
Supplementary Material
Participants. The Table S1 summarizes the clinical characteristics of the Training and Testing 1 samples as well as additional
Testing 2 sample that was used for validation of the model. Our initial sample of TD children included 68 children (28F). Then
we selected the sample of 68 children with ASD to match the TD sample with regards to age and gender. Both samples (TD and
children with ASD) were divided in two so that 34 children with ASD and 34 children with TD composed Training and Testing
set respectively. Children with ASD included in both samples showed a moderate to a high level of autistic symptoms, as
illustrated with their average ADOS-CSS of 7.47 and 7.88, respectively. No significant differences in all used clinical measures
were found between Training and Testing 1 sample (see Table S1). The Testing 2 sample is composed of the videos that were
available in our cohort but who were not entered in the initial sample due to the fewer number of available videos from TD
children. The children in this sample were predominantly males (1F), presenting a moderate to severe levels of symptoms of
autism (mean of 7.54) and mean cognitive scores of 74.8.

Measures Training set (n = 68) Testing set 1 (n = 68) p value Testing set 2
ASD (n = 34) TD (n = 34) ASD (n = 34) TD (n = 34) ASD (n = 101)

n n n

Gender 14F / 20M 14F / 20M 14F / 20M 14F / 20M 1F / 100M
Modules (MT / M1 / M2) 23 / 33 / 12 24 / 31 / 13 0.95a 26 / 58 / 17

Mean(SD) Mean(SD) Mean(SD) Mean(SD) Mean(SD)

Age 2.89±0.879 2.60±0.881 2.71±0.972 2.51±1.06 0.407b 3.46±1.16
Total Symptom Severity Score
(CSS)

7.47±1.76 1.00±0.00 7.88±1.81 1.06±0.239 0.669b 7.54 1.86

Social Affect (SA-CSS) 6.50±1.93 1.03±0.174 7.06±2.09 1.12±0.409 0.630b 6.81± 2.09
Repetitive Behaviors &
Restricted Interests (RRB CSS) 8.82±1.57 1.61±1.46 8.68±1.70 2.35±2.00 0.731b 8.62 ±1.46
Best Estimate IQ 77.3±26.5 119±18.5 70.4±27.0 115±15.1 0.529b 74.8± 24.1
VABS-II Adaptive Behavior 75.9±11.1 101±8.25 76.8±11.5 103±7.39 0.533b 77.3 ±11.4
VABS-II Communication 72.8±15.5 104±9.68 74.3±15.3 104±10.7 0.768b 75.4 ±15.4
VABS-II Daily Living Skills 80.4±12.6 102±8.77 79.5±13.6 103±,7.29 0.632b 81.4 ±12.3
VABS-II Socialization 76.1±9.02 100±8.16 78.4±10.1 102±6.62 0.309b 76.7± 9.99
VABS-II Motor Skills 86.6±12.8 100±8.27 86.4±12.9 102±10.5 0.668b 87.3± 12.8

Note. p values are obtained using Fisher’sa exact test or nonparametric Mann-Whitneyb tests of differences between the Training and Testing
set 1.

Table S1. Description of the Training and two Testing sets of videos used in the present study.

Clinical Measures/Behavioral Phenotype. A direct measure of autistic symptoms was obtained using Autism Diagnostic
Observation Schedule-Generic ADOS-G, [1] or Autism Diagnostic Observation Schedule-2nd edition (ADOS-2) [2]. Only
one module is administered at one time. The latest version of ADOS allows to severity comparison scores ranging 1-10 that
are aimed to be relatively independent on the participant’s characteristics such as age or verbal functioning [3]. For subjects
who were administered the older version of the ADOS (ADOS-G), the scores were recoded according to the revised ADOS
algorithm [4] to ensure comparability with the ADOS-2. Besides comparison severity scores that indicate the overall severity of
autistic symptoms [3, 5] we also included the severity scores according to domains of social affect (SA) and restricted and
repetitive behaviors (RRB) thus allowing for a more precise insight on the separate dimension of autistic symptoms [6].

Cognitive functioning was assessed using various assessments depending on the age of the children. We defined the Best
Estimate Intellectual Quotient following [7, 8, 9, 10, 11]. For the majority of children Psycho-Educational Profile, third edition,
Verbal/Preverbal Cognition scale (PEP-3; VPC, [12]) (n = 49) was administered. We derived the VPC Developmental Quotient
(DQ) by dividing the age equivalent scores by the chronological age of the child. For a smaller subset of children (younger than
2 years old) when PEP-3 was not administered we used Mullen Early Learning scales [13], (n = 14). Here again, developmental
quotients were obtained using the mean age equivalent scores from four cognitive scales (Visual Reception, Fine Motor,
Receptive Language and Expressive Language) and divided by chronological age.

Adaptive functioning was assessed using the Vineland Adaptive Behavior Scales, second edition (VABS-II; [14]). This
standardized parents interview measures adaptive functioning from childhood to adulthood in the domains of communication,
daily-living skills, socialization, and motor domain. In each domain, standardized scores (SStd) are denoted by adaptive level,
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ranging from low to high. The four domain standardized scores are then combined to yield the adaptive behavior composite
score as a global measure of adaptive functioning of an individual.

