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Humans’ capacity to predict actions and to socially categorize individuals is at the basis of social cognition. Such capacities emerge in
early infancy. By 6 months of age, infants predict others’ reaching actions considering others’ epistemic state. At a similar age, infants
are biased to attend to and interact with more familiar individuals, considering adult-like social categories such as the language
people speak. We report that these two core processes are interrelated early on in infancy. In a belief-based action prediction
task, 6-month-old infants (males and females) presented with a native speaker generated online predictions about the agent's actions,
as revealed by the activation of participants’ sensorimotor areas before the agent's movement. However, infants who were presented
with a foreign speaker did not recruit their motor system before the agent's action. The eyetracker analysis provided further evidence
that linguistic group familiarity influences how infants predict others’ actions, as only infants presented with a native speaker mod-
ified their attention to the stimuli as a function of the agent's forthcoming behavior. The current findings suggest that infants’ emerg-
ing capacity to predict others’ actions is modulated by social cues, such as others’ linguistic group. A facilitation to predict and
encode the actions of native speakers relative to foreign speakers may explain, in part, why infants preferentially attend to, imitate,
and learn from the actions of native speakers.
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Significance Statement

This article investigates how information about social categories, such as the language people speak, influences action
prediction in infancy. Six-month-old infants predicted the actions of an agent based on her knowledge about the location
of an object, but only if she previously spoke the infants’ native language rather than a foreign language. Previous studies
found that infants are less likely to imitate and engage with the actions of foreign speakers. Here, we extend these findings
by showing that the tendency to predict others’ actions may be weakened when interacting with speakers of a foreign
language, potentially due to an association of foreign languages with unexpected behaviors. This selectivity could drive
infants’ biases to attend to and learn from native speakers.

Introduction
A sensitivity to adult-like social categories such as language, race,
and gender emerges early in infancy (Rhodes and Baron, 2019).
One of the most salient social categories influencing infants’
responses to others is the language people speak (Liberman et al.,
2017). Infants prefer to imitate speakers of their native language rel-
ative to foreign speakers (Howard et al., 2015; Altınok et al., 2021),
and they prefer to select or attend to objects, music, and food

introduced by native relative to foreign speakers (Kinzler et al.,
2007; Shutts et al., 2009; Soley and Sebastián-Gallés, 2015).
However, it remains unclear why infants respond to others selec-
tively depending on the language they speak.

To date, two main theories have been proposed to explain
infants’ selective responses to speakers of different languages. In
one view, infants’ preference for native speakers may be related
to a preference for in-group members, guided by the principle of
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in-group loyalty (Kinzler et al., 2007; Buttelmann et al., 2013). In
another view, the bias toward native speakers may be explained
by a motivation to seek relevant information, which infants may
expect to receive to a greater extent from the native than foreign
speakers (Begus et al., 2016; Marno et al., 2016). These theories
shed light on the motivations underlying infants’ social prefer-
ences, but they do not specify the processes that may bemodulated
by linguistic group membership. In the current study, we investi-
gated whether a distinct tendency to predict the actions of familiar
relative to unfamiliar speakers could underlie infants’ selective
responses toward others. We hypothesized that infants’ emerging
ability to predict others’ actions may be weakened when interact-
ing with unfamiliar language speakers, as compared with speakers
of their native language.

Language can indicate a common culture and mark the limits
of shared cultural knowledge (Soley and Spelke, 2016). In fact,
already at 2 years of age, toddlers relate a foreign language with
nonconventional actions (Oláh et al., 2014). Even earlier in devel-
opment, 6-month-old infants match other-race faces to unfamiliar
languages (Uttley et al., 2013), and 12-month-old infants expect
native language speakers to act prosocially, but they do not hold
such expectations when presented with foreign language speakers
(Pun et al., 2018). These studies do not directly prove that linguis-
tic group influences infants’ ability to reason about others’ actions,
but they suggest that infants associate foreign speakers with behav-
iors or physical attributes that differ from their existing knowledge
of the world. Infantsmay expect native speakers to perform actions
that are consistent with their knowledge about other agents, but
they may be unsure of what foreign speakers will do next. Based
on this idea, we hypothesized that infants would show a facilitation
of predicting the actions of relativelymore familiar over unfamiliar
individuals. This facilitation may be present already at 6 months
when infants begin to show a preference to attend to native
speakers (Kinzler et al., 2007).

To address this hypothesis, we focused on a neural correlate of
the so-called mirror system (Rizzolatti and Craighero, 2004).
Starting from early infancy, motor areas are recruited in a similar
way when humans observe and predict the actions of others, as
well as when they perform the actions themselves (Southgate
and Begus, 2013). Sensorimotor activation is visible in the
electroencephalogram (EEG) as a desynchronization of the resting-
state µ rhythm measured over sensorimotor scalp areas (Debnath
et al., 2019). Based on our hypothesis, wewould expect event-related
µ desynchronization (µ-ERD) to a greater extent in anticipation of
the actions of native speakers relative to the actions of foreign
speakers. To induce action anticipation, we adapted a belief-based
action prediction task by Southgate and Vernetti (2014) in which
6-month-olds were presented with an agent who performed an
action or remained still depending on her (false) epistemic state.
We closely followed the design of the original study, except that
the agent presented herself before the false belief task. Critically,
some infants heard her speaking their native language (Catalan or
Spanish), and other infants heard her speaking a foreign language
(German: German is prosodically dissimilar from the native lan-
guage of the participants. Previous research has shown that even
neonates can discriminate between rhythmically distinct languages
(Nazzi et al., 1998)).

