s ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

Newborns’ ability to match non-speech audio-visual information in the absence of temporal synchrony

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

Published Version:

Addabbo, M., Colombo, L., Picciolini, O., Tagliabue, P., Turati, C. (2022). Newborns’ ability to match non-

speech audio-visual information in the absence of temporal synchrony. THE EUROPEAN JOURNAL OF
DEVELOPMENTAL PSYCHOLOGY, 19(4), 547-565 [10.1080/17405629.2021.1931105].

Availability:

This version is available at: https://hdl.handle.net/11585/1031639 since: 2026-01-23
Published:

DOI: http://doi.org/10.1080/17405629.2021.1931105
Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

(Article begins on next page)
18 August 2026



http://doi.org/10.1080/17405629.2021.1931105
https://hdl.handle.net/11585/1031639

10

11

12

13

14

15

16

17

18

19

20

21

22

European Journal of Developmental Psychology

Newborns’ ability to match non-speech audio-visual information in the absence of

temporal synchrony.

Abstract

Multisensory experiences crucially contribute to the development of infants’ ability to match audio-
visual (A-V) information. This study investigated two-day-old newborns’ ability to bind non-verbal,
naturally occurring, experienced A-V stimuli. Our results demonstrate that, when presented with
experienced stimuli (yawns and hiccups) within an intermodal matching procedure, 2-days-old
newborns matched not only synchronous (Experiment 1) but also asynchronous A-V information
(Experiment 2). Conversely, no evidence of A-V association was found when unexperienced stimuli,
such as a linguistic sound (syllable /ba/) (Experiment 3), were presented in asynchrony. The possible

role of sensorimotor experience in the early emergence of intersensory abilities is discussed.

Keywords: Newborns; audiovisual perception; multisensory; sensorimotor experience; temporal

synchrony; non-speech perception.
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Introduction

From the first time a newborn is held, he sees faces that are talking and performing facial
gestures. Typically, these facial gestures are accompanied by sounds. Thus, newborns’ first
experiences with faces are multimodal in nature and involve both vision and audition. Available
literature shows that infants learn about the complex multisensory world from very early in life.
From birth, newborns are capable to match facial gestures and speech sounds (Aldridge, Braga,
Walton, & Bower, 1999; Guellai, Streri, Chopin, Rider, & Kitamura, 2016), non-human primate faces
and vocalizations (Lewkowicz, Leo, & Simion, 2010b) and rigid/non-rigid movements of PLDs (point-
light displays) of a face and auditory sentences (Guellai et al., 2016). In these studies, the ability to
make intermodal associations was testified by the fact that newborns typically manifest a visual
preference for matching over mismatching Audio-Visual (A-V) pairings. Intermodal capabilities at
birth are not only confined to the social world but also involve non-social A-V information (pitch of
a sound and visuospatial elevation, Walker et al., 2018; changes in visual size and auditory intensity,
Orioli et al., 2018) and also other sensory modalities (i.e., visuo-tactile) (Streri & Gentaz, 2004).

On which information newborns rely to unify information across senses? Evidence has
shown that both macrostructural (temporal synchrony between the onset and offset of the A-V
events) and microstructural relations (nested level of temporal synchrony between specific
movements of the face and changes of the sound) redundant across senses support newborns'
ability to perceive A-V events as a unity. Lewkowicz et al. (2010b) proposed that temporal synchrony
between the energy onset and offsets of A-V stimulations is the fundamental macrostructural
dimension allowing newborns to bind information across senses. This account is supported by
evidence showing that few days old newborns can match monkey faces to vocalizations (i.e., coo vs.
grunt), sharing the same energy onsets and offsets (Lewkowicz et al., 2010b). Importantly, newborns

could also bind A-V information when microstructural information was removed by replacing the
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natural vocalization with an artificial tone (Lewkowicz et al., 2010b). This finding suggested that
energy onsets and offsets represent crucial redundant cues promoting intermodal association at
birth. Since very early in human life, infants are sensitive to changes in synchrony between A-V
events, as both behavioral and neurophysiological evidence indicates that, from 2 months of age,
infants can detect 400 ms asynchrony between A-V information (Hyde et al., 2011; Dodd, 1979).
Further, infants can unify A-V speech percepts if they are separated in time by 500 (8-month-olds;
Pons & Lewkowicz, 2014) or 666 ms (4-month-olds; Lewkovicz et al., 2010a), dependently on the
nature of the stimuli. Remarkably, such a temporal-binding window remains pretty stable
throughout infancy until 5-years of age (Lewkovicz & Flom, 2014). Interestingly, a recent study
explored 2-day-old newborns’ ability to bind A-V information when presented with point-line
displays representing a face uttering sentences along with an utterance that matched only one of

