
Article https://doi.org/10.1038/s41467-026-75831-x

Adult-to-infant unidirectional neural
couplingmediates selective social learning in
infants from the United Kingdom and
Singapore

Wei Zhang (张维)1,2, Kaili Clackson1, Stanimira Georgieva1, Lorena Santamaria1,
Vanessa Reindl3,4,5, Valdas Noreika6, Nicholas Darby7, Vaka Valsdóttir 7,
Priyadharshini Santhanakrishnan1 & Victoria Leong 1,8

Infants possess powerful learning abilities, but their neural resources must be
deployed parsimoniously toward the most relevant information in a given
social context. Adults curate infants’ information selection through ostensive
marking of valuable content using social cues such as eye-contact. However,
the neural mechanisms that support social gating of early learning remain
unclear. Here, we demonstrate that – in infants from UK and Singapore –

unidirectional adult-speaker to infant-listener neural coupling mediates
infants’ selection of socially-relevant information for learning. Specifically,
speaker-to-listener neural coupling is modulated by the adult speaker’s eye
contact and predicts selective learning of an artificial language that is paired
with full (compared to partial or no) eye contact. Speaker-to-listener neural
coupling is a better predictor of selective learning than infants’ own neural
activity, suggesting that this signal effectively captures important social
influences on early cognition, and may provide insights into social valuation
decision-processes that dictate early social learning.

In a busyworld, infants are surroundedbymyriad stimuli that compete
for attention. Amidst different actors, sights and sounds, infants must
parsimoniously select and attend to information that is relevant for
learning and action. Social ostensive cues - such as gaze, infant-
directed speech, facial expressions, and contingent reactivity - indicate
the social partner’s communicative intent and enhance infants’
receptivity to learning and communication1. These multimodal cues
are integrated probabilistically, with infants weighing their reliability
and relevance to infer the speaker’s intent and the significance of the

conveyed information2. This integration is supported by emerging
evidence that ostensive cues dynamically reinforce one another; for
example, vocal prosody increases the likelihood of gaze following3,
and the combination of direct gaze and infant-directed speech syner-
gistically enhances neural and behavioural responses in infants, sup-
porting their ability to process and learn from social cues4. The stages
of social perception (detecting the social context and integrating
cues), social valuation (inferring intent and assigning subjective value,
based on factors like relevance and reliability) and social action
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(learning and responding) are fundamental processes in social
decision-making that are conserved across species5. In adult models,
well-described neural circuits are known to subserve these stages5–7:
social perception is supported by activity in themedial temporal lobes
and fusiform gyrus whilst inferring intentions is known to engage the
posterior superior temporal sulcus, temporoparietal junction, anterior
cingulate cortex (ACC) and medial prefrontal cortex (mPFC). Sub-
jective value calculations are encoded in the mPFC, orbitofrontal
cortex, amygdala, and ventral striatum, and social learning implicates
the dopaminergic midbrain, striatum (including the nucleus accum-
bens, NAc), ACC and dorsolateral PFC. An exceptional example of
social decision-making is the process of pair bond formation, which
involves a seismic change in the perception and valuation of another
individual. In prairie voles, amonogamous species of rodents, a crucial
step in pair-bond formation is thought to involve PFC coordination of
inter-regional neuronal oscillatory coupling with the NAc and amyg-
dala to direct the flow of social information, linking neural repre-
sentations of the social partner with reward8,9. However, little is known
about social decision-making processes in early human development.
Although human infants can perform social perception and valuation
using ostensive cues as key inputs, the neural processes that underpin
early social valuation and choice-making are largely unknown.

Direct gaze is thought to be one of themost salient ostensive cues
for conveying communicative intent1 and enhancing learning (see
review10) and also elicits communicative behaviour from infants11,12.
From birth, infants prefer to look at pictures of faces with direct gaze
over averted gaze13, and by 4 months, heightened brain responses to
direct gaze suggest that direct gazemodulates neural circuits involved
in social learning and communication14,15. Changes in gaze direction
can convey structural information, such as signalling turn taking or
event boundaries16,17. As well as indicating communicative intent,
looking directly at a social partner gives access to information from
their facial signals, such as blinks and eyebrow movements which can
convey both social information (such as indicating understanding or
initiating repair) and structural information, as their occurrence is
often linked to the start or end of conversational turns or units of
language18–20.

Direct gaze is undoubtedly a highly salient social cue, but debate
exists about whether ostensive cues merely modulate social attention
or whether they truly play a privileged role in referential learning. For
example, Szufnarowska and colleagues demonstrated that infants
showed gaze-following to both an ostensive cue (direct gaze) as well as
a salient non-ostensive cue (shivering)21, although learning was not
assessed. A replication study22 confirmed that gaze-following effects
were not unique to ostensive cues. Infants showed gaze-following
responses to infant-directed speech, shivering and a non-verbal beep.
However, only infant-directed speech cues subsequently elicited
referential learning. For both shivering and beeps, infants’ gaze fol-
lowingbehaviourwasnot associatedwith significant learning. A similar
pattern between attention and learning has been observed in more
naturalistic learning contexts. A previous study23 found that 9-month-
old American infants learnedMandarin phonetic properties froma live
teacher but showed no significant learning when the same teaching
was presented via video, despite infants paying equal visual attention
in live and video contexts. These results have led the authors to pro-
pose the social gating hypothesis which suggests that contingent
social interaction is key to language learning in real-world settings,
with the social brain acting as a “gate” on the computational
mechanisms involved in language learning24. Collectively, these data
point to a larger role for ostensive cues in early decision-
making–beyond social perception (i.e., modulating attention), they
may in fact weight social valuation computations and thereby influ-
ence learning and action.

Social brain imaging may shed light on the neural processes that
underpin these decision stages. Interpersonal neural coupling,

wherein neural activity between infants and caregivers becomes
aligned during interactions, has been proposed as a mechanism sup-
porting social learning25,26. Such proposals have prompted a move
towards more embodied and ecological multi-modal approaches to
social development27, with a number of models emphasising the key
role of co-ordination or alignment between partners in the develop-
ment of social cognition. For example, the enactive concept of parti-
cipatory sense-making28 argues for a shift towards understanding
social cognition as a participatory process, while the interactive
alignment model29 emphasises the interdependence of production
and comprehension processes.

When comparing communication in a live context and via an
online video platform, adult-infant interpersonal neural coupling has
been shown to be stronger in the live context, and also to have
stronger relationships with video coded measures of child empathic
social engagement, including measures of the child’s gaze, involve-
ment, empathy and cooperation30. Interpersonal neural coupling has
also been shown to be sensitive to ostensive gaze cues, as direct gaze
leads to stronger bi-directional adult-infant neural influence (com-
pared to averted gaze)12, and interpersonal coupling is more strongly
influenced by mutual gaze than by joint attention to an object31.
Indeed, the mPFC (a key region for inferring intention and value cal-
culation) is activated in infants by direct gaze and by infant-directed
speech32,33, and PFC activity has been shown to be synchronised
between a mother and child during verbal conversations34. Accord-
ingly, it is plausible that the observed interpersonal neural coupling in
regions such as the PFC could indicate estimation of the partner’s
intent and reliability, informing value calculations for selective learn-
ing and decision-making in social contexts.

Here, we use concurrent measurement of interpersonal (here,
from adult-speaker to infant-listener in one direction) and intra-
personal (within-infant) neural activity during a statistical learning
paradigm to identify how speaker gaze, an ostensive cue, modulates
infants’ selection of language stimuli for learning from a social partner
in a pre-recorded video. Since the adult speaker is pre-recorded, two-
way natural interaction is not possible. Nonetheless, this design per-
mits assessment of unidirectional neural effects from speaker to infant
listener, while carefully controlling the speaker’s delivery (e.g., facial
movements) across gaze conditions to isolate the effects of gaze
availability. We also measure attention and neural entrainment to
speech as potential contributors to the process. Entrainment, the
temporal alignment of neural oscillations to rhythmic stimuli such as
speech or gestures, has also been proposed as a key contributor to
interpersonal neural coupling35. Some researchers argue that entrain-
ment facilitates information exchange by enhancing attention and
prediction36, while others suggest that interpersonal neural coupling is
simply an epiphenomenon of individual entrainment to common
sensory inputs37,38. Accordingly, here we ask whether speaker-to-
listener neural coupling explains infant behaviour over and above
effects of neural entrainment to the speech stimulus, thereby distin-
guishing the contributions of these processes. In highly controlled
experimental settings using artificial languages delivered without
ostensive cues, infants of 8months have shown remarkable abilities to
learn transitional probabilities, and to use these statistical regularities
to segment words from continuous speech39. Electroencephalography
(EEG) studies further confirm that even newborns are able to track
transitional probabilities in a similar way40. Therefore, we expected
that the presentation of a social ostensive cue (gaze)–even in a non-
contingent video context—would be effective in modulating infants’
learning. Further, although eye-contact is considered a key commu-
nicative cue, evidence regarding cultural differences in mutual gaze
during face-to-face interactions is mixed19,20. While some researchers
have found evidence that cultures differ in their interpretation of
direct gaze41 and in looking patterns to faces during interactions42,43,
other results challenge the idea of cultural differences between Asian
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and Western people leading to differences in levels of mutual gaze44.
To assess the consistency of ostensive gaze effects across different
cultural contexts, we conducted identical measurements with infants
growing up in the UK and Singapore.

