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Understanding how infants allocate attention to emotional facial expressions
offers crucial insights into the developmental origins of social cognition.
This study adopted a dimensional approach focusing on valence and
arousal to investigate age-related changes in infants’ preferential attention to
dynamic facial expressions. Using an eye-tracking paradigm, we examined
234 participants aged 3–36 months, as well as a group of adults, who
viewed bilateral presentations of dynamic emotional faces differing in valence
(happiness–fear), arousal (anger–disgust), and combined attributes (surprise–
sadness). Preferential-looking time at each face and the distribution of gazes
toward the eyes or mouth were quantified, and generalized linear models
were developed with age, sex, and their interaction as predictors while
controlling for individual eye–mouth preferences. In addition, motion-energy
differences between paired stimuli were quantified and included as covariates in
analyses. Results revealed distinct developmental trajectories across emotional
dimensions. Preferences along the valence dimension increased with age; adults
attended more to positive (happy) expressions than younger infants. No clear
age-related modulation was observed for the arousal dimension under the
present stimulus contrast. On the other hand, the combined valence–arousal
dimension (surprise–sadness) exhibited a robust inverted-U developmental
pattern, peaking between 8 and 12 months. Infants’ eye–mouth preferences
also followed a U-shaped developmental trajectory, with enhanced mouth
focus between 10 and 18 months. Motion-energy analyses demonstrated that
perceptual motion salience significantly influenced preferential looking but
did not fully account for the observed developmental effects. These findings
suggest that sensitivity to valence precedes the differentiation of arousal
and that integration of both dimensions undergoes a transient amplification
during late infancy. The results support a developmental model in which
dimensional sensitivities scaffold later categorical emotion recognition, refining
our understanding of early socioemotional specialization.
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1 Introduction

The perception of facial expressions is a foundational
component of early social cognition, providing infants with
critical information about others’ affective states, intentions, and
communicative signals. From the first months of life, infants attend
preferentially to faces, and a growing body of research demonstrates
sensitivity to emotional expressions well before the emergence
of language (Farroni et al., 2007; Field et al., 1982; Grossmann,
2010; LaBarbera et al., 1976; Leppänen and Nelson, 2009;
Serrano et al., 1992; Walker-Andrews, 1997). Nevertheless, the
developmental mechanisms underlying early emotion perception
remain contested, particularly with respect to whether infants
primarily process facial expressions as discrete categories or along
broader affective dimensions (Ekman, 1992; Kuppens et al., 2013;
Posner et al., 2005; Ruba and Repacholi, 2019; Russell, 1980; White
et al., 2018, 2019).

Contemporary theoretical frameworks increasingly emphasize
dimensional models of emotion, proposing that affective processing
is organized along continuous dimensions such as valence
(positive–negative) and arousal (low–high activation), rather than
as a set of innate discrete categories (Russell, 1980). Within this
framework, developmental change is often characterized as a
progression from coarse sensitivity to affective dimensions toward
more refined categorical differentiation (Russell and Bullock, 1985;
Vesker et al., 2018; Widen and Russell, 2008, 2013). Empirical
support for this view comes from behavioral, physiological, and
neuroimaging studies indicating that infants respond differently
to positive vs. negative expressions early in life, whereas finer
distinctions among negative expressions emerge (Leppänen, 2011;
Peltola et al., 2013).

Valence-related preferences have been particularly well-
documented. Several studies report that older infants preferentially
attend to happy faces, whereas younger infants show weaker or
inconsistent valence biases (Farroni et al., 2007; LaBarbera et al.,
1976). In contrast, findings concerning threat-related biases, such
as preferential attention to fearful faces, have proven less consistent
and appear to depend on stimulus format, task demands, and
the availability of motion cues (Kauschke et al., 2019; LoBue and
DeLoache, 2010; Peltola et al., 2013). These inconsistencies raise
the possibility that early valence effects are modulated by low-
level perceptual features rather than reflecting fully developed
categorical fear processing (Frank et al., 2009; Oakes and Ellis,
2013).

Compared to valence, arousal-related processing has received
less direct empirical attention in infancy. Yet arousal may constitute
a particularly salient dimension early in development, as high-
arousal signals are closely linked to orienting responses and
physiological regulation (Bradley and Lang, 2007). Expressions
such as anger and disgust, which share negative valence but
differ in arousal, offer a theoretically useful contrast for probing
this dimension. However, existing evidence suggests that arousal
discrimination may be relatively stable across development,
potentially reflecting early-maturing perceptual or subcortical
mechanisms (Leppänen and Nelson, 2009; Vaish et al., 2008).

Beyond isolated dimensions, some expressions differ
simultaneously in both valence and arousal, requiring integration

across affective dimensions. For example, surprise and sadness
differ in both arousal and valence, and their discrimination may
depend on the coordinated processing of multiple affective cues.
Developmental theories propose that such multidimensional
integration is particularly prominent during late infancy,
when social referencing, joint attention, and communicative
signaling rapidly expand (Grossmann, 2010; Hoehl et al., 2017).
Consequently, preferences for expressions differing along both
dimensions may exhibit non-linear developmental trajectories
rather than monotonic change.

