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Abstract: Although adults and children differ in self-vs.-other perception, a developmental per-
spective on this discriminative ability at the brain level is missing. This study examined neural
activation for self-vs.-other in a sample of 39 participants spanning four different age groups, from
4-year-olds to adults. Self-related stimuli elicited higher neural activity within two brain regions
related to self-referential thinking, empathy, and social cognition processes. Second, stimuli related to
‘others’ (i.e., unknown peer) elicited activation within nine additional brain regions. These regions
are associated with multisensory processing, somatosensory skills, language, complex visual stimuli,
self-awareness, empathy, theory of mind, and social recognition. Overall, activation maps were grad-
ually increasing with age. However, patterns of activity were non-linear within the medial cingulate
cortex for ‘self’ stimuli and within the left middle temporal gyrus for ‘other” stimuli in 7-10-year-old
participants. In both cases, there were no self-vs.-other differences. It suggests a critical period where
the perception of self and others are similarly processed. Furthermore, 11-19-year-old participants
showed no differences between others and self within the left inferior orbital gyrus, suggesting less
distinction between self and others in social learning. Understanding the neural bases of self-vs.-other
discrimination during development can offer valuable insights into how social contexts can influence
learning processes during development, such as when to introduce peer-to-peer teaching or group

learning.
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1. Introduction

“Is that me or you?”. From playgrounds to boardrooms, the ability to form an ac-
curate self-vs.-other representation enables individuals to navigate social interactions by
understanding their thoughts, feelings, and intentions as distinct from others [1].

This discriminative skill affects the capacity to embrace others’ perspectives and feel-
ings in a non-centered manner. We use this information to form and maintain constructive
social interactions (i.e., friendships, romantic partnerships, and professional networks) [2,3]
and to navigate complex social environments using self-vs.-other cues adequately [4]. Im-
paired discriminative skills across development impact social cognition, from recognizing
oneself in the mirror to interpreting the intentions and emotions of others [5,6].

Given the importance of well-developed self-vs.-other discriminative skills, unveiling
underlying brain activation maps across development could help to address in an informed
manner the needs and capacities at different stages of life. While different studies shed
light on either behavioral or neuroimaging makers of this discriminative ability at different
ages or by contrasting adults with young children, none report a cross-sectional perspective
on the neural activity across development.
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The development of self-vs.-other representation is a complex process influenced by
different factors, including genetics, brain maturation, and environmental experiences [7,8].
During the first years of life, the ability to distinguish the self from the environment and
from others starts emerging, mostly regarding the physical self [9,10]. Babies develop
their sensorimotor ability while experiencing different perceptual and sensorimotor events,
such as self-produced sounds or touching their face and body. These events contribute
to uniquely specifying and separating their own body as differentiated entities from the
environment [11,12].

Then, discriminative abilities become more abstract. Infants as young as 20-24 months
old have been shown to display self-recognition in mirror tasks (i.e., touch their forehead
and not their reflection). More interestingly, this ability comes along with the ability to
discriminate their reflection as distinct from other objects or people [13,14]. This initial
phase lays the foundation for more complex self-vs.-other differentiations that will develop
in later years.

As children progress through early childhood, their brain elaborates increasing precise-
ness and stability in behavior [15,16], while sophisticating their self-concept, incorporating
beliefs and attitudes about their abilities, personality traits, and social identities [17,18]. At
the same time, their understanding that others can have beliefs and perspectives different
from their own (Theory of Mind (ToM)) begins to develop, which contributes to the devel-
opment of empathy and social cognition [19]. During this phase, the cognitive processes
related to self-concept and identity continue to evolve, and the teenage years mark a period
of increased self-awareness and the exploration of one’s identity within a group [20].

Adolescence is particularly important for the development of self-vs.-others’ rep-
resentations, with significant changes in social and emotional abilities, reflected in new
relationships and social roles. Social comparisons become more important, shaping indi-
viduals’ self-esteem, and influencing the way individuals perceive themselves compared to
others [21]. Adolescents’ brains undergo significant changes during this period, notably
in regions involved in social cognition and emotion regulation (i.e., the posterior superior
temporal sulcus and the medial prefrontal cortex) [22].

