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ABSTRACT

Object permanence allows infants to interact successfully with objects in the environment. What happens in the human infant
brain when objects move in and out of sight? This study used high-density electroencephalography (hdEEG) to record induced
oscillatory brain activities in 29 locomotor infants before, during, and after occlusion of a moving object traveling at different
speeds. Temporal spectral evolution (TSE) showed that before and after the occlusion event, event-related synchronized (ERS)
brain activity was observed, whereas event-related desynchronized (ERD) activity was detected when the car was hidden behind
the occluder. Both synchronized and desynchronized brain activities were found in the gamma frequency band (>30 Hz) in
visual areas. Coherence connectivity analysis showed significant cluster differences before and during occlusion, during and after
occlusion, and before and after occlusion in the gamma (30-150 Hz) and theta range (4-7 Hz) in several brain sources of interest. It
was concluded that locomotor infants between 8.5 and 12 months of age show high-frequency brain oscillations while perceiving a
moving object going temporarily out of sight. The significant cluster differences indicate the beginning of specialized connectivity
networks, where object permanence is processed within dedicated visual, parietal, and central areas along the dorsal processing

stream.

1 | Introduction

Visual scenes in our daily lives consist of objects hiding behind
and overlapping each other, yet we can perceive single items
as enduring entities and meaningful units. For example, when
a moving car disappears into a tunnel, we know that it did
not disappear into thin air, and we fully expect it to come out
of the tunnel at the other side. Knowing that an object exists
even though it is out of sight is what Piaget (1954) called object
permanence, a skill that develops during the first year of life
(Baillargeon and DeVos 1991; Kaufman, Csibra, and Johnson
2003). This skill is one among many other skills that are very

important to develop in order to interact successfully with objects
in the environment. The developmental processes that mediate
visual perception throughout life are expected to be increasingly
efficient after birth (Agyei, van der Weel, and van der Meer 2016a).

Prospective control is the ability to adjust our actions according
to the changing environment and our bodily characteristics (van
der Meer and van der Weel 2019). The ability to continuously
pursue a moving target with head and eye movements is one of
the earliest indicators of prospective control behavior in infants
(von Hofsten and Rosander 1996). Data on visual tracking and
reaching suggest that infants have a neural representation of both
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visible and hidden moving objects during the first half year of life
(Rosander and von Hofsten 2004). Already around 2 months of
age, infants show prospective control as they continuously track
objects using smooth pursuit eye movements (Rosander and von
Hofsten 2002). van der Meer, van der Weel, and Lee (1994), (van
der Meer et al. 1995) tested how prospective control of reaching
develops by investigating reaching abilities in infants catching a
moving toy at different speeds. The toy was occluded from view
by a screen during the last part of its approach to force the infants
to make use of predictive information. All infants showed visual
interest in the toy at 16 weeks, but none of them were able to
catch it. As soon as it disappeared behind the occluder, the infants
lost interest in the toy and seemed surprised when it reappeared
at the other end. However, as soon as they started reaching at
about 20 weeks of age, infants anticipated the reappearance of the
moving toy with their head and eyes, and from about 40 weeks,
they showed advanced prospective control ability by shifting their
gaze across the occluder and moving their hand forward at certain
times, rather than distances, before the toy would reappear. Thus,
when infants are about 9 months of age, they make available
the same time to catch a toy whether the toy is moving quickly
or slowly. Young infants use perceptual information to execute
adaptive motor responses (Shirai and Yamaguchi 2010). However,
little is known about how the neurons in the infant brain
behave during temporary occlusion of objects moving at different
speeds.

The visual system of humans starts to develop before birth
and continues thereafter. The retina, which is the network of
photoreceptors and interneurons at the back of the eye, starts to
form around 40 days postconception and may have a relatively
complete set of cells by 160 days (Finlay, Clancy, and Kingsbury
2003; Johnson 2013). From the few studies on humans deceased
embryos and fetuses, we know that many major structures like
neurons, areas, and layers in the brain are in place by the end of
the second trimester in utero (e.g., Zilles et al. 1986). A total of 100
billion neurons are found in the brains of human infants at birth,
and a few of them are connected. After neurons are formed, have
found their place in cortex, and grow, they begin to connect to
other neurons (Johnson 2013). Infant neuronal networks consist
of a vast number of neurons and dendritic spines (Huttenlocher
1990; Webb, Long, and Nelson 2005). The number of dendrites
and synaptic connections in the primary visual cortex is at its
peak level at the age of 8 months and 2 years (Klaver et al.
2011). The infant brain takes advantage of the overproduction
of neurons in both adaptation and plasticity, where the infant
brain doubles in weight during the first year of life, strengthening
some connections and pruning others. The strengthening and
pruning of neurons affect the processing speed and efficiency in
neural pathways due to specializations (Edelman 1993; Johnson
2000). The synapses between neurons are preserved in active
cortical circuits and lost in inactive circuits (Johnson 2013).
Physical growth of the neurons and pruning of synapses is
activity dependent and develops after birth (Greenough, Black,
and Wallace 1987; Huttenlocher et al. 1986). Thus, during the first
year of life, an interplay between cortical maturation, experience,
and learning is forming a complex network of neurons specialized
in processing different types of information (Borge Blystad and
Van der Meer 2022; Johnson 2013).

