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ARTICLE INFO ABSTRACT
Article history: Perceiving motion in depth is important in everyday life, especially
Received 5 October 2023 motion in relation to the body. Visual and auditory cues inform us

Revised 13 March 2024 about motion in space when presented in isolation from each

other, but the most comprehensive information is obtained
through the combination of both of these cues. We traced the
development of infants’ ability to discriminate between visual
motion trajectories across peripersonal space and to match these

Keywords:
Infancy
Crossmodal matching

Multisensory integration with auditory cues specifying the same peripersonal motion. We
Peripersonal space measured 5-month-old (n = 20) and 9-month-old (n = 20) infants’
Motion in depth visual preferences for visual motion toward or away from their
Audiovisual body (presented simultaneously and side by side) across three con-

ditions: (a) visual displays presented alone, (b) paired with a sound
increasing in intensity, and (c) paired with a sound decreasing in
intensity. Both groups preferred approaching motion in the
visual-only condition. When the visual displays were paired with
a sound increasing in intensity, neither group showed a visual pref-
erence. When a sound decreasing in intensity was played instead,
the 5-month-olds preferred the receding (spatiotemporally con-
gruent) visual stimulus, whereas the 9-month-olds preferred the
approaching (spatiotemporally incongruent) visual stimulus. We
speculate that in the approaching sound condition, the behavioral
salience of the sound could have led infants to focus on the audi-
tory information alone, in order to prepare a motor response, and
to neglect the visual stimuli. In the receding sound condition,
instead, the difference in response patterns in the two groups
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may have been driven by infants’ emerging motor abilities and
their developing predictive processing mechanisms supporting
and influencing each other.
© 2024 The Author(s). Published by Elsevier Inc. This is an open
access article under the CC BY-NC-ND license (http://creativecom-
mons.org/licenses/by-nc-nd/4.0/).

Introduction

The ability to perceive motion in depth has an undeniable importance. Being able to discriminate
motion directions in the three-dimensional space, and in particular to discriminate whether some-
thing or someone is moving toward our body, is necessary for our brain to judge how we should inter-
act with the moving person or object. This ability becomes even more crucial as stimuli move closer to
the body, crossing the boundary between external space and peripersonal space. Although informa-
tion about motion in space can be conveyed by visual and auditory cues presented in isolation, obser-
vers get the most comprehensive information about motion in peripersonal space through the
integration of cues coming from both the visual and auditory modalities at the same time. Research
with human adults demonstrated that the processing of looming signals is significantly and selectively
facilitated when both visual and auditory cues are present (Cappe et al., 2009) and also that multisen-
sory looming stimuli are preferentially integrated in the brain (Cappe et al., 2012; Tyll et al., 2013).
Surprisingly, only a few studies have investigated the development of the ability to discriminate dif-
ferent motion directions and to combine auditory and visual cues conveying motion information in
human infancy.

Starting in the 1970s, a few studies investigated infants’ ability to discriminate visual looming
stimuli by measuring their defensive responses (Ball & Tronick, 1971; Bower et al., 1971; Nafiez,
1988; Schmuckler et al., 2007; Yonas et al., 1977). One study in particular (Yonas et al., 1977) sug-
gested an extended development of defensive responses to visual looming and, based on the absence
of blinking before 4 months of age, concluded that young infants are unable to discriminate whether a
moving stimulus is approaching their body. A more recent study (Orioli, Filippetti, et al., 2018) mea-
sured newborns’ looking behavior in response to visual stimuli moving in different directions and
demonstrated that even in the first days after birth human infants can differentiate different motion
trajectories with respect to their body and that they show a visual preference for trajectories
approaching them as opposed to moving in other directions. Although these results might seem to
contradict the earlier findings, they most likely suggest a developmental offset between infants’ ability
to discriminate among different motion directions in peripersonal space and their display of defensive
reactions (Orioli, Filippetti, et al., 2018). In fact, on one hand stimuli moving toward the body are not
necessarily threatening (e.g., an approaching smiling face, an approaching toy), and on the other hand
infants need to gain experience to discriminate whether a stimulus is signaling an upcoming danger
before being able to show defensive reactions to it (Farroni et al., 2007; Johnson et al., 2015; Orioli,
Filippetti, et al., 2018).