Throughout adulthood, the development of self-vs.-other representation continues to
evolve, and the cognitive and emotional processes may change as people age, affecting their
ability to understand and adapt to social interactions [3]. The matured self-vs.-other repre-
sentation becomes crucial in guiding social interactions, decision-making, metacognition,
and emotional regulation [1,23,24]. The neural substrates associated with self-referential
thinking and social cognition demonstrate a more stable and integrated pattern of activa-
tion [25].

These transformations of self and other representations across development are re-
flected in the activity of specific brain areas across various stages of development. For
example, distinct patterns of brain activation have been observed between adults and
children in the developmental trajectory of ToM reasoning. In adults, brain regions such as
the temporoparietal junction (TPJ), the superior temporal sulcus (STS), the precuneus (PC),
the temporal poles, the medial prefrontal cortex (mPFC), and the posterior cingulate have
been associated with the explicit ToM [26-29].

Over childhood, it has been demonstrated that the right TP] shows a developmental
shift and becomes more selective. While it initially responds equally to both mental and
nonmental social information, as children age it exhibits a more robust response to mental-
state information [28]. In addition, changes in activation within the mPFC (i.e., ToM-related
regions) have been observed in children aged between 9 and 16 years old, with a shift
from more ventral to more dorsal regions of the mPFC [30]. As the ventral mPFC is
associated with self-referential thought and the dorsal mPFC with cognitive control, this
developmental shift might indicate a move from ToM reasoning based on simulation to a
more detached and top-down approach [31].

While there is a gradual gain in social cognitive processing, a deeper understanding of
self-vs.-other discrimination across development could shed light on differences in social
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needs and improve the social dimension of learning environments (e.g., when is peer
learning a good strategy?). Indeed, the quality of early social experiences is critical and
predictive of the development of self and other representations [32,33]. Providing adequate
social feedback may help shape emotion recognition and regulation as they develop social
skills such as empathy and perspective-taking [33]. This knowledge should have diverse
implications, influencing various educational strategies, guiding therapeutic interventions,
and enriching our comprehension of social dynamics across the entire lifespan.

This study aimed to explore age-related brain activity differences in the processing of
self-vs.-other stimuli. A total of 39 participants from 4-year-olds to adults were separated
into four different groups according to their age. Participants underwent an fMRI task
session to evaluate their brain activity in response to self-vs.-other stimuli. Three main
hypotheses were explored: (1) brain activity related to self-perception: we hypothesized
activity for self-vs.-other stimuli in areas associated with adults’ self-recognition, including
the frontal, parietal, and occipital regions [25], as well as the ACC and the posterior cin-
gulate cortex (PCC) [34-38]; (2) brain activity related to ‘other” perception: We expected
increased brain activity elicited within the precuneus and the angular gyrus (temporopari-
etal junction (TPJ), the superior temporal sulcus (STS), the temporal poles, and the medial
prefrontal cortex (mPFC)) as these areas tend to be more active when looking at others
compared to oneself [39,40]. Furthermore, we predicted higher activity for stimuli related
to others compared to self in the temporal cortex and regions associated with recognizing
visual stimuli. These areas have been previously linked to the early identification of hu-
mans and human movement [41]; finally, (3) developmental changes: We hypothesized to
observe an overall linear increase in activity across development given the gradual gain
in self-vs.-other discriminative skills [3]. However, we also expected non-linear changes
to happen in middle age children (7-10 y.o0.) for self stimuli as well as in teenagers for
other stimuli (11-19 y.0.) given the non-linear developmental trajectory across middle age
children in social cognition [42], as well as the known changes in self-related information
over the teenage years [20].

2. Method
2.1. Participants

Based on past work implying a task-based fMRI acquisition in 4-10-year-old chil-
dren [43], a total of 42 healthy participants were recruited for the experiment. How-
ever, three participants were excluded due to poor MR image quality given to excessive
movement, leaving a sample of 39 participants for the final analyses (mean age = 13.54,
SD = 8.00). To enroll for this study, the participants had to be in the targeted age range:
(a) from 4 to 6 years old, (b) from 7 to 10 years old, (c) from 11 to 19 years old, and (d) from
20 to 35 years old (Table 1). Exclusion criteria were neural or behavioral disabilities as
checked through a self-reported questionnaire or, for participants <14 years old, through
a parental questionnaire. The study was approved by the ethics committee (CER-VD
#2018-00244) and written and oral informed consent for the course of the experiment was
obtained from the participants, as well as from their parents (when <14 y.o.).