One of the key functions of the visual cortex is processing
motion to prospectively perceive the environment. At 3 months,
infants exhibit a neural response to motion, and from 3 to 5
months, they show higher sensitivity to motion stimuli than to
static displays (Atkinson 2017). A study by Biagi et al. (2015)
reports that infants show network activation when exposed to
motion. Atkinson (2017) points out that the ability to discriminate
between simulated directions of heading in optic flow (Gilmore,
Baker, and Grobman 2004), to link parts of a partially occluded
object by their common motion (Johnson and Aslin 1996), and
to predict the trajectory of a moving object that passes behind
an occluder (Johnson, Amso, and Slemmer 2003) requires not
only global motion processing of directional signals, but also the
integration of time and space of the signals to allow the analysis
of the global structure of patterns of motion.

Visual perception of information propagates from the lateral
geniculate nucleus (LGN), the nucleus within the thalamus that
receives input from the optic tracts, to the primary visual cortex
(V1). Cortical area V5 is involved in oculomotor smooth pursuit
and perception of motion direction (Johnson 1990). Cortical mat-
uration includes the development of form and motion perception
caused by maturation of parvo- and magnocellular processing
streams (Atkinson 2000; Johnson 2013). Development of visual
memory of object features and object locations is caused by
maturation of ventral and dorsal processing streams (Mareschal
and Johnson 2003). The dorsal visual stream goes from V1 toward
the parietal lobe, passing through visual areas V2, V3, and the
middle temporal cortex (MT/V5+). However, the ventral stream,
important for object recognition and identification, goes from V1
to V2, V3, and V4, until it ends in the inferotemporal cortex.
The two visual streams are interconnected and are not strictly
independent (vvan Polanen and Davare 2015).

Electroencephalogram (EEG) is a method of measuring electrical
brain activity that is well-suited to study the neural correlates of
motion perception and its development. EEG studies in the time-
frequency domain have allowed the investigation of perceptual
and cognitive functions through the manifestations of the natural
frequencies in EEG oscillations (Basar et al. 1999). Induced brain
activity, which is only time-locked to an event and not phase-
locked, can be detected by frequency analysis. This event-related
phenomenon represents frequency-specific changes in the ongo-
ing EEG activity and may consist of either an event-related
decrease (desynchronization, ERD) or increase (synchronization,
ERS) of power in given frequency bands. ERD and ERS reflect
changes in the activity of local interactions between main neu-
rons and interneurons that control the frequency components of
the ongoing EEG (Pfurtscheller and Lopes da Silva 1999). ERD is
associated with an increase of task complexity or attention and
is considered a sign of neuronal networks preparing to process
sensory information, whereas ERS is generally associated with
neurons in a deactivated state (Pfurtscheller and Lopes da Silva
1999).

Over the years, different classes of oscillations have been distin-
guished: delta-band (1-4 Hz), theta-band (4-7 Hz), alpha-band
(7-13 Hz), beta-band (13-30 Hz), and gamma-band (30-150 Hz)
(Agyei, van der Weel, and van der Meer 2016a). These rhythms
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reflect neurophysiological processes that manifest functionally
different roles (Buzsaki and Draguhn 2004; Engel and Fries
2010; Ganzetti and Mantini 2013; Saby and Marshall 2012). Delta
activity is involved in signal detection and decision-making
(Basar et al. 2000), alpha activity is connected to the control
of inhibition and cortical processing (Klimesch, Sauseng, and
Hanslmayr 2007), and beta activity is involved in multisensory
stimulation and shifting of neural systems to a state of attention
(Khader et al. 2010), whereas gamma activity is observed in
connection with various perceptual and cognitive functions,
including feature binding and attentional processes (Miiller,
Gruber, and Keil 2000).

Several EEG studies using time-frequency analysis have found
that infants’ visual motion processing at the age of 3-5 months
is dominated by ERD of theta oscillations (4-7 Hz) in the
visual cortex (Orekhova, Stroganova, and Posikera 1999; van der
Weel and Van der Meer 2009). These low-frequency oscillations
undergo systematic development from early childhood to adult-
hood (Stroganova and Orekhova 2007; Stroganova, Orekhova, and
Posikera1999). In infants, these low-frequency rhythms have been
attributed to general signs of immaturity (Orekhova et al. 2006;
Stroganova and Orekhova 2007). Theta-band oscillations have
been reported to play an important role in cognitive processes
(Basar et al. 2000; Freunberger et al. 2011; Gruber and Miiller
2006; Khader et al. 2010; Klimesch et al. 1996). Agyei et al. (2015)
investigated the induced brain responses in infants at 3 to 4
months and 11 to 12 months using an optic flow paradigm. They
found a decrease in amplitudes at 5-7 Hz that was observed as
theta activity at both 3 to 4 and 11 to 12 months, whereas an
increase in amplitudes at 9-13 Hz was observed as synchronized
alpha activity only at 11 to 12 months. They concluded that
induced brain activities related to visual motion perception are
changing from lower to higher frequencies in the human brain
during the first year of life (Agyei et al. 2015). ERDs in the theta-
and alpha-frequency bands were also found in another study of
infants during visual motion perception, whereas ERD beta-band
activity was observed in adult frequency data (Vilhelmsen et al.
2018). These results support the fact that brain activities undergo
rapid development throughout life, where higher frequencies are
more prominent in the brains of older infants and adults. As
infants grow older, visual motion processing is characterized by
ERS alpha/beta oscillations with fast oscillating cell assemblies
that have fewer but more specialized neurons, resulting in
improved visual motion perception (Agyei et al. 2015; Agyei, van
der Weel, and van der Meer 2016a).