Although visual moving stimuli are considerably salient, it is likely that in their everyday experi-
ence infants perceive motion through visual and auditory cues simultaneously. This leads to the ques-
tion of how infants begin to match crossmodal information specifying congruent motion trajectories
(Tham et al., 2019). Very few studies explored the developmental bases of infants’ ability to match
audiovisual information about motion in depth, leading to contradictory findings that do not provide
us with a clear picture of infants’ developing crossmodal matching ability in this context. One study
found that 5-month-old infants show a visual preference for audiovisual stimuli moving in congruent
directions (when a parallel presentation paradigm was employed), demonstrating an ability to detect
the spatial congruency of audiovisual stimulation conveying information on motion direction
(Walker-Andrews & Lennon, 1985). By contrast, Schiff et al. (1989) found a visual preference for incon-
gruent audiovisual motion events in 5-month-old infants. Morrongiello and Fenwick (1991) provided
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yet another different picture, showing progressive development of infants’ ability to match audiovi-
sual cues about static and moving stimuli from 5 to 9 months of age. They showed that younger
infants demonstrate a reliable visual preference for congruent audiovisual static stimuli, but not for
stimuli moving in depth, and that the preference for stimuli moving in the same direction begins to
emerge at 7 months and fully develops by 9 months, when infants can coordinate audiovisual motion
information for both approaching and receding stimuli. More recently, an intersensory matching study
with newborns (1-3 days old) found that, soon after birth, humans demonstrate a strikingly early abil-
ity to match dynamic auditory and visual stimuli based on whether they specify motion toward or
away from their own body (Orioli, Bremner, et al., 2018). This study showed multisensory matching
in infants much younger than those involved in earlier studies, providing yet again another view into
the development of infants’ ability to match multisensory cues about motion in depth.

Here, we aimed at tracing the development of infants’ ability to discriminate between different
directions of visual motion and to match audiovisual cues specifying congruent motion trajectories
in the first postnatal year, trying to reconcile the findings reported in the literature. Importantly,
we looked at these abilities within the context of infants’ motor development in the first year after
birth: because of the tight intrinsic link between motion perception and action in the environment,
and within peripersonal space in particular, we hypothesized that infants’ motion perception could
be influenced by the development of their motor skills, such as reaching and grasping. We suggested
that infants’ increasing ability to act purposefully on the environment, as well as their experience of
successfully reaching and grasping moving stimuli, would support and enhance their understanding of
motion events taking place within the same environment. Following this reasoning, we included in the
current study infants aged 5 and 9 months: previous research indicates that infants can reliably reach
both stationary and moving objects by 5 months (Thelen et al., 1996; Thelen & Spencer, 1998; von
Hofsten, 1979, 1991, 2004) and can integrate reaching and grasping movements from around 9 months
(Fagard et al., 2009; Konczak & Dichgans, 1997; Rochat & Goubet, 1995; von Hofsten & Ronnqvist,
1988).

Infants’ interactions with the environment in the context of reaching and grasping moving objects
provide them with an opportunity for learning about the space around them. This could likely con-
tribute to building models of the world around them and support the formation of their predictive
coding and prediction error mechanisms (Kayhan, Hunnius, et al., 2019; Kayhan, Meyer, et al.,
2019; Koster et al., 2020; Orioli et al., 2023). In turn, infants’ developing internal models of the envi-
ronment may influence their visual preferences for audiovisual motion stimuli. We hypothesized that
younger infants (5-month-olds), who are beginning to develop their internal models of the environ-
ment, would show a visual preference for audiovisual stimuli specifying a congruent direction of
motion, given that this kind of stimulus pairing is familiar and frequently occurring in the environ-
ment. In fact, attending stimuli moving in congruent directions across different modalities could sup-
port and reinforce infants’ developing internal models of the environment, constructed on the bases of
their experience in ecological situations. On the contrary, we expected that older infants (9-month-
olds) would show enhanced visual attention to audiovisual stimuli moving along incongruent motion
directions: once rudimentary expectations on the familiar pairing of events in the environment are
established, infants may become more interested in attending sources of stimulation that contradict
their developing expectations.

Previous studies used ecological stimuli, such as moving trains, cars, faces, and toys: it is possible
that the choice of the stimuli and their different salience could have had an impact on the different
patterns of responses that have been observed. In the current study, instead we decided to present
the infants with visual and auditory stimuli that were salient yet unlikely to have been experienced
by the infants in their everyday lives: this allowed us to investigate infants’ matching of crossmodal
stimuli irrespective of their specific experience of those stimuli (Maier et al., 2004; Wilkie &
Stockman, 2020). In particular, we chose to use the same stimuli employed in two recent studies con-
ducted with newborns (1-3 days old), which showed that soon after birth humans discriminate
motion toward the body, and match dynamic auditory and visual stimuli based on their motion direc-
tion with respect to the body (Orioli, Bremner, et al., 2018; Orioli, Filippetti, et al., 2018).
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Method
Participants

