to voices across a variety of vocal exemplars. In recent years,
the frequency-tagging EEG approach has been increasingly
used to study visual categorization (e.g., faces,*’ words,*?
body limbs and houses*®) and voice categorization in the adult
brain’. In particular, while behavioral studies are often unable
to disentangle the internal capacities from superficial con-
straints, as cognition in preverbal human infants must be inferred
from overt motor behaviors,***® frequency-tagging EEG has
emerged as a powerful tool to investigate visual categorization
abilities in non-verbal developmental populations®®*¢® as it
does not require an overt behavioral response. In addition, it al-
lows the isolation of clear category-selective responses with
relative immunity to artifacts and high SNR in a short acquisition
time.*° For instance, while the spontaneous movement of the in-
fants, such as sucking or other rhythmic movements, generally
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(A) For each participant, the channels with the highest amplitude values are displayed in both conditions. The amplitude value was obtained by summing the
baseline-corrected amplitude for the two harmonics of the voice frequency stimulation (1.11 and 2.22 Hz).
(B) Individual subtracted responses between the two conditions (intact minus scrambled). The maximum amplitude value of each participant (#1 to #23) used for

individual scaling is indicated above its respective topography.

See Tables S4 and S5 for Z scores at each significant channel and participant.

elicit strong artifacts and lead to reject a lot of data in EEG infant
studies, they only have a negligible influence at the frequencies
of interest as they are not periodic enough to elicit a response
in a narrow frequency bin. Thanks to the high frequency resolu-
tion in our study (0.0327 Hz), brain responses are captured in tiny
frequency ranges while noise spreads more widely. Baseline
correction from surrounding frequency bins therefore suffices
to strongly reduce the contribution of background noise to the
tagged responses. Finally, frequency-tagged EEG responses
are defined objectively (measured at pre-experimentally defined
frequencies), making the approach robust and reliable despite
variable neural responses across young individuals. FPAS is
thus a promising emerging tool for infant research because
perceptual abilities can be inferred automatically from brain re-
sponses.®® This technique can be used in future studies to
further investigate whether categories of sounds other than the
voice are present in the infant brain (e.g., for tools, musical instru-
ments®®'7°%) and whether those putative category-selective re-
sponses are elicited by separate neural generators.

Our results show a strong general auditory response to the
rapid streams of sounds in both intact and scrambled conditions,
with a high amplitude at frontal and temporal channels, and a
similar number of significant channels (63 for intact, 61 for
scrambled). This very robust response, with almost 100% of
responsive channels, indicates that the infant brain is able to
strongly synchronize to complex and heterogeneous sounds
embedded together every 300 ms, in line with findings on rhythm
perception using pure tones.>*>° Studies on language process-
ing and acquisition have mainly presented auditory stimuli in
isolation,®® whereas here we show the ability of the infant brain

to segment a rapid stream of sounds embedded together as in
real life, a crucial skill that needs to be acquired before lan-
guage.®’ Moreover, the scalp distribution is comparable to the
one found with the same approach in adults,” suggesting that
a similar underlying architecture for processing object sounds
is already present in infancy.®® Although the responses to intact
and scrambled sounds are both strongly significant, a higher
activation was found in the intact condition when directly
compared with the scrambled condition. This indicates that
while both conditions successfully synchronized the infants’
auditory system, sequences of intact and therefore recognizable
sounds may have engaged more attention in the young infants.°
Finally, the voice-selective response may have contributed to the
general auditory response at 3.33 Hz, this frequency being the
third harmonic of the voice-selective response. The advantage
of the intact sounds at the general auditory presentation rate
could therefore be partially attributed to a higher response for
the intact voices over the scrambled voices.