Here, wemodified a standard infant statistical learning paradigm39

to include a manipulation of the adult speaker’s gaze (see Fig. 1) while
EEG signals were collected (infant recorded live, adult pre-recorded).
We predicted that infants would show selective learning for languages
accompanied by Full gaze and no statistically significant learningwhen
speaker gaze was occluded. However, it was also of interest to assess
whether infantswould showany learningduring Partial gazeocclusion.
Second, based on previous literature, we predicted that the gaze
ostensive effect on learning would be mediated by speaker-to-listener
neural connectivity, over and above the effects of neural entrainment
to the speech signal. Finally, whilst we expected to uncover cultural
differences in ostensive gaze processing between UK and Singapore
(SG) cohorts, it was also of interest to assess which effects were con-
sistent. Our results demonstrate that infants in both country cohorts
show selective learning based on speaker gaze, and further that this

ostensive learning effect is mediated through adult-to-infant uni-
directional neural coupling.

Results
Forty-seven infants aged 9.4 months on average from Singapore and
theUK tookpart in the study,matchedon age and sex (see “Methods”).
During the experiment (see Fig. 1a), infants were presented with pre-
recorded videos of a female adult speaking three artificial languages
(modelled on a standardparadigm39) under three conditionswhere the
speaker’s gaze was parametrically manipulated: Full gaze (wearing
clear glasses, eyes visible), Partial gaze (wearing dark glasses) and No
gaze (wearing fully opaque glasses). The adult speaker’s EEG was pre-
recorded during recording of the stimulus videos. For each gaze
condition, infants first watched the videos while their EEG and atten-
tion to the screen were recorded during this Familiarisation phase. In
the subsequent Testing phase infants were presented with individual
words and nonwords from the relevant language. Learning was
assessed for each condition as the looking time difference between
nonwords and words, given their expected novelty preference (longer

Fig. 1 | Overview of experimental design and learning results. a Summary of the
experimental protocol: 1. Pre-recording: Videos were recorded of a British female
adult speaking a continuous artificial language, with EEG recorded simultaneously.
Three different but phonologically-matched language sets were recorded and
paired with different gaze conditions. 2. Familiarisation phase FP: Infants watched
pre-recorded video in one gaze condition, displayed in the centre of the screen.
Infant attention and EEG were recorded. 3. Testing phase TP: Infants watched word
/ nonword fragments of videos from the same gaze condition, pseudo-randomly
displayed on the left or right of the screen. Looking time differences between
nonwords and words (in seconds) were calculated as a measure of learning.
Familiarisation and Testing phase were then repeated for different gaze conditions
in a counterbalanced order. b Example of artificial language speech, words, and
nonwords. Speech: Continuous sequence of syllables without pauses between
syllables or words. Word: A set of three syllables with 100% transition probability,
indicated in the same colour (e.g., “pe-tu-do”). Nonword: A set of three syllables
spanning a word boundary, with 33.3% transition probability (e.g., “do ki-bu”which

crosses two words). c Illustration of experimental temporal sequence within a
block. A block includes three different gaze conditions, each with a Familiarisation
phase (FP; 60-sec of video) and a Testing phase (TP; 2 words and 2 nonwords, each
repeated 12 times). Theblock sequenceshown in (c) was repeated three times in the
full experiment. The pairings between language-set and gaze condition and the
presentation order of gaze conditions were counterbalanced across infants. d Box
and whisker plots of learning performance. Learning was significant during the Full
gaze condition, as indicated byone-tailedpaired t-tests (FDR-corrected) comparing
the looking time difference between nonwords (NW) and words (W) measured
during the Testing phase. Full gaze: t(46) = 2.25, pFDR = 0.044, Cohen’s d =0.33;
Partial: t(46) = 1.81, pFDR = 0.058; No: t(46) = 0.46, pFDR = 0.325. The box represents
themedian and quartiles, while thewhiskers indicate the 10th and90th percentiles.
“ns” indicates not significant and “*“ indicates p <0.05. N = 47 independent infants
(29 UK, 18 Singapore). Source data are provided as a Source Data file. The authors
affirm that informed consentwas provided for thepublication of the human images
in Fig. 1.
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looking time) for less familiar nonwords39,45. The experiment was
presented in a repeated measures design in blocks, where each block
included Familiarisation and Testing phases for all three conditions.
Blocks were repeated up to three times per participant.

Speaker gazemodulates selectionof a socially relevant language
stimulus for learning
Following established practice for infant statistical learning
paradigms39,46,47, learning was assessed by comparing looking time for
nonwords versus words (i.e., learning occurred when the looking time
difference significantly exceeded zero). Consistentwith the theoretical

framework of natural pedagogy1, here we found that fully visible
speaker gaze acted as an ostensive cue for selection of the most rele-
vant stimulus for learning. As shown in Fig. 1d and Table 1, learningwas
significant for the artificial languagewhichwas pairedwith Full speaker
gaze (t(46) = 2.25, pFDR = 0.044 (one-tailed), Cohen’s d =0.33, 95% CI
[0.04, 0.62]), whereas no statistically significant learning was detected
for languages that were paired with Partial (t(46) = 1.81, pFDR = 0.058
(one-tailed), Cohen’s d =0.26, 95% CI [−0.03, 0.55]) or No speaker gaze
(t(46) = 0.46, pFDR = 0.325 (one-tailed), Cohen’s d =0.07, 95%CI [−0.22,
0.35]), after adjusting for age, sex, and country. Hierarchical omnibus
testing assessing relative learning across gaze conditions also sup-
ported this conclusion (Supplementary Note 1), with Full and Partial
gaze showing stronger learning than No gaze in planned contrasts.
Supplementary Note 1 further illustrates that individual infants with
the highest overall learning also showed strongest learning in the Full
gaze condition, whereas learning for Partial and No speaker gaze did
not reach statistical significance at the group level.

Infants’ learning was not statistically significantly associated with
their total visual attention (Fig. 2a), which did not statistically sig-
nificantly differ across gaze conditions (Omnibus ANOVA
F(2,128) = 0.64, p = 0.531, η² =0.01, 95% CI [0.00, 0.06]; Full vs. Partial
gaze t(128) = 0.55, p = 0.585, Cohen’s d = 0.11, 95% CI [−0.30, 0.52]; Full
vs. No gaze t(128) = 1.13, p =0.262, Cohen’s d =0.01, 95% CI [−0.40,

Table 1 | Performance metrics for the three gaze conditions
(mean value ± standard error of the mean, block-level
observations pooled across 47 infants)

Full gaze Partial gaze No gaze

Learning / sec 1.22 ± 0.46 0.76 ±0.51 0.34 ±0.42

Total visual attention
/ sec

22.91 ± 1.50 21.48 ± 1.36 23.34 ± 1.39

Learning was measured as the looking time difference between nonwords and words, in
seconds.

Fig. 2 | Relationship between infant visual attention and learning. a Three
measures of infant visual attention were assessed during the Familiarisation phase:
attention onsets (the number of times infants shifted their gaze to the screen),
average attention duration (average length of each look), and total attention
duration (sum of all looking times). Here, only the results for total attention
duration are shown. Results for the other attention measures are provided in
Supplementary Note 2. b Box and whisker plots show total attention duration
across Full, Partial, and No gaze conditions. Omnibus ANOVA: F(2128) = 0.64,
p =0.531, η² =0.01. Data represent block-wise repeated measurements. c Linear
mixed-effects analysis of the relationship between learning and total attention
duration showed no statistically significant relationship for all gaze conditions.
(LME: t(135) = − 1.82, p =0.070, partial r = −0.15, 95%CI [ −0.31, 0.02]). Shaded band

