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Autism: A Common Condition

Autism affects 1 in every 36, impacting more than 9.1 million individuals and their families in the United 
States alone. When we think of conditions that affect young children and their families, autism is one of 
the most common.

Autism

1:36

Maenner et al (2020) MMWR Surveil Summ. and CDC Prevalence Estimates
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Current State: Obtaining an Autism Diagnosis

Parents are 
typically 

concerned by 

1.5 to 2 years

Average of

2-3 years to gain 

access to 
knowledgeable 

professional

Average age 
of diagnosis in 

the US is 

~4.3 years

Parents in the US spend an average of 2-3 years between the time when they first begin to worry and the 
time when they finally receive a diagnosis.  There are not enough expert clinicians or expert centers to 
meet public need.  Disadvantaged families (US racial and ethnic minorities, poor, rural) wait even longer. 

Chen et al (2023) J Pediatr.
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•Need measures that are

• objective

• quantitative

• dimensional & fine-grained

• performance-based

• standardized, efficient & 

community-viable

• able to capture core features of 

social disability (i.e., have clinical 
validity)


• mechanistically relevant

Biomarkers Needed in Autism
INFANT  
SIBLING STUDY 

A National Institutes of Health  
Autism Center of Excellence 



Individual eye-tracking data, playback 1/2 speed, gaze location crosshair color-coded by content at gaze location.

Social Visual Engagement

(how children look at and learn from their surrounding social environment)
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Clinical Face Validity:

Social Visual Engagement…
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Figure 2. Comparison of social visual engagement (eye-looking) in typically-developing infants relative to 3 independent cohorts of infants later diagnosed 
with ASD.  Mean levels of eye-looking from 2 until 24 months in N=63 typically-developing males (blue) compared with (a) cohort 1 of infants later diagnosed with ASD 
(in red, from Jones & Klin, Nature, 2013) and replication with (b) cohort 2 and (c) cohort 3 of infants later diagnosed with ASD (Olson et al, under review). Dark lines 
indicate mean growth curves, light lines indicate 95% CI.  Infants later diagnosed with ASD show decline in levels of eye-looking between 2 and 24 months of life. 

ASD Cohort 1, 11 males, 747 trials
TD, 63 males, 5,375 trials

ASD Cohort 2, 13 males, 818 trials
TD, 63 males, 5,375 trials
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ASD Cohort 3, 10 males, 572 trials
TD, 63 males, 5,375 trials

c

…reflects early-emerging differences in ASD.


(differences in ASD identifiable as early as the first 2-6 months after birth)
Jones & Klin. (2013) Nature.
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Biological Construct Validity:

Social Visual Engagement…

…is highly phylogenetically-conserved.

(homologous patterns of developmental change in looking observed in human infants and 


infant rhesus macaques, demonstrating evolutionary importance for early social development)
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cross-species comparative lifespan

~4:1 human : rhesus

(Workman et al, 2013)

rhesus macaque

human infant

N=63 human infants
N=31 infant rhesus

Jocelyne 

Bachevalier, PhD

Mar

Sanchez, PhD

Wang et al. (2020) Dev Cogn Neurosci.
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Biological Construct Validity:

Social Visual Engagement…

…is strongly influenced by genetic variation.

(influencing millisecond timing of eye movements, with heritability of eye-looking ~0.90)
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Basic Science to Clinical Translation

3 Studies (2 Publications)

Simultaneous publications in 

JAMA & JAMA Network Open



Attentional funnel denotes time-varying regions of greatest probability of fixation in typically-developing children.

Translation to Clinical Tool:

Funnels of Attention (at microscales of tens of milliseconds)
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Typically-Developing (TD) Toddlers Define

Normative Data Model 

Moment-by-moment, normative benchmark data against 
which to compare test measurements for new children.
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Step 1: Derive Quantitative Indices for 
Early Diagnostic Markers of Autism

TD normative funnels = 

ASD comparison scanpaths = 
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N = 335
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EarliPoint +
-

Expert Clinician
Diagnosis

ASD non-ASD
117 27 144

33 158 191

150 185 335

% 95% CI
Sensitivity 78 (70.7-83.9)
Specificity 85.4 (79.5-89.8)
PPV 81.2 (74-86.8)
NPV 82.7 (76.7-87.5)
Accuracy 82.1 (77.6-85.8)

Mining 1000’s of statistically significant 
moment-by-moment divergences from 

within minutes of naturalistic video viewing

diagnostic

classification
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Step 2: Derive Quantitative Indices for 

Early Measures of Autism Symptom Severity

TD normative funnels = 

ASD comparison scanpaths = 
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3 Studies (2 Publications): 

Discovery, Replication, & Multi-Site Trial
Goals: to test the performance of eye-tracking-based assays of 
social visual engagement in 16-30-month-old children to


1. accurately assess presence of ASD (se and sp relative to 
clinical best estimate using gold standard instruments)


2. accurately assess severity of ASD (measuring agreement with 
standardized measures of social disability [ADOS-2] and of 
cognitive ability [verbal and nonverbal ability, Mullens])

Discovery & Replication: N=1,089 toddlers (3 sites)

N=719 Discovery Study; Marcus Autism Center (GA)

N=370 Replication Study; Forsyth Co. (GA) and WashU (MO)

Multi-Site Trial: N=475 toddlers (6 sites)

Multi-site, nationwide clinical trial (Seattle Children’s, 
Cincinnati Children’s, UCSF, Rush, SARRC, and Emory) 
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Avoiding Design-Related Bias in Studies of 
Diagnostic Accuracy (Lijmer et al. JAMA, 1999)

• Study Population: Broad Spectrum         
(study samples represented full range of autism & non-autism)

• Collection & Analysis: Double-Blind    
(clinical blind to eye-tracking, eye-tracking blind to clinical)

• Diagnostic Verification: Complete 
(same tests performed in all participants)

• Participant Selection: Consecutive Referrals 
(all consecutive referrals enrolled for testing)

• Data Collection: Prospective           
(all data collected prospectively)

All Procedures Followed STARD Initiative (Bossuyt et al (2003) BMJ. 
Korevaar et al (2015).  Cohen et al (2015) BMJ Open.)



Participant Flow and Outcomes

Jones et al. (2023) JAMA Network Open.  

Discovery
Study

Figure 1.  Participant enrollment and outcomes for comparing objective measurements of social visual engagement with expert 
clinical diagnosis of autism in discovery and replication studies.  Participant flow for (A) Discovery and (B) Replication Studies.  
Following written informed parental consent, toddler participants were enrolled and completed study procedures.  During a single visit at 
the testing site, enrolled participants received expert clinical diagnosis using standardized assessments (reference standard diagnosis) 
as well as eye-tracking-based measurement of social visual engagement (index test).  Clinical staff were blind to eye-tracking results and 
eye-tracking staff were blind to clinical results.  Index test QCI failures (quality control indicator failures) occurred when participants’ data 
failed to meet automated, pre-set data quality control indicators (for details about index test QCI failures, please see Supplementary 
Tables 2 and 3).  For details on all study procedures, please see Methods and Supplementary Materials. 

719 eligible, enrolled
719 completed eye-tracking 
       (Index Test)
719 completed expert clinical diagnosis
       (Reference Standard)

386 Reference
Standard Diagnosis 

of non-autism

333 Reference
Standard Diagnosis 

of autism

346
Index Test
non-autism

39
Index Test

autism

267
Index Test

autism

59
Index Test
non-autism

7
Index Test
QCI failure

1
Index Test
QCI failure

719 children aged 16-30 months
assessed at specialty clinic
for diagnosis and treatment 

of autism spectrum disorder (autism)

A B

Replication
Study

370 eligible, enrolled
370 completed eye-tracking 
       (Index Test)
370 completed expert clinical diagnosis
       (Reference Standard)

184 Reference
Standard Diagnosis 

of non-autism

186 Reference
Standard Diagnosis 

of autism

149
Index Test
non-autism

32
Index Test

autism

145
Index Test

autism

35
Index Test
non-autism

6
Index Test
QCI failure

3
Index Test
QCI failure

380 children aged 16-45 months
assessed at specialty clinic
for diagnosis and treatment 

of autism spectrum disorder (autism)
8 declined 
  to enroll
2 no-show



Participant Characterization & Demographics

Jones et al. 
(2023) JAMA 
Network Open.  