Most importantly, we also measured voice-selective neural
activity over the left temporal and right occipito-temporal elec-
trodes. This voice-selective response is an ecologically valid
measure of voice categorization under the challenging hearing
conditions experienced in natural auditory environments.
Indeed, as a variety of vocal and non-vocal sounds were pre-
sented rapidly (every 300 ms), it mimicked the continuous flow
of auditory information one can experience in real life. The voices
presented come from variable unfamiliar speakers differing in
age and sex, thus avoiding any familiarity confound in tagging
voice selectivity.'” In fact, in most developmental studies inves-
tigating voice processing, the stimuli are often very specific
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exemplars—such as lullabies,”® sentences with “falling intona-
tion contour,”®° or recordings in motherese (the particular way
in which mothers speak to their infants, characterized by “unique
acoustic signature” and “exaggerated pitch contour”), 4% or
only a single female speaker.?” Contrasting voices that are
acoustically very distinct from any other non-vocal sounds there-
fore do not solve the presence of a categorical, high-level
response to voices independent from acoustic features.®?
Here, the periodic presentation of highly heterogeneous voices
already provides an intrinsic control for the low-level auditory
cues that are not common to the variety of voices used in our ex-
periments.*’ In addition, voices are contrasted with a variety of
non-vocal sounds, such that several acoustic features are
commonly present in both vocal and non-vocal stimuli.*’ To
further control for the specific spectral content of the voice stim-
uli, we presented the infants with sequences created by scram-
bling vocal and non-vocal sounds. This technique preserves the
spectral content of the original sound and the temporal structure,
while altering recognizability and harmonicity.”*° Although the
selective response at the voice presentation frequency was sig-
nificant for both intact and scrambled sequences, six channels
(three in each hemisphere) were significant for the intact voices
as opposed to only two isolated channels for the scrambled
sequence (one per hemisphere). Interestingly, these channels
do not overlap between intact and scrambled sequences, sug-
gesting different neural sources. In particular, while the voice-se-
lective response to intact voices is descriptively larger in the left
than the right hemisphere, no significant lateralization has been
found, much like the same response in adults with a similar
paradigm.’

When directly contrasting the brain responses elicited by
intact and scrambled voices, a clear advantage is found for intact
voices at three left temporal and two right occipito-temporal
channels, whereas no channels respond preferentially to the
scrambled voices. A stronger amplitude for intact than scram-
bled voices is found even when controlling for the number of
channels to compare and for the difference between the two
conditions for the general auditory response. The results were
confirmed using cluster-based permutation testing and by an
additional classification analysis over the whole scalp. This reli-
able enhanced response to intact over scrambled voices reveals
that the frequency content and the envelope of the vocal sounds
cannot alone explain the preferential brain response to voices,
suggesting instead a high-level categorization process. These
results observed in young infants of 4 months show important
similarities with adult data for which the voice-selective response
peaked over the temporal channels even when sounds were
further controlled for harmonicity-to-noise ratio.” Importantly,
we identified individual voice-selective channels and found that
a preferential response for intact rather than scrambled voices
was reliably present in most of the infants tested, confirming
the consistency and the robustness of the voice-selective
response in the 4-month-old infant brain. The fact that we were
able to unequivocally show voice selectivity, even at an individ-
ual level, is rather unique in developmental studies and likely
originates in the sensitivity of the FPAS-EEG approach.

It is important to note that our scrambling procedure directly
controls for specific features of the sound, such as spectral
content and envelope, while not controlling for others, such as
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harmonicity. The scrambling procedure disrupts the harmonicity
of the sounds, which may thus contribute to the difference be-
tween the intact and scrambled conditions. However, there are
several reasons to consider that the voice-selective response
is not fully feature-based and partly reflects a high-level categor-
ical process that goes beyond low-level acoustic cues to catego-
rize variable stimuli as voices. First, because we used a large set
of naturalistic auditory stimuli for both objects and voices, low-
level acoustic features are highly variable across stimuli. The
use of widely variable stimuli controls for irrelevant properties
by variability rather than elimination or homogenization, as
imposed in natural conditions. This guarantees that the variable
physical properties are less prone to elicit a differential neural
response that generalizes across category exemplars. In fact,
the voice presented may be from a female or a male speaker,
young or old, with different emotional content, distinguished
from a horn, keychain, bark of a dog, etc. A response to voices
is thus present only if, in each 1.11 Hz cycle, there is a specific
and reliable neural signature despite the high physical variability
of vocal and non-vocal sounds. In other words, the signal at
1.11 Hz and harmonic in the EEG spectrum only captures what
generalizes across the neural responses to the 33 voice excerpts
within a sequence, an invariant voice representation in the brain.

