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Abstract
Variability in attention towards direct gaze and child-directed speech may contribute to
heterogeneity of clinical presentation in toddlers with autism spectrum disorders (ASD). To
evaluate this hypothesis, we clustered sixty-five 20-month-old toddlers with ASD based on their
visual responses to dyadic cues for engagement, identifying three subgroups. Subsequently, we
compared social, language, and adaptive functioning of these subgroups at 3 years of age. The
cluster displaying limited attention to social scenes in general exhibited poor outcome at 3 years;
the cluster displaying good attention to the scene and to the speaker's mouth were verbal and high
functioning at 3 years. Analysis of visual responses to dyadic cues may provide a clinically
meaningful approach to identifying early predictors of outcome.
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Phenotypic heterogeneity of autism spectrum disorder (ASD) is a well-known but poorly
understood phenomenon. It is apparent in the 2nd year with social deficits spanning from
extreme withdrawal to moderate difficulties in reciprocal interactions, and with verbal and
nonverbal skills ranging from severe impairments to above average levels (Chawarska, Klin,
Paul, Macari & Volkmar, 2009). Despite advances in early diagnosis and treatment, a
considerable proportion of children with ASD make very limited progress over time, while
others are likely to reach superior performance levels in selected developmental domains
(Howlin, 2005; Lord et al., 2006). Factors responsible for such variable outcomes remain to
be identified (Perry et al., 2011; Sherer & Schreibman, 2005). The limited ability to parse
the heterogeneity of syndrome expression in its early stages hinders efforts at identification
of early diagnostic markers and factors affecting amenability to treatment, as well as
underlying neurobiological and genetic mechanisms.

One of the quintessential features of ASD in young children is their limited attention to faces
combined with under-responsivity to speech (Chawarska et al., 2009; Nadig et al., 2007;
Paul, Chawarska, Fowler, Cicchetti, & Volkmar, 2007). Typically developing newborns are
equipped with perceptual mechanisms that facilitate detection of and preference for faces,
particularly those that afford direct eye contact (Farroni, Csibra, Simion, & Johnson, 2002)
or child-directed (CD) speech (Kisilevsky et al., 2009; Vouloumanos, Hauser, Werker, &
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Martin, 2010). Given infants' ability to integrate multimodal perceptual input (Bahrick,
1987; Lewkowicz, 2000), face and speech stimuli are processed in a mutually reinforcing
manner. For instance, speaking faces are encoded faster and recognized more effectively
than faces whose mouths move silently (Guellaï, Coulon, & Streri, 2011; Sai, 2005) and
attention to lip movements enhances speech processing in very young infants (Burnham &
Dodd, 2004; Teinonen, Aslin, Alku, & Csibra, 2008). Considering that learning about
people is a highly experience-dependent process (Greenough, Black, & Wallace, 2002;
Johnson, Grossmann, & Kadosh, 2009), individual differences in attention to socially
relevant stimuli early in development are highly consequential for the development of social
cognition and language.

In recent years, eye-tracking studies have offered great promise for identifying mechanisms
underlying atypical social engagement in school-age children with ASD (Klin, Jones,
Schultz, Volkmar, & Cohen, 2002; Norbury et al., 2009) as well as in infants and toddlers
(Chawarska, Macari, & Shic, 2012; Jones, Carr, & Klin, 2008; Pierce, Conant, Hazin,
Stoner, & Desmond, 2011; Shic, Bradshaw, Klin, Scassellati, & Chawarska, 2010; Young,
Merin, Rogers, & Ozonoff, 2009). These studies suggest that toddlers with ASD have
difficulties directing attention to socially relevant aspects of scenes, be they faces of
interactive partners (Chawarska et al., 2012; Jones et al., 2008) or shared activities (Shic et
al., 2010). A recent study (Chawarska et al., 2012), employing a free-viewing paradigm
while presenting a complex scene of an actress engaged in several different activities,
examined the conditions under which toddlers with autism show the most atypical patterns
of attention. Compared to developmentally delayed and typical controls, 14- to 24-month-
old toddlers with autism showed particularly atypical visual responses when the actress tried
to engage the viewers' attention using eye contact and child-directed speech. In these dyadic
bid conditions, toddlers with autism showed diminished attention to the scene in general,
and when looking at the scene, showed pronounced deficits in monitoring the actress' face
and her key facial features.