Materials and Methods
Open data
The stimuli, raw eyetracker data, final EEG data, and scripts for data
cleaning and analysis can be found here: https://osf.io/rfuve/. The raw
EEG data as well as the preprocessed time–frequency EEG data can be

found here in the format of EEGLAB datasets (.set) and Matlab files
(.mat), respectively: https://doi.org/10.34810/data708.

Experiments and hypothesis
Experiment 1
We analyzed μ-ERD as a neural marker of action prediction in infancy.We
hypothesized that infants would show greater µ-ERD when anticipating
the actions of native language speakers as comparedwith the actions of for-
eign language speakers (action trials). In addition, we expected no desyn-
chronization of μ waves if the agent was not about to act (no-action trials).

Experiment 2
We analyzed infants’ overt attention to the stimuli with an eyetracker.
First, we tested if infants attended more to the videos of native versus for-
eign language speakers during the entire trial, which could influence how
much information they had available to make online action predictions.
We hypothesized that, in general, infants would attend similarly to the
videos independently of the language that the person spoke. Second, we
tested the hypothesis that, by the end of each trial, infants may lose interest
faster if they expected the agent to remain still, rather than to perform an
action.We expected such a difference particularly if infants were presented
with a native language speaker, since this is the case in which we expected
infants to generate online action predictions (for the action trials).

Participants
Participants were recruited by visiting maternity rooms at two private hos-
pitals in Barcelona, Spain (Hospital Quirón and Clínica Sagrada Família),
and through social media ads. All participants were healthy, full-term
infants (>37 GW). The research reported in this manuscript was conducted
in accordance with the principles expressed in the Declaration of Helsinki
and approved by the local ethical committee (Parc de la Salut Mar,
Barcelona). Written informed consent was obtained from the participants’
caregivers before the experiment was conducted. The sample was deter-
mined based on a large effect size, based on Begus et al. (2016). A priori
sample size calculation with G*Power given a Cohen’s d of 0.8, α=0.05,
and β=0.2 found that we should run 42 participants per experiment
(21 per cell) to see significant differences between infants in the native
group and infants in the foreign group. This sample is similar or higher
to other studiesmanipulating the influence of language familiarity on atten-
tion (Kinzler et al., 2007), selection of food (Shutts et al., 2009), and the
readiness to learn from others (Begus et al., 2016).

Experiment 1 (EEG)
The analysis included 42 6- to 7-month-old infants, all of them monolin-
gual (at least 90% exposure to their native language) except for 5 bilinguals
(>30% exposure to another language). All the participants had either
Catalan (28) or Spanish (14) as their primary native language, and none
of them had been exposed to German before. Of these, 21 infants were
assigned to the native group (Mage = 6 months 15 d; range, 5 m.24 d to
7 m.2 d; 11 females, 1 bilingual), and 21 infants were assigned to the for-
eign group (Mage = 6 months 14 d; range, 6 m.0 d to 7 m.4 d; 13 females, 4
bilinguals). Sixty-eight additional participants were tested but excluded
from the analysis due to crying early in the study (15) and experimental
error [18: no sound (5), software not working (8), bad placement of the
net (5)] or because they did not contribute the minimum number of three
trials per condition required (35) due to movement artifacts or fussiness.

Experiment 2 (eyetracker)
The analysis included 42 6- to 8-month-old infants, all monolinguals
except for three bilinguals. All the participants had either Catalan (32)
or Spanish (10) as their primary native language, and none of them
had been exposed to German before. Twenty infants were assigned to
the native group (Mage = 6 months 30 d; range, 6 m.1 d to 7 m.30 d; 10
females), and 22 infants were assigned to the foreign group (Mage = 6
months 29 d; range, 6 m.1 d to 7 m.30 d; 12 females, three bilinguals).
Of the 42 participants, 21 infants represented a subgroup of the partici-
pants in Experiment 1 who were tested both with an EEG and an eye-
tracker (native group, 9; foreign group, 12; participants with valid EEG
data, 9). Additionally, 21 infants (native group, 11; foreign group, 10)
were tested using the same task as in Experiment 1, but without wearing
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an EEG cap. We only recorded infants’ looking behavior using an
eyetracker. Data of 82 additional participants were excluded from the
analysis due to bad calibration (25) or not contributing the minimum
number of three trials per condition required (due to data loss or fussi-
ness; 57). Note that this high rejection rate is due, in part, to the experi-
menter's criterion of prioritizing the quality of the EEG signal over the
quality of the eyetracker data for participants tested with both methods
simultaneously. Specifically, capping the participant, improving the
channel impedance, and maintaining the infant calm before the study
started were prioritized over calibrating the eyetracker and making
sure that the infant was in an optimal position relative to the eyetracker.
As a trade-off, a high number of participants tested with both methods
were excluded from the eyetracker analysis (58).

