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OPEN [nfants’ neural processing of

emotional faces after ostracism

E. Quadrelli*2*¢, J. Mermier!, G. Basset?, H. Bulf'? & C. Turati*?

Ostracism, a stressful experience that threatens human psychological needs, such as self-esteem and
sense of belonging, significantly affects adults’ processing of social cues at both the neurophysiological
and behavioral levels. However, research about the effects of ostracism on infants remains extremely
scarce. The current study investigated how self-experienced ostracism and inclusion influence the
neural response of 13-month-old infants (N =36; 53% males; mostly White) to emotional faces. Infants
were included or ostracized in a live triadic ball-tossing game and subsequently presented with
dynamic emotional faces (i.e., happy, fearful, and angry faces) while their electroencephalographic
(EEG) activity was recorded. Results revealed that ostracism altered infants’ neural responses.
Ostracized infants displayed heightened attention to all emotional faces, as evidenced by an enhanced
Nc component, reflecting increased attentional allocation to social cues compared to included
participants. Furthermore, unlike included infants, ostracized ones exhibited reduced sensorimotor
activity in response to all emotions. Importantly, ostracized infants also manifested increased negative
affect and engagement behaviors during the triadic interaction. Overall, these findings highlight an
early sensitivity to ostracism, demonstrating its impact on infants’ neural processing of emotional
faces, possibly affecting their ability to navigate complex social interactions.
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Ostracism, the experience of being ignored and left out by others!, is a form of social exclusion that threatens
the fundamental need for belonging and undermines self-esteem, control and meaningful existence?>. It triggers
negative emotions like anger and sadness*~, and activates brain regions linked to physical pain®”.

Research suggests that ostracism elicits diverse behavioral responses. Individuals may display prosocial
tendencies, seeking re-affiliation through conformity, helpfulness, or mirroring others’ behaviors®-!?. For
example, ostracized individuals may focus more on social cues'!, imitate others'?"'%, or unconsciously mimic
their interaction'®. Conversely, when they experience a diminished sense of control and consider re-inclusion
as unlikely, they may engage in antisocial behaviors like aggression to regain control rather than fostering social
connections'.

Developmental research on ostracism, spanning from infancy!’ to school age?!*!$-2!, demonstrates that,
similar to adults, ostracized individuals experience negative emotions and threats to basic needs. Children
may become more compliant or mimic others’ facial emotions more after being ostracized??~*%. However, the
consequences of ostracism on infants’ social signal processing remain largely unexplored. The current study
examines infants’ neural responses to emotional faces following ostracism or inclusion in a triadic ball-tossing
game.

Available studies commonly utilize the Cyberball paradigm, an online ball-tossing game where computer-
controlled avatars include or ostracise participants®. This paradigm elicits feelings of ostracism, even when
participants are aware that the avatars are not real or represent disliked social groups**. Adapted Cyberball
versions prompt similar responses in children®?®. Furthermore, 13-month-old infants display behavioral distress
in response to ostracism, as indicated by increased negative emotions and social alertness, alongside decreased
positive emotions'”. These findings indicate that ostracism cues generate behavioral and cognitive changes early
in life, with comparable effects observed across different ages. Importantly, unlike passive observation of daily
adult activities, the ball-tossing game engages infants in an interactive context where initial inclusion establishes
an expectation of participation. Exclusion from the expected interaction has been shown to elicit distress
responses that are consistent with sensitivity to social disengagement and fairness violations in infancy!”".