Considering that mechanisms supporting responsivity to dyadic cues for attention are
present shortly after birth and are highly consequential for development of social cognition
and communication, individual differences in responses to these bids in ASD may be linked
to the observed heterogeneity in clinical presentation. Shifting attention to individual
variability within ASD samples offers an opportunity to examine more homogeneous
phenotypic subtypes which may be associated with distinct underlying neural or genetic
mechanisms. The present study represents a follow-up to our earlier work (Chawarska et al.,
2012) and examines variability within a group of children diagnosed with ASD (autism or
Pervasive Developmental Disorder-Not Otherwise Specified [PDD-NOS]) between 14 and
24 months (N = 65). The research strategy adopted in this study involves subgrouping based
on attentional responses in an eye-tracking paradigm, followed by validation of the clusters
on phenotypic features intrinsic to ASD concurrently and prospectively (Cantwell & Rutter,
1994). To this end, we examine (1) whether subgroups of toddlers can be reliably identified
based on their visual responses to dyadic bids for engagement in the 2nd year of life; and (2)
whether the subgroups differ in levels of social impairment, verbal and nonverbal abilities,
and adaptive functioning, concurrently and at 3 years of age.

Methods
Participants

Participants were 65 toddlers with ASD between the ages of 14 and 24 months of age (Visit
1) who were referred to a specialized university clinic for differential diagnosis (autism:
n=50, PDD-NOS: n=15; see Table 1). Forty-eight (74%) were reassessed at 36 months
(Visit 2). Eight (12%) relocated or were lost to follow-up, and nine (14%) were too young
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for confirmatory assessment at the time of the analysis; these children had all received a
clinical best-estimate diagnosis of ASD at their 24-month visit and were kept in the sample
for that reason, although they contributed no data at 36 months. The original sample of
toddlers with autism (Chawarska et al., 2012) was enriched for this analysis with 11
additional toddlers with PDD-NOS. Two expert clinicians assigned best estimate diagnosis
based on a review of all standardized tests as well as medical and family history (see
Chawarska et al., 2009 for details). The majority of the participants were male (80%), 75%
of parents declared their race as Caucasian, and 12% were Hispanic. Toddlers with
gestational age below 34 weeks, non-febrile seizures, visual or auditory impairments, or
known genetic abnormalities were not included in this study. An additional ten toddlers with
ASD were tested but contributed insufficient data to the experiment due to technical
difficulties, inattention, or negative affect, which resulted in a calibration error exceeding 1
degree of visual angle (Shic, 2008). The toddlers did not differ significantly from the
retained sample in terms of age (p = .57), verbal functioning (p = .33), nonverbal
functioning (p = .28), or ADOS-1 total score (p = .56).

All parents provided informed consent in adherence to the Yale University Human
Investigation Committee.

Characterization Measures
At both time points, verbal and nonverbal skills were assessed using the Mullen Scales of
Early Learning (Mullen, 1995). The Mullen scales captures functioning in Fine Motor (FM),
Visual Reception (VR), Receptive Language (RL), and Expressive Language (EL) domains.
For the purpose of this study we calculated verbal developmental quotient (VDQ; average
age equivalent in EL and RL domains/chronological age) and nonverbal DQ (NVDQ;
average age equivalent in FM and VR domains/chronological age). Adaptive functioning in
the areas of socialization and communication were assessed using a structured parent
interview, the Vineland Adaptive Behavior Schedule (Vineland-II; Sparrow, Balla, &
Cicchetti, 2005). Two scales are reported from the Vineland: Socialization and
Communication (M = 100, SD = 15). Autism symptoms were quantified using the Autism
Diagnostic Observation Schedule–Generic, (ADOS-G), Module 1 or 2 (Lord, Rutter,
DiLavore, & Risi, 2000; Lord et al., 2012). At both visits, Module 1 was administered,
although items from Module 2 in addition to Module 1 were administered at Visit 2
whenever clinically indicated. To evaluate changes in the severity of autism symptoms we
converted the total ADOS-G Module 1 or 2 total algorithm scores into ADOS comparison
scores (CS; Gotham, Pickles, & Lord, 2009). The ADOS CS scores range from 1 to 10 and
provide a way of indicating a child's level of ASD-related symptomatology compared with
that of children with ASD who are of the same chronological age and language level.

To account for intensity of intervention received in the period between visits, we calculated
the average intensity of intervention collapsed across the different types of treatment
received by individual children (e.g. educational, occupational, or speech and language
therapy). We defined average intensity of intervention as the total number of hours of all
types of intervention services received between Visit 1 and Visit 2, as reported by the
parents at the second visit, divided by the time interval in weeks between the two visits.