Table 1.  Participant Characterization & Demographics 

 Discovery Study 
(N = 719) 

Replication Study 
(N = 370) 

Reference Standard Diagnosis non-autism 
386 

autism 
333 

non-autism 
184 

autism 
186       N 

Age     
      months: mean (SD) 21.7 (3.4) 23.1 (3.7) 22.7 (4.9) 28.1 (5.8) 
            percentiles [1st, 25th, 50th, 75th, 99th] [15, 18, 23, 24, 30] [16, 20, 24, 26, 30] [16, 19, 21, 25, 36] [17, 24, 28, 31, 43] 

Sex – no. (%)     
      Female 154 (39.9%)   70 (21.0%)   78 (42.4%)   42 (22.6%) 
      Male 232 (60.1%) 263 (79.0%) 106 (57.6%) 144 (77.4%) 

Race – no. (%)     
      Asian  5 (1.3%)  10 (3.0%)  1 (0.5%)   23 (12.4%) 
      Black / African-American 21 (5.4%)    67 (20.1%)  22 (12.0%)   38 (20.4%) 
      Caucasian 281 (72.8%)  179 (53.8%) 139 (75.6%) 106 (57.0%) 
      Native Hawaiian or Pacific Islander  4 (1.0%)    3 (0.9%)  2 (1.1%)   0 (0.0%) 
      More than one race 28 (7.3%)    41 (12.3%)   19 (10.3%) 16 (8.6%) 
      Prefer not to answer / unknown   47 (12.2%)  33 (9.9%)   1 (0.5%)   3 (1.6%) 

Ethnicity – no. (%)     
      Hispanic 24 (6.2%) 23 (6.9%) 12 (6.5%)   20 (10.8%) 
      Non-Hispanic 309 (80.1%) 268 (80.5%) 166 (90.2%) 154 (82.8%) 
      Prefer not to answer / unknown   53 (13.7%)   41 (12.3%)   6 (3.3%) 12 (6.4%) 

Income – no. (%)     
      ≤ $20,000   5 (1.3%) 13 (3.9%) 14 (7.6%)   2 (1.1%) 
      $20,001–$40,000 17 (4.4%) 29 (8.7%)    21 (11.4%) 16 (8.6%) 
      $40,001–$60,000 32 (8.3%)   48 (14.5%)    35 (19.0%)   42 (22.6%) 
      $60,001–$80,000 37 (9.6%)   51 (15.3%)    31 (16.8%)   57 (30.6%) 
      $80,001–$100,000   51 (13.2%) 33 (9.9%)    29 (15.8%)   29 (15.6%) 
      $100,001–$125,000   56 (14.5%) 26 (7.8%)     21 (11.4%) 17 (9.1%) 
      $125,001–$150,000 26 (6.7%) 13 (3.9%)   10 (5.5%)  11 (5.9%) 
      $150,001–$200,000   40 (10.4%) 12 (3.6%)     8 (4.3%)    5 (2.7%) 
      ≥ $200,000 33 (8.5%)   6 (1.8%)     5 (2.7%)    0 (0.0%) 
      Prefer not to answer / unknown   89 (23.1%) 102 (30.6%)   10 (5.5%)    7 (3.8%) 

Maternal Education – no. (%)     
      Some High School   0 (0.0%)   4 (1.2%)  1 (0.5%)   4 (2.1%) 
      High School or GED   8 (2.1%) 20 (6.0%)  19 (10.3%)   29 (15.6%) 
      Some College, No Degree 15 (3.9%)        55 (16.5%)   31 (16.8%)   21 (11.3%) 
      Vocational School   1 (0.3%) 12 (3.6%)   6 (3.3%)   2 (1.1%) 
      Associate’s Degree   4 (1.0%) 14 (4.2%) 14 (7.6%) 13 (7.0%) 
      Bachelor‘s Degree 114 (29.5%)    98 (29.5%)   74 (40.2%)   76 (40.9%) 
      Master’s Degree 135 (35.0%)    55 (16.5%)   31 (16.8%)   29 (15.6%) 
      Professional or Doctoral Degree   51 (13.2%)  14 (4.2%)   5 (2.7%)   8 (4.3%) 
      Prefer not to answer / unknown   58 (15.0%)    61 (18.3%)   3 (1.6%)   4 (2.1%) 

Autism Diagnostic Observation Schedule, 2nd Ed. (ADOS-2)*   
      SA Score, mean (SD) 2.3 (2.3) 13.6 (4.1) 3.1 (2.6) 13.8 (4.4) 
            percentiles [1st, 25th, 50th, 75th, 99th] [0, 1, 2, 3, 11] [5, 10, 14, 17, 20] [0, 1, 3, 5, 11] [6, 10, 14, 17, 21] 
      RRB Score, mean (SD) 1.0 (0.9) 4.3 (1.8) 2.4 (1.6) 5.6 (1.4) 
            percentiles [1st, 25th, 50th, 75th, 99th] [0, 0, 1, 2, 4] [1, 3, 4, 6, 8] [0, 1, 2, 4, 6] [2, 5, 6, 7, 8] 
      Total Score, mean (SD) 3.3 (2.6) 17.9 (5.1) 5.5 (3.2) 19.4 (5.0) 
            percentiles [1st, 25th, 50th, 75th, 99th] [0, 2, 3, 5, 12] [8, 14, 18, 22, 27] [0, 3, 5, 7, 13] [8, 15, 20, 24, 28] 

Mullen Scales of Early Learning**     
      Verbal Age Equiv., mean (SD) 24.2 (5.6) 13.0 (6.2) 23.1 (8.0) 14.8 (7.7) 
            percentiles [1st, 25th, 50th, 75th, 99th] [12, 20, 24, 28, 36] [3, 8, 12, 16, 29] [10, 16, 23, 28, 39] [4, 10, 12, 18, 38] 
      Nonverbal Age Equiv., mean (SD) 24.8 (6.1) 19.0 (5.2) 27.3 (9.8) 20.7 (6.8) 
            percentiles [1st, 25th, 50th, 75th, 99th] [15, 20, 24, 29, 40] [7, 16, 19, 23, 32] [13, 19, 25, 32, 48] [9, 16, 20, 24, 42] 
   
 
* - Autism Diagnostic Observation Schedule 2nd Edition, SA = Social Affect domain score; RRB = Restricted and Repetitive Behavior domain 

score; Discovery NADOS = 564 (333 autism, 231 non-autism), Replication NADOS = 255 (186 autism, 69 non-autism), see Supplementary 
Materials: Reference Standard Diagnostic Assessment Procedures. 

** - Mullen Scales of Early Learning, Verbal Age Equiv = verbal ability age equivalent score, in months, calculated as average of expressive 
and receptive language age equivalent scores; Nonverbal Age Equiv = nonverbal ability age equivalent score, in months, calculated as 
visual reception age equivalent score; Discovery NMullen = 620 (333 autism, 287 non-autism, 10 missing nonverbal), Replication NMullen = 
251 (183 autism, 68 non-autism), see Supplementary Materials: Reference Standard Diagnostic Assessment Procedures. 
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      Some High School   0 (0.0%)   4 (1.2%)  1 (0.5%)   4 (2.1%) 
      High School or GED   8 (2.1%) 20 (6.0%)  19 (10.3%)   29 (15.6%) 
      Some College, No Degree 15 (3.9%)        55 (16.5%)   31 (16.8%)   21 (11.3%) 
      Vocational School   1 (0.3%) 12 (3.6%)   6 (3.3%)   2 (1.1%) 
      Associate’s Degree   4 (1.0%) 14 (4.2%) 14 (7.6%) 13 (7.0%) 
      Bachelor‘s Degree 114 (29.5%)    98 (29.5%)   74 (40.2%)   76 (40.9%) 
      Master’s Degree 135 (35.0%)    55 (16.5%)   31 (16.8%)   29 (15.6%) 
      Professional or Doctoral Degree   51 (13.2%)  14 (4.2%)   5 (2.7%)   8 (4.3%) 
      Prefer not to answer / unknown   58 (15.0%)    61 (18.3%)   3 (1.6%)   4 (2.1%) 

Autism Diagnostic Observation Schedule, 2nd Ed. (ADOS-2)*   
      SA Score, mean (SD) 2.3 (2.3) 13.6 (4.1) 3.1 (2.6) 13.8 (4.4) 
            percentiles [1st, 25th, 50th, 75th, 99th] [0, 1, 2, 3, 11] [5, 10, 14, 17, 20] [0, 1, 3, 5, 11] [6, 10, 14, 17, 21] 
      RRB Score, mean (SD) 1.0 (0.9) 4.3 (1.8) 2.4 (1.6) 5.6 (1.4) 
            percentiles [1st, 25th, 50th, 75th, 99th] [0, 0, 1, 2, 4] [1, 3, 4, 6, 8] [0, 1, 2, 4, 6] [2, 5, 6, 7, 8] 
      Total Score, mean (SD) 3.3 (2.6) 17.9 (5.1) 5.5 (3.2) 19.4 (5.0) 
            percentiles [1st, 25th, 50th, 75th, 99th] [0, 2, 3, 5, 12] [8, 14, 18, 22, 27] [0, 3, 5, 7, 13] [8, 15, 20, 24, 28] 

Mullen Scales of Early Learning**     
      Verbal Age Equiv., mean (SD) 24.2 (5.6) 13.0 (6.2) 23.1 (8.0) 14.8 (7.7) 
            percentiles [1st, 25th, 50th, 75th, 99th] [12, 20, 24, 28, 36] [3, 8, 12, 16, 29] [10, 16, 23, 28, 39] [4, 10, 12, 18, 38] 
      Nonverbal Age Equiv., mean (SD) 24.8 (6.1) 19.0 (5.2) 27.3 (9.8) 20.7 (6.8) 
            percentiles [1st, 25th, 50th, 75th, 99th] [15, 20, 24, 29, 40] [7, 16, 19, 23, 32] [13, 19, 25, 32, 48] [9, 16, 20, 24, 42] 
   
 
* - Autism Diagnostic Observation Schedule 2nd Edition, SA = Social Affect domain score; RRB = Restricted and Repetitive Behavior domain 

score; Discovery NADOS = 564 (333 autism, 231 non-autism), Replication NADOS = 255 (186 autism, 69 non-autism), see Supplementary 
Materials: Reference Standard Diagnostic Assessment Procedures. 

** - Mullen Scales of Early Learning, Verbal Age Equiv = verbal ability age equivalent score, in months, calculated as average of expressive 
and receptive language age equivalent scores; Nonverbal Age Equiv = nonverbal ability age equivalent score, in months, calculated as 
visual reception age equivalent score; Discovery NMullen = 620 (333 autism, 287 non-autism, 10 missing nonverbal), Replication NMullen = 
251 (183 autism, 68 non-autism), see Supplementary Materials: Reference Standard Diagnostic Assessment Procedures. 