A critical yet often underappreciated factor in emotion
perception is the dynamic nature of facial expressions. Dynamic
stimuli are processed differently from static images and tend to
elicit stronger attentional engagement and neural responses, even
in early infancy (Addabbo et al., 2018; Hunnius and Geuze, 2004;
Wilcox et al., 2013; Xiao et al., 2015). At the same time, dynamic
expressions necessarily vary in the magnitude and distribution of
motion across facial regions, raising the possibility that motion
salience influences looking behavior independently of emotional
meaning (Addabbo et al., 2018; Bassili, 1978; Frank et al., 2009; Sato
and Yoshikawa, 2004; Segal and Moulson, 2020; Smith et al., 2005;
Xiao et al., 2015).

Similarly, infants’ scanning patterns undergo marked
developmental change. Attention to the mouth increases during
periods of speech learning, whereas attention to the eyes becomes
more dominant later in development (Lewkowicz and Hansen-
Tift, 2012; Tenenbaum et al., 2013). These shifts interact with
expression-specific motion cues, as some emotions (e.g., surprise)
involve larger mouth movements than others (Eisenbarth and
Alpers, 2011). Thus, both motion energy and eye–mouth allocation
represent important sources of variance that must be considered
when interpreting preferential-looking data obtained with
dynamic faces.

Recent methodological discussions have emphasized that
low-level stimulus properties, including motion energy, can
systematically bias preferential-looking measures when dynamic
stimuli are used (Frank et al., 2009). Consistent with these
concerns, supplementary analyses using linear mixed models
have revealed that lateralized differences in motion energy
between paired dynamic facial expressions significantly predicted
preferential-looking behavior, indicating that infants’ gaze was
partially driven by relative motion salience. Importantly, however,
the magnitude of motion-energy differences varied substantially
across expression pairs. While alternative pairings of emotional
expressions could in principle reduce motion-energy disparities,
such pairings would also alter the affective dimensional structure of
the contrasts, potentially compromising their theoretical specificity.
This highlights an inherent tradeoff between optimizing affective
dimensional contrast and minimizing perceptual differences when
selecting dynamic facial stimuli, underscoring the need to explicitly
model motion-related factors rather than eliminating them through
stimulus selection alone.

This study investigates developmental changes in infants’
preferential looking to dynamic facial expressions across three
theoretically motivated contrasts: valence (happiness vs. fear),
arousal (anger vs. disgust), and integrated valence–arousal (surprise
vs. sadness). By examining these contrasts within a single
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experimental framework and explicitly modeling eye–mouth
scanning and motion-energy differences, the study aims to clarify
how affective dimensions and perceptual factors jointly shape early
emotion perception.

Based on prior dimensional models, empirical findings, and the
considerations outlined above (Bastianello et al., 2022; Leppänen
and Nelson, 2009), we formulated the following hypotheses.

First, we hypothesized that valence-based preference
(happiness over fear) would increase with age, reflecting the
gradual strengthening of positive–negative discrimination.

Second, we predicted that arousal-based preference (anger
vs. disgust) would show relatively limited age-related change,
consistent with early-emerging sensitivity to arousal.

Third, for expressions differing along both valence and arousal
(surprise vs. sadness), we expected a non-linear developmental
trajectory, with enhanced preference during late infancy when
multidimensional integration is particularly prominent.

Fourth, we hypothesized that motion energy would
systematically influence preferential-looking behavior, such
that greater relative motion would bias gaze toward the more
dynamic stimulus. Accordingly, motion-energy differences were
included as a covariate in all statistical models.

Finally, we predicted that motion energy would not fully
account for developmental effects, indicating that affective
dimensions contribute to looking preferences above and beyond
low-level perceptual salience.

Together, this approach provides a rigorous test of dimensional
and integrative accounts of emotion perception.

2 Methods

2.1 Participants

Two-hundred sixty-two participants were recruited from the
Kyoto city area, via local prenatal clinics, community events, and
social media. Twenty-eight infants were excluded from the final
data set due to fussiness (n = 8), failure to calibrate (n = 9), or
failure to have data on a minimum number of trials (n = 11). The
final sample (N = 234) included a group of 3-month-old infants
(n = 41, Mage 91.12 days, SD 6.89 days, 17 females), a group of
6-month-old infants (n = 23, Mage 179.13 days, SD 7.13 days, 10
females), a group of 8-month-old infants (n = 36, Mage 241.35
days, SD 6.12 days, 16 females), a group of 10-month-old infants
(n = 32, Mage 302.38 days, SD 7.26 days, 16 females), a group of
12-month-old infants (n = 27, Mage 368.15 days, SD 6.12 days, 13
females), a group of 18-month-old infants (n = 23, Mage 538.47
days, SD 4.12 days, 11 females), a group of 36-month-old infants
(n = 28, Mage 1,083.53 days, SD 7.22 days, 11 females), and adults
(n = 24, Mage 34.27 years, SD 10.22 years, 12 females). All infants
were born full-term (at least 37 weeks of gestation) with no known
visual or hearing difficulties. All infants were monolingual, learning
Japanese as their native language. Their guardians received a small
cash payment for participation. Only infants who provided useable
data for a minimum of one presentation of each condition (see
Section 2.4, “Measurement”) were included in the analysis.