Stimuli
The stimuli consisted of a 3-minute video of an actress filmed in a setting containing four
toys and a table with ingredients for making sandwiches (Figure 1A). The experiment
consisted of four conditions, with each condition presented over multiple episodes, where
each episode was an instance of the behavior associated with the condition (see Chawarska
et al., 2012 for details). In the Sandwich condition, the actress looked down at the table and
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made a sandwich; no direct gaze or speech cues were present. In the Joint Attention
condition the actress looked up briefly at the camera, and then exclaimed ‘uh-oh’ as she
turned toward one of the toys and remained still for 4 seconds. In the Moving Toys
condition, after the actress looked up at the camera, a toy began to move and make noises;
this was immediately followed by the actress turning to look at the diametrically opposed
toy. Finally, in the Dyadic Bid condition the actress engaged in child-directed speech while
looking directly at the camera (11 episodes, total duration 69 seconds), resembling a bid for
dyadic attention. The content of the actress' speech was related to the events presented in the
video and included greeting the viewer (“How are you, baby?”), complimenting (“You are
so cute!”), commenting on the toys moving in a prior episode (“Did you see it? It was so
much fun!”), or referring to a video the child watched just before the experiment (“Did you
see the tigers?”). Considering that the main focus of the experiment was examining
spontaneous attentional responses to a changing social context, the video consisted of a
stream of activities with no breaks to re-center the viewer's attention, requiring the toddlers
to adjust their fixation patterns depending on context, as they would in real life.

Considering the aims, analysis in this paper is focused exclusively on the performance
patterns in the Dyadic Bid condition, which produced the greatest differences between the
autism and control groups (Cohen's d ranging from .93 to 1.2) paired with notable variability
within the autism group (Chawarska et al, 2012).

Apparatus
Gaze trajectories were recorded at a sampling rate of 60Hz using a SensoMotoric
Instruments IView X™ RED eye tracking system. Eye tracking data were processed using
custom software written in Matlab (MathWorks, 2009). The software accommodated
standard techniques for processing eye-tracking data including blink detection, data
calibration, recalibration, and Region of Interest (ROI) analysis (Duchowski, 2003; Shic,
2008).

Procedure
At Time 1, we conducted the eye tracking experiment and a comprehensive behavioral
evaluation including the Mullen, ADOS-G, and Vineland assessments; the behavioral
assessments were repeated at Time 2, which were used in validation of clusters. In the eye
tracking experiment at Time 1, toddlers were seated in a car seat in a dark and soundproof
room 75cm from a 24” widescreen LCD monitor. Each session began with a cartoon video
to help the child get settled. A five-point calibration procedure was then initiated with
calibration points consisting of dynamic targets presented simultaneously with sound (e.g. a
meowing, walking cartoon tiger). Subsequently, each participant was presented with the
video described in Stimuli.

Data reduction
The visual scene was divided into several regions of interest (ROIs; Figure 1b). ROIs were
dilated by 1.25 degrees on each side with no overlap between different regions to
accommodate calibration error and eye-tracker noise. Dependent variables were based on
the proportions of time spent examining each of the regions (i.e. the total proportion of time
the participant's point of regard was located within each region) and include: (1) overall
attention to the scene, %Scene, (2) proportion of attention directed towards the person,
including %Face, %Eyes, %Mouth, %Hands Area, and %Eye-to-Mouth, defined as %Eyes/
(%Eyes + %Mouth); and (3) attention towards distractors, %Toys. The proportion of total
looking time (%Scene) was standardized by the total duration of the video display; the
remaining variables with the exception of %Eye-to-Mouth were standardized by the total
looking time at the scene.
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Statistical analysis
Subgrouping was conducted using hierarchical clustering (HC; Hastie, Tibshirani, &
Friedman, 2009) applied to the Euclidean distances between each pair of subjects using
Ward's method as linkage criterion (Ward, 1963), resulting in a hierarchy of cluster
partitions. HC partitions the data based on the structural relationships of the input eye-
tracking measures alone, without appealing to a predetermined set of outcome labels (e.g.,
autism or PDD-NOS). This approach allows for discovery of groupings that may not
otherwise be considered or explored. Differences between discovered clusters on variables
external to the model (i.e., clinical characterization features) serve as validation for the
clusters. Based on our previous work (Chawarska et al., 2012) as well as work by others
(Jones et al., 2008; Klin et al., 2002; Norbury et al., 2009), we selected as inputs to HC the
three variables that most succinctly captured responsivity to direct eye contact (%Eyes) and
CD speech (%Eye-to-Mouth), as well as the general ability to maintain focused attention
towards the scene (%Scene).

