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Abstract

Background—From birth, infants show a preference for the faces, gaze, and voices of others. In
individuals with autism spectrum disorders (ASDs) these biases appear to be disturbed. The source
of these disturbances is not well-understood, but recent efforts have shown that the spontaneous
deployment of attention to social targets may be atypical as early as 6 months of age. The nature
of this atypical behavior and the conditions under which it arises are currently unknown.

Methods—We used eye-tracking to examine the gaze patterns of 6-month-old infants (N=99) at
high risk (HR; N=57) and low risk (LR; N=42) for developing ASD as they viewed faces that
were (1) still, (2) moving and expressing positive affect, or (3) speaking. Clinical outcomes were
determined through a comprehensive assessment at the age of 3 years. The scanning patterns of
infants later diagnosed with ASD were compared to infants without an ASD outcome.

Results—Infants who later developed ASD spent less time looking at the presented scenes in
general than other infants. When these infants looked at faces, their looking towards the inner
features of faces decreased compared to the other groups only when the presented face was
speaking.

Conclusions—Our study suggests that infants later diagnosed with ASD have difficulties
regulating attention to complex social scenes. It also suggests that the presence of speech may
uniquely disturb the attention of infants who later develop ASD at a critical developmental point
when other infants are acquiring language and learning about their social world.
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Introduction

Hours after birth, typically developing (TD) newborns show preferences for face-like
stimuli(1), eye-contact(2), and voices(3), suggesting that they come into the world already
equipped with primitive biases that prepare them for integration into an exceedingly social
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world. By contrast, many children and even adults with autism spectrum disorders (ASDs)
do not share these basic social predispositions(4—6). While many (not necessarily
incompatible) hypotheses regarding the source of these disturbances in ASD have been
proposed(6-8), recent views have highlighted the need to consider the disorder from a
fundamental perspective of development(9), an approach that provides illumination not only
of the pathogenesis of ASD but also of the essential genetic, neural, and behavioral
underpinnings that comprise and contribute to the surprisingly robust social and
communicative capabilities exhibited throughout early typical development.

Previous studies using eye-tracking have shown that adolescents and young adults with ASD
look less at the faces of people engaged in complex social interactions(10) and take longer to
locate faces in complex scenes(11). Similar studies in toddlers have shown that 2-year-olds
with ASD preferentially attend to videos of geometric shapes over videos of children
playing(12) and look less at the faces of actresses attempting to engage their attention using
direct eye-contact and infant-directed speech(13; 14). These atypical patterns of attention
towards social information have been linked with the communicative and social deficits that
define ASDs.

A key question in the field of autism research is when and under what conditions do atypical
attentional patterns towards social information begin to emerge. Interest in this stems from
both theoretical and practical concerns. From a theoretical perspective, understanding the
early ontogeny of the disorder provides a window into those critical processes that support
the unique developmental progression that leads to communicative and social competence in
typical development(15). From a practical perspective, increased understanding of the early
prodromal symptoms of ASDs(16) may pave the way not only for earlier identification of
ASD, but may also help to map out the relevant developmental targets for intervention, a
goal which may help us to mitigate deleterious effects of the disorder on the quality of life of
affected individuals (17-19).

However, identification of early prodromal symptoms of ASD has proven challenging(16;
20-22). The deficits that define the disorder are more easily identifiable in the 2"d year when
the diminished social and communicative abilities and presence of stereotyped interests and
repetitive behaviors(23) of many toddlers on the autism spectrum are more apparent(24—-26).
Before this age, the behavioral symptoms associated with ASD can be highly non-
specific(16; 20; 21), hindering investigations of the early developmental manifestations of
ASD because of the lack of a concurrent and definitive diagnosis.

