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Abstract

Infants’ cortical electrical activity as a function of audiovisual looming perception was
investigated using high-density electroencephalogram (EEG). Prospective control when
responding to a looming object approaching on a direct collision course was studied
longitudinally in infants aged 3/4 and 9/10 months. Different characteristics of peak VEP and
AEP activity from infants’ brain electrical recordings were explored and compared between
the infants at these different ages. The aim of this study was to find evidence for infant brain
electrical responses to an audiovisual looming stimulus approaching the infant under three
different accelerations. The results showed that there were differences in peak VEP and AEP
activations with age. At the age of 3/4 months, infants showed peak VEP and AEP activation
earlier in the looming sequence compared to when they were 9/10 months of age. AEP peaks
occurred before VEP peaks in the looming sequence at both ages. Further, it was found that
peak VEP activation in the investigated Oz and Pz areas propagated from the O area to the P
area, indicating that the highest activation was observed in the O area at the age of 3/4
months, whereas the P area showed the highest activation when the infants were9/10 months
old. Furthermore, amplitude activity occurring in the channels Cz and C3 showed differences
in amplitude activity referring to an increased auditory area when infants were 9/10 months of
age. The results suggest an evolved capacity to integrate multisensory looming objects. The
decrease in processing time together with a peak VEP and AEP activation closer to the loom’s
time-to-collision indicate a developmental trend in infants’ prediction of an object’s time-to-
collision. Moreover, AEP occurring before VEP in the looming sequence suggested an
enhancement in audiovisual looming perception. Amplitude activity at different channel shed
light on audiovisual cortical pathways and indicated cortical pathways involved in

multisensory looming perception.



1. Introduction

Animals have to avoid danger from the surrounding world in order to survive. Humans
potentially face daily threats such as suddenly approaching objects that they must adequately
respond to in order to avoid accidents. A successful and quick detection of such potential
threats is vital when preparing a proper defensive motor response (Bach et al., 2009). Such a
defensive motor response largely involves perception of both auditory and visual information
from the surroundings. This is referred to as multimodal perception (Alais, Newell, &
Mamassian, 2010). Humans pick up different information using different senses. Information
from each sense creates a qualitatively different impression of objects and events in the
environment that may further evoke impressions from other sensory modalities. For example,
walking towards an observer can be perceived using sight combined with the sound
impression of approaching footsteps. In such instances, an observer combines both visual and

auditory signals into a unified multisensory percept (Alink et al., 2012).

It is evident from several studies that human infants(Bahrick, Lickliter, & Flom, 2004;
Bahrick & Lickliter, 2000; Bahrick et al., 2004; Lewkowicz & Kraebel, 2004), human adults
(Hershenson, 1962; Stein & Meredith, 1993) and animals (Partan & Marler, 1999; Rowe,
1999) can encode multimodal perception which facilitates attention, learning and
discriminations about an object. It is also found that a multisensory sequence specified by
audio and visual attributes enhances a young infant’s response due to multisensory
redundancy. Therefore, in order to gain better understanding of development sequences of
perception and learning, more studies on infant responses to multisensory event sequences

are needed (Lewkowicz, 2008).

Looming is referred to as a motion which can provide information by rapid symmetrical
growth on the human or animal retina about an object accelerating towards the eye (Kayed &
van der Meer, 2007; Maier, Neuhoff, Logothetis, & Ghazanfar, 2004a; Schiff, Caviness, &
Gibson, 1962). Though the retinal image of an object contains a lot of information about
motion perception, it may not contain all the information about an object’s actual size.
Moreover, it has been suggested that multisensory processing could facilitate information
about the actual size or distance of an object by increasing the brightness, duration, and
visibility of an image while the sound has an enhancing capacity on visual perception (Jaekl,

Soto-Faraco, & Harris, 2012; Shams & Kim, 2010).



In an megnetoencephalography (MEG) study, Holliday & Meese(2005)found that different
brain regions are responsible for responding to a visual looming stimulus which evokes larger
responses compared to other motion sequences in human adults. Moreover, retinotopic
mapping in functional magnetic resonance imaging (fMRI) study of the human brain
suggested that primary as well as secondary visual cortex was responsible for responding to
looming stimuli and involved in the critical processing of looming stimuli in humans
(Dougherty et al., 2003). When visual information travels from lateral geniculate nucleus
(LGN) to primary visual cortex (V1),the information is divided into two interconnected

pathways named the dorsal and ventral stream.

The dorsal stream comprises of V1,V2 and V5 or middle temporal area (MT+) which is
involved in the processing of motion, while the ventral stream is responsible for object
recognition (Braddick, Birtles, Wattam-Bell, & Atkinson, 2005; Dougherty et al., 2003;
Holliday & Meese, 2005). However, it has been recently found that different brain areas in
addition to cortical regions are also involved in motion perception and can respond to looming
stimuli. Those areas are suggested to form a network consisting of a warning system
(tectopulvinar), a preparatory system (motor cortex), and an advanced computation system

(insula) in response to looming (Billington, Wilkie, Field, & Wann, 2011).

Research has already established that most of the neurons of auditory cortex are found in the
superior portion of temporal lobe, specifically on the superior surface of the superior temporal
gyrus (STG) which is most prominent in humans but not in other animals (Hackett, Preuss, &
Kaas, 2001; Tramo, Cariani, Koh, Makris, & Braida, 2005). Auditory afferent information is
transmitted by the neurons of medial geniculate nucleus (MGN) of the thalamus to STG.
Moreover, these densely packed neurons are known as koniocortex found in STG area. One or
more areas surrounding these konicocortical fields are called primary auditory area (Al) or
core area which contains frequency selective neurons, receiving sensory information from
ventral division of MGN. In addition to Al area, there are some areas surrounding the Al
known as belt areas which also have frequency selective neurons and receive information
from the ventral MGN, dorsal MGN, and other thalamic nuclei (Tramo et al., 2005). Neurons
in STG make synapses with other STG neurons and send information to other cortical areas
like temporal, frontal, and parietal cortical areas. Therefore, STG is referred to as multimodal
cortex where neurons are able to respond to two or more sensory modalities (Hackett et al.,

2001) and maintain while reciprocal connections (Tramo et al., 2005).