Once the cluster tree was constructed, the optimal number of clusters was chosen by the
location of an “elbow” in a plot of height differences on the y-axis (analogous to the gain in
explanatory power obtained by making the split) versus cluster number on the x-axis. This
represents the point at which subsequent partitions of the data provide marginally little
information compared to prior partitions and therefore can be disregarded (Goutte, Toft,
Rostrup, Nielsen, & Hansen, 1999; Tibshirani, Walther, & Hastie, 2001).

We assessed whether the clusters represented a generalizable, robust phenomenon rather
than an incidental reflection of a particular dataset using bootstrapping, a resampling method
for assessing the variability of a statistical measure (Efron, 1979; Efron & Tibshirani, 1993).
To create each bootstrapped sample, participants from the original dataset were sampled
with replacement, approximating a sample drawn from the original population and
preserving the distributions and interdependencies of measurements without actually
specifying them (Efron, 1979). Cluster robustness was assessed in two ways: replication of
the choice of the identified number of clusters and agreement of the cluster assignments
across bootstrapped samples. To facilitate analysis of large numbers of bootstrapped
samples, we automated the selection of the optimal number of clusters by fitting a simple
linear regression model with cluster number as predictor variable and height difference as
response variable, and selected the largest index which is identified as an outlier by Cook's
distance (Cook & Weisberg, 1982) as our location for the elbow. Agreement of cluster
partitions between each bootstrapped sample's clusters and the clusters based on our sample
were measured using the adjusted-for-chance Adjusted Rand Index (ARI; Hubert & Arabie,
1985).

The identified clusters were compared on other aspects of eye-tracking performance and
phenotypic features using mixed-effects models, with cluster as between-subject effect, visit
and cluster-by-visit interaction as within-subject effects, and the average number of hours of
intervention per week between visits 1 and 2 as a covariate. Post-hoc comparisons are
reported with Tukey-Kramer corrections for multiple comparisons. To compare the
magnitude of change in skill acquisition within each cluster we computed the repeated-
measures effect size, a version of Cohen's d (Cohen, 1988) which corrects for within-subject
correlation across the two visits (Morris & DeShon, 2002). Data analysis was implemented
in SAS (SAS Institute Inc., 2002-2010) and R (R Development Core Team, 2011).
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Results
Clustering Analysis

Cluster identification—The analysis identified three well-separated clusters of toddlers
within the ASD group (Figure 2a). Analysis of height differences in the cluster tree as a
function of the number of clusters shows that the three clusters have much greater
explanatory power than two clusters, and partitioning the three clusters further yields only
marginal gains so it was not recommended (Figure 2b). Clusters 1, 2, and 3 were comprised
by 22 (34%), 20 (31%) and 23 (35%) of the toddlers with ASD, respectively. There was no
gender effects, χ2(2) = .89, p = .61, or diagnosis (autism vs. PDD-NOS) effects, χ2(2) = .86,
p = .65, on cluster assignment.

Cluster robustness—We applied hierarchical clustering with the same distance measure
and linkage criterion as in our analysis above to each of 1,000 bootstrapped samples to
estimate the optimal number of clusters (Figure 3a). Three clusters were chosen most
commonly, by 66% of the bootstrapped samples, followed by four clusters (19%) and two
clusters (11%). Subsequently, we conducted a second bootstrapping analysis that recorded
the cluster assignments (out of three labels) for each bootstrapped sample. ARI values were
significantly larger than would be expected under random cluster assignment (Figure 3b).
The mean and standard deviation of the bootstrapped ARI's for the cluster analysis were
0.537 and 0.203, respectively. The corresponding values for random group assignment were
0 and 0.033, respectively. Cohen's d for the difference in means using a pooled standard
deviation was 3.69, suggesting significant stability in cluster agreement. The results of both
bootstrapping simulations indicate that the partition of the data into three clusters is robust to
changes in the data and hence suggests a replicable cluster structure in the population.

Cluster characteristics—As expected, the clusters differed significantly with regard to
the eye-tracking variables of %Scene, F(2,62) = 52.79, p = .0001; %Eyes, F(2,62) = 41.18, p
< .001; and %Eye-to-Mouth, F(2,62) = 47.17, p < .001 (Figure 4, Table 2). Significant
differences were also found for %Face, F(2,62) = 12.67, p < .001; %Mouth F(2,62) = 20.89,
p < .001; and %Toys F(2,62) = 8.00, p < .001.