Among methods used to examine the nature of autism before the first birthday (16), some of
the most powerful involve prospective study designs that track infants from before the
emergence of a full-blown behavioral syndrome (e.g. at 6-months of age) until their ASD
status is relatively certain(16; 20; 21). Because large sample sizes would be required in the
general population (at current prevalence estimates(27; 28), over 600 infants would need to
be tracked to identify 10 who develop ASD), most prospective studies examine infants at
high risk (HR) for developing ASD, such as infant siblings of children with a diagnosis of
ASD (though see 29-31) as these infants, due to shared genetic liabilities, are at increased
risk for ASD themselves. Recent studies of these HR infant siblings have found an over 10-
fold increase in autism risk, with 18.7% of HR infant siblings developing ASD(32).
Furthermore, over 30% of HR infants who do not develop ASD show some social,
communicative, intellectual, or other delay.(32-36)

Prospective studies have shown that many HR siblings later diagnosed with ASD exhibit
atypical patterns of attention at 12 months including decreased orienting towards their
name(37; 38), reduced eye contact(37; 39-41), atypical exploration of objects(42), and
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decreased responsiveness to joint attention(40). These findings contrast with results at 6
months of age. Typically developing infants at 6 months display a wide array of socially-
relevant skills including gaze following(43) and responsivity to direct gaze(44) and triadic
interactions(45; 46), skills once considered to be promising potential markers for early
emerging autism symptomology in HR infants(20; 21). Prospective studies to this point,
however, have suggested few differences in social and communicative behaviors at 6
months between those who develop ASD and those who do not(35; 37; 39; 40; 47-52).

However, there is some evidence of more subtle behavioral manifestations of autism at 6
months of age in HR siblings. For example, Zwaigenbaum and colleagues noted decreased
parent-reported activity levels in 6-month old HR infants who developed ASD (37) relative
to other HR infants and low-risk (LR: no family history of ASD) controls. Flanagan and
colleagues showed that 6-month old HR infants who developed ASD exhibited diminished
postural control(53). Paul and colleagues showed relationships between atypical vocal
production at 6 months and later autism symptoms(54). In addition, two recent eye-tracking
studies have found attentional differences in infants who go on to develop ASD. In a study
of an overlap task involving faces and objects, Elison and colleagues(55) found that 7-
month-old infant siblings who developed ASD showed longer latencies to disengage and
shift away from central stimuli. In our recent eye-tracking study, we showed that 6-month-
old infants who later developed ASD demonstrated diminished spontaneous attention
towards complex dynamic social scenes and to the face of an actress within those
scenes(56).

Recent studies have also suggested that infants who develop ASD may exhibit neural level
differences. A diffusion tensor imaging study by Wolff and colleagues found white-matter
fiber tract irregularities in 6-month-old HR infants who developed ASD(57), a finding
possibly related to morphological overgrowth in infants who develop ASD(58-62). A recent
study by Elsabbagh and colleagues showed slower ERP P400 responses to faces with direct
gaze as compared to averted gaze at 6 months in HR infants who developed ASD versus
both other HR infants as well as LR controls(50).

Thus, emerging evidence suggests that even at 6 months behavioral and neural atypicalities
may be present in infants who later are diagnosed with ASD. However, despite the
prominence of studies of face perception in infancy research and the multitude of studies
indicating atypical face scanning in older individuals with ASD (e.g. see 10; 13; 14; 63-65),
there have been no studies that have linked specific patterns of looking towards faces in
infancy to later-emerging ASD. One difficulty, as noted by Speer and colleagues, is that
atypical patterns of attention towards facial features by individuals with ASD may arise only
under specific, more socio-cognitively challenging contexts such as complex, dynamic
social scenes(65). This effect is also observed in toddlers with ASD, who show a more
atypical pattern of attention towards facial features in response to communicatively-
informative actions by an actress but not in response to her solitary activities or to nonsocial
motion(14).

In this study, we aimed to examine the effects of context on patterns of looking at faces in
LR and HR 6-month-old infants. Unlike in our previous study(56), the faces in this study
subtended wide visual angles affording a more fine-grained region-of-interest analysis. The
faces were presented in three conditions: as a static image, as a dynamic video of an actress
smiling, and as a dynamic video of a smiling actress speaking a nursery rhyme. These
conditions reflected a sequence of increasingly complex and communicatively charged
information, allowing us to examine whether, as in older toddlers(14) and children(65) with
ASD, attentional profiles towards faces in infants who develop ASD become more atypical
as socio-cognitive processing demands are increased. Through this process, we hope to
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obtain a better understanding of those attentional atypicalities towards social and
communicative information which may constitute risk factors for the development of ASD,
and, more broadly, to identify the links between the atypical social experiences implied by
atypical attentional processes and the later emergence of autism symptoms.