This sensitivity to ostracism may also affect emotional processing, a significant aspect of early development.
From infancy, recognizing emotions from faces is crucial for social interactions?®-3!. Ostracized adults!'!"1%3%33
and school-aged children'® exhibit heightened emotional processing and improved recognition of facial
expressions. Furthermore, ostracized adults tend to focus more on happy than angry and disgusted faces.
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Research has identified brain regions involved in emotional regulation, social cognition and self-evaluation
as key neural substrates of ostracism sensitivity*>~%’. Although the neural substrates of ostracism responses may
not be fully mature in infancy, the foundational components of social cognition emerge early in life*®. Infants
show specific neural processing of social information® and distress when social interactions are disrupted,
indicating sensitivity to social disengagement*. Infants may rely on these early developing social processes and
neural networks for experiencing and manifesting an early neurodevelopmental sensitivity to ostracism, which
may serve as a precursor to the more complex ostracism processing observed in older children and adults.
These early-emerging systems may support a rudimentary form of social monitoring, whereby infants increase
attention to socially relevant cues following exclusion. This mechanism, observed later in development, facilitates
re-affiliation by enhancing detection of social signals such as facial expressions of emotions!!. Kawamoto and
colleagues' explored adults’ neural responses to social cues following ostracism by recording event-related
potentials (ERPs) to happy, disgusted, and neutral faces after exclusion or inclusion in the Cyberball game.
Ostracized adults showed increased P1 amplitude to disgusted faces, reflecting early sensory processing, and
larger N170 for all faces in individuals with higher need threat, reflecting enhanced face encoding. However, to
date, no study has explored whether ostracism modulates infants’ neural processing of emotional faces. Given
the importance of emotional faces for pre-verbal infants*., their sensitivity to prosocial/antisocial events*>** and
the lasting effects of early social experiences**>, investigating ostracism’s effects in infants is crucial.

Building on the premise that social exclusion may activate early-developing social monitoring processes,
this study examines how ostracism affects infants’ neural processing of emotional faces. We first modulated
13-month-olds’ social interactions using a triadic ball-tossing game!”*¢ and then recorded their ERPs and
sensorimotor activity in response to dynamic facial expressions of anger, fear, and happiness. We used dynamic
videos, as they represent more ecologically valid stimuli, closer to real-life experiences®®***8. Emotional
expressions convey crucial information about social inclusion or threat. Specifically, we selected happiness as
it may serve as a re-affiliative cue, while anger or fear may signal ongoing exlusion or danger. Accordingly,
ostracized individuals may be particularly attentive to these expressions in an attempt to guide adaptive social
responses. Investigating whether excluded vs. included infants show such attentional pattern provides further
insights into the ontogeny of social cognition.

We compared included and ostracized infants on the latencies and amplitudes of key ERPs. While attentional
allocation is primarily indexed by the Nc component, such modulation may also influence other processing
stages particularly under socially salient conditions. These effects can be reflected in components like the N290,.
linked to structural encoding of facial features, and the P400, reflecting processing of communicative and
affective facial content*®. Research indicates that by 7 months, infants exhibit a negative attentional bias towards
fear, with larger Nc amplitudes for fearful vs. happy faces>’, and larger P400 amplitudes for fearful vs. happy and
neutral faces®!. Findings on anger are less consistent®>, although some ERP studies suggest the emergence
of an anger bias between 7 and 12 months**>%. Despite varying results, the N290 is generally modulated by
facial emotional expressions®*>*2, While the current study is the first to explore whether they are modulated by
ostracism experiences, research suggests that the neural processing of emotional faces is sensitive to distressing
contexts early in life®.

Building on previous research on the impact of ostracism on adults emotional face processing we
investigated whether ostracized infants would show heightened neural responses to emotional faces compared
to included ones. We decided to focus on 13-month-old infants based on converging evidence highlighting
key socio-emotional developments at this stage. Around this age, infants begin to form expectations about
social participation and display behavioral sensitivity to exclusion in interactive contexts!” In parallel,
neurodevelopmental studies show increased functional specialization in cortical areas involved in processing
emotional facial expressions*!*4. This developmental window thus provides a unique opportunity to investigate
the interplay between emerging social expectations and the maturation of emotion-sensitive neural systems.
Enhanced allocation of attentional resources (reflected in increased Nc amplitude) and affective content
extraction (reflected in heightened P400) might enable ostracized infants process signals of danger or threat (e.g.,
fear and anger) more efficiently, helping them to avoid further exclusion, or to recognize signals of acceptance
(e.g., happiness) that could foster re-inclusion. This general increase in attentional and affective processing may
serve as an adaptive response to social exclusion, enhancing social monitoring and promoting re-integration.

