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Attention to Biological Motion
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Physical, rather than social, cues 
guide looking in toddlers with autism

Klin, Lin, Gorrindo, Ramsay, & Jones, Nature, 2009.
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Watching a Face… 
                  But Seeing Physical Contingencies?

Jennings 
Xu

Caregiver Audiovisual
Synchrony
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Looking at Eyes and Mouth 
As a Function of Audiovisual Synchrony

Jennings 
Xu

TD ASD

Marcus Autism Center

Gordon Ramsay, PhD

• Controlled experimental manipulations 
of audiovisual synchrony (AVS) 

• Examining the role of AVS in 
perception of physical and social 
stimuli. 

• Determining the sensitivity of ASD and 
TD infants to physical contingencies in 
the presence of social contingencies.

Manipulating Physical Contingencies 
to Assess their Affects on Social Visual Engagement

Marcus Autism Center
23

The Effect of Physical Contingencies 
on Preferential Attention to Faces

David       
Lin

Marcus Autism Center

Effects of Physical Contingencies 
on Preferential Attention to Faces

Jessie 
Northrup

TD ASD

David       
LinN=30 ASD, N=20 TD; mean(SD) age = 21.3(4.2) months.
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Social Interaction is the 
Platform for Brain Development

26

Brain size doubles in the 1st year of  a baby’s life,  
synaptic density quadruples.

(Gilmore et al, 2007;  Pfefferbaum et al, 1994;  Huttenlocher, 1979;  Petanjek et al, 2011)





Derivation of Attentional Funnel



The majority of typically-developing toddlers fixate on the same 
locations, at the same moments, during 80% of viewing time. 

Objective, Quantitative Measures

Experimental Presses
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The accrual of missed opportunities for 
social learning
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Scenes of Social Action

Scenes of Social Interaction
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Probability of looking at the same locations at the same times as typical 
control children is significantly correlated with levels of autistic social 
disability, both contemporaneously and 1.5 years after initial testing.
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Quantitative Indices for 
Assessing Presence of ASD

TD normative funnels = 

ASD comparison scanpaths = Marcus Autism Center

Presence of ASD: 
Diagnostic Accuracy
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Historical Data Figure XXXX.  Receiver Operating Characteristic (ROC) curves for comparison of classification of individual children by 

the eye-tracking device relative to the reference standard (“gold standard”) current clinical practice: clinician best estimate diagnosis using 

standardized instruments.  The top row of ROC curves provides results for the training samples (with one ROC each for all ages 

combined, for 18-month-olds, and for 24-month-olds).  The middle row provides results for the independent validation testing samples 

(with one ROC each for all ages, for 18-month-olds, and for 24-month-olds).  And the bottom row provides results for leave-one-out 

cross-validation (LOOCV) testing in each of the age groups (for all ages combined, 18-month-olds, and 24-month-olds).  Abbreviations: 

AUC = area under the curve; CI = confidence interval.  
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Historical Data Figure XXXX.  Receiver Operating Characteristic (ROC) curves for comparison of classification of individual children by 

the eye-tracking device relative to the reference standard (“gold standard”) current clinical practice: clinician best estimate diagnosis using 

standardized instruments.  The top row of ROC curves provides results for the training samples (with one ROC each for all ages 

combined, for 18-month-olds, and for 24-month-olds).  The middle row provides results for the independent validation testing samples 

(with one ROC each for all ages, for 18-month-olds, and for 24-month-olds).  And the bottom row provides results for leave-one-out 

cross-validation (LOOCV) testing in each of the age groups (for all ages combined, 18-month-olds, and 24-month-olds).  Abbreviations: 

AUC = area under the curve; CI = confidence interval.  
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Quantitative Indices for 
Assessing Severity of ASD

TD normative funnels = 

ASD comparison scanpaths = Marcus Autism Center

Severity of ASD:  
Prognostic Indicators
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Assessment of Social Functioning

Assessment of Cognitive Functioning
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Positive Controls

ADOS Social Affect: r = -0.819 (-0.701, -0.893), p < 0.0001
                                 r = -0.717 (-0.413, -0.877), p = 0.0003
                          CCC = -0.784 (-0.649, -0.871), p < 0.0001
                          CCC = -0.636 (-0.281, -0.838), p = 0.0020

ADOS Total:             r = -0.805 (-0.680, -0.884), p < 0.0001
                                 r = -0.735 (-0.444, -0.886), p = 0.0001
                          CCC = -0.776 (-0.637, -0.866), p < 0.0001
                          CCC = -0.623 (-0.262, -0.831), p = 0.0026

ADOS Severity:        r = -0.759 (-0.607, -0.857), p < 0.0001
                                 r = -0.717 (-0.413, -0.877), p = 0.0003
                          CCC = -0.725 (-0.557, -0.836), p < 0.0001
                          CCC = -0.594 (-0.218, -0.816), p = 0.0045

ADOS Social Affect: r = -0.686 (-0.532, -0.796), p < 0.0001
                                 r = -0.610 (-0.320, -0.795), p < 0.0001
                          CCC = -0.621 (-0.446, -0.750), p < 0.0001
                          CCC = -0.591 (-0.293, -0.784), p = 0.0006

ADOS Total:             r = -0.673 (-0.514, -0.787), p < 0.0001
                                 r = -0.565 (-0.257, -0.769), p = 0.0011
                          CCC = -0.619 (-0.444, -0.749), p < 0.0001
                          CCC = -0.529 (-0.209, -0.747), p = 0.0026

ADOS Severity:        r = -0.513 (-0.277, -0.691), p = 0.0001
                                 r = -0.500 (-0.121, -0.752), p = 0.0128
                          CCC = -0.547 (-0.319, -0.715), p < 0.0001
                          CCC = -0.436 (-0.039, -0.714), p = 0.0334

Mullen Non-Verbal:  r =  0.794  (0.683,  0.870),  p < 0.0001
                                 r =  0.340  (-0.016, 0.620),  p = 0.0613
                          CCC =  0.733  (0.596,  0.829),  p < 0.0001
                          CCC =  0.390  (0.041,  0.654),  p = 0.0302

Mullen Receptive:    r =  0.760  (0.629,  0.849),  p < 0.0001
                                 r =  0.521  (0.197,  0.742),  p = 0.0032
                          CCC =  0.682  (0.519,  0.797),  p < 0.0001
                          CCC =  0.447  (0.103,  0.695),  p = 0.0133
 

Mullen Expressive:   r =  0.744  (0.605,  0.838),  p < 0.0001
                                 r =  0.573  (0.268,  0.773),  p = 0.0009
                          CCC =  0.728  (0.584,  0.828),  p < 0.0001
                          CCC =  0.529  (0.208,  0.747),  p = 0.0026

Age:                         r =  0.097  (-0.110, 0.296),  p = 0.3588
                                 r =  0.083  (-0.219, 0.371),  p = 0.5917
                          CCC =  0.117  (-0.090, 0.314),  p = 0.2675
                          CCC =  0.043  (-0.257, 0.335),  p = 0.7827

Quality:                    r =  0.203  (-0.002, 0.391),  p = 0.0525
                                 r =  0.081  (-0.221, 0.369),  p = 0.5997
                          CCC =  0.157  (-0.050, 0.350),  p = 0.1356
                          CCC = -0.038  (-0.332, 0.261),  p = 0.8045

Age:                         r = -0.063  (-0.237, 0.114),  p = 0.4843
                                 r = -0.099  (-0.342, 0.157),  p = 0.4487
                          CCC = -0.096  (-0.268, 0.082),  p = 0.2885
                          CCC = -0.073  (-0.319, 0.182),  p = 0.5750

Quality:                    r =  0.150  (-0.027, 0.318),  p = 0.0965
                                 r =  0.179  (-0.077, 0.412),  p = 0.1681
                          CCC =  0.169  (-0.008, 0.335),  p = 0.0610
                          CCC =  0.173  (-0.083, 0.407),  p = 0.1832

Historical Data Figure XXXX.  Measures of correlation between eye-tracking indices and standardized assessments of autistic social disability (using the Autism Diagnostic Observation Schedule, 

ADOS) and of verbal and non-verbal cognitive skills (using the Mullen Scales of Early Learning, Mullen), as well as with chronological age and eye-tracking data quality rating (with which no 

associations are expected).  Higher scores on the ADOS denote greater social disability.  Non-verbal cognitive skills on the Mullen are given as age equivalence scores (in months).  Verbal/language 
skills on the Mullen are given separately as receptive and expressive language skills, again as age equivalence scores (in months).  Plots are separated by age group and measure.  In all plots and 
in reporting of correlation coefficients, light gray denotes results for the training sample, dark gray denotes results for the testing sample.  Correlation coefficients are given with 95% confidence 
intervals in parentheses.  Abbreviations: (Mullen) AE = age equivalence (in months); r = Spearman’s rho; CCC = Lin’s Concordance Correlation Coefficient.