2.2 Facial stimuli

Emotional faces with directed gaze were depicted by a Japanese
woman model that was selected from the ATR facial expression
picture database (https://www.atr-p.com/products/face-db.html).
We created movie stimuli of dynamic facial expressions or
dynamic faces (Sato and Yoshikawa, 2004). Movie stimuli were
created in the following way. Between the neutral and each target
expression, 24 intermediate images in 4% steps were created
using computer-morphing techniques (Sqirlz Morph version 2.1:
Xiberpix, UK, https://www.xiberpix.net/SqirlzMorph.html). Then,
to create a moving clip, a total of 26 images (one neutral image,
24 intermediate images, and the final expression image) were
presented in succession. Each image was presented for 40 ms,
and the first and last images were additionally presented for
340 ms; thus, each animation clip lasted for 1,720 ms. Each clip
was repeated seven times (i.e., 12-s duration). This presentation
speed has been found for adults to sufficiently reflect natural
changes in dynamic facial expressions (Sato and Yoshikawa,
2004). To maximize experimental control over low-level facial
structure and motion trajectories, we used a single Japanese female
actor as the source for all dynamic morph sequences. Using one
model minimizes between-actor variance in facial morphology
and motion kinematics, which is particularly important in infant
preferential-looking paradigms, where stimulus variability can
inflate noise and obscure dimension-specific effects. Nonetheless,
we recognize that this choice reduces generalizability across
identities and therefore note it explicitly as a study limitation (see
“Limitations” in Section 4, “Discussion”).

Stimuli were validated by 20 adults (11 females, mean age =
28.3, SD = 6.12), who did not participate in the main experiment
and were asked to rate the emotional valence and arousal of the
stimuli using an Affect Grid assessment (Russell et al., 1989). The 9
× 9 Affect Grid assesses affect along the dimensions of valence and
arousal. Participants were asked to rate the emotion expressed by
a dynamic face using a computer mouse to select the appropriate
location on a two-dimensional square representing emotional
space. Each facial stimulus was presented twice in random order.
The results on the Affect Grid are shown in Figure 1. The valence
and arousal scores (M ± SD) in each expression were as follows:
happiness (7.8 ± 0.6; 7.0 ± 0.8), fear (3.0 ± 0.9; 7.9 ± 1.0), anger
(2.2 ± 0.8; 7.5 ± 0.9), disgust (2.5 ± 0.7, 4.5 ± 0.8), surprise (4.9 ±
1.0, 8.5 ± 0.4), and sadness (2.5 ± 0.7, 3.0 ± 0.6).

The selection of emotional expression pairs was guided by
both theoretical considerations derived from dimensional models
of affect and methodological constraints inherent in the use of
dynamic facial stimuli. Specifically, we aimed to construct contrasts
that selectively probed valence, arousal, and their integration,
while maintaining consistency across stimulus generation and
enabling subsequent control for low-level perceptual factors such
as motion energy.

Facial stimuli of happiness and fear were positioned almost
parallel to the valence dimension on the Affect Grid space; thus, the
difference in the two emotions is the difference in valence. For the
arousal dimension, we selected anger and disgust expressions. Both
expressions share negative valence but differ in arousal, making
them suitable candidates for isolating arousal-related processing
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FIGURE 1

Results of the Affect Grid assessment. Each stimulus of dynamic
facial expression was validated by the 9 × 9 Affect Grid assessment.
Mean scores (M) ± standard deviations (SD) in the valence and
arousal dimensions were the following: happiness (7.8 ± 0.6; 7.0 ±
0.8), fear (3.0 ± 0.9; 7.9 ± 1.0), anger (2.2 ± 0.8; 7.5 ± 0.9), disgust
(2.5 ± 0.7, 4.5 ± 0.8), surprise (4.9 ± 1.0, 8.5 ± 0.4) and sadness (2.5
± 0.7, 3.0 ± 0.6). Happiness and fear (double arrow) were positioned
almost parallel to the valence axis. Anger and disgust (double arrow)
were positioned almost parallel to the arousal axis. Surprise and
sadness (double arrow) were positioned in combinations of both
valence and arousal attributes.

within a dimensional framework. We acknowledge that anger
and disgust may be perceived as conceptually and perceptually
similar (Widen and Russell, 2008, 2013; but Ruba et al., 2017),
and that alternative pairings, most notably anger vs. sadness, could
potentially yield a larger separation in affective space, as sadness
is characterized by comparably low arousal while maintaining a
similar negative valence. Such a pairing would indeed increase the
Euclidean distance between expressions within the Affect Grid and
might, in principle, enhance sensitivity to arousal-based contrasts.

However, stimulus selection in this study required
balancing affective dimensional contrast against perceptual
and methodological considerations. In particular, the study
included an additional contrast between surprise and sadness
to examine expressions differing simultaneously in both valence
and arousal. Preserving this integrated contrast necessitated the
inclusion of sadness in only one pairing to avoid reuse of the same
expression across multiple dimensions, which could complicate
interpretation and introduce dependency across contrasts.
Consequently, anger vs. disgust was selected as the arousal contrast
to maintain a clear separation between the arousal-only and the
integrated valence–arousal conditions.