Procedure and stimuli
Participants were tested in a sound-attenuated and darkened room at the
Universitat Pompeu Fabra. Participants’ behavior during the session was
recorded using a Sony HDR-HC9E camera (temporal resolution,
25 frames/s). Infants sat on a caregiver's lap at ∼65 cm from a 23′′ screen
(1,920× 1,080 pixels). Caregivers were asked to close their eyes when
the videos started. Videos were projected onto the screen using
Psychtoolbox-3 in Matlab (MathWorks). The experiment was structured
in three phases presented in the following order (Fig. 1): familiarization,
presentation, and test. The design and stimuli of each phase, except for
the presentation, closely followed the design and stimuli of a previous
study (Southgate and Vernetti, 2014).

Familiarization
Infants viewed four trials of 7 s in which an actress always held a true
belief about the location of a ball. First, infants saw the actress reaching
for and grasping a ball (A+O+). The actress appeared in the center of

the screen in front of a box. When the lid of the box opened, a ball
appeared from the right side of the screen and entered the box. Then
the lid of the box closed, and the actress reached toward the box.
After that, infants saw a trial in which the actress did not reach for
the (absent) ball (A−O−). The trial started with the actress in the
center of the screen in front of the box. When the lid of the box
opened, the ball appeared inside the box and jumped out until dis-
appearing at the right side of the screen. The lid of the box then closed,
and the actress remained still until the end of the trial. The two
familiarization trials were presented again in the same order. Each
of the four trials was preceded by an attention getter including a
circular flash looming at the center of the screen (3 s). Infants
who attended <50% of time to the familiarization trials were excluded
from the analysis (Mnative = 83%; Mforeign = 87%; see Manual coding
section; infants included in the analysis attended at least once to each
trial type).

Presentation
An actress appeared at the center of the screen telling a story while mak-
ing eye contact with participants. For the infants in the native group, the
agent spoke either Spanish (∼18 s) or Catalan (∼20 s), depending on the
participants’ dominant language. For the participants in the foreign
group, the agent spoke German, an unfamiliar language for all infants
(∼23 s). The actress was highly proficient in the three languages. The pre-
sentation trial was preceded by an attention getter scene (3 s). Infants
who attended <50% of time to the presentation trial were excluded
from the analysis (Mnative = 88%; Mforeign = 79%; see Manual coding
section)(An ANOVA with the group as the between-subjects factor
and percentage of attention as the dependent variable found a significant
effect of the group (F(1,40) = 4.19; p= 0.047). Infants attended longer at the
presentation of the native language speaker).

Figure 1. Structure of the videos. A, First, infants saw the agent (A) reaching for a ball (O) when the ball jumped into a box (A+O+) and not moving when the ball jumped out of the box
(A−O−). B, Second, the agent introduced herself in the participant's native language or in a foreign language. C, Third, the agent saw the ball jumping into (A+) or out of (A−) the box at the
start of the video. Then a curtain came down hiding the agent, and the ball jumped either into (O+) or out of (O−) the box. When the curtain opened again, the agent remained still during
1,500 ms (anticipation period), and then she attempted to reach for the ball (A+O−; action trial) or remained still (A−O+; no-action trial) depending on her (false) belief about the ball's
location. A successful prediction was associated with μ desynchronization prior to the agent's behavior (anticipation period) in the action trial (Experiment 1) and a different pattern of attention in
the action versus no-action trials during the anticipation period, as measured by an eyetracker (Experiment 2). The WoA was defined as a window with onset at the “trigger” (when the curtain
totally opened) and offset 500 ms later. Both trial types were randomly presented until infants became inattentive.
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Test
Infants saw multiple times two trial types of 14 s that appeared in random
order until they lost attention. The trials consisted of the same scene as in
familiarization, except that we manipulated the actress’ belief about the
location of the ball. In the action trial, the actress first saw the ball jumping
into the box (A+). Then, a curtain came down hiding the actress, and the
ball jumped out of the scene (O−) unbeknown to the agent. The curtain
opened, and the actress reappeared at the back of the display. She stayed
1,500 ms still (anticipation period), and then she reached toward the
empty box (1,500 ms). In the no-action trial, the actress first saw the
ball jumping outside of the box (A−) and then the ball jumping into
the box (O+) when the curtain was closed, and she could not witness
the change of the ball's location. When the curtain opened and the actress
reappeared, she stayed still for 1,500 ms (anticipation period), and she
remained still until the end of the trial (1,500 ms).