Mullen Non-Verbal:  r =  0.579  (0.420,  0.704),  p < 0.0001
                                 r =  0.292  (-0.018, 0.550),  p = 0.0643
                          CCC =  0.539  (0.371,  0.674),  p < 0.0001
                          CCC =  0.281  (-0.029, 0.542),  p = 0.0751

Mullen Receptive:    r =  0.633  (0.496,  0.739),  p < 0.0001
                                 r =  0.487  (0.226,  0.683),  p = 0.0007
                          CCC =  0.611  (0.469,  0.723),  p < 0.0001
                          CCC =  0.468  (0.202,  0.670),  p = 0.0012
 

Mullen Expressive:   r =  0.683  (0.560,  0.777),  p < 0.0001
                                 r =  0.501  (0.243,  0.692),  p = 0.0005
                          CCC =  0.662  (0.533,  0.761),  p < 0.0001
                          CCC =  0.480  (0.217,  0.678),  p = 0.0008
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ADOS Social Affect: r = -0.819 (-0.701, -0.893), p < 0.0001
                                 r = -0.717 (-0.413, -0.877), p = 0.0003
                          CCC = -0.784 (-0.649, -0.871), p < 0.0001
                          CCC = -0.636 (-0.281, -0.838), p = 0.0020

ADOS Total:             r = -0.805 (-0.680, -0.884), p < 0.0001
                                 r = -0.735 (-0.444, -0.886), p = 0.0001
                          CCC = -0.776 (-0.637, -0.866), p < 0.0001
                          CCC = -0.623 (-0.262, -0.831), p = 0.0026

ADOS Severity:        r = -0.759 (-0.607, -0.857), p < 0.0001
                                 r = -0.717 (-0.413, -0.877), p = 0.0003
                          CCC = -0.725 (-0.557, -0.836), p < 0.0001
                          CCC = -0.594 (-0.218, -0.816), p = 0.0045

ADOS Social Affect: r = -0.686 (-0.532, -0.796), p < 0.0001
                                 r = -0.610 (-0.320, -0.795), p < 0.0001
                          CCC = -0.621 (-0.446, -0.750), p < 0.0001
                          CCC = -0.591 (-0.293, -0.784), p = 0.0006

ADOS Total:             r = -0.673 (-0.514, -0.787), p < 0.0001
                                 r = -0.565 (-0.257, -0.769), p = 0.0011
                          CCC = -0.619 (-0.444, -0.749), p < 0.0001
                          CCC = -0.529 (-0.209, -0.747), p = 0.0026

ADOS Severity:        r = -0.513 (-0.277, -0.691), p = 0.0001
                                 r = -0.500 (-0.121, -0.752), p = 0.0128
                          CCC = -0.547 (-0.319, -0.715), p < 0.0001
                          CCC = -0.436 (-0.039, -0.714), p = 0.0334

Mullen Non-Verbal:  r =  0.794  (0.683,  0.870),  p < 0.0001
                                 r =  0.340  (-0.016, 0.620),  p = 0.0613
                          CCC =  0.733  (0.596,  0.829),  p < 0.0001
                          CCC =  0.390  (0.041,  0.654),  p = 0.0302

Mullen Receptive:    r =  0.760  (0.629,  0.849),  p < 0.0001
                                 r =  0.521  (0.197,  0.742),  p = 0.0032
                          CCC =  0.682  (0.519,  0.797),  p < 0.0001
                          CCC =  0.447  (0.103,  0.695),  p = 0.0133
 

Mullen Expressive:   r =  0.744  (0.605,  0.838),  p < 0.0001
                                 r =  0.573  (0.268,  0.773),  p = 0.0009
                          CCC =  0.728  (0.584,  0.828),  p < 0.0001
                          CCC =  0.529  (0.208,  0.747),  p = 0.0026

Age:                         r =  0.097  (-0.110, 0.296),  p = 0.3588
                                 r =  0.083  (-0.219, 0.371),  p = 0.5917
                          CCC =  0.117  (-0.090, 0.314),  p = 0.2675
                          CCC =  0.043  (-0.257, 0.335),  p = 0.7827

Quality:                    r =  0.203  (-0.002, 0.391),  p = 0.0525
                                 r =  0.081  (-0.221, 0.369),  p = 0.5997
                          CCC =  0.157  (-0.050, 0.350),  p = 0.1356
                          CCC = -0.038  (-0.332, 0.261),  p = 0.8045

Age:                         r = -0.063  (-0.237, 0.114),  p = 0.4843
                                 r = -0.099  (-0.342, 0.157),  p = 0.4487
                          CCC = -0.096  (-0.268, 0.082),  p = 0.2885
                          CCC = -0.073  (-0.319, 0.182),  p = 0.5750

Quality:                    r =  0.150  (-0.027, 0.318),  p = 0.0965
                                 r =  0.179  (-0.077, 0.412),  p = 0.1681
                          CCC =  0.169  (-0.008, 0.335),  p = 0.0610
                          CCC =  0.173  (-0.083, 0.407),  p = 0.1832

Historical Data Figure XXXX.  Measures of correlation between eye-tracking indices and standardized assessments of autistic social disability (using the Autism Diagnostic Observation Schedule, 

ADOS) and of verbal and non-verbal cognitive skills (using the Mullen Scales of Early Learning, Mullen), as well as with chronological age and eye-tracking data quality rating (with which no 

associations are expected).  Higher scores on the ADOS denote greater social disability.  Non-verbal cognitive skills on the Mullen are given as age equivalence scores (in months).  Verbal/language 
skills on the Mullen are given separately as receptive and expressive language skills, again as age equivalence scores (in months).  Plots are separated by age group and measure.  In all plots and 
in reporting of correlation coefficients, light gray denotes results for the training sample, dark gray denotes results for the testing sample.  Correlation coefficients are given with 95% confidence 
intervals in parentheses.  Abbreviations: (Mullen) AE = age equivalence (in months); r = Spearman’s rho; CCC = Lin’s Concordance Correlation Coefficient.