Participant Characterization & Demographics

Jones et al. 
(2023) JAMA 
Network Open.  



Diagnostic Performance

Eye-Tracking in Comparison with Reference Standard Expert Clinicians
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Figure 2.  Diagnostic performance comparing measurement of social visual 
engagement (index test) with expert clinical diagnosis of autism (reference 
standard).  Receiver Operating Characteristic (ROC) curves for comparison of 
index test performance relative to reference standard diagnosis in the Discovery 
Study (A) and Replication Study (B).  Empirical area under the curve (AUC) 
metrics and their 95% confidence intervals are reported on each ROC plot.  In 
(A), the optimal test positivity threshold for the Discovery Study is marked with a 
black cross (Youden’s Index).  In (C), for that same optimal test positivity 
threshold, cross-tabulation of the eye-tracking index test results versus 
reference standard diagnosis is given, together with corresponding test 
performance estimates and their 95% confidence intervals.  (B) For the 
Replication Study, the test positivity threshold determined in the Discovery Study 
was frozen and applied independently in the Replication Study.  The black cross 
in (B) marks the achieved sensitivity and specificity in the replication study using 
the test positivity threshold from (A). The asterisk in (B) marks a post-hoc 
theoretical optimal threshold. In (D),  cross-tabulation of the achieved 
eye-tracking index test results versus reference standard diagnosis in the 
Replication Study is given (tabulation corresponding to black cross in B), 
together with corresponding test performance estimates and their 95% 
confidence intervals.  Abbreviations: AUC, area under the curve.  CI, confidence 
interval.  PPV, positive predictive value.  NPV, negative predictive value.  Note 
that NPV and PPV necessarily depend upon study sample prevalence.  
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Figure 2.  Diagnostic performance comparing measurement of social visual 
engagement (index test) with expert clinical diagnosis of autism (reference 
standard).  Receiver Operating Characteristic (ROC) curves for comparison of 
index test performance relative to reference standard diagnosis in the Discovery 
Study (A) and Replication Study (B).  Empirical area under the curve (AUC) 
metrics and their 95% confidence intervals are reported on each ROC plot.  In 
(A), the optimal test positivity threshold for the Discovery Study is marked with a 
black cross (Youden’s Index).  In (C), for that same optimal test positivity 
threshold, cross-tabulation of the eye-tracking index test results versus 
reference standard diagnosis is given, together with corresponding test 
performance estimates and their 95% confidence intervals.  (B) For the 
Replication Study, the test positivity threshold determined in the Discovery Study 
was frozen and applied independently in the Replication Study.  The black cross 
in (B) marks the achieved sensitivity and specificity in the replication study using 
the test positivity threshold from (A). The asterisk in (B) marks a post-hoc 
theoretical optimal threshold. In (D),  cross-tabulation of the achieved 
eye-tracking index test results versus reference standard diagnosis in the 
Replication Study is given (tabulation corresponding to black cross in B), 
together with corresponding test performance estimates and their 95% 
confidence intervals.  Abbreviations: AUC, area under the curve.  CI, confidence 
interval.  PPV, positive predictive value.  NPV, negative predictive value.  Note 
that NPV and PPV necessarily depend upon study sample prevalence.  
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Figure 2.  Diagnostic performance comparing measurement of social visual 
engagement (index test) with expert clinical diagnosis of autism (reference 
standard).  Receiver Operating Characteristic (ROC) curves for comparison of 
index test performance relative to reference standard diagnosis in the Discovery 
Study (A) and Replication Study (B).  Empirical area under the curve (AUC) 
metrics and their 95% confidence intervals are reported on each ROC plot.  In 
(A), the optimal test positivity threshold for the Discovery Study is marked with a 
black cross (Youden’s Index).  In (C), for that same optimal test positivity 
threshold, cross-tabulation of the eye-tracking index test results versus 
reference standard diagnosis is given, together with corresponding test 
performance estimates and their 95% confidence intervals.  (B) For the 
Replication Study, the test positivity threshold determined in the Discovery Study 
was frozen and applied independently in the Replication Study.  The black cross 
in (B) marks the achieved sensitivity and specificity in the replication study using 
the test positivity threshold from (A). The asterisk in (B) marks a post-hoc 
theoretical optimal threshold. In (D),  cross-tabulation of the achieved 
eye-tracking index test results versus reference standard diagnosis in the 
Replication Study is given (tabulation corresponding to black cross in B), 
together with corresponding test performance estimates and their 95% 
confidence intervals.  Abbreviations: AUC, area under the curve.  CI, confidence 
interval.  PPV, positive predictive value.  NPV, negative predictive value.  Note 
that NPV and PPV necessarily depend upon study sample prevalence.  
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engagement (index test) with expert clinical diagnosis of autism (reference 
standard).  Receiver Operating Characteristic (ROC) curves for comparison of 
index test performance relative to reference standard diagnosis in the Discovery 
Study (A) and Replication Study (B).  Empirical area under the curve (AUC) 
metrics and their 95% confidence intervals are reported on each ROC plot.  In 
(A), the optimal test positivity threshold for the Discovery Study is marked with a 
black cross (Youden’s Index).  In (C), for that same optimal test positivity 
threshold, cross-tabulation of the eye-tracking index test results versus 
reference standard diagnosis is given, together with corresponding test 
performance estimates and their 95% confidence intervals.  (B) For the 
Replication Study, the test positivity threshold determined in the Discovery Study 
was frozen and applied independently in the Replication Study.  The black cross 
in (B) marks the achieved sensitivity and specificity in the replication study using 
the test positivity threshold from (A). The asterisk in (B) marks a post-hoc 
theoretical optimal threshold. In (D),  cross-tabulation of the achieved 
eye-tracking index test results versus reference standard diagnosis in the 
Replication Study is given (tabulation corresponding to black cross in B), 
together with corresponding test performance estimates and their 95% 
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interval.  PPV, positive predictive value.  NPV, negative predictive value.  Note 
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Figure 2.  Diagnostic performance comparing measurement of social visual 
engagement (index test) with expert clinical diagnosis of autism (reference 
standard).  Receiver Operating Characteristic (ROC) curves for comparison of 
index test performance relative to reference standard diagnosis in the Discovery 
Study (A) and Replication Study (B).  Empirical area under the curve (AUC) 
metrics and their 95% confidence intervals are reported on each ROC plot.  In 
(A), the optimal test positivity threshold for the Discovery Study is marked with a 
black cross (Youden’s Index).  In (C), for that same optimal test positivity 
threshold, cross-tabulation of the eye-tracking index test results versus 
reference standard diagnosis is given, together with corresponding test 
performance estimates and their 95% confidence intervals.  (B) For the 
Replication Study, the test positivity threshold determined in the Discovery Study 
was frozen and applied independently in the Replication Study.  The black cross 
in (B) marks the achieved sensitivity and specificity in the replication study using 
the test positivity threshold from (A). The asterisk in (B) marks a post-hoc 
theoretical optimal threshold. In (D),  cross-tabulation of the achieved 
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of Discovery Study to test in Replication Study.



Marcus Autism Center

Diagnostic Performance Summary

• Initial discovery study and first replication showed high sensitivity 
and specificity when comparing eye-tracking-based measures of 
social visual engagement with expert clinician diagnosis in 
children approximately 16-30 months old (se ~80%, sp ~80%).

• ~5-10 minutes of video watching compared with 6-8 hours of 

comprehensive diagnostic and developmental evaluation conducted by a 
PhD- and/or MD-trained expert clinician.


• In current US healthcare landscape, average age of diagnosis remains 
~4-5 years.  Fewer than 20% of children receiving special education 
services in later life are currently identified by age 3 years (equivalent to 
very high false negative rate).