Moreover, because dynamic facial expressions inherently differ
in the magnitude and distribution of facial motion, we conducted
analyses quantifying motion energy for each expression (see Section
2.5, “Motion-energy quantification and control”). These analyses

revealed substantial variation in motion energy across expressions,
with surprise and disgust showing particularly high values relative
to other emotions. Alternative pairings, such as anger vs. sadness or
surprise vs. disgust, would have reduced motion-energy differences
between paired stimuli but would also have altered the dimensional
structure of the contrasts. Given these tradeoffs, we opted to
retain the theoretically motivated contrasts and to statistically
model motion-energy differences rather than eliminate them solely
through stimulus selection.

Taken together, the final stimulus set reflects a principled
compromise between maximizing affective dimensional clarity,
preserving theoretically distinct contrasts, and ensuring
methodological transparency. This approach allows us to
test arousal-related processing while explicitly accounting for
perceptual factors that may influence preferential-looking behavior.

Thus, in the main experiments, happiness and fear faces were
used to test subjects’ preferences in the valence dimension (pleasant
vs. unpleasant) and presented bilaterally in the monitor, while anger
and disgust were presented for the arousal dimension (high- vs.
low-arousal). Surprise and sadness represent distinct combinations
of both valence and arousal attributes (Fujimura et al., 2012;
Matsuda et al., 2013). Supplementary Videos 1–3 show samples of
dynamic expressions.

2.3 Procedure

Written informed consent was obtained from all legal
guardians of infants/children and all participant adults prior to
participation. Participant infants were seated on their guardian’s
lap, and other participant children and adults sat on a chair,
with eyes positioned centrally, both vertically and horizontally,
relative to the display monitor (17′′ Dell E1715S color LCD),
which was placed approximately 60 cm from the participant. Two
speakers, concealed behind the monitor, delivered the soundtrack
accompanying the video stimuli. All testing was conducted in a
sound-attenuated room, enclosed in black curtains to minimize
external visual and auditory distractions. A remote eye-tracking
system (Tobii Pro X3-120, Tobii AB), mounted beneath the
monitor and directed toward the participant, recorded gaze data
at a sampling frequency of 120 Hz. The researcher proceeded with
calibration (two-point model with animated targets) to establish
the corneal reflection detection threshold. Following successful
calibration, the researcher started the trial.

The presentations of each pair face (i.e., happiness–fear, anger–
disgust, and surprise–sadness) were repeated twice by reversing
left/right positions to prevent participants’ one-side orientation
bias. Each face stimulus subtended a visual angle of 11.13 ◦ ×
12.50 ◦ from 60 cm. Each trial was preceded by a stimulus that was
intended to attract the infants’ visual attention. The order of the six
test trials was random across participants.

2.4 Measurement

Areas of interest (AOIs) were created using ellipses and
rectangles in Tobii Pro Studio (Tobii AB). The face AOI of model
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expressions was created with an ellipse to cover the whole face,
except the hair (11.10 ◦ × 11.20 ◦ from 60 cm). Looks that occurred
outside these AOIs were discarded from analysis during data
processing. We analyzed total dwell time to a face as an index of
level of attention. Total dwell time was defined as the amount of
time in milliseconds (ms) the participant spent looking anywhere
within the face region. Since we presented each expression twice,
we added each dwell time to obtain the total dwell time. We
analyzed participants’ preferences for facial expressions (happiness
vs. fear, anger vs. disgust, and surprise vs. sadness) by calculating
the relative difference in total looking time at each face AOI.
The relative difference was defined as the dwell time on a face
AOI minus the dwell time on co-paired face AOIs. This approach
allowed us to quantify a relative preference for gaze allocation, with
a positive time difference indicating greater looking time at one face
and a negative time difference indicating greater looking time at the
other face.

We also defined subregions within the face AOIs. The bottom
half of a model’s face was defined as mouth AOI, and that around
the top half of the model’s face was defined as the eye AOI. These
AOIs were created with rectangles to equally split the face from the
center up to include the eyes and the center down to include the
mouth. Then we analyzed the relative difference in total looking
time at each of the AOIs. The relative difference (eye–mouth) was
defined as the dwell time on the eye AOI minus the dwell time
on the mouth AOI. A positive time difference indicates a greater
looking time at the eyes and a negative time difference indicates
a greater looking time at the mouth. Any participant who failed
to contribute looking data (i.e., at least one fixation with each pair
faces) was excluded from the analysis.

2.5 Motion-energy quantification and
control

To quantify the motion salience of each dynamic clip, we
computed a frame-difference-based motion-energy index (MEI).
For each animation, consecutive frames were converted to grayscale
and the absolute pixelwise difference between successive frames was
computed; these per-frame differences were summed across the clip
and normalized by the face AOI to yield a single MEI value for each
clip: happiness 767; fear 729; anger 1,016; disgust 1,369; surprise
1,414; sadness 739. For each bilateral trial we computed the motion
difference between the left- and right-stimulus MEIs. Motion
difference was entered as a continuous covariate in subsequent
statistical models to test whether lateralized motion differences
predicted preferential looking. The MEI computation followed
standard frame-differencing procedures (Paxton and Dale, 2013;
Ramseyer, 2020).