From early in life, emotional expression processing also involves motor resonance mechanisms>*-°. Studies
using p rhythm desynchronization at central electrodes indicate sensorimotor cortex activation in response
to facial emotions. By 7 months, dynamic happy faces elicit greater sensorimotor activation than angry faces
over the right hemisphere®*-%°. Ostracized adults and children increase imitation'*!#2!, behavioral mimicry and
motor resonance to enhance liking and reaffiliation®!. If motor resonance elicited by the observation of emotional
faces is influenced by ostracism, we predict greater sensorimotor activity (i.e., u thythm desynchronization) in
ostracized infants. Since motor resonance is thought to foster social connection, infants may resonate more with
observed facial expressions, to promote implicit rapport with their interaction partners. Lastly, to confirm the
effectiveness of the ostracism manipulation, we examined infants’ affective and behavioral responses during the
procedure.

12,32
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Results

ERPs

Nc latency and amplitude. The ANOVA performed on the Nc peak latency values did not yield any significant
main effect or interaction (all ps>0.18). The ANOVA performed on the Nc mean amplitude values revealed
a significant main effect of condition, F (1,36)=4.48, p=.04, 1 2=(.11, with emotional faces eliciting a larger
negative response in the ostracism (M = —11.4 pV, SD=3.21 uV) as compared to the inclusion condition (M =
-9.01 uV, SD=3.70 uV) (Fig. 1). No other main effect or interaction attained significance (all ps>0.64).
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N290 and P400 latencies and amplitudes The ANOVAs performed on peak latency and mean amplitude values
of the N290 and P400 did not reveal any significant main effect or interaction (all ps>0.24). Thus, conditions,
emotions, and hemispheres did not modulate these components.

Time-frequency

The ANOVA conducted to compare the scalp distribution of p rhythm desynchronization yielded a significant
main effect of hemisphere, F (1,34)=7.56, p<.01, 5 >=0.18, with emotional expressions eliciting greater
p rhythm desynchronization over the right hemisphere (i.e., C4 electrode cluster) (M=-0.30 uV; SD=0.08
1V) compared to the left hemisphere (i.e., C3 electrode cluster) (M=-0.10 puV; SD=0.09 uV), irrespectively
of the experimental condition. The main effect was qualified by a significant interaction between hemisphere
and condition, F (1,34)=6.79; p=.01, ,2=0.17. Planned comparisons showed that in the inclusion condition,
there was more p rhythm desynchronization over the right (M =-0.45 uV; SD=0.59 V) compared to the left
hemisphere (M =-0.05 uV; SD=0.14 uV), t (17) =3.04; p <.01, d=0.72) (Fig. 2a). All other comparisons did not
attain statistical significance (all ps>0.10).

Moreover, to directly assess the magnitude of the observed sensorimotor activity, mean u rhythm
desynchronization for both experimental conditions and electrode clusters in response to happy, angry, and fearful
faces was tested against the null hypothesis of no change in power. One-sample t-tests were used to determine if
the values were significantly different from zero®2. In the inclusion condition, p rhythm desynchronization was
significant over the right hemisphere (i.e., C4 electrode cluster) in response to happy (M =-0.40; SD=0.77), ¢
(17) =-2.21, p=.041,d=-0.52, angry (M=-0.33; SD=0.67), t (17) = -2.11, p=.049, d=—0.50, and fearful faces
(M=-0.62; SD=1.06), t (17) = -2.48, p=.02, d=—-0.58 (Fig. 2b). No other comparison attained significance in
the inclusion condition (all ps>0.31). In the ostracism condition, activity for all facial expressions over the two
hemispheres failed to attain statistical significance (all ps>0.12).
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Fig. 1. Grand average waveform plot depicting the Nc (400-650 ms) ERP component at central electrode
sites in response to the emotional expressions for the inclusion (red) and ostracism (blue) conditions (a).
Grand average waveform plots depicting the N290 (230-330 ms) and P400 (380-620 ms) ERP components
at occipital electrodes in response to happy (red line), fearful (green line), and angry (blue line) faces in the
inclusion (c) and ostracism (d) conditions. Note that negative values are plotted downward. Box plot of mean
amplitude values of the Nc component elicited by emotional faces in the ostracism and inclusion conditions
(b). Significant comparisons are illustrated, * p <.05. Error bars represent the standard errors of the means.
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Fig. 2. Illustrations of time-frequency results. The upper panels (a, b) display mean sensorimotor activation
over the left (white bars) and right (dark grey bars) electrode clusters covering sensorimotor areas during the
observation of emotional expressions for the inclusion and ostracism conditions. Significant desynchronization
from baseline and significant comparisons between clusters are illustrated, * p <.05. Error bars represent