Post-hoc comparisons (Figure 4, Table 2) indicated that toddlers in Cluster 1 exhibited a
limited ability to attend to the scene in general compared to those in Clusters 2 (p = .001)
and 3 (p = .001). When they attended to the scene, they spent less time looking at the
speaker's face than toddlers in Clusters 2 (p < .001) and 3 (p = .002), and more time looking
at the toys compared with Clusters 2 (p = .008) and 3 (p < .001). The time that toddlers in
Cluster 1 spent looking at eyes was significantly lower than those in Cluster 2 (p = .001) and
marginally higher than those in Cluster 3 (p = .064). Proportion of time looking at the mouth
in Cluster 1 was comparable to that observed in Cluster 2 (p = .205), but lower than in
Cluster 3 (p = .001). Although their overall attention to the faces was very limited, their eye-
to-mouth ratio (M=38%, SD=17) was greater than in Cluster 3 (M=15%, SD=8; p < .001)
and smaller than in Cluster 2 (M=52%, SD=13; p = .003).

Toddlers in Clusters 2 and 3 showed comparable (p = .784) attention to the scene and did
not differ significantly in their looking ratios to the Face (p = .398) or Toys (p = .505). They
did, however, differ in how they distributed attention to the key facial features of eyes (p = .
001) and mouth (p = .001). When looking at the speaker's face, toddlers in Cluster 3 almost
exclusively focused on her mouth, leading to a significantly lower Eye to Mouth ratio
compared to Clusters 1 (p = .001) and 2 (p < .003). In comparison, those in Cluster 2 divided
their attention to eyes and mouth almost equally.
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Clinical Characteristics of the Identified Clusters
Intensity of intervention—A comparison of the average number of hours per week of
intervention in the three clusters indicated no significant differences, F(2,47) = .17, p = .848.
Toddlers in Clusters 1, 2, and 3 received on average 14.3 (SD=5.5), 14.3 (SD=9.2) and 13.1
(SD=6.1) hours per week of early intervention services, respectively. Nonetheless, given
variability across participants in all groups, intervention was included in subsequent
analyses as a covariate.

Social functioning—Analysis of the ADOS-Module1 Total scores indicated significant
main effects of Cluster and Visit, no Cluster-by-Visit interaction and no effect of
Intervention (see Table 3, Figure 5). Toddlers in Cluster 1 exhibited a greater degree of
social-affective difficulties and repetitive behavior symptoms than those in Clusters 2 ( = .
018) and 3 (p = .021). Clusters 2 and 3 did not differ (p = .976). The ADOS- Module1 total
algorithm scores declined over time in all three Clusters, with Cohen's d effect sizes equal to
-.25, -.28, and -.47 in Clusters 1, 2, 3, respectively (Figure 6). Despite changes in the ADOS
total algorithm scores signifying progress in acquisition of elementary nonverbal social-
communicative skills, there were no significant main effects or interaction with regard to the
autism severity or the Vineland-II Socialization scores, suggesting that despite gains in
nonverbal social-communicative skills, children in all clusters continued to exhibit
challenges consistent with the diagnosis of ASD. The effect of Intervention for the
Socialization score was significant (β = -.233, p = .038) suggesting that those with greater
impairment in social functioning received more intensive treatment.

Nonverbal functioning—Analysis of the Nonverbal DQ scores suggests significant
effects for Cluster and Intervention only (β = -.546, p = .026; see Table 3, Figure 5). Cluster
1 had significantly lower NVDQ compared to Cluster 2 (p = .043) and Cluster 3 (p = .001),
while Clusters 2 and 3 did not differ (p = .408). Thus, while all groups made progress over
time, the differences between clusters that were present at Visit 1 continued at Visit 2. Those
with more extensive delays in nonverbal functioning were more likely to receive more
intensive intervention.