2.6 Statistical analysis plan

All statistical procedures were prespecified. For each of the
three primary contrasts (happiness vs. fear; anger vs. disgust;
surprise vs. sadness) we computed a relative preference score
defined as dwell_time (faceA) – dwell_time (faceB), as mentioned

earlier. We first inspected whether group means departed from
chance (zero) using one-sample t-tests or Wilcoxon signed-rank
tests as appropriate for distributional properties; these tests evaluate
whether preferences are present at the group level. We then
modeled developmental effects using generalized linear models
(GLMs) with age group (factor), participant sex, and participant-
level mean eye–mouth index as covariates. Models used Gaussian
identity links; continuous covariates were mean-centered. Post
hoc between-group comparisons used Games-Howell tests (Welch
adjustment) where heteroscedasticity was evident. Effect sizes
(Cohen’s d or partial η²) and 95% confidence intervals are
reported throughout. For motion-energy concerns, we computed
an objective MEI (see the preceding Section 2.5) for each clip (frame
differencing summed across frames) and examined whether motion
energy covaried with preference scores; where relevant, motion
energy was added as an additional covariate. Statistical analyses
were performed in the Jamovi statistical package (version 2.6.45.0,
Jamovi project 2025, https://www.jamovi.org/), which is an open-
source graphical user interface for the R programming language.

3 Results

3.1 Developmental changes of preferential
attention toward facial expressions

Preferential attention for expression faces in the valence
dimension (pleasantness vs. unpleasantness) was determined from
bilateral presentations of happiness–fear stimuli. Participant’s
preference was defined quantitatively as the relative difference
in total looking time at happiness over fear faces. Figure 2A
shows developmental differences in preferential attention. First,
one-sample t-tests were conducted to determine whether each
developmental-group mean departed from chance (zero, i.e., the
same preference for the two faces). Significant fear-face preference
was observed at 3 months, t(40) = −2.44, p = 0.019, whereas
significant happiness-face preference was observed at 8 months,
t(35) = 2.03, p = 0.050, and adults, t(24) = 2.72, p = 0.012. A one-
way analysis of variance (ANOVA; Welch’s test) was also conducted
to examine whether expression preferences were different among
age groups. The effect of age difference was significant, F(7,91.0)
= 2.809, p = 0.011. The Games-Howell post hoc test showed
that adults were significantly different from 3-month-old infants,
t(36.9) = −3.60, p = 0.021, which indicates adults preferred
positive-valence (happiness) faces more than 3-month-old infants
(Supplementary Table 1A).

Preferential attention for expression faces in the arousal
dimension (high vs. low arousal) determined from bilateral
presentations of anger–disgust stimuli. Figure 2B shows
developmental differences in preferential attention. One-sample
t-tests showed a significant difference only at 12 months, t(26) =
−2.14, p = 0.042 (disgust-face preference). A one-way ANOVA
(Welch’s test) was conducted to examine whether expression
preferences were different among the different age groups. The
effect of age differences was not significant, F(7,92.7) = 0.644,
p = 0.718.

Preferential attention for expression faces in the combinations
of both valence and arousal attributes was determined from
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FIGURE 2

Developmental changes of preferential attention toward facial expressions. (A) The relative difference of total looking time to happiness over fear
faces. Positive value means happiness preference, and negative value means fear preference. (B) The relative difference of total looking time to anger
over disgust faces. Positive value means anger preference, and negative value means disgust preference. (C) The relative difference of total looking
time to surprise over sadness faces. Positive value means surprise preference, and negative value means sadness preference. Filled circle represents
mean and error bar represents standard error of mean (SEM) in each age group.

bilateral presentations of surprise–sadness stimuli. Figure 2C shows
developmental differences in preferential attention. One-sample
t-tests showed a significant surprise-face preference in all age
groups (ps < 0.005) except adults. A one-way ANOVA (Welch’s
test) was conducted to examine whether expression preferences
were different among the different age groups. The effect of age
differences was significant, F(7,91.7) = 12.768, p < 0.001. The
Games-Howell post hoc test showed that surprise face was preferred
to sadness face in an inverted U-shape manner with developmental
age (Supplementary Table 1B).

3.2 Effect of motion energy

Infants might have preferred the surprise face due to its high
motion saliency. Indeed, eyes and mouth were mostly widened
to move in our stimulus set of dynamic faces. We computed a
frame-difference-based MEI for each dynamic clip (see Section 2.5).
Because dynamic stimuli differed in total movement across clips, we
tested whether lateralized motion differences predicted preferential
looking by fitting a linear mixed model (LMM) with looking-time
difference as the dependent variable and motion difference, eye-
mouth preference (see Section 3.3), sex, age, and the sex × age
interaction as fixed effects, with a random intercept for participant
(ID). All continuous covariates were mean-centered. The LMM
converged and revealed a robust effect of motion difference: motion
difference was a highly significant predictor of looking preference,
F(1,684) = 204.83, p < 0.001 (b = 0.0482, SE = 0.000337, t =
14.31). Eye-mouth preference also showed a significant omnibus
effect, F(1,684) = 4.39, p < 0.037. Furthermore, age showed a
significant omnibus effect, F(7,684) = 3.71, p < 0.001; several age
contrasts (6, 8, 10, and 12 vs. 3 months) remained significant
(Supplementary Table 2). The conditional and marginal R² were
0.267, indicating that the model accounted for ∼27% of total
variance. These results indicate that lateralized motion differences
between simultaneously presented clips significantly influenced

preferential looking and should be included as a covariate when
interpreting developmental effects.