represents the 95% CI. Colours represent gaze conditions: yellow for Full gaze,
green for Partial gaze, and red for No gaze. Condition-specific slopes were also not
statistically significant (Full gaze: p =0.632; Partial gaze: p =0.084; No gaze:
p =0.935). d Box and whisker plots of total attention duration during the Famil-
iarisation phase differed significantly between United Kingdom (UK) and Singa-
porean (SG) infants (LME: t(136) = 5.46, p <0.001, Cohen’s d = 1.22, 95% CI [0.85,
1.59]). Lines indicate median (centre) and quartiles (25th/75th percentiles), while
the whiskers indicate the 10th and 90th percentiles. “ns” indicates not significant;
“***“ indicates p <0.001. N = 47 independent infants (29 UK, 18 Singapore). Box
plots in (b, d) are based on block-level observations (up to 3 per infant per con-
dition); linear mixed-effects models with participant as random intercept account
for repeated measures. Source data are provided as a Source Data file.
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0.41]; Partial vs. No gaze t(128) = −0.58, p =0.563, Cohen’s d = −0.11,
95% CI [−0.52, 0.29], see Fig. 2b and Table 1) and did not statistically
significantly correlate with learning (t(135) = −1.82, p = 0.070, partial
r = −0.15, 95% CI [−0.31, 0.02]) across all gaze conditions, see Fig. 2c.
Statistical analyses of two other visual attention measures showed
similar patterns (see Supplementary Note 2). Notably, total attention
duration did differ between cohorts, with SG infants attending to sti-
muli significantly longer overall compared to the UK infants
(t(136) = 5.46, p < 0.001, Cohen’s d = 1.22, 95% CI [0.85, 1.59], see
Fig. 2d). Despite this, there was no statistically significant difference in
learning overall between the SG and UK cohorts (t(137) = 0.74,
p =0.458, Cohen’s d = 0.14, 95% CI [−0.20, 0.48]). We also assessed
infant’s language development using the MacArthur Bates Commu-
nicative Development Inventory (CDI), focusing on gesture scores as
the primary measure of expressive language at this age. There was no
statistically significant difference between scores of the SG and UK
cohorts (t(39) = 0.63, p = 0.533, Cohen’s d =0.14, 95% CI [−0.48, 0.75])
and infants’ CDI scores were not statistically significantly associated
with learning (t(124) = 0.85, p =0.398, partial r =0.07, 95% CI
[−0.11, 0.24]).

In summary, here three viable and distinct language sets were
offered by the same speaker, yet infants only learned one of the three
proffered languages–marked by Full gaze availability. This effect of
ostensive gaze was observed across both country cohorts. Visual
attention measures did not statistically significantly differ across gaze
conditions, although learning did. Conversely, visual attentiondiffered
between SG and UK cohorts, whereas no statistically significant cohort
difference in learning was detected.

Adult-speaker to infant-listener neural connectivity predicts
selective learning whereas within-infant connectivity associates
with expressive language
To assess neural substrates of infant learning, we performed partial
least squares (PLS) regression analysis on the adult and infant neural
connectivity measures in the 6–9Hz infant alpha band (see Supple-
mentary Note 3 for identical analysis in the delta and theta bands). A
PLS approach was chosen to effectively capture and contrast the
summative contribution of entire interpersonal and intrapersonal
neural networks toward infant learning and language outcomes.
Neural connectivity was initially computed as a fully-connected
directed connectivity matrix using generalised partial directed
coherence (GPDC, see “Methods”) and thenpartitioned into thewithin-
adult, within-infant, adult-to-infant, and infant-to-adult sub-
matrices (Fig. 3a).

To identify significant connections, GPDC values were compared
to a surrogate distribution. After correcting for multiple comparisons,
no infant-to-adult connections exceeded the 95% confidence interval
(CI) upper bound of the surrogate distribution, which aligned with our
expectations given that adult EEG was pre-recorded. In contrast, sig-
nificant connections were detected in all three of the other sub-
matrices across all gaze conditions (Fig. 3b). Only connections that
were significantly above chance in at least one of the three gaze con-
ditions were entered into the subsequent PLS analyses.

As shown in Fig. 4a, the PLS analyses revealed that only adult-to-
infant GPDC connectivity significantly predicted infant learning above
chance (overall surrogatep = 0.031),with thefirst adult-to-infantGPDC
component explaining 24.6% of variance (95% CI [20.7%, 37.0%], sur-
rogate mean = 19.5%, SD = 2.8%) in infant learning. By contrast, within-
infant GPDC connectivity did not statistically significantly predict
infant learning (overall surrogate p = 0.751; first component:
R² = 14.0%, 95% CI [13.2%, 30.6%], surrogate mean = 17.2%, SD = 2.6%).
However, within-infant GPDC components did significantly predict
infants’ CDI gesture scores (see Fig. 4b), with the first within-infant
component explaining 33.7% of variance (95% CI [22.6%, 44.1%], sur-
rogate mean = 21.7%, SD = 3.2%, surrogate p = 0.003) in CDI gesture

scores. The relevant component loadings and scalp topographies are
shown in Fig. 4c, d. For the first adult-to-infant GPDC component, peak
loadingwasobserved on certain key connections, including adult Fz to
infant F4. Supplementary Note 4 presents additional analyses per-
formed at the single-channel-wise connection level, showing that this
connection is significantly modulated by speaker gaze, (Full gaze >
Partial orNo gaze, t(221) = 3.48 andpFDR = 0.048, Cohen’sd = 0.49, 95%
CI [0.21, 0.77]), consistent with previous published research12.

To confirm the observed double dissociation between adult-to-
infant and within-infant connectivity on learning and CDI gesture
scores respectively, we performed a 10-fold cross-validation estimated
through 1000 nonparametric bootstrap resampling iterations
(Figs. 4e, f). This cross-validation confirmed that for PLS prediction of
learning, adult-to-infant GPDC performance was significantly higher
than that of within-infant GPDC (t(1998) = 27.7, p <0.001, Cohen’s
d = 1.24, 95% CI [1.14, 1.34]), whereas for PLS prediction of CDI gesture
scores, within-infant GPDC performance was significantly higher than
that of adult-to-infant GPDC (t(1998) = 44.7, p <0.001, Cohen’s
d = 2.00, 95% CI [1.89, 2.11]).

Neural entrainment to the speech amplitude envelope is
modulated by speaker gaze but is not a statistically significant
predictor of learning
In previous studies, neural entrainment to the speech amplitude
envelope has been proposed as a mechanism of interest for phono-
logical processing48,49 as well as a potential contributor to cross-brain
connectivity50,51. Accordingly, here we examined whether speaker gaze
modulated infants’ neural-speech entrainment (NSE) during the
Familiarisation phase, measured by the peak cross-correlation
between infants’ EEG signals and the amplitude envelope of the
speaker’s audio waveform (illustrated in Fig. 5a). Compared to a sur-
rogate distribution (95% CI upper bound), significant NSE was
observed only in the Full gaze condition. Entrainment strength was
tested against a surrogate distribution across three frequency bands—
delta, theta, and alpha—and nine EEG channels (Fig. 5b), after cor-
recting for multiple comparisons. Specifically, significant NSE was
identified in the delta band at C3, theta band at F4 and Pz, and alpha
band at C3 and Cz (surrogate pFDR = 0.027 for alpha band at C3, and
surrogatepFDR = 0.049 for others). A visualisation of this analysis (delta
band at C3) is provided in Fig. 5c, illustrating the real data against the
surrogate distribution for each gaze condition. We further assessed
whether NSE was a predictor of infant learning using the PLS proce-
dure conducted previously for adult-to-infant and within-infant con-
nectivity. This PLS analysis revealed that NSE did not statistically
significantly explain infant learning (see Supplementary Note 5), even
though NSE levels were sensitive to speaker gaze.

Adult-speaker to infant-listener connectivity mediates gaze-
selective learning
Recall that thus far, an ostensive effect of gaze on learning has been
observed, and a PLS component of adult-to-infant connectivity (adult-
to-infant GPDC) has been identified to predict learning. Separately,
NSE sensitivity to gaze was detected, with significant entrainment
observed only in the Full gaze condition. To assess whether neural
entrainment (indirectly) explains the previously demonstrated effect
of adult-to-infant connectivity on learning, or whether these represent
separate mechanisms by which gaze may affect learning, we con-
ducted amediation analysis incorporating both variables as alternative
pathways for the effect of gaze on infant learning. Specifically, infant
learning was entered as the dependent variable with gaze condition as
the independent variable. NSE and adult-to-infant GPDC (PLS) mea-
sures were assessed as potential mediators separately. Further details
of this analysis are given in the Methods section. The significance of
each pathway was evaluated using LME modelling. No statistically
significant effects of country were detected on the key measures of
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interest in this analysis (see Supplementary Note 6). Adult-speaker to
infant-listener connectivity significantly mediated the relationship
between speaker gaze and learning (indirect effect by bootstrapping:
β = 0.52 ± 0.23 (SD), 95% CI [0.10, 1.03], p =0.014; Fig. 6). Specifically,
Full gaze was associated with significantly higher levels of adult-to-
infant connectivity than No gaze (Full vs. No gaze β = 1.01 ± 0.40, 95%
CI [0.22, 1.80], t(111) = 2.53, p = 0.013); while adult-to-infant

connectivity was not statistically significantly different between Full
and Partial gaze (β =0.37 ± 0.44, 95% CI [−0.48, 1.23], t(111) = 0.85,
p =0.396; Fig. 6a). Importantly, higher adult-to-infant connectivity was
associated with increased learning by infants (β =0.50±0.06, 95% CI
[0.39, 0.61], t(224) = 8.58, p <0.001; partial r = 0.49, p < 0.001, 95% CI
[0.39, 0.58], see Fig. 6b). By contrast, there was no statistically sig-
nificant direct effect of speaker gaze on learning (by bootstrapping,