Mullen Non-Verbal:  r =  0.579  (0.420,  0.704),  p < 0.0001
                                 r =  0.292  (-0.018, 0.550),  p = 0.0643
                          CCC =  0.539  (0.371,  0.674),  p < 0.0001
                          CCC =  0.281  (-0.029, 0.542),  p = 0.0751

Mullen Receptive:    r =  0.633  (0.496,  0.739),  p < 0.0001
                                 r =  0.487  (0.226,  0.683),  p = 0.0007
                          CCC =  0.611  (0.469,  0.723),  p < 0.0001
                          CCC =  0.468  (0.202,  0.670),  p = 0.0012
 

Mullen Expressive:   r =  0.683  (0.560,  0.777),  p < 0.0001
                                 r =  0.501  (0.243,  0.692),  p = 0.0005
                          CCC =  0.662  (0.533,  0.761),  p < 0.0001
                          CCC =  0.480  (0.217,  0.678),  p = 0.0008
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ADOS Social Affect: r = -0.819 (-0.701, -0.893), p < 0.0001
                                 r = -0.717 (-0.413, -0.877), p = 0.0003
                          CCC = -0.784 (-0.649, -0.871), p < 0.0001
                          CCC = -0.636 (-0.281, -0.838), p = 0.0020

ADOS Total:             r = -0.805 (-0.680, -0.884), p < 0.0001
                                 r = -0.735 (-0.444, -0.886), p = 0.0001
                          CCC = -0.776 (-0.637, -0.866), p < 0.0001
                          CCC = -0.623 (-0.262, -0.831), p = 0.0026

ADOS Severity:        r = -0.759 (-0.607, -0.857), p < 0.0001
                                 r = -0.717 (-0.413, -0.877), p = 0.0003
                          CCC = -0.725 (-0.557, -0.836), p < 0.0001
                          CCC = -0.594 (-0.218, -0.816), p = 0.0045

ADOS Social Affect: r = -0.686 (-0.532, -0.796), p < 0.0001
                                 r = -0.610 (-0.320, -0.795), p < 0.0001
                          CCC = -0.621 (-0.446, -0.750), p < 0.0001
                          CCC = -0.591 (-0.293, -0.784), p = 0.0006

ADOS Total:             r = -0.673 (-0.514, -0.787), p < 0.0001
                                 r = -0.565 (-0.257, -0.769), p = 0.0011
                          CCC = -0.619 (-0.444, -0.749), p < 0.0001
                          CCC = -0.529 (-0.209, -0.747), p = 0.0026

ADOS Severity:        r = -0.513 (-0.277, -0.691), p = 0.0001
                                 r = -0.500 (-0.121, -0.752), p = 0.0128
                          CCC = -0.547 (-0.319, -0.715), p < 0.0001
                          CCC = -0.436 (-0.039, -0.714), p = 0.0334

Mullen Non-Verbal:  r =  0.794  (0.683,  0.870),  p < 0.0001
                                 r =  0.340  (-0.016, 0.620),  p = 0.0613
                          CCC =  0.733  (0.596,  0.829),  p < 0.0001
                          CCC =  0.390  (0.041,  0.654),  p = 0.0302

Mullen Receptive:    r =  0.760  (0.629,  0.849),  p < 0.0001
                                 r =  0.521  (0.197,  0.742),  p = 0.0032
                          CCC =  0.682  (0.519,  0.797),  p < 0.0001
                          CCC =  0.447  (0.103,  0.695),  p = 0.0133
 

Mullen Expressive:   r =  0.744  (0.605,  0.838),  p < 0.0001
                                 r =  0.573  (0.268,  0.773),  p = 0.0009
                          CCC =  0.728  (0.584,  0.828),  p < 0.0001
                          CCC =  0.529  (0.208,  0.747),  p = 0.0026

Age:                         r =  0.097  (-0.110, 0.296),  p = 0.3588
                                 r =  0.083  (-0.219, 0.371),  p = 0.5917
                          CCC =  0.117  (-0.090, 0.314),  p = 0.2675
                          CCC =  0.043  (-0.257, 0.335),  p = 0.7827

Quality:                    r =  0.203  (-0.002, 0.391),  p = 0.0525
                                 r =  0.081  (-0.221, 0.369),  p = 0.5997
                          CCC =  0.157  (-0.050, 0.350),  p = 0.1356
                          CCC = -0.038  (-0.332, 0.261),  p = 0.8045

Age:                         r = -0.063  (-0.237, 0.114),  p = 0.4843
                                 r = -0.099  (-0.342, 0.157),  p = 0.4487
                          CCC = -0.096  (-0.268, 0.082),  p = 0.2885
                          CCC = -0.073  (-0.319, 0.182),  p = 0.5750

Quality:                    r =  0.150  (-0.027, 0.318),  p = 0.0965
                                 r =  0.179  (-0.077, 0.412),  p = 0.1681
                          CCC =  0.169  (-0.008, 0.335),  p = 0.0610
                          CCC =  0.173  (-0.083, 0.407),  p = 0.1832

Historical Data Figure XXXX.  Measures of correlation between eye-tracking indices and standardized assessments of autistic social disability (using the Autism Diagnostic Observation Schedule, 

ADOS) and of verbal and non-verbal cognitive skills (using the Mullen Scales of Early Learning, Mullen), as well as with chronological age and eye-tracking data quality rating (with which no 

associations are expected).  Higher scores on the ADOS denote greater social disability.  Non-verbal cognitive skills on the Mullen are given as age equivalence scores (in months).  Verbal/language 
skills on the Mullen are given separately as receptive and expressive language skills, again as age equivalence scores (in months).  Plots are separated by age group and measure.  In all plots and 
in reporting of correlation coefficients, light gray denotes results for the training sample, dark gray denotes results for the testing sample.  Correlation coefficients are given with 95% confidence 
intervals in parentheses.  Abbreviations: (Mullen) AE = age equivalence (in months); r = Spearman’s rho; CCC = Lin’s Concordance Correlation Coefficient.

Mullen Non-Verbal:  r =  0.579  (0.420,  0.704),  p < 0.0001
                                 r =  0.292  (-0.018, 0.550),  p = 0.0643
                          CCC =  0.539  (0.371,  0.674),  p < 0.0001
                          CCC =  0.281  (-0.029, 0.542),  p = 0.0751

Mullen Receptive:    r =  0.633  (0.496,  0.739),  p < 0.0001
                                 r =  0.487  (0.226,  0.683),  p = 0.0007
                          CCC =  0.611  (0.469,  0.723),  p < 0.0001
                          CCC =  0.468  (0.202,  0.670),  p = 0.0012
 

Mullen Expressive:   r =  0.683  (0.560,  0.777),  p < 0.0001
                                 r =  0.501  (0.243,  0.692),  p = 0.0005
                          CCC =  0.662  (0.533,  0.761),  p < 0.0001
                          CCC =  0.480  (0.217,  0.678),  p = 0.0008

Training Sample

Testing Sample

Training Regression

Testing Regression

Assessment of 
Social Disability

Assessment of Verbal Ability:
Receptive & Expressive Language

testing set: mean rMullen Verbal = 0.52, p = 0.001
testing set: mean rADOS Total = -0.65, p <0.001
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Positive Controls

ADOS Social Affect: r = -0.819 (-0.701, -0.893), p < 0.0001
                                 r = -0.717 (-0.413, -0.877), p = 0.0003
                          CCC = -0.784 (-0.649, -0.871), p < 0.0001
                          CCC = -0.636 (-0.281, -0.838), p = 0.0020

ADOS Total:             r = -0.805 (-0.680, -0.884), p < 0.0001
                                 r = -0.735 (-0.444, -0.886), p = 0.0001
                          CCC = -0.776 (-0.637, -0.866), p < 0.0001
                          CCC = -0.623 (-0.262, -0.831), p = 0.0026

ADOS Severity:        r = -0.759 (-0.607, -0.857), p < 0.0001
                                 r = -0.717 (-0.413, -0.877), p = 0.0003
                          CCC = -0.725 (-0.557, -0.836), p < 0.0001
                          CCC = -0.594 (-0.218, -0.816), p = 0.0045

ADOS Social Affect: r = -0.686 (-0.532, -0.796), p < 0.0001
                                 r = -0.610 (-0.320, -0.795), p < 0.0001
                          CCC = -0.621 (-0.446, -0.750), p < 0.0001
                          CCC = -0.591 (-0.293, -0.784), p = 0.0006