the two stimuli (Guellai et al., 2016). Results have shown that A-V associations could be promoted
not only by macrostructural relations (co-occurrent onsets and offsets) but also by those
microstructural temporal relations that characterize speech prosodies, such as rhythm and
intonation. Overall, it could be possible to hypothesize that microstructural relations might
represent a fundamental source of information to bind A-V stimuli when newborns are presented
with complex stimuli (i.e., sentences). Differently, macrostructural information (energy onsets and
offsets) might be essential for newborns when exposed to simple and isolated A-V stimulations (i.e.,
cooing and grunting; isolated phonemic contrasts).

Furthermore, findings have shown that newborns are also able to match features between
events that do not co-occur over time. For example, newborns respond to numerical quantities
across the auditory and the visual modality (Izard et al., 2009) and can transfer object features, such
as shape, from touch to vision (Streri & Gentaz, 2004). These studies clearly indicate that temporal

cues are not always necessary for newborns to detect information across modalities. Thus, while



71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

%94

European Journal of Developmental Psychology

intersensory redundancy is, for sure, crucial to guide infants’ attention and to facilitate learning
from the very early stages of human life (Bahrick & Lickliter, 2000), it might not be strictly confined
only to the temporal dimension. In short, an important body of knowledge focused on newborns’
perception of synchronous changes of A-V information, while very little we know about newborns’
ability to match A-V information in the absence of temporal cues.

Noteworthy, very little is known about newborns’ and infants’ perception of facial gestures
and sounds related to non-verbal, vegetative behaviors, such as hiccups and yawns. To our
knowledge, only one study explored this topic and showed that, from 3 months of age, infants are
able to discriminate between a yawn and an unfamiliar mouth movement (unimodal visual
presentation) both at the behavioral and neural levels (Tsurumi, Kanazawa, & Yamaguchi, 2019).
However, the ability to associate A-V events from non-verbal vegetative behaviors in infancy
remains still unexplored. Importantly, both yawns and hiccups already occur during fetal and
postnatal life (Piontelli, 2014) and provide newborns, at birth, with spontaneous and naturally
occurring multimodal experience. Only postnatally, these behaviors are accompanied by
characteristic breath-sounds: yawns produce a sound generated by the inhalation and exhalation of
air, while hiccups produce the typical hic sound generated by the contraction of the diaphragm. It
is also important to note that both yawns and hiccups possess fundamental functions in humans:
yawning is considered a communicative behavior (Guggisberg, Mathis, Schnider, Hess, 2010), while
hiccup, which is a primitive and common motor behavior in utero and in newborn infants, is
considered crucial for the maturation of the inspiratory muscles and for nutrition (Howes et al. 2012;
Kahrilas & Shi, 1997).

Additionally, what makes yawns and hiccups so interesting is that these behaviors are
already part of newborns' first-person sensorimotor experience at birth. Early multisensory

experiences crucially contribute to the development of multisensory perception (Stein, Perrault,
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Stanford, & Rowland, 2009). Insights on the fundamental role exerted by experience on infants’
intermodal perceptual abilities come from studies showing that, at the end of the first year of life,
infants can match A-V speech streams of their native language without synchrony cues. However,
this ability still relies on temporal synchrony for non-native languages (Lewkowicz et al., 2015).
Mugitani et al. (2008) showed that 8-month-old infants are able to associate a lip movement to a
sound that they are able to produce (i.e., thrills), but they fail to do so when presented with
unexperienced sounds (i.e., whistles). Recently, Yeung and Werker (2013) showed that 4, 5-month-
olds are able to make A-V associations when presented with side-by-side talking faces producing a
vowel ([i] and [u]). Crucially, this preference for sound-matching gestures disappeared when, during
A-V presentation, infants were producing lip movements similar to the ones needed to produce the
heard vowel. Differently, they could still match A-V information when they were producing
mismatching-lip movements. Overall, these studies suggest that infants come to an understanding
of the multimodal A-V world through the perception and production of repeated contingent
information.