the standard errors of the means. In the bottom panel (c), time-frequency plots display baseline-corrected
activation respectively for happy, fearful and angry faces over the right sensorimotor area (i.e., C4) in the
inclusion condition.

Discussion

Prior research has extensively investigated adults’ and children’s reactions to ostracism. However, the origins
of sensitivity to ostracism and its influence on how humans attend to and perceive social cues early in life
remain unexplored. This study examined how ostracism affects the neural processing of emotional faces in
13-month-old infants, using a ball-tossing paradigm followed by EEG recording during exposure to dynamic
facial expressions. Results demonstrate that ostracism modulates infants’ neural responses, affecting both
attentional and sensorimotor processes. These findings parallel research in adults, suggesting that adaptive
neural mechanisms for processing social cues emerge early, shaped by social experiences®?

Given that Nc is a well-established marker of attentional engagement in emotion processing and its
amplitude increases with attention®, we examined modulations of the Nc following an ostracism or inclusion
event. Results revealed that ostracized infants showed larger Nc amplitudes in response to happy, fearful, and
angry emotional expressions compared to included participants. In keeping with the interpretation that larger
Nc reflects greater attention allocation or generalized arousal®, this finding indicates that infants showed
heightened attentional engagement to emotional faces (with positive and negative valence) upon experiencing
ostracism compared to inclusion. Regardless of valence, ostracized infants experienced heightened attentional
engagement toward emotional faces. This finding is in line with evidence from older children showing that
ostracism enhances emotion decoding abilities'® and supports the notion of a social monitoring system that
reallocates cognitive and attentional resources toward salient social stimuli when a sense of belonging is
disrupted®®. By deploying greater attentional resources to processing social cues, ostracized infants may enhance
their ability to recognize and interpret others’ emotions, facilitating opportunities for reintegration into social
exchanges. From an evolutionary perspective, this increased attention may serve as a survival strategy, as social
bonds are critical for securing social resources and maintaining group cohesion®%8. The neural response to
ostracism may therefore act as a protective mechanism, enhancing sensitivity to social cues to repair disrupted
connections. This interpretation aligns with prior evidence indicating that the Nc component is sensitive to both
emotional salience and attentional demands®. For example, earlier studies have linked larger Nc amplitudes
with increased attention during periods of social or emotional significance®. The observed increase in Nc
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amplitude in ostracized infants may thus be indicative of a heightened state of generalized arousal or attentional
vigilance following an adverse social experience. These findings may reflect the early emergence of a social
monitoring system, known to be activated in children and adults following social exclusion to direct attention
toward emotionally relevant cues that may signal opportunities for re-affiliation or further threat.