The study involved two groups of 20 participants aged 5 and 9 months. The sample size for each age
group (n = 20) was determined based on previous studies using similar stimuli and paradigms with
newborn participants (Orioli, Bremner, et al., 2018; Orioli, Filippetti, et al., 2018) as well as on a power
analysis. Based on the medium to large effect sizes indicated in the aforementioned studies, we calcu-
lated that 21 infants would be required to obtain an effect size of d =.75 given o = .05 and an expected
power of .90. To obtain a more precise counterbalancing, we included 20 participants.
The 5-month-old group participants (10 girls) were on average 21.2 weeks old (SD = 1.42). A further
15 5-month-old infants participated in the study but were excluded due to fussiness or excessive move-
ment (n = 5), distraction or tiredness (looking for less than 15% of the total presentation time in at least
one condition, n=5), or a strong side bias (more than 80% of their looking time directed to the same side
of the screen, n = 5). The 9-month-old group participants (10 girls) were on average 38.25 weeks old
(SD = 1.84). A further 10 9-month-old infants participated in the study but were excluded due to fussi-
ness or excessive movement (n = 4), distraction or tiredness (n = 2), or a strong side bias (n = 4).

The infants were recruited through the Pediatric Unit of the Hospital of Monfalcone (GO), where
they were born and where the study was conducted. Testing took place when the infants were awake
and alert, ideally at a time that suited their daily routine as advised by their parents. The parents were
informed about the procedure and provided informed consent for their children’s participation; eth-
ical approval was obtained from the Psychology Ethical Committee of the University of Padova (Italy),
and the study was conducted in accordance with the Declaration of Helsinki.

Design

The study presented visual stimuli approaching and receding from the infants simultaneously and
side by side. We compared the infants’ looking preferences for the approaching visual stimulus over
the receding visual stimulus across three conditions: No Sound, Increasing Sound, and Decreasing
Sound. The choice of using a parallel presentation looking paradigm was instrumental to trace the
development of infants’ behavioral responses to visual stimuli of different behavioral salience as well
as the development of their crossmodal matching ability in the first year after birth. In addition, it was
also in line with previous research (Morrongiello & Fenwick, 1991, Orioli, Bremner, et al., 2018, Orioli,
Filippetti, et al., 2018, Walker-Andrews & Lennon, 1985). Several control measures were put in place to
ensure that the results were reliable and unbiased (see “Procedure, stimuli, and apparatus” and “Look-
ing behavior analyses” sections).

Each infant took part in all three conditions, each of which comprised two trials, across which the
side of presentation of the approaching and receding visual stimuli was counterbalanced. The order of
presentation of the three conditions and the two trials within each condition were counterbalanced
between participants, with the No Sound condition always being either first or last.

In the No Sound condition, only the visual displays were presented. In the Increasing Sound condition,
the visual displays were paired with a centrally presented sound (sinusoidal waveform) increasing in
intensity and therefore simulating an approaching sound source. In the Decreasing Sound condition, they
were paired with a centrally presented sinusoidal waveform decreasing in intensity and therefore sim-
ulating a receding sound source (see Supplementary Video 1 in the online supplementary material).

In each condition, the visual displays were located in the peripheral areas of the screen to ensure
that infants’ attention was engaged and to facilitate offline coding of their eye movements. The side of
presentation of each visual display was counterbalanced between the two trials within each condition.

Procedure, stimuli, and apparatus

The experiment began as soon as the participant was seated and attending to the center of the
screen: at this point, the experimenter triggered the presentation of the stimuli. The study included
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three conditions, each comprising two trials. Each trial lasted 44 s in total and comprised eight 4-s pre-
sentations of the stimuli, with a 1-s interval between two subsequent presentations and 4 s of blank
screen before the first presentation. The full study, comprising the three conditions with two trials
each, lasted about 5 min if no breaks were required.

The approaching and receding visual displays showed a black-and-white-striped ball moving
within a black frame positioned over a gray background (Orioli, Bremner et al, 2018a; Orioli,
Filippetti et al, 2018b). The approaching visual display depicted the ball moving from the background
toward the infant’s body along a colliding pathway. The Receding visual display was the approaching
visual display played backward. During the motion, the diameter of the ball on the screen varied from
7.2 to 13.8 cm and the visual angle of the ball varied from 23.54° x 23.54° to 37.70° x 37.70°. On aver-
age, the width of the stripes varied from 0.91 cm (2.94°) to 1.72 cm (4.71°). In each visual display, the
motion of the ball lasted 3.33 s and was preceded and followed by 333 ms where the ball stood still
(during the last frame the contrast was reduced, favoring a fading effect), for an overall display dura-
tion of 4 s (Orioli, Bremner et al., 2018a; Orioli, Filippetti et al., 2018b).