In previous research on occlusion of objects, gamma-band activity
at around 40 Hz in human adults has been associated with
maintaining an object’s visible properties in mind (Tallon-Baudry
and Bertrand 1999). More recent studies also report an increase
in gamma-band activation during the occlusion period in infants
(Southgate et al. 2008). Kaufman, Csibra, and Johnson (2003)
carried out an EEG study with infants where a toy train engine
entered a tunnel, and as the train engine was leaving the
tunnel, a hand lifted the tunnel to reveal either the train engine
(appearance) or nothing (disappearance). The appearance or
disappearance of the train engine was either expected or not
expected. The researchers measured the brain responses of 22 6-

month-old infants, while they watched the different conditions.
The infants showed higher activity in the unexpected than in
the expected disappearance condition. Gamma power over the
right temporal region was found and was consistently higher,
whereas the car was occluded. As a sequel, Kaufman, Csibra, and
Johnson (2005) did a study with 36 6-month-old infants watching
visual stimuli that disappeared either via occlusion (consistent
with continued existence) or via disintegration (inconsistent
with continued existence). They found that infants’ perception
of objects relies on the same visual cues as object tracking
mechanisms in adults (see Scholl and Pylyshyn 1999). However,
current studies have not investigated time-frequency changes in
the infant brain using an occlusion paradigm with a moving
object. Successful deceleration discrimination following a moving
car on a screen that was temporarily occluded has previously
been found in adult EEG (Holth, van der Meer, and van der
Weel 2013). When it comes to infant EEG, it is unclear whether
the infant brain also successfully discriminates among different
speeds during temporary occlusion of moving objects.

Functional brain connectivity reflects the brain’s abilities to
process and integrate information. A functional connectivity
organization of the brain would be characterized by a flexible
and variable localization of neural activity in response to dif-
ferent motions (van der Weel, Agyei, and van der Meer 2019).
The development of visual perceptual and motor abilities may
affect functional brain connectivity (DeMaster et al. 2019). Many
studies concerning functional brain connectivity in adults have
used functional magnetic resonance imaging (fMRI) imaging
(e.g., Batalle et al. 2017). Although fMRI provides high spatial
resolution, it does not directly measure neuronal activity and
has a limited temporal resolution. This prevents the measure-
ment of neurophysiological oscillations and their interregional
connections. EEG offers a combination of spatial and temporal
resolution, allowing both for the decomposition of connectivity
into time-frequency space and for the measurements of fast
neuronal oscillations directly underlying information processing
and communication in the brain (Basar et al. 1999).

The present study investigated induced oscillatory activities in
the human infant brain in relation to temporarily occluded
moving objects. High-density EEG was used to detect oscillatory
brain activity through time-frequency analysis and coherence
connectivity analysis. We analyzed the induced brain responses
before, during, and after temporary occlusion of a virtual car
driving around a rectangular path on a large screen with three
different speeds. On the basis of previous EEG studies using
time-frequency analysis mentioned above (e.g., Agyei et al.
2015, Agyei, van der Weel, and van der Meer 2016b; Kaufman,
Csibra, and Johnson 2005), we expected to find high-frequency
neural oscillations in the 1-year-old infant brain when following
the moving car. In addition, we expected to find even higher
frequencies during object occlusion. When it comes to speed
perception, we did not expect to find any differences as previous
time-frequency studies (e.g., Vilhelmsen et al. 2018) had not found
any frequency differences related to speed in infant EEG. In the
functional coherence connectivity analysis, we investigated net-
work activation between visual sources of interest and expected
to find functional connections between them.
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2 | Methods

2.1 | Participants

A total of 34 infants were recruited for this study. Five infants
had to be excluded from the study because of insufficient data for
further analyses. Twenty-nine infants (13 girls, 16 boys) provided
sufficient artifact-free data for the analyses. The infants were
between 8.5 and 12 months at testing, with a mean age of 10.5
months (SD = 1.1). Parental records showed the infants to have
on average 10.3 weeks (SD = 6) of self-generated locomotor
experience at the time of testing, with all infants being able to
crawl, whereas three infants were able to walk at least some steps
alone.

As a psychological procedure, EEG recordings do not cause
any known physical harm to participants. Parents gave their
informed consent and could withdraw from the study at any time.
The Norwegian Regional Ethics Committee and the Norwegian
Data Services for the Social Sciences approved the study. All
methods were performed in accordance with relevant guidelines
and regulations.