Although the Nc component predominantly reflects attentional processes, its underlying neural generators
- localized in prefrontal and anterior/posterior cingulate regions®»®* - suggest a broader role in emotion
regulation and stress response. These areas share reciprocal connections with the amygdala, possibly suggesting
that ostracized infants have engaged prefrontal regulatory mechanisms to exert top-down control over the
subcortical emotional response regions*"’?. This finding aligns with data showing that alterations in the
processing of positive and negative facial expressions occur when individuals are exposed to different forms
of early adversity, such as maltreatment™. Thus, they highlight the sensitivity of the developing brain to social
contexts, showing that even brief ostracism experiences in infancy can induce measurable changes in attentional
engagement and regulatory activation. This supports the notion that the early development of social cognition
plays a critical role in the ability to adapt and respond to social challenges across the lifespan.

Surprisingly, the ostracism and inclusion conditions did not induce modulations in the N290 and P400
components, commonly associated with the encoding of facial features and emotional expressions. One
possible interpretation is that ostracism may influence the neural processing of emotional faces at stages or
in processes other than those typically indexed by these components. Specifically, rather than affecting the
structural encoding of faces or the extraction of specific emotional content, ostracism may primarily modulate
attentional allocation to emotional stimuli, as reflected in the Nc component. This selective ostracism-related
modulation of the Nc component in contrast to the inclusion condition, representing typical social interactions,
indicates that the experimental context influenced infants’ neural responses, particularly in terms of attention
allocation, even if face-sensitive components remained unaffected. This interpretation aligns with findings from
Kawamoto and colleagues”, who did not find differences in the N170 based on the cyberball condition, but
rather found ostracized vs. included participants displaying a modulation of the P1 component, reflecting early
sensory processing and modulation of selective attention, in response to static emotional faces. This suggests that
ostracism may primarily impact early attentional mechanisms rather than the specific encoding of facial features
or emotional expressions. In the current study, however, the use of dynamic and more ecological stimuli, which
differ from static images in the timing and unfolding of emotional displays, precluded the precise consideration
of the P1 component. Indeed, while employed videos did not differ in terms of basic perceptual properties
(i.e., luminance and overall quantity of motion), dynamic stimuli may introduce variability in the onset and
duration of facial expressions, potentially affecting the timing of early neural responses like the P1 and rendering
comparisons with static-stimuli paradigms more challenging. Notably, dynamic stimuli have been previously
shown to impact the processing of facial emotions in both adults and infants***%7!, potentially emphasizing
early and holistic processing strategies for emotional faces. This methodological distinction may account for the
observed differences in neural response patterns and highlights the importance of considering stimulus type in
future investigations of emotion processing.

Our pu rhythm desynchronization findings revealed that included infants showed greater sensorimotor
activity over the right compared to the left hemisphere irrespectively of the emotional valence of the observed
face, while no difference emerged for ostracized participants. The observed dominance of the right hemisphere
in the inclusion condition aligns with findings from previous research on sensorimotor activation in response to
emotional expressions in infancy®®, toddlerhood™ and adults’2. Thus, this pattern of activation further supports
the well-established notion of the right hemisphere’s involvement in the processing of emotional information
conveyed by facial expressions. Furthermore, it is to note that all emotional expressions, both positive and negative
ones, elicited greater p rhythm desynchronization as compared to baseline over the right hemisphere only in the
inclusion condition. This result is in line with Rayson and colleagues® study with 30-month-olds showing greater
sensorimotor activity over the right central electrode cluster in response to happy and sad facial expressions
compared to a control/scrambled condition. In addition, it also extends findings from Quadrelli and colleagues’
study® with 7-month-old infants demonstrating that dynamic happy and not angry faces elicited a significant
sensorimotor activation compared to baseline. This pattern of results suggests that the early experience of both
perceiving and engaging in positive and negative emotional facial expressions during the first years of life might
play a crucial role in fostering the development of specialized sensorimotor processes dedicated to the processing
of emotional expressions. Facial mimicry and sensorimotor activity recorded over central regions are thought to
be related to empathic responses and emotional understanding of others across development®®”>. Thus, current
data suggests that while included infants appeared to activate their own sensorimotor cortex in response to
others’ facial emotional expressions, possibly suggesting that they empathically participated in others’ emotional
displays, ostracized infants were less prone to empathize with others’ emotions. Notably, this pattern of results
differs from the limited evidence obtained in older children and adults about the recruitment of the sensorimotor
system in response to emotional signals after social exclusion'*®!, which underscores the heightened inclination
to mimic others’ emotional expressions in ostracized individuals. This partial inconsistency might indicate that
the impact of social exclusion may vary during the lifespan, with the refinement of strategies aimed at promoting
affiliation and rapport emerging later in development.