Assessment Performance

Assessment of Individual Symptom Severity in 3 Behavioral Domains

Jones et al. 
(2023) JAMA 
Network Open.  
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Figure 3.  Convergent validity between eye-tracking-based measurement of social visual engagement (Index Test) 
and expert clinician-administered, standardized assessments of social disability, verbal ability, & nonverbal 
cognitive ability.  Discovery study correlation between (A) eye-tracking-based indices of social disability versus 
children’s total scores on the ADOS-2 (Autism Diagnostic Observation Schedule 2nd Edition, standardized diagnostic 
assessment for ASD, administered by clinical specialists), (B) eye-tracking-based indices of verbal ability versus 
children’s verbal age equivalent scores as measured by the Mullen Scales of Early Learning (developmental assessment 
of children’s motor, language, and cognitive abilities, administered by clinical specialists), and (C) eye-tracking-based 
indices of nonverbal cognitive ability versus children’s nonverbal age equivalent scores as measured, again, by the Mullen 
Scales of Early Learning.  Scatter plots in (D), (E), and (F) repeat the same comparisons in the replication study.  Arrows 
and labels at figure bottom give directional interpretation for each measurement comparison.  In all scatter plots, circles 
mark individual data, crosses mark regression outliers (bivariate outliers identified using Cook’s distance and 
difference-in-fits regression diagnostics). Adjusted R-squared values are adjusted for measurement error variance of the 
reference standard (yielding percentage of reference standard non-error variance explained by the index test). See 
Supplementary Materials, Secondary Endpoint Analyses for additional information.
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Figure 3.  Convergent validity between eye-tracking-based measurement of social visual engagement (Index Test) 
and expert clinician-administered, standardized assessments of social disability, verbal ability, & nonverbal 
cognitive ability.  Discovery study correlation between (A) eye-tracking-based indices of social disability versus 
children’s total scores on the ADOS-2 (Autism Diagnostic Observation Schedule 2nd Edition, standardized diagnostic 
assessment for ASD, administered by clinical specialists), (B) eye-tracking-based indices of verbal ability versus 
children’s verbal age equivalent scores as measured by the Mullen Scales of Early Learning (developmental assessment 
of children’s motor, language, and cognitive abilities, administered by clinical specialists), and (C) eye-tracking-based 
indices of nonverbal cognitive ability versus children’s nonverbal age equivalent scores as measured, again, by the Mullen 
Scales of Early Learning.  Scatter plots in (D), (E), and (F) repeat the same comparisons in the replication study.  Arrows 
and labels at figure bottom give directional interpretation for each measurement comparison.  In all scatter plots, circles 
mark individual data, crosses mark regression outliers (bivariate outliers identified using Cook’s distance and 
difference-in-fits regression diagnostics). Adjusted R-squared values are adjusted for measurement error variance of the 
reference standard (yielding percentage of reference standard non-error variance explained by the index test). See 
Supplementary Materials, Secondary Endpoint Analyses for additional information.
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Figure 3.  Convergent validity between eye-tracking-based measurement of social visual engagement (Index Test) 
and expert clinician-administered, standardized assessments of social disability, verbal ability, & nonverbal 
cognitive ability.  Discovery study correlation between (A) eye-tracking-based indices of social disability versus 
children’s total scores on the ADOS-2 (Autism Diagnostic Observation Schedule 2nd Edition, standardized diagnostic 
assessment for ASD, administered by clinical specialists), (B) eye-tracking-based indices of verbal ability versus 
children’s verbal age equivalent scores as measured by the Mullen Scales of Early Learning (developmental assessment 
of children’s motor, language, and cognitive abilities, administered by clinical specialists), and (C) eye-tracking-based 
indices of nonverbal cognitive ability versus children’s nonverbal age equivalent scores as measured, again, by the Mullen 
Scales of Early Learning.  Scatter plots in (D), (E), and (F) repeat the same comparisons in the replication study.  Arrows 
and labels at figure bottom give directional interpretation for each measurement comparison.  In all scatter plots, circles 
mark individual data, crosses mark regression outliers (bivariate outliers identified using Cook’s distance and 
difference-in-fits regression diagnostics). Adjusted R-squared values are adjusted for measurement error variance of the 
reference standard (yielding percentage of reference standard non-error variance explained by the index test). See 
Supplementary Materials, Secondary Endpoint Analyses for additional information.
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Figure 3.  Convergent validity between eye-tracking-based measurement of social visual engagement (Index Test) 
and expert clinician-administered, standardized assessments of social disability, verbal ability, & nonverbal 
cognitive ability.  Discovery study correlation between (A) eye-tracking-based indices of social disability versus 
children’s total scores on the ADOS-2 (Autism Diagnostic Observation Schedule 2nd Edition, standardized diagnostic 
assessment for ASD, administered by clinical specialists), (B) eye-tracking-based indices of verbal ability versus 
children’s verbal age equivalent scores as measured by the Mullen Scales of Early Learning (developmental assessment 
of children’s motor, language, and cognitive abilities, administered by clinical specialists), and (C) eye-tracking-based 
indices of nonverbal cognitive ability versus children’s nonverbal age equivalent scores as measured, again, by the Mullen 
Scales of Early Learning.  Scatter plots in (D), (E), and (F) repeat the same comparisons in the replication study.  Arrows 
and labels at figure bottom give directional interpretation for each measurement comparison.  In all scatter plots, circles 
mark individual data, crosses mark regression outliers (bivariate outliers identified using Cook’s distance and 
difference-in-fits regression diagnostics). Adjusted R-squared values are adjusted for measurement error variance of the 
reference standard (yielding percentage of reference standard non-error variance explained by the index test). See 
Supplementary Materials, Secondary Endpoint Analyses for additional information.
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Figure 3.  Convergent validity between eye-tracking-based measurement of social visual engagement (Index Test) 
and expert clinician-administered, standardized assessments of social disability, verbal ability, & nonverbal 
cognitive ability.  Discovery study correlation between (A) eye-tracking-based indices of social disability versus 
children’s total scores on the ADOS-2 (Autism Diagnostic Observation Schedule 2nd Edition, standardized diagnostic 
assessment for ASD, administered by clinical specialists), (B) eye-tracking-based indices of verbal ability versus 
children’s verbal age equivalent scores as measured by the Mullen Scales of Early Learning (developmental assessment 
of children’s motor, language, and cognitive abilities, administered by clinical specialists), and (C) eye-tracking-based 
indices of nonverbal cognitive ability versus children’s nonverbal age equivalent scores as measured, again, by the Mullen 
Scales of Early Learning.  Scatter plots in (D), (E), and (F) repeat the same comparisons in the replication study.  Arrows 
and labels at figure bottom give directional interpretation for each measurement comparison.  In all scatter plots, circles 
mark individual data, crosses mark regression outliers (bivariate outliers identified using Cook’s distance and 
difference-in-fits regression diagnostics). Adjusted R-squared values are adjusted for measurement error variance of the 
reference standard (yielding percentage of reference standard non-error variance explained by the index test). See 
Supplementary Materials, Secondary Endpoint Analyses for additional information.
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Collaborating Trial Team

• Southwest Autism Research & 

Resource Center (SARRC)

• Emory University

• Seattle Children’s Hospital

• Cincinnati Children’s Hospital

• UC-San Francisco

• Rush University Medical 

Center

Marcus Autism Center

Multi-Site Clinical Trial

Testing Performance at 6 Sites

(https://clinicaltrials.gov/ct2/show/NCT03469986)

https://clinicaltrials.gov/ct2/show/NCT03469986


Marcus Autism Center

Avoiding Design-Related Bias in Studies of 
Diagnostic Accuracy (Lijmer et al. JAMA, 1999)

• Study Population: Broad Spectrum         
(study samples represented full range of autism & non-autism)

• Collection & Analysis: Double-Blind    
(clinical blind to eye-tracking, eye-tracking blind to clinical)

• Diagnostic Verification: Complete 
(same tests performed in all participants)

• Participant Selection: Consecutive Referrals 
(all consecutive referrals enrolled for testing)

• Data Collection: Prospective           
(all data collected prospectively)

All Procedures Followed STARD Initiative (Bossuyt et al (2003) BMJ. 
Korevaar et al (2015).  Cohen et al (2015) BMJ Open.



Participant Flow and Outcomes

Jones et al. 
(2023) JAMA.  

Figure 1.  Participant enrollment and outcomes comparing eye-tracking-based measurement of social visual engagement with expert clinical 
diagnosis of autism.  During a single visit at each clinical testing site, enrolled participants received expert clinical diagnosis using standardized 
assessments (Reference Standard Diagnosis) as well as eye-tracking-based measurement of social visual engagement (Index Test). Clinical staff were 
blind to eye-tracking results and eye-tracking staff were blind to clinical results. For each participant, expert clinicians rated their certainty of diagnosis 
as in Klaiman et al, 2022 (25) and McDonnell et al, 2019 (37).
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Effects of Unknown Reference Standard

on Index Test Performance Metrics

Jones et al. 
(2023) JAMA.  
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eFigure 3. Effects of Unknown and Uncertain Reference Standard Labels on Index Test Comparison Metrics. When 
measuring diagnostic performance of an index test, the reference standard provides the ground truth for comparison. (A) If the 
ground truth for some percentage of cases is unknown (i.e., the reference standard labels do not systematically match ground truth, 
as ground truth is unknown), then this sets a mathematical upper limit on achievable performance metrics of index test comparison. 
If 100% of cases have unknown ground truth, then the maximum achievable area under the curve (AUC) is 0.5 (index test 
classification is necessarily random: there is no known ground truth to match). If 0% of cases have unknown ground truth, then the 
maximum achievable AUC is 1.0 (perfect classification is achievable; ground truth in all cases is known and can be matched). (A) 
plots the mathematical relationship between percentage of cases with unknown ground truth versus maximum achievable AUC for 
index test comparison, with example ROC illustrations. (B) Uncertain cases include both truly unknown cases as well cases that 
may be known but are known with less confidence. (B) plots AUC metrics observed in the current study with 95% confidence 
intervals (AUC values as reported in main text Figure 2). All Participants in the sample included 29.5% of cases identified by expert 
clinicians as having uncertain diagnoses (dotted vertical line, 140/475). Results for the Uncertain Diagnosis subsample are plotted 
at far right: AUC=0.70 (95% CI: 0.62-0.79), N=140, 100% of cases deemed uncertain. As in (A), the percentage of cases with 
uncertain ground truth sets an upper limit on achievable performance metrics of index test comparison: the diagonal line plots 
maximum achievable AUC in this study sample, with shaded gray areas indicating the upper and lower 95% confidence limits. For 
performance metrics of All Participants, including 29.5% with uncertain diagnoses, the upper limit of achievable AUC was 0.91 
(95% CI: 0.89-0.94); the observed AUC was 0.85 (95% CI: 0.82-0.89, N=475). For the Certain Diagnosis subsample, with 0% 
uncertain diagnoses, the upper limit of achievable AUC was 1.0, with observed AUC = 0.90 (95% CI: 0.87-0.94, N=335).  
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Participant Characterization & Demographics