In the Increasing Sound or Decreasing Sound condition, the visual displays were paired with an
auditory stimulus that conveyed the impression of a sound source that was either approaching the
participant or receding toward the background, respectively. The impression of the sound source mov-
ing was obtained by modulating the intensity of the sound: intensity is described as the feature that
better accounts for the motion of a sound source in space (Canzoneri et al., 2012; Maier & Ghazanfar,
2007; Middlebrooks & Green, 1991; Neuhoff, 1998; Rosenblum et al., 1987; Seifritz et al., 2002; Wilkie
& Stockman, 2020). The auditory stimuli were two samples of a sinusoidal waveform of 4000 ms dura-
tion with constant frequency (8000 Hz) and presenting a variation in intensity of 15 dB SPL, from 55 to
70 dB and vice versa. The intensity was measured from the infant’s position at the average conditions
of the room during testing (environmental noise and setup). The sounds used had the same qualities
(type of sound and frequency) and intensity variation as those used in a previous study that imple-
mented the present paradigm with newborns (Orioli, Bremner et al., 2018a). In addition, the intensity
interval chosen was the same one used in previous studies investigating peripersonal space in adults
(Canzoneri et al., 2012; Romei et al., 2009).

Throughout the study, the infant sat on the experimenter’s lap in a dimly lit room and attended to
the stimuli presented on a 24-inch monitor in front of them. The infant’s head was about 90 cm away
from the monitor, and the infant’s eye level was aligned to the center of the screen, which was sur-
rounded by a black curtain to minimize distractions. The auditory stimuli were delivered through
three different loudspeakers: two were positioned under the left and right portions of the screen,
and the third one was on the floor, right below the horizontal center of the screen. The two loudspeak-
ers under the screen conveyed the higher-frequency components of the sound, which allowed for bet-
ter spatial localization of the sound, and the loudspeaker on the floor conveyed the lower-frequency
components of the sound, which did not contain spatial location information (Ihlefeld & Shinn-
Cunningham, 2011; Middlebrooks & Green, 1991). In this way, we created the impression of a sound
source at the center of the screen between the two visual stimuli (Maier et al., 2004). A video camera
located on top of the screen recorded the infant’s eyes, allowing the experimenters to subsequently
code the eye movements offline. The experimenter who was holding the infant was unaware of the
order of presentation of the conditions and was unable to see the stimuli because the experimenter
was constantly focusing on an additional small monitor (placed outside the infant’s view) that showed
the infant’s mirrored head position to allow the experimenter to keep it in view. The stimuli were pre-
sented using E-Prime 2.0.10 (Psychology Software Tools, Pittsburgh, PA, USA).

Looking behavior analyses

The infants’ eye movements were recorded throughout the study to allow an expert observer to
subsequently code them offline while blind to the order of presentation of the conditions and trials.
Two additional observers coded the looking time for 50% of the 5-month-olds (n = 10) and 50% of
the 9-month-olds (n = 10), respectively. For the 5-month-olds, the average intraclass correlation coef-
ficient (absolute agreement) between the two observers was IC((2,2) = .970, whereas Pearson’s corre-
lation coefficient was r = .948; for the 9-month-olds, the average intraclass correlation coefficient
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(absolute agreement) between the two observers was ICC(2,2) = .991, whereas Pearson’s correlation
coefficient was r = .982.

For each infant and condition, we computed the proportion of looking time toward the approaching
visual display, dividing (for each condition) the time spent by each infant attending the approaching
display by that same infant’s total looking time in the same condition.

For each age group, we explored the data to identify any influential observations. We computed a
model estimating the proportions of looking time to the approaching visual stimulus based on condi-
tion (No Sound, Increasing Sound, or Decreasing Sound) and calculated Cook’s distance for each obser-
vation. We defined as influential those observations whose Cook’s distance was larger than 4 times the
mean Cook’s distance. Based on this, we identified 3 influential observations in each age group: these
were removed from the analyses, leaving each age group with a total of 17 included participants.

Motor development assessment

We decided to include infants aged 5 and 9 months in the study based on the hypothesis that
motor development might influence infants’ looking behaviors toward visual and audiovisual moving
stimuli in the space surrounding them. In particular, we were interested in infants’ mastering of reach-
ing and grasping, given that we hypothesized that these abilities could have an impact on infants’ per-
ception of motion events in the space around them.