Notably, infants’ behavioral assessment during the ball-tossing paradigm confirmed the effectiveness of the
experimental manipulation. Specifically, as reported in Supplementary Results, ostracized infants displayed
less positive emotionality, more negative emotionality and greater active engagement behaviors compared to
included participants. These findings align with and expand research involving older children, indicating that the
desire for social affiliation increases following experiences of ostracism'*!”. Future research with larger samples
are needed to investigate how individual behavioral reactivity modulates neural responses to emotional faces.
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In conclusion, this study demonstrates that infants swiftly alter both their neural and behavioral reactions
to social cues when faced with social exclusion, perceived as a threat to their sense of belonging. Ostracism
modulates infants’ behavioral involvement in social interactions, as well as their neural processing of facial
emotions. Specifically, ostracized infants exhibited greater attention to emotional facial expressions, while
ostracism appeared to blunt sensorimotor activation in response to those expressions. This suggests a lack
of differentiation in 13-month-olds’ sensorimotor processing and possibly a reduced ability to resonate with
others’ facial expressions when ostracized. Although behavioral reactivity results reported in the Supplementary
Materials align with findings in older children and adults'**®74, neural responses to emotional faces following
ostracism may reflect developmentally distinct social exclusion experience. Specifically, although infants exhibit
behavioral signs of distress and affiliative efforts, their cognitive or emotional understanding may differ from
older populations, potentially explaining variations in neural responses. Thus, while behavioral responses to
ostracism appear similar across development, social exclusion might differently impact the processing of social
stimuli such as emotional faces as a function of age. While further research is needed to understand the full
scope of infants’ behavioral and neurophysiological responses to social inclusion and ostracism, these findings
offer valuable insights into the early development of social cognition and infants’ sensitivity to social exclusion.

Methods
Participants
Fifty-two healthy 13- to 14-month-old full-term (>37 weeks of gestation) infants (26 females; M =425 days;
SD=15.1 days; range: 391-452 days, mostly White) participated in this study and provided valid behavioral
data. Participants were pseudo-randomly assigned to the inclusion (N=26) or ostracism condition (N=26).
Among this, 38 infants (N=16 females; M =428 days; SD=15 days; range 394-448 days) equally assigned to
the experimental conditions provided valid data for the ERP analyses, while 36 infants (N =15 females; M =430
days; SD = 14.1 days; range 402-448 days) provided valid data for the time-frequency analyses to assess p rhythm
modulation. Fourteen participants were tested but discarded from ERP analyses due to fussiness (N=3 included,
N=3 ostracized), experimental error (N=1 included), or excessive artifacts (N=4 included, N=3 ostracized).
Two additional participants were excluded from the time-frequency analyses due to excessive artifacts (N=1
included, N=1 ostracized). A power analysis (G*Power)”® estimated that a sample of 34 participants would
provide 80% probability of detecting a significant interaction (a=0.05, effect size=0.25) in a repeated measures
ANOVA.

All parents provided written informed consent and the study adhered to ethical standards of the Declaration
of Helsinki (BM] 1991; 302:1194) and was approved by the University of Milano-Bicocca Ethics Committee
(Protocol number: 421).

Procedure

The study consisted of two phases: an experimental manipulation phase, where infants participated in a face-to-
face ball-tossing game, and a test phase, where EEG activity was recorded as infants watched videos of female
faces expressing different emotions. To minimize disruptions and reduce delays between phases, the EEG net
was fitted to the infant before the ball-tossing game.