In the field of auditory research, over 40 years of studies on adults and children showed that
pitch is an important factor which relates a number of cross-modal correspondences(Evans
&Treisman.,2010). Pitch refers to subjective properties of a sound’s fundamental frequency
where the audible frequency range is around 20 Hz to 20 kHz (Bendor & Wang, 2005; Tramo
et al., 2005). Pitch depends on both the temporal regularity and average repetition rate of the
acoustic waveform. This means different sounds sharing the same frequency will show the
same pitch (Bendor & Wang, 2005). So, different frequency can also be used as a cue to
detect approaching sound sources (Rosenblum et al., 1987). There is a close relationship
between rising or falling frequency and perception of an increase or decrease in loudness of
sound when sound intensity is constant (Neuhoff, McBeath, & Wanzie, 1999). Humans show
a perceptual bias toward rising frequency as opposed to falling frequency when rising
frequency affects loudness and thereby, a looming sound. However, a pitch of a moving
sound can be perceived as rising of pitches while approaching, and where velocity is constant

(Neuhoff & McBeath, 1996; Ghazanfar & Maier, 2009).

The brain can combine information from different sense modalities which can modulate the
speed and accuracy and thus enhance the detection of objects and events (Evans & Treisman,
2010). It was found that visual perception became more precise when it was present with
high pitch of sound. Moreover, a bright surface congruent with higher pitch showed faster
response. However, the dark surface with a low pitch also showed faster response (Evans &

Treisman, 2010).

Behavioral studies have reported that young infants (Lewkowicz, 2008) and monkeys (Maier,
Neuhoff, Logothetis, & Ghazanfar, 2004b) are selective to integrate multisensory looming
signals, and can discriminate between looming and receding signals. Multisensory looming
signals have also been found to gain behavioral benefit by using short time in target detection
compared to a receding or static signal. Moreover, in multisensory looming signals, auditory
looming signals induced enhancement on visual looming perception and showed behavioral
benefit on looming perception while a receding or static signal did not give any enhancement
(Cappe et al., 2009; Tyll et al., 2013). Research on infant looming perception has been
investigated and discussed widely in the 1960’s and 1970’s where infants’ defensive
responses to looming stimuli was the main issue to understand. It was found that they could
produce adaptive avoidance responses to both real and simulated looming cues (Bower,

Broughton, & Moore, 1971;Schiff et al., 1962; Yonas, Pettersen, & Lockman, 1979). In 1962,



Schiff and his colleagues found that rhesus monkey responses to a rapidly expanding circular
shadow where infant and adult rhesus monkeys produced persistent avoidance responses to
looming compared to rapidly contracting shadows where they did not show any fear response
to those looming stimuli (Schiff et al., 1962).The same experiment was also done with human
infants and the same result was found (Ball & Tronick, 1971). Previous studies suggest that
human listeners showed a perceptual bias for auditory looming and can underestimate the
arrival time of a moving sound before the sound actually reach to the listeners (Rowe,
1999;Schiff & Oldak, 1990).Walker-Andrews & Lennon(1985) examined 5-month-old infants
and found that infants preferred to respond to those stimuli where the visual and auditory
looming were both present. These infants responded to looming sounds as well as receding
sounds but the effect was selective when structured sound was present compared to noise.
Maier and his colleagues (2004) have demonstrated that rhesus monkeys show a strong
attentional bias to a visual looming stimulus when auditory stimulus was also present and
were able to match the auditory looming with visual looming but not with the receding sound.
They also found that monkeys have evolved the capacity to integrate bimodal looming
signals. Moreover, superior temporal sulcus (STS) works as an area in the brain where
multimodal perception takes place (Maier et al., 2004b). It was also found that in humans,
STS is responsible for auditory looming signals compared to receding signals (Seifritz et al.,

2002).

Infants’ defensive responses to looming stimuli has been based on Gibson’s (1966, 1979)
insights, who argued that movement transforms the ambient optic array into a flow field that
indicates the direction of motion and/or the imminence of collision. It has been well
established that adults as well as infants will respond to collision with defensive blinking. In
early infancy, blinking acts as one of the most reliable indicators of awareness to stimuli on a
collision course to protect the eyes from any danger which is about to hit. Blinking occurring
too early or too late does the infant no good. An earlier response would lead to
underestimation of the loom’s time to collision while a late response could result in injury.
Therefore, to avoid the danger of a collision, an accurate estimate of the time to collision
(TTC) of an approaching object has to be made (Lee, 1998a;Von Hofsten, 2004;Von Hofsten,
2007;Van Der Meer, Svantesson, & Van Der Weel, 2013). Using infants aged from 1 to 9
months old, Yonas and his colleagues (1977) conducted three experiments involving
presentation of three types of shadow projection displays to investigate the developmental

course to information for impending collision and how very young infants respond to an



approaching object by performing defensive blinks. They found that 1-2 months old infant did
not show any evidence of avoidance behavior to impending collision while avoidance
behavior to impending collision appeared from 4 months of age and was still present when
infants became 9 months old. Van der Weel & Van der Meer(2009) conducted a high density
electroencephalography (EEG) study testing 5-11 months old infants to investigate how
infants process information about impending collision. Using tau coupling analysis, they
established that older infants (10-11 months) could differentiate between three loom speeds
whereas younger infants (5-7 months) could not. It was suggested that infants showed

improved processing of looming information in the brain with increasing age.