We decided to use two tools to assess the participating infants’ reaching and grasping abilities: the
Early Motor Questionnaire (EMQ; Libertus & Landa, 2013) and a “Reaching Assessment Task” (Libertus
& Needham, 2010). These tools allowed us to ensure that all infants in each age group had reached a
comparable level of motor development at the time of their participation in the study and that all of
them could reach and grasp effectively at their respective ages of 5 and 9 months.

Early motor questionnaire

The EMQ is a research-focused (nonstandardized), parent-report measure of infants’ early motor
skills, focusing on those skills that develop in the first 2 years after birth and that play a critical role
for overall development (Libertus & Landa, 2013). It is organized in three different sections investigat-
ing gross motor (GM), fine motor (FM), and perception-action integration (PA) skills. With the authors’
permission, we translated the questionnaire into Italian.

To ensure that the participants in each age group had reached a comparable level of motor devel-
opment at the time of their participation in the study, we analyzed their (raw) scores in each subscale.
If participants scored less than 2 SD below the group mean on at least one scale, they would have been
excluded from the analyses; however, this was never the case. The EMQ scores are summarized in
Table 1.

Reaching assessment task

The task used to assess reaching and grasping abilities was introduced by Libertus and Needham
(2010). It is a four-step assessment where a rattle is placed in four different positions and the infants’
attempts to reach it and grasp it are recorded. The steps—(1) beyond reach, (2) far but within reach, (3)
next to the hand, and (4) in the hand—are presented in a fixed order for approximately 30 s each. Dur-
ing every step, several behaviors are assessed: looking at the toy or at the experimenter, reaching for
the toy, touching the toy, grasping the toy, bimanually exploring the toy, swatting at the toy, and
mouthing the toy (Libertus & Needham, 2010).

Following Libertus and Needham (2014), we considered as a successful reaching unit the period
from when the infants moved their hand toward the toy to when they touched it, and we considered
as a successful grasping unit the period from when the infants touched and grasped the toy until when
they released it. Reaching also included touching behaviors if the toy was not lifted. Grasping included
every period when the infants engaged with the toy (e.g., lifting, shaking, mouthing) if the contact
between the hand and the toy was maintained.

For the 5-month-old group, 15 of 20 recordings of the reaching and grasping task were available.
Step 4 was never performed because all infants reached the toy already during Step 2 or 3. Most
infants attempted to reach the toy during Steps 2 and 3, spending 29% and 43% of the time reaching
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Table 1
Summary of Early Motor Questionnaire results.
5-month-olds 9-month-olds
GM FM PA GM FM PA
Mean —62.55 —49.42 -19.80 -21.24 —15.06 -1.59
SD 8.95 8.08 6.88 21.38 17.06 12.79
Range —76 to — 31 —60 to — 29 —28to2 —54 to 23 —49 to 12 —22to 19
Mean - 2 SD —80.44 —65.58 —33.56 —64.00 -49.18 —49.18

Note. For both age groups, the table summarizes the responses obtained by the participating infants in the Early Motor
Questionnaire. For each scale—gross motor (GM), fine motor (FM), and perception action (PA)—the table indicates the mean raw
score along with its standard deviation (SD) and range. We also indicate the value of the mean — 2 SD because this was chosen
as a criterion for infants’ inclusion in the final sample.

for it and touching it, respectively. Overall, all 15 infants showed effective reaching when the toy was
close enough to their body (Step 3). Averaged proportions of time spent performing each of the seven
assessed behaviors during each step are represented in Fig. 1A.

For the 9-month-old group 15 of 20 recordings were available. Steps 3 and 4 were never performed
because all infants successfully grasped the toy already during Step 2. In 3 cases, only Step 1 was per-
formed because the infants successfully grasped the toy already when it was beyond reach. The infants
in this group spent 23% of the time during Step 1 and 20% of the time during Step 2 reaching for the
object and touching it, and they spent 13% of the time during Step 1 and 64% of the time during Step 2
grasping the object, mouthing it, and exploring it with both hands. Overall, all 15 infants showed suc-
cessful grasping when the toy was far from the body but within reach, and some of them also grasped
it when it was still beyond reach. Averaged proportions of time spent performing each of the seven
assessed behaviors in each step are represented in Fig. 1B.

Results

First of all, we verified that the total amount of looking time to both visual displays was comparable
across age groups and conditions (Fig. 2): age, F(1, 32) = 1.827, p = .186, #? = .036; condition,
F(2, 64) = 1.057, p = .354, #* =.01; age*condition, F(2, 64) = 1.189, p =311, #? =011 [Mauchly’s test
indicated that the assumption of sphericity had not been violated, ¥*(2) = .984, p = .785]. Given that
there were no significant differences in the total amount of looking time across ages and conditions,
we decided to analyze the two age groups and three conditions together.