Face-to-face triadic ball-tossing game

The experimental manipulation phase occurred at a table where two experimenters and the infant sitting on their
parent’s lap participated in a face-to-face ball-tossing game!”. Infants were randomly assigned to the inclusion
or ostracism condition. Included infants received the ball six times (one-third of 18 throws), ensuring equal
participation. Ostracized infants received the ball only twice at the beginning and were ignored for the remainder
of the game. The session was videorecorded for later analysis of behavioral and emotional reactivity, using the
micro-analytical system from Quadrelli and colleagues!”. Videos were segmented into a baseline phase, same for
both conditions, where infants received the ball twice in the first six throws, and an experimental phase, where
included infants received the ball 4 times out of 12 throws (a third of the time), while ostracized infants received
none. A detailed description of the behavioral indexes is included in the Supplemental Materials.

Testing phase

After the triadic ball-tossing game, infants immediately participated in the EEG testing in a soundproofed,
electrically shielded cabin. Seated on their parent’s lap 60 cm from a 24” monitor, they viewed stimuli presented
via E-Prime v2.0 (Psychology Software Tools Inc., Pittsburgh, PA). Parents were instructed to remain still and
avoid interacting with the infant throughout the testing. An infrared camera recorded infants, allowing the
experimenter to monitor them, display an attention-getter (i.e., a looming fixation point) when distracted, or
stop the study if they became too fussy. Stimuli were randomized (maximum 2 consecutive same-emotion
trials), with sessions ending after 170 trials or if the infant became too fussy.

Emotional stimuli

The stimuli consisted of dynamic, full-face colored videos of two Caucasian actresses displaying fear, anger, and
happiness. Fear and anger were selected for their relevance to social threat, with fear signaling a potential threat,
and anger indicating an impending aggression, while happiness served as a contrasting positive emotion. Each
stimulus lasted 1500 ms, with expressions unfolding from neutral to full intensity in 720 ms and holding at peak
for 780 ms. Inter-stimulus intervals varied randomly between 900 and 1100 ms. Dynamic and whole-face (i.e.,
not cropped) stimuli were employed to increase the ecological validity of the study. Development and testing of
the stimuli are detailed in Supplementary Materials. Stimuli were presented at a 15.3° x 10.5° visual angle from
a 60 cm viewing distance.
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EEG recordings

Electroencephalogram (EEG) was recorded continuously using a 128-electrode HydroCel Geodesic Sensor Net
(Electrical Geodesic Inc., Eugene, OR) and referenced to the vertex electrode (Cz). Data was amplified through
an EGI NetAmps 300 amplifier with a sampling rate of 500 Hz and an online band-pass filter of 0.1-100 Hz.
Impedance values were inspected before stimuli presentation to ensure that they were below 50 KQ. Data
processing was conducted following two separate pipelines for the analysis of event-related potentials (ERPs)
and for time-frequency analysis.

Preprocessing for event-related potentials (ERPs)

The EEG data were preprocessed offline using NetStation v4.6.4 (Eugene, OR). A 0.3-30 Hz bandpass filter was
applied and ERP trials were segmented from 100 ms before to 1500 ms after stimulus onset. Data were baseline-
corrected and re-referenced to the algebraic mean of all channels. Automatic artifact detection removed any
channel with signal exceeding+200 pV in a sliding window of 80 ms. Visual inspection of the data was then
completed to eliminate any remaining artifacts. Trials with >15% bad channels (N>18) were excluded, and
remaining artifacts were interpolated. Each infant contributed at least 10 artifact-free trials per condition®>¢*. On
average, infants contributed 17.72 trials in the ostracism condition (happiness: 17.66, SD =10.34; anger: 17.33,
SD =9.44; fear: 18.17, SD =11.20) and 14.54 in the inclusion condition (happiness: 14.55, SD =5.62; anger: 14.63,
SD =4.03; fear: 14.47, SD=5.37). No significant differences were found between conditions and emotions (all
ps>0.08). However, the slightly higher trial count in the ostracized group may indicate heightened attention and
motivation to social stimuli. Grand-averaged waveforms revealed a distinct Nc component over fronto-central
sites. Electrode clusters were selected for each hemisphere (left: 29, 30, 35, 36, 37, 41, 42; right: 87, 93, 103, 104,
105, 110, 111) with a 400-650 ms time-window®®7°. Additionally, N290 and P400 face-sensitive components
were identified at occipital channels (left:65, 66, 69, 70; right: (83, 84, 89, 90), and analyzed within 230-330 ms
and 380-620 ms time windows respectively. All electrode clusters and time windows were selected based on
both prior literature’*1:6376 and visual inspection of our own data. Peak latency (ms) and mean amplitude (V)
values were extracted for statistical analyses.