Fig. 3 | Quantification of dyadic neural connectivity using generalised partial
directed coherence (GPDC). a Illustration of concurrent estimation of directed
connectivity within the adult-to-infant network: within-adult (red), within-infant
(orange), adult-to-infant (darkblue), and infant-to-adult (light blue). #: Since infants
watched pre-recorded videos of the adult speaker, any detected infant-to-adult
connections should be spurious and not significantly exceed the surrogate infant-
to-adult GPDC distribution. b Ranked GPDC strength for individual real connec-
tions (coloured lines) as compared to their surrogate data (black lines: mean; grey

areas: 95% CI). Connections were deemed significant if the real data exceeded the
95th percentile of the surrogate distribution, with Benjamini-Hochberg False Dis-
covery Rate (BHFDR) correction applied. Across all gaze conditions, significant
connections were detected in the within-adult, within-infant, and adult-to-infant
directions, whereas no statistically significant infant-to-adult connections were
detected. One-sided surrogate permutation tests (1000 iterations) were used.
N = 42 infants contributed valid EEG data. Source data are provided as a Source
Data file.
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β = 0.06 ±0.12, 95% CI [−0.18, 0.30], p =0.650). To ensure the media-
tion results did not arise from biased selection of the adult-to-infant
connectivity index, we repeated the mediation analysis using a dif-
ferent adult-to-infant metric that had been independently identified at
the single connection level (see Supplementary Note 7.3). This model
again showed a significantmediation effect of adult-to-infant coupling,
consistent with the main analysis.

For NSE, all five features previously identified (Fig. 5) as being
significant in Full gaze were independently tested as potential media-
tors of the gaze effect on learning (see Supplementary Note 7). In Fig. 6
we present results for delta C3 NSE since this was the only feature for
which NSE was significantly higher in Full as compared to Partial or No
gaze (β =0.40±0.18, 95% CI [0.05, 0.75], t(112) = 2.28, p = 0.025;
Fig. 6c). However, this NSE feature was not statistically significantly
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associated with learning (β = −0.12 ± 0.10, 95% CI [−0.31, 0.07],
t(112) = −1.22, p =0.226; partial r = −0.11, 95% CI [−0.28, 0.07], p = 0.236
in Fig. 6d). Further, none of the NSE features acted either directly or
indirectly to mediate the effect of gaze on learning (e.g., by boot-
strapping, β = -0.05 ± 0.04, 95% CI [−0.15, 0.02], p =0.152;
β = 0.35 ± 0.20, 95% CI [−0.05, 0.72], p =0.084 for delta C3). Interest-
ingly, the interaction analysis revealed that gaze had a modulatory
effect on the relationship between NSE and speaker-to-listener con-
nectivity (Fig. 6e). Specifically, increased delta C3 NSE was associated
with stronger adult-to-infant connectivity, but only in the No gaze
condition (β =0.34 ±0.17, 95% CI [0.01, 0.67], t(111) = 2.02, p =0.045).
Accordingly, although NSE features were sensitive to gaze, none of
them statistically significantly mediated the effect of Full gaze on
infant learning.

Finally, within-infant connectivity (within-infant GPDC) did not
show statistically significant mediation effects of gaze on learning (by
bootstrapping, β =0.06 ± 0.25, 95% CI [−0.38, 0.57], p =0.820), as
described in further detail in Supplementary Note 7.

Discussion
For infants, learning typically occurs in social contexts, and adult
partners play a crucial role in providing ostensive cues for infants’
decision processes of social perception, valuation (of relevance and
reliability) and selection for learning. Based on the social gating
hypothesis24, we predicted that in our unidirectional learning para-
digm infants would show selective learning, with statistically sig-
nificant learning for languages accompanied by Full gaze and no
statistically significant learning when speaker gaze was occluded.
Consistent with this prediction, learning was statistically significant in
the Full gaze condition and significantly greater than in the No gaze
condition (Supplementary Note 1). Second, we predicted that gaze
ostensive effects on learningwouldbemediated by speaker-to-listener
neural connectivity. This prediction was again supported. Specifically,
mediation analysis demonstrated that only adult-to-infant neural
connectivity significantly mediated the relationship between speaker
gaze and learning, with Full gaze associated with higher levels of adult-
to-infant connectivity, and higher adult-to-infant connectivity asso-
ciated with increased learning by infants. To confirm that these med-
iation effects did not arise from PLS optimisation artefacts, we
conducted two independent validations (Supplementary Note 7). This
finding replicates and extends earlier work demonstrating that the
availability of speaker gaze is associated with increased interpersonal
neural connectivity in the context of adult-infant communication12 and
supports the view that speaker-listener neural connectivity should be
considered as part of any embodied account of social interaction or
social learning.

Entrainment and learning
Crucially, neural-speech entrainment (NSE), which reflects phonolo-
gical encoding of temporal properties of the speech signal and its
neural representation in auditory regions48, did not statistically sig-
nificantly predict infant learning, although NSE itself was modulated
by gaze. Significant NSE was only observed in the Full gaze condition

(specifically, at C3 in the delta band, at F4 and Pz in the theta band,
and at C3 and Cz in the alpha band). However, NSE was not a sta-
tistically significant predictor of infant learning. Interestingly, NSE
was positively correlated with adult-to-infant connectivity in the No
gaze condition, which may reflect a strategy to optimise sensory
information that is available in the absence of ostensive cues, such as
acoustic patterns. For example, phonological encoding or rhythmic
prediction may be enhanced by NSE52, but these outcomes were not
measured in this study. Similar to findings with early blind
individuals53, this strategy could suggest a compensatorymechanism
where the synchronisation of available sensory inputs along with
brain functional connectivity is enhanced when visual information is
limited.

Adult-to-infant and within-infant connectivity
When comparing adult-to-infant and within-infant connectivity, we
noted that infants’ intrapersonal connectivity predicted their early
communicative gestures scores but did not statistically significantly
relate to stimulus selection for learning in this task. Whether within-
infant connectivity metrics are stronger indicators of developmental
maturity than of transient learning dynamics remains to be tested. This
is consistent with findings that within-brain functional connectivity
patterns in the left temporal lobeduring infancypredict language skills
in later childhood54.

Attention and learning
Recall that infants selectively learned the artificial language which
was delivered with Full speaker gaze, whereas no statistically sig-
nificant learning was detected for languages delivered with Partial or
No speaker gaze. This ostensive effect of gaze differed from the
pattern for infant visual attention in two ways. First, while learning
differed across gaze conditions, measures of visual attention
showed no statistically significant gaze-condition differences. Sec-
ond, UK and Singapore cohorts exhibited differences in visual
attention, whereas learning performance showed no statistically
significant cohort difference. This suggests that whilst attention is
required for learning, gaze-mediated learning is significantly related
to speaker-to-listener neural coupling in this paradigm. These pat-
terns are consistent with results from previous studies: Findings by
Okumura et al.22 parallel those of the current study as an overt
communicative cue (infant-directed speech in their study) enhanced
learning by 9-month-old infants, but there were no statistically sig-
nificant differences in measures of infant visual attention between
conditions with and without this ostensive cue. In addition, Kuhl and
colleagues have shown that naturalistic language learning (mea-
sured by phonetic discrimination) occurs in live interaction settings,
but not when similar stimuli are presented via pre-recorded video,
despite infants paying equal attention to video and live
presentations23. Taken together, these results support the view that
ostensive cues play a distinct role in infant learning, in addition to
attentional salience and orienting effects. Here, we identify speaker-
to-listener neural coupling as a potential marker of this ostensive
learning effect.

