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Preferential attention to biological motion is an early-emerging mechanism of adaptive action that
plays a critical role in social development. The present study provides a comprehensive longitudinal
mapping of developmental change in preferential attention to biological motion in 116 infants

at 7 longitudinal time points. Tested repeatedly from 2 until 24 months of age, results reveal that
preferential attention to biological motion changes considerably during the first months of life.
Previously reported preferences in both neonates and older infants are absent in the second month
but do reemerge by month 3 and become increasingly pronounced during the subsequent two years.
These results highlight the second month of life as a potentially critical transition period in social visual
engagement.

Evidence from multiple species'~” and multiple time points across the human lifespan®!! suggests that prefer-
ential attention to biological motion (i.e., the movements of vertebrate animals) is a highly robust, evolution-
arily well-conserved, and early-emerging mechanism of adaptive action. Some have called it a “perceptual life
detector”!%. A spontaneous preference for looking at biological motion is observed within the first days of life in
human neonates®'3, and observed even upon first exposure in visually inexperienced newly-hatched chicks".
Perception of and preferential looking towards biological motion can be elicited by a variety of forms (includ-
ing the motion of non-human species®), is remarkably robust to signal degradation'®, and is spared after early
visual deprivation, even when global motion processing is impaired®. Together, these features suggest a biological
mechanism that is evolutionarily important and critical for survival.

In addition to the obvious immediate survival value of detecting the conspecifics upon whose care infants
depend, visual preferences for biological motion play a critical role in many aspects of social and commu-
nicative development!’. By directing their attention towards the movement of others, infants create opportu-
nities for learning about the many social signals conveyed through biological motion. These signals include
facial expressions'®, gaze direction', gestures®, and the intentions underlying actions®*?. Merely by orienting
towards conspecifics, infants entreat further interaction, creating rich opportunities for learning via recipro-
cal social engagement?®*. The criticality of attention to biological motion in early social development is under-
scored by the finding that this preference is disrupted in newborns with a high familial risk for Autism Spectrum
Disorder (ASD)?, a developmental disability characterized by social and communicative impairments, and in
24-month-old toddlers diagnosed with ASD'*%>,

: A seminal study by Simion et al.® provided the first demonstration that human neonates display a spontaneous

. visual preference for point-light displays of non-conspecific upright biological motion from the very first days of

. life. Several studies have since replicated and extended this finding, establishing that 2- to 4-day old human neo-
nates exhibit preferences for the motion of both human and non-human species compared to inverted, random,
and rigid non-biological motion displays!'*¢?7.
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Interestingly, while preferential looking towards biological motion continues into later infancy and toddler-
hood?®?, 2-month-old infants reportedly fail to display such a preference''. Although this lack of preference is
based on a single study and may initially seem surprising—given the adaptive value of preference for biological
motion and its well-established presence in neonates and older infants—the timing of this absence-in-preference
fits well within the broader literature highlighting a developmental window before and after month 2 as a period
of critical transition in early infancy. Many neonatal behaviors such as reaching®, orienting to sounds®*?, and
orienting to faces”**-* all show similar U-shaped developmental trajectories, with initial neonatal predispositions
for engaging in these behaviors declining at around 1 to 2 months of age before reemerging thereafter.

Although the precise mechanisms underlying these transitions are unknown, one influential theoretical
account posits that experience-expectant (that is, more reflex-like and largely subcortically-mediated) neo-
natal behaviors transition into experience-dependent ones (that is, more flexible, largely cortically-mediated,
forms of behavior that build iteratively on the initial experiences afforded by neonatal predispositions)>43¢40:41,
This theoretical account has also been advanced in the context of biological motion perception. Chang and
Troje*? proposed that neonatal orienting towards biological motion may be driven by an evolutionarily old,
experience-expectant mechanism that is sensitive to the local cues contained in biological motion. Cross-species
studies support this idea, with emerging evidence demonstrating increased activity in subcortical areas (the sep-
tum and preoptic area) when newly-hatched chicks view self-propelled motion** and animate motion of a live
social partner*!. This system is presumed to direct attention towards biological motion early in life, thus ensuring
critical opportunities for learning that guide the development of an experience-dependent mechanism—sensitive
to the global features of biological motion—that is thought to emerge in human infants between 2 and 4 months
of age®>®. If replicated in a larger sample, an absence of preference for biological motion at 2 months would
provide evidence in support of this purported transition from experience-expectant to experience-dependent
mechanisms of adaptive action at around 2 months of age.

In contrast to the previous report suggesting a lack of preference at 2 months'!, studies of infants at 3 months
of age and older do provide evidence of sensitivity to biological motion by at least 3 months. Three-month-old
infants can discriminate upright biological motion from inverted and scrambled displays*’, and preferences for
biological motion have been demonstrated in cross-sectional samples of 4-, 5-, 6-, and 24-month-old infants®-!1,
By at least 4 months, infants are also quite adept at extracting information conveyed by biological motion. For
instance, 4- to 8-month-olds can detect invariants of actor identity and facial expression from the biological
motion of faces'®, and 6-month-olds can detect the directionality of an upright point-light walker?”.

In addition to infants’ growing sensitivity to cues conveyed through biological motion, evidence suggests
that infants’ understanding of biological motion becomes increasingly sophisticated over their first months and
years. While the extent to which neonates and very young infants perceive biological motion as a socially mean-
ingful stimulus is unknown, there is ample evidence that older infants begin to imbue point-light animations
with social meaning*® and have clear expectations about how animate entities represented in point-light displays
should behave. For instance, 5- but not 3-month-olds are sensitive to the dynamic symmetry of point-light walk-
ers’ limbs*. Six- and 9-month-olds demonstrate a visual response recovery when point-light walkers violate the
principle of solidity>® (suggesting their growing understanding that animate entities should move as cohesive
global structures). And 12- but not 9-month-olds® actually respond to joint attention cues produced by upright
point-light animations, suggesting that 12-month-olds perceive point-light displays of biological motion as ani-
mate beings and engage with and respond to them as such'®. Together, these studies suggest a series of important
developmental changes in the perceived functional significance of biological motion: as infants gain more experi-
ence with the social world, they begin to imbue these depictions of biological motion with increasingly nuanced
meaning, and subsequently engage with them in progressively different ways.