ADOS Total:             r = -0.673 (-0.514, -0.787), p < 0.0001
                                 r = -0.565 (-0.257, -0.769), p = 0.0011
                          CCC = -0.619 (-0.444, -0.749), p < 0.0001
                          CCC = -0.529 (-0.209, -0.747), p = 0.0026

ADOS Severity:        r = -0.513 (-0.277, -0.691), p = 0.0001
                                 r = -0.500 (-0.121, -0.752), p = 0.0128
                          CCC = -0.547 (-0.319, -0.715), p < 0.0001
                          CCC = -0.436 (-0.039, -0.714), p = 0.0334

Mullen Non-Verbal:  r =  0.794  (0.683,  0.870),  p < 0.0001
                                 r =  0.340  (-0.016, 0.620),  p = 0.0613
                          CCC =  0.733  (0.596,  0.829),  p < 0.0001
                          CCC =  0.390  (0.041,  0.654),  p = 0.0302

Mullen Receptive:    r =  0.760  (0.629,  0.849),  p < 0.0001
                                 r =  0.521  (0.197,  0.742),  p = 0.0032
                          CCC =  0.682  (0.519,  0.797),  p < 0.0001
                          CCC =  0.447  (0.103,  0.695),  p = 0.0133
 

Mullen Expressive:   r =  0.744  (0.605,  0.838),  p < 0.0001
                                 r =  0.573  (0.268,  0.773),  p = 0.0009
                          CCC =  0.728  (0.584,  0.828),  p < 0.0001
                          CCC =  0.529  (0.208,  0.747),  p = 0.0026

Age:                         r =  0.097  (-0.110, 0.296),  p = 0.3588
                                 r =  0.083  (-0.219, 0.371),  p = 0.5917
                          CCC =  0.117  (-0.090, 0.314),  p = 0.2675
                          CCC =  0.043  (-0.257, 0.335),  p = 0.7827

Quality:                    r =  0.203  (-0.002, 0.391),  p = 0.0525
                                 r =  0.081  (-0.221, 0.369),  p = 0.5997
                          CCC =  0.157  (-0.050, 0.350),  p = 0.1356
                          CCC = -0.038  (-0.332, 0.261),  p = 0.8045

Age:                         r = -0.063  (-0.237, 0.114),  p = 0.4843
                                 r = -0.099  (-0.342, 0.157),  p = 0.4487
                          CCC = -0.096  (-0.268, 0.082),  p = 0.2885
                          CCC = -0.073  (-0.319, 0.182),  p = 0.5750

Quality:                    r =  0.150  (-0.027, 0.318),  p = 0.0965
                                 r =  0.179  (-0.077, 0.412),  p = 0.1681
                          CCC =  0.169  (-0.008, 0.335),  p = 0.0610
                          CCC =  0.173  (-0.083, 0.407),  p = 0.1832

Historical Data Figure XXXX.  Measures of correlation between eye-tracking indices and standardized assessments of autistic social disability (using the Autism Diagnostic Observation Schedule, 

ADOS) and of verbal and non-verbal cognitive skills (using the Mullen Scales of Early Learning, Mullen), as well as with chronological age and eye-tracking data quality rating (with which no 

associations are expected).  Higher scores on the ADOS denote greater social disability.  Non-verbal cognitive skills on the Mullen are given as age equivalence scores (in months).  Verbal/language 
skills on the Mullen are given separately as receptive and expressive language skills, again as age equivalence scores (in months).  Plots are separated by age group and measure.  In all plots and 
in reporting of correlation coefficients, light gray denotes results for the training sample, dark gray denotes results for the testing sample.  Correlation coefficients are given with 95% confidence 
intervals in parentheses.  Abbreviations: (Mullen) AE = age equivalence (in months); r = Spearman’s rho; CCC = Lin’s Concordance Correlation Coefficient.

Mullen Non-Verbal:  r =  0.579  (0.420,  0.704),  p < 0.0001
                                 r =  0.292  (-0.018, 0.550),  p = 0.0643
                          CCC =  0.539  (0.371,  0.674),  p < 0.0001
                          CCC =  0.281  (-0.029, 0.542),  p = 0.0751

Mullen Receptive:    r =  0.633  (0.496,  0.739),  p < 0.0001
                                 r =  0.487  (0.226,  0.683),  p = 0.0007
                          CCC =  0.611  (0.469,  0.723),  p < 0.0001
                          CCC =  0.468  (0.202,  0.670),  p = 0.0012
 

Mullen Expressive:   r =  0.683  (0.560,  0.777),  p < 0.0001
                                 r =  0.501  (0.243,  0.692),  p = 0.0005
                          CCC =  0.662  (0.533,  0.761),  p < 0.0001
                          CCC =  0.480  (0.217,  0.678),  p = 0.0008

Training Sample

Testing Sample

Training Regression

Testing Regression

Marcus Autism Center

John Constantino, MD

Measuring the genetic structure of social visual engagement

338 toddlers: 

•82 monozygotic twins   
(41 MZ pairs) 

•84 dizygotic twins        
(42 DZ pairs) 

•84 non-sibling 
comparison children                        
(42 non-sib control pairs) 

•88 non-twins w/ ASD 

•age 21.3(4.3) months

How to link these quantifications of behavior to the 
genetic bases of autism?

Constantino, Kennon-McGill, Weichselbaum, Marrus, Haider, Glowinski, Gillespie, Klaiman, Klin, & Jones. 
(in press) Infant viewing of social scenes is under genetic control and atypical in autism.

52

Concordance in social visual engagement 
as a function of zygosity.
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10°a b c
DZ twin 1
DZ twin 2

MZ twin 1
MZ twin 2

d e fConstantino, Kennon-McGill, Weichselbaum, Marrus, Haider, Glowinski, Gillespie, Klaiman, Klin, & Jones. 
(in press) Infant viewing of social scenes is under genetic control and atypical in autism.

Concordance in social visual engagement 
as a function of zygosity.

Marcus Autism Center
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Concordance in social visual engagement 
as a function of zygosity.
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Constantino, Kennon-McGill, Weichselbaum, Marrus, Haider, Glowinski, Gillespie, Klaiman, Klin, & Jones. 
(in press) Infant viewing of social scenes is under genetic control and atypical in autism.
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Marcus Autism Center

Age and sex
Partially shared

genome
Fully shared

genome  Chance              

Individual variation in 
eye-looking is strongly influenced by genetics.

Constantino, Kennon-McGill, Weichselbaum, Marrus, Haider, Glowinski, Gillespie, Klaiman, Klin, & Jones. 
(in press) Infant viewing of social scenes is under genetic control and atypical in autism.



Marcus Autism Center

Strong genetic influence 
persists across development.
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Extended Data Figure 3  |  Monozygotic (MZ) twins maintain high twin-twin concordance, significantly greater than 
that observed in dizygotic (DZ) twins, when tested again at 36 months.  a-c, Paired measures of eye-looking in 
randomly-assigned pairs (a), in DZ twins (b), and in MZ twins (c).  d, Intraclass correlation coefficients and 95% confidence 
intervals across groups for eye-looking.  e-h, Paired measures of concordance in mouth-looking.  i-l, Paired measures of 
concordance in percentage of time spent attending to task (maintaining stable onscreen fixation).  In all plots, randomly-
matched controls in white, DZ twins in orange, and MZ twins in blue.  Error estimates are 95% confidence intervals.  m-n, 
Summary of MZ (m) and DZ (n) results at initial time of testing (21 months, summary data from Figure 2 in main text) relative 
to results at time of longitudinal follow-up (36 months).  MZ twins exhibit marginally, though not significantly, increased 
concordance values when tested again at 36 months; in contrast, DZ twins exhibit marginally, though not significantly, 
decreased concordance values.  Plotted data in (a), (e), and (i) are a representative case of random pairing, selected to match 
the mean ICC value of all 10,000 resamplings.  