Fig. 4 | Identifying neural predictors of infant learning and language devel-
opment. a, b Results of partial least squares (PLS) regression conducted for (a)
learning and (b) language development (CDI gesture scores, CDI-G) using within-
infant connectivity (within-infant GPDC, orange line) or adult-to-infant connectivity
(adult-to-infant GPDC, blue line), respectively. Only adult-to-infant GPDC statisti-
cally significantly explained infants’ learning (surrogate p =0.031), whereas within-
infant GPDCpredicted language development scores (surrogate p =0.003) but did
not statistically significantly explain learning (surrogate p =0.751). Significance is
determined by comparison with a surrogate distribution (grey area: 95% CI, black
line: mean). (“*“ indicates p <0.05, one-tailed surrogate permutation tests).
c, d Absolute PLS loadings for the first component of the (c) adult-to-infant GPDC

predictionmodel for learning and (d) within-infant GPDC predictionmodel for CDI
gesture scores, highlighting key connections that load on each component, as
estimated by bootstrapping. Respective topographical scalp plots are shown in the
right panel, separated by sender and receiver maps. e, f Cross-validation perfor-
mance (R2) ofwithin-infant andadult-to-infantGPDC features for (e) learning and (f)
language development respectively, using 10-fold cross-validation. Violin plot dis-
tributions are based on 1000 bootstrapping samples (individual data points
omitted for clarity). The three horizontal lines within each violin represent the 25th
percentile, median, and 75th percentile. Two-tailed two-sample t-tests on boot-
strapped R² distributions were used. (“***“ indicates p <0.001). N = 42 infants
contributed valid EEG data. Source data are provided as a Source Data file.
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Between-cohort effects
Finally, it was of interest to examine between-cohort similarities and
differences in ostensive gaze processing between UK and SG
cohorts. We did not detect statistically significant differences
between infants from the two countries in their response to the gaze
manipulation, in either measured learning behaviour or neural
connectivity metrics. Responses may nonetheless differ in cultures
where parent-child interactions are characterised by physical
proximity and touch rather than direct gaze, such as some Arab
cultures55. Future research with a broader range of cultural contexts

is needed to assess the generalisability of these effects. However, we
observed a between-cohort difference: Singaporean infants looked
significantly longer at the adult on the screen than their UK coun-
terparts during the Familiarisation phase. We propose that this is
due to an outgroup effect, as the adult speaker was native English,
which may have attracted the attention of the Singaporean infants
due to the novelty of less familiar Western facial features. None-
theless, this novelty effect did not statistically significantly increase
learning or modulate the measured speaker-to-listener neural con-
nectivity metrics.

Fig. 5 | Infant neural-speech entrainment (NSE). a Schematic illustrating the
measurement of infant neural entrainment to adult speech. Entrainment strength
was quantified as the cross-correlation between the Hilbert envelope of adult
speech audio waveform and the amplitude envelope of the infant EEG signal in
delta, theta and alpha bands during the first six syllables of the Familiarisation
phase. b Standardisedmean difference plots comparing real entrainment strength
with surrogate values. Surrogate distributions were derived by randomly shuffling
the temporal alignment between infant EEG and the corresponding speech envel-
ope. Significant entrainment was only observed in the Full gaze condition, at C3 in
thedelta band, at F4 andPz in the theta band, and atC3 andCz in the alphaband. “*“
indicates p <0.05. P-values were corrected by BHFDR for multiple comparisons.

Delta C3 (pFDR = 0.049), theta F4 (pFDR = 0.049), theta Pz (pFDR = 0.049), alpha C3
(pFDR = 0.027), alpha Cz (pFDR = 0.049). c Example of surrogate tests for significant
entrainment, shown here for the C3 channel in the delta EEG band, for each gaze
condition. Only in the Full gaze condition did the real data exceed the 95%CI upper
bound of the surrogate data distribution. Violin plot distributions are based on
1000 surrogate samples (individual data points omitted for clarity, one-tailed
surrogate permutation tests). The three horizontal lines within each violin repre-
sent the 25th percentile, median, and 75th percentile. “ns” indicates not significant.
N = 42 infants contributed valid EEG data. Source data are provided as a Source
Data file.
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Limitations
One limitation of the current study is its relatively small sample size
(N = 47 for behaviour and N = 42 for EEG) and a related constraint in
detecting small effect sizes. Although sensitivity analyses confirmed
that our design is adequately sensitive to medium-to-large effects
across all procedures (see Supplementary Note 14), replication in lar-
ger samples is required. Specifically, while we detected significant
learning in the Full gaze condition with a small-to-moderate effect size
(Cohen’s d =0.33), the Partial gaze condition showed borderline

effects (Cohen’s d = 0.26, pFDR = 0.058) that might be more reliably
observed with larger samples. Further, the mediation analyses have
inherent limitations due to the non-independenceof variables entered,
thus conclusions should be considered as preliminary, and requiring
independent causal validation. Our use of shared frequency bands
(6–9Hz for both adult and infant) is methodologically required for
MVAR-based GPDC estimation but may not fully capture the adult
alpha frequency range, though key findings replicate across infant-
specific theta (3–6Hz) and alpha (6–9Hz) bands (Supplementary

Fig. 6 | Mediation analysis assessing pathways linking ostensive gaze to
learning. Themainmediationmodel (middle panel) illustrating direct and indirect
pathways by which gaze status might influence learning, including neural-speech
entrainment (NSE, represented by delta C3) and adult-to-infant neural connectivity
(adult-to-infant GPDC, first PLS component) as potential mediators. Coloured lines
represent effects that are significant in one specific gaze condition (yellow for Full
gaze, red forNogaze),while black lines indicateeffects that are significant across all
gaze conditions. Solid arrows represent significant pathways, while dashed arrows
indicate statistically non-significant ones, annotated with standardised coefficients
and p-values. The following subplots illustrate individual pathways revealed in the
mediationmodel. The box represents themedian and quartiles, while the whiskers
indicate the 10th and 90th percentiles. “ns” indicates not significant, “*“ indicates
p <0.05 and “***“ indicates p <0.001. a Box andwhisker plots showing effect of Full
gaze on adult-to-infant GPDC. Full gaze is associatedwith significantly higher values
of adult-to-infant GPDC Component 1 scores compared to No gaze (LME: β = 1.01,
p =0.013). b Correlation between adult-to-infant GPDC and infant learning (LME:

β =0.50, p <0.001). Shaded band represents 95% CI. c Box and whisker plots
showing effect of speaker gaze onNSE. Only Full gaze is associatedwith statistically
significantly higher NSE strength (delta C3 entrainment identified in Fig. 5b) com-
pared to Partial and No gaze conditions (LME: β =0.40, p =0.025). Similar analyses
of other NSE features did not yield significant results, as detailed in Supplementary
Note 5.dAssessing the direct relationship betweenNSE (Delta C3) and learning. No
statistically significant correlationwas observed (LME: β = −0.12, p =0.226). Shaded
band represents the 95% CI. e Moderating effect of gaze on the relationship
between NSE (delta C3) and adult-to-infant GPDC. Gaze changes the relationship
between entrainment and adult-to-infant connectivity, with a significant positive
relationship detected only in the No gaze condition (p =0.045). N = 42 infants
contributed valid EEG data. Box plots in (a, c) are based onblock-level observations
(up to 3 per infant per condition); linear mixed-effects models with participant as
random intercept account for repeatedmeasures. Shaded band represents the 95%
CI. Source data are provided as a Source Data file.
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Note 13). Further, as the aim of the study was to carefully isolate
changes in gaze availability and measure learning, it was necessary to
standardise the delivery of the novel languages across infants through
the use of pre-recorded videos, leading to a unidirectional design.
Thus, we were unable to observe learning in a truly ecological bi-
directional interactive context and the extent to which these findings
can be generalised to real-world language learning is limited. However,
it is interesting to note that although the adult speaker delivered the
verbal stimuli in a highly controlled manner, avoiding the commu-
nicative cues used in natural conversation such as eye-movements,
facial expressions and changes in tone, learning still occurred. Further
studies are needed to assess the generalisability of these effects in
more naturalistic and interactive settings. In conclusion, the current
study provides evidence that speaker-to-listener neural coupling may
explain the effect of ostensive gaze in infants’ stimulus selection for
learning in social contexts. Further, speaker-to-listener neural coupling
is a better predictor of selective learning than infants’ own neural
entrainment activity and attention. This suggests that the adult-to-
infant connectivity effectively captures social influences on early
cognition, and may provide insights into social valuation decision-
processes that are involved in early social learning.

Methods
This research complies with all relevant ethical regulations. The study
protocol was approved by the Cambridge Psychology Research Ethics
Committee (reference PRE.2016.029) and the Nanyang Technological
University Institutional Review Board (reference IRB2019-06-030).
Parents provided informed consent for the collection of their owndata
and on behalf of their infants in accordance with the Declaration of
Helsinki. As compensation, UK families received travel and parking
reimbursement and a small gift. SG families received cash compensa-
tion for their time and a small gift.

Participants
The inclusion criteria were as follows: 1. Infants aged between 8 and
10.5 months. 2. Infants with no diagnosed developmental or neurolo-
gical problems as assessed by maternal report. 3. Infants raised in
English-speaking households, as oscillatory brain activity is thought to
be influenced by native language properties56. 4. Mothers screened to
exclude mental health issues or learning difficulties that could affect
their infants’ development.