Table 1.  Participant Characterization & Demographics 

 N = 475 
All Participants a 

N = 335 
Certain Diagnosis 

Reference Standard Diagnosis non-autism or             
possible non-autism 

autism or              
possible autism non-autism autism 

      N 254 221 185 150 

Age, months     
      mean (SD)    23.4 (4.5)    24.9 (4.2) 23.4 (4.6) 24.9 (4.1) 
      median (q1, q3)        24 (19, 27)   26 (21, 29)   24 (19, 28)    26 (22, 29) 
Sex – no. (%)     
      Female 127 (50.0%)   57 (25.8%) 102 (55.1%)   38 (25.3%) 
      Male 127 (50.0%) 164 (74.2%)   83 (44.9%) 112 (74.7%) 

Race – no. (%) b     
      Asian 17 (6.7%)  21 (9.5%) 10 (5.4%)  14 (9.3%) 
      Black / African-American 15 (5.9%)  22 (9.9%) 11 (5.9%)    16 (10.7%) 
      Caucasian 203 (79.9%)  149 (67.4%) 147 (79.5%)    95 (63.3%) 
      Native Hawaiian or Pacific Islander   0 (0.0%)    2 (0.9%)   0 (0.0%)    1 (0.7%) 
      Other 18 (7.1%)    26 (11.8%) 17 (9.2%)    23 (15.3%) 
      Unknown   1 (0.4%)    1 (0.5%)   0 (0.0%)    1 (0.7%) 

Ethnicity – no. (%) c     
      Hispanic 24 (9.4%)   44 (19.9%) 16 (8.7%)   26 (17.3%) 
      Non-Hispanic 225 (88.6%) 177 (80.1%) 166 (89.7%) 124 (82.7%) 
      no response   5 (2.0%)   0 (0.0%)   3 (1.6%)   0 (0.0%) 

Maternal Education – no. (%) d     
      Less than 8th Grade   1 (0.4%)   0 (0.0%)   1 (0.5%)   0 (0.0%) 
      Some High School   3 (1.2%)   4 (1.8%)   3 (1.6%)   3 (2.0%) 
      High School or GED 12 (4.7%)   33 (14.9%)   6 (3.2%)   23 (15.3%) 
      Some College, No Degree 22 (8.6%)   39 (17.7%) 12 (6.5%)          31 (20.7%) 
      Vocational School   2 (0.8%) 12 (5.4%)   0 (0.0%)   7 (4.7%) 
      Associate’s Degree 13 (5.1%) 13 (5.9%) 12 (6.5%)   8 (5.4%) 
      Bachelor‘s Degree   79 (31.1%)    71 (32.1%)   59 (31.9%)    50 (33.3%) 
      Master’s Degree   82 (32.3%)    41 (18.6%)   59 (31.9%)    23 (15.3%) 
      Professional or Doctoral Degree   35 (13.8%)    2 (0.9%)   29 (15.7%)    0 (0.0%) 
      no response   5 (2.0%)    6 (2.7%)   4 (2.2%)    5 (3.3%) 

Autism Diagnostic Observation Schedule, 2nd Ed. (ADOS-2) e,f   
      Social Affect Score, mean (SD)   2.9 (3.0)   14.7 (4.3)   2.1 (2.1)   16.1 (3.5) 
            median (q1, q3)   2 (1, 4)   16 (11, 18)   1 (0, 3)   17 (14, 19) 
      RRB Score, mean (SD)   1.2 (1.3)   4.9 (2.0)   0.9 (1.0)   5.4 (1.9) 
            median (q1, q3)   1 (0, 2)   5 (4, 6)   1 (0, 1)   6 (4, 7) 
      Total Score, mean (SD)   4.1 (3.5)   19.6 (5.1)   2.9 (2.4)   21.4 (4.1) 
            median (q1, q3)   3 (2, 6)   20 (16, 24)   3 (1, 4)    22 (18, 24) 

Mullen Scales of Early Learning g     
      Verbal Age Equiv., mean (SD)   24.5 (8.3)   12.5 (7.1)   26.0 (8.2)   10.5 (5.3) 
            median (q1, q3)   24 (19, 31)   11 (8, 16)   25 (20, 32)   9 (7, 13) 
      Nonverbal Age Equiv., mean (SD)   26.5 (8.7)   18.5 (5.9)   27.4 (9.0)   17.3 (5.0) 
            median (q1, q3)   25 (20, 30)   18 (15, 21)   26 (21, 31)    17 (14, 21) 

Other Non-Autism Diagnoses h     
      Developmental Disability   210 (82.7%)   124 (56.1%)   162 (87.6%)     86 (57.3%) 
      no other diagnoses (unaffected)     44 (17.3%)     0 (0.0%)     23 (12.4%)     0 (0.0%) 
   

 
a   - For a table summarizing participant characterization and demographics data for all participants eligible and enrolled (N=499), irrespective of diagnostic 

outcomes, please see Supplementary Table 1.  
b   - Race data were collected as fixed categories by parental selection, with both “Other” and “Unknown” as options.  
c   - Ethnicity data were collected as fixed categories by parental selection.  
d   - Maternal education data were collected as fixed categories by parental selection.  
e   - Autism Diagnostic Observation Schedule, 2nd Edition is a standardized diagnostic assessment for autism, administered by a trained clinical specialist using 

a semi-structured play session consisting of a set of social and communication interactions intended to elicit behaviors relevant to autism diagnosis. The 
ADOS-2 Social Affect domain score includes test items pertaining to communication and reciprocal social interaction. Higher scores indicate more autism 
symptomatology: scores shift slightly based on module and age of child, with scores of approximately 0-6 indicating minimal symptomatology, scores of 
approximately 7-10 moderate symptomatology, and approximately 11 and greater indicating more significant symptomatology.  Score range is from 0-20 
(Toddler Module for children with few to no words) or 0-22 (Module 2 and Toddler Module for older children with some words). RRB = ADOS-2 Restricted 
& Repetitive Behavior domain score, which includes test items pertaining to restricted and repetitive behaviors. Higher scores indicate more autism 

Jones et al. 
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Table 1.  Participant Characterization & Demographics 

 N = 475 
All Participants a 

N = 335 
Certain Diagnosis 

Reference Standard Diagnosis non-autism or             
possible non-autism 

autism or              
possible autism non-autism autism 

      N 254 221 185 150 

Age, months     
      mean (SD)    23.4 (4.5)    24.9 (4.2) 23.4 (4.6) 24.9 (4.1) 
      median (q1, q3)        24 (19, 27)   26 (21, 29)   24 (19, 28)    26 (22, 29) 
Sex – no. (%)     
      Female 127 (50.0%)   57 (25.8%) 102 (55.1%)   38 (25.3%) 
      Male 127 (50.0%) 164 (74.2%)   83 (44.9%) 112 (74.7%) 

Race – no. (%) b     
      Asian 17 (6.7%)  21 (9.5%) 10 (5.4%)  14 (9.3%) 
      Black / African-American 15 (5.9%)  22 (9.9%) 11 (5.9%)    16 (10.7%) 
      Caucasian 203 (79.9%)  149 (67.4%) 147 (79.5%)    95 (63.3%) 
      Native Hawaiian or Pacific Islander   0 (0.0%)    2 (0.9%)   0 (0.0%)    1 (0.7%) 
      Other 18 (7.1%)    26 (11.8%) 17 (9.2%)    23 (15.3%) 
      Unknown   1 (0.4%)    1 (0.5%)   0 (0.0%)    1 (0.7%) 

Ethnicity – no. (%) c     
      Hispanic 24 (9.4%)   44 (19.9%) 16 (8.7%)   26 (17.3%) 
      Non-Hispanic 225 (88.6%) 177 (80.1%) 166 (89.7%) 124 (82.7%) 
      no response   5 (2.0%)   0 (0.0%)   3 (1.6%)   0 (0.0%) 

Maternal Education – no. (%) d     
      Less than 8th Grade   1 (0.4%)   0 (0.0%)   1 (0.5%)   0 (0.0%) 
      Some High School   3 (1.2%)   4 (1.8%)   3 (1.6%)   3 (2.0%) 
      High School or GED 12 (4.7%)   33 (14.9%)   6 (3.2%)   23 (15.3%) 
      Some College, No Degree 22 (8.6%)   39 (17.7%) 12 (6.5%)          31 (20.7%) 
      Vocational School   2 (0.8%) 12 (5.4%)   0 (0.0%)   7 (4.7%) 
      Associate’s Degree 13 (5.1%) 13 (5.9%) 12 (6.5%)   8 (5.4%) 
      Bachelor‘s Degree   79 (31.1%)    71 (32.1%)   59 (31.9%)    50 (33.3%) 
      Master’s Degree   82 (32.3%)    41 (18.6%)   59 (31.9%)    23 (15.3%) 
      Professional or Doctoral Degree   35 (13.8%)    2 (0.9%)   29 (15.7%)    0 (0.0%) 
      no response   5 (2.0%)    6 (2.7%)   4 (2.2%)    5 (3.3%) 

Autism Diagnostic Observation Schedule, 2nd Ed. (ADOS-2) e,f   
      Social Affect Score, mean (SD)   2.9 (3.0)   14.7 (4.3)   2.1 (2.1)   16.1 (3.5) 
            median (q1, q3)   2 (1, 4)   16 (11, 18)   1 (0, 3)   17 (14, 19) 
      RRB Score, mean (SD)   1.2 (1.3)   4.9 (2.0)   0.9 (1.0)   5.4 (1.9) 
            median (q1, q3)   1 (0, 2)   5 (4, 6)   1 (0, 1)   6 (4, 7) 
      Total Score, mean (SD)   4.1 (3.5)   19.6 (5.1)   2.9 (2.4)   21.4 (4.1) 
            median (q1, q3)   3 (2, 6)   20 (16, 24)   3 (1, 4)    22 (18, 24) 