DZMZ

Twins tested again 15 months later, at 36 months.  
(N=22 MZ, N=44DZ)

Marcus Autism Center

Strong genetic influence persists across stimulus type, 
evidence of goal-directed seeking of social information
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Presentation order of video stimuli was randomized, so each twin saw separate 
videos, the majority of which were the same (M(SD)=86.4(19.3)%) but some of 
which were different (13.6(19.3)%), seen by only one among the pair.
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Presentation order of video stimuli was randomized, so each twin saw separate 
videos, the majority of which were the same (M(SD)=86.4(19.3)%) but some of 
which were different (13.6(19.3)%), seen by only one among the pair.
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Extended Data Figure 7  |  Physical image properties that constitute eyes vary significantly from video stimulus to video stimulus in lightness, color, contrast, orientation gradients, and 
motion.  a, Still images sampled from videos depicting dyadic mutual gaze stimuli (an entreating caregiver, engaging the child in mutual gaze and play routines).  Still images from 5 of 15 videos are shown 

(all 15 dyadic mutual gaze videos included in actual analyses).   b, Eye region demarcated from each still image in (a).  Across all demarcated eye regions, across all frames of videos presented, physical 

image property profiles were analyzed.  In the row to the right of each representative still image and corresponding eye region, physical image property profiles, analyzed across all video frames, are given 

as histograms.  c, Lightness.  d, Red-green color opponency.  e, Yellow-blue color opponency.  f, Contrast.  g, Orientation gradients.  h, Motion.  i, For each physical image property analyzed in columns 

(a-h), row (i) gives corresponding comparison plots across the 5 histograms located in the column directly above.  j, Statistical comparisons of the measured image property distributions by 2-sample 

Kolmogorov-Smirnov test.  P values are corrected for multiple comparisons by the Bonferroni method.  For each of the physical image properties analyzed in columns (a-h), row (j) presents the correspond-

ing matrix of statistical comparisons (i.e., the 1st row of colored circles presents comparisons for video 1 vs. 2, video 1 vs. 3, etc.; while the 2nd row presents comparisons for video 2 vs. 3, 2 vs. 4, etc.).  k, 
Still images sampled from videos depicting triadic peer interaction stimuli (scenes of children interacting in a daycare setting).  Still images from 5 of 12 videos are shown (all 12 triadic peer interaction videos 

included in actual analyses).  l, Eye regions demarcated from each still image in (k).  m-t, All parts of (m-t) are as in (c-j).
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Strong genetic influence persists across stimulus type, 
evidence of goal-directed seeking of social information

60

Genetic influence exerts its 
effects on a moment-by-moment basis.
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MZ twins are more likely to…
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…move their eyes at the same moments in time.
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MZ twins are more likely to…

…move their eyes in the same directions.
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MZ twins are more likely to…

…fixate on the same semantic content 
at the same moments in time.
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The markers of social visual engagement that 
are most highly heritable…

…are also those that most clearly distinguish 
typically-developing children from those with autism.
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The markers of social visual engagement that 
are most highly heritable…

…are also those that most clearly distinguish 
typically-developing children from those with autism.
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The markers of social visual engagement that 
are most highly heritable…

…are also those that most clearly distinguish 
typically-developing children from those with autism.
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Classification of     high Heritability (eye- & mouth-looking) 

+ high  Probability  (shifting eyes at same moments, 
____________________ in same directions, 
____________________ towards same content)

= profound influence on 
    human biological niche construction

Scarr & McCartney, 1983.
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Social Interaction is the 
Platform for Brain Development

69

“Our brains become who we are.” (J LeDoux) 
Brain structure and function are physical instantiations 

of  lived experience.
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DeCasper & Fifer, 1980. 
Vouloumanos & Werker, 2007. 
Butterfield & Siperstein, 1970 
Eisenberg, 1976.

…sound like caregivers.

Neonates preferentially orient  
towards stimuli that…

mother’s scent stranger’s scent
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Macfarlane, 1975. 
Porter & Winberg, 1999.

…smell like caregivers.
…sound like caregivers.

Neonates preferentially orient  
towards stimuli that…
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Simion, Regolin, & Bulf, 2008.

…move like caregivers.
…smell like caregivers.

…sound like caregivers.

Neonates preferentially orient  
towards stimuli that…
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inverted
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Goren, Sarty, & Wu, 1975. 
Johnson, Dziurawiec, Ellis, & Morton, 1991. 
Simion, Valenza, Umiltà, & Barba, 1998. 
Valenza, Simion, Cassia, & Umiltà, 1996. 
Farroni et al, 2005.

…look like caregivers.
…move like caregivers.
…smell like caregivers.

…sound like caregivers.

Neonates preferentially orient  
towards stimuli that…
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Neonates preferentially orient  
towards stimuli that…

…interact like caregivers.

Bushnell, Sai, & Mullin, 1989. 
Simion, Valenza, Umiltà, & Barba, 1998. 
Farroni, Csibra, Simion, & Johnson, 2002. 
Batki, Baron-Cohen, et al, 2000. 
Sai, 1990.  
Sai, 2005. 
Walton, Bower, & Bower, 1992.

…look like caregivers.
…move like caregivers.
…smell like caregivers.

…sound like caregivers.
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Typically-Developing 5-Month-Old

Marcus Autism Center

Marcus Autism Center
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Attention to eyes is present but in decline in
2–6-month-old infants later diagnosed with autism
Warren Jones1,2,3 & Ami Klin1,2,3

Deficits in eye contact have been a hallmark of autism1,2 since the
condition’s initial description3. They are cited widely as a diagnostic
feature4 and figure prominently in clinical instruments5; however,
the early onset of these deficits has not been known. Here we show in
a prospective longitudinal study that infants later diagnosed with
autism spectrum disorders (ASDs) exhibit mean decline in eye fixa-
tion from 2 to 6 months of age, a pattern not observed in infants who
do not develop ASD. These observations mark the earliest known
indicators of social disability in infancy, but also falsify a prior
hypothesis: in the first months of life, this basic mechanism of social
adaptive action—eye looking—is not immediately diminished in
infants later diagnosed with ASD; instead, eye looking appears to
begin at normative levels prior to decline. The timing of decline
highlights a narrow developmental window and reveals the early
derailment of processes that would otherwise have a key role in
canalizing typical social development. Finally, the observation of
this decline in eye fixation—rather than outright absence—offers a
promising opportunity for early intervention that could build on
the apparent preservation of mechanisms subserving reflexive ini-
tial orientation towards the eyes.

Autism Spectrum Disorders (ASDs) affect approximately 1 in every
88 individuals6. These disorders are lifelong, believed to be congenital,
and are among the most highly heritable of psychiatric conditions7.
However, the genetic heterogeneity of ASD—with estimates suggesting
as many as three- to five-hundred distinct genes impacting aetiology8—
poses a stark challenge for understanding the biology of the condition:
with so many different ‘causes’, a key question is how that genetic het-
erogeneity can be instantiated into common forms of disability.

One answer is that although the specific biological mechanisms may
vary (in genes or pathways affected, in dosage or in timing), any such
disruptions will contribute to an individual deviation from normative
developmental processes9,10; the mechanisms may initially be different,
but a divergence from typical development is shared. In this way,
widely varying initial liabilities can be converted into similar manifes-
tations of impairment, giving rise to the spectrum of social disability
we then call ‘autism’.

In typical development, the processes of normative social interaction
are extremely early-emerging: from the first hours and weeks of life,
preferential attention to familiar voices11, faces12, face-like stimuli13 and
biological motion14 guide typical infants15. These processes are highly
conserved phylogenetically16 and lay the foundation for iterative spe-
cialization of mind and brain17, entraining babies to the social signals of
their caregivers11–14,18.