Here, we conducted three experiments in which we used an intermodal matching procedure
to test whether a few hours after birth, newborns can match a human face performing a yawn and
a hiccup to the corresponding sound in the presence and absence of A-V synchrony. We expected
newborns to detect the A-V coherence not only when sounds and facial gestures were presented
synchronously (Experiment 1) but also asynchronously (Experiment 2). Further, to investigate the
role of sensorimotor experience, we conducted a control study (Experiment 3) in which we replaced
the yawn and hiccup sounds with a linguistic sound (i.e., a /ba/ syllable), presented out of synchrony
with the yawn and hiccup facial gestures. Importantly, the /ba/ sounds are not part of newborns'
own sensorimotor experience and have the same duration of the yawn and hiccup sound, to exclude

the possibility that newborns’ A-V association abilities relied on the duration of the stimuli.
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Experiment 1

Experiment 1 explored whether newborns are able to match a facial gesture producing a
yawn and a hiccup with the corresponding sound presented synchronously. We hypothesized that
newborns would successfully detect the sound-matching A-V presentations, extending previous
evidence showing A-V matching abilities of unfamiliar stimuli (monkey faces and vocalizations) at
birth (Lewkowicz et al., 2010b) to familiar, spontaneous and naturally occurring (human yawns and

hiccups) A-V pairings.

Method

Participants. The final sample included 18 healthy full-term newborns (7 girls; mean age: 40 h,
range: 20-78, mean birth weight: 3380 g, Apgar score: at least 8 after 5 minutes). Newborns were
recruited at the maternity unit of the XX. Eleven additional newborns were tested but excluded from
the final sample due to fussiness (n = 8 newborns) or side bias (i.e., looking more than 85% of the
time in one direction, n = 3 newborns) (this criterion of exclusion is commonly used in studies
employing the visual preference paradigm with newborns, see for example Simion, Regolin, & Bulf,
2008; Farroni, Menon, Rigato, & Johnson, 2007; Longhi et al., 2015). All newborns were tested when
they were awake and in an alert state. The protocol was carried out in accordance with the ethical
standards of the Declaration of Helsinki (BMJ 1991; 302: 1194) and approved by the Ethics
Committee of the XX Hospital. Written informed consent was obtained from parents before the

beginning of the study.

Stimuli. Stimuli were two videos showing a woman’s face on a black background. Only the face was
visible, while the shoulders and neck were hidden. One video showed the face performing a yawn,

while the other video showed the same actress performing a hiccup. The two stimuli used in the
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present study were the ones that received higher ratings among 5 other versions of them (M yawn=
4.1, SD yawn = 0.6; M hiccup= 3.9, SD hiccup = 0.8) from 15 adult participants (7 females; mean age:
26 years) on a 5-point Likert scale, where 0 indicates ‘not similar at all to a real yawn/hiccup’ and +5
‘very similar to a real yawn/hiccup.” The duration of the yawn and the hiccup gestures were,
respectively, 2800 ms and 840 ms. Movements produced during the yawn and hiccup comprehend
movements of the inner features of the face (eyes and mouth) and movement of the whole head
that naturally accompany such behaviors. The ambient sound pressure level (SPL) of the sounds was
65 dB for the yawn and 63 dB for the hiccup. The mean pitch of the sounds was 294 Hz for the yawn
and 265 Hz for the hiccup. The videos were presented bilaterally and played continuously in a loop.
The dimensions of the face, at a distance of 30 cm from the screen, were 27.2° of visual angle in
width and 38.5° of visual angle in height, and the distance between the faces depicted in the
bilaterally presented videos was 24.5°. Newborns’ mothers were asked whether they had seen their
baby performing hiccups and yawns after birth. Results have shown that 17 out of 18 newborns
performed hiccups after birth, and 18 out of 18 newborns yawned, thus demonstrating that
newborns participating in the study had the first-person experience with yawns and hiccups during

postnatal life.

Procedure. Newborns were tested in a dedicated and quiet room (SPL = 42 dB) at the hospital. An
undergraduate student, unaware of the hypotheses of the study, sat with the newborn on the lap,

in front of the stimulus presentation monitor (27” screen size, 1920 X 1080 pixel resolution, 60 Hz),

at a distance of about 30 cm. A video camera recording the newborns’ gaze direction sent a visual
input to a laptop controlled by a second experimenter who controlled stimulus presentation
designed with E-Prime 2 (Psychology Software Tools) and registered the video of the newborn.
Another experimenter, blinded to the stimuli, coded offline the total looking times towards the two

stimuli. We used an intermodal matching procedure. Early multisensory abilities have been

7
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165 commonly investigated in infancy using the intermodal matching procedure in which infants are