2.2 | Experimental Set-Up

Testing took place in a room with a large projection screen (108 cm
wide and 80 cm high) hanging down from the ceiling. Stimuli
were generated with E-Prime (Psychology Software Tools Inc.)
and mirror-reversed projected onto the screen by means of an
ASK M2 projector. EEG activity was recorded with the Geodesic
Sensor Net 200 (GSN), which consisted of 128 sensors that
were evenly distributed across the infant’s scalp. Triggers about
the onset and offset of the stimulus were communicated from
E-Prime onto the EEG recording. As recommended for the high-
input-impedance EGI amplifiers (Ferree, Luu, and Tucker 2001;
Picton et al. 2000), all electrode impedances were kept under
50 kQ to ensure an optimal signal-to-noise ratio. Net Station
software recorded the amplified EEG signal on a Macintosh
computer, using a sampling rate of 500 Hz with a low-pass
filter of 200 and a 0.1 Hz high-pass filter. The visual feed was
processed with Clear View software on an HP computer. Digital
videos during the experiment were recorded by two cameras
positioned at different angles in front of the infant. This made it
possible to observe the infant’s attention and behavior during the
experiment. All data were stored for offline analyses. Trials where
the infant was not looking were removed from the raw EEG data.

2.3 | Occlusion Stimuli

The stimulus consisted of an animated red car moving along
a rectangular path during which it disappeared twice behind a
green occluder (see Figure 1). The start position of the car was
set in the lower left corner of the screen. The car’s motion from
lower left to upper right corner was counted as one trial, whereas
its motion from upper right to lower left corner was considered
the next trial. The car drove 100 cm horizontally on the screen,
which constituted a visual angle of 64°. The vertical movement
was 22.5 cm on the screen. The car had a length of 40 pixels
(6.7 cm), whereas the occluder had a length of 60 pixels (10 cm).

FIGURE 1 | Stimulusset-up: The car moved along a rectangular path

se

on alarge screen and was occluded twice on its way. The car started at high
speed and moved under three different constant decelerations, that is,
“fast” (10% deceleration), “medium” (50% deceleration), and “slow” (90%
deceleration). One trial was from lower left to upper right corner, and the
next trial from upper right corner to lower left corner. During a trial, the
car drove the distance from the start position to the end position in 1486,
1802, and 2352 ms and was occluded for 167, 233, and 334 ms during fast,
medium, and slow speed, respectively. Between trials, attention pictures
were presented simultaneously with sounds to fixate the infant’s attention
to the starting position of the car, when necessary. Interstimulus intervals
were set to 2000 ms.

The car started at high speed (0.4 px/ms, corresponding to
67 cm/s) and, after traveling 20 cm on the screen, continued
its trajectory under three different constant decelerations: fast
(10% deceleration), medium (50% deceleration), and slow (90%
deceleration); see Figure 1. This way, the spatiotemporal informa-
tion available in each trial was varied so that the infants could
not rely on an automated gaze-shifting response. The different
decelerations also helped increase the infants’ interest in the task.

2.4 | Procedure

Parents arrived with their infant some time prior to the experi-
ment so that the infant could get comfortable with the laboratory
surroundings and the parents could sign the informed consent
form. One experimenter informed the parent(s) about the pur-
pose, duration, and experimental procedures and played with the
baby so that it became familiar and relaxed before the experiment
started. The infant’s head circumference was measured to ensure
the correct size selection of the GSN 200. The electrode net was
then soaked in a solution of distilled water, saline, and baby
shampoo to ensure optimal contact with the scalp. The net was
placed on the scalp of the infant, whereas it sat on the parent’s
lap. Small-sounding toys and soap bubbles were used to distract
the infant’s attention from the net.

Immediately after the net was mounted, the infant was placed in
a baby car seat in front of the screen hanging 80 cm away from the
infant’s face in the experimental room. The electrode net was then
plugged into an amplifier, and the impedance of the electrodes
was checked. One parent was always sitting next to the infant
in the experimental room to avoid any stress an absent parent
may cause and was instructed to not interfere unnecessarily. An
assistant was also present to help the baby focus on the screen.

The experiment was performed in a quiet and dimly lit experi-
mental room that was divided by a soundproof window from the
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control room where the computers for stimulus generation and
data acquisition were placed. Each infant was individually tested,
and the testing session lasted for about 15-20 min. The occlusion
experiment was performed together with an optic flow and a
looming experiment, which provided data for other studies. The
occlusion experiment was usually conducted last, about 10 min
into the testing session, and lasted for about 3-5 min. On average,
69 (SD = 11) trials were presented per infant equally divided over
the three car speeds, in a quasi-random order.

2.5 | Data Analysis

EEG data analyses were carried out with the software program
BESA (Brain Electrical Source Analysis, GmbH) version 7.0. As
an initial preprocessing step, recordings were segmented with
Net Station software and exported as raw files to BESA for
analysis. By visual inspection, artifact-contaminated channels
and trials resulting from head or body movements were discarded
or reestimated using spherical spline interpolation (Perrin et al.
1989; Picton et al. 2000). None of the infants had more than
10% of the channels defined as bad, and trials where participants
were not looking at the screen were removed by visual inspection
using the recorded videos. Notch filter was set at 50 Hz to
remove mainline noise interference in the EEG data, whereas
low cut-off filter was set at 1.6 Hz to remove slow drift in
the data, and high cut-off filter was set at 100 Hz to remove
channels contaminated with high-frequency activities. A manual
form of artifact correction, designed to separate artifacts and
brain activity on the basis of spatial filtering, was employed to
remove physiological artifacts such as blinking or pulse from
the raw EEG data (Berg and Scherg 1991; Ille, Berg, and Scherg
2002). Horizontal and vertical eye movements that were naturally
present in the visual tracking task were also manually removed.
A reference-free montage showing EEG at 27 standard electrodes
was used. In scanning for artifacts, threshold values for gradient
and low signal were set at 75 and 0.1 uV, respectively, whereas
maximum amplitude was set at 200-230 uV.