As reviewed above, the role of preferential attention to biological motion in social development has led to an
extensive body of cross-sectional studies examining the manner in which infants distinguish between and pref-
erentially attend to different forms and features of biological motion. However, no study to date has examined
the development of this socially adaptive behavior in the same infants, prospectively and longitudinally, over the
first months and years of life. A prospective longitudinal study is needed to assess 1) whether the reported lack of
preference at 2 months—previously observed in a single study'' with a relatively small sample size (n = 10)—will
replicate in a larger cohort of infants; 2) when the preference emerges, if indeed its absence is found at 2 months;
and 3) whether the preference wanes, is sustained, or becomes more robust as infants gain increasing experience
with the social world.

We sought to address these questions by measuring the longitudinal development of preferential attention to
biological motion in 116 (67 male, 49 female) infants at 7 longitudinal time points between 2 and 24 months of
age. These time points were densely sampled in the first five months of life (data were collected at 2, 3, 4, and 5
months), and at 9, 15, and 24 months.

To measure preference for biological motion, we used five pairs of counterbalanced point-light animations,
as in Klin et al.’® (see Fig. 1). The animations were created with a live actor using motion capture technol-
ogy (Synertial, Brighton, UK), and consisted of the actor playing children’s games such as “Peek-a-boo” and
“Pat-a-cake” Motion capture sessions included simultaneous audio-recording in order to create multimodal stim-
uli that more closely approximate real-life social experiences. The experimental task was a preferential looking
paradigm: on one half of the stimuli presentation screen, an upright point-light animation was shown; on the
other half of the screen, an inverted (upside-down) version of the same animation was played in reverse order.
Inverted presentation disrupts the perception of biological motion in young children®?, but preserves motion
complexity, speed, and gestalt coherence'®. Only the audio soundtrack for the upright animation was played.

Consistent with past observations®, piloting in very young infants (2-3 months) revealed that trials shorter
than 30 seconds often failed to reliably elicit interstimulus shifting (i.e. shifting fixation between stimuli pre-
sented on either side of the midline). To facilitate visual exploration of the simultaneously presented stimuli, the
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Figure 1. Example still images from one point-light biological motion animation. Each biological motion
animation showed an upright and inverted figure and included an accompanying soundtrack that matched the
actions of the upright figure. Upright and inverted figures were identical except that the inverted figure was
rotated 180 degrees and was played in reverse order. The presentation of the upright figure was counterbalanced
to appear on the left and right side of the screen equally often.

animations used in Klin et al.!° (having a mean duration of 30.5s) were modified by playing two unique (i.e., not
repeated) animations in succession (hereafter referred to as the Familiarization Segment and the Preference-Test
Segment, respectively), resulting in a mean trial duration of 61 s (range: 57.1 to 66.3s).
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Figure 2. Raw data for individual data collection sessions indicating preferential attention to upright biological
motion between 2 and 24 months of age. The horizontal line denotes equal looking towards upright and
inverted biological motion stimuli (50%). Data are shaded to indicate distribution: darkly shaded data markers
indicate the interquartile range (spanning 25" to 75" percentiles) while lightly shaded data markers span the
minimum to maximum values. Preferential attention to upright biological motion increases with age while the
interquartile range (variance) decreases.
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Figure 3. Model-based mean estimates of preferential attention to upright biological motion between 2 and
24 months of age. Dashed lines represent 95% confidence intervals. The horizontal line denotes equal looking
towards upright and inverted biological motion stimuli (50%). Percentage of fixation time to upright biological
motion stimuli increases with age (F=5.85, p < 0.001). While 2-month-old infants do not look preferentially
at the upright figure (M =46.5%, 95% CI [39.8-53.2%], p =0.299), a preference is observed by month 3 and
increases through month 24.

Percentage of visual fixation time to the upright and inverted animations was measured using eye-tracking
technology, with data collected at 60 Hz. Linear mixed-effects regression models were used to evaluate mean tra-
jectories of visual fixation on the upright figure during the Preference-Test Segment. In this context, “trajectories”
refer to the model-based mean estimates over longitudinal time points. For each model, age (7 levels) was the only
fixed effect. The random effects were the participant-level intercepts with an unstructured covariance structure,
stratified for each level of age (2, 3, 4, 5, 9, 15, and 24 months). Residual errors for the modeled outcome were
asymptotically normal, confirmed via histogram, boxplot, and quantile-quantile probability plot. To test whether
percentage of fixation time to the upright figure differed from chance (50%) we tested the resulting regression
model means using t-tests.

Results

Preferential attention to biological motion between 2 and 24 months of age. Raw data indi-
cating preferential attention to upright biological motion (percentage of fixation time on the upright figure) are
shown in Fig. 2. Consistent with the results of Fox & McDaniel'!, preferential attention to upright biological
motion was absent at 2 months (M =46.5%, 95% CI [39.8-53.2%], p = 0.299). However, results from the mixed
model indicate a significant association between age and preferential attention to biological motion (F=5.85,
p<0.001), with fixation on the upright biological motion stimuli increasing over developmental time (Fig. 3).
Mean estimates from the mixed model revealed significant preferential attention to upright biological motion at
3 months (M =56.4%, 95% CI [52.3-60.5%], p < 0.01), at 5 months (M = 55.4%, 95% CI [51.6-59.1%], p < 0.01),
at 9 months (M = 56.6%, 95% CI [52.0-61.1%], p < 0.01), at 15 months (M = 61.8%, 95% CI [58.2-65.4%),
p<0.001), and at 24 months (M = 64.1%, 95% CI [60.5-67.6%], p < 0.001), with preference close to significance
at 4 months (M = 53.8%, 95% CI [50.0-57.7%], p =0.058) (all p-values adjusted for multiple comparisons (7
total) using the Benjamini-Hochberg method*, with a false discovery rate of 5%). As expected, the preference for
biological motion—first observed at 3 months—increased with age, with percent change in looking time on the
upright figure increasing by 13.65% between 3 and 24 months.