We ran a preliminary mixed analysis of variance (ANOVA) on the proportion of looking time to the
approaching visual display, including condition as a within-participants factor and age, gender, and
order of presentation of the conditions as between-participants factors. Neither the main effects of
gender and order of presentation nor their interaction with age and condition proved to be significant;
therefore, these factors were excluded from further analyses. We then ran a second mixed ANOVA on
the proportion of looking time to the approaching visual display, including condition as a within-
participants factor and age as a between-participants factor [Mauchly’s test indicated that the
assumption of sphericity had not been violated, ¥*(2) =.972, p =.645]. The ANOVA revealed significant
main effects of age, F(1, 32) = 10.632, p < .01, #% =.095, and condition, F(2, 64) = 10.539, p < .001, % =
.114, and a significant interaction between age and condition, F(2, 64) = 14.481, p < .001, #? = .157.

These effects were in line with our hypotheses, and to better characterize them we ran three
planned one-sample t tests within each age group, one per condition (Fig. 3). The results (Table 2)
showed that in the No Sound condition the participants in both age groups looked significantly longer
than chance at the approaching visual display. In the Increasing Sound condition, the average propor-
tion of looking time to the approaching visual display did not differ significantly from chance in either
age group. Finally, in the Decreasing Sound condition, the 5-month-olds’ proportion of looking time to
the approaching visual display was significantly lower than chance (mean proportion of looking time =
.400, SE =.019), whereas in the 9-month-olds the proportion of looking time to the approaching visual
display was significantly higher than chance (mean proportion of looking time = .561, SE = .017).
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A
Step 1
Step 2
Behaviour
LaT - looking at the toy
Step 3 LaE - looking at the experimenter
R - reaching
0% 25% 50% 75% 100% T - touching
Percentage .
G - grasping
B M - mouthing
Step 1 BMH - exploring
other
Step 2
0% 25% 50% 75% 100%
Percentage

Fig. 1. Graphic representation of infants’ responses in the reaching task. The figure represents, for each age group (A: 5-month-
olds; B: 9-month-olds), the percentage of time that the infants spent showing each of the seven assessed behaviors in each step
of the task.
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Fig. 2. Total amount of looking time to both visual displays in the two age groups. Error bars indicate the standard error of the
mean.

This pattern of results is further supported by nonparametric tests that highlight the consistency of
the effect across participants, confirming (a) in the No Sound condition, a visual preference for the
approaching display in both age groups, and (b) in the Decreasing Sound condition, a visual preference
for the receding display in 5-month-olds and for the approaching display in 9-month-olds (Table 3).

Discussion

Our findings show that 5- and 9-month-old infants’ looking behavior is modulated by the cross-
modal congruency of audiovisual looming stimuli as well as by the salience of visual and auditory
information in the environment. Previous research investigating 5-month-olds’ visual preferences
for audiovisual moving stimuli (congruent and incongruent) is sparse and led to mixed findings:
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Fig. 3. Proportion of looking time (LT) to the approaching visual display in the three sound conditions in both age groups.
Significant comparisons are indicated (*p < .50; **p < .01; ***p <.001).

Table 2
Summary of results of comparisons of proportion of looking time to the approaching visual display in the three conditions for the
two age groups.

Condition Age w p df t p d

No Sound 5-month-olds 971 831 16 2.818 .012 .683
9-month-olds 975 .903 16 3.611 <.01 .876

Increasing Sound 5-month-olds 919 .140 16 511 617 124
9-month-olds 968 .790 16 914 374 222

Decreasing Sound 5-month-olds .960 .626 16 —4.882 <.001 1.184
9-month-olds 971 .829 16 4.192 <.001 1.017

Note. Kolmogorov-Smirnov W statistics identifying significant deviations from normality in the distributions of the proportions
of looking time are also included; « = .05 for all comparisons.