3.3 Preferential attention toward eyes or
mouth

Next, we investigated whether preferential attention toward
eyes or mouth depended on facial expression, developmental
age, and/or the individual. Preference toward eyes or
mouth was quantified as the relative difference (see Section
2.4, “Measurement”).

In the valence dimension (happiness vs. fear face), the mouth
area of the happiness face was preferred over that of the fear face,
while the eye area of the fear face was preferred over that of the
happiness face across age groups (Shapiro-Wilk normality test, W
= 0.950, p < 0.001; Wilcoxon signed-rank test, W = 9,581, N =
234, p < 0.001, rank-biserial correlation r = −0.28). In the arousal
dimension (anger vs. disgust), there was no significant difference
between anger and disgust faces across age groups (Shapiro-Wilk
normality test, W = 0.969, p < 0.001; Wilcoxon signed-rank test,
W = 12,156, N = 234, p = 0.265, r = −0.08). In the combinations
of both valence and arousal attributes (surprise vs. sadness), the
mouth area of the surprise face was preferred over that of the
sadness face, while the eye area of the sadness face was preferred
over that of the surprise face across age groups (Shapiro-Wilk
normality test, W = 0.969, p < 0.001; Wilcoxon signed-rank test,
W = 5,455, N = 234, p < 0.001, r =−0.59).

We then analyzed age differences with respect to preferential
attention toward eyes or mouth in each facial expression
(Figures 3A–F). One-way ANOVAs (Welch’s test) revealed that age
groups had significant differences in all expressions: happiness
F(7,91.1) = 11.680 p < 0.001; fear F(7,91.2) = 5.450, p < 0.001;
anger F(7,91.1) = 8.52, p < 0.001; disgust F(7,89.5) = 7.98, p <

0.001; surprise F(7,89.6) = 10.62, p < 0.001; sadness F(7,91.1) =
5.01, p < 0.001. Games-Howell post hoc tests were also conducted
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FIGURE 3

Developmental changes of preferential attention toward eyes or mouth. The relative differences of total looking time to eyes over mouth in different
expression faces. Positive value means eye preference, and negative value means mouth preference. Filled circle represents mean and error bar
represent standard error of mean (SEM) in each age group. (A) happiness face, (B) fear face, (C) anger face, (D) disgust face, (E) surprise face, and (F)
sadness face.

(Supplementary Tables 3A–F). In any expression, preferential
attention toward eyes or mouth changed developmentally in a U-
shape manner, where 10- to 18-month-old infants showed greater
mouth preference than did those younger and older than these ages.

We also analyzed individual differences in preferential
attention toward eyes or mouth (Viktorsson et al., 2023). Pearson’s
correlation analyses revealed a strong individual consistency in
preference across facial stimuli, where participants showed high
correlation coefficients not only between pair-wise stimuli but also
between non-paired stimuli (Figure 4).

3.4 Prediction models of preferential
attention toward facial expression

A series of GLMs were conducted to examine the effects of age,
sex, and their interaction on three dependent variables, preferences
of happiness vs. fear (valence dimension), anger vs. disgust (arousal
dimension), and surprise vs. sadness (combinations of both valence

and arousal attributes), while controlling for the covariate eye–
mouth preference. To make the statistical model simple, because
individual consistency in eye–mouth preference was robust across
facial expressions, we calculated the average value of preference
for each participant. Each model specified a Gaussian distribution
with an identity link function, and all continuous covariates were
mean-centered prior to analysis. Parameter estimation successfully
converged in all models.

The model predicting scores of happiness–fear preferences was
significant, χ²(16) = 410, p = 0.005, explaining approximately 14%
of the variance (R² = 0.14, adjusted R² = 0.13). Omnibus tests
revealed a significant main effect of age, χ²(7) = 22.20, p = 0.002,
indicating developmental changes in happiness–fear preference
across age groups. Neither the main effect of sex, χ²(1) = 0.02,
p = 0.883, nor the covariate eye–mouth preferences, χ²(1) =
2.13, p = 0.144, reached significance. The age × sex interaction
approached significance, χ²(7) = 11.31, p = 0.126. Parameter
estimates indicated that, relative to the 3-month reference group,
scores of happiness–fear preferences were significantly higher at 8
months (b = 1.88, SE = 0.82, z = 2.29, p = 0.022) and in adults (b
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FIGURE 4

Correlations of eye-mouth preference between different expression faces. Positive value means eye preference, and negative value means mouth
preference in both horizontal and vertical axes. Filled circle represents each participant. Corr and *** represent correlation coefficient and p < 0.001,
respectively.

= 3.73, SE = 0.92, z = 4.07, p < 0.001). Other age comparisons did
not reach significance. Notably, significant age × sex interactions
were observed at 12 months (b = −3.83, SE = 1.73, z = −2.21, p
= 0.027) and 18 months (b = −4.26, SE = 1.82, z = −2.34, p =
0.019), suggesting that sex differences emerged transiently during
these developmental stages, with males showing higher values of
happiness–fear preferences compared to females.