The use of high-density EEG allows the investigation of how the human brain processes
information available in our surroundings. The advances in the technology of recording event-
related electrical potentials at the scalp make it possible to use this method with young infants

(Tucker, 1993).

In our present study, high-density EEG measurements of infants’ brain electrical activity are
used to study infants’ perception and processing of audiovisual looming that approaches them
on a direct collision course. This method is used to detect electrical changes as groups of
neurons fire within the cerebral cortex. The cerebral cortex is associated with higher cognitive
functioning and is also thought to play a central role in the development of cognitive and
perceptual development (Tucker, 1993). The aim of this study is to identify the neural
underpinnings of audiovisual looming processing in infants with event-related EEG and the
exact network of brain regions related to multisensory looming processing. Thus, the
development of prospective control of the timing of looming-related brain responses under
three different accelerations will be investigated through a longitudinal study by testing

infants at the age of 3/4months and again at the age of 9/10 months.



2. Method

2.1 Participants

In this longitudinal study, a total of 14 babies were recruited from newspaper birth
announcements to take part in the experiment. Students and other workers in the Department
of Psychology at NTNU who recently had a baby were also invited to participate in the study.
Those who were willing to participate were then enrolled in the study. We ensured that there
was no severe injury during birth process or any brain damage, retinopathy of prematurity
(ROP) and other perinatal issues requiring serious medical interventions which could lead to
abnormal development. However, experimenters were unaware of the infants’ neurological
status, birth history and any events during the stay at the hospital.

Four of the babies out of 14 were excluded later. Three of the excluded babies were fussy
during the experiment and lost interest in the stimulus early in the test session. All four
excluded infants provided very few trials at the test session at 9/10 months, resulting in
inadequate data for our analysis. Ten infants (6 boys) provided data for the final sample and
were first tested at an age of 3/4 months, with a mean age of 14.39 weeks (SD = 1.76). The
second test session was performed when the infants were about 9/10 months, with a mean age
of 41.73 weeks (SD = 1.69). At the first session none of the infants had any crawling
experience, but all of them had several weeks of crawling experience the second time they
were tested. All infants showed typical development and none had any birth complications as

determined by parental report.

2.2 Apparatus

To record EEG activity, a high density 126 channel Geodesic Sensor Net (GSN) 200 (Tucker,
1993) was used. Across the head surface, arrays of 12g Ag/ AgCl sponge sensors were evenly
distributed. Net Station software on a Macintosh computer was used to record the amplified
EEG signals, using a sampling rate of 500 Hz with a low pass filter of 100 Hz and 0.1 Hz high
pass filter. To ensure an optimal signal-to-noise ratio, all electrode impedance was kept under
50 kQ as recommended for the high-input-impedance EGI amplifiers (Ferree, Luu, Russell, &
Tucker, 2001) and (Picton et al., 2000).Triggers about the onset and offset of the looming
stimuli were communicated from E-Prime (Psychology Software Tools, Inc) onto the EEG
recordings of infant brain electrical activity. For off-line analyses, data were stored on a hard

disk.
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The infant was placed with her face 80 cm away from the screen in a baby car seat. The visual
looming stimulus was projected on a white screen (108 cm wide, 70.5 cm high) (see Figure
1A). During the experiment, the infant’s attention and behavior was monitored with two
digital cameras. Tobii x50 was used to record the gaze of both eyes of the infants by picking

up corneal reflection.
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Figure 1.Experimental setup with a diagram of the stimulus configuration. (A) An infant
sitting on the lap of the mother. Each infant in this study was shown a flat two-dimensional
circle filled with four smaller circles of red, blue, green and yellow colors. The auditory
stimulus, which was synchronously looming with the visual stimulus, was presented through
two Logitech loudspeakers (L) on either side behind the projection screen. The looming visual
and auditory stimuli simulated an object approaching from far away on a direct collision
course under constant accelerations of -21.1 ms’, -9.4 ms’, -5.3 ms” for 2, 3 and 4 seconds,
respectively. The looming stimuli approached the infant as the image on the screen grew and
the sound became high pitched, and stopped when the image filled the entire screen and the
sound made a ‘whoop effect’. (B) A mathematical equation describing the growth of the visual
loom. (C) Timeline showing the approach of the looming stimuli and the time duration during

the phase of fixation, looming, and inter-trial interval from start to end of a single trial.
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2.3 Stimuli

The visual stimuli consisted of a round 2D flat circular disk with four colored circles (red,
yellow, blue and green) all rotating inside (van der Meer et al., 2013). The entire circular disk
was rotating at a constant angular velocity of 300 degrees per second on the screen (Fig
1).The inner circles were 1/3 of the diameter of the larger outer circle. The image was
programmed in E-Prime to simulate an object approaching the infant on a direct collision
course and finally virtually colliding with the infant. The auditory loom consisted of a simple
harmonic tone which was programmed to mimic a natural sound approaching the infant on a
direct collision course. This stimulus was recorded and edited with the Audacity sound
software (Audacity 2.0.3, The Audacity Team, 2012), and was made up of three sound files
for the three looming conditions. These looming sounds were all sampled at a rate of 44.1
kHz, and at a constant intensity level of 60dB. Both the auditory and the visual looms were
programmed to appear simultaneously, and grow towards the observer with the same
acceleration, eventually making a virtual collision with the infant. For the visual loom, the
image appeared on the screen and stayed at its smallest size for 1 second at a virtual angle of
5° (diameter of 6.5 cm) at a virtual distance of 43.1 m, before it expanded during a looming
phase and finally reached its largest size at a virtual angle of 131° (diameter of 350 cm) at a
virtual distance of 0.8 m and then disappearing from the screen. The screen was then blank for
an inter-stimulus break of 1 second. There were three conditions of looming, and in each of
these conditions, the stimulus took a total of 2 seconds (-21.1m/s), 3 seconds (-9.4 m/s*) or 4
seconds (-5.3 m/s?) respectively to complete the looming sequence — from appearing to
making a virtual collision. In all these three looming conditions, the size of the visual loom
and the pitch of the auditory loom from the beginning of the looming phase to the virtual
collision were kept the same. For the auditory looms, the sound increased in pitch, from 140
Hz which was barely audible, to 460 Hz which was loud enough to simulate a virtual collision
of a looming sound. The sound stayed at its lowest pitch of 140 Hz for a second, and then
became louder with increasing frequency through the looming phase. As the sound’s growth
approached collision, a ‘whoop’ effect was clearly heard at its loudest level, at exactly the
same time as the colored circle would make a virtual visual collision with the infant. Infants
were not harmed in anyway by the audiovisual loom, as no indication of any fear-induced
response was observed. The ‘whoop’ sound of the auditory loom and the growth of the
colored circles simulated very well an approaching visual object with a sound component that