166  presented with two side-by-side facial movements accompanied by a sound that matches only one
167  of the two visual stimuli. If infants are sensitive to the A-V correspondence, then they are expected
168 to look significantly longer to the facial movement that matches the sound (Lewkowicz et al.,
169  2010b). Stimulus presentation began as soon as the infant looked at a flickering white circle
170  appearing in the center of the screen; after its disappearance, four experimental trials were
171  presented. The video showing the two facial gestures was presented 10 times in a loop within each
172 trial. In each loop, the face was kept in a neutral position for 1000 ms, then the facial gesture
173  unfolded. The duration of the yawn and the hiccup movements were, respectively, 2800 ms and 840
174  ms. Given the differences in duration between gestures, the hiccup facial gesture was kept still in a
175  neutral position until the yawn ended. During the following 2000 ms, the face returned smoothly to
176  the initial neutral position (Figure 1). The first two trials were silent (silent condition); thus, only the
177  two faces were shown, without any sound. In the following two trials, facial gestures were presented
178 along with a sound that matched only one of them (In-sound condition). During the in-sound
179  condition, half of the newborns heard the yawning sound, and the other half heard the hiccup sound
180  (Figure 2a). The presence of a silent unimodal condition controls for infants’ baseline preference for
181  one of the two facial gestures (see Lewkowicz et al., 2010b, who have used the same procedure

182  with the newborns). This allowed us to examine whether infants increased their looking times to

183  the sound-matching facial gesture in the in-sound compared to the baseline/silent condition, thus
184  showing the ability to unify information across vision and audition. Sounds were presented through
185  two speakers positioned on the two sides of the monitor at an equal distance from its center. The
186  onset of the yawn and hiccup facial movements was the same. Thus, the onset of the sound was

187  synchronous with both facial movements, but, given the different lengths of the two videos, the

188  offsets were only synchronized to the offset of the corresponding facial gesture. In each trial, stimuli
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were shown simultaneously and bilaterally on the screen. The left/right position of the stimuli was
counterbalanced across participants and across trials. In each trial, videos were looped continuously
for 60 sec. At the end of each trial, the central circle re-appeared to attract the infants’ gaze to the
center of the screen. Video-recordings of eye movements were coded offline for 50% of the infants
by a fourth experimenter, blind to the stimuli shown. The inter-coder agreement (Pearson

correlation) was .90 for total fixation. The Intra-Class Correlation (ICC) coefficient was .95.

sslsslissfss

0 ms - Neutral face 1000 ms - 1840ms - 3800 ms - Return to the
Start face Stop hiccup Stop yawn neutral face
movements gesture gesture (2000 ms in duration)
@ 300 ms - Start sounds
Start sounds (SYNCHRONY)
(ASYNCHRONY)

Figure 1. Timeline showing the unfolding of the yawn and hiccup facial gestures.

Results. We used as dependent measure the proportion of looking times towards the sound-
matching gesture (yawn or hiccup) in the in-sound condition and to the same facial gesture
presented in the silent condition. The proportion of looking times towards the sound-matching
facial expression was calculated separately for each condition (silent and in-sound), dividing the

total looking time towards the sound-matching stimulus by the total looking times to both matching
and mismatching stimuli. We hypothesized that if newborns can match the facial gesture with the
sound, they should look longer towards the sound-matching facial gesture in the in-sound compared

to the same facial expression in the silent condition.
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The ., ANOVA on the proportion of looking times at the sound matching gesture with
condition (silent vs. in-sound) as the within-subjects factor and sound (yawn vs. hiccup) as the
between subject-factor showed a significant main effect of condition, F (1,16)= 11.06, p = .004, 17,° =
.41. Newborns looked proportionately longer at the matching facial gesture in the in-sound
condition (M = .61, SD = .13) compared to the silent condition (M = .46, SD = .16) (Figure 2b). The
factor sound (yawn vs. hiccup) did not reach statistical significance and did not interact with any
other factor (All ps > .38). The proportion of total looking times towards the sound-matching
stimulus in the in-sound condition was also significantly different from chance (M = .61, one sample
T-test vs. .5, t(;7 = 3.53, p =.003, d = .83), while no difference from chance was found in the silent
condition (M = .46, one sample T-test vs. .5, t(;7=1.11, p = .283, d = .261). These results were further
confirmed by examination of the data for individual infants, showing that 15 (7 heard the yawn and
8 the hiccup) out of 18 infants looked longer at the sound-matching stimulus in the in-sound
condition than in the silent condition (binomial test, p = .003).