Verbal functioning—Analysis of the Verbal DQ scores suggested significant effects for
Cluster, Visit, and Cluster-by-Visit interaction, with no significant effect of the Intervention
covariate (see Table 3, Figure 5). Although mean verbal scores improved over time in all
groups, after correcting for multiple comparisons, the increase in Cluster 1 was non-
significant (p = .119), but it was significant in Clusters 2 (p = .001) and 3 (p = .001).
Cohen's d effect sizes for change over time ranged from .48, .50, and 1.09 for Clusters 1, 2,
and 3, respectively (Figure 6). As a complementary measure of adaptive communication in
naturalistic settings we compared standard scores on the Communication Scale of the
Vineland-II. There was a significant effect of Cluster, Visit, and Cluster-by-Visit interaction,
but no effect of the Intervention covariate. The increase in adaptive communication skills in
Cluster 1 was not significant (p = .643), but it was marked in Clusters 2 (p = .001) and 3 (p
= .001). Cohen's d effect sizes for change over time in Communication domain ranged
from .21, .70, and .66 for Clusters 1, 2, and 3, respectively (Figure 6). To test for differential
rate of language versus adaptive communication skills acquisition in the three Clusters, we
transformed Visit 2 VDQ and Vineland Communication scores into z-scores and computed
difference scores. A series of t-tests indicated that in Clusters 1 and 2 the VDQ and
Communication difference scores were not significantly different from zero, t(15) = .61, p
= .548 and t(12) = -1.5, p = .158, respectively, but they were in Cluster 3, t(18) = 2.70, p = .
015, suggesting that children in Cluster 3 achieved a higher level of formal language relative
to the ability to use it functionally for communicative purposes.
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Discussion
This study utilized eye tracking to measure visual attention in response to prototypical bids
for social engagement consisting of eye contact and child-directed speech. The sample was
assembled at the time of first diagnosis and included toddlers with both rapid and slow rates
of progress, enhancing the generalizability of the findings to a broader population of young
children with ASD. We identified three subgroups based on overall attention to the scene, to
the speaker's face, and the distribution of attention between eyes and mouth. The subtypes
identified in the 2nd year of life showed highly clinically relevant differences in the rates of
skill acquisition between 2 and 3 years and, subsequently, behavioral presentation at the age
of 3 years. The fact that the identified clusters have a predictive interpretation for individual
rates of progress suggests that the use of unsupervised methods to identify toddlers at
greatest risk for poor outcome from individual visual attention patterns constitutes a new and
exciting avenue for future research. Although biological underpinnings of the subgroups are
currently unknown, these findings support the notion that subgrouping based on visual
responses to dyadic cues provides clinically and theoretically meaningful solution to parsing
heterogeneity of early syndrome expression.

Approximately one-third of the toddlers (Cluster 1) had marked difficulties attending to the
scene containing gaze and child-directed speech. Several hypotheses could be advanced to
account for this finding. One such hypothesis is that toddlers in Cluster 1 experience
heightened autonomic arousal in response to direct eye contact, triggering active avoidance
(Dalton et al., 2005) exemplified by gazing away from the scene. However, when looking at
the face, these toddlers monitored the eyes proportionally more than toddlers in Cluster 3.
Alternatively, Cluster 1's response can be seen as consistent with limited salience of social
stimuli hypothesis (Klin, Jones, Schultz, & Volkmar, 2003) expressed, for instance, as
difficulty in sustaining attention to faces amongst competing internal and external stimuli
(Chawarska et al., 2010). If present early in development, this deficit may have profound
impacts on access to learning opportunities across domains, extending beyond social
cognition and language (Chawarska, Volkmar, & Klin, 2012; Landa, Holman, & Garrett-
Mayer, 2007; Paul et al., 2007; Tsao, Liu, & Kuhl, 2004) and into observational learning
(Falck-Ytter, Gredeback, & von Hofsten, 2006; Shic et al., 2010).

Consistent with this hypothesis, despite the very early age at diagnosis and entry into
intensive treatment programs, the rate of progress in toddlers in Cluster 1 was limited, and
by the age of 3 years, they displayed the most severe delays in cognitive and language
domains. We hypothesize that these toddlers may represent the ‘difficult-to-treat’ and poor
outcome subgroup frequently described in the treatment literature (Eikeseth, Klintwall, Jahr,
& Karlsson, 2011; Klintwall & Eikeseth, 2012; Perry et al., 2011; Sherer & Schreibman,
2005). Extant evidence is very limited with regard to predictors of outcome, as indicators in
older children such as IQ cannot be measured reliably in the 2nd year of life and most
toddlers with ASD at this age are largely nonverbal. Our results suggest that examination of
elementary attentional processing may identify those toddlers who are at greatest risk for
poor outcome in ASD at a very early point in development. Determining early predictors of
limited amenability to treatment is highly consequential for designing more specialized
treatments and improving our understanding of the mechanisms underlying sub-optimal
outcomes in ASD.