Methods and Materials

Participants

Participants (N=122) were enrolled in a prospective study of face processing and were
comprised of both younger siblings of children with ASD (high-risk, HR; N=68) and infants
who had no family history of ASD in any 15t or 2" degree relatives (low-risk, LR; N=54).
In HR infants, the diagnosis of the older sibling was confirmed by clinical best estimate
(CBE) together with the ADOS-G(66) and/or ADI-R(67). In LR infants, family history was
ascertained through parent/caregiver interview via standardized questionnaires. The study
protocol was approved by the University Institutional Review Board with parents signing
informed consents.

At 6 months all infants were administered a developmental assessment (Mullen Scales of
Early Learning(68)) and eye-tracking procedures. At a 24-month (28%) or 36-month
assessment (72%), CBE diagnosis for HR infants were assigned by expert clinicians based
on measures including developmental (Mullen(68)) and language assessments (CSBS(69) or
PLS-4(70)), family and medical history, and the ADOS-G(66). The infants were classified
into: (1) those presenting with frank symptoms of ASD (ASD, N=15: 14 HR, 1 LR); (2) HR
infants with an atypical developmental presentation, transient or otherwise (HR-ATYP,
N=35); (3) HR infants with no clinically significant symptoms (HR-TYP, N=19); and (4)
LR infants with no clinical symptoms (LR-TYP, N=53). These criteria are identical to those
used in our previous study(56) and reflect strict definitions of HR sibling “typical
development”, including the lack of even transient developmental or broader autism
phenotype concerns. Follow-up analyses with definitions of HR-ATYP that did not include
transient concerns (resulting in HR-ATYP comprising 39.1% of the HR sample, comparable
to proportions noted for elevated ASD symptoms or developmental concerns in(71)) did not
change the results of our study.

Twenty-three of the 122 infants (18.9%) were excluded due to movement or inattention
during calibration procedures. The remaining infants all contributed data to at least one
condition and 82% contributed data to two or three conditions. The percentage of excluded
participants did not differ by diagnosis (79.2% to 84.2%; ¥2(3)=.32, p=.96). Similarly, there
was no differential drop-out by condition (Static: x2(3)=1.51, p=.68; Affective: y2(3)=.2.17,
p=.54; Speech: ¥2(3)=3.12, p=.37). Excluded infants were younger than included infants
(M=6.12 months, SD=.33 and M=6.32 months, SD=.49, respectively; t(46.8)=2.3, p=.02),
but did not differ by gender (p=.59) or Mullen age equivalent (AE) scores (all p>.05).

The retained sample (N=99) included participants with ASD (N=12), HR-ATYP (N=29),
HR-TYP (N=16), and LR-TYP (N=42). 93% of the sample was Caucasian and 88% non-
Hispanic, with no between-group differences. At 6 months, diagnostic groups did not differ
in chronological age or Mullen AE scores, with the exception of decreased fine motor
performance in the HR-ATYP group relative to the LR-TYP group. At 24 months, toddlers
with ASD showed the greatest level of social deficits compared to all other groups, and,
together with the HR-ATYP group, showed lower verbal and nonverbal performance as
compared to the HR-TYP and LR-TYP groups (Supplement: Table S1).
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Stimuli were presented in three conditions. In the Static condition an image of a neutral
female face(72) was shown. In the Affective condition a video of a smiling female face was
shown. In the Speech condition a video of a female reciting a nursery rhyme was presented.
Each stimulus was preceded by a 1.5s central target. To accentuate dynamic scene qualities,
dynamic scenes (Affective and Speech conditions) included a single forward and backwards
movement resembling a looming approach and retreat. The positions of the eyes and mouth
were controlled between conditions. The display area (including background) extended 15.2
x 20.9 degrees of visual angle, with the face comprising 51-59% of the vertical and
horizontal extent. All stimuli were presented together with an overlaid classical music
soundtrack in order to enhance attention to the scene.