Second, in the adult study that we based the current study on,”
another condition was added wherein vocal sounds were
embedded together with musical instruments, and all stimuli
were controlled for harmonicity, pitch, and spectral center of
gravity. Even in this condition, a strong voice-selective response
was present at the temporal electrodes, revealing that these fea-
tures alone do not drive the adult response. Admittedly, adult
data should be considered with caution when interpreting infant
data. Future infant studies should thus use the same condition,
together with other scrambling procedures (e.g., spectrally
rotated stimuli that preserve temporal structure but alter spectral
information®') to further delineate the mechanisms subtending
the selective response to voices in the infant brain. Our study,
being the first to implement FPAS and frequency-tagging EEG
to investigate voice processing in the infant brain, paves the
way for many future studies addressing the early development
of auditory categorization.

Previous studies on voice processing in young infants mostly
focused on preferential response to the mother’s or father’s
voice,'"®? which are not conclusive about sensitivity to voices
as a specific category per se because the responses observed
may be triggered by the perception of a familiar sound.?’ Another
developmental study focused on the discrimination of affective
voices,”” where emotionally spoken syllables from one female
speaker were contrasted with matched synthesized non-vocal
sounds. However, without naturalistic auditory objects con-
trasted with the voices, their discrimination may be driven by
naturalness or familiarity rather than a real ability to categorize
voices against non-vocal sounds belonging to other categories
that the infant encounters in its environment.?” A previous study
showed that when various voices are contrasted with non-vocal
sounds, a selective response to voice stimuli has been sug-
gested in 7- but not in 4-month-old infants, therefore suggesting
that voice specialization only arises between 4 and 7 months of
age.”® Additional discrepancies regarding the onset of voice
selectivity during development come from studies showing a
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greater activation for vocal contrasted with non-vocal stimuli in
the temporal cortex of infants ranging from 3 to 7 months of
age in fMRI® and 4 to 7 months of age using fNIRS.?® Not only
can the wide age range used not solve the debate on the
ontogeny of voice selectivity but these studies also lack a control
for the low-level acoustic features that characterize voices to
disentangle their role in high-level voice categorization. To the
limit of our knowledge, our study is the first to demonstrate a
robust categorical response to voices as early as 4 months of
age, where voices are not only highly variable and contrasted
with a variety of non-vocal objects but vocal sounds are also
controlled for important low-level acoustic features. The fact
that we found a voice-selective response as early as 4 months
when other studies did not?® is likely due to the high sensitivity
of the FPAS approach, which could become an important tool
for developmental auditory neuroscience.

In conclusion, our study demonstrates that 4-month-old infants
already possess the neural wiring to automatically categorize voi-
ces against many other non-vocal sounds, with a voice-selective
response distributed over specific temporal electrodes resem-
bling the topography observed in adults.” Taken together, these
results bring forth evidence that the infant brain is endowed with
the ability to rapidly develop a functionally selective response to
voices, a neural selectivity that may support the efficient process-
ing of this socially relevant category of sounds early in life.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Twenty-three 4-month-old infants took part in the experiment (12 females, mean age = 125.8 + 13 (SD) days, range: 107-164 days).
All participants were born at term, had an APGAR score at 9/10 at birth, and their caregivers reported no auditory or neurological
disorders. No participants’ data was excluded from the final sample. The size was estimated a priori as in Rekow et al.*® (i.e., Cohen’s
d = 0.8, significance level o = 0.05 (two-tailed), power 1-p = 0.95; we chose a high-power value to improve our ability to find a
significant voice-selective response). Caregivers were recruited through the local birth registry after a mail contact, and they gave
written consent after being fully informed about the aim and procedure of the study. The experiment was conducted according to
the Declaration of Helsinki and under the approval of the French ethics committee (CPP Sud-Est Ill).

METHOD DETAILS

Stimuli

Stimuli were the same as in a previous study on voice categorization in adults.” The total set consisted of 192 sounds divided in 137
non-vocal sounds (environmental sounds, musical instruments, sounds produced by objects) and 55 vocal sounds (speech and non-
speech vocalizations by speakers of different sex, age, and emotional states) that were equalized in overall energy (root mean
square).®’ Each sound lasted 250 ms, including a fade-in and a fade-out of 10 ms each to avoid clicking. Importantly, each sound
was available in both intact and scrambled versions. Scrambled sounds were created following a procedure based on a previous
study”*° by applying a Fast Fourier Transformation to all original sounds, and by shuffling the magnitude and phase of the signal
within each 200 Hz frequency window, as a wider window would lead to recognizable sounds. An inverse Fourier Transform was
then computed, and the original sound envelope, which was extracted using Hilbert’s transform, was applied to the scrambled
sound. As a result, scrambled sounds had frequency content and spectral-temporal structure almost identical to those of the original
sounds [Figure 1], but harmonicity was altered and recognizability disrupted.” Moreover, the magnitude of the FFT of the envelope of
intact and scrambled sequences are similar (o= -1.1920, p= 0.2479, Cohen’s d = -0.1751). To facilitate individual sound segrega-
tion and avoid masking effect within the rapid stimulation sequence, a 50-ms silence was inserted after each sound, thus resulting in
300-ms-long sound stimuli.