The model for anger–disgust preferences did not reach
significance, χ²(16) = 177, p = 0.671, accounting for 5.7% of the
variance (R² = 0.06, adjusted R² = 0.05). None of the omnibus
tests revealed significant effects of age, χ²(7) = 4.52, p = 0.718, or
age-by-sex interaction, χ²(7) = 5.44, p = 0.606. The main effect
of sex was marginal, χ²(1) = 3.33, p = 0.068, indicating a non-
significant trend toward lower scores of anger–disgust preferences
in females. The covariate eye–mouth preferences had no significant
effect, χ²(1) = 0.08, p = 0.778. Examination of the parameter
estimates revealed that none of the age contrasts significantly
differed from the 3-month baseline, and no significant interaction
terms emerged (ps >0.30). The intercept was significantly below
zero (b = −0.51, SE = 0.25, z = −2.04, p = 0.041), suggesting that
the overall level of anger–disgust preferences across participants
tended to be negative, though this pattern was stable across age
and sex.

The model predicting surprise–sadness preference scores was
highly significant, χ²(16) = 1,308, p < 0.001, explaining 31% of the
variance (R² = 0.31, adjusted R² = 0.31). Omnibus tests indicated a
robust main effect of age, χ²(7) = 50.37, p < 0.001, and a significant
negative effect of eye–mouth preferences, χ²(1) = 4.34, p = 0.037.
Neither the main effect of sex, χ²(1) = 0.05, p = 0.821, nor the age
× sex interaction, χ²(7) = 2.92, p = 0.892, reached significance.
Parameter estimates showed that, relative to the 3-month group,
surprise–sadness preference scores significantly increased at 8
months (b = 4.58, SE = 0.87, z = 5.26, p < 0.001), 10 months
(b = 3.72, SE = 0.91, z = 4.08, p < 0.001), 12 months (b =
5.01, SE = 0.95, z = 5.30, p < 0.001), and 18 months (b = 3.72,
SE = 1.01, z = 3.70, p < 0.001), indicating a pronounced peak
during late infancy. No significant differences were observed at
36 months or adulthood (ps >0.10). The covariate eye–mouth
preferences had a small but significant negative effect (b = −0.16,
SE = 0.08, z = −2.08, p = 0.037), suggesting that higher eye–
mouth preference scores were associated with slightly lower values
of surprise–sadness preference scores.

Across the three dependent measures, surprise–sadness
preferences exhibited the strongest developmental modulation,
characterized by a significant increase between 8 and
12 months, followed by a decline toward adulthood.
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Happiness–fear preferences, which also showed age-related
changes, with pronounced increases in late infancy and
adulthood and transient sex differences around 12–18
months. In contrast, anger–disgust preferences displayed no
significant age- or sex-related variation. Collectively, these
results indicate that developmental differentiation in the
examined emotional dimensions was minimal for the arousal
dimension, moderately evident for the valence dimension, and
most prominent for the combinations of both valence and
arousal attributes.

4 Discussion

This study investigated developmental changes in infants’
preferential looking at dynamic facial expressions differing along
theoretically motivated affective dimensions: valence, arousal,
and integrated valence–arousal. By combining a dimensional
framework with dynamic stimuli and explicitly modeling
perceptual factors such as motion energy and facial scanning
patterns (Bastianello et al., 2022; Calvo and Nummenmaa, 2016;
Sato and Yoshikawa, 2004), the study aimed to clarify how affective
and perceptual cues jointly shaped early emotion perception.
The results yielded three main insights: (a) valence-based
preferences showed age-related modulation, (b) arousal-based
contrasts did not yield clear developmental change, and (c)
motion energy exerted a robust influence on preferential looking
across ages.

4.1 Developmental modulation of
valence-based preferences

Consistent with prior work, the contrast between happiness
and fear revealed age-related differences in preferential looking.
Older infants showed a stronger bias toward positive expression,
whereas younger infants displayed weaker or more variable
preferences (Vaish et al., 2008; Vesker et al., 2018; Widen
and Russell, 2008, 2013). This pattern aligns with dimensional
accounts proposing that sensitivity to valence emerges gradually
and becomes increasingly robust with development (Leppänen
and Nelson, 2009; Peltola et al., 2013). Importantly, this
developmental modulation persisted even when motion-energy
differences were statistically controlled, suggesting that valence-
related effects could not be reduced to low-level perceptual
salience alone (Bassili, 1978; Wilcox et al., 2013; Xiao et al.,
2015).

At the same time, the relatively small motion-energy difference
between happiness and fear underscores that valence-based
effects in this contrast were not driven by large disparities
in facial movement. This finding strengthens the interpretation
that developmental changes in this condition reflect affective
processing rather than purely perceptual bias, supporting the view
that valence constitutes a core organizing dimension of early
emotion perception (Leppänen and Nelson, 2009; Vaish et al.,
2008).

4.2 Absence of developmental change in
arousal contrast

In contrast to valence, the arousal-based comparison between
anger and disgust did not reveal systematic developmental change.
One interpretation of this finding is that sensitivity to arousal-
related cues emerges early and remains relatively stable across
infancy, consistent with proposals that arousal processing relies
on early-maturing mechanisms linked to orienting and vigilance
(Bradley and Lang, 2007; Leppänen, 2011). However, an alternative
and equally plausible explanation concerns the affective proximity
of anger and disgust.