Before computing a TSE, event-files were made for each infant
separately and appended to the raw EEG data. The event-files
were made to separate each trial into three different conditions:
before occlusion, during occlusion, and after occlusion. Thus,
nine motion conditions were available for comparison, 3 (fast,
medium, slow speed) x 3 (before, during, and after occlusion).
The car was fully visible before and after occlusion, whereas it
was completely occluded during occlusion. After the event-files
with the new conditions were added to the raw file and the data
were cleaned, the mean number of accepted events per infant was
133 (SD = 37), evenly distributed across the nine conditions.

2.51 | TSE—Temporal Spectral Evolution

Time-frequency analysis representing changes in amplitude
over time (temporal spectral evolution, TSE) was performed
in brain space using predefined multiple source dipoles that
modeled activities in the visual areas of the parietal and visual
cortices and other brain regions. The time-frequency displays
were generated from single trials by averaging spectral density
amplitudes over trials such that each displayed graph plotted

the spectral amplitude density of one montage channel over
time and frequency that were normalized to baseline for each
frequency (Hoechstetter et al. 2004; Pfurtscheller, Neuper, and
Mohl 1994; Pfurtscheller, Stancak, and Neuper 1996). The time-
domain signal was transformed into the time-frequency domain
by complex demodulation (Papp and Ktonas 1976). Signals from
average evoked responses were removed from the single trial time
series before calculating TSEs in order to have only TSE displays
of induced oscillatory brain activities. Measuring brain oscillatory
activities using surface electrodes may not be ideal as scalp
waveforms receive mixed contributions from underlying brain
sources. This is due to the wide distribution of focal brain activity
because of the smearing effect of brain volume conduction in
EEG and the nature of dipole fields. Therefore, to achieve optimal
separation of focal brain activities, source montages derived from
a multiple source model were used (Scherg and Berg 1991). The
source montage consisted of 17 sources that modeled activities
in the visual pathway as well as any residual activities in other
regions of the brain: Sources visual cortex radial left (VCrL), visual
cortex radial right (VCrR), visual cortex ventral midline (VCVM),
visual cortex lateral left (VCIL), visual cortex lateral right (VCIR),
parietal midline (PM), central left (CL), central midline (CM),
central right (CR), visual cortex bilateral left (VCbL), visual cortex
bilateral right (VCbR), temporal anterior left (TAL), temporal
anterior right (TAR), frontal left (FL), frontal midline (FM),
frontal right (FR), and fronto-polar midline (FpM) were further
analyzed.

TSE displays were set to frequency cut-off of 2-100 Hz at
frequency and time sampling of 1 Hz, 50 ms, respectively. TSE
probability maps were also computed to separately test for
significant differences in the TSEs (change in amplitude from
baseline to time-frequency sampling points) for each infant.
This allowed for the observation of significant oscillatory activity
patterns across the brain areas of interest for each infant that
was not visible in the overall averaged TSEs. To correct for
multiple testing, the Bonferroni procedure and permutation tests
described by Simes (1986) were applied to each set of time
samples belonging to one frequency bin. Frequency cut-offs and
time-frequency sampling points were maintained as stated above.

2.5.2 | Coherence Connectivity Analysis

The computed time-frequency data were further used to quantify
the functional connectivity between the visual areas of interest. A
functional connectivity analysis was performed by applying the
coherence method in BESA Connectivity version 1.0. Coherence
is a measure of linear covariance between two signals in a
particular time-frequency bin (Rosenberg et al. 1989). Hence, the
coherence analysis describes the numbers of in-phase compo-
nents of two brain source signals at a specific frequency. In the
coherence analysis, the same 17 sources as in the time-frequency
analysis were used, focusing on the following 11 sources: CM, PM,
VCIL, VCIR, VCrL, VCrR, VCbL, VCbR, VCvM, CL, and CR. These
sources are illustrated in Figure 2.

BESA Statistics 2.1 was used to test significant differences between
the events. A combination of permutation tests and data cluster-
ing was employed in the statistical tests to address the multiple
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comparison problem. The epochs must be the same length to test
for significant differences between events. Therefore, the epochs
of before occlusion and after occlusion were shortened to the same
epoch length as that of during occlusion (—100 to +162 ms).