Infant participants were tested at two sites in different countries:
the University of Cambridge in the United Kingdom (UK) and Nanyang
Technological University, SG. The same experimental protocol and
EEG acquisition setupwere implemented at both sites. UK infants were
from English speaking households, and SG infants were from English-
Chinese bilingual families.

Fifty-five infants were recruited, but eight did not contribute data,
due to either infant fussiness or accidental software failure. The
remaining 47 infants (29 from UK and 18 from SG) had a mean age of
286 days (9.4 months) with a female ratio of 40.4% (19/47) (SG mean
age = 294 days, range 251 – 323, 7/18 female; UKmean age = 282, range
245 – 315, 12/29 female). No statistically significant country differences
were detected for age (t(35) = −2.00, p =0.054, d = −0.61, 95%CI [−1.23,
0.02]) or sex (χ²(1) = 0.03, p =0.866, φ = 0.025), but age, sex, and
country were entered as covariates in subsequent statistical analyses
where applicable (see Statistical analyses section for details).

Note that analysis of behavioural results (learning) was based on
data from all 47 participants who completed the experiment, however,
analyses involving EEG were carried out on a subset of 42 participants
who had both usable EEG and behavioural data. Five infants were
excluded from EEG analysis due to insufficient valid epochs, and
remaining EEG data length did not statistically significantly differ
across gaze conditions (F(2,369) = 0.01, p =0.991, η² <0.001, 95% CI
[0.00, 0.02]; Supplementary Note 12).

The sample size was estimated to be sufficient based on effect
sizes reported in similar studies on infant word learning57. A pro-
spective power calculation (for t-test analysis) indicated that N = 45
participants would be required to achieve a statistical power of 0.8 at
an alpha level of 0.05. A detailed summary of participant demo-
graphics, including infant age and sex, maternal age and education,
and data exclusion criteria, is provided in Supplementary Note 8.

Study protocol
Experimental design and manipulation of speaker gaze. The study
followed a repeated measures design whereby each infant watched
videos showing the head of a female native British English speaker
presenting three different artificial languages paired with three gaze
conditions respectively (Fig. 1a): Full gaze, partially occluded gaze
(Partial gaze), and fully occluded gaze (No gaze). The authors affirm
that informed consent was provided for the publication of the images
in Fig. 1. In each condition the speakermaintained a still head position,
looking directly forward (into the camera). She showed no emotional
expression and avoided any form ofmovement beyond speaking. This
allowed control for the possible communication of structural infor-
mation via eye-movements, or facial movements. Any recordings with
excessive blinking or facial movements were re-recorded. The three
gaze conditions were achieved by placing polarising filters on both the
speaker’s glasses and the camera, with the speaker wearing the same
glasses throughout. By adjusting only the camera-side polarising fil-
ter’s angle, we controlled eye area visibility in the videos while main-
taining consistent recording conditions for the adult speaker (i.e., the
speaker’s view was not occluded). This ensured that any differences in
infant behaviour and brain activity could be attributed solely to dif-
ferences in infants’ perception of the speaker’s gaze availability, rather
than differences in the speaker’s experience whilst recording the sti-
muli. Pairings of language and gaze condition, and the order of pre-
sentation of gaze conditions were counterbalanced across
participants. Infants were sequentially assigned to one of three pre-
sentationorders: Order 1 (N = 16, Full, Partial, No gaze),Order 2 (N = 16,
Partial, No, Full gaze), or Order 3 (N = 15, No, Full, Partial gaze),
ensuring each gaze condition was experienced first, second, and third
by approximately equal numbers of participants (Fig. 1c). Analysis of
order effects revealed no statistically significant effects on (1) infant
attention during familiarisation, (2) usable test trials, and (3) learning
performance (Supplementary Note 9).

Design of artificial language stimuli. Three different but phonologi-
cally equivalent artificial language sets were created so as to ensure
that a language that had already been heard was not re-used on the
same infant in a different gaze condition. Each language set consisted
of 12 unique syllables, each formed by a consonant-vowel combina-
tion, and these syllables were organised into four trisyllabic words,
following the artificial language structure commonly used in previous
statistical learning research39. For example, one set might include
words like “pe-tu-do”, “ki-bu-to”, “di-lo-ga”, and “ku-re-pa”. The sylla-
bles for each language were distinct. Syllables were produced at a
continuous rate of one syllable every 333ms (3Hz),with no intonation,
prosody or facial expression, and with shorter recordings con-
catenated to avoid the speaker taking a breath. Since the stimuli were
produced by a human speaker, any naturally-occurring differences in
intensity were removed by digital equalisation, with loudness equal-
ised to a playback volumeof 61 dB.We further selected recordings that
were closely matched for pitch, to ensure no statistically significant
differences in mean pitch across gaze conditions.

Infants’ learning of the artificial language was assessed using
“words” versus “nonwords” from each language set. “Words” were
valid words from the language, with 100% transitional probability
between syllables (e.g., “di-lo-ga”; hyphens indicate within-word
boundaries). The “nonwords” were made of three-syllable strings
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spanning aword boundary. As shown in Fig. 1b, these nonword syllable
strings had a one-third likelihood of occurring together, as they only
occurred when one particular word followed another (e.g., “ga ku-re”
occurred when “di-lo-ga” was randomly followed by “ku-re-pa”). The
syllable sets, video recordings, and stimulus quality control proce-
dures are detailed in Supplementary Note 9. We also provide four
Supplementary Movies to illustrate our experimental stimuli. The first
movie demonstrates how we implemented the three different gaze
conditions with three different artificial languages during the Famil-
iarisation phase. The other three movies show complete experimental
procedures for three different presentation orders (see Supplemen-
tary Note 9), including a one-block example of the Familiarisation and
Testing phases.

Task structure. The experiment was designed with three identical
repeated blocks. Each block consisted of three gaze conditions (Full
gaze, Partial gaze, and No gaze), with each condition including a
Familiarisation phase followed by a Testing phase. Blocks were con-
structed this way so that even an infant who only completed one block
contributed data to all three gaze conditions, and to minimise unba-
lanced effects of fatigue or non-completion. Each block lasted
for approximately tenminutes. Prior to each Familiarisation and
Testing phase, brief cartoon clips were played until the infant’s
attention was captured, at which point the experimenter manually
initiated the phase. Further details of the experimental block structure
are provided in Supplementary Note 10.

Familiarisation phase. The Familiarisation phase exposed infants to
the artificial language, allowing them to calculate transitional prob-
abilities for defining word boundaries. In each gaze condition within a
block, infants watched a 60-sec video of the female adult speaker
delivering the artificial language. Tomaximise infant attention, the 60-
sec exposure was divided into three 20-second segments with short
(1–3 secs) cartoon clips presented between segments to attract the
infant’s attention. During each 60 s video, 180 syllables in total were
presented at a rate of 3 syllables per secondwithout inter-wordpauses,
with each of the four words occurring 15 times and each word-pair
transition occurring five times. For example, the speech might sound
like: “pe-tu-do ki-bu-to di-lo-ga ku-re-pa di-lo-ga pe-tu-do ……” (the
hyphen indicates the three syllables within the sameword, see Fig. 1b).
The infants’ gaze at the adult speaker videoswasmonitored, and visual
attention to the screen was measured. Additionally, infant EEG was
recorded throughout.

Testing phase. To assess word learning, infants viewed the same
speaker producing isolatedwords or nonwords. Learningwas assessed
by comparing the looking times towards the screen for words and
nonwords per condition. The premise for using looking times is that,
provided sufficient familiarisation with the language, the infant will
show a novelty preference and look for longer at the less familiar
nonwords39,45. Thus, itwas expected that thewords,whose syllables co-
occurred more frequently (i.e., had higher transitional probabilities),
would be more familiar and thus yield shorter looking times than
nonwords.

During the Testing phase, videos of the adult speaker appeared
pseudo-randomly on either side of the screen, with a single test item (a
word or nonword from the language used in the preceding Familiar-
isation phase) repeated 12 times, with 900ms of silence accompanied
by a black screen between each repetition. In total, two words and two
nonwords were presented in a single Testing phase in pseudo-random
order. Infant looking times were recorded based on their head-turning
toward the side of the screen and analysed using both automatic video
coding (in-house Matlab scripts) and manual checking. Further details
of Testing phase implementation are provided in the Supplementary
Note 11.

Measures of language development. Mothers assessed their child’s
receptive and spoken language via self-report using the MacArthur-
Bates Communicative Development Inventories (CDI)58. Here, we
focused on scores for the use of nonverbal communicative actions and
gestures (rather than words or phrases), as these were most repre-
sentative of the language development stage for the young infants
participating in the study, who had limited verbal skills.

Data acquisition, preprocessing and analyses
EEG acquisition and preprocessing. EEG was recorded separately
from infants (during testing) and from the female adult experimenter
(during recording of the video stimulus prior to infant testing) using a
BIOPAC Mobita mobile amplifier with a 32-channel Easycap (Brain
Products) electrode system following the international 10–20 place-
ment. Data were acquired using Acqknowledge 5.0 software, at a
500Hz sampling rate. The ground electrode was affixed to the back of
the neck, as this location is the least invasive. Channels were online
referenced to the average.