became bigger and high pitched as it made a collision with the viewer.
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2.4 Procedure

Parent(s) arrived with their infant some time prior to the experiment. Parents of the babies
participating in the experiment were given a brief introduction on electroencephalography and
all their concerns satisfied before the testing session began. All parents also signed an
informed consent before the commencement of the experiment and were free to withdraw at
any point of the study. At the same time, one experimenter played with the baby so that the
baby became familiar, relaxed, and settled down before the experiment. In the process, an
assistant measured the infant’s head circumference for the correct size selection of the GSN
200. To optimize electrical conductivity, the appropriate electrode net was soaked in a saline
electrolyte. After that, the net was mounted on the infant’s head while he/she was sitting on
the parent’s lap. The infant’s attention was distracted from the net with the help of small
sounding toys and soap bubbles. After mounting the net, the infant was positioned in front of
the screen while sitting on the parent’s lap (3/4-month-olds) or placed in a baby car seat (9/10-
month-olds) with one parent present in the experimental room, to avoid any stress an absent
parent may have on the infant. An assistant was also present in the experimental room to help
the infant focus on the screen. The net was connected to the amplifier and the impedance of
the electrodes was checked. The experimental room was separated by a transparent glass
partition from a control room where two assistants controlled the computers necessary for the
data acquisition. An experimental session started immediately after calibrating the infant’s eye
movement in virtual space to the Tobii x50. In both groups of infants, each infant completed
between 40-80 trials. If an infant lost interest in the stimuli or started fussing, the experiment
was ended. Each infant was tested individually and testing sessions lasted for about 20-30
minutes. Each session consisted of an optic flow, looming, and occlusion experiment. The
looming experiment was usually conducted after the optic flow experiment, about 5 minutes

into an experimental session.

2.5 Data analysis

Brain Electrical Source Analysis (BESA) research software version 5.3 was used to analyze
the raw EEG data. Same methods were used to analyze the data for both testing sessions.
Recordings were segmented with the Net Station software as an initial pre-processing step and
then exported as raw files to BESA for further analyses. By visual inspection, bad channels
and trials contaminated with artifacts from body/head movement were discarded. None of the

participants had more than 10% of the channels defined as bad. Notch filter was set at 50 Hz
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to remove 50 Hz lines interference from the recorded data. Low cut-off filter (high band pass)
was set at 1.6 Hz to remove slow drift in the data while a high cut-off filter (low band pass)
was set at 15Hz. A reference free montage showing EEG at 27 standard electrodes was used.
An event-related potential (ERP) represents a transient brain electrical activity generated by
the summation of dendritic postsynaptic activity of neurons firing synchronously in response
to a stimulus (Allison, Wood, & McCarthy, 1986; Li, McLennan, & Jasper, 1952; Luck,
2005; Nunez & Srinivasan, 2006). The different arrangements (perpendicular or parallel) of
the pyramidal neurons of the cerebral cortex create a dipolar field of positive and negative
charges which enables the flow of current through it (Coles &Rugg, 1995).Visual evoked
potentials (VEP) and auditory evoked potentials (AEP) represent the ERPs of the visual and
auditory cortices. A VEP is the post synaptic firing pattern of neurons at a particular time in
relation to a particular visual stimulus (Webb et al., 2005). It represents the changes in the
brain’s electrical activity at a high temporal resolution by using high density EEG. For typical
looming related VEP responses, the main occipital and parietal electrodes were specifically
observed for the three different looming conditions. Highly prominent VEP peaks were
marked at electrode site Oz based on earlier studies investigating visual evoked potentials (Di
Russo, Martinez, Sereno, Pitzalis, &Hillyard, 2002; van der Meer et al., 2012). These VEP
peaks provided information about the looming-related brain activity at the selected brain
region. To localize the effects of the audiovisual looming stimuli on brain responses, a trial-
by-trial examination was performed. Prominent VEPs were marked at electrode Oz and Pz
while AEPs were marked at electrode Cz and C3 (see Figures 2a and 2b).These marked VEP
and AEP peaks provide information about visual and auditory activity in the brain regions as a
direct measure of amplitude channel activity. These activities could also be visualized by a 3D
mapping of a buildup (negative) and decline (positive) voltage activity in the visual and
auditory cortices over time. The criteria for selecting VEP and AEP peaks was based on this
3D mapping procedure and the visual inspection of peaks on a trial-by-trial basis. The time to-
collision of the looming stimulus was taken as the time at which a looming-related VEP/AEP
peak occurred. When a number of consecutive looming picks were seen in the same trial, it
became difficult to select the right one. In case of multiple peaks, the peak occurring closest
to the stimulus end was assumed to be more functionally related to the loom. When more than
one peak occurred closer to contact, the peak showing the dense and well centered cortical
activity in the 3D mapping was taken as the most functionally relevant looming-related peak.
Trials where looming responses were not prominent or occurring too early or too late in the