Considering that the study was focused on studying face recognition in young children,
stimuli were shown until infants had looked at the stimulus for 20 seconds (see 63).
Dynamic stimuli (approx. length 10s) were looped to meet the time criterion. In order to
obtain comparability across presentations (which could include a partial second video
iteration), and for the purposes of this study, only the first 10s of the Satic condition and the
first loop of dynamic stimuli were analyzed.

Infants were seated in a car seat in front of a 24” 16:9 widescreen LCD stimulus monitor in a
dark and soundproof room. The center of their vision was aligned with the center of the
monitor, with an eye-to-monitor distance of 75 cm. Once the child was settled, a 5-point
calibration routine (colorful cartoons) was initiated. Following this, the stimuli described
were presented. Gaze patterns were recorded on an iView X RED 60hz desktop mounted
eye-tracking system and stimuli presented with Presentation (Neurobehavioral Systems,
Inc.).

Analytic Strategy

Data Reduction—Gaze patterns were analyzed using standard area-of-interest (AOI)
analysis techniques via custom software written in MATLAB (73) (see Figure 1). Regions
were selected to capture areas known to be informative for facial recognition in young
children with ASD(63; 74). For analyses on looking at the inner regions of the face we
excluded 4 trials (2% of all trials) in which children looked at the scene less than 15% of the
time. Periods in dynamic scenes where the face was in looming motion were excised (23.3%
in the Affective condition and 16.7% in Speech).

The following dependent variables were examined: (1) % Scene - overall time spent looking
at the scene, relative to the time the stimulus was shown. This variable represents overall
attention to the stimuli, and has been shown to be diminished in infants who later develop
ASD(56). (2) %I nner Face - time spent looking at inner areas of the face (eyes, nose, and
mouth) relative to time spent looking at the scene, capturing attention towards face areas
important for encoding facial identity in older, typically developing individuals(74).
Attention to inner facial features is also diminished in young children with ASD(14; 56; 63).
(3) % Outer Person - time spent looking outer areas of the person (skin, hair, and body)
relative to time looking at the scene. This variable captures attention towards areas on the
person other than key areas of the face. (4) Eye-to-Mouth Ratio — eye-looking time / (eye-
looking time + mouth-looking time)(47; 63; 75). This variable has been frequently studied in
eye-tracking work on face scanning in ASD(47; 63; 75; 76) and captures discrepancies in
attending towards the mouth over the eyes (see also 10; 13; 64; 77).
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Together, this collection of variables captures differences in attention from the “top to
bottom”, following general principles outlined in(78), with each successive layer refining
our understanding of the nature of scanning patterns across infants with different outcomes.

Statistical Analyses

Results

Dependent variables were analyzed in a 4 (diagnostic group) by 3 (experimental condition)
linear mixed effects model with the experimental condition (Static, Affective, or Speech) as a
within-group factor and diagnostic group (ASD, HR-ATYP, HR-TYP, LR-TYP) as a
between-group factor. Planned contrasts between the ASD group and all other groups are
reported using a Holm-Bonferroni correction. Preprocessing was done in Perl, Matlab, and
R; final data analyses were implemented in SPSS.

Looking at the scene

Analysis of % Scene indicated a group difference [F(3,92.0)=4.16, p=.008] but no condition
(p=.656) or group x condition interaction (p=.620). Infants later diagnosed with ASD looked
less at the scene as a whole as compared to HR-ATYP (p=.006, d=1.01) and LR-TYP (p=.
004, d=1.19) infants and showed a trend to look less than HR-TYP infants (p=.083, d=.56)
(Figure 2a; Supplement: Figure S1 Row 1)

Looking at Inner Features of the Face

Analysis of %I nner showed no main effects of group (p=.533) or condition (p=.514), but
indicated a group x condition interaction [F(6,68.7)=2.30, p=.044]. Post-hoc comparisons
indicated that infants later diagnosed with ASD looked less at inner features of the face than
other groups only in the Speech condition (HR-ATYP: p=.010, d=1.25; HR-TYP: p=.010,
d=1.32; LR-TYP: p=.028, d=.60) and looked less at the inner features in the Speech
condition than any other condition (vs. Affective: p=.048; vs. Satic: p=.004) (Figure 2b;
Supplement: Figure S1 Row 2). No other interactions were significant.