Toddlers in Clusters 2 and 3 constituted over 60% of the sample. As a group, they exhibited
very good attention to the scene and the speaker's face, comparable to that observed in
typically developing and developmentally delayed children (Chawarska et al., 2012).
Although these findings are encouraging, an intact ability to attend to faces does not
necessarily translate into a typical mode of processing of these stimuli. For instance, while
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toddlers with ASD exhibited no deficits in attention to static photos of faces, they showed an
impaired ability to abstract their invariant features necessary for successful recognition
(Bradshaw, Shic, & Chawarska, 2011; Chawarska & Shic, 2009). Similarly, although
toddlers with ASD reorient reflexively to gaze cues (Chawarska, Klin, & Volkmar, 2003),
their level of attentional engagement with such cues is limited compared to non-ASD
controls (Chawarska et al., 2003; Chawarska et al., 2010) and they are likely to employ
different neural substrates to process them (Greene et al., 2011). Nevertheless, being able to
orient to a complex social scene and to the face of the speaker was associated prospectively
with gains in verbal, nonverbal, and social-communicative functioning.

Despite similarities in overall attention regulation, Clusters 2 and 3 exhibited intriguing
differences in the distribution of fixations between the eyes and mouth. When looking at the
face, toddlers in Cluster 3 focused almost exclusively on the speaker's mouth. This strategy
combined with attention to the scene comparable to that observed in typically developing
toddlers (Chawarska et al., 2012), was associated prospectively with a rapid rate of language
acquisition paired with an emerging discrepancy between formal language skills and
adaptive communication, a phenomenon previously described in older high-functioning
individuals with autism (Klin et al., 2007). Redundant audio-visual cues contained in mouth
movements accompanying speech help to disambiguate degraded speech in adults (Lansing
& McConkie, 1999) and facilitate language acquisition in infancy (Lewkowicz & Hansen-
Tift, 2012), and it is possible that similar mechanisms were in play in Cluster 3. In
comparison, children in Cluster 2 distributed their attention between eyes and mouth
equally. Their progress in language acquisition was significant but the magnitude was lower
than that observed in Cluster 3. It is not clear if this pattern of scanning signifies greater
sensitivity to information conveyed through eyes or limited appreciation of both cues
resulting in chance-level distribution of attention between eyes and mouth. These
differences between Clusters 2 and 3 perhaps provide an early manifestation in infancy of
the results of a video-based eye-tracking experiment performed on adolescents with autism
by Norbury and colleagues (2009), who showed that increased visual fixation time on the
mouth region was positively correlated with the communication scale on the Vineland.
Further experimental work will pinpoint the specific mechanisms involved in regulation of
attention in response to dyadic cues amongst toddlers with ASD, and how these mechanisms
affect attention regulation over time.

Although the mechanisms underlying variability of response to dyadic bids for attention are
presently unknown, we hypothesize that they may be associated with disturbances occurring
at different levels of social information processing. Relevance or salience of dyadic bids for
attention depends not only on stimulus features (e.g., direct gaze) and characteristics of the
perceptual and attentional systems that facilitate detection and prioritization of stimuli for
processing, but also on the goals and expectations of the viewer. We propose that variation
in responses to bids for social attention amongst toddlers with ASD originates in a
differential contribution of bottom-up and top-down influences on performance. In this vein,
deficits in Cluster 1 may involve the subcortical systems that detect and prioritize socially
and biologically relevant stimuli for processing, while the abnormalities observed in the two
remaining clusters might involve higher-level and fine-grained aspects of social stimulus
processing subserved by cortical networks. This hypothesis will have to be tested directly in
future studies.

Conclusion
Phenotypic heterogeneity of ASD in toddlers is expressed on multiple levels including the
ability to spontaneously attend to elementary bids for social engagement. Based on a brief
and non-invasive eye-tracking procedure we identified subgroups of toddlers with ASD with
distinct patterns of attention towards dyadic cues for attention. These patterns were
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associated with clinical outcome 1-2 years later. Our analytic approach intended to uncover
subgroups based on eye-tracking behavior in the context of dyadic bids for attention. The
fact that these subgroups displayed clinically relevant patterns of development illustrates
that responsivity to dyadic bids is potentially related to underlying mechanisms and
constitutes a promising area of future inquiry into predictors of outcome in infants and
toddlers with ASD and may advance our understanding of factors contributing to short- and
potentially long-term outcome.