looming sequences were excluded from further analysis. Some trials which displayed a little
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shifted area of activity (slightly downwards at occipital region) on the 3D map but showed a
typical wave pattern were also selected as looming responses. These trials were confirmed
from video and eye data showing that different area of activity was either due to pushing the
neck backwards or eye movements (blinking) as a defensive response to the looming
stimulus. These waves were included when they appeared in a similar time span and displayed
3D brain activity as in a typical looming VEP or AEP. All these successful trials were marked

and then further analyzed.
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Figure 2. EEG data showing prominent AEP peaks of a 4 s loom of a typical baby boy (3-
4months old)(a), and VEP peaks of a 4 s loom of a typical baby girl(3-4 months old)(b) and
their 3D mappings over time. The AEP peak at channel Cz and the VEP peak at channel Oz
are marked by the yellow vertical line. The 3D mappings show a high cortical activity in the

auditory and visual cortices building up over time.

In addition to recording the timing of the VEP and AEP peaks with respect to the virtual
collision, the duration of every looming-related VEP and AEP response was recorded (see
Figure 3). The VEP or AEP duration was defined as the difference in time between the start

and the end of the looming-related peak (van der Meer et al., 2013).
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Figure 3. Marking and timing of individual VEP in raw EEG data, showing how the start,
peak and end of the looming-related VEP were manually marked in the Oz electrode of a
single trial. Positioning of the yellow vertical line aligned with loom end, was considered as

reference to take the time of the looming peak.

2.5.1 VEP and AEP analysis at the electrode level

An average of all looming-related peaks observed for each of the two stimulus modalities on
all trials was obtained for each infant. This average represented AEPs and VEPs for all trials
in which a looming-related peak was detected. These individual averages were then
interpolated to the 81-standard channel electrode. The amplitudes of peaks at channels Oz, Pz,
Cz and C3 for each of the three loom speeds were recorded from these average files for each
infant. These amplitude values were then compared with one another using ANOVA

statistics. Individual averages of each infant were combined to form a grand average.
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3. Results
3.1 VEP and AEP responses

The channels Oz and Pz were selected for visual looming stimuli and Cz and C3 were
selected for auditory looming stimuli as these sites showed maximum activation in response
to looming visual and auditory stimuli, respectively. The analyses were performed on a total
of 554 trials in which 273 trials were performed at the age of 3/4 months and 281 trials were
performed at the age of 9/10 months. Infants in this experiment provided 207 trials out of 554
trails where both auditory evoked potentials (AEP) and visual evoked potentials (VEP) co-
occurred on the same trial, more or less equally divided over the two test sessions. Looming
related VEP responses were observed in the occipital area and parietal areas, especially in Oz
and Pz and AEP responses were mostly observed in Cz and C3 areas some time before the

loom would have made contact with the infant.

3/4 months old infants showed their looming-related VEP responses on average 0.882 s (SD =
0.11) and their looming-related AEP responses occurred 0.996 s (SD=0.172) before contact.
9-10 months old infants showed their looming-related VEP responses on average 0.737 s (SD
= 0.09)and AEP responses occurred 0.827 s (SD=0.13) before contact. For the 2s loom, 3s
loom and 4s loom, average VEP response occurred at 0.853 s (SD=0.11), 0.876 s (SD=0.15)
and 0.918 s (SD=0.06) respectively before contact while average AEP responses occurred at
0.876 s (SD=0.15), 0,951 s (SD=0.19) and 1.148 s (SD=0.19) respectively before contact at
the age of 3/4 months. 9/10 months old infant showed their looming related VEP responses
for the 2s loom, 3s loom and 4s loom on average 0.672 s (SD=0.07), 0.759 s (SD=0.11) and
0.774 s (SD=0.11) respectively before contact while average AEP responses occurred at 0.754
s (SD=0.08), 0.875 s (SD=0.21) and 0.827 s (SD=0.13) respectively before contact.

A 2 (modality: VEP and AEP) x 2 (age: 3/4 month and 9/10 months) x 3 (loom condition: 2,
3, and 4 s) repeated measures ANOVA was performed on averaged looming-related peak
activation. Adjustment for multiple comparisons was made by Bonferroni correction. The
results showed a main effect of age, F(1, 9) =46.61, P < 0.005, indicating that with age, both
VEP and AEP responses occurred at smaller values of time-to-collision across the three loom
speeds (see Figure 4).

The result showed a main effect of modality, F(1,9) = 6.86, P < 0.05, indicating that
irrespective of age, looming-related AEP peak occurred before looming related VEP peak in

the looming sequence.
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The results also showed a three-way interaction effect of age, modality and looming
condition, F(2, 18) = 7.48, P < 0.005, indicating that VEP and AEP responses occurred closer
to contact at the age of 9/10 months compared to at the age of 3/4 months and both age groups
showed AEP responses before VEP responses in the looming sequences. The results also
showed that looming-related responses occurred at a fixed time to contact, with the exception
of AEP responses at the age of 3/4 months where infants showed looming related responses
significantly closer to contact for the faster 2s loom than for the 3s and 4s looms (see Figure
4).