Mullen Scales of Early Learning g     
      Verbal Age Equiv., mean (SD)   24.5 (8.3)   12.5 (7.1)   26.0 (8.2)   10.5 (5.3) 
            median (q1, q3)   24 (19, 31)   11 (8, 16)   25 (20, 32)   9 (7, 13) 
      Nonverbal Age Equiv., mean (SD)   26.5 (8.7)   18.5 (5.9)   27.4 (9.0)   17.3 (5.0) 
            median (q1, q3)   25 (20, 30)   18 (15, 21)   26 (21, 31)    17 (14, 21) 

Other Non-Autism Diagnoses h     
      Developmental Disability   210 (82.7%)   124 (56.1%)   162 (87.6%)     86 (57.3%) 
      no other diagnoses (unaffected)     44 (17.3%)     0 (0.0%)     23 (12.4%)     0 (0.0%) 
   

 
a   - For a table summarizing participant characterization and demographics data for all participants eligible and enrolled (N=499), irrespective of diagnostic 

outcomes, please see Supplementary Table 1.  
b   - Race data were collected as fixed categories by parental selection, with both “Other” and “Unknown” as options.  
c   - Ethnicity data were collected as fixed categories by parental selection.  
d   - Maternal education data were collected as fixed categories by parental selection.  
e   - Autism Diagnostic Observation Schedule, 2nd Edition is a standardized diagnostic assessment for autism, administered by a trained clinical specialist using 

a semi-structured play session consisting of a set of social and communication interactions intended to elicit behaviors relevant to autism diagnosis. The 
ADOS-2 Social Affect domain score includes test items pertaining to communication and reciprocal social interaction. Higher scores indicate more autism 
symptomatology: scores shift slightly based on module and age of child, with scores of approximately 0-6 indicating minimal symptomatology, scores of 
approximately 7-10 moderate symptomatology, and approximately 11 and greater indicating more significant symptomatology.  Score range is from 0-20 
(Toddler Module for children with few to no words) or 0-22 (Module 2 and Toddler Module for older children with some words). RRB = ADOS-2 Restricted 
& Repetitive Behavior domain score, which includes test items pertaining to restricted and repetitive behaviors. Higher scores indicate more autism 
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Eye-Tracking in Comparison with Reference Standard Expert Clinicians
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Figure 2.  Test performance of measurement of social visual engagement (index test) versus reference standard 
diagnosis of autism.  Receiver Operating Characteristic (ROC) curves for comparison of index test performance relative to 
reference standard diagnosis in (A) all participants, (B) participants for whom expert clinicians rated their diagnoses as 
certain, and (C) participants for whom expert clinicians rated their diagnoses as uncertain.  Empirical area under the curve 
(AUC) metrics and 95% confidence intervals are reported on each ROC plot.  In (A), (B), and (C), the prespecified test 
positivity threshold is marked with a black cross. The prespecified test positivity threshold was determined in the efficacy 
study (ref. 18), frozen, and applied here in the pivotal multi-site trial.  (For comparison, a theoretical optimal threshold 
determined post-hoc by Youden’s Index is marked with an asterisk in (A) and (B).)  In (D), (E), and (F), cross-tabulations of 
the achieved eye-tracking index test results versus reference standard diagnosis are given together with corresponding test 
performance estimates and 95% confidence intervals.  Performance results in D-F all correspond to the crosses marked in 
A-C.  Abbreviations: ROC, receiver operating characteristic.  AUC, area under the ROC curve.  CI, confidence interval.  PPV, 
positive predictive value.  NPV, negative predictive value.  NPV and PPV estimates reported here are calculated based upon 
study sample prevalence.  In A-C, red lines mark the empirical ROC curve, while black lines mark the fitted ROC estimate 
with 95% confidence intervals. 
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Figure 2.  Test performance of measurement of social visual engagement (index test) versus reference standard 
diagnosis of autism.  Receiver Operating Characteristic (ROC) curves for comparison of index test performance relative to 
reference standard diagnosis in (A) all participants, (B) participants for whom expert clinicians rated their diagnoses as 
certain, and (C) participants for whom expert clinicians rated their diagnoses as uncertain.  Empirical area under the curve 
(AUC) metrics and 95% confidence intervals are reported on each ROC plot.  In (A), (B), and (C), the prespecified test 
positivity threshold is marked with a black cross. The prespecified test positivity threshold was determined in the efficacy 
study (ref. 18), frozen, and applied here in the pivotal multi-site trial.  (For comparison, a theoretical optimal threshold 
determined post-hoc by Youden’s Index is marked with an asterisk in (A) and (B).)  In (D), (E), and (F), cross-tabulations of 
the achieved eye-tracking index test results versus reference standard diagnosis are given together with corresponding test 
performance estimates and 95% confidence intervals.  Performance results in D-F all correspond to the crosses marked in 
A-C.  Abbreviations: ROC, receiver operating characteristic.  AUC, area under the ROC curve.  CI, confidence interval.  PPV, 
positive predictive value.  NPV, negative predictive value.  NPV and PPV estimates reported here are calculated based upon 
study sample prevalence.  In A-C, red lines mark the empirical ROC curve, while black lines mark the fitted ROC estimate 
with 95% confidence intervals. 
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Figure 2.  Test performance of measurement of social visual engagement (index test) versus reference standard 
diagnosis of autism.  Receiver Operating Characteristic (ROC) curves for comparison of index test performance relative to 
reference standard diagnosis in (A) all participants, (B) participants for whom expert clinicians rated their diagnoses as 
certain, and (C) participants for whom expert clinicians rated their diagnoses as uncertain.  Empirical area under the curve 
(AUC) metrics and 95% confidence intervals are reported on each ROC plot.  In (A), (B), and (C), the prespecified test 
positivity threshold is marked with a black cross. The prespecified test positivity threshold was determined in the efficacy 
study (ref. 18), frozen, and applied here in the pivotal multi-site trial.  (For comparison, a theoretical optimal threshold 
determined post-hoc by Youden’s Index is marked with an asterisk in (A) and (B).)  In (D), (E), and (F), cross-tabulations of 
the achieved eye-tracking index test results versus reference standard diagnosis are given together with corresponding test 
performance estimates and 95% confidence intervals.  Performance results in D-F all correspond to the crosses marked in 
A-C.  Abbreviations: ROC, receiver operating characteristic.  AUC, area under the ROC curve.  CI, confidence interval.  PPV, 
positive predictive value.  NPV, negative predictive value.  NPV and PPV estimates reported here are calculated based upon 
study sample prevalence.  In A-C, red lines mark the empirical ROC curve, while black lines mark the fitted ROC estimate 
with 95% confidence intervals. 
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Figure 2.  Test performance of measurement of social visual engagement (index test) versus reference standard 
diagnosis of autism.  Receiver Operating Characteristic (ROC) curves for comparison of index test performance relative to 
reference standard diagnosis in (A) all participants, (B) participants for whom expert clinicians rated their diagnoses as 
certain, and (C) participants for whom expert clinicians rated their diagnoses as uncertain.  Empirical area under the curve 
(AUC) metrics and 95% confidence intervals are reported on each ROC plot.  In (A), (B), and (C), the prespecified test 
positivity threshold is marked with a black cross. The prespecified test positivity threshold was determined in the efficacy 
study (ref. 18), frozen, and applied here in the pivotal multi-site trial.  (For comparison, a theoretical optimal threshold 
determined post-hoc by Youden’s Index is marked with an asterisk in (A) and (B).)  In (D), (E), and (F), cross-tabulations of 
the achieved eye-tracking index test results versus reference standard diagnosis are given together with corresponding test 
performance estimates and 95% confidence intervals.  Performance results in D-F all correspond to the crosses marked in 
A-C.  Abbreviations: ROC, receiver operating characteristic.  AUC, area under the ROC curve.  CI, confidence interval.  PPV, 
positive predictive value.  NPV, negative predictive value.  NPV and PPV estimates reported here are calculated based upon 
study sample prevalence.  In A-C, red lines mark the empirical ROC curve, while black lines mark the fitted ROC estimate 
with 95% confidence intervals. 
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Figure 2.  Test performance of measurement of social visual engagement (index test) versus reference standard 
diagnosis of autism.  Receiver Operating Characteristic (ROC) curves for comparison of index test performance relative to 
reference standard diagnosis in (A) all participants, (B) participants for whom expert clinicians rated their diagnoses as 
certain, and (C) participants for whom expert clinicians rated their diagnoses as uncertain.  Empirical area under the curve 
(AUC) metrics and 95% confidence intervals are reported on each ROC plot.  In (A), (B), and (C), the prespecified test 
positivity threshold is marked with a black cross. The prespecified test positivity threshold was determined in the efficacy 
study (ref. 18), frozen, and applied here in the pivotal multi-site trial.  (For comparison, a theoretical optimal threshold 
determined post-hoc by Youden’s Index is marked with an asterisk in (A) and (B).)  In (D), (E), and (F), cross-tabulations of 
the achieved eye-tracking index test results versus reference standard diagnosis are given together with corresponding test 
performance estimates and 95% confidence intervals.  Performance results in D-F all correspond to the crosses marked in 
A-C.  Abbreviations: ROC, receiver operating characteristic.  AUC, area under the ROC curve.  CI, confidence interval.  PPV, 
positive predictive value.  NPV, negative predictive value.  NPV and PPV estimates reported here are calculated based upon 
study sample prevalence.  In A-C, red lines mark the empirical ROC curve, while black lines mark the fitted ROC estimate 
with 95% confidence intervals. 
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Figure 2.  Test performance of measurement of social visual engagement (index test) versus reference standard 
diagnosis of autism.  Receiver Operating Characteristic (ROC) curves for comparison of index test performance relative to 
reference standard diagnosis in (A) all participants, (B) participants for whom expert clinicians rated their diagnoses as 
certain, and (C) participants for whom expert clinicians rated their diagnoses as uncertain.  Empirical area under the curve 
(AUC) metrics and 95% confidence intervals are reported on each ROC plot.  In (A), (B), and (C), the prespecified test 
positivity threshold is marked with a black cross. The prespecified test positivity threshold was determined in the efficacy 
study (ref. 18), frozen, and applied here in the pivotal multi-site trial.  (For comparison, a theoretical optimal threshold 
determined post-hoc by Youden’s Index is marked with an asterisk in (A) and (B).)  In (D), (E), and (F), cross-tabulations of 
the achieved eye-tracking index test results versus reference standard diagnosis are given together with corresponding test 
performance estimates and 95% confidence intervals.  Performance results in D-F all correspond to the crosses marked in 
A-C.  Abbreviations: ROC, receiver operating characteristic.  AUC, area under the ROC curve.  CI, confidence interval.  PPV, 
positive predictive value.  NPV, negative predictive value.  NPV and PPV estimates reported here are calculated based upon 
study sample prevalence.  In A-C, red lines mark the empirical ROC curve, while black lines mark the fitted ROC estimate 
with 95% confidence intervals. 
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eFigure 3. Effects of Unknown and Uncertain Reference Standard Labels on Index Test Comparison Metrics. When 
measuring diagnostic performance of an index test, the reference standard provides the ground truth for comparison. (A) If the 
ground truth for some percentage of cases is unknown (i.e., the reference standard labels do not systematically match ground truth, 
as ground truth is unknown), then this sets a mathematical upper limit on achievable performance metrics of index test comparison. 
If 100% of cases have unknown ground truth, then the maximum achievable area under the curve (AUC) is 0.5 (index test 
classification is necessarily random: there is no known ground truth to match). If 0% of cases have unknown ground truth, then the 
maximum achievable AUC is 1.0 (perfect classification is achievable; ground truth in all cases is known and can be matched). (A) 
plots the mathematical relationship between percentage of cases with unknown ground truth versus maximum achievable AUC for 
index test comparison, with example ROC illustrations. (B) Uncertain cases include both truly unknown cases as well cases that 
may be known but are known with less confidence. (B) plots AUC metrics observed in the current study with 95% confidence 
intervals (AUC values as reported in main text Figure 2). All Participants in the sample included 29.5% of cases identified by expert 
clinicians as having uncertain diagnoses (dotted vertical line, 140/475). Results for the Uncertain Diagnosis subsample are plotted 
at far right: AUC=0.70 (95% CI: 0.62-0.79), N=140, 100% of cases deemed uncertain. As in (A), the percentage of cases with 
uncertain ground truth sets an upper limit on achievable performance metrics of index test comparison: the diagonal line plots 
maximum achievable AUC in this study sample, with shaded gray areas indicating the upper and lower 95% confidence limits. For 
performance metrics of All Participants, including 29.5% with uncertain diagnoses, the upper limit of achievable AUC was 0.91 
(95% CI: 0.89-0.94); the observed AUC was 0.85 (95% CI: 0.82-0.89, N=475). For the Certain Diagnosis subsample, with 0% 
uncertain diagnoses, the upper limit of achievable AUC was 1.0, with observed AUC = 0.90 (95% CI: 0.87-0.94, N=335).  
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eFigure 3. Effects of Unknown and Uncertain Reference Standard Labels on Index Test Comparison Metrics. When 
measuring diagnostic performance of an index test, the reference standard provides the ground truth for comparison. (A) If the 
ground truth for some percentage of cases is unknown (i.e., the reference standard labels do not systematically match ground truth, 
as ground truth is unknown), then this sets a mathematical upper limit on achievable performance metrics of index test comparison. 
If 100% of cases have unknown ground truth, then the maximum achievable area under the curve (AUC) is 0.5 (index test 
classification is necessarily random: there is no known ground truth to match). If 0% of cases have unknown ground truth, then the 
maximum achievable AUC is 1.0 (perfect classification is achievable; ground truth in all cases is known and can be matched). (A) 
plots the mathematical relationship between percentage of cases with unknown ground truth versus maximum achievable AUC for 
index test comparison, with example ROC illustrations. (B) Uncertain cases include both truly unknown cases as well cases that 
may be known but are known with less confidence. (B) plots AUC metrics observed in the current study with 95% confidence 
intervals (AUC values as reported in main text Figure 2). All Participants in the sample included 29.5% of cases identified by expert 
clinicians as having uncertain diagnoses (dotted vertical line, 140/475). Results for the Uncertain Diagnosis subsample are plotted 
at far right: AUC=0.70 (95% CI: 0.62-0.79), N=140, 100% of cases deemed uncertain. As in (A), the percentage of cases with 
uncertain ground truth sets an upper limit on achievable performance metrics of index test comparison: the diagonal line plots 
maximum achievable AUC in this study sample, with shaded gray areas indicating the upper and lower 95% confidence limits. For 
performance metrics of All Participants, including 29.5% with uncertain diagnoses, the upper limit of achievable AUC was 0.91 
(95% CI: 0.89-0.94); the observed AUC was 0.85 (95% CI: 0.82-0.89, N=475). For the Certain Diagnosis subsample, with 0% 
uncertain diagnoses, the upper limit of achievable AUC was 1.0, with observed AUC = 0.90 (95% CI: 0.87-0.94, N=335).  
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Assessment Performance