Design

The intact and scrambled sounds were respectively embedded to create the corresponding two conditions. Each stimulation
sequence was created by randomly selecting 106 stimuli from the whole set of sounds (71 non-vocal and 35 vocal sounds), resulting
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in unique sequences at each stimulation. The sounds used to create the sequences were systematically presented in a random order.
Therefore, each participant listened to unique exemplars of intact and scrambled sequences in the effort to increase generalization.
The total duration of a sequence was 31.80 s, including a 1-s fade-in and a 1-s fade-out at the beginning and at the end of the
sequence, respectively. Sequences were structured so that sounds were presented at a rate of 3.33 Hz (due to the 300-ms stimulus
duration, i.e., 1/0.300 s; see section Stimuli). Crucially, vocal sounds were inserted at each third sound, leading to an additional rate of
voice presentation at 1.11 Hz (3.33 Hz/3 = 1.11 Hz) leading to a cycle of 900ms (object — object — voice; OOV) (Figure 1D). With this
design, a response at the general rate of sound presentation (3.33 Hz) and its harmonics (i.e., integer multiples) for both intact and
scrambled conditions would indicate the infant brain’s ability to segment all presented sounds. Most importantly, a response at the
1.11-Hz voice presentation frequency and its harmonics would reflect the infant brain’s ability to discriminate vocal from non-vocal
sounds and to generalize this response to the heterogenous vocal sounds presented within a sequence. Any advantage for the intact
compared to the scrambled condition would demonstrate that the voice-selective response is not simply driven by the frequency
content and the envelope of the sounds.

Procedure

After electrode-cap placement, infants were installed on a seat in a light- and sound-attenuated room. The seat was positioned at a
60 cm distance in front of a monitor behind which speakers were centered. Sequences were presented at an intensity of 60 dB,
measured with a decibel meter at the distance of the seat from the speakers. Caregivers were asked to stay distant from their infants
during stimulation and not to interact with them unless in case of manifest distress. To maximize testing duration and the number of
trials presented, when infants could not continue the experiment in the seat, they were further tested on their caregiver’s lap, who was
instructed to remain silent, to not move nor interact with them. Infants were continuously monitored using a camera placed on top of
the monitor and non-periodic visual distractors were used when needed to reorient attention toward the speakers. Stimulation se-
quences were launched by the experimenter when the infant was still and at least 5 seconds after the end of the previous one. A
sequence was a priori rejected and not considered for analyses in case of excessive movement or manifest distress before the
end of the sequence. Only one sequence was discarded for one infant. To equalize the number of sequences per condition, intact
and scrambled sequences were presented in a pseudo-randomized order (i.e., the order of presentation was shuffled at each paired
condition presentation so that the same condition was not presented more than two times in a row) until the first sign of tiredness,
discomfort, or caregiver’s demand. Excluding the discarded sequence, infants performed between 7 and 16 sequences in each con-
dition (total range: 14-32 minutes of testing, mean + SD 22.04 min + 4.99 min sequences, for an overall testing duration per infant
between 7.46 min and 17.06 min.