Although anger and disgust differ in arousal, they share similar
negative valence and are perceptually and conceptually related
(Ruba et al., 2017; Widen and Russell, 2008, 2013). Within the
Affect Grid, the distance between these expressions is smaller
than that between anger and sadness, which combines similar
negative valence with substantially lower arousal. Consequently,
the absence of developmental effects in the present arousal
contrast may reflect limited discriminability rather than a genuine
lack of arousal sensitivity (Kauschke et al., 2019; Ruba et al.,
2017; Russell and Bullock, 1985; Widen and Russell, 2008). This
interpretation is consistent with previous findings showing that
infants’ discrimination performance depends critically on the
magnitude of affective contrast rather than on categorical labels per
se (Caron et al., 1985; Flom and Bahrick, 2007; Russell and Bullock,
1985; Soken and Pick, 1992).

Nevertheless, the choice of anger vs. disgust was motivated by
the need to preserve a distinct contrast for integrated valence–
arousal processing (surprise vs. sadness) while avoiding reuse
of the same expression across dimensions. Thus, the present
findings should be interpreted not as evidence against arousal-
based processing but as reflecting the constraints imposed by
stimulus selection in multidimensional designs.

4.3 Integrated valence–arousal processing
and non-linear development

The contrast between surprise and sadness, which differs
simultaneously in valence and arousal, yielded a pattern distinct
from both the valence-only and arousal-only conditions.
Preferences in this condition did not change monotonically
with age, suggesting a more complex developmental trajectory
(Grossmann, 2010; Ruba and Pollak, 2020; Scherer, 2009; White
et al., 2019). This finding is consistent with theoretical accounts
proposing that the integration of multiple affective dimensions
becomes particularly salient during late infancy, when social
communication, joint attention, and affective signaling rapidly
expand (Grossmann, 2010; Hoehl et al., 2017).

Notably, the surprise–sadness contrast also exhibited the
largest motion-energy difference among the tested pairs. While
motion energy significantly predicted preferential looking, the
persistence of age-related variation beyond motion effects suggests
that multidimensional affective integration contributes uniquely
to infants’ responses. These results support the notion that
expressions differing along multiple affective dimensions may
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engage broader processing mechanisms than those differing along
a single dimension.

4.4 Motion energy as a determinant of
preferential looking

A central contribution of this study is the explicit
demonstration that lateralized differences in motion energy
robustly bias preferential-looking behavior (Paxton and Dale, 2013;
Ramseyer, 2020). The LMM analyses revealed that greater relative
motion reliably shifted gaze toward the more dynamic stimulus,
accounting for a substantial proportion of variance in looking
preferences. This finding accords with methodological critiques
emphasizing that dynamic stimuli introduce systematic perceptual
variability that can influence infant attention independently of
emotional meaning (Frank et al., 2009).

Importantly, motion-energy differences varied considerably
across expression pairs. While alternative stimulus pairings could
have reduced motion-energy disparities, they would also have
altered the affective dimensional structure of the contrasts. This
tradeoff highlights a fundamental methodological challenge
in developmental research using dynamic facial expressions:
optimizing affective contrast and perceptual equivalence
simultaneously is often not feasible. Rather than attempting
to eliminate motion differences through stimulus selection alone,
this study demonstrates the value of explicitly quantifying and
modeling motion energy as a covariate.

4.5 Implications for dimensional models of
emotion perception

Taken together, the findings support a partially dissociable
developmental trajectory across affective dimensions. Valence-
related preferences exhibit age-dependent strengthening, arousal-
based contrasts appear comparatively stable or difficult to detect
with closely related expressions, and integrated valence–arousal
processing follows a more complex pattern. These results are
compatible with dimensional models in which affective dimensions
are differentially weighted across development and interact with
perceptual features of stimuli (Barrett and Kensinger, 2010;
Fujimura et al., 2012; Matsuda et al., 2013; Posner et al., 2005;
Russell, 1980; Scherer, 2009).

Crucially, the data presented here caution against interpreting
preferential-looking results without considering low-level stimulus
properties. Motion energy is not merely a nuisance variable
but a meaningful contributor to infants’ attentional allocation.
Accounting for such factors is essential for refining theoretical
models of early emotion perception and for improving the
interpretability of developmental findings.

4.6 Limitations and future directions

Several limitations of this study should be noted. First, the use
of a single actor, while allowing tight control over identity and

motion kinematics, limits generalizability across facial identities
(Addabbo et al., 2018; Kim et al., 2025). Second, the arousal contrast
may have been constrained by the affective proximity of anger
and disgust, potentially obscuring developmental effects. Future
studies could systematically manipulate affective distance while
orthogonally controlling motion energy or employ multi-actor
stimulus sets with matched motion profiles. Finally, combining
preferential looking with complementary measures such as
physiological responses or neural indices may help disentangle
perceptual salience from affective evaluation.

4.7 Conclusion

This study demonstrates that infants’ responses to
dynamic facial expressions are shaped by both affective
dimensions and perceptual motion cues. By integrating
dimensional theory with explicit modeling of motion
energy, the findings offer a more nuanced account of how
emotion perception develops in early life. These results
underscore the importance of methodological transparency
and provide a framework for future research seeking
to disentangle affective and perceptual contributions to
social cognition.
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