3 | RESULTS

3.1 | TSE—Temporal Spectral Evolution

A time-frequency analysis (temporal spectral evolution—TSE)
was carried out for the nine different conditions, 3 (speed: fast,
medium, slow) x 3 (occlusion: before, during, after) for all partic-
ipants separately. No significant differences with respect to speed
were found when the TSEs of the conditions were compared with
each other. Thus, fast, medium, and slow speeds were combined
into one motion condition and analyzed separately for before,
during, and after occlusion. TSE plots and their corresponding
TSE probability maps for one typical infant are shown in Figure 3,
where significant areas in the probability maps correspond to
significant oscillatory activities in similar areas in the TSE
plots. The individual TSEs of the infants showed a pattern of
synchronized gamma-band (>30 Hz) activity in the visual sources
before and after occlusion of the car (see Figure 3a,c). Time-
frequency analysis revealed a pattern of induced desynchronized
oscillatory activity (ERD) within the gamma frequency band
during occlusion of the car in the visual sources of interest (see
Figure 3b).

3.2 | Brain Source Activity in Coherence
Connectivity Analysis

As in the TSE analysis, no significant connectivity differences
between the three car speeds were found. Further analyses
were conducted for events before occlusion, during occlusion,
and after occlusion across motion speeds. To test for significant
connectivity differences between the three events, ANOVAs
of the coherence connectivity patterns were computed. First,
between before occlusion and during occlusion, three significant
cluster differences in band power were observed in the visual
sources of interest, and two differences were in the gamma (30-
150 Hz) range and one in the theta range (4-7 Hz). Second,
between during occlusion and after occlusion, two significant
cluster differences in band power were found, one difference in

Head model with illustration of the sources of interest, with approximate Talairach coordinates:
(x=-42.9,y =-21.3,7=38.9), CR (x =42.9,y = —21.3,7 = 38.9),
(x=125.6,y=73.0,7z=4.2);
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(x=10.0,y=24.2,z=60.5); PM
(x=-452,y=—57.2,x = 6.5); VCIR (x = 452,
(x=—-40.0,y = 48.6, 7 =22.7); (x=40.0,y = 48.6,

the gamma range and one in the theta range. Last, between before
occlusion and after occlusion, the results showed four significant
cluster differences in band power, one in the gamma range and
three in the theta range (see Figure 4).

4 | Discussion

High-density EEG was used to observe induced electrical brain
activity in 8- to 12-month-old infants as a perceptual response
to occlusion of moving objects. ERS brain activity in the gamma
frequency band was found before and after occlusion of the car in
three visual sources of interest. During the temporary occlusion
of the car, ERD brain activity, also in the gamma frequency
band, was observed in the same visual sources. No significant
differences between fast, medium, and slow speed were found.
Significant connectivity differences were found between before
and during occlusion, between during and after occlusion, and
between before and after occlusion in the theta (4-7 Hz) and
gamma (30-150 Hz) frequency ranges.

4.1 | Synchronized Gamma Activity When
Following the Moving Car When Visible

Oscillations in the gamma frequency band appear appropriate
to establish rapid coupling or synchronizing between spatially
separated cell assemblies (Pfurtscheller and Lopes da Silva 1999;
Singer 1993). The pattern of synchronized gamma activity that
was found both before and after occlusion indicates that the
neurons in the infant brain are synchronizing between spatially
separated cell assemblies when perceiving the car moving in and
out of sight. The synchronization suggests different parts of the
brain being activated at the same time when communicating
with each other. The finding that neurons in the infant brain
are synchronizing when perceiving motion is consistent with
neurophysiological studies in humans showing that synchroniza-
tion in cortical structures plays an important role in attentional
mechanisms providing the necessary conditions for an effective
registration and processing of perceptual information (Borge
Blystad and van der Meer 2022; Pfurtscheller and Lopes da Silva
1999; van der Weel and van der Meer 2009). The synchronized
gamma frequency found both before and after the occlusion
period indicates that fewer, but more specialized, neuronal
networks were activated in synchrony when the car was visible
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FIGURE 3 | The oscillatory activities in the brain regions of interest (VCrL, VCvM, VCrR) for TSE plots (top row) and the corresponding TSE
probability maps (bottom row) before occlusion (a), during occlusion (b), and after occlusion (c) of the car in a typical infant at 11 months. Red colors
show synchronized induced oscillatory activities (ERS), whereas blue colors show desynchronized oscillatory activities (ERD) in the TSE plots. TSE
probability maps show significant increase (red colors) of amplitudes (p < 0.05) in the TSEs before (a) and after (c) occlusion, and a significant decrease
(blue colors) of amplitudes (p < 0.05) in the TSEs during occlusion (b) when compared to the baseline. Epoch is shown from —100 to 824 ms before
occlusion (a), from —100 to 162 ms during occlusion (b), and from —100 to 278 ms after occlusion (c). Baseline was set from —100 to 0 ms. Frequency
cut-off was 2-100 Hz. Occlusion starts at 899 ms after stimulus onset. VCrL, visual cortex radial left; VCrR, visual cortex radial right; VCvM, visual cortex

ventral midline.

than when it was hidden (Pfurtscheller and Lopes da Silva
1999). The infants’ locomotor experience may be an explanation
for this synchronized gamma activity. Studies have shown that
the brain of infants with active locomotion experience (i.e.,
crawling and walking) shows higher induced frequencies when
perceiving motion in contrast to the brain of infants who have
only passive locomotor experience (e.g., Agyei et al. 2015, Agyei,
van der Weel, and van der Meer 2016b; van der Meer, Fallet,
and van der Weel 2008). As the functional detection of visual
flow information develops hand in hand with self-produced
locomotion in normally developing infants (e.g., James and Swain
2011; van der Meer and van der Weel 2022), we might argue that
the gamma oscillations found in this study could be related to the
self-produced locomotion experience that the infants had at the
time they were tested for this study. Future studies should look at

the longitudinal effects of locomotion on the infant brain when it
comes to visual perception of occlusion of moving objects.