Looking at Outer features of the Person

Analysis of % Outer showed no effect of group (p=.521) or condition (p=.640), but
indicated a group x condition interaction [F(6,61.7)=2.29, p=.046]. Infants later diagnosed
with ASD looked more at outer features compared to controls only in the Speech condition
(HR-ATYP: p=.018, d=1.12; HR-TYP: p=.018, d=1.22; LR-TYP: p=.038, d=.57) and
looked more at outer features in the Speech condition than any other condition (vs. Affective:
p=.011; vs. Satic: p=.009) (Figure 2c).

Looking at the Eyes versus the Mouth

Analysis of Eye-to-Mouth Ratio showed no main effects of group (p=.954), a condition
effect (F(2,72.6)=64.3, p<.001), and no group x condition interaction (p=.926). All infant
groups looked at the eyes (relative to eyes and mouth) most in the Static condition (vs.
Affective: p<.001, d=.62; vs. Speech: p<.001, d=1.52), followed by the Affective condition
(vs. Speech: p<.001, d=.88), and least in the Speech condition (Figure 2d; Supplement:
Figure S1 Row 3).

Discussion

The key findings of this study are that 6-month old infants who later develop ASD show
marked reductions in attention towards both static and dynamic faces and, when they do
attend to faces, they look less at the socially-informative inner features. However, while the
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former deficit does not appear to be condition-specific, diminished attention to the key facial
features was found only in response to a face that was speaking. Despite these deficits,
similarly to typically developing and developmentally delayed infants, infants later
diagnosed with ASD show an elementary ability to modulate attention between the eyes and
mouth that is contingent on the context in which faces are presented. These results have
several implications.

First, observations of decreased overall levels of attention to complex social stimuli,
consistent with our previous work in infants(56) and toddlers with ASD(14), suggest that
already at 6 months, infants later diagnosed with ASD may have limited experience
monitoring the faces of those around them. At present, it is not clear what the underlying
neurophysiological and behavioral bases of these deficits are and whether they are restricted
to social stimuli or extend to nonsocial stimuli as well. These questions will have to be
answered though careful experimental decomposition of the complex stimuli used in this
study and by extending the study to even younger infants at risk. However, the
compounding influences of attention-driven experience and early brain plasticity are thought
to lead to increasing specialization, proficiency, and preferences for social information
throughout development(9; 79; 80). Our results suggest that at 6 months such processes have
already been disrupted in infants who will develop ASD, potentially impairing further
maturation of brain areas involved in processing of faces, affect, and speech.

Second, infants who later develop ASD attended less to inner areas of the face and focused
more on areas of the speaker that provided less information regarding verbal cues. An eye-
tracking study of 6-month old typically developing infants showed a speaking face (as
compared to a still face) resulted in less looking at the eyes and more at the mouth but, no
overall changes in combined looking at both features (81). Results of our study are
consistent with this finding for infants who did not develop ASD, but not for those who did,
suggesting that there may be a specific quality of speech which perturbs the scanning
patterns of infants who later develop ASD.

Third, while allocation between eyes and mouth differed significantly by condition, this
effect was similar in all groups, including infants later diagnosed with ASD. This finding is
consistent with other studies(14; 52; 56; 81) and suggests that, like other infants, infants
later diagnosed with ASD can adjust their scanning strategies based on the context in which
the face is presented (e.g. static, smiling, or speaking). However, in infants who develop
ASD, this preserved modulation is embedded within more general attentional deficits,
especially in response to speaking faces.