Table 1. Demographics.

Control Variable

4t06y.0. (n=9) 7t010 y.0. (n=10) 11 to 19 y.o. (n = 10) >20 y.o. (n =10) Overall (n = 39)

Age mean (SD)
Age min, max
Gender ratio (f/m)

5.30 (0.73) 7.52 (1.07) 15.85 (2.37) 24.67 (2.75) 13.54 (8.00)
4.10, 6.40 6.60,9.70 11.90, 19.80 21.17, 31.00 4.10, 31.00
6/4 4/6 5/5 6/4 21/19

2.2. fMRI Video Task

Each participant was invited to the lab. When arriving, and after having signed the
ethics form and completed the questionnaires, the participant was asked to perform four
specific actions in front of a camera: (1) hiding their eyes with their hands, (2) turning
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on themselves, (3) smiling, and (4) plugging their nose (Figure 1a). These actions were
recorded for approximately 8 s each. Subsequently, these personalized recordings were
incorporated into the fMRI video task, where they were randomly mixed with similar video
clips of actions performed by an unknown same-age-same-gender actor. The final person-
alized fMRI video task was composed of 12 video clips. To ensure between-participants
variability and within-participant unpredictability, video clip presentations were random-
ized, ensuring that each action was shown at least once, and four of them were randomly
repeated. A randomization function (numpy.random) was used to ensure that the exper-
imental conditions were presented in a balanced and unbiased manner. The 12 video
clips, each lasting approximately 8 s, were divided into four segments, with 20 s breaks
in between to offer participants brief rest intervals for basal neural activity recording. In
total, the video task lasted 160 s (Figure 1b). The fMRI video task was coded and presented
using PsychoPy 2.0 software (October 2020) [44].

Hiding the eyes

i

Turning

Plugging the nose

~g

Figure 1. fMRI task design. (a) First, the participant was asked to execute four different actions in
front of a camera: (1) hiding their eyes with their hands, (2) turning on themselves, (3) smiling, and
(4) plugging their nose. (b) Second, while being placed in the scanner, the participant was asked to
watch the video-based fMRI task; 12 video clips randomly arranged displaying the four different
movements performed by the participant or a same-age and same-gender unknown actor.

2.3. Procedure

Participants were placed in the MRI scanner and asked to simply watch the fMRI video
task. As described above, the task comprised 12 video clips randomly arranged, featuring
four distinct actions performed each by ‘self” and ‘other’. During the scanning session, the
participants were instructed not to move and just to relax and watch the personalized fMRI
video. This protocol aimed to capture neural responses associated with passive observation.
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2.4. MRI Data Acquisition

Anatomical and functional images were collected using a Siemens (Siemens Health-
ineers, Erlangen, Germany, VE11E Software version) 3T Prisma-Fit MR scanner with a
64-channel head coil in the CIBM Center for Biomedical Imaging of the Lausanne Univer-
sity Hospital (CHUV). MRI sessions were conducted with two different acquisitions for
each subject: (i) 3-dimensional T1 weighted MP-RAGE (Magnetization Prepared—RApid
Gradient Echo) (TR = 2000 ms, TE = 2.47 ms, 208 slices; voxel size =1 x 1 x 1 mm?, flip
angle = 8°), used as an anatomical reference for brain extraction and surface reconstruction,
and (ii) a functional MRI (fMRI) acquired continuously using a standard echo-planar gradi-
ent echo sequence, with simultaneous multislice (SMS) imaging technique. This technique
covers the whole brain with an isotropic voxel size of 2 mm ([TR] = 1000 ms; echo time
[TE] = 30 ms; 64 axial slices; slice thickness = 2 mm, no gap between slices, flip angle = 80°,
matrix size = 100 x 100, a field of view [FOV] = 200 mm, SMS factor = 4, parallel imaging
acceleration factor = 2). The total fMRI acquisition time was 3 min and 12 s (for more details
see Table S1).

To prevent head movement and noise, foam pads were placed around the participants
heads inside the coil.