4.2 | Desynchronized Gamma Activity When the
Moving Car Is Occluded From View

A growing body of evidence indicates that induced gamma activ-
ity is more likely to be relevant for high-level cognitive processes,
and that it increases during complex or attention-demanding
tasks (Tallon-Baudry and Bertrand 1999). Occlusion of the moving
object in this study is causing a reduction in synchrony between
the neurons’ communication (desynchronized activity) that is
still mostly at gamma frequencies. The ERD brain activity during
car occlusion could suggest that the infants are sustaining the
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Brain maps of coherence connectivity when comparing the three events before, during, and after occlusion across car speed. A

coherence method followed by complex demodulation with time and frequency sampling at 50 ms and 1 Hz, respectively, was applied. The significant

connectivity differences (p < 0.05) in the gamma (black lines) and theta (orange lines) frequency ranges are visualized between the color-coded sources

of interest: PM, CL, CR, VCIR, VCrL,

image of the object in memory until it re-emerges. The infants are
also at an age where the skill of object permanence has developed.
For example, studies have shown that infants remember where
something is hidden at around 6 months of age (Johnson, Amso,
and Slemmer 2003), with recent studies showing the emergence
of this ability as early as 4 months of age but with less accuracy
compared to infants at 6 months (Tham et al. 2021).

It has been shown that desynchronized activities are associated
with an increase in task complexity and attention (Boiten,
Sergeant, and Geuze 1992). To keep an object in mind during an
occlusion task where the object is moving with different speeds is
acomplex task that requires the infant to prospectively move their
gaze and head, with accurate timing and memory representation
of the moving object when occluded from view. The results of the
present study reveal that the neurons in the infant brain fire in
desynchrony when communicating as the car disappears behind
the occluder, which might be explained by the complexity of the
task of keeping an object in mind during short disappearances.
The desynchronized gamma activity during occlusion suggests
that many, but less specialized neurons, are activated. This, in
turn, suggests that the infants need more experience with objects
being hidden from view to strengthen their cortical connections
of keeping an object in mind. The fact that the infant brain also
fires with high frequency (gamma) when keeping an object in
mind is supported by previous studies (e.g., Kaufman, Csibra,
and Johnson 2003; Kaufman, Csibra, and Johnson 2005). They
interpreted the bursts of gamma activity that were observed
in the temporal lobe as being related to the infants’ mental
representation of the occluded object. However, the present study
also showed gamma activity in the infant brain when the car was
visible. In addition, we did not find any distinct pattern of gamma
activity in the temporal brain sources.

4.3 | Induced Theta Band Activity

The present study found connectivity differences in both theta
and gamma frequency bands in the infants’ visual sources of
interest. Several studies have found support for lower frequencies
to “gate” the occurrence of faster oscillations (Askvik, van der
Weel, and van der Meer 2020; van der Weel and van der Meer

2024); for example, theta (4-8 Hz) oscillations in humans often
gate gamma (>30 Hz) oscillations (Canolty et al. 2006). Lower
frequencies seem to be ideal for enabling communication over
longer distances in the brain. Gamma oscillations appear to
be underlying mechanisms of neural coding (Singer 1993), and
the coupling of theta-gamma band connectivity, which was
also found in the present study, seems to be related to studies
finding gamma networks to desynchronize and theta networks
to synchronize during encoding, retrieval (Solomon et al. 2017),
and during memory formation (Burke et al. 2013). Begus and
Bonawitz (2020) argue that theta oscillations work as an index
for active learning in infancy, where theta activity facilitates
information transfer between different structures of the brain
(Buzséaki 2006). Thus, the theta activity found in the present study
could be a result of the infants’ active learning when solving
occlusion tasks.

4.4 | Maturation of Visual Pathways

Strengthening of synaptic connections and increasing maturity
of visual pathways during the first year of life could explain the
synchronized gamma activity found in this study. Infant neuronal
networks are characterized by the vast excess of neurons and
dendritic spines as part of brain development (Huttenlocher 1990;
Webb, Long, and Nelson 2005), and the number of dendrites
and synaptic connections in the primary visual cortex reaches
a peak level between the ages of 8 months and 2 years (Klaver
et al. 2011). This overproduction of neurons is advantageous in
adaptation and plasticity of the brain. During the first year of life,
the infant brain undergoes rapid changes and doubles in weight,
where there is constantly strengthening of some connections and
pruning of other connections. This strengthening and pruning
of neural pathways might facilitate a developmental change
that affects processing speed and efficiency as a more restricted
area of the brain gets activated due to specializations of neural
pathways (Edelman 1993; Johnson 2000). As 1-year-old infants
in this study have some experience with motion through self-
produced locomotion and are most likely experienced with the
disappearance of objects, this should have strengthened the
connections used for motion processing.
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In the coherence connectivity analysis, infants showed significant
differences in connectivity patterns before, during, and after
occlusion. These differences corroborate previous research on
functional connectivity in infants. A large-scale study com-
pared global functional connectivity patterns during resting state
between neonates, 1-year-old children, and 2-year-old children
and found an increasing level of differentiation with age (Shi
et al. 2018). Increased differentiation is associated with increasing
levels of local specialization (Shi et al. 2018). In the present
study with infants who had developed object permanence, the
significant connectivity differences may indicate the beginning of
specialized connectivity networks within the visual areas.