The results also showed a main effect of looming conditions (2s, 3s and 4s) which was not

real effect, but was caused by the three way interaction.
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Figure 4: Averaged looming-related VEP and AEP peak activation (including SD bars) for the
three looms at the age of 3/4 months and at the age of 9/10 months. With increasing age both
VEP and AEP responses occurred at smaller values of time-to-contact across the three loom
speeds. In addition, irrespective of age infants responded at a fixed time-to-collision for both
VEP and AEP, except for AEP responses at the age of 3/4 months, where infants showed their
looming-related responses at significantly smaller values of time-to-collision for higher loom

speeds.
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3.2 VEP and AEP amplitudes

An average of looming-related VEP and AEP peaks of all three looms for each infant at the
age of 3/4 months and at the age of 9/10 months was obtained by averaging only marked
peaks which were identified as looming-related on single trials. These averages were then
interpolated to standard 81 channel electrodes for each infant at both ages. The amplitudes of
peaks at channels Oz and Pz for VEP and Cz and C3 for AEP for each of the three looms
were recorded from each of these averages. The averages of all the 10 infants at both ages
were then combined to form a grand average.

A 2 (age: 3/4 months and 9/10 months) x 4 (Channel: Oz, Pz, Cz and C3) repeated measures
ANOVA was performed on averaged peak VEP and AEP activations. The investigated 4
different channel areas were selected based on anatomical positioning of the brain areas
involved in visual (Braddick et al., 2005; Cheng et al., 1995; Dougherty et al., 2003; Holliday
& Meese, 2005; Morrone et al., 2000; Rosander et al., 2007; Shirai & Yamaguchi, 2004) and
auditory processing (Alkak, Kedzior & keskindemirci, 2007). The results showed a main
effect of age, F(1,9) = 7.03, P< 0.05, indicating that amplitude activity for both VEP and AEP
increased with age.

The results also showed a main effect of channel, F(3,27) = 39.81, P< 0.005, indicating that
irrespective of age, amplitude activity among at four different channels were significantly
different.

A significant two-way interaction effect between age and cortical area was found, F(3,27) =
5.33, P< 0.005, indicating that the activity in our investigated occipital and parietal areas
differed between the measurements performed at 3/4 months and 9/10 months. The amplitude
activity in cortical area channel Oz did not change significantly with growing age, while
amplitude activity in cortical area channel Pz increased significantly with increasing age
referring to a shift of area for VEP from occipital to parietal with increasing age. It also
showed amplitude activity at channel Cz which did not show significant change with age,
while the activity at channel C3 increased with age referring to an increase of cortical area for

AEP (see Figure 5).
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Figure 5.Grand average of looming-related VEP and AEP peaks observed at Channels Oz, Pz
and Cz, C3, respectively. The head drawing(nose up) shows the scalp localization of the 81
standard electrodes. The four channels of interest: Oz, Pz (red) and Cz, C3 (green) are
indicated with filled colored circles. With increasing age the amplitude activity at channel Oz
did not change significantly, while amplitude activity at channel Pz increased significantly
with increasing age. The amplitude activity at channel Cz and C3 also showed changes in

activation with increasing age.
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4.Discussion

In order to respond adequately to a looming object approaching on a direct collision course,
infants would have to perceive the collision before it happens and this requires the use of
prospective information about the impending collision. This kind of processing is triggered by
highly efficient visual systems (Lee, 1998b; Von Hofsten, 2007; Von Hofsten, 2004; Wilkie
& Wann, 2003) and auditory systems (Maier & Ghazanfar, 2007) which integrate the
information and produce appropriate responses (Alink et al., 2012; Cappe et al., 2012). Young
infants are sensitive to process information specifying the serial organization of dynamic
audiovisual sequences and have the ability to perceive audiovisual responses of different
lengths which emerges early in human development (Lewkowicz, 2008). In this perspective,
timing is an important factor. In the present longitudinal study, the development of visual and
auditory motion processing of a looming object in infants at the ages of 3/4 and 9/10 months
was investigated with high density EEG. VEP and AEP analyses were used to investigate
whether there were any significant differences between young infants (3/4 months old) and

old infants (9/10 months old) responses to audiovisual looming.

4.1. VEP and AEP responses

In this study, 3/4 months old infants showed their looming-related VEP responses on average
0.882 s and their looming-related AEP responses on average(0.996 s before contact while 9/10
months old infants showed their looming-related VEP responses on average 0.737 s and AEP
responses on average 0.827 s before contact. Irrespective of the loom’s three different
approach conditions, at 3/4 months the average brain response for both VEP and AEP appear
relatively early in the looming phase, when the looming object is still far from the infant’s
face. At the age of 9/10 months, however, infants’ average peak VEP and AEP activation
appears much closer to the virtual collision. At the age of 3/4 months, infants responded to
audiovisual looming stimuli at larger values of TTC compared to infants at the age of 9/10
months could be due to less developed neural pathways. The first four months of infants life
most of the synaptic activations are in rudimentary form (Johnson, 2000) and synapses in
these neural pathways are not yet fully specialized (Jacob, 1999). These neural pathways
would lead to less accurate audiovisual responses. Though development of these neural

pathways infant can estimate responses accurately (Johnson, 2000; Jacob, 1999).
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Infants at 9/10 months of age responded at shorter values of TTC could also be due to
increase of white matter in infants (Kushnerenko et al., 2013). Using MRI study in infant, it
was observed that myelination of white matter began to appear in different cortical areas of
the brain from 8-12 months of age (Paus et al., 2001). The 9-10 month-old infants displayed an
in-between developmental stage. This could also be interpreted as an important sign of
appropriate neural networks processing which has been established and the age of 9-10
months would be an important age for doing so. Moreover, crawling, an important step of
infant development also starts at this age. These make sense from a perspective where brain
and behavioral development run simultaneously (Johnson, 2000).In addition to these, there is
also benefit of increasing age which showed that infants can obtain better control of self-
produced locomotion and gain their perceptual abilities for perceiving looming danger which
improves with age. Results also suggest that during the development of first year of infancy,
their ability to pick up the looming information improves. At the same time, looming related
post- synaptic current is flowing inside the neurons in a particular brain region where the
brain signals are processing from visual cortical areasV1 to V3 , V5/MT+ (Teder-Salejarvi,

Di Russo, McDonald, & Hillyard, 2005; van der Weel & van der Meer, 2009).