7

2.5. MRI Data Processing

MRI data were preprocessed using SPM12 software (Wellcome Department of Cogni-
tive Neurology, London, UK) and run on Matlab (Mathworks, Natick, MA, USA, Version
7.13). To address motion artifacts in the functional images, a 6-parameter rigid-body re-
alignment was performed, with the first scan serving as a reference. The realigned images
were then slice-timing corrected, and both the functional images and the high-resolution
T1-weighted (T1w) anatomical image of the participant were co-registered, using mutual
information. Using the anatomical images as an estimation basis, functional images were
normalized to the MNI template and spatially smoothed using an 8 mm Gaussian filter.

Data visualization and figure preparation were performed using the xjView Toolbox
for SPM (http:/ /www.Alivelearn.net/xjview, accessed on 1 November 2022), designed to
explore and present SPM results. An aal atlas was used to label and describe anatomical
locations [45].

2.6. Neural Activation Analyses

In statistical single-subject analysis, performed by applying a general linear model,
neural activities while watching self-vs.-other stimuli were retrieved; onsets were video
clips’ starting times, and durations were the 7 s of the video clips. The realignment
parameters were included in the model as a nuisance variable. A frequency threshold of
121 Hz was used as a high-pass filter cutoff to filter the amplitude of signals, allowing
the removal of the low-frequency noise or interference. A visual inspection of estimated
motion parameters was conducted for each participant.

Several recording images of 4 participants were excluded according to the artifact
repair procedure performed using ArtRepair [46], an SPM toolbox for motion adjustment,
data repair, and noise filtering. The exclusion criteria were based on participant-based
significant movement artifacts identified during the inspection of motion parameters. Sta-
tistical inference from the acquired group was performed using the first-level contrasts of
interest as input values. To test hypotheses (1), brain activity related to self-perception,
and (2), brain activity related to ‘other” perception, a mixed model ANOVA was com-
puted with, as intra-subject variables, the contrasts representing brain activity during
perception of self and others (two levels) at the whole-brain level across age groups as
inter-subject variables (four levels). A threshold of p < 0.05 (FDR corrected) was used for
the selection of the significant clusters. Hypothesis (3) regards developmental changes.
To investigate and reveal the effect of self-vs.-other perception between the different age
groups, we performed a post hoc comparison using paired ¢-tests on BOLD signal changes
extracted from significant clusters. The paired t-tests were conducted to compare the
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activation of the brain region during self-vs.-other perception, for each age group. Given
that we tested within participant values, based on their FDR-corrected data, paired t-tests
were uncorrected.

3. Results
Neural Activation Analyses

This study aimed to explore age-related differences in brain activity during the process-
ing of self-vs.-other stimuli. Generally, we expected (1) increased brain activity associated
with self-perception across development in regions implied in self-recognition in adults;
(2) increased brain activity related to ‘other” stimuli in areas associated with social cogni-
tion and regions associated with the recognition of visual stimuli; and (3) an overall linear
increase in activity across development, as well as a non-linear changes in middle age
children for self-perception and in teenagers for ‘other’ stimuli.

Hypothesis (1), brain activity related to self-perception: Independently of the age
group, self-perception compared to ‘other” perceptions elicited higher activity in the mid-
cingulate cortex (MCC) and the right postcentral gyrus (Table 2, Figure 2).

Table 2. Brain activity related to self-perception.

Localization Coordinates (mm mm mm) T kg qFDR-corr
Midcingulate cortex 0 12 32 5.28 273 0.001
Right postcentral gyrus 58 —22 32 4.60 414 0.001

Right postcentral gyrus

Midcingulate
cortex

Figure 2. Brain activity related to self-perception.

Hypothesis (2), brain activity related to ‘other” perception: Significant increases were
observed in several brain regions when observing other than self, within the right angular
gyrus, left angular gyrus, right inferior temporal gyrus, left middle temporal gyrus, right
rectus, right precuneus, right medial prefrontal cortex, right superior frontal gyrus, and left
inferior orbital gyrus (see Table 3, Figure 3).

Table 3. Brain activity related to ‘other” perception.