Table 3
Summary of results of nonparametric tests.
Condition Age z value p value r Positive ranks Negative ranks p value
No Sound 5-month-olds —2.378 .017 —.408 15 2 .002
9-month-olds —2.841 .005 —.487 14 3 .013
Increasing Sound 5-month-olds —.142 .887 —.024 11 6 332
9-month-olds -.835 404 —-.143 9 8 1
Decreasing Sound 5-month-olds —3.407 .001 —.584 3 14 .013
9-month-olds —2.891 .004 —.496 15 2 .002

Note. Positive ranks: Infants showing a preference for the approaching visual display. Negative ranks: Infants showing a
preference for the receding visual display.

one study found a visual preference for congruent audiovisual motion (Walker-Andrews & Lennon,
1985), whereas another showed the opposite pattern (Schiff et al, 1989). A third study
(Morrongiello & Fenwick, 1991) suggested an extended and progressive development of infants’ abil-
ity to match audiovisual cues about static and moving stimuli from 5 to 9 months of age, whereas
more recent findings (Orioli et al., 2018a) indicate crossmodal matching of congruent audiovisual
moving stimuli shortly after birth. Here we traced the changes in infants’ visual preferences for both
visual and audiovisual motion toward or away from the body throughout the first year of postnatal
life, taking into account how infants’ visual preferences change alongside motor development.
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To this aim, we measured our participants’ looking preferences when presented with visual stimuli
approaching them and receding from them across three conditions: the visual stimuli presented alone
(No Sound), paired with an approaching auditory stimulus (Increasing Sound), and paired with a
receding auditory stimulus (Decreasing Sound). The study yielded to two main findings. First, we
showed that when the moving stimuli are conveyed only in the visual modality, infants in both age
groups show a visual preference for the stimulus approaching the body compared with the one mov-
ing away from it. Infants’ ability to discriminate between visual approaching and receding stimuli was
not surprising: a study with newborn participants demonstrated that even in the first few days after
birth newborns can discriminate between stimuli moving along different trajectories with respect to
the body (Orioli, Filippetti, et al., 2018). Our findings confirmed that throughout the first postnatal
year infants not only discriminate between approaching and receding stimuli but also maintain a
visual preference for approaching ones. This is particularly relevant considering the behavioral impor-
tance of approaching motion. As infants develop their motor abilities, such as reaching and grasping in
the first instance and crawling and walking later on, they become progressively more able to interact
with objects and people in their environment. Therefore, it is important that infants develop and
maintain the ability to identify and pay more attention to those stimuli, such as approaching stimuli,
that are behaviorally more salient given that they may anticipate an upcoming interaction between
their body and an external object or agent.

It may be argued that infants’ looking time responses in the No Sound condition also could have
been influenced by low-level features of the stimuli (e.g., size of the moving stimulus). However, this
is unlikely to explain the current results for two reasons. On the one hand, the two visual stimuli
change between identical sizes (smallest and biggest) at the same rate. Therefore, if size was driving
infants’ attention, they would be looking longer at the receding visual stimulus for the first half of the
trial and at the approaching visual stimulus for the second half of the trial, leading to comparable look-
ing times to the two stimuli overall, which is not what the current findings suggest. On the other hand,
a previous study using the same stimuli with newborn participants (Orioli, Filippetti, et al., 2018)
investigated the potential effect of optical size on looking times by comparing the time spent attend-
ing each visual stimulus in the first versus second half of each of the presentations included in each
trial and showed that the approaching visual stimulus was attended for longer periods of time in both
halves of each presentation (i.e., also when its optical size was smaller). Because trajectory, rather than
size, has been shown to drive newborns’ (1-3 days old) looking behavior, it is unlikely that older
infants’ looking behavior may be affected by lower-lever features of the stimuli.

Our second finding concerns the pattern of results shown in the two conditions where multisen-
sory audiovisual stimuli were presented. When the visual displays were paired with an increasing
sound, specifying approaching motion, neither group of infants showed a visual preference for either
visual stimulus. On the contrary, when the visual displays were paired with a decreasing sound, spec-
ifying receding motion, the younger infants showed a visual preference for the congruent receding
visual trajectory, whereas the older infants showed a visual preference for the incongruent approach-
ing visual trajectory.

Recent findings with newborn infants (1-3 days after birth) demonstrated that shortly after birth
infants show a visual preference for an approaching visual display when this is presented together
with a congruent sound increasing in intensity (Orioli, Bremner, et al., 2018). Based on this, we believe
that the lack of visual preference shown by the infants in the Increasing Sound condition of the current
study should not be attributed to a lack of the ability to discriminate between the two visual stimuli
presented, as was also confirmed by the results of the No Sound condition. On the contrary, we spec-
ulate that the lack of visual preference in the Increasing Sound condition could be related to the
infants’ increasing motor abilities. We know that by 5 months of age infants have started to learn that
they might need to respond to an approaching stimulus, for example, trying to reach for it (Thelen
et al, 1996; Thelen & Spencer, 1998; von Hofsten, 1979, 1991, 2004). We also know that auditory
information is predominant over other sensory information when it comes to monitoring of the space
around the body, for example, detecting approaching stimuli (Ferri et al., 2015). Based on these two
considerations, we speculate that when presented with a sound increasing in intensity, the infants
in our sample could have focused their attention on the auditory information to prepare themselves
to respond to the approaching source of the sound and therefore could have dedicated less attentional
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resources to process the visual information presented to them, leading to a lack of visual preference
for either visual display.