In the current study, we tested the extent to which measures of these
early-emerging normative processes may reveal disruptions in ASD at
a point prior to the manifestation of overt symptoms. We measured pre-
ferential attention to the eyes of others, a skill present in typical infants12

but significantly impaired in 2-year-olds with ASD2. We proposed that
in infants later diagnosed with ASD, preferential attention to others’
eyes might be diminished from birth onwards2,3,17.

Data were collected at 10 time points: at months 2, 3, 4, 5, 6, 9, 12, 15,
18 and 24. We studied 110 infants, enrolled as risk-based cohorts:
n 5 59 at high-risk for ASD (full siblings of a child with ASD19) and
n 5 51 at low-risk (without first-, second- or third-degree relatives
with ASD). Diagnostic status was ascertained at 36 months. For details
on study design, clinical characterization of participants, and experi-
mental procedures, see Methods and Supplementary Information.

Of the high-risk infants, 12 met criteria for ASD20 (10 males, 2 females),
indicating a conversion rate of 20.3%19. One child from the low-risk
cohort was also diagnosed with ASD. Given the small number of girls
in the ASD group, we constrained current analyses to males only, 11
ASD (10 from the high-risk cohort and 1 from the low-risk), and 25
typically developing (all from the low-risk cohort).

At each testing session, infants viewed scenes of naturalistic care-
giver interaction (Fig. 1a, b) while their visual scanning was measured
with eye-tracking equipment. The 36 typically developing and ASD
children viewed 2,384 trials of video scenes.

Control comparisons tested for between-group differences in atten-
tion to task and completion of procedures. There were no between-
group differences in duration of data collected per child (typically
developing 5 71.25 (27.66) min, ASD 5 64.16 (30.77) min, data given
as mean (standard deviation), with t34 5 0.685, P 5 0.498; two-sample
t-test with 34 degrees of freedom, equal variances); or in the distri-
bution of ages at which successful data collection occurred (k 5 0.0759,
P 5 0.9556; two-sample Kolmogorov–Smirnov test). Calibration accuracy
was not significantly different between groups: either cross-sectionally,
at any data collection session (all P . 0.15, t , 1.44; mean P 5 0.428); or
longitudinally, as either a main effect of diagnosis (F1,2968.336 5 0.202,
P 5 0.65) or as an interaction of diagnosis by time (F1,130.551 5 0.027,
P 5 0.87) (by hierarchical linear modelling; see Methods, Supplemen-
tary Information and Extended Data Fig. 8).

We then measured percentage of visual fixation time to eyes, mouth,
body and object regions (Fig. 1c). For each child, during each video,
these measures served as the dependent variables for longitudinal ana-
lyses. Longitudinal analyses were conducted by functional data analysis
(FDA)21 and principal analysis by conditional expectation (PACE)22

(examples in Fig. 1d, e), and were repeated with traditional growth
curve analysis using hierarchical linear modelling (HLM)23.

Growth curves for normative social engagement show broad devel-
opmental change in typically developing infants during the first 2 years
of life (Fig. 2a and Extended Data Figs 2, 4 and 7). From 2 to 6 months,
typically developing infants look more at the eyes than at mouth, body,
or object regions (all F1,23 . 15.74, P , 0.001, by functional analysis of
variance (functional ANOVA)21) (Fig. 2a, e). Mouth fixation increases
during the first year and peaks at approximately 18 months (Fig. 2a, f).
Fixation on body and object regions declines sharply throughout the
first year, reaching a plateau between 18 and 24 months (Fig. 2a, g, h),
with greater fixation on body than on object regions at all time points
(F1,23 5 18.02, P , 0.001).

In infants later diagnosed with ASD, growth curves of social visual
engagement follow a different developmental course (Fig. 2b and

1Marcus Autism Center, Children’s Healthcare of Atlanta, Atlanta, Georgia 30329, USA. 2Division of Autism & Related Disabilities, Department of Pediatrics, Emory University School of Medicine, Atlanta,
Georgia 30022, USA. 3Center for Translational Social Neuroscience, Emory University, Atlanta, Georgia 30022, USA.
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Attention to eyes is present but in decline in
2–6-month-old infants later diagnosed with autism
Warren Jones1,2,3 & Ami Klin1,2,3

Deficits in eye contact have been a hallmark of autism1,2 since the
condition’s initial description3. They are cited widely as a diagnostic
feature4 and figure prominently in clinical instruments5; however,
the early onset of these deficits has not been known. Here we show in
a prospective longitudinal study that infants later diagnosed with
autism spectrum disorders (ASDs) exhibit mean decline in eye fixa-
tion from 2 to 6 months of age, a pattern not observed in infants who
do not develop ASD. These observations mark the earliest known
indicators of social disability in infancy, but also falsify a prior
hypothesis: in the first months of life, this basic mechanism of social
adaptive action—eye looking—is not immediately diminished in
infants later diagnosed with ASD; instead, eye looking appears to
begin at normative levels prior to decline. The timing of decline
highlights a narrow developmental window and reveals the early
derailment of processes that would otherwise have a key role in
canalizing typical social development. Finally, the observation of
this decline in eye fixation—rather than outright absence—offers a
promising opportunity for early intervention that could build on
the apparent preservation of mechanisms subserving reflexive ini-
tial orientation towards the eyes.

Autism Spectrum Disorders (ASDs) affect approximately 1 in every
88 individuals6. These disorders are lifelong, believed to be congenital,
and are among the most highly heritable of psychiatric conditions7.
However, the genetic heterogeneity of ASD—with estimates suggesting
as many as three- to five-hundred distinct genes impacting aetiology8—
poses a stark challenge for understanding the biology of the condition:
with so many different ‘causes’, a key question is how that genetic het-
erogeneity can be instantiated into common forms of disability.

One answer is that although the specific biological mechanisms may
vary (in genes or pathways affected, in dosage or in timing), any such
disruptions will contribute to an individual deviation from normative
developmental processes9,10; the mechanisms may initially be different,
but a divergence from typical development is shared. In this way,
widely varying initial liabilities can be converted into similar manifes-
tations of impairment, giving rise to the spectrum of social disability
we then call ‘autism’.

In typical development, the processes of normative social interaction
are extremely early-emerging: from the first hours and weeks of life,
preferential attention to familiar voices11, faces12, face-like stimuli13 and
biological motion14 guide typical infants15. These processes are highly
conserved phylogenetically16 and lay the foundation for iterative spe-
cialization of mind and brain17, entraining babies to the social signals of
their caregivers11–14,18.

In the current study, we tested the extent to which measures of these
early-emerging normative processes may reveal disruptions in ASD at
a point prior to the manifestation of overt symptoms. We measured pre-
ferential attention to the eyes of others, a skill present in typical infants12

but significantly impaired in 2-year-olds with ASD2. We proposed that
in infants later diagnosed with ASD, preferential attention to others’
eyes might be diminished from birth onwards2,3,17.

Data were collected at 10 time points: at months 2, 3, 4, 5, 6, 9, 12, 15,
18 and 24. We studied 110 infants, enrolled as risk-based cohorts:
n 5 59 at high-risk for ASD (full siblings of a child with ASD19) and
n 5 51 at low-risk (without first-, second- or third-degree relatives
with ASD). Diagnostic status was ascertained at 36 months. For details
on study design, clinical characterization of participants, and experi-
mental procedures, see Methods and Supplementary Information.

Of the high-risk infants, 12 met criteria for ASD20 (10 males, 2 females),
indicating a conversion rate of 20.3%19. One child from the low-risk
cohort was also diagnosed with ASD. Given the small number of girls
in the ASD group, we constrained current analyses to males only, 11
ASD (10 from the high-risk cohort and 1 from the low-risk), and 25
typically developing (all from the low-risk cohort).