Demonstrating that newborns are able to match a facial gesture to the correspondent sound,
these results replicate studies that have used non-familiar stimuli (Lewkowicz et al., 2010b) and

extend previous evidence to non-speech behaviors that are naturally part of newborns’ experience.

Experiment 2

In Experiment 2, we tested whether newborns are able to match A-V inputs even when
temporal synchrony is disrupted. We tested this possibility by presenting newborns with the same
stimuli of Experiment 1 but shifting the audio track 700 ms (for a similar manipulation, see
Lewkowicz, 2010a) before the facial movement, thus making the A-V presentation asynchronous

(i.e., removing of macrostructural redundant relations between A-V energy onsets and offsets).

10
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Method

Participants. The final sample included 18 healthy full-term newborns (9 girls; mean age: 46 h,
range: 20-75, mean birth weight: 3355 g, Apgar score: at least 8 after 5 minutes). Newborns were
recruited at the maternity unit of the XX. Ten additional newborns were tested but excluded from

the final sample due to fussiness (n = 9 newborns) or side bias (i.e., looking more than 85% of the
time in one direction, n = 1 newborns). All newborns were tested when they were awake and in an
alert state. The protocol was carried out in accordance with the ethical standards of the Declaration
of Helsinki (BMJ 1991; 302: 1194) and approved by the Ethics Committee of the XX Hospital
(NeoViper, n.1531/2011). Written informed consent was obtained from parents before the

beginning of the study.

Stimuli and procedure. Stimuli and procedure were the same as in Experiment 1 with one exception.
The soundtrack was shifted 700 ms before the onset of the facial gestures. This means that,
differently from Experiment 1, the sound and the facial movement were no longer synchronous (the
degree of temporal asynchrony was chosen on the basis of Lewkowicz, 2010a). The inter-coder
agreement (Pearson correlation) was .91 for total fixation. The Intra-Class Correlation (ICC)
coefficient was .95. The questionnaire administered to the mothers on newborns’ experience with
hiccups and yawns has shown that 17 out of 18 newborns performed hiccups after birth, and 18 out

of 18 newborns yawned after birth.

Results. The ,ANOVA on the proportion of looking times at the sound matching gesture
with condition (silent vs. in-sound) as within-subjects factor and sound (yawn vs. hiccup) as the
between subject-factor showed a significant main effect of condition, F (116)=9.63, p = .006, 77,,2 =
.37. Newborns looked in proportion longer at the matching facial gesture in the in-sound condition

(M= .64, SD = .17) compared to the silent condition (M = .43, SD = .17) (Figure 2b). The factor sound

11
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(yawn vs. hiccup) did not reach statistical significance and did not interact with any other factor (All
ps >.91). The proportion of total looking times towards the sound-matching stimulus in the in-sound
condition was also significantly different from chance (M = .64, one sample T-test vs .5, t 17)= 3.43,
p =003, d = .81), while no difference from chance was found in the silent condition (M = .43, one
sample T-test vs. .5, t;;7 = 1.63, p = .120, d = .385). These results were further confirmed by
examination of the data for individual infants, showing that 14 (7 heard the yawn and 7 the hiccup)
out of 18 infants looked longer at the sound-matching stimulus in the in-sound condition than in the
silent condition (binomial test, p = .01).

Further, when comparing the proportion of looking times at the sound matching gesture
between Experiment 1 and 2, the ,,,ANOVA with condition (silent vs. in-sound) as within-subjects
factor and experiment (Exp.1 vs. Exp.2) as between-subject factor revealed only a significant main
effect of condition (Fp,34 = 20.697, p < .000, 1,” = .378). This result confirms that temporal
synchronization didn’t modulate A-V matching and that newborns’ visual behavior was similar both
in the presence and absence of temporal synchrony.

Thus, the result of Experiment 2 showed that, even in the absence of temporal synchrony,
newborns could associate the sound with the matching facial gesture when this is part of newborns’

multimodal sensorimotor repertoire.

Experiment 3

Experiment 2 provided evidence that newborns are able to detect A-V relations also in the
absence of temporal synchrony. In Experiment 3 we manipulated the sound by replacing the yawn

and hiccup with a linguistic sound, the syllable /ba/. This syllable is a natural linguistic sound that

12
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newborn infants are not able to produce, but that was manipulated to share with the natural yawn

and hiccup a crucial perceptual feature, such as the duration of the auditory stimulation.