In high-risk infant sibling research, most studies examining behavioral precursors to later
socio-cognitive abilities in the context of live interactions in infant siblings around 6 months
of age have not found differences between those who do and those who do not develop
ASD(e.g. 35; 37; 39; 40; 49). It is possible that the increased saliency of live interactions
provide additional attentional supports for infants who later develop ASD(82; 83),
suggesting that, paradoxically, less salient experimental paradigms may help identify those
features that constitute early markers of ASD. In addition, between-group differences in the
allocation of attention towards socially-relevant events, which are often fleeting, may be
particularly subtle. In this case, eye-tracking studies and studies of more fundamental
attentional mechanisms may reveal behavioral differences where assessments of live
interactions do not. Our current work supports these notions, as does our previous study(56),
which identified generally reduced attention and diminished looking towards faces in the
context of complex, dynamic social scenes involving a speaking actress, and the recent work
by Elison and colleagues(55), which showed increased response latencies during an overlap
task involving faces and objects(though see 84).
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However, other eye-tracking studies have not found visual attention atypicalities in infants
who develop ASD. Young and colleagues(47) used a live-video of mothers in a still-face
procedure. It is possible that the added familiarity of the mother and/or tendency of mothers
to adapt to their infants’ behaviors(82) may have contributed to lack of between-group
differences. The work of Elsabbagh and colleagues(50-52) also showed no between-group
differences through eye-tracking in infants between 6 and 10 months of age who developed
ASD. In addition to focusing on a slightly different age range of participants, these studies
used stimuli consisting of actresses repeatedly shifting gaze to the left and right(50), faces
arranged in an array with objects(51), and dynamic videos of an actress who was not
speaking(52). In terms of the distribution of attention between the eyes and mouth, our study
is consistent with findings of no between-group effects and the preservation of context
sensitivity in infants who develop ASD(52). However, our study deviates from the other
work through our incorporation of a speech condition which separates infants who develop
ASD from infants with other outcomes when considering attention towards key features of
the face.

While it is possible that infants who develop ASD specifically “avoid” speaking faces, a
lack of between-group effects in our previous study (where faces shifted between speaking
and non-speaking) (56) may suggest a more nuanced phenomenon. It is important to note
that our study also included a musical score as a backdrop to all presented face stimuli in
order to increase infants’ attention, especially in the two conditions devoid of speech. In the
speech condition, the presence of music may have increased the processing load associated
with decoding audiovisual information, forcing the infants, as in real life, to select the most
socially- or task-relevant stimuli for processing. Findings of speech-specific attentional
difficulties in our study are consistent with reports of audio-visual integration difficulties in
ASD(85-88) and HR infant siblings(89) as well as the intersensory processing impairment
theory of autism proposed by Bahrick(8). Although the mechanisms of this phenomenon are
not known at present, if expressed when typically developing infants are relying heavily on
redundant audio-visual cues to facilitate development of speech perception(90; 91),
difficulties in this domain may detrimentally impact social communication and language
development.

Our study replicates and extends our earlier findings related to spontaneous monitoring of
complex social scenes in 6-month-old later diagnosed with ASD(56) and toddlers with
autism(14). The attention of infants later diagnosed with ASD appears generally depressed
regardless of context and deviates from key facial features in the context of a speaking face.
Based on extant evidence, it is not yet clear if differences in attention observed at 6 months
are necessarily constrained to social stimuli or reflect more general information processing
difficulties. However, our study suggests that already at 6 months infants who go on to
develop ASD are experiencing a different social environment through their selective
deployment of attention. Further work is necessary to clarify the nature of these difficulties
as well as their impact on the development and outcomes of infants who will later develop
ASD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Areas-of-interest (AOIs) overlaid on frame from Speech condition.
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Face scanning variables by condition and group showing that infants who go on to develop
ASD show: (A) general decreased attention to dynamic scenes with faces; (B) decreased
attention to inner areas of the face (eyes, mouth, and nose) only in the Speech condition; (C)
increased looking towards non-face areas of the person (skin, hair, and body) only in the
Speech condition; but (D) condition-dependent increases in attention towards the mouth vs.

the eye during Speech similar to that observed in other groups.
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