Limitations—Longer-term follow-up of the identified clusters past the age of three years
will be necessary to fully appreciate the contribution of attentional patterns to overall
outcome.
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Figure 1.
(a) Single frame from the video stimulus. (b) Regions of interest (ROIs) used in analysis for
the frame in Figure 1a. Labeled regions are Eyes (E), Mouth (M), Body (B), Hands Area
(H), Toys (T), and Background (BG). The scene subtended 27 × 21 degrees of visual angle,
the Face 3.9 × 5.6, Mouth 3.5 × 2.0, and the individual Toys 5.8 × 6.4.
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Figure 2.
(a) Dendrogram reflecting the cluster tree based on three performance measures: proportion
of time spent attending to the scene (%Scene), Eyes (%Eyes) and Eye-to-Mouth ratio. (b)
Height differences in the cluster dendogram for each additional cluster added. The largest
difference is made when moving from two to three clusters.
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Figure 3.
(a) Histogram of the optimal number of clusters based on 1,000 bootstrapped samples. 66%
of the samples had an optimal cluster number of 3, consistent with our reported findings. (b)
The top figure displays a histogram of the values of cluster consistency, as measured by the
adjusted Rand index of agreement between our reported cluster partition and each
bootstrapped cluster partition. The degree of cluster consistency is significantly larger than
that observed from random cluster assignment, shown in the bottom figure.
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Figure 4.
Looking time ratios for each of the indicated regions of interest by cluster group. P-values
reported at the top of each plot are from ANOVA F-tests for differences in mean. E/M =
eye-to-mouth ratio. Pairwise significances are indicated according to the following legend:
*: p<0.05; **: p<0.01; ***: p<0.001.
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Figure 5.
Results of mixed-effects models predicting each outcome variable using Visit, Cluster,
Visit-by-Cluster interaction, and intensity of treatment between visits 1 and 2. Marginal
means (+/-1 standard error) after accounting for effects of treatment intensity are plotted for
each outcome variable and cluster.
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Figure 6.
Repeated-measures Cohen's d effect sizes for the magnitude of change in each outcome
variable from Visit 1 to Visit 2, performed separately on each identified cluster. All effect
sizes are computed over marginal means, controlling for intensity of intervention. Vertical
lines indicate 95% confidence intervals for the effect sizes.
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Table 1

Sample characterization: Means and standard deviations for measures of development, adaptive skills and
autism symptoms at Visit 1 and Visit 2.

Visit 1 N=65 Visit 2 N=48 P-value for visit differences

Age (months) 21.4 (2.9) 36.2 (4.2) <.001

Mullen NVDQ1 81 (17) 80 (22) .93

Mullen VDQ2 48 (25) 78 (36) <.001

Vineland Communication 74 (14) 86 (16) <.001

Vineland Daily Living Skills 78 (10) 81 (11) .21

Vineland Socialization 77 (7) 79 (11) .36

ADOS-G Module 1 Total 19.4 (4.7) 16.6 (5.9) .004

ADOS Comparison Score 7.3 (1.9) 7.6 (2.0) .61

1
NVDQ: Nonverbal developmental quotient

2
VDQ: Verbal developmental quotient
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Table 2

Means and standard deviations for eye-tracking looking ratios by Cluster at Time 1. Within each row, means
with different superscripts differ at least at the .01 level after correcting for multiple comparisons.

Cluster 1 N=22 Cluster 2 N=20 Cluster 3 N=23

Scene .50 (.15)a .82 (.11)b .85 (.11)b

Face .38 (.15)a .63 (.21)b .56 (.14)b

Toys .36 (.13)a .20 (013)b .26 (.12)b

Eyes .14 (.08)a .32 (.13)b .08 (.05)c

Mouth .24 (.12)a .31 (.14)a .48 (.14)b

E/M Ratio .38 (.17)a .52 (.13)b .15 (.08)c
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Table 3

Comparisons between clusters with regard to characterization data at Time 1 and Time 2. Intensity of
intervention was included as a covariate.

Outcome measure Factor/Covariate F value p-value

ADOS-G Total Score (N=65) Cluster 4.87 .009

Visit 16.72 <.001

Cluster × Visit 1.41 .36

Intensity of Intervention 2.16 .15

ADOS Comparison Score (N=65) Cluster 1.49 .23

Visit 0.09 .77

Cluster × Visit 0.78 .46

Intensity of Intervention 2.32 .13

Vineland II Socialization (N=62) Cluster 2.16 .13

Visit 2.12 .15

Cluster × Visit 1.90 .16

Intensity of Intervention 4.51 .04

Nonverbal DQ (N=64) Cluster 7.81 .001

Visit 0.29 .60

Cluster × Visit 2.38 .10

Intensity of Intervention 5.22 .03

Verbal DQ (N=64) Cluster 7.66 .001

Visit 62.51 <.001

Cluster × Visit 4.01 .02

Intensity of Intervention 0.03 .87

Vineland II Communication (N=62) Cluster 4.12 .02

Visit 44.03 <.001

Cluster × Visit 4.37 .02

Intensity of Intervention 1.98 .16
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