Duration of viewing data collected and extent of visual exploration between 2 and 24 months
of age. To examine whether the absence of preferential attention to upright biological motion observed at 2
months could be due to age-related differences in attention to task or developmental differences in visual explo-
ration, we compared the duration of viewing data collected as well as the percentage of total time spent saccading
between each age group. For duration of viewing data collected, we focused specifically on time spent maintaining
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stable fixation, blinking, or saccading, measured in seconds, exclusive of any time spent looking offscreen or
missing data due to participant movement. For extent of visual exploration, we focused on percentage of time
spent in saccadic eye movements. Linear mixed-effects models (as described above) were used to evaluate the
effect of age (7 levels) on both duration of viewing data collected and on extent of visual exploration during the
Preference-Test Segment. Pairwise comparisons, adjusted for multiple comparisons using Tukey’s HSD proce-
dure, revealed that 2-month-olds had greater durations of total viewing data relative to 5-month-olds (M =98.4s,
95% CI [79.47 5-121.87s] and M =63.27 s, 95% CI [54.23 s-73.8 5], respectively, p < 0.05). Two-month-olds also
showed a trend towards more time spent saccading relative to 5-month-olds (M =17.7%, 95% CI [14.2%-21.3%]
and M = 12.4%, 95% CI [11.4%-13.5%], respectively, p =0.08). No other significant pairwise differences were
observed between 2 month-olds and other age groups in amount of viewing data collected or in amount of visual
exploration (all p’s >0.11). Given that 2-month -olds showed similar—and, in some cases, greater—attention to
task and extent of saccading relative to older age groups, results suggest that the lack of preference at 2 months is
unlikely to be explained by developmental differences in attention or extent of visual exploration.

Further Supplementary Analyses. Preferential Attention as a Function of Segment. While the distinc-
tion between Familiarization and Preference-Test Segments was based on initial piloting of the task, we also tested
for segment effects before conducting analyses of preferential attention during the Preference-Test Segment. As
expected, linear mixed-effects model results indicated a significant main effect of Segment, in which the overall
mean of preferential fixation was significantly greater during the Preference-Test Segment than the Familiarization
Segment (F=34.8, p <0.001), indicating that preferences were more clearly observed after an initial 30s exposure
had elapsed (see Supplementary Fig. S1). The interaction between Segment (Familiarization or Preference-Test) and
Age (months 2, 3,4, 5,9, 15, and 24) as a predictor of visual preference was not significant (F=0.35, p=0.911), indi-
cating that preferences were more clearly observed in the Preference-Test Segment compared to the Familiarization
Segment at all ages. These results confirm expectations that preferences are more clearly observed with longer trial
duration (i.e., after an initial familiarization period has elapsed). Analyses of preferential attention to biological
motion across both Familiarization and Preference-Test Segments can be found in Supplementary Fig. S2.

Audiovisual Synchrony. To enhance naturalistic validity, the biological motion stimuli in the present study con-
tained bimodal information: motion and sound. Synchronous co-occurrence of change in motion and change in
sound, audiovisual synchrony (AVS), and cross-modal contingencies more generally, have been shown to guide
visual attention in typically developing infants®, and may scaffold infants’ visual selective attention in social con-
texts*. To determine whether levels of AVS were responsible for viewing preferences in the present study, we con-
ducted a series of additional analyses: while preference for upright biological motion was consistently observed at
each longitudinal time point from 3 until 24 months, preferential attention was not positively associated with levels
of AVS at any age (see Tables S3 and S4 as well as the Audiovisual Synchrony section in Supplementary Information).

Discussion

Although it is well established that preferences for biological motion play an important role in many aspects of social
and communicative development (e.g. Simion ef al.’”), knowledge of developmental change in such preferences
has been based largely on an amalgam of cross-sectional studies using a variety of stimuli and procedures. Here we
provide a longitudinal mapping of developmental change in preferential attention to biological motion by investi-
gating preferential looking to upright biological motion at 7 longitudinal time points between 2 and 24 months of
age. Our results show that preferences for upright biological motion change over the first months and years of life:
2-month-old infants do not exhibit a visual preference for biological motion, but the preference emerges by month 3
and continues to increase until the final time point of data collection at 24 months (F=5.85, p <0.001).

The current data indicate that 2-month-old infants do not show a preference for looking at upright com-
pared with inverted biological motion displays (M =46.5%, 95% CI [39.8-53.2%], p =0.299), strengthening
support for the notion that preferential attention to biological motion—reported in both neonates®!*2%” and
older infants'®!! —is absent in the second month of life. Although null results should always be interpreted with
caution, three features of the present study strengthen the evidence for this lack of preference, first described
by Fox & McDaniel'!, in 2-month-old infants. First, the present study used a larger sample of 2-month-olds
(n=133) relative to that of Fox and McDaniel (n=10), providing greater power to detect a preference, if present.
Second, the current study used relatively longer trials (mean duration = 61 s), with analyses focused on the sec-
ond half of the trials to allow sufficient time for interstimulus shifting and visual exploration®®. By contrast, Fox
& McDaniel'! used relatively short trial times (mean duration=15s), a procedural difference that has been cited
as a possible explanation for the lack of preference observed at 2 months® and a difference that is consistent with
other evidence suggesting that many failures to detect visual preferences before month 4 are due to short trial
durations of 30s or less®. Finally, calibration accuracy (see Supplementary Fig. S3), attention to task, and amount
of visual exploration were comparable between 2-month-olds and older infants, making it unlikely that the lack of
preference at 2-months is attributable to any of these factors. Thus, the lack of preference at 2 months in the cur-
rent study—observed even when using a larger sample size, longer trial durations, and high-quality eye-tracking
data—provides convergent evidence strengthening the previous report of no preference for biological motion in
2-month-old infants'".