Preprocessing for time-frequency analysis

EEG data were pre-processed using Netstation v4.6.4 with a 0.3 Hz high-pass filter and segmented into 2900
ms epochs (-1000 ms to 1900 ms relative to stimulus onset). Automated artifact detection flagged signals
exceeding =200 pV, followed by manual inspection using video recordings to exclude trials where infants were
inattentive, exhibited gross or fine limb or head movements, or artifacts missed by the automated algorithm.
Trials with > 15% bad channels were removed and Remaining artifacts were interpolated using spherical splines.
Infants with at least 5 artifact-free trials per condition were included in the final analyses®®’”. The average
number of artifact-free trials was 14.9 (happiness: 14.4, SD=9.73; anger: 14.7, SD =9.99; fear: 15.4, SD=11.4) in
the ostracism condition and 11.8 (happiness: 11.7, SD=6.53; anger: 11.7, SD=6.53; fear: 12.1, SD=6.80) in the
inclusion condition, with no significant condition or emotion differences (all ps>0.07).

Artifact-free data were analyzed using WTools”®, with continuous wavelet transform (Morelet wavelets, 1 Hz
intervals, 3-30 Hz range). To prevent distortions, the initial and final 400 ms of each epoch were excluded. A 500
ms baseline (—600 ms to —100 ms) was used. Consistent with prior studies on p rhythm desynchronization”*81:81,
absolute wavelet coefficients were extracted. Given the developmental profile of EEG rhythms in infancy, we
focused on the 7-8 Hz frequency band over central electrodes (C3/C4), which aligns with the peak frequency
of the infant mu rhythm at this age®"8*%. This central rhythm is developmentally distinct from posterior alpha
activity, which is more closely associated with general visual attention in infancy®’. The 7-8 Hz baseline activity
was subtracted from stimulus-related activity, and wavelet coeflicients were averaged across trials. Following
previous research on sensorimotor responses to facial expressions in infancy’®®, activation was analyzed over
left (30, 31, 36, 37, 41, 42, 53, 54) and right (79, 80, 86 87, 93, 103, 104, 105) electrode clusters, corresponding to
C3 and C4 in the 10-20 electrode placement system. Statistical analyses focused on 7-8 Hz activity withinthe
400-1000 ms window, chosen based on visual inspection of peak activation to emotional expressions across
participants. Individual averages were reviewed to confirm window suitability.

Statistical analysis

Preliminary analyses assessed infants’ behavioral responses to the ball-tossing game and are reported in
Supplementary Results. The main analyses focused on ERPs (i.e., mean amplitudes and peak latencies of the
N290, P400, and Nc components) and time-frequency (i.e., mean amplitude) data using repeated measures
ANOVAs, with emotion (fear, anger, happiness) and hemispheres (left and right) as within-subject factors, and
condition (inclusion, ostracism) as between-subject factor. Significant effects were further examined using t-tests
and Fisher’s least significant difference procedure®®. Holm-Bonferroni®® and Greenhouse-Geisser correction
for non-sphericity were used when appropriate. Effect sizes were reported using partial eta squared (7 127), and
statistical tests were conducted at a two-tailed 0.05 significant level using Jamovi (v2.3; https://jamovi.org).

Data availability
The data supporting this study’s findings are available from the corresponding author upon reasonable request.
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