Data processing and analysis
Experiment 1

EEG acquisition. Participants’ neural activity was recorded using
continuous recordings of EEG with a Geodesic Sensor Net composed
of 128 electrodes (Electrical Geodesics). Data were recorded with respect
to the vertex electrode, sampled at 500 Hz, and stored on a computer
disc. Triggers were sent through a parallel port from Matlab to the
EEG amplifier and synchronized with the acquisition of EEG data.
Triggers were sent at the start and end of each trial and each attention
getter. A trigger was also sent in test trials at the point where the actress
reappeared at the scene after the curtain had opened (test trigger). The
test trigger marked the onset of the anticipation period (Time 0).

Manual coding. Participants’ videos were manually coded using
Datavyu (Datavyu Team, 2014) by a coder blind to the experimental
manipulation. The coding was used to ensure that participants spent
enough time looking at the stimuli during familiarization and presenta-
tion trials (instances in which babies did not pay attention to the videos
during the familiarization and presentation were identified, and then a
percentage of attention was calculated based on the length of trials and
the total length of the not-looking instances) and to remove test trials
in which participants did not pay attention or produced goal-directed
actions (e.g., grasping) that could generate artifacts. Moreover, 30% of
the videos were double coded and received ratings of good reliability
for the not-looking instances [intraclass correlation (ICC) = 0.87] and
moderate reliability for the goal-directed actions (ICC = 0.69).

EEG processing. Processing steps to remove artifacts and segment the
data followed the Maryland Analysis of Developmental EEG (Debnath
et al., 2020). Electrodes in the outer ring were removed due to potential
poor connections in pediatric data, with 104 channels remaining. The
continuous data were filtered (0.5–25 Hz) using a finite impulse response
(FIR) filter provided within the FIRfilt plug-in of EEGLAB (Widmann
et al., 2015). Next, we identified and removed bad EEG channels using
the fully automated statistical thresholding for EEG artifacts (an EEG
plug-in; Nolan et al., 2010). As suggested by Debnath et al. (2020), we
applied a hybrid independent component analysis (ICA) approach to
filter out non-neural artifacts including blinks, saccades, or EMG. In a
copied version of the EEG dataset, a 1 Hz high-pass filter was applied,
data were segmented into 1 s epochs, excessive EMG segments were
removed, and then ICA was performed on the copied dataset. After
ICA decomposition, artifactual independent components (ICs) were
automatically identified using the ADJUST EEGLAB plug-in (Mognon
et al., 2011). Then, ICs were transferred from the copied dataset to the
original dataset, and artifactual ICs were removed from the original data-
set. Within our window of interest (see below), if a participant produced
a behavior that could influence the signal, as noted by manual video
coding, the label of the event was marked to be excluded. These behaviors
were coded using Datavyu (Datavyu Team, 2014) and included instances
when the infant was performing a goal-directed action (e.g., grasping or
reaching), crying, or not looking directly forward or the parents were
interfering. The remaining data during the action observation block
was segmented into epochs from 1,500 ms before to 1,500 ms after the

0 ms time-locked mark, corresponding to the end of the curtain's opening.
A voltage threshold rejection (±220 μV) was applied on six frontal chan-
nels (E1, E8, E14, E21, E25, E34) to identify and remove additional eye arti-
facts. For all other channels, we interpolated data for noisy channels in
each epoch. Epochs with >20% of interpolated channels were rejected.
Before time–frequency analysis, the data were converted into a current
source density (CSD) waveform using the CSD toolbox (Kayser and
Tenke, 2006) to minimize the spread of brain activity due to volume
conduction and improve the spatial resolution of the EEG signal.

EEG time–frequency analyses. Time–frequency analysis closely fol-
lowed the analysis of Southgate and Vernetti (2014), including the selec-
tion of the channels of interest, baseline, test window of interest, baseline,
and frequency range of interest. First, we applied a continuous wavelet
transformation from 5 to 20 Hz to free-artifact epochs in each channel,
using the function newtimef from EEGLAB toolbox [cycles = (3 0.5),
nfreqs = 150, padratio = 8]. To eliminate distortion created by the wavelet
transform, the first and last 500 ms of each segment were removed.
A 400 ms period beginning 1,000 ms before the test trigger was selected
as a baseline [i.e., −1,000 to −600 ms before the curtain opened
completely (time 0)]. In both trial types, the event occurring within the
baseline was the curtain opening before revealing the actress. Averaged
activity within the baseline period was used to convert the time-varying
signal to a decibel (dB) scale, using the formula 10*log10(power(t)/
power(averaged baseline)), where t refers to the signal at each time point.
Time windows considered for the analyses included the baseline and a
500 ms window starting at the onset of the anticipation period (window
of analysis, WoA). During the WoA, the actress remained stationary in
both trial types, and infants could potentially predict her subsequent
behavior. We analyzed activity across the frequency range from 5 to
7 Hz (μ) in left sensorimotor areas (electrodes 30, 36, 37, and 42).
We focused on left central electrodes (electrodes around C3 based on
the 10–20 system) given that, in infants, motor activation during action
prediction has been typically localized over left rather than right sensor-
imotor areas (Southgate et al., 2010; Southgate and Begus, 2013;
Southgate and Vernetti, 2014). Average event-related spectral power
(ERSP) data for each participant in the baseline and the WoA were cal-
culated by taking the mean across trials, electrodes, and frequency range
of interest. To plot the results, we grand-averaged the data across partic-
ipants. Southgate and Vernetti (2014) found sensorimotor activation
reflecting infants’ prediction of the actions of the agent when analyzing
participants with a minimum of three free-artifact trials per condition,
a common criterion in studies of action mirroring (Debnath et al.,
2019; Chung et al., 2022). Thus, infants with less than three valid artifact-
free trials in either condition were excluded. The native group contrib-
uted with an average of 6 trials in the action trials (range, 3–13) and
6.2 trials in the no-action trials (range, 3–14). The foreign group contrib-
uted with an average of 5.6 trials in the action trials (range, 3–11) and
5.5 trials in the no-action trials (range, 3–11).