Taken together, the extant literature on biological motion perception in neonates , and the present
results, provide support for the hypothesis that a preference for biological motion may be present at birth fol-
lowed by a period of decline at around 2 months of age, and then reemerge soon thereafter*>**. It should be noted
that, guided by a methodological desire to more closely approximate multi-modal, real-life social experiences
of human neonates, the present study used multimodal (i.e., audio and visual) stimuli, while previous studies
examining these processes in neonates used visual-only stimuli®!*?*?7. Comparisons between the present results

8,13,26,27
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and those of previous studies must bear this in mind. However, if supported in future longitudinal studies from
birth to 2 months, this pattern of results would be consistent with the notion that the second month of life marks
a period of transition from experience-expectant (i.e., more ‘reflex-like, largely subcortically-mediated responses)
to experience-dependent mechanisms of adaptive action (i.e., more voluntary actions that build iteratively on
initial newborn experiences and context-dependent learning)***%4°. While this hypothesized transition need not
imply the ‘disappearance’ of initial newborn predispositions (to the contrary, data from adults provides evidence
of developmental continuity in the role of subcortical pathways for detecting conspecifics*!), it may signal the
emergence of increasingly interactive, experience-dependent ways of engaging with the world that build upon
and/or modulate early newborn predispositions®’. Future longitudinal studies of developmental change in pref-
erences for biological motion from birth to 2 months are needed to provide definitive evidence for this purported
transition and to investigate the mechanisms underlying such changes®.

Rather than waning or remaining stable at a fixed level, infants’ preferential attention to biological motion
becomes increasingly robust from 3 until 24 months, with percentage of time spent looking towards upright
biological motion increasing by 13.6% during this period. This increase suggests that infants’ growing experience
with others may contribute to the strengthening of their preference, and vice versa, underscoring the tight cou-
pling between attention to biological motion and social development in the first two years of life. While newborn
predispositions for preferential attention to biological motion may serve primarily as an orienting mechanism,
scaffolding social development by creating opportunities for interacting with and learning from others, pref-
erences for biological motion in later infancy may reflect more active seeking of social information: the same
stimuli acquire new meaning to the infant and are looked at in new ways. While this interpretation is consistent
with previous reports', future longitudinal studies are needed to more directly map the reciprocal relationship
between change in infants’ visual engagement with biological motion and change in infants’ understanding of the
rich social information conveyed by biological motion.

These results also have important implications for understanding atypical social development. In contrast
to the typically-developing infants in the current study who showed increasing preferential attention to upright
biological motion from 3 until 24 months of age, a previous study—using the same stimuli—revealed that
24-month-olds with Autism Spectrum Disorder (ASD) fail to show a preference for upright biological motion'.
Absence of preferential looking to biological motion in toddlers with ASD suggests (a) an already-divergent
course of earlier development, in which this mechanism of social adaptive action has been disrupted, and (b) a
series of future developmental consequences in which learning in children with ASD is likely to proceed along
an increasingly different course. The early-emergence of these preferences in typical development suggests that
the onset of disruption is likely to occur very early in ASD. Ideally, the 2- to 24-month developmental trajectories
of preferential attention to biological motion presented herein can provide a future benchmark against which to
identify early departures from typical trajectories, and the consequences thereof, in ASD.

In addition, the hypothesis advanced herein that the second month of life marks a critical transition in engage-
ment with biological motion highlights a specific developmental window—before and after month 2—as a poten-
tially important target for future investigation in ASD. A recent study suggested that early transitions in another
mechanism of social adaptive action—looking at the eyes of others—is similarly disrupted, beginning by at least
month 2, in infants with ASD*’. This study revealed that infants with ASD exhibited a decline in eye-looking
from 2 until 24 months of age, a pattern not observed in typically-developing infants. Interestingly, however,
early levels of eye-looking were not immediately diminished in infants later diagnosed with ASD; instead these
infants exhibited a slight but statistically significant increase in eye-looking at 2 months, which then declined.
By contrast, typically-developing infants exhibited a relative low point in eye-looking at 2 months, which then
increased. The timing of this difference raised an intriguing hypothesis about the early pathogenesis of ASD: while
experience-expectant, reflex-like orientation to eyes may initially, at least superficially, be present, a transition to
learned, experience-dependent forms of eye-looking may fail*®. Critically, however, the presence of eye-looking
in ASD at 2 months does not necessarily mean that the behavior is functioning in a normative manner. Indeed,
initial reflex-like orienting to social stimuli has been hypothesized to be impaired at birth** in ASD.

Examining preferences for biological motion during this same developmental period can provide another
avenue for testing this hypothesis about transitions from experience-expectant to experience-dependent mech-
anisms. Focusing on early preferences for biological motion may be especially fruitful given the established role
of biological motion perception in imprinting®>®! as well as well-described animal models of the neural systems
involved in filial orienting and attachment®. These models provide a natural target for investigating the neurode-
velopmental changes that accompany critical behavioral transitions in early infancy and for determining how
these mechanisms may be disrupted in infants with ASD.