Assessment of Individual Symptom Severity in 3 Behavioral Domains

Jones et al. 
(2023) JAMA.  
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less advanced
nonverbal skills

more advanced
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Figure 3.  Correlation between eye-tracking-based measurement of social visual engagement (Index Test) and 
clinician-administered, standardized assessments of social disability, verbal ability, & nonverbal cognitive ability.  
(A) Correlation between eye-tracking-based indices of social disability versus children’s total scores on the ADOS-2 
(Autism Diagnostic Observation Schedule, 2nd Edition; a standardized diagnostic assessment for autism, administered by 
a trained clinical specialist using a semi-structured play session consisting of a set of presses for social and 
communication interaction intended to elicit behaviors relevant to autism diagnosis).  (B) Correlation between 
eye-tracking-based indices of verbal ability versus children’s verbal age equivalent scores as measured by the Mullen 
Scales of Early Learning (standardized developmental assessment, administered by a trained clinical specialist, to 
measure a child’s language, motor, perceptual, and cognitive abilities).  (C) Correlation between eye-tracking-based 
indices of nonverbal cognitive ability versus children’s nonverbal age equivalent scores as measured by the Mullen Scales 
of Early Learning.  Arrows and labels beneath each panel give directional interpretation for each measurement 
comparison.  In all scatter plots, circles mark individual data, crosses mark regression outliers (bivariate outliers identified 
using Cook’s distance and difference-in-fits regression diagnostics). Adjusted R-squared values are adjusted for 
test-retest reliability of the reference standard (yielding percentage of reference standard non-error variance explained by 
the index test). See Supplementary Materials, Secondary Endpoint Analyses for additional information.
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Assessment Performance

Assessment of Individual Symptom Severity in 3 Behavioral Domains

Jones et al. 
(2023) JAMA.  
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eFigure 4.  Replication of primary and secondary endpoints across 3 successive study cohorts.  Data collected in the current study, together with 
results from the preceding efficacy study (ref. 18) comprise 3 independent samples replicating findings for diagnostic classification and assessment of 
symptom severity.  (A) and (B) give primary and secondary endpoint results for the discovery study from ref. 18.  (C) and (D) give primary and secondary 
endpoint results for the replication study from ref. 18.  (E) and (F) repeat primary and secondary endpoint results for the current study sample (repeated 
from main text figures 2 and 3, the current multi-site study). In all scatter plots, circles mark individual data, crosses mark regression outliers. Adjusted 
R-squared values are adjusted for test-retest reliability of the reference standard (yielding percentage of reference standard non-error variance explained 
by the index test). See Supplementary Materials, Secondary Endpoint Analyses for additional information.
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Pooled Results 

Across Discovery, Replication, and Pivotal Trial

Supplementary Figure 6.  Pooled results across 3 successive studies (discovery and replication studies in ref. 32, together with the present 
study results).  (A) Pooled primary endpoint results across 3 study cohorts (discovery and replication studies, reference standard certain sample in the 
current study) comparing index test performance relative to reference standard diagnosis.  (B) Pooled secondary endpoint results comparing 
eye-tracking-based indices of social disability versus children’s total scores on the ADOS-2.  (C) Pooled secondary endpoint results comparing 
eye-tracking-based indices of verbal ability versus children’s verbal age equivalent scores on the Mullen Scales of Early Learning.  (D) Pooled secondary 
endpoint results comparing eye-tracking-based indices of nonverbal cognitive ability versus children’s nonverbal age equivalent scores on the Mullen.  
(E) Pooled test performance estimates and 95% confidence intervals.  (F), (G), and (H) are contour plots of the probability density distributions for (B), 
(C), and (D) respectively, with highest probability marked by the overlaid line.  Plotting conventions are as in main text Figures 2 and 3: in all scatter plots, 
circles mark individual data, crosses mark regression outliers.  Adjusted R-squared values are adjusted for test-retest reliability of the reference standard 
(yielding percentage of reference standard non-error variance explained by the index test). See Supplementary Materials, Secondary Endpoint Analyses 
for additional information.
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Marcus Autism Center

Summary

• Results show high sensitivity and specificity when comparing eye-
tracking-based measures of social visual engagement with expert 
clinician diagnosis in children as young as 16-30 months old      
(se ~80%, sp ~87%).