Experiment 2
Eyetracker processing. A Tobii X120 Eye Tracker was used in

stand-alone mode and with a sampling rate of 120 Hz. Eyetracking
data were saved with a set of triggers that defined which part of the exper-
iment was being presented to participants, allowing us to know when
each trial started and ended (same triggers as used in Study 1). Prior
to the beginning of the experiment, a five-point calibration was carried
out. Participants who did not provide accurate data for at least four
points were rejected from analysis.

Eyetracker analysis. Data from the right and left eyes were averaged
when both eyes had valid data. In cases in which only one eye provided
valid data, we used the signal from the corresponding valid eye.
Eyetracking data was segmented across trials. Trials with <50% of valid
data were excluded from the analysis. Following our previous criteria
with EEG data, participants who contributed to less than three trials
per trial type were excluded from the analysis. Using the temporal
dynamics of gaze x and gaze y coordinates, we then calculated the
amount of time in which infants looked at four areas of interest (AOIs;
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see Extended Data Fig. 4-1): an area including the entire video, an area
including the agent's face, an area including the box, and an area includ-
ing the ball trajectory. Before statistical tests, data of each participant for
each trial type were averaged across valid trials. The native group con-
tributed with an average of 6 trials in the action trials (range, 3–12)
and 6.4 trials in the no-action trials (range, 3–11). The foreign group con-
tributed with an average of 6.45 trials in the action trials (range, 3–11)
and 6.41 trials in the no-action trials (range, 3–12).

Statistical analysis plan
Experiment 1
To test if infants showed greater μ-ERDwhen predicting the actions of native
over foreign language speakers (but not when the agents remained still), we
ran a two-factor mixed ANOVA with trial type (action vs no action) as the
within-subjects factor, linguistic group (native vs foreign) as the between-
subjects factor, and the average μ-ERD of each participant as the dependent
variable. If the interaction between the two factors was significant (p<0.05)
or marginally significant (p<0.1), follow-up t tests were performed to com-
pare groups in each condition separately. Additionally, multiple one-sample
t tests were used to investigate if the power of μ waves changed significantly
(relative to baseline) during the WoA. All tests were two sided.

Experiment 2
Two types of statistical analysis were performed with eyetracker data. A
first analysis tested whether infants, in general, attended differently at
the videos of native versus foreign language speakers. Eyetracker data
were averaged across time to generate a single score per participant, trial
type (action vs no action), and AOI (all video, face, box, and ball). The
scores of each AOI were included as dependent variables in a two-factor
mixed ANOVA with trial type as the within-subjects factor and language
group as the between-subjects factor. A second analysis investigated
changes in attention over time. A cluster mass test was performed for
each linguistic group to explore periods in which the percentage of looking
time (LT) between the action and no-action trials would differ

significantly. First, for each group and AOI, we computed a difference vec-
tor across time and participants defined as the percentage of LT at the AOI
in action trials minus the percentage of LT in no-action trials. We then
computed the t values of the difference vector across time bins considering
only the participants that provided data in each time bin. Due to the abrupt
changes in the t value vector originating from the missing data of some
participants in some time bins, the vector was smoothed using a moving
average filter with the function smooth fromMatlab. The moving average
filter was computed every 100 ms. Next, we identified clusters as the sum
of consecutive t values above a threshold corresponding to p= 0.05 (two
tailed). We then tested the significance of the larger cluster by computing
the same analysis on 2,000 permutations. The permutations were com-
puted by randomly assigning the participants to one of the two trial types.
In each permutation, the t value vector was smoothed with the same filter
as the one used in the original test. Finally, we checked if the main cluster
of each group of participants was >95%ofwhat wewould find by chance. If
the main cluster was >95% of the permutation clusters, we reported the
cluster as being significant. Thus, a significant cluster refers to a cluster
that is unlikely to be found by chance.