Localization Coordinates (mm mm mm) T kg JqFDR-corr
Right angular gyrus 42 —60 36 5.04 828 0.000
Left angular gyrus —44 —68 48 4.96 504 0.000
Right inferior temporal gyrus 60 -10 —28 4.65 299 0.003
Left middle temporal gyrus —62 —16 —24 4.77 452 0.000
Right rectus 4 38 —20 5.17 199 0.012
Right precuneus 4 —62 36 4.38 259 0.005
Right medial frontal gyrus 52 32 38 4.77 221 0.008
Right superior frontal gyrus 18 34 54 5.00 248 0.006

Left inferior orbital gyrus —46 44 —10 5.11 136 0.046
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Right medial frontal gyrus

Right angular gyrus Right precuneus

Left middle temporal gyrus

Figure 3. Brain activity related to ‘other” perception.

Hypothesis (3), developmental changes: For brain activity related to self-perception,
the post hoc paired t-test to disentangle the age effect revealed that the MCC showed
significant self-vs.-other perception discrimination in all age groups except the 7-10-year-
olds. For the right postcentral gyrus, the self-vs.-other perception difference was observed
in all age groups except the 4-6.5 y.o. group (Table 4, Figure 4a). Overall, self-vs.-other
increased with age.

Table 4. Developmental changes.

Brain Activity 4-6.5 y.o. 7-10 y.o. 11-19 y.o. >20y.o.
Self-perception
Midcingulate cortex T;SZ) 331568' T;9)=:0.02'27975’ Trggz) ;(%1(413’ T;59=) SS’O%LO’
Right postcentral gyrus Tr58=) 321262, Trggz) 35120/ TFE9=) 832198, T;§9=) 330118,
Other-perception
Rightangulargyros—— 15000 00 D o0t
Left angular gyrus T(;s):oI 2.902, T(;):OB é 334, “,3505357’ T(§)<:053.190,
Right inferior temporal gyrus T(ﬁ):ozifll T(g ):Ozé;fo’ T(;):=053-105, T(;):oz)?)igo,
Left middle temporal gyrus T(i):oz)izgz T(g ):05;577' T(; ):02)3;) O T(z ):01)3.159,
Right ectus NS0 oo peoootpooook
Right precuneus T(s ):0;8.154, T(r? ):01)3.01 E T(;? ):05(2)'89 > T(;? ):05%174'
Right medial prefrontal cortex T(;?)::O]ibs& T(?):OI);;’»Z, T(; ):01)5.604, T(; ):01)3.134,
Right superior frontal gyrus T(S):O;gélz T(; )::052566, T(; ):oz)g;m' T(;? )<:053i91,
Left inferior orbital gyrus T(s):=05é686' T(r? ):0._03.623’ T(s)zzoz)glgf 0 T(E):oz)éi%,

For brain activity related to the perception of ‘other’, post hoc paired t-tests revealed a

global increase in discrimination between ‘other” and self across development. This pattern
was true for the right angular gyrus, left angular gyrus, right inferior temporal gyrus,
right rectus, right precuneus, and right medial prefrontal cortex, starting at 7 years old.
For the left middle temporal gyrus, neural activities significantly differed across all age
groups except for the 7-10-year-old group. Within the right superior frontal gyrus, neural
activities showed significant differences for other- than self-perception for the participants
11 years old and older. Finally, for the left inferior orbital gyrus, discrimination between
others and self was observed in all age groups except for the 11-19-year-old group (Table 4,
Figures 4b and S1). The observed age-related differences in brain activity support the
hypotheses of our study, suggesting that the neural mechanisms underlying self-perception
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and perception of others undergo developmental changes. While the global pattern is a
linear increase in brain activity within specific regions, non-linear changes are observed
for two age groups: 7-10-year-old and 11-19-year-old participants. These observations
contribute to our understanding of social cognition and shed light on the complex relation
between age, brain activation patterns, and the processing of self-vs.-other stimuli.

a. Brain activity related to self-perception

Midcingulate cortex Right postcentral gyrus

p=0.014*

p=0.016*

7-10 11-19 7-10 11-19
Years old Years old

b. Brain activity related to the perception of others

Left inferior orbital gyrus Right medial frontal gyrus

W p<0.001* p<0.001*
S, ()

X546

S\

p=0.050*  p=0.026*

i

\
|
/

7-10 11-19 7-10 11-19
Years old Years old

Left middle temporal gyrus Right precuneus

p<0.001*
p=0.008*

p=0.030*

7-10 11-19 7-10 11-19
Years old Years old

Figure 4. Results of the paired t-test analyses between the 4 different age groups, and the brain
activity for self-perception (a) and for the perception of others (b). * indicate the significant p-values
(>0.05). Arrows highlight the brain regions corresponding to the described area.