Methods
Participants. The research protocol was approved as bearing no significant risk by the Human Investigations
Committees at Emory University School of Medicine, and the data collected were used for research purposes only.
All methods were carried out in accordance of relevant guidelines and regulations. With the written, informed
consent of their parent or guardian, 116 infants (67 male, 49 female) were enrolled (see Table 1). All infants were
born at full-term (mean gestational age = 39.13 weeks, SD = 1.36) and were reared in homes where English was
the primary language. Infants’ parents identified them as White and non-Hispanic (80.2%), White and Hispanic
(6.9%), more than one race (5.2%), Asian (3.4%), or Black (3.4%), with one participant’s demographic data miss-
ing due to early withdrawal from the study. Data were also collected on the primary caregiver’s education attain-
ment, with 73% completing a graduate or professional degree, 24% a college degree, and 3% a high school degree.
Participants were selected from a cohort of infants participating in a prospective longitudinal study of visual
engagement in infants at low- and high-risk for ASD. Given ongoing research in infants at increased risk for neu-
rodevelopmental disorders (e.g., Jones & Klin®), “typicality” in the current study was defined at enrollment by
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Session® n Males Females Age, in months®
1.5-2.4 months 33 16 17 2.13(0.19)
2.5-3.4 months 61 24 37 2.99(0.26)
3.5-4.4 months 63 23 40 3.94(0.26)
4.5-5.9 months 62 26 36 5.04(0.31)
7.0-11.0 months 39 14 25 9.19(0.61)
13.0-17.0 months | 44 22 22 15.09(0.38)
21.0-27.0 months | 51 21 30 24.27(0.76)

Table 1. Participant Characterization Data at each Longitudinal Data Collection Session. *Study visits at each of
the 7 longitudinal time points were scheduled to fall within these age-delimited boundaries. PAge (in months) is
represented as mean(SD).

the absence of familial risk factors for neurodevelopmental disorders: All infants had no family history of ASD in
first, second, or third degree relatives, no developmental delays in first degree relatives, no pre- or perinatal com-
plications, no history of seizures, no known medical conditions or genetic disorders, and no hearing loss or visual
impairment. Eye tracking data were collected at 7 longitudinal time points: months 2, 3, 4, 5, 9, 15, and 24. The
average age of first visit was 2.16 months (SD = 1.36), and all infants were contacted at each subsequent longitudi-
nal time point to participate in data collection. As is typical in infant longitudinal studies with many sampled time
points, some participants missed one or more scheduled data collection visits, but were still included in analyses.

While the present study was undertaken as a study of typical infant development, data collection in infants at
high familial risk for ASD is ongoing. When a sufficient number of children have reached the age of stable diag-
nostic ascertainment, future analyses focused on measuring developmental trajectories of preferential attention
to biological motion in ASD will be presented.

Stimuli and Experimental Paradigm.  The location of the upright animation was counterbalanced to appear on
the left and right side of the screen equally often, creating a total of ten video trials. To facilitate visual exploration of the
simultaneously presented stimuli, the animations used in Klin et al.° (having a mean duration of 30.5s) were modified
by playing two unique (i.e., not repeated) animations in succession (referred to as the Familiarization Segment and the
Preference-Test Segment, respectively), resulting in a mean trial duration of 61 s (range: 57.1 to 66.3s). Animations were
paired pseudo-randomly, such that each of the five unique animations appeared once as a Familiarization Segment and
once as a Preference-Test Segment. Necessarily, across Familiarization and Preference-Test Segments the location of the
upright animation (on the left or right side of the screen) remained consistent.

Point-light biological motion animations ranged in size from 7.0° to 8.0° of horizontal visual angle and 9.0° to
10.0° of vertical visual angle. The upright and inverted animations were separated by approximately 8.0° to 10.0°
of visual angle.

Procedure. Experimental setting and equipment. In identical fashion to previously-published longitudinal
research in 2- to 24-month-old infants®, two settings were used for eye-tracking data collection. One eye-tracking
lab was optimized for data collection in infants aged 2 to 5 months, and the other lab was optimized for data collec-
tion from infants and toddlers aged 9 to 24 months. The primary distinction between the two settings was the use
of a reclining bassinet for the younger infants, versus the use of an upright car seat for older infants and toddlers. All
other aspects of the experimental procedures, including stimulus presentation, eye-tracking hardware and software,
and data collection and analysis, were identical in both settings. Eye-tracking data were collected at 60 Hz using a
video-based, dark pupil/corneal reflection technique with ISCAN hardware and software (Woburn, MA, USA).

Protocol.  Infants and toddlers were accompanied at all times by a parent or caregiver. Each experimental session
began with the child and caregiver entering the room while a children’s video played on the stimuli presentation
screen. The experimenter buckled the child into the bassinet or car seat, standardizing each child’s eye position
relative to the presentation screen (28 inches away from the screen, which subtended an approximately 24° x 32°
portion of each child’s visual field). During testing, both the caregiver and experimenters were out of the child’s
view but were able to monitor the child throughout the entire experiment via a live video feed.

Once the child was comfortably watching the children’s video, data collection began by pausing the video and
presenting calibration targets on an otherwise blank background. A five-point calibration scheme was used, consist-
ing of bright, animated targets, ranging in size from 1° to 1.5° of visual angle, played with accompanying sound. After
the calibration routine was completed and calibration accuracy was verified, the experimental videos were shown. A
“centering-stimulus” (i.e., a rotating pin-wheel with accompanying sound) was presented prior to each experimental
video to attract viewer attention to the center of the screen. Calibration accuracy was checked repeatedly throughout
the experimental protocol to measure any change in calibration accuracy, allowing the experimenter to pause the
experiment and recalibrate if calibration accuracy drift exceeded 3°. Plots of fixation locations relative to calibration
targets show that accuracy was well within this limit at all ages (see Supplementary Fig. S3).