In the Decreasing Sound condition, we found a visual preference in both groups, albeit in the oppo-
site direction: younger infants showed a preference for the visual display depicting a trajectory con-
gruent to that specified by the sound (i.e., receding away from the body), whereas older infants looked
longer at the visual display depicting a trajectory incongruent to that conveyed by the sound (i.e.,
approaching the body). This pattern on results further reconfirms that the lack of visual preference
in the Increasing Sound condition was unlikely to be due to infants’ inability to discriminate between
the two visual displays or to match crossmodal information. Most importantly, we speculate that
when infants were presented with a decreasing sound, which is less relevant than an increasing sound
from a behavioral point of view and therefore does not trigger the need to prepare a response, they
were able to use their attentive resources to also take into account and process the visual stimuli pre-
sented to them.

It is interesting that infants’ visual preferences in the Decreasing Sound condition are in opposite
directions in the two age groups. We speculate that this pattern of visual responses may be driven
by infants’ emerging motor abilities and their developing predictive processing mechanisms support-
ing and influencing each other. At 5 months of age, infants are learning to reach for objects (Thelen
et al., 1996; Thelen & Spencer, 1998; von Hofsten, 1979, 1991, 2004), both static objects and moving
ones. Dedicating more visual attention to those stimuli that convey information about motion in the
same direction across two visual modalities could support the development of infants’ reaching skills.
At the same time, it may reinforce their experience that decreasing sounds usually accompany the
sight of an object or a person receding away from them. Repeated experience with visual and auditory
information specifying motion in the same direction contributes to the development of infants’ inter-
nal models of the environment and of typical events within it, which in turn will support the devel-
opment of their predictive mechanisms (Kayhan, Hunnius, et al., 2019; Kayhan, Meyer, et al., 2019;
Koster et al., 2020). We speculate that by 9 months of age infants’ internal models of motion events
could already be developed enough to lead the infants to expect that an increasing sound should be
accompanied by an approaching visual stimulus, whereas a decreasing sound should be accompanied
by a receding visual stimulus. In turn, they may already perceive an approaching visual stimulus
paired with a decreasing sound as contradicting the experience of moving objects and people that they
accumulated up to that point. The unexpectedness of such pairing could be driving them to devote
more attention to it, as shown by longer looking times. This could be a sign of the development of
the early precursors of prediction error processes (Kayhan, Hunnius, et al., 2019; Kayhan, Meyer,
etal., 2019; Koster et al., 2020; Orioli et al., 2023). Interestingly, this switch in visual preferences from
congruent to incongruent multisensory stimuli has been shown by other studies suggesting that
younger infants may show a familiarity preference for multisensory pairings normally happening
together in everyday life, that later shifts to a novelty preference for unfamiliar crossmodal matches
that are not typically experienced in an ecological situation (Begum Ali et al., 2020; Freier et al., 2016;
Thomas et al., 2018).

Further research will be needed to support our speculation of the reciprocal influence between
motor development and the emergence of predictive processing mechanisms, integrating measures
of motor development, electrophysiological measures indicating anticipatory brain activity (Kayhan,
Meyer, et al., 2019; Mento et al., 2022), and looking behaviors in response to predictable and unpre-
dictable multisensory stimuli.

In sum, our study traced infants’ ability to discriminate unisensory and multisensory (visual and
audiovisual) motion toward and away from the body during the first year of postnatal life. Our results
provide some clarity among the mixed findings already available on infants’ matching of crossmodal
looming stimuli (Morrongiello & Fenwick, 1991; Schiff et al., 1989; Walker-Andrews & Lennon, 1985).
We demonstrated that infants aged 5 and 9 months show a consistent visual preference for approach-
ing visual stimuli. We also showed that infants’ looking behavior in response to multisensory motion
stimuli is influenced both by the salience of the auditory stimuli presented and by the infants’ devel-
oping crossmodal matching abilities. The latter in particular may be influenced by infants’ developing
motor abilities as well as their emerging predictive processing mechanisms. These findings extend and
complement the findings shown by a few recent studies with newborns (Orioli, Bremner, et al., 2018;
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Orioli, Filippetti, et al., 2018) and suggest that infants’ visual behavior in the first year after birth is
influenced by, and at the same time supports, many different aspects of their cognitive and motor
development.
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