4. Discussion

Human beings are inherently social, and cooperation is essential for good life condi-
tions. Consequently, we constantly read others’ actions, gestures, and faces, relying on
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the core capacity to discriminate self-vs.-other. With this study, we aimed to investigate
age-related differences in brain activity during the processing of self and ‘other” stim-
uli. Unveiling the emergence of self-vs.-other discrimination at the neural level across
development could provide a rationale for how to adapt the social dimension of learning
environments, for example. To this end, we compared brain activity during self-vs.-other
stimuli, revealing a total of 11 brain regions whose activation maps significantly differ as a
function of age groups.

Hypothesis (1), brain activity related to self-perception: First, two brain regions
showed higher activation for the self than for the ‘other” across development: the MCC
and the right postcentral gyrus. These activation maps are consistent with past work, first
showing the MCC to be involved in a wide range of social cognitive processes [47], includ-
ing self-referential processing [48] and empathy [49] and second reporting the postcentral
gyrus to be involved in the processing of sensory information from the body and playing a
role in the formation of body image and self-awareness [50].

Hypothesis (2), brain activity related to ‘other” perception: Our analysis revealed nine
brain regions with significantly higher activation for perceiving others compared to oneself
across development. These brain regions are all implicated in different fundamental aspects
of social cognition, the mental processes used to make sense of the social world around
us using multisensory skills: audiovisual speech or face—voice integrations (the angular
gyrus and the left middle temporal gyrus; [51-54], somatosensory abilities (the MFG; [55],
perception and processing of complex visual stimuli, including facial expressions and
emotional states or body language (the ITG, [56,57]), self-processing [58], perspective-
taking, empathy (the MFG), and the ToM (the precuneus; [29,59]). Additionally, social
cognition relies on the ability to understand and respond to social cues, emotions, and
the intentions of others (the right rectus; [1,60]) and implies working memory and spatial
processing (the right superior frontal gyrus; [61-64]). Also, both the angular gyrus and
the precuneus are considered key nodes of the default mode (DMN)), a functional network
of interconnected brain regions active during rest and self-referential mental activity [65]
implicated in social cognition and ToM and more precisely in the ability to understand the
mental states of others [66].

Hypothesis (3), developmental changes: The MCC showed higher activity for oneself
than others across development, except in middle age children (i.e., 7-10 y.0.). The MCC
is a key node in both the salience network and the social brain, two networks closely
interconnected and working together to support social cognition and behavior [67]. The
observed pattern could reflect a transient developmental shift, leading the MCC to be
permeable to peers’ and self-related information similarly in 7-10 y.o. This could explain
why spontaneous peer-to-peer interactions are observed at that age [68,69] and how these
interactions could consequently improve their social skills. In line with this idea, a recent
neuroimaging study revealed how 7-12 y.o. children activate specifically their salience
network when watching peers but not adults performing unexpected actions [70]. Also,
we observed that the activity within the right postcentral gyrus was increasingly higher
for self-vs.-other stimuli from 7 years old on, highlighting a gradual gain in discriminative
abilities across development. The postcentral gyrus is involved in the processing of sensory
information from the body and may play a role in the formation of body image and self-
awareness [50]. However, the lack of significant activation in the 4-6.5-year-old group
suggests that the ability to distinguish between self and others at the sensorimotor level
may not be fully developed at this age.