Videos shown at each longitudinal time point were drawn in pseudo-random order from the pool of 10 trials
to ensure some novel and some repeated trials at each data collection session. A maximum of 10 trials were shown
at each session, with each of the 10 trials presented only once (see Supplementary Table S2 for a detailed report on
the average number of trials collected at each data collection session).
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Analysis and Measures.  Automated analysis of eye movements to identify fixations, saccades, blinks and
missing/offscreen data was performed using software written in MATLAB (MathWorks, Natick, MA, USA) as
in Jones & Klin®, Klin et al.’°, and Shultz, Klin, & Jones®. We used a velocity-based criterion for identification
of saccades and fixations (saccades were identified by velocity threshold of 30° per second®; blinks were identi-
fied by eyelid closure indexed by speed of change in pupil size (as the closing eyelid covers the pupil and causes
more rapid change than what typically occurs during dilation and constriction); off-screen fixations (i.e., when
a participant looked away from the video screen) were identified by gaze vectors beyond screen bounds; and the
remaining fixational eye movements were those with fixation coordinates within screen bounds having velocities
less than 30° per second). In the second phase of analysis, eye movements identified as fixations were coded rela-
tive to the upright and inverted animations, as in Klin et al.!°.

We employed three minimum-valid-data criteria. First, data from a Segment were included if calibration
was accurate, defined by error less than or equal to 3 degrees. Second, data were included if the infant fixated
onscreen for at least 20% of the Segment. Third, to ensure adequate counterbalancing—an especially important
consideration in early infancy when side biases can play a strong role in infants’ preferential looking®—partici-
pants were required, for each valid trial in which the upright figure was presented on the right side of the screen,
to have an equal number of valid trials in which the upright figure was presented on the left side. In cases with
more collected (for example) right-side upright trials than left-side upright trials, we performed planned post-hoc
counterbalancing by excluding the additional right-side trial; per a priori protocol guidelines, we excluded the
trial that contained the least amount of usable fixation data.

At 2, 3,4, 5,9, 15, and 24 months, respectively, data from 71.3%, 68.5%, 69.2%, 75.6%, 53.4%, 65.7%,
and 91.1% of children successfully met the minimum-valid-data criteria. At 2, 3, 4, 5, 9, 15, and 24 months,
respectively, an average of 4.5, 4.1, 4.3, 4.3, 4.0, 5.2, and 5.3 valid trials were collected from each child (for a
detailed description of the duration and amount of data collected see Supplementary Tables SI and S2). In cases
where data collection sessions failed to meet the criteria, causes were due to fussiness, falling asleep, or cali-
bration failure. Eye-tracking data from 33 2-month-olds, 61 3-month-olds, 63 4-month-olds, 62 5-month-olds,
39 9-month-olds, 44 15-month-olds, and 51 24-month-olds were analyzed.

Longitudinal data analysis was performed using SAS v9.4 (Cary, NC), and statistical significance was eval-
uated at the 0.05 significance level. Utilizing restricted maximum likelihood estimation, under a mixed model
framework in SAS PROC MIXED, missing data were assumed to be at random after visual evaluation of the
participation logs for patterns in attrition. With this approach, likelihood functions were derived separately for
subjects missing observations versus those with complete data, and maximized together to obtain the final model
parameters. This method gives unbiased estimates and standard errors, relative to other popular methods such as
data imputation and complete case-only analysis®®.

References
1. Vallortigara, G., Regolin, L. & Marconato, F. Visually inexperienced chicks exhibit spontaneous preference for biological motion
patterns. PLoS Biol. 3, 1312-1316 (2005).
2. Oram, M. W. & Perrett, D. I. Integration of form and motion in the anterior superior temporal polysensory area (STPa) of the
macaque monkey. J. Neurophysiol. 76, 109-129 (1996).
. Blake, R. Cats perceive biological motion. Psychol. Sci. 4, 54-57 (1993).
. Omori, E. & Watanabe, S. Discrimination of Johansson’s stimuli in pigeons. Int ] Comp Psychol 9, 92 (1996).
5. Bolhuis, J. J., Brown, M. W. & Johnson, M. H. Brain, memory and development: the imprint of Gabriel Horn. Neurosci. Biobehav. Rev.
50, 1 (2015).
6. Rosa Salva, O., Mayer, U. & Vallortigara, G. Roots of a social brain: developmental models of emerging animacy-detection
mechanisms. Neurosci. Biobehav. Rev. 50, 150-68 (2015).
7. Di Giorgio, E. et al. Filial responses as predisposed and learned preferences: Early attachment in chicks and babies. Behav. Brain Res.
325, 90-104 (2016).
8. Simion, F,, Regolin, L. & Bulf, H. A predisposition for biological motion in the newborn baby. Proc. Natl. Acad. Sci. USA 105,
809-813 (2008).
9. Falck-Ytter, T., Bakker, M. & Von Hofsten, C. Human infants orient to biological motion rather than audiovisual synchrony.
Neuropsychologia 49, 2131-2135 (2011).
10. Klin, A., Lin, D. ], Gorrindo, P,, Ramsay, G. & Jones, W. Two-year-olds with autism orient to non-social contingencies rather than
biological motion. Nature 459, 257-261 (2009).
11. Fox, R. & McDaniel, C. The perception of biological motion by human infants. Science 218, 486-7 (1982).
12. Troje, N. E & Westhoff, C. The inversion effect in biological motion perception: evidence for a ‘life detector’? Curr. Biol. 16, 821-824 (2006).
13. Bidet-Ildei, C., Kitromilides, E., Orliaguet, J.-P,, Pavlova, M. & Gentaz, E. Preference for point-light human biological motion in
newborns: contribution of translational displacement. Dev. Psychol. 50, 113-20 (2014).
14. Vallortigara, G. & Regolin, L. Gravity bias in the interpretation of biological motion by inexperienced chicks. Curr. Biol. 16,
R279-280 (2006).
15. Johansson, G. Visual perception of biological motion and a model for its analysis. Percept. Psychophys. 14, 201-211 (1973).
16. Hadad, B. S., Maurer, D. & Lewis, T. L. Sparing of sensitivity to biological motion but not of global motion after early visual
deprivation. Dev. Sci. 15, 474-481 (2012).
17. Pavlova, M. A. Biological motion processing as a hallmark of social cognition. Cereb. Cortex 22, 981-995 (2012).
18. Spencer, J., O'Brien, J., Johnston, A. & Hill, H. Infants’ discrimination of faces by using biological motion cues. Perception 35, 79-89
(2006).
19. Yoon, J. M. D. & Johnson, S. C. Biological motion displays elicit social behavior in 12-month-olds. Child Dev. 80, 1069-1075 (2009).
20. Pelphrey, K., Morris, J., Michelich, C., Allison, T. & McCarthy, G. Functional anatomy of biological motion perception in posterior
temporal cortex: an FMRI study of eye, mouth and hand movements. Cereb. Cortex 15, 1866-1876 (2005).
21. Frith, C. D. & Frith, U. Interacting minds-A biological basis. Science. 286, 1692-1695 (1999).
22. Blakemore, S. J. & Decety, J. From the perception of action to the understanding of intention. Nat. Rev. Neurosci. 2, 561-567 (2001).
23. Lavelli, M. & Fogel, A. Developmental changes in mother-infant face-to-face communication: Birth to 3 months. Dev. Psychol. 38,
288-305 (2002).
24. Di Giorgio, E. et al. Difference in visual social predispositions between newborns at low-and high-risk for autism. Sci. Rep. 6, 1-8
(2016).