At each testing session, infants viewed scenes of naturalistic care-
giver interaction (Fig. 1a, b) while their visual scanning was measured
with eye-tracking equipment. The 36 typically developing and ASD
children viewed 2,384 trials of video scenes.

Control comparisons tested for between-group differences in atten-
tion to task and completion of procedures. There were no between-
group differences in duration of data collected per child (typically
developing 5 71.25 (27.66) min, ASD 5 64.16 (30.77) min, data given
as mean (standard deviation), with t34 5 0.685, P 5 0.498; two-sample
t-test with 34 degrees of freedom, equal variances); or in the distri-
bution of ages at which successful data collection occurred (k 5 0.0759,
P 5 0.9556; two-sample Kolmogorov–Smirnov test). Calibration accuracy
was not significantly different between groups: either cross-sectionally,
at any data collection session (all P . 0.15, t , 1.44; mean P 5 0.428); or
longitudinally, as either a main effect of diagnosis (F1,2968.336 5 0.202,
P 5 0.65) or as an interaction of diagnosis by time (F1,130.551 5 0.027,
P 5 0.87) (by hierarchical linear modelling; see Methods, Supplemen-
tary Information and Extended Data Fig. 8).

We then measured percentage of visual fixation time to eyes, mouth,
body and object regions (Fig. 1c). For each child, during each video,
these measures served as the dependent variables for longitudinal ana-
lyses. Longitudinal analyses were conducted by functional data analysis
(FDA)21 and principal analysis by conditional expectation (PACE)22

(examples in Fig. 1d, e), and were repeated with traditional growth
curve analysis using hierarchical linear modelling (HLM)23.

Growth curves for normative social engagement show broad devel-
opmental change in typically developing infants during the first 2 years
of life (Fig. 2a and Extended Data Figs 2, 4 and 7). From 2 to 6 months,
typically developing infants look more at the eyes than at mouth, body,
or object regions (all F1,23 . 15.74, P , 0.001, by functional analysis of
variance (functional ANOVA)21) (Fig. 2a, e). Mouth fixation increases
during the first year and peaks at approximately 18 months (Fig. 2a, f).
Fixation on body and object regions declines sharply throughout the
first year, reaching a plateau between 18 and 24 months (Fig. 2a, g, h),
with greater fixation on body than on object regions at all time points
(F1,23 5 18.02, P , 0.001).

In infants later diagnosed with ASD, growth curves of social visual
engagement follow a different developmental course (Fig. 2b and

1Marcus Autism Center, Children’s Healthcare of Atlanta, Atlanta, Georgia 30329, USA. 2Division of Autism & Related Disabilities, Department of Pediatrics, Emory University School of Medicine, Atlanta,
Georgia 30022, USA. 3Center for Translational Social Neuroscience, Emory University, Atlanta, Georgia 30022, USA.
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Social Visual Engagement & Brain Development 
in a Model System

Jocelyne 
Bachevalier, PhD

Mar 
Sanchez, PhD

Longchuan 
Li, PhD

Measuring longitudinal social visual engagement in 
infant rhesus macaque monkeys, together with densely-
sampled in vivo diffusion MRI.

Social Visual Engagement (Eye-Looking) 
is Highly Phylogenetically Conserved
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Longitudinal expression of genes associated with…
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Kang et al (2011). Nature.               (Nenad Sestan)
>17,500 genes, from fetal week 4 to late adulthood
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Atypical Social Visual Engagement: 
Present Already During Pivotal Windows in Neurodevelopment
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Atypical Social Visual Engagement: 
Present Between 2-6 Months
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Precedes Waves of Synaptogenesis & Dendrite Development
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Atypical Social Visual Engagement: 
2nd Wave of Behavior Differences Manifests at 18-24 Months
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Atypical Social Visual Engagement: 
Critical Window in Infants’ First 6 Months
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Atypical Social Visual Engagement: 
Pivotal Transitions at ~2 Months
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Pivotal Transitions at ~2 Months: 
New Hypotheses and Opportunities



2 3 4 5 6 9 12 15 18 24
month

0

10

20

30

40

50

60

70

pe
rc

en
t f

ix
at

io
n

Pivotal Transitions at ~2 Months: 
New Hypotheses and Opportunities

Pivotal Transitions at ~2 Months: 
New Hypotheses and Opportunities
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• ‘Reflex-like’ 
predispositions 

• Subcortically 
mediated 

•Attention to faces 
typically declines at 
~4-6 weeks 
(Johnson et al,1991).

•Cortically mediated eye 
movements and attention 

• Experience-dependent 
•Active social engagement 
• Looking at eyes and faces 

for new adaptive reasons. 

Hypothetical 
Trajectories

Marcus Autism Center

Dynamic Transitions in Typical Infancy

Abilities Present  
Shortly After 
Birth

Typical 
Transitions  
by ~2 months

• Reflex-like predispositions 
• Orienting to faces and eyes 

(Johnson et al., 1991)  
• Endogenous smiling (Emde, 1972)

• Decline in reflex-like behavior 
(Johnson et al., 1991) 

• Increased alertness & control 
over own movements (Wolff, 1987; 
Bronson, 1974) 

• Active and intentional exploration  
(Rochat, 2001) 

• Engagement in contingent social 
interaction 
• Increased looking to eyes (Haith 

et al., 1997; Jones & Klin, 2013) 
• Emergence of social smiling 

(Wolff, 1987; Lavell & Fogel, 2002; Messinger 
& Fogel, 2003)

Subcortically mediated Cortically mediated
Marcus Autism Center

Associated Changes in Brain and Behavior

eye-looking

smiling

brain networks

development

‘reflex-like’ eye-looking voluntary eye-looking

development

endogenous smiling social smiling

development

collicular pathway

extrapyramidal pathway

anterior temporal,  
OFC, MPFC, ACC

FG, IOG, OFC,  
STS, FEF



Marcus Autism Center

Longchuan Li, PhD

Change in social adaptive action and brain connectivity in 
infants’ first 6 months

How to link these pivotal transitions in behavior to the 
neural bases of autism?

Sarah Shultz, PhD

Significant positive (orange) and negative (blue) 
changes of nodal importance (BC) over development: 
27 days to 218 days in human infants. Marcus Autism Center

The Search for Endophenotypes

• Quantitative

• Heritable
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ASD, 11 males, 747 trialsTD, 25 males, 1637 trials

Age (in months) Age (in months) Age (in months) Age (in months)

F(1,34) = 11.9, P = .002 F(1,34) = .002, P = .965

F(1,34) = 10.6, P = .003 F(1,34) = 12.08, P = .002

Eyes Mouth Body Object

2 3 4 5 6 9 12 15 18 240

10

20

30

40

50

60

70

2 3 4 5 6 9 12 15 18 240

10

20

30

40

50

60

70 Hypothesized Eyes

Actual Eyes

mean
95% CI

P < .05, Change in Fixation
P < .05, Fixation Time

• Specific
0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

24-Month-Old

Testing

24-Month-Old

Training

24-Month-Old

LOOCV

Entire Sample

Testing

Entire Sample

Training

Entire Sample

LOOCV

T
ru

e
 P

o
s
it
iv

e
 F

ra
c
ti
o
n

T
ru

e
 P

o
s
it
iv

e
 F

ra
c
ti
o
n

T
ru

e
 P

o
s
it
iv

e
 F

ra
c
ti
o
n

False Positive Fraction False Positive Fraction

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

18-Month-Old

Testing

18-Month-Old

Training

18-Month-Old

LOOCV

False Positive Fraction

AUC = 0.940 AUC = 0.943 AUC = 0.955

AUC = 0.871 AUC = 0.843 AUC = 0.878

AUC = 0.845 AUC = 0.790 AUC = 0.879

Historical Data Figure XXXX.  Receiver Operating Characteristic (ROC) curves for comparison of classification of individual children by 

the eye-tracking device relative to the reference standard (“gold standard”) current clinical practice: clinician best estimate diagnosis using 

standardized instruments.  The top row of ROC curves provides results for the training samples (with one ROC each for all ages 

combined, for 18-month-olds, and for 24-month-olds).  The middle row provides results for the independent validation testing samples 