Method

Participants. The final sample included 18 healthy full-term newborns (5 girls; mean age: 50 h,
range: 28 -78, mean birth weight: 3471 g, Apgar score: at least 8 after 5 minutes). Newborns were
recruited at the maternity unit of the XX. Nine additional newborns were tested but excluded from
the final sample due to fussiness (n = 8 newborns) or side bias (i.e., looking more than 85% of the
time in one direction, n = 1 newborns). All newborns were tested when they were awake and in an
alert state. The protocol was carried out in accordance with the ethical standards of the Declaration
of Helsinki (BMJ 1991; 302: 1194) and approved by the Ethics Committee of the XX Hospital
(NeoPerFiSo, n. 624/2018). Written informed consent was obtained from parents before the

beginning of the study.

Stimuli and procedure. Stimuli and procedure were the same as in Experiment 2, but the natural
voice was replaced with the syllable /ba/ equal in duration to the natural sounds. In our choice of a
control stimulus, we have used a sound that, although not artificial, newborns were not able to
produce but that preserved a crucial temporal feature of the yawn/hiccup sound, that is, duration.
Also, the mouth movement of the /ba/ sound is similar and not completely incompatible with the
mouth movements that generate the hiccup and yawning gesture. The /ba/ sound was created by
asking an actress to produce a /ba/ sound while she was watching the yawn/hiccup facial
movements on a screen. While watching the hiccup, the actress produced a short /ba/ sound.
Differently, while observing the yawn, the actress produced a longer /ba/ sound by lengthening the
vocal /a/ of the syllable. The resulting sounds were then cut at the end and repositioned on the

13
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297  timeline in order to match the duration and the start of the yawn/hiccup sounds. Finally, the audio
298  track was shifted 700 ms before the facial movement. Throughout the manuscript, we will refer to
299  the /ba/ sound that matched in duration the yawn and the hiccup, respectively, as to the long /ba/
300 and short /ba/. The long and short /ba/ stimuli used in the present study were validated by 15 adult
301 participants (12 females; mean age: 29.8 years). When presented with the two sounds, all the adult
302 participants reported hearing a /ba/ sound. Newborns were tested in a dedicated and quiet room
303  (SPL =43 dB) at the hospital. The ambient sound pressure level (SPL) was 65 dB for the long /ba/
304 sound and 63 dB for the short /ba/ sound. The mean pitch of the sounds was 201 Hz for the long
305 /ba/sound and 197 Hz for the short /ba/ sound. The inter-coder agreement (Pearson correlation)
306  was .93 for total fixation. The Intra-Class Correlation (ICC) coefficient was .96. The questionnaire
307 administered to the mothers on newborns’ experience with hiccups and yawns has shown that 17

308 out of 18 newborns performed hiccups after birth, and 18 out of 18 newborns yawned after birth.

309 Results. In this experiment, the sound-matching gesture represents the facial movement that
310 matches the sound in duration. The ,,ANOVA on the proportion of looking times at the sound
311  matching gesture with condition (silent vs. in-sound) as within-subjects factor and sound (long /ba/
312  vs. short /ba/) as the between subject-factor showed no significant main effect or interaction (All ps
313  >.08). Results show that there is no difference between the proportion of looking times to the

314  matching facial gesture in the in-sound condition (M = .50, SD = .15) and in the silent condition (M
315 =.48,5D=.16) (t (17 = .471, p = .64, d = .111) (Figure 2b). The proportion of total looking times

316  towards the sound-matching stimulus in the in-sound (one sample T-test vs. .5, t (17 =.015, p = .98,
317 d = .004) and silent condition (one sample T-test vs. .5, t;7 = .632, p = .54, d = .149) wasn’t
318  significantly different from chance. Examination of the data for individual infants shows that 10 (5

319  heard the yawn and 5 the hiccup) out of 18 infants looked longer at the sound-matching stimulus in
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320 thein-sound condition compared to the silent condition (binomial test, p = .16). These results reveal

321  that newborns didn’t match the facial gesture to the sound that they heard.
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322
323 Figure 2. Procedure and Results. a) The intermodal matching procedure used in the present study,
324 which comprises a unimodal visual condition (two trials) followed by a bimodal A-V condition (two
325 trials). b) Individual and mean proportion of total looking times towards the sound-matching facial
326 gesture in the silent and in-sound conditions of Experiments 1, 2, and 3. Error bars refer to the
327 standard errors of the mean. ** = p <.01.
328
329 Our results showed that newborns could match asynchronous A-V information when they