Results
Experiment 1: μ event-related desynchronization (μ-ERD)
A marginally significant interaction between trial type (action vs
no action) and linguistic group (native vs foreign) was obtained
(F(1,40) = 3.54, p=0.067, ηp

2 = 0.081, ANOVA). Post hoc t tests
compared μ-ERD as a function of the participants’ group in each
trial type. As hypothesized, in the action trials, infants in the native
group (M=−1.15, SD=0.48) showed greater μ-ERD than infants
in the foreign group (M=0.41, SD=0.5; t(1,40) =−2.24, p=0.031;
unpaired t test; Fig. 2). Significant μ-ERD was found for infants
in the native group in the action trials (t(1,20) =−2.38, p=0.027;
one-sample t test). However, for infants in the foreign group, μ

Figure 2. ERSP in decibels relative to baseline. A, Spectrogram of the action trial separated by group (top, native group; bottom, foreign group), averaged across trials and channels (E30, E36,
E37, and E42), and grand-averaged across participants in each group. The vertical line at Time 0 indicates the start of the WoA. The red rectangle defines the frequency (5–7 Hz) and time
(0–500 ms) limits over which the analyses were computed (WoA). B, Topographic maps showing the average amplitude for all channels within the μ frequency range and 0–500 ms time
window (WoA). The black circle delimits the four sensorimotor channels selected for the statistical analysis. C, Bars represent the averaged ERSP over the WoA with ±1 standard error, separated
by trial type (x-axis) and group (color). A paired-sample t test found a significant difference between groups in the action trials; a one-sample t test found a significant decrease of μ only in the
native group, but not in the other conditions (the symbol “*” indicates a p< 0.05). See Extended Data Figure 2-1 for details about the no-action trial.
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activity did not significantly change relative to baseline (t(1,20) =
0.81, p=0.43; one-sample t test). In the no-action trials, there
were no differences between groups of participants (t(1,40) = 0.28,
p=0.78; unpaired t test; Mnative =−0.43, SDnative = 0.32; Mforeign =
−0.56, SDforeign = 0.33). In addition, as expected, a one-sample t
test found no significant μ-ERD for any of the two groups in the
no-action trials (all p>0.1; see Extended Data Fig. 2-1 for spectro-
grams and topoplots of the no-action trials).

In conclusion, infants in the native group showed a neural
correlate of action anticipation in the action trials that suggests
they predicted the agent's forthcoming behavior. However,
infants in the foreign group showed no evidence that they gener-
ated action predictions. Critically, differences between groups
were not found if the agent was not about to perform an action,
suggesting that the effects are specific to the action anticipation.
However, the interaction between group and condition was only
marginally significant. Exploratory analysis further investigated
the differences in infants’ neural activation depending on the
presented condition and their language group.

Experiment 1: exploratory analysis using permutation tests
To further address differences in neural activity depending on
group and condition, we applied a nonparametric test with
2,000 permutations with false discovery rate correction for
multiple comparisons using the function std_stat from the
EEGLAB package (Widmann et al., 2015) in Matlab. The model
included the main effects of condition and language groups, as
well as their interaction.

The results showed significant interactions between condition
and language within the window of interest (0–500 ms; Fig. 3A).
Specifically, two main clusters were identified. One cluster
appeared approximately from 0 to 200 ms and 9 to 14 Hz, which
in infants has been defined as the β band (Xie et al., 2018). The
other cluster appeared approximately from 250 to 500 ms and 5
to 6 Hz, which is part of the μ band (5–7 Hz) we previously
defined. The follow-up analysis focused on the differences between
groups in each condition based on the results of the nonparametric
permutation test. Consistent with the main analysis, infants
showed a greater event-related μ desynchronization in the native
language group than that in infants in the foreign language group
(200–500 ms), and this significant effect was only found in the
action condition (Fig. 3B). The results also revealed that the differ-
ence between groups was not limited to the 5–7 Hz frequency
band but extended up to 9–10 Hz. Several studies in infancy
have defined the μ band up to 9 Hz (Debnath et al., 2019;
Colomer et al., 2023a), and thus it is possible that the μ band
recruited in the current study was wider than the 5–7 Hz range
defined a priori. In addition, as suggested by the interaction
between condition and group, the analysis found a cluster that
appearedmainly within the β band (9–14 Hz). Infants in the native
language group showed a greater β desynchronization than that in
infants in the foreign language group in the action condition, but
the opposite pattern was found in the no-action condition.

The results of the exploratory analysis supported the findings of
the main analysis: infants showed greater μ desynchronization—
and β desynchronization—in anticipation of the action of the

Figure 3. Results from a nonparametric test with 2,000 permutations (std_stat from EEGLAB) comparing ERSP depending on group and condition. A, The colored clusters indicate a significant
(p< 0.05) interaction between the two factors. B, C, ERSP difference (in decibels) in the window of interest (0–500 ms) between the native group and the foreign group (native–foreign) in the
no-action condition (B) and in the action condition (C). The green images depict the nonsignificance (p> 0.05) between the two groups (p< 0.05), and the colored clusters indicate a significant
difference (p< 0.05). The color indicates the level of ERSP difference in decibels. As indicated in the color bar (bottom-right), the colder colors indicate a greater desynchronization in the native
than the foreign group, and the warmer colors indicate the opposite.
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native language speaker relative to the action of the foreign
language speaker, a pattern that was specific to the action condi-
tion. These findings suggest that infants are less likely to anticipate
the actions of people who previously spoke a foreign language.
Experiment 2 tested if participants in the foreign group attended
less at the stimuli as compared with participants in the native
group. This would increase the likelihood of missing out on infor-
mation about the location of the ball, thus making action predic-
tions more challenging. In addition, Experiment 2 tested if infants’
patterns of attention during the anticipation period differed as a
function of the speaker's linguistic group.