(with one ROC each for all ages, for 18-month-olds, and for 24-month-olds).  And the bottom row provides results for leave-one-out 

cross-validation (LOOCV) testing in each of the age groups (for all ages combined, 18-month-olds, and 24-month-olds).  Abbreviations: 

AUC = area under the curve; CI = confidence interval.  
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Historical Data Figure XXXX.  Receiver Operating Characteristic (ROC) curves for comparison of classification of individual children by 

the eye-tracking device relative to the reference standard (“gold standard”) current clinical practice: clinician best estimate diagnosis using 

standardized instruments.  The top row of ROC curves provides results for the training samples (with one ROC each for all ages 

combined, for 18-month-olds, and for 24-month-olds).  The middle row provides results for the independent validation testing samples 

(with one ROC each for all ages, for 18-month-olds, and for 24-month-olds).  And the bottom row provides results for leave-one-out 

cross-validation (LOOCV) testing in each of the age groups (for all ages combined, 18-month-olds, and 24-month-olds).  Abbreviations: 

AUC = area under the curve; CI = confidence interval.  
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Positive Controls

ADOS Social Affect: r = -0.819 (-0.701, -0.893), p < 0.0001
                                 r = -0.717 (-0.413, -0.877), p = 0.0003
                          CCC = -0.784 (-0.649, -0.871), p < 0.0001
                          CCC = -0.636 (-0.281, -0.838), p = 0.0020

ADOS Total:             r = -0.805 (-0.680, -0.884), p < 0.0001
                                 r = -0.735 (-0.444, -0.886), p = 0.0001
                          CCC = -0.776 (-0.637, -0.866), p < 0.0001
                          CCC = -0.623 (-0.262, -0.831), p = 0.0026

ADOS Severity:        r = -0.759 (-0.607, -0.857), p < 0.0001
                                 r = -0.717 (-0.413, -0.877), p = 0.0003
                          CCC = -0.725 (-0.557, -0.836), p < 0.0001
                          CCC = -0.594 (-0.218, -0.816), p = 0.0045

ADOS Social Affect: r = -0.686 (-0.532, -0.796), p < 0.0001
                                 r = -0.610 (-0.320, -0.795), p < 0.0001
                          CCC = -0.621 (-0.446, -0.750), p < 0.0001
                          CCC = -0.591 (-0.293, -0.784), p = 0.0006

ADOS Total:             r = -0.673 (-0.514, -0.787), p < 0.0001
                                 r = -0.565 (-0.257, -0.769), p = 0.0011
                          CCC = -0.619 (-0.444, -0.749), p < 0.0001
                          CCC = -0.529 (-0.209, -0.747), p = 0.0026

ADOS Severity:        r = -0.513 (-0.277, -0.691), p = 0.0001
                                 r = -0.500 (-0.121, -0.752), p = 0.0128
                          CCC = -0.547 (-0.319, -0.715), p < 0.0001
                          CCC = -0.436 (-0.039, -0.714), p = 0.0334

Mullen Non-Verbal:  r =  0.794  (0.683,  0.870),  p < 0.0001
                                 r =  0.340  (-0.016, 0.620),  p = 0.0613
                          CCC =  0.733  (0.596,  0.829),  p < 0.0001
                          CCC =  0.390  (0.041,  0.654),  p = 0.0302

Mullen Receptive:    r =  0.760  (0.629,  0.849),  p < 0.0001
                                 r =  0.521  (0.197,  0.742),  p = 0.0032
                          CCC =  0.682  (0.519,  0.797),  p < 0.0001
                          CCC =  0.447  (0.103,  0.695),  p = 0.0133
 

Mullen Expressive:   r =  0.744  (0.605,  0.838),  p < 0.0001
                                 r =  0.573  (0.268,  0.773),  p = 0.0009
                          CCC =  0.728  (0.584,  0.828),  p < 0.0001
                          CCC =  0.529  (0.208,  0.747),  p = 0.0026

Age:                         r =  0.097  (-0.110, 0.296),  p = 0.3588
                                 r =  0.083  (-0.219, 0.371),  p = 0.5917
                          CCC =  0.117  (-0.090, 0.314),  p = 0.2675
                          CCC =  0.043  (-0.257, 0.335),  p = 0.7827

Quality:                    r =  0.203  (-0.002, 0.391),  p = 0.0525
                                 r =  0.081  (-0.221, 0.369),  p = 0.5997
                          CCC =  0.157  (-0.050, 0.350),  p = 0.1356
                          CCC = -0.038  (-0.332, 0.261),  p = 0.8045

Age:                         r = -0.063  (-0.237, 0.114),  p = 0.4843
                                 r = -0.099  (-0.342, 0.157),  p = 0.4487
                          CCC = -0.096  (-0.268, 0.082),  p = 0.2885
                          CCC = -0.073  (-0.319, 0.182),  p = 0.5750

Quality:                    r =  0.150  (-0.027, 0.318),  p = 0.0965
                                 r =  0.179  (-0.077, 0.412),  p = 0.1681
                          CCC =  0.169  (-0.008, 0.335),  p = 0.0610
                          CCC =  0.173  (-0.083, 0.407),  p = 0.1832

Historical Data Figure XXXX.  Measures of correlation between eye-tracking indices and standardized assessments of autistic social disability (using the Autism Diagnostic Observation Schedule, 

ADOS) and of verbal and non-verbal cognitive skills (using the Mullen Scales of Early Learning, Mullen), as well as with chronological age and eye-tracking data quality rating (with which no 

associations are expected).  Higher scores on the ADOS denote greater social disability.  Non-verbal cognitive skills on the Mullen are given as age equivalence scores (in months).  Verbal/language 
skills on the Mullen are given separately as receptive and expressive language skills, again as age equivalence scores (in months).  Plots are separated by age group and measure.  In all plots and 
in reporting of correlation coefficients, light gray denotes results for the training sample, dark gray denotes results for the testing sample.  Correlation coefficients are given with 95% confidence 
intervals in parentheses.  Abbreviations: (Mullen) AE = age equivalence (in months); r = Spearman’s rho; CCC = Lin’s Concordance Correlation Coefficient.

Mullen Non-Verbal:  r =  0.579  (0.420,  0.704),  p < 0.0001
                                 r =  0.292  (-0.018, 0.550),  p = 0.0643
                          CCC =  0.539  (0.371,  0.674),  p < 0.0001
                          CCC =  0.281  (-0.029, 0.542),  p = 0.0751

Mullen Receptive:    r =  0.633  (0.496,  0.739),  p < 0.0001
                                 r =  0.487  (0.226,  0.683),  p = 0.0007
                          CCC =  0.611  (0.469,  0.723),  p < 0.0001
                          CCC =  0.468  (0.202,  0.670),  p = 0.0012
 

Mullen Expressive:   r =  0.683  (0.560,  0.777),  p < 0.0001
                                 r =  0.501  (0.243,  0.692),  p = 0.0005
                          CCC =  0.662  (0.533,  0.761),  p < 0.0001
                          CCC =  0.480  (0.217,  0.678),  p = 0.0008

Training Sample

Testing Sample

Training Regression

Testing Regression

• Early-Emerging

• Highly-Conserved
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•High-throughput, low-cost, 
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intervention, optimal 
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Public Health Opportunities

• Support a system that does not 
have sufficient expert clinicians 

• A new, promising view of 
autism, with universal design 
implications 
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modality of early treatment 

• Reduce the child, family, health, 
education, and societal costs of 
autism
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