Since the adult data were pre-recorded, we only used recordings
where all the EEG data were of a high quality and fully usable. During
the concurrent recording of adult video and EEG data, we employed
active monitoring for eye blinks. Segments with excessive eye blinks
were re-recorded. Supplementary Table S12 provides an analysis of the
number of blinks remaining in the video stimuli for each language set
and gaze condition. The corresponding EEG blink artefacts were
removed from the adult data. For infant recordings, bad EEG channels
were identified by visual inspection and removed from further ana-
lyses. No interpolation was performed and missing data was marked
for exclusion in the subsequent GPDC connectivity analyses. Following
this, both infant and adult EEG data were average re-referenced,
downsampled to 200Hz and bandpass filtered in the range of 0.1 Hz
−45Hz. Filteringwas applied using an inverse FFT filter via the eegfiltfft
function in EEGLAB toolbox59 with default settings. All preprocessing
steps were conducted on the full Familiarisation data EEG registration.

Artefact rejection was performed on infant EEG data using both
manual and automated steps, and adult EEGdata corresponding to the
same time periodswere also excluded for eachparticipant. Formanual
rejection, we video coded infants’ behaviour at the time precision of
individual frames (25 fps, 40ms per frame) to identify time periods
during the experiment when the infant was moving or inattentive (not
looking at the screen). These data were excluded entirely from the
analysis. An average of 36.4% of attended data were retained per infant
after this first stage of manual rejection. Next, each attended data
segment was subjected to an automatic artefact rejection algorithm.
For this purpose, the attended segments were divided into 1-sec
(200 samples) epochs, and baseline correction (mean removal) and
linear detrending were applied to each epoch. Epochs with minimum
or maximum values outside the predetermined boundaries of −150
and +150 µV were automatically rejected to remove artefacts like
ocular movements and eye blinks. Finally, all retained epochs were
visually inspected for additional artefacts that were not detected by
the preceding steps. In totality, this resulted in an average of 32.9% of
data per participant retained for analysis, see also Supplementary
Note 12, which provides details of data retained at each pre-processing
stage. Critically, artefact rejection rates did not statistically sig-
nificantly differ across the three gaze conditions in both country
datasets (UK: F(2,78) = 0.20, p =0.817, η² =0.005, 95% CI [0.00, 0.06];
Singapore: F(2,42) = 1.22, p = 0.303, η² =0.05, 95% CI [0.00, 0.21]).

Measuring neural connectivity using generalised partial directed
coherence. Partial directed coherence (PDC)60 is a validated method
for assessing brain connectivity in adult-infant dyads12. This technique
provides a direct, directed measure of information flow between net-
work nodes, estimated using a Granger Causal61 framework. General-
ised partial directed coherence (GPDC) quantifies the directed flow of
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information from channel j (the ‘Sender’) to channel i (the ‘Receiver’)
relative to the total predictive contribution of j across all channels in
the network. Here, we used GPDC62 calculated using the eMVAR
(Extended Multivariate Autoregressive Modelling) Toolbox63 in
Matlab. GPDC is an adapted version of PDC that uses weighted aver-
aging across receivers, providingbetter variance stabilisation and scale
invariance64. GPDC was estimated from MVAR models with order
determined via the Bayesian Information Criterion (BIC) across can-
didate orders 2-15. Order 7 minimised BIC for both alpha and theta
bands. Model adequacy was confirmed through two diagnostics: (1)
variance explained: 58.0% for infant channels and 52.3% for adult
channels, with 88.1% of subjects exceeding the 30% threshold for
adequate fit65; (2) stability66: all models showed stable dynamics
(maximum eigenvalue = 0.9957 < 1.0). The detailed implementation
and robustness analysis of parameter selection for the GPDC analysis
are provided in Supplementary Note 13.

We chose to focus our GPDC analysis on 9 channels, comprising
F3, Fz, F4, C3, Cz, C4, P3, Pz, and P4 (representing bilateral frontal,
central, and parietal regions). This smaller subset of channels was used
as the GPDCmetric cannot be applied to data withmissing nodes (e.g.,
rejected channels), and our previous analyses suggested that inter-
polation techniques are unsatisfactory as they may introduce bias.
Accordingly, we chose a minimal 9-channel array, representing a
balanced spatial topography, for which sufficient usable data (after
pre-processing for artefacts) was available that has been previously
used in similar infant/children EEG research67,68. This vertex-focused
topography shows fewer ocular artefacts69, and also shows lower
contamination by speech artefacts70, which were of potential concern
since the adult was producing speech during the EEG recording.

GPDC estimates were obtained for each 1.5 s EEG epoch with 50%
overlap for each channel. This balances temporal resolution with fre-
quency stability, capturing around ten cycles of alpha oscillation per
window. The windowing procedure and GPDC calculation were
applied only on the continuous cleaned EEG data, with no con-
catenation of separate segments of clean data (i.e., any windows that
contained previously identified artefacts or windows at the end of the
recording that were less than 1.5 s were excluded from analysis).
Finally, the mean GPDC value for each participant pair was calculated
by averaging across windows, separately for each gaze condition
and block.

This study focused on GPDCwithin the infant alpha band, defined
as the range from 6–9Hz, as this range has been identified to be
functionally equivalent in infants to the adult alpha rhythm71. Focusing
on a common6–9Hzband (used for both adult and infant) is informed
by previous adult-infant dyadEEG research, namely: 1. Current practice
in adult-infant brain connectivity research supports the use of infant
alpha frequency range when calculating connectivity strength (see
reviews72,73). 2. In a previous study12, adult-infant GPDC strength within
the 6–9Hz range was found to be influenced by adult speaker gaze. 3.
Evidence that adult-infant neural synchrony occurs within overlapping
alpha frequencies during social interaction12,74. 4. The alpha band is less
affected by facial myogenic and speech artefacts and exhibits high
test-retest reliability in infants75. 5. The MVAR-based GPDC framework
evaluates directional connectivity using a unified frequency parameter
across all channel pairs63. Therefore, cross-frequency analysis (e.g.,
infant 6–9Hz, adult 8–12 Hz) falls outside this methodological frame-
work. To verify robustness across frequency bands, we replicated key
analyses for theta (3–6Hz) and alpha (6–9Hz) in Supplementary
Notes 3 and 13. Similar significance across theta and alpha bands
demonstrates that findings are not specific to a single narrow fre-
quency range and validates the shared-band approach for GPDC
estimation.

Measuring neural-speech entrainment (NSE) using cross-
correlation. Cross-correlation analysis is often used to capture

entrainment strength between EEG activity and auditory speech
stimuli76,77, assessing temporal dependencies between EEG signals and
speech envelopes.

TheHilbert transformwas used to compute the speech amplitude
envelope, downsampled tomatch the EEG sampling rate for alignment.
EEG amplitude envelope in the delta (1–3Hz), theta (3–6Hz), and alpha
(6–9Hz) bands was likewise computed using the Hilbert transform.
Cleaned data of EEG segments corresponding to the first six syllables
of eachphrasewere selected to capture neural entrainment, separately
for each gaze condition and block, as this early phase typically exhibits
strong neural oscillatory entrainment to the speech envelope78,79.

To account for potential non-linear relationships, both EEG
amplitude envelope and the speech envelope were rank-transformed
for a Spearman correlation. Cross-correlation analysis (via Matlab’s
xcov function with normalised coefficients) was applied to calculate
the strength of entrainment. For each six-syllable window, we com-
puted cross-correlations within a frequency-band-specific lag (lag
range = ±sampling rate / upper bound of the band frequency, e.g., lag
range for alpha band = ±200 / 9 ≈ ± 22 time points). The absolute peak
correlation value within this window was taken as the measure of
entrainment strength.

Generation of surrogate data for significance testing. To assess
whether the computed neural GPDC and NSE values were spurious, we
performed significance testing against a surrogate dataset for both
indices, corrected for multiple comparisons across different channels
and frequency bands. The surrogate dataset was generated by ran-
domly disrupting temporal dependencies between signals, providing a
chance-level benchmark, a procedure commonly used in previous
studies36,76,80,81.

GPDC. For each participant and each channel, the infant and adults’
EEG epochs were randomly shuffled in time, thus preserving spectral
content but disrupting global temporal alignment. The same GPDC
computation pipeline was then applied to the shuffled data. This
processwas repeated 1000 times per participant and then averaged to
obtain a group level surrogate distribution of GPDC values. The 95%CI
upper bound of this surrogate distribution was taken as the threshold
value (equivalent to p <0.05) for determining significance for each
connection. Correction formultiple comparisonswasperformedusing
the Benjamini-Hochberg False Discovery Rate (BHFDR) procedure82.