The theta-gamma-band coupling is associated with enhanced
cognition (Solomon et al. 2017) and attention (Landau et al.
2015). Hanslmayr et al. (2013) suggested that the low-frequency
oscillatory signal in the theta range dynamically opens and
closes the time window for sensory information transfer between
lower level occipital and higher level parietal brain regions.
Presumably, an ongoing theta phase modulates the likelihood
of integrating distributed features, like object recognition and
motion perception, into a coherent stimulus representation that
can be perceived by the infants. The functional coherence analysis
showed that connectivity could reflect the co-activation of ventral
and dorsal processing pathways during the perception of the
moving car. Infants showed functional connectivity between
visual areas in the occipital and parietal lobes, but also in the PM
at the beginning of the dorsal pathway, which may indicate that
the connections between these regions subserved the recognition
and establishment of an object in mind during the occlusion
event. Activity in the occipital lobe during occlusion tasks has
been found in other studies (e.g., Grill-Spector, Kourtzi, and
Kanwisher 2001; Hedge et al. 2008), and the dorsal pathway was
also earlier found to be associated with spatial and temporal
object information and to be involved in guiding actions (van
Polanen and Davare 2015).

4.5 | Studies of Induced Gamma Activity

Hoogenboom et al. (2006) found human visual gamma-band
activity reliably across subjects and across multiple recording ses-
sions of a given subject using magnetoencephalogram (MEG) and
fMRI. They conclude that with optimal stimulation, paradigm,
measurement equipment, and data analysis, it is possible to study
human visual gamma-band activity with a very high signal-to-
noise ratio that can be accurately localized in frequency, time, and
space. They argue that the reason they find strong and reliable
visually induced gamma-band activity, whereas others find no
or less reliable gamma-band activity, is that the paradigms used
for investigating stimulus-induced changes in spectral power are
often still inspired by paradigms used for investigating event-
related potentials (ERPs). In ERP paradigms, trials are often short
and dominated by event-related components, which probably
reduces the sensitivity for the study of induced brain activity.
Previous studies have investigated the stimulus dependence of
visual gamma-band activity in animals and humans (e.g., Tallon-
Baudry et al. 1996). The general finding is that gamma-band
activity is found most strongly and reliably for coherent stimuli
or coherently moving stimuli. This might be related to stronger
neuronal activation with moving stimuli (Hoogenboom et al.

2006), as can be seen in the present study with the observation
of gamma ERS. Fries, Scheeringa, and Oostenveld (2008) showed
that neuronal gamma-band synchronization can be investigated
with EEG, and researchers should keep their filters wide open (as
we had in our study) when looking for induced brain responses.

4.6 | Perception of Speed

The result that the infants did not discriminate between fast,
medium, and slow speed could be because they are not that
familiar with different speeds yet. The speed differences were
most likely too difficult for the infants to detect because of too
little self-produced locomotion experience, or the speeds were not
distinct enough. It is through crawling or walking that we really
get experience with different speeds and how we should respond
when, for example, a car comes down the alley and we want
to avoid being hit by it. A high-density electroencephalography
(hdEEG) study on speed perception found that adults can differ-
entiate among different object speeds during occlusion (Holth,
van der Meer, and van der Weel 2013). Moreover, infant studies
from our laboratory show that 1-year-old infants have started
to differentiate between walking, jogging, and cycling speeds
(Rasulo et al. 2021), but not between driving speeds up to 50 km/h
(Vilhelmsen et al. 2018).

5 | Conclusions

During the complex task of keeping a moving object in mind
while it goes temporarily out of sight, locomotor infants aged
8.5-12 months showed high-frequency brain oscillations in the
gamma range, whereas they predictively followed a car travel-
ing under different speeds on a large screen that underwent
temporary occlusion along its trajectory. Desynchronized gamma
activity may indicate that by the second half of the first year of
life, infants use high-frequency brain oscillations to successfully
follow a moving object, and that such brain oscillations are
used to efficiently perceive and predict the future positions
of the moving target during temporary occlusion. Strengthen-
ing of synaptic connections and increasing maturity of visual
pathways during the first year of life may account for such
high-frequency oscillations. Moreover, self-produced locomotor
experiences could explain the observed synchronized gamma
activity when the moving car was in sight both before and
after occlusion. Functional connectivity networks found between
the visual sources of interest may indicate that the connections
between these regions subserved the recognition and estab-
lishment of an object in mind during the occlusion event. It
would be interesting to see if younger infants, who have not yet
developed object permanence, demonstrate brain oscillations in
lower frequencies during occlusion events.
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