(L)

SCIENTIFICREPORTS | (2018) 8:2527 | DOI:10.1038/s41598-018-20808-0 8



www.nature.com/scientificreports/

25.
26.
27.
28.
29.
. von Hofsten, C. Developmental changes in the organization of prereaching movements. Dev. Psychol. 20, 378-388 (1984).
31
32.
33.

34.

35.
36.

37.
38.
39.

40.
. Johnson, M. H., Senju, A. & Tomalski, P. The two-process theory of face processing: modifications based on two decades of data

42.
43.

44,
45.
46.
47.

48.
49.

50.
51.
52.
. Maurer, D. Infants’ perception of facedness. Soc. Percept. infants 73-100 (1985).
54.
55.
56.

57.
58.

64.
65.
66.

Klin, A. & Jones, W. Altered face scanning and impaired recognition of biological motion in a 15-month-old infant with autism:
REPORT. Dev. Sci. 11, 40-46 (2008).

Bardi, L., Regolin, L. & Simion, F. Biological motion preference in humans at birth: Role of dynamic and configural properties. Dev.
Sci. 14, 353-359 (2011).

Bardi, L., Regolin, L. & Simion, E. The first time ever I saw your feet: Inversion effect in newborns’ sensitivity to biological motion.
Dev. Psychol. 50, 986-93 (2014).

Hadad, B. S., Maurer, D. & Lewis, T. L. Long trajectory for the development of sensitivity to global and biological motion. Dev. Sci.
14, 1330-1339 (2011).

Pavlova, M. A. Biological motion processing as a hallmark of social cognition. Cereb. Cortex 22, 981-995 (2011).

Muir, D. W, Clifton, R. K. & Clarkson, M. G. The development of a human auditory localization response: a U-shaped function.
Can. J. Psychol. 43,199-216 (1989).

Field, J., Muir, D., Pilon, R., Sinclair, M. & Dodwell, P. Infants’ orientation to lateral sounds from birth to three months. Child Dev.
51,295-298 (1980).

Goren, C. C,, Sarty, M. & Wu, P. Y. Visual following and pattern discrimination of face-like stimuli by newborn infants. Pediatrics 56,
544-549 (1975).

Johnson, M. H., Dziurawiec, S., Ellis, H. & Morton, J. Newborns’ preferential tracking of face-like stimuli and its subsequent decline.
Cognition 40, 1-19 (1991).

Mondloch, C. J. et al. Face perception during early infancy. Psychol. Sci. 10, 419-422 (1999).

Morton, J. & Johnson, M. H. CONSPEC and CONLERN: a two-process theory of infant face recognition. Psychol. Rev. 98, 164
(1991).

Simion, E, Di Giorgio, E., Leo, I. & Bardi, L. The processing of social stimuli in early infancy. From faces to biological motion
perception. Prog. Brain Res. 189, 173-193 (2011).

Valenza, E., Simion, E, Cassia, V. M. & Umilta, C. Face preference at birth. J. Exp. Psychol. Hum. Percept. Perform. 22, 892-903
(1996).

Rosa Salva, O., Farroni, T., Regolin, L., Vallortigara, G. & Johnson, M. H. The evolution of social orienting: Evidence from chicks
(gallus gallus) and human newborns. PLoS One 6, 1-10 (2011).

Johnson, M. Cortical maturation and the development of visual attention in early infancy. J. Cogn. Neurosci. 2, 81-95 (1990).

from infants and adults. Neurosci. Biobehav. Rev. 50, 169-79 (2015).

Chang, D. & Troje, N. Characterizing global and local mechanisms in biological motion perception. J. Vis. 9, 1-10 (2009).

Lorenzi, E., Mayer, U., Rosa-Salva, O. & Vallortigara, G. Dynamic features of animate motion activate septal and preoptic areas in
visually naive chicks (Gallus gallus). Neuroscience 354, 54-68 (2017).

Mayer, U., Rosa-Salva, O., Morbioli, F. & Vallortigara, G. The motion of a living conspecific activates septal and preoptic areas in
naive domestic chicks (Gallus gallus). Eur. J. Neurosci. 45, 423-432 (2017).