Experiment 2: averaged attention at eachAOI across all the trial
Mixed ANOVAs for each AOI, with group and trial type as factors
and percentage of LT at the AOI as dependent variable, found
no significant main effects or interactions of any of the factors
(all p> 0.1; see Extended Data Fig. 4-2). In general, infants in
both groups looked similarly at the videos of each trial type, sug-
gesting that the differences between the two groups in Experiment
1 were not due to differences in overt attention to the stimuli.

Experiment 2: attention at each AOI over time
Infants in both groups showed very similar patterns of differ-
ences between the action and no-action trials across time in all
the AOIs (see Extended Data Fig. 4-3 for detailed plots about
the box and ball AOIs). However, important differences between
the two groups were found in the period when infants could
anticipate the agent's behavior (See Fig. 4). In the native group,
infants looked longer at the action than no-action trials (p <
0.001) starting from 500 ms before the agent's behavior was
revealed (anticipation period). In contrast, infants in the foreign
group started attending differently to the two trials (p < 0.001)
only 700 ms after the agent's behavior had been revealed, sug-
gesting no prediction of her actions. Similarly, infants in the
native group, but not in the foreign group, showed a significant
cluster (p= 0.015) starting from 150 ms before the agent's beha-
vior that indicated greater attention to her face in the action than
the no-action condition. These findings suggest that infants in
both groups attended similarly at the screen in general, except
for the critical period of the video (anticipation of the agent's

behavior) in which only infants in the native group distinguished
between the action and no-action trials. The results provide
further support for the possibility that infants predicted the
agent's action only if she previously spoke their native language,
but not if she spoke a foreign language.

Discussion
The current study investigated infants’ ability to generate belief-
based action predictions depending on others’ linguistic
group. The results on μ-ERD (Experiment 1) and eyetracker
(Experiment 2) provided converging evidence that infants in
the native language group, but not infants in the foreign language
group, predicted the action of the agent as a function of her epi-
stemic state. In the EEG analyses, infants showed significant
μ-ERD in anticipation of the agent's action if the agent previously
spoke their native language, but not if the agent spoke an unfa-
miliar language. In the eyetracker analyses, infants attended
differently to the videos in the action relative to no-action trials
already in the anticipatory period only when presented with a
native speaker. When presented with a foreign speaker, infants
differentiated between the two trial types after the agent's action
had been revealed, but not earlier, suggesting that they did not
generate predictions during the anticipation window. Together,
these results suggest that the mechanisms supporting action
understanding in infancy can be modulated by top–down pro-
cesses, such as the recognition of relatively more familiar versus
unfamiliar agents as a function of their linguistic group.

There is substantial evidence that infants aremore likely to imi-
tate and engage with the information provided by native rather
than foreign speakers (Kinzler et al., 2007; Buttelmann et al.,
2013). Recent evidence also indicates that infants are more likely
to visually track the goal-directed actions of the native than those
of the foreign language speakers (Colomer et al., 2023b). However,
from these studies, it is unclear what neural mechanisms respond
selectively to others’ actions depending on the person's linguistic
group. The current results suggest that this selectivity is supported
by amodulation of themirror system, as indicated by μ desynchro-
nization over sensorimotor areas. Additionally, the exploratory
analysis also suggested a potential role of β oscillations in selective
action anticipation. Previous studies in adults have also linked β

Figure 4. A, Time course (in seconds) of the t value describing the statistical difference in percentage of LT at the video (A1) and face (A2) between action relative to no-action trials for both
language groups (blue, native group; salmon, foreign group). The horizontal dashed lines indicate the threshold from which p< 0.05 for each group. B, Time course of the mean percentage of LT
at the video (B1) and face (B2) separated by group (color) and trial type (line type). The transparent rectangles indicate the clusters that were significant in a cluster mass test analysis with 2,000
permutations (blue, native group; orange, foreign group). The vertical dashed lines indicate the periods during the video when the curtain closed completely (Line 1, CClose), the curtain opened
completely (beginning of the anticipation period; Line 2, Copen), and the agent acted in the action trials—but remained still in the no-action trials (end of the anticipation period; Line 3, Act?).
See Extended Data Figures 4-1, 4-2, and 4-3 for more details about the AOIs, the average LT at each area, and the time course of infants’ LT at the box and the ball.
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oscillations to action processing and particularly to the mirror
system (Milston et al., 2013). However, the functional significance
of the β band in infancy is not clear (Cuevas et al., 2014), and thus
future work is needed to elucidate how β oscillations relate to
infants’ action predictions.