330 heard the natural yawn and hiccup (Experiment 2), but not when they were presented with a sound
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that they were not able to produce, such as the /ba/ syllable (Experiment 3). To better understand
the differences in newborns’ visual behavior across these two experiments, we conducted a
ANOVA on the proportion of looking times at the sound matching gesture with condition (silent
vs. in-sound) as within-subjects factor and experiment (Exp.2 vs. Exp.3) as between-subject factor.
This analysis supports the results observed separately in each of the two Experiments, by showing

a significant main effect of condition (F134)= 7.87, p = .008, 77,>=.188) and a significant experiment
x condition interaction (F(;34)= 4.95, p = .03, 77p2 =.127). Follow-up planned t-tests showed that the
proportion of looking times towards the sound matching gesture in the silent and in-sound condition
significantly differed in Experiment 2 (t;;7 = 3.199, p =.005, d = .754) but not in Experiment 3 (t/;7)=

346, p =.73, d = .082).

Discussion

Our study deepens our knowledge about newborns’ ability to unify the myriad of information
that reaches their senses daily. Consistent with our hypothesis, we have found that newborns are
able to match a facial gesture of a yawn and a hiccup to the corresponding sound presented in
synchrony (Experiment 1), but also in asynchrony (Experiment 2). Conversely, newborns didn’t
associate A-V events when the sound, presented asynchronously, was replaced by a linguistic /ba/
syllable (Experiment 3).

Previous studies highlighted the role of synchronous information in promoting newborns’
ability to match A-V events. Nonetheless, the contingency of A-V macrostructural information (i.e.,
energy onsets and offsets) are considered the basic attributes on which newborns rely to unify A-V
information at birth (Lewkowicz et al., 2010b). Our results show that newborns are able to match

non-speech face movements to auditory information also in the absence of co-occurrent energy
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354 onsets and offsets (Experiment 2). Interestingly, newborns didn’t rely on duration to bind A-V
355 information, as demonstrated in Experiment 3. Thus, our study supports recent evidence showing

356  that macrostructural relations are not the only attributes that can guide newborns’ intermodal
357  matching abilities. For example, our results are in line with studies demonstrating that intersensory
358  matching abilities at birth can occur even without synchronous stimulations. Newborns can extract
359  number or shape information from respectively the auditory and tactile domain and transfer such

360 information to the visual modality (Izard et al., 2009; Streri & Gentaz, 2004).

361 On which information newborns relied on in Experiment 2 to bind face movements to
362  auditory cues presented in asynchrony? It could be hypothesized that newborns’ familiarity with

363  their own yawns and hiccups might have enhanced their ability to make A-V associations in the

364  absence of temporal cues (contingent A-V onsets and offsets). Indeed, newborns are not able to

365 produce the /ba/ sound, and this lack of experience might have interfered with their ability to match
366  A-Vinputs in Experiment 3. Thanks to the experience accumulated with yawn and hiccup behaviors,
367 newborns might have recognized the nature and identity of the information coming from the two

368 different channels as belonging to the same event, without relying on perceptual features (i.e.,
369  microstructural relations). Most of the multimodal experiences accumulated by few days old
370 newborns with yawns and hiccups derive primarily from spontaneous and naturally occurring
371  sensorimotor stimulations. In fact, it is unlikely that newborns have had the opportunity to acquire
372 A-V experiences by seeing/hearing others yawning or performing hiccups, given their little visual

373  experience in the first few days of life. Thus, it could be hypothesized that early intersensory A-V

374  matching abilities may spring from newborns' experiences with the sensorimotor feedback they
375 acquire from their own gestures of yawning and hiccupping, which are then generalized to the
376  visual/auditory modality. This interpretation is in line with a growing line of evidence suggesting the

377 fundamental role of sensorimotor experience in A-V speech processing during infancy (Mugitani et

17
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378 al., 2008; Guellai, Streri, & Yeung, 2014). For example, recent evidence has shown that the
379  restriction of infants’ oro-motor movements influences speech perception (Yeung & Werker, 2013;
380 Bruderer, Danielson, Kandhadai, & Werker, 2015). Importantly, early sensorimotor experiences are
381 considered particularly relevant in different other domains of social cognition, such as action
382 understanding (van Elk, van Schie, Hunnius, Vesper, & Bekkering, 2008) and theory of mind
383  (Meltzoff, 2007).