In the present study, infants at both ages (3/4 months and 9/10 months) showed AEP
responses earlier than VEP responses in the looming sequence. AEP responses occurred on
average 114 ms earlier than VEP responses at young age while in old infants AEP responses
occurred on average 90 ms before VEP responses.

The results demonstrated that the visual loom was perceived more accurately when auditory
responses occurred earlier in the looming sequence with a time difference of about 70-120ms
between VEP and AEP. Jack et al. (2012) demonstrated that perceived size of visual image
increases when the sound appeared about 0-120 ms before the visual component. However,
accuracy of visual and auditory perception increases when time difference between the two
responses ( VEP and AEP) decreases. The sound and light need to be close enough to
understand that both stimuli are coming from the same source. For example, when infants are
given a choice between two moving visual stimuli and a sound that corresponds to the impact
that one of these visual stimuli makes, they detect the temporal relationship between the
visible and the audible impacts (Lewkowicz, 1992). In recent years, a number of studies have
explored this kind of audiovisual temporal interaction which shed light on timing between
auditory and visual components and confirmed its generality by showing that sounds can

attract the timing of visual events and influence the strength of visual apparent motion
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(Getzmann, 2007). Conversely, auditory motion can cause visual stimuli to be more perceived
along its direction (Alink et al., 2012).Moreover, moving sounds enhance visual motion
perception in the visual motion complex MT/V5+ area when its direction is congruent with
that of visual motion stimuli (Alais et al., 2010). It was also shown in previous research that
observed temporal interactions between auditory and visual motion perception and it was also
showed that a striking influence of auditory responses was present on visual responses.
(Shipley, 1964; Gebhard & Mowbray, 1959). Apart from this view, findings are supported by
the emerging view that auditory motion stimuli can affect visual motion perception (Meyer &
Wuerger, 2001; Meyer, Wuerger, Rohrbein, & Zetzsche, 2005; Brooks et al., 2007; Freeman
& Driver, 2008; Hidaka et al., 2009;Hidaka et al., 2011; Conrad, Bartels, Kleiner, &
Noppeney, 2010; Teramoto et al., 2010; Alink et al., 2012). On average an earlier response to
the auditory modality in a multisensory stimulus could enhance the perception of the visual
modality. Romei and his colleagues found that looming structured sounds enhance visual
perception by increasing cortical excitability in primary visual area(V1/V2) which can act as a
potential threat and can be useful for obtaining further visual information (Romei, Murray,
Cappe, & Thut, 2009; Leo, Romei, Freeman, Ladavas, & Driver, 2011). Furthermore, by
using fMRI, it has already been found that primary visual cortex area VI, i.e., banks of
calcarine sulcus, and several higher visual areas in lingual, fusiform, cuneus, lateral occipital,
inferior temporal, and middle temporal gyri work as an area where multisensory processing
occurs as a consequence of auditory stimulation (Burton, Snyder, Diamond, & Raichle, 2002;
Roder, Stock, Bien, Neville, & Rosler, 2002). The looming bias in visual perception is
influenced by looming sounds which amplifies the visual looming perception (Conrad et al.,

2013).

4.2. Amplitude activity at different channels

Amplitude of ERP components is referred to as the summation of neural activity resulting
from greater neural activation, which is determined by a number of factors like thickness of
the skull, the size of the population of active neurons, the position of the active and reference
electrode and the distance between the electrode and the active neurons and the latency
variability of the signal (Meyer, Baumann, Marchina, & Jancke, 2007; Webb et al., 2005).

The results from our study concerning averaged peak VEP and AEP activity at channels Oz,

Pz, Cz and C3 showed that the activity at these sites varied according to the infant’s age.
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Results showed that amplitude activity increased with increasing age for both VEP and AEP
modalities.

Amplitude activity refers to the amount of neurons firing in synchrony (Pfurtscheller & Lopes
Da Silva, 1999), higher amplitudes could refer to the large cortical synchronization and these
large synchronization could account for the integration of bimodal perception of audiovisual
looming (Maier, Chandrasekaran, & Ghazanfar, 2008). Kushnerenko and his colleagues found
amplitude activity to increase mostly between 3 and 9 months of age. This the authors
explained as the growth and the sharpening of the morphology of neural generators of the
cortex, advancing myelination, increased synaptic density, efficacy, and neuronal
synchronization (Kushnerenko et al., 2002).

Results also showed that infants irrespective of age , showed different amplitude activity at
different channel. There are several studies on the maturation of auditory and visual system in
the brain which showed that neuroanatomical development of these systems is not parallel
(Anderson et al., 2001; Anderson & Thomason, 2013).

Infants aged 9/10 months showed higher amplitude activity at channel Cz compared to
amplitude activity at all other channels. This could mean more development occurred at
auditory area as infants grow. Ruff and Rothbart (1996) found that a reduction in the response
to visual stimuli occurred around 9 months of age. This finding was supported by
Kushnerenko and his colleagues when they found infants to respond towards auditory stimuli
which gradually increased between 3- 9 months of age (Kushnerenko et al., 2002). Behavioral
studies have also shown that the orientation to high-energy stimuli gradually changes to
attending to genuine novelty as well as other significant events by approximately 9 months of
age (Kushnerenko, Van den Bergh, & Winkler, 2013). In addition to development, infants
showed characteristic changes and different responses to visual and auditory stimuli. Thus,
infants could reduce attention to irrelevant stimuli with increasing age (Gomes, Molholm,
Christodoulou, Ritter, & Cowan, 2000b). Moreover, audiovisual interactions have been found
in auditory cortex, and have been confirmed at the single-unit level (Fu et al., 2003;
Ghazanfar et al., 2005) as well as by intracranial multicontact depth electrodes examining the
time course of activation across cortical laminae (Schroeder et al., 2001). Evoked potential
studies have also shown that audio-somatosensory interactions are mainly present in auditory
cortex (Foxe et al., 2000).