Troje, N. F. & Chang, D. H. F. Shape-Independent Processing of Biological Motion. People watching: Social, perceptual, and
neurophysiological studies of body perception 82-100 (2013).

Bertenthal, B. I, Proffitt, D. R. & Cutting, J. E. Infant sensitivity to figural coherence in biomechanical motions. J. Exp. Child Psychol.
37,213-230 (1984).

Kuhlmeier, V. A., Troje, N. F. & Lee, V. Young infants detect the direction of biological motion in point-light displays. Infancy 15,
83-93(2010).

Rakison, D. H. & Poulin-Dubois, D. Developmental origin of the animate-inanimate distinction. Psychol. Bull. 127, 209-228 (2001).
Booth, A. E., Bertenthal, B. I. & Pinto, J. Perception of the symmetrical patterning of human gait by infants. Dev. Psychol. 38,
554-563 (2002).

Moore, D. G., Goodwin, J. E., George, R., Axelsson, E. L. & Braddick, E M. B. Infants perceive human point-light displays as solid
forms. Cognition 104, 377-396 (2007).

Furuhata, N. & Shirai, N. The development of gaze behaviors in response to biological motion displays. Infant Behav. Dev. 38,97-106
(2015).

Pavlova, M. & Sokolov, A. Orientation specificity in biological motion perception. Percept. Psychophys. 62, 889-899 (2000).

Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat.
Soc. Ser. B (Methodological). 57, 289-300 (1995).

Bahrick, L. E., Lickliter, R. & Flom, R. Intersensory redundancy guides the development of selective attention, perception, and
cognition in infancy. Curr. Dir. Psych. Sci. 13, 99-102 (2004).

Lewkowicz, D. J. & Hansen-Tift, A. M. Infants deploy selective attention to the mouth of a talking face when learning speech. Proc.
Natl. Acad. Sci. 109, 1431-1436 (2012).

Butterworth, G. In Transition mechanisms in child development: The longitudinal perspective 283-296 (1989).

Klin, A., Shultz, S. & Jones, W. Social visual engagement in infants and toddlers with autism: Early developmental transitions and a
model of pathogenesis. Neurosci. Biobehav. Rev. 50, 189-203 (2015).

. Jones, W. & Klin, A. Attention to eyes is present but in decline in 2—6-month-old infants later diagnosed with autism. Nature 504,

427-431 (2013).

. Versace, E. & Vallortigara, G. Origins of knowledge: insights from precocial species. Front. Behav. Neurosci. 9, 1-10 (2015).

. Johnson, M. H. Biological Motion: A perceptual life detector? Curr. Biol. 16, 376-377 (2006).

. Horn, G., Nicol, A. U. & Brown, M. W. Tracking memory’s trace. Proc. Natl. Acad. Sci. 98, 5282-5287 (2001).

. Shultz, S., Klin, A. & Jones, W. Inhibition of eye blinking reveals subjective perceptions of stimulus salience. Proc. Natl. Acad. Sci.

108, 21270-21275 (2011).

Leigh, R.]. & Zee, D. S. The neurology of eye movements. (Oxford University Press, USA, 2015).

Cohen, L. B. Attention-getting and attention-holding processes of infant visual preferences. Child Dev. 43, 869-879 (1972).
Little, RJ. A. and N. S. In Handbook of statistical modeling for the social and behavioral sciences. 39-75 (1995).

Acknowledgements

This work was supported by grants from the National Institute of Mental Health (P50-MH100029, AK;
2P50-MH10029-6, AK; R01-MH83712, WJ; K01-MH108741, SS) and Simons Foundation (#187398, AK and
#94924, AK), and additional supports by Marcus Foundation and J.B. Whitehead Foundation. The authors
gratefully acknowledge all of the infants and families for their participation. The authors also thank Carolyn
Ranti, Abin Abraham, Rachel Sandercock, and Alaina Wrencher for their contributions to data analysis, Peter
Lewis for his assistance in creating the biological motion stimuli, and all of the pre-doctoral fellows and research
coordinators involved in data collection.

SCIENTIFICREPORTS | (2018) 8:2527 | DOI:10.1038/s41598-018-20808-0 9


98
, 5282-5287 

www.nature.com/scientificreports/

Author Contributions

R.S., S.S., W.J. and A.K. developed the initial idea and study design. W.]. and A.K. designed and created the
experimental stimuli. W.J. and S.S. designed experimental protocol and procedures. R.S. and L.O. contributed
to data collection. R.S., S.S., L.O. and S.G. performed data analysis. R.S. and S.S. interpreted data and wrote the
manuscript. R.S. prepared all figures and tables. All authors participated in manuscript revision.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-20808-0.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:2527 | DOI:10.1038/s41598-018-20808-0 10


http://dx.doi.org/10.1038/s41598-018-20808-0
http://creativecommons.org/licenses/by/4.0/

	A Longitudinal Investigation of Preferential Attention to Biological Motion in 2- to 24-Month-Old Infants

	Results

	Preferential attention to biological motion between 2 and 24 months of age. 
	Duration of viewing data collected and extent of visual exploration between 2 and 24 months of age. 
	Further Supplementary Analyses. 
	Preferential Attention as a Function of Segment. 
	Audiovisual Synchrony. 


	Discussion

	Methods

	Participants. 
	Stimuli and Experimental Paradigm. 
	Procedure. 
	Experimental setting and equipment. 
	Protocol. 

	Analysis and Measures. 

	Acknowledgements

	Figure 1 Example still images from one point-light biological motion animation.
	Figure 2 Raw data for individual data collection sessions indicating preferential attention to upright biological motion between 2 and 24 months of age.
	Figure 3 Model-based mean estimates of preferential attention to upright biological motion between 2 and 24 months of age.
	Table 1 Participant Characterization Data at each Longitudinal Data Collection Session.