NSE. For each participant and channel, surrogates were created by
replacing the original speech segments with random segments of
equal length drawn from a different language set, and then re-
combined with the infants’ EEG. The same NSE computation pipeline
was then applied to this recombined data. A total of 1000 surrogate
datasets were generated at the group level, and the resulting group
mean values were used to establish a 95% confidence interval for each
EEG channel and frequency band. The observed NSE data means were
then compared to this confidence interval, with those exceeding the
upper bound considered significant (equivalent to p <0.05). Correc-
tion for multiple comparisons was performed using the BHFDR
procedure.

Statistical analyses. Learning was defined as the looking time differ-
ence between nonwords and words, following established infant sta-
tistical learningmethodology39,46,47. All statisticalmodels controlled for
infant age, sex, and country as fixed-effect covariates. When applic-
able, subject was regarded as a random intercept to account for
repeated measures. To assess our primary hypothesis of infant learn-
ing selectivity, separate paired t-tests were used for each gaze condi-
tion to assess subject-level learning performance against chance,
corrected for multiple comparisons using the Benjamini-Hochberg
FDR procedure (pFDR). Directional (one-tailed) tests were used given
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the established protocol that longer looking times for nonword com-
pared to word stimuli indicate a learning effect39,46,47. Surrogate-based
permutation tests for GPDC connectivity, PLS prediction, and neural-
speech entrainment were also one-tailed (real > chance-level dis-
tribution). All remaining tests were two-sided, and multiple compar-
isons were corrected using the Benjamini-Hochberg FDR procedure.
SupplementaryNote 1 provides alternative complementary analyses of
relative learning effects across gaze conditions.

To assess relationships between behavioural and EEG variables,
statistical analyses employed linear mixed-effects (LME) models for
measures with repeated observations (learning, visual attention, EEG
connectivity, and NSE), with age, sex, and country as covariates and
participant ID as a random intercept. LMEmodels were fitted using the
fitlme function in Matlab R2024b (Statistics and Machine Learning
Toolbox) with maximum likelihood (ML) estimation.

Welch t-tests were used for between-country comparisons of
single-measurement variables (e.g., CDI scores). Partial Pearson cor-
relations with covariates quantified potential attention-learning and
CDI-learning relationships.

It should be noted that degrees of freedom vary across analyses
reflecting different observation units and potential missing data:
subject-level testing (df ≈ 35–46), behavioural analyses with subjects
nestedwithin 3 conditions (df≈ 111–137), and EEG-behavioural analyses
with subjects × conditions × 3 repeated blocks (df ≈ 221–369). We have
listed all df settings in Supplementary Note 8 (Table S5). Power and
sensitivity analyses83 are reported in Supplementary Note 14. Effect
sizes were calculated from raw descriptive statistics with 95% con-
fidence intervals based on non-central distributions. Normality was
assessed using Shapiro-Wilk tests on the key outcome variables.
Learning scores were normally distributed in all three gaze conditions
(all W > 0.95, p >0.080). Levene’s tests confirmed homogeneity of
variances across conditions (all p > 0.480). Where normality was not
met (attention duration, GPDC connectivity scores), analyses
employed linear mixed-effects models and non-parametric surrogate
permutation tests, both of which are robust to violations of normality.

Prediction analyses with partial least squares regression
Partial least squares (PLS) regression was used to determine whether
specific neural connectivity (e.g., adult-to-infant GPDC and within-
infant GPDC) or NSE features could predict learning outcomes or CDI
gesture scores while controlling for covariates such as age, sex, and
country. PLS was chosen because it combines principal component
analysis (PCA)-like dimensionality reduction with linear regression,
identifying components in the predictor variables (e.g., neural mea-
sures) that best maximise covariance with the response variables (e.g.,
learning performance), with each component represented by loadings
that indicate the linear contribution of each original variable to the
predictive pattern. This method is particularly suitable for handling
features prone to high collinearity, such as GPDC from multiple EEG
channels, while providing interpretable components that linearly
correspond to behavioural outcomes84. For adult-to-infant GPDC
analysis, we included80connections (out of 81 possible adult-to-infant
connections) that passed FDR-corrected surrogate testing. For within-
infant GPDC analysis, we included 64 connections (out of 72 within-
infant connections, excluding self-connections) meeting the same
significance threshold. Age, sex, and country were included as cov-
ariates in all models. PLS components are ordered by the amount of
variance they explain. For interpretability, reporting is focused on the
first component as this captures the most covariance between pre-
dictors andoutcomes. Toevaluate the reliability and generalisability of
the PLS models, we performed three validation analyses (based on
prior literature85,86):

1. Goodness-of-fit evaluation: Predictive performance (R² between
real and predicted learning outcome values) was compared between
real and shuffled surrogate datasets for each modality to identify

significant predictors. Real prediction performance (R²) was assessed
against the upper 95th percentile of the surrogate distribution to
determine significance (equivalent to one-tailed p <0.05).

2. Component loading estimation: Bootstrapping (1000 itera-
tions) was applied to estimate the loadings of key components within
the PLS model, providing robust feature evaluations suited to small
sample sizes87. Specifically, we used the 1000 surrogate datasets
(GPDC or NSE) generated previously to perform identical surrogate
PLS regression analyses.

3. Cross-validation: To assess generalisability and account for
inter-individual variability, we employed nested bootstrap cross-
validation88: each of 1000 bootstrap iterations randomly resampled
the dataset with replacement, then applied 10-fold cross-validation to
the resampled data. Performance metrics (correlation between pre-
dicted and observed outcomes) were averaged across folds within
each iteration, yielding a distribution of 1000 cross-validated
estimates.

Mediation analyses
In the last section of the results, mediation analysis89 was applied to
identify and quantify the relative strengths of direct and indirect
pathways through which gaze status could influence learning out-
comes. Specifically, we wished to test whether the effects of gaze on
infant learning were indirectly mediated through neural features such
as adult-to-infant GPDC or NSE. Mediation analysis was implemented
using linear mixed-effects (LME) models instead of general linear
models, as LME models provide a suitable framework for analyzing
pathways in mediated relationships while accounting for the correla-
tion structure of repeated measurements90. To quantify and evaluate
the significance of each pathway within the mediation model, we
performed two analysis steps: (1) LME modelling to estimate the
standardised coefficient value and significance, and (2) nonparametric
bootstrapping with 1000 resamples to estimate the effect size dis-
tributions and confidence intervals of the direct and indirect effects91.
The direct effect was calculated as the coefficient for gaze when both
gaze and the mediator were included as predictors of learning (thus
controlling for themediation effect). The indirect effectwas calculated
as the product of: (a) the coefficient of gaze predicting the mediator
and (b) the coefficient of the mediator predicting learning while con-
trolling for gaze.

The adult-to-infant neural connectivity feature entered into the
model corresponded to the loadings of the first component of adult-
to-infant GPDC, identified through the previous PLS analysis reported
in the second section of results. We acknowledge that using PLS-
derived components (optimised for learning prediction) as mediators
introduces analytical dependencies, precluding confirmatory causal
inference. Therefore, we position these analyses as preliminary and
pending independent causal validation. Two additional tests using an
independently-derivedmeasure of adult-to-infant neural coupling and
substituting within-infant connectivity in the mediation analyses are
provided in SupplementaryNote 7.3 and 7.2, respectively. Similarly, we
identified five possible NSE features (channel C3 for delta band, Pz and
F4 for theta and C3 and Cz for alpha band) based on the NSE results
section. These were tested in separate mediation models (shown in
Supplementary Note 7), and the delta C3 model was reported in the
mainmanuscript as this was the only onewith a significantmoderation
effect.

Finally, to assesswhetherwithin-infant connectivity alsomediated
gaze effects on learning, we replaced adult-to-infant GPDC with its
within-infant GPDC analogue (the loadings of the first PLS component)
in a separate mediation model reported in Supplementary Note 7.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
Source data are provided with this paper. The raw and pre-processed
EEG, behavioural data, and video stimuli that support the findings of
this study are openly available in DR-NTU (Data) - Nanyang Techno-
logical University’s research data repository at https://researchdata.
ntu.edu.sg. The specific dataset access links: Raw EEG data: https://doi.
org/10.21979/N9/BQLIB9. Preprocessed EEG data: https://doi.org/10.
21979/N9/F9N5BE. Behavioural data: https://doi.org/10.21979/N9/
4EBTKT. Video stimuli: https://doi.org/10.21979/N9/NJ1KJA Source
data are provided with this paper.

Code availability
The analysis code used in this study is openly available on GitHub at
https://github.com/Baby-Linc-Singapore/BABBLE_CODE and archived
on Zenodo92: https://doi.org/10.5281/zenodo.19203884.
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