For infants aged 3/4 months showed more VEP responses at channel Oz than at channel Pz.
This could mean that visual cortical areas processing looming were more active and more

developed than other channel activity areas Moreover, at the age of 3/4 months higher
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amplitude activity at channel Oz could also be due to infants’ active attention to the visual
loom which resulted in the recruitment of more visual cortical pathways (Johnson, 1990). At
the age of 3/4 months the activation in the O area showed larger negative amplitudes than at
the age of 9/10 months. An opposite pattern was observed in the peak amplitudes at the P area
at 9/10 months. The decrease in activity in the O area and increase in the P area with age
shows that activation in occipital areas propagates forward and starts to influence more
advanced areas in parietal and temporal leads (Webb et al., 2005) where the dorsal stream
appears as a complex and special area for advanced visual processing (Van Der Meer et al.,
2013). Moreover, the shifting of amplitude activation between the different areas of the brain
as well as findings of an increased processing speed could indicate that the visual pathway has
become more specialized as infants aged from 3/4 to 9/10 months. This could also be due to
myelination of the visual cortical pathway which may lead to an increase in processing speed
(Dubois et al., 2008; Van Der Meer et al., 2013). This explanation also supports the finding
that showed increased VEP amplitude at Oz electrode site at 3/4months compared to AEP
amplitude at Cz electrode site. The lower amplitude at Cz electrode could mean that auditory
cortical areas processing looming have not fully developed as this is the most crucial period
for development of the neurosensory part of auditory system (Graven & Browne, 2008). It
could also mean that more cortical neurons were firing in synchrony in the visual cortex than
in the auditory cortex in young infants (Huttenlocher, 1990). AEP responses in the auditory
cortex could refer to the relative fewer population of active neurons causing
desynchronization on that area responding to auditory motion (Elul, 1972).

EEG measures the summation of neural activity that has propagated to the scalp, it may not
adequately separate sources that temporally overlap. Findings of the propagated activity could
therefore be a result of the temporal summation of changes in other components (Webb,
2005). It could also occur because of additional processes emerging, that are not yet identified
or taken into consideration. Another factor that could have influenced our findings of
differences in amplitude activation between the two age groups could be the result of an
increase in skull thickness. Infant skull thickness increases most rapidly within the first year
of life (Grieve, Emerson, Fifer, Isler, & Stark, 2003) resulting in a thicker skull at 9/10
months than at 3/4 months. However, increase skull thickness refer skull's poor conductivity.
Despite the fact that the infants’ skulls became significantly thicker as they aged from 3/4
months to 9/10 months, we still found an increase in averaged VEP activity in the P area as

they became older. This supports the argument that infants’ processing of the looming stimuli
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propagates from occipital towards more specialized and advanced parietal neural
pathways(Van Der Meer et al., 2013).

Results further showed that amplitude activity at channel Cz did not show significant
increased amplitude activity as compared to amplitude activity at C3 when the infants became
older. This could mean the development of the auditory cortex is occupying larger brain area
than the infants have during early infancy. The auditory cortex is situated on the outer surface
of the temporal lobe where neurons representing specific frequencies develop. The neural
connections to the temporal lobe become functional from 28 to 30 weeks of gestational
period. This supports the present findings as auditory cortical areas are developing and
increasing with age (Graven & Browne, 2008;Hall, 2000). Furthermore, C3 electrode site in
the 10-20 EEG montageis on the left cortical side. Findings from adult studies of collision
judgments have shown a left centered cortical activation which supports the current finding
that neural collision judgments may be localized in left cortical areas (Assmus et al., 2003;
Coull, Vidal, Goulon, Nazarian, & Craig, 2008; Field & Wann, 2005; van der Weel & van der
Meer, 2009; Van Der Meer et al., 2013). According to Tyll et al (2013), an increased
audiovisual signal enhances multisensory processing within low level visual cortices, auditory
areas and the left-hemispheric parietal cortex. In addition to this, lateral portions of the
superior temporal cortex, the superior temporal sulcus, and intraparietal sulcus as well as the
amygdala have been found to be sensitive to looming cues (Graziano & Cooke, 2006;
Ghazanfar, Neuhoff, & Logothetis, 2002b; Seifritz et al., 2002). Regarding multisensory
interconnectivity, several accounts have been advocated to explain multisensory interplay
within low-level visual cortices. It was found by using retrograde tracing that there is a direct
cortico-cortical connectivity between auditory cortices and sending information through
monosynaptic projections from auditory cortices as well as areas of the superior temporal

sulcus to V1 (Falchier, Clavagnier, Barone, & Kennedy, 2002).

4.3 Conclusion

The present study identified looming-related brain electrical responses from the EEG
recordings in infants with 3/4 months and 9/10 months. The study showed clear differences in
VEP and AEP activities between infants with increasing age, shown by a decrease in
processing time and peak VEP and AEP activation which was closer to the loom’s time-to-
collision. The measured peak VEP activation also propagated towards higher information

processing areas in the visual pathway. The findings indicate a developmental trend in
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infants’ prediction of an object’s time-to-collision. The amplitudes of looming-related peaks
at occipital channel Oz and parietal channel Pz, and auditory channel Cz and C3 were
compared. At the age of 9/10 months, infants showed more visual activity at Pz channel
which could mean the shifting of visual area from 3/10 months of age. Furthermore, auditory
activity at channel Cz and C3 at the age of 9/10 months increased with age and this area could
act as a cortical area for multisensory integration. The observed differences could be reflected
as neuroanatomical development occurring during first year of infants’ life as well as a

cortical area for processing multisensory looming perception.
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