• Results show strong correlation with standardized assessments 
given by experienced expert clinicians.  ~12 min. of social visual 
engagement measures can effectively explain

• ~74% of variance in ADOS total scores.

• ~79% of variance in Mullen verbal age equivalents.

• ~69% of variance in Mullen nonverbal age equivalents.



Tool to Aid in the Diagnosis & Assessment of 
Autism in 16-30-Month-Old Children

Objective eye-tracking-based measures of social visual engagement 
can effectively proxy expert clinician diagnosis and comprehensive 
evaluation of symptom severity in children under 3 years.
 
Results submitted to FDA for review in 510(k) submission (4,856 
pages of data and documentation).

FDA cleared for clinical use on June 29, 2023. 

Supplementary Figure 6.  Pooled results across 3 successive studies (discovery and replication studies in ref. 32, together with the present 
study results).  (A) Pooled primary endpoint results across 3 study cohorts (discovery and replication studies, reference standard certain sample in the 
current study) comparing index test performance relative to reference standard diagnosis.  (B) Pooled secondary endpoint results comparing 
eye-tracking-based indices of social disability versus children’s total scores on the ADOS-2.  (C) Pooled secondary endpoint results comparing 
eye-tracking-based indices of verbal ability versus children’s verbal age equivalent scores on the Mullen Scales of Early Learning.  (D) Pooled secondary 
endpoint results comparing eye-tracking-based indices of nonverbal cognitive ability versus children’s nonverbal age equivalent scores on the Mullen.  
(E) Pooled test performance estimates and 95% confidence intervals.  (F), (G), and (H) are contour plots of the probability density distributions for (B), 
(C), and (D) respectively, with highest probability marked by the overlaid line.  Plotting conventions are as in main text Figures 2 and 3: in all scatter plots, 
circles mark individual data, crosses mark regression outliers.  Adjusted R-squared values are adjusted for test-retest reliability of the reference standard 
(yielding percentage of reference standard non-error variance explained by the index test). See Supplementary Materials, Secondary Endpoint Analyses 
for additional information.
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Implementation

Tablet-based data collection device, easily used in real-world clinical settings. 
Cloud-based data-processing & analysis.  Returns results in <15 minutes.

Images courtesy of EarliTec Diagnostics, Inc. 
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Clinical Opportunities

•Supporting a public health 
system that does not have 
enough expert clinicians 
(support, not replace)


•Deployment of objective 
diagnostic tools in the 
community


•Early identification, early 
intervention, improved 
long-term outcome



Implementation

Goal of diagnosis is to facilitate path to targeted beneficial intervention
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Figure 4. Index Test Predictive Value in Varying Contexts of Use. (A) Positive 
predictive value (PPV) and negative predictive value (NPV) with adjustment for 
expected prevalence in varying contexts of use. Dashed line shows negative 
predictive value (NPV). Solid line shows positive predictive value (PPV). Gray areas 
mark 95% confidence intervals.  (B) Flowchart for utilization of Index Test 
eye-tracking metrics in general population pediatric practices (modeled as having 
prior probability of ASD equivalent to CDC estimates of ASD population prevalence: 
23/1000 = 0.023, or ~1/44). (C) Flowchart for utilization of Index Test eye-tracking 
metrics by specialists or specialty centers serving as referral hubs for children with 
developmental concerns (modeled as having prior probability of ASD greater than 
or equal to 0.448, as in the current clinical trial study sample prevalence for children 
with certain reference standard). For more information regarding severity metrics, 
see Supplementary Figure 2.
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Figure 4. Index Test Predictive Value for Individual Children. (A) Flowchart 
for utilization of Index Test eye-tracking metrics in specialty centers serving as 
referral hubs for children with developmental concerns (shown here as having 
prior probability of autism equal to observed study sample prevalence, 44.8%, 
for children with certain reference standard; referral center prevalence is 
expected to be higher than general prevalence due to referrals for concerns). 
Categorical test results provide post-test probabilities for either autism or 
non-autism diagnoses. (B) Index test positive predictive values (PPV, solid 
black line) and negative predictive values (NPV, dashed black line) vary 
continuously with diagnostic score.  Example individual results for 4 children 
(drawn from current study sample) are marked with arrows and circles, 
indicating the test score and the score’s corresponding positive or negative 
predictive value. (C) Summary of test results, categorical post-test predictive 
value, and individual post-test predictive value for the 4 individual children 
plotted in (B).  Scores towards either end of the continuum increase probability 
of autism or non-autism diagnoses, while intermediate scores present 
intermediate probabilities.  All PPV and NPV values are adjusted for expected 
prevalence in the context of use.  For additional examples of how PPV and NPV 
vary with prevalence, please see eFigure 6.
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for utilization of Index Test eye-tracking metrics in specialty centers serving as 
referral hubs for children with developmental concerns (shown here as having 
prior probability of autism equal to observed study sample prevalence, 44.8%, 
for children with certain reference standard; referral center prevalence is 
expected to be higher than general prevalence due to referrals for concerns). 
Categorical test results provide post-test probabilities for either autism or 
non-autism diagnoses. (B) Index test positive predictive values (PPV, solid 
black line) and negative predictive values (NPV, dashed black line) vary 
continuously with diagnostic score.  Example individual results for 4 children 
(drawn from current study sample) are marked with arrows and circles, 
indicating the test score and the score’s corresponding positive or negative 
predictive value. (C) Summary of test results, categorical post-test predictive 
value, and individual post-test predictive value for the 4 individual children 
plotted in (B).  Scores towards either end of the continuum increase probability 
of autism or non-autism diagnoses, while intermediate scores present 
intermediate probabilities.  All PPV and NPV values are adjusted for expected 
prevalence in the context of use.  For additional examples of how PPV and NPV 
vary with prevalence, please see eFigure 6.
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Supplementary Table 1.  Participant Demographics, Grouped by Reference Standard vs Index Test Diagnostic Label 

 N = 335 
Grouped by 

Reference Standard Diagnosis 

N = 335 
Grouped by  

Eye-Tracking-Based Diagnosis 

Diagnostic Label non-ASD ASD non-ASD ASD 
      N 185 150 191 144 

Race* – no. (%)     
      Native Hawaiian or Pacific Islander   0 (0.0%)    1 (0.7%)   0 (0.0%)    1 (0.7%) 
      Asian 10 (5.4%)  14 (9.3%) 15 (7.8%)    9 (6.3%) 
      Black / African / African-American 11 (5.9%)    16 (10.7%) 18 (9.4%)    9 (6.3%) 
      Caucasian 147 (79.5%)    95 (63.3%) 138 (72.3%)  104 (72.2%) 
      Other 17 (9.2%)    23 (15.3%)   20 (10.5%)    20 (13.8%) 
      Prefer not to answer / unknown   0 (0.0%)    1 (0.7%)   0 (0.0%)    1 (0.7%) 

 χ2 = 12.14, p = 0.0329   χ2 = 4.78, p = 0.4437   

Ethnicity** – no. (%)     
      Hispanic 16 (8.7%)   26 (17.3%) 19 (9.9%)   23 (16.0%) 
      Non-Hispanic 166 (89.7%) 124 (82.7%) 169 (88.5%) 121 (84.0%) 
      Prefer not to answer / unknown   3 (1.6%)   0 (0.0%)   3 (1.6%)   0 (0.0%) 

 χ2 = 7.89, p = 0.0193   χ2 = 2.09, p = 0.1487   
   
 
*   - In the current study sample, racial category and reference standard diagnosis are not independent: there are statistically significant differences 

in reference standard diagnostic labels as a function of race.  Specifically, children from US racial minority categories (Black / African / African-
American, Asian, Native Hawaiian or Pacific Islander, or Other) were given relatively more ASD diagnoses, while children from a Caucasian 
racial category were given relatively fewer ASD diagnoses.  In contrast, for diagnostic labels defined by eye-tracking-based Index Test results, 
racial category is independent of Index Test diagnostic label: for eye-tracking-based measures, there is no association between diagnostic label 
and racial category. 

**  - The same pattern is observed for ethnic category: there are statistically significant differences in reference standard diagnostic labels as a 
function of ethnic category.  Specifically, children with Hispanic ethnicity were given relatively more ASD diagnoses, while children with Non-
Hispanic ethnicity were given relatively fewer ASD diagnoses.  As with race, for diagnostic labels defined instead by eye-tracking-based Index 
Test results, ethnic category and Index Test diagnosis are independent: for eye-tracking-based measures, there is no association between 
diagnostic label and ethnic category. 

  

Performance-Based, Objective

Participant demographics, grouped by either reference standard 

or eye-tracking-based diagnostic labels

Performance-based eye-tracking results were independent of race and ethnicity, but reference standard diagnosis was not. 
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