Except for the left inferior orbital gyrus, which showed a non-linear developmental
pattern, increasing neural activities were observed in participants aged 7 years and older for
the perception of others. Specifically, this higher activation was observed within the right
and left angular gyrus, the right precuneus, the right inferior temporal gyrus (ITG), the
right rectus, and the right medial frontal gyrus (MFG). Higher activation was also observed
within the left middle temporal gyrus and the right superior frontal gyrus in participants
beyond 10 years old. The findings of our study suggest a developmental trajectory of a
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gradual gain in discriminative abilities for others-versus-self. For example, it has been
demonstrated that during childhood and adolescence there is a functional reconfiguration
of the DMN, which coincides with the period of social and cognitive development [71].
There may be a link between the DMN and the representation of others in that they are both
involved in processing self-referential information and constructing senses of self related to
others (i.e., tailoring perceptions). Therefore, the increase in other-perception activation in
these regions may reflect the growing ability to engage in perspective-taking, empathy, and
ToM. Our results further highlighted a particularly significant increase in the level of MFG
activation for the >20-year-old group when looking at others. One possible explanation
is that older adults have greater social knowledge, which may enable them to process
information about others in a more nuanced and sophisticated way. Therefore, these results
could be linked to changes in the social environment or the types of social information
that individuals are exposed to as they age. Alternatively, it could reflect changes in the
way that older adults process social information, such as a greater focus on evaluating the
emotional significance of social stimuli or a greater ability to integrate information from
multiple sources.

Finally, the left inferior orbital gyrus showed a non-linear pattern, with a null difference
between others- and self-perception in the 11-19 y.o. group. This brain region is known for
being involved in reward value as well as emotion [45]. Emotional understanding is crucial
for children’s successful social adjustment. In addition to developing appropriate social
skills and prosocial responses to peers, children who are more successful at understanding
emotions have a greater chance of forming positive interpersonal relationships that facilitate
social adaptation [72,73]). As the processing of emotions changes across development, and
during adolescence especially, it may become increasingly unstable and more intense [74].

Together, these results are consistent with previous research showing that self-
referential processing is a fundamental aspect of human cognition and occurs early in
development, continuing throughout life [17]. It happens concomitantly to the ability to
discriminate oneself from others. However, we show that it is a complex and dynamic
process. While this study provides strong results in terms of differences in activation
maps, the sample size refrains from generalized claims. First, each age group had a limited
sample size. As it is a clear challenge to have young children enrolled for an MRI study, it
is even more complicated to address movement in a task-based fMRI experiment with 4- to
7-year-olds. However, future work should creatively find a way to overcome this aspect to
replicate this work with a larger population, or at least use a longer task, as more diverse
samples could offer a more comprehensive understanding of developmental patterns. In-
deed, it is important to note that in our study, we specifically tested social partners of the
same gender and ethnicity for the ‘other’ condition. However, this setup does not reflect
real life where more diversity exists. To better mirror the complexities of social interactions,
we could invent stimuli to test variations in age, gender, or ethnicity. This would allow us
to explore how social enrichment influences the social brain at best across development.
Additionally, the age groups were broadly defined (from 4-year-olds to adults) and divided
into four categories. Exploring alternative ways to group the participants might reveal
other developmental trends, considering the rapid cognitive changes that occur during
childhood and adolescence. Also, we rely on fMRI as our primary imaging modality to
capture neural responses; however, it could be interesting to complement our results with
other neuroimaging techniques, such as electroencephalography (EEG), which could cap-
ture subtle reactions to social stimuli, providing a deeper comprehension of the dynamic
temporal aspects of self-vs.-other processing. Finally, the study focuses on the brain activity
captured during a specific fMRI task session, which might not fully capture the complexity
of self-vs.-other processing in real life, considering its multifaceted nature. Future research
could incorporate behavioral measures as well to complement the neuroimaging data.

To conclude, we showed here that while 4—-6-year-old children have little discrimina-
tive skills, for both self and ‘other’ perceptions, a developmental shift seems to operate from
6 years on, with transient periods in specific neural activities up to adulthood. However,
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all share a fundamental capacity for introspection and self-reflection that is essential to our
understanding of the human mind and behavior, even very young children. It is interesting
to note that self-perception relies on two main brain regions, where perception of others
seems to recruit and coordinate a broader range of brain regions. It may be more complex
to identify and classify social cues than self-related cues.

These findings are important to better understand how social processing develops and
consequently when, why, and which social context can support learning processes across
childhood and teen years. Here, it seems that before 6 years of age, self-perception is the
first pillar to develop. However, after 7 years of age, ‘other” perception starts developing,
suggesting a good age for introducing peer—peer learning. Finally, the teenage years seem
to be a relevant developmental period for group learning.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/children10121914/s1, Table S1. = MRI parameters.
Figure S1. Results of the paired t-test analyses between the 4 different age groups, and the brain
activity for the perception of others.
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