EEG recording and preprocessing

EEG was continuously recorded from a 63 Ag/AgCl electrode cap (Waveguard, ANT Neuro, The Netherlands) according to the 10-10
classification system with a sampling rate of 1000 Hz (acquisition reference: CPz, ground: AFz, the magnitude of initial electrode
impedance < 30 kQ). Data analysis was performed using the Letswave6 toolbox (https://www.letswave.org) running on
MATLAB_R2016b (MathWorks, USA), and custom-build scripts in RStudio (RStudio Team, 2018). Analysis followed a procedure vali-
dated in adults (for auditory, FPAS’ or visual studies®>®*) and infants.***®*” Raw EEG data were bandpass filtered at 0.1 - 100 Hz
(Butterworth filter, 4™ order) and down-sampled to 200 Hz to reduce file size. Individual EEG data was then cropped according to
each sequence segment starting from 2 seconds before the fade-in until the end of the sequence. Artifacts were corrected in
each sequence using the Artifact Blocking Algorithm®®-°® with a threshold of + 250 pV. All 63 channels were then re-referenced ac-
cording to a common average reference. Individual preprocessed data were re-segmented starting at the first complete cycle of
voice presentation after the fade-in (i.e.,1.2 s after the start of the sequence) until the end of the sequence to contain an integer num-
ber of cycles avoiding overspill of the response in the frequency domain. The resulting sequences had a length of 30.6 s (34 cycles of
900 ms, see Design) and were averaged separately by participant and condition (intact and scrambled) in the time domain, resulting in
a single averaged 30.6-s epoch per condition and participant. This step allows to increase signal-to-noise ratio (SNR) by attenuating
the EEG activity that is not in phase with the auditory stimulation.

Frequency-domain analysis

Frequency-domain analysis was then performed to isolate and quantify both the general auditory (3.33 Hz) and the voice-selective
(1.11 Hz) responses and their harmonics (i.e., integer multiples). A Fast Fourier Transformation (FFT) was first applied, resulting in
individual amplitude spectra for each channel and condition. Amplitude spectra had a resolution of = 0.0327 Hz (1/30.6 s; total
bins: 6120), allowing a high-resolution noise level estimation from frequency bins surrounding the signal at the frequency of interest.
The number of harmonics to consider for further analysis was then determined. For each condition, data were grand-averaged across
infants and channels, resulting in a single amplitude spectrum per condition. Z-scores were then calculated by subtracting the mean
amplitude of the noise from the amplitude of the signal at the frequency bins of interest and then dividing by the standard deviation
of the noise. Noise was estimated from 24 surrounding bins, excluding the local maximum and minimum amplitude and the two im-
mediate adjacent bins.®® The number of surrounding bins was chosen according to standard practices in the field of visual catego-
rization in adults®® and auditory categorization in adults.”®” This is a compromise between having enough bins to estimate back-
ground noise but still having a “local” estimation as the EEG frequency spectrum is differently affected by noise at different
frequencies.®® Significant harmonics were determined for each neural response separately, excluding harmonics of the general
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auditory response (e.g., 3.33 Hz) for the voice-selective response. Harmonics were considered as significant if their z-score was
higher than 1.64 (p <.05, one-tailed, signal > noise), and were included for further analysis until two consecutive non-significant
z-scores were found in either one of the two conditions. The highest number of harmonics in any condition was used to define
the number of harmonics for the two conditions. Following empirical recommendation,® the decision to include consecutive har-
monics in the analysis followed the rationale that including a high number of, even non-significant, harmonics to estimate the overall
response is a better option than missing a part of the response, especially considering that the overall magnitude of the response is
not influenced by non-significant harmonics (i.e., with a baseline-corrected amplitude = 0, see below).?® The resulting number of
harmonics was seven for the general auditory responses (from 3.33 to 23.31 Hz) and two for the voice-selective responses
(1.11 Hz and 2.22 Hz) (Table S1). For the following analyses, chunks centered on each harmonic and surrounded by 12 frequency
bins on each side were cropped from individual amplitude spectra for each infant, channel, condition, and neural response (7 chunks
for the general auditory response, 2 chunks for the voice-selective response), and summed across harmonics. Henceforth, if not
stated otherwise, the general auditory response and voice-selective response will refer to these summed responses across signif-
icant harmonics. The magnitudes and signal-to-noise ratios (SNR) of each of these responses were then calculated. For the former, a
baseline correction was computed to quantify each response in a single value in microvolts irrespective of the noise. The mean ampli-
tude of the noise (same estimation as for z-scores, see above) was subtracted from the amplitude of the signal, leading to a baseline-
corrected amplitude = 0 in the absence of response. To calculate the SNR, the amplitude of the signal was divided by the mean
amplitude of the noise (as defined above), leading to a SNR of 1 in the absence of response (signal = noise) and a SNR > 1 in
case of a response. Baseline-corrected amplitudes were used for both statistical and illustration purposes, while SNR was only
used for illustration.