384 A second alternative interpretation of our results could be that newborns relied on
385  microstructural information to bind asynchronous A-V information. In Experiment 2, newborns
386 could have associated the ‘in-between’ variations of the visible movements of the face (e.g.,
387 variations in the movements of the mouth, eyes, and head during yawn/hiccup production) to the
388 variations of the hiccup/yawn sounds. For example, in Experiment 2, newborns could have matched
389  variations of facial movements to variations of the pitch of the sound presented in asynchrony.
390 Indeed, newborns are sensitive to correspondences between the pitch of a sound and visual cues
391  (Walker et al., 2018). Also, the pitch of the sound and specific facial movements are considered

392  deeply related (Kim, Cvejic, & Davis, 2014; Swerts & Krahmer, 2010; Flecha-Garcia, 2010). Moreover,
393  microstructural relations common to the yawn/hiccup facial movement were absent in the short
394 and long /ba/ sound, possibly leading to unsuccessful intermodal matching in Experiment 3.
395 However, it is important to note that previous studies exploring newborns’ ability to bind
396  microstructural (i.e., prosody) information across senses used more complex and prolonged
397 stimulations consisting in sentences characterized by variation in rhythm and intonation (Guellai et
398 al., 2016) and not brief and isolated non-speech sounds or phonemes. Lewkowicz et al. (2010b),

399  who have used as stimuli brief and isolated other-species sounds/facial movements, had indeed

400 found that newborns didn’t rely on microstructural information but rather on the energy onsets and

401  offsets of A-V stimuli to make intermodal associations. Also, a previous study reported that 4- to 10-
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month-olds are not able to match unexperienced monkey faces and vocalizations when presented
in asynchrony (Lewkowicz et al., 2008). Thus, even older infants aren’t able to use microstructural
relations or duration to associate asynchronous, brief and isolated A-V stimuli.

In the present study, we suggested that sensorimotor experience, defined as any motor or
proprioceptive process related to orofacial movements, might have had a role in A-V processing.
Indeed, to test newborns’ intermodal abilities, we have used as stimuli, for the first time, behaviors
(yawns and hiccups) produced by newborns in the very first moments after birth. However, given
that work on the involvement of sensorimotor experience in early A-V processing is still in its
preliminary stages, further researches are needed to shed light on the mechanisms driving
intermodal matching at birth. First, while we showed that a yawn/hiccup facial movement is not
matched with a /ba/ sound asynchronous but of the same duration, it would be fundamental to test
whether newborns are able to match asynchronous linguistic sounds with facial movements
correspondent to the sound they heard, but not part of their production repertoire. Indeed, we
know, from the study of Aldridge et al. (1999) that, when newborns are presented through an
operant sucking procedure with matching or mismatching synchronous A-V presentations of a face
articulating native and non-native vowels, they visually prefer the former to the latter. However,
this result could suggest that newborns simply detected common temporal properties across
sensory modalities. Future studies might examine whether, through an intermodal matching
procedure, newborns are able to match A-V linguistic sounds/facial movements (i.e., vowels or
syllables) even in the absence of temporal synchrony. In this case, a lack of successful A-V
associations would strengthen our hypothesis that sensorimotor experience is crucial for newborns
to unify information across senses in the absence of temporal cues. However, a successful A-V
matching of linguistic sounds/facial movements that are not part of their sensorimotor repertoire,

in the absence of synchrony cues, don’t rule out the possibility that early sensorimotor experiences
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during orofacial movements could promote the associations of linguistic A-V stimuli. Literature
reports relations between primitive sounds, called protophones (i.e., squeals, growls, and vowel-
like sounds) and speech (Oller et al., 2017). It could be hypothesized that also through vegetative
productions, newborns can start to explore their vocal apparatus and the relation between mouth
movements and produced sounds. This experience, in turn, could have an impact on A-V speech
processing.

To sum up, the present study is the first to demonstrate that, at birth, newborns are able to
match facial gestures and sounds of non-speech, naturally occurring, vegetative behaviors in the
absence of temporal synchrony. We suggest that, from very early in human development, newborns
might begin their multimodal integrative learning through sensorimotor experience with their own

non-speech gestures that generate spontaneously synchronized, bimodal learning opportunities.
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Procedure and Results. a) The intermodal matching procedure used in the present study, which comprises a
unimodal visual condition (two trials) followed by a bimodal A-V condition (two trials). b) Individual and
mean proportion of total looking times towards the sound-matching facial gesture in the silent and in-sound
conditions of Experiments 1, 2, and 3. Error bars refer to the standard errors of the mean. ** = p < .01.
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