The results indicate that even before others’ actions are pre-
sented, infants show a different mental representation of these
actions depending on the person's linguistic group. This selective
response during action anticipation may influence infants’ ability
to interpret, evaluate, and learn from others’ actions and may,
consequently, bias infants toward the actions of native speakers.
In fact, previous research has found a link between infants’ ability
to generate action predictions and their capacity to imitate
others’ actions (Gampe et al., 2016) and identify when actions
are unexpected (Gredebäck et al., 2018).

A further question is why infants did not predict the action of
the foreign speaker. One possibility is that infants showed less
interest in the agent and her actions if she previously spoke a for-
eign language. In fact, infants in the native group attended longer
at the presentation than infants in the foreign group. If infants also
showed a different level of interest in the agent's actions, this could
result in a reduced predisposition to anticipate and mirror what
she would do next. In line with this, previous research has typically
interpreted infants’ biases toward native speakers in terms of a
preference for native speakers, either because they are identified
as in-group members (Kinzler et al., 2007; Buttelmann et al.,
2013) or because they are evaluated as better sources of informa-
tion (Begus et al., 2016). Research in adults shows similar patterns
as people are less likely to represent the actions of out-group
relative to in-group members during a joint action (McClung
et al., 2013; Sacheli et al., 2015), and they are less likely to mirror
the actions of other-race individuals (Gutsell and Inzlicht, 2010), a
bias that correlates with adults’ racial prejudice. However, the
findings from the eyetracker in our study challenge the less inter-
esting interpretation. First, infants attended similarly to the test
videos of the native and foreign speakers. Second, infants in the
foreign language group showed increased attention to the video
in the action as compared with the no-action condition after the
agent began to produce her action. Particularly, the descriptive
data shows a peak in attention after infants saw the action of the
foreign speaker at the end of the video, suggesting an interest in
seeing and encoding her action.

Alternatively, infants’ social selectivity may not be based on a
preference toward native speakers but on a facilitation to predict
and interpret the actions of native speakers as compared with for-
eign speakers. At 6months of age, infants begin to show an ability
to generate basic expectations about the agents and their actions,
and they are surprised if the agents violate their expectations
(Woodward, 1998; Csibra, 2008; Vouloumanos et al., 2014).
We propose that infants may be less likely to generate basic
expectations about the agents if presented with a stranger who
demonstrated to behave in ways that are inconsistent with
infants’ knowledge about the social world (for a similar argu-
ment, see Colomer and Woodward, 2023). Infants may associate
foreign speakers with behaviors and properties that are unfamil-
iar (Uttley et al., 2013; Oláh et al., 2014), and thus they may be
less likely to use their basic knowledge about the agents to predict
the actions of foreign speakers. For example, it has been proposed
that infants solve false belief tasks by expecting agents to act
toward the last location in which they saw an object
(Tomasello, 2018). The current results, together with the results
of Southgate and Vernetti (2014), suggest that 6-month-old
infants expect agents to act consistently with what they see or

have seen in the past, but such an assumption may not apply
to agents who previously spoke in a foreign language.

Our findings have implications for theories about the neural
underpinnings of action understanding and encourage further
investigation into the role of the agent's identity in action predic-
tion. In one account, infants’ action understanding is grounded
in their ability to produce actions and represent the observed
actions in their mirror system (Sommerville et al., 2005;
Woodward and Gerson, 2014; Gredebäck and Falck-Ytter,
2015). For example, infants predict at an earlier age the goals
of actions of human rather than nonhuman agents (Cannon
andWoodward, 2012; Adam et al., 2016) and show a greater abil-
ity to anticipate others’ actions the more competent they are pro-
ducing these actions (Kanakogi and Itakura, 2011; Colomer et al.,
2023a). However, bottom–up sensorimotor information cannot
explain our findings, since infants in both groups saw the same
set of actions. One possibility is that a larger hierarchical system
is involved in action prediction, which engages low-level (e.g.,
sensory information) and high-level (e.g., context information)
computations that, together, allow infants to infer others’ inten-
tions (Kilner et al., 2007; Southgate et al., 2009; Urgen andMiller,
2015). Linguistic group cues may change how infants interpret
the agent's behavior at the context level, depending on whether
the agent's past behavior was consistent or inconsistent
with the infants’ prior model of the social world.

In conclusion, the present study provides important insights
into our understanding of two fundamental processes of social
cognition that had been considered separately: the precursors of
social categorization and the mechanisms supporting action pre-
diction. First, the results show that the mechanisms supporting
action prediction, in this case the neural correlates of the mirror
system, are flexible from early infancy and may be modulated by
social cues such as the language people speak. Second, the results
suggest that infants’ biases to attend to, imitate, and learn from the
actions of native speakers may be due, in part, to a facilitation to
predict their actions relative to the actions of foreign speakers.
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