Statistical analysis

For each response, we first determined its significance over the whole scalp using the grand-averaged response across infants for
each condition. Z-scores (as defined in section Frequency-domain analysis) were computed at each electrode to compare the ampli-
tude of the signal and surrounding noise. P-values were corrected across electrodes using the False Discovery Rate (FDR) procedure
to control for multiple comparisons’® (p <.05, FDR-corrected for 63 electrodes, one-tailed, signal > noise). Next, to investigate
whether the general auditory and voice-selective responses differ between intact and scrambled conditions, grand-averaged re-
sponses in the scrambled condition were subtracted from grand-averaged responses in the intact condition, and Z-scores were
calculated at each channel (p <.05, FDR-corrected for 63 electrodes, two-tailed, intact # scrambled). Given the high signal-to-noise
ratio, we also computed the same analysis at an individual level. For each subject, the response in the scrambled condition was sub-
tracted from the response in the intact condition and Z-scores were calculated at each channel (p <.05, FDR-corrected for 63 elec-
trodes, two-tailed, intact # scrambled).

Moreover, for the voice-selective response, we also compared its baseline-corrected amplitude between intact and scrambled
conditions considering the variance across infants. We first considered the mean baseline-corrected amplitude across the channels
previously identified as showing a significant response in each condition and compared them using a two-tailed paired t-test (p <.05,
intact # scrambled). Additionally, to further investigate this main effect, we analyzed the magnitude of the response separately for
each region, given that the voice-selective response is distributed over left temporal and right occipito-temporal scalp regions (see in
result section, voice-selective response). We averaged the baseline-corrected amplitude of two channels per region, namely the one
with the highest Z-scores identified in the intact condition and in the scrambled condition. We followed this procedure to ensure a fair
comparison across conditions, having the same numbers of channels from each condition to obtain the mean amplitudes to
compare. The lateralization of the voice—selective response was also investigated by computing a lateralization index that estimates
the size of hemispheric asymmetry reported to the overall response across both hemispheres. For each infant, the uncorrected
response amplitude of the three significant channels identified in each hemisphere for the standard condition was averaged, obtain-
ing one value per hemisphere. Next, the difference between the left-hemispheric response and the right-hemispheric response was
computed and divided by the sum of the two responses, expressed as: (left —right) / (left + right). The obtained index represents hemi-
spheric asymmetry expressed as a percentage, with positive and negative values indicating right- and left-lateralized responses,
respectively. Significance of this index was assessed using a t-test against 0 (p <.05, two-tailed).

In addition, we determined whether the difference between the two conditions remains consistent when the interindividual vari-
ability is considered, being the voice-selective responses focal across individual scalp locations. In each subject, we selected the
channels with the highest magnitude (one in the intact and one in the scrambled condition) independently of the location, following
the individual channel-of-interest procedure.”" An additional t-test was then conducted between the mean of the individual channels
across conditions. We also conducted two additional analyses to reinforce our finding that intact voices elicit a stronger selective
response than scrambled voices. First, a nonparametric cluster-based permutation testing’® was applied with t-tests between the
summed responses for each condition (p <.05, two-tailed, intact # scrambled) calculated at each electrode for cluster size definition
and percentiles from the distribution of mean cluster sum obtained after 1000 permutations as cluster significance threshold (p <.05,
two-tailed). To reinforce the idea that the intact and scrambled conditions elicit different brain responses in the infant’s brain, we used
a decoding approach to determine whether conditions can be classified from their topographical distribution. We performed a
binary classification (using SVM - support vector machine classifier’®) using a leave-one-trial-out cross-validation scheme. The
baseline-corrected-amplitude response of one trial from both conditions were used for testing while all other epochs were used
for training in a k-fold cross validation strategy, where k was the number of epochs in any condition for each participant. Individual
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accuracies of each fold were then averaged to obtain a single accuracy for each subject. Statistical significance of the averaged
binary classification accuracy was assessed using permutation testing (1000 permutations) against a null distribution.

Lastly, to ensure that any advantage of the intact condition for the voice-selective response is not accounted for by the same
advantage for the general auditory response, the voice-selective response was normalized by the general auditory response
in each condition. Raw and baseline-corrected amplitudes of the voice-selective response were divided by the mean scalp-wide
baseline-corrected amplitude of the general auditory response in each condition separately and analyses were computed following
the same procedure as above.
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