Neural Network Training. The neural network hyper-parameter tuning was done by taking a small sub-sample of 50 OpenPose
processed videos videos (25 ASD and 25 TD). We tested a ResNet50 CNN ([15]) for as the first CNN architechture for extraction
of high dimensional features and a 512 LSTM unit recurrent neural network([16]) to add the temporal dimension for making
video classification neural network. Out first test involved splitting the videos into segments of length 5, 10 and 15 seconds
and monitored the training and validation loss to check for overfitting. We observed 5 second segments to provide us with
the least validation loss among the 3 tests (see Fig.S2A). We further tested for improvements in the validation loss when the
video dataset was downsampled to the resolution 320X240 from 696X554 resolution (see Fig.S2B) and observed a better fit for
downsampled 320X240 videos.

After conducting the previous tests we observed that a batch size of 256 or 128 was optimal to achieve the least validation loss.
We also tested out several convolutional neural network architectures for feature extraction, excluding fully connected dense
layers (see Fig.S2, panels C-D), out of which VGG16 ([17]) gave substantially better results compared to other CNN feature
extraction methods such as ResNet50 ([15]). We also tried to use a bidirectional LSTM ([18]) in order to check for any further
decrease in validation loss. However, using a bidirectional LSTM led to over-fitting in the neural network (see Fig.S2E).

Figure S1. VGG16 LSTM detailed architecture representing pre-processing, feature extraction, addition of temporal dimension to features,
segment-wise classification and aggregation of prediction over the entire video set to give final prediction.

Thus we observed the best model for our dataset to be a VGG16 LSTM at 128 batch size, 100 epochs and 320X240 resolution
video with a validation loss of 0.301. We carry out the training with this configuration at 80-20 and 70-30 splits and observed
a better performance with 80-20 split. Fig.S3. A detailed architecture of the VGG16 LSTM neural network can also be
represented by Fig.S1.

Predicted class attribution across filming settings. The ADOS videos in the context of our longitudinal cohort were acquired
using different systems. The majority of the videos was acquired using remotely controlled dome camera system. This setting
involves cameras fixed at the height of 2 meters from the floor, and allowed manual pan, tilt, zoom as well as flexible switch
between two camera views. This camera system was used in 44 videos from the training sample and 48 videos of the Testing set
1. The other settings included a fixed angle gopro camera that was positioned either high (above 160 cm of the floor) (Training:
10 videos, Testing:9 videos) either low (70-80cm from the floor) (Training: 14, Testing 11 videos). The accuracy of prediction
across settings was the highest in a low positioned fixed angle gopro cameras, followed by the accuracy value of 81% in the
setting involving high positioned manually controlled cameras. Finally, the poorest accuracy (77%) characterized the setting
with a fixed cameras and high filming angle (see Fig.S4).

In addition to testing the relation with general severity of symptoms of autism we also wanted to obtain the appreciation of the
relation of ASD probability with the 27 individual symptoms that are coded across the three used ADOS modules (the list of
symptoms included in this analysis is shown in Table S2). Of note, individual symptoms of autism in ADOS are scored on a 4
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point scale ranging from 0 ("no evidence of abnormality") to 3 ("markedly abnormal"). With the exception of two symptoms
(Name calling and Response to joint attention) that are coded during a specific social press the other symptoms codes are based
on the overall behavioral sample obtained during the ADOS session. Based on clinical experience and knowledge and coding
guidelines of the ADOS the clinician attributes a code from 0 to 3 to code the presence of abnormality. For example, to obtain
a code of 0 (no abnormality) for the item Unusual Eye Contact the child must show the use of the eye contact that is "clear,
flexible, socially modulated and appropriate" and this judgment is only possible after the child is given an important amount of
occasions to express his/her requests, responds to request of others, share his/her interest for the proposed activities. Similarly,
a child who receives a code of 0 on the item Showing is the child who was able to show toys/objects by "holding them up or
placing them in front of others and using the eye contact with or without the vocalization" in a minimum two activities.

BEHAVIORS
Toddler
Module

Module 1 Module 2

A Communication
Frequency of Spontaneous Vocalization Directed to Others X⇤ X⇤ X⇤*
Intonation of Vocalizations or Verbalizations X⇤ X⇤ X⇤
Immediate Echolalia X⇤ X⇤ X⇤
Stereotyped/Idiosyncratic Use of Words or Phrases X⇤ X⇤ X⇤
Use of Another’s Body X⇤ X⇤ ⇤
Pointing X⇤ X⇤ X⇤
Gestures X⇤ X⇤ X⇤
B Reciprocal Social Interaction
Unusual Eye Contact X⇤ X⇤ X⇤
Facial Expressions Directed to Others X⇤ X⇤ X⇤
Integration of Gaze and Other Behaviors during Social Overtures X⇤ X⇤ ⇤
Shared Enjoyment in Interaction X⇤ X⇤ X⇤
Response to Name X⇤ X⇤ X⇤
Requesting X⇤ X⇤ ⇤
Showing X⇤ X⇤ X⇤
Giving X⇤ X⇤ ⇤
Spontaneous Initiation of Joint Attention X⇤ X⇤ X⇤
Response to Joint Attention X⇤ X⇤ X⇤
Quality of Social Overtures X⇤ X⇤ X⇤
Amount of Social Overtures/Maintenance of Attention: Examiner X⇤ X⇤* X⇤*
Quality of Social Response X⇤ X⇤* X⇤
Overall Quality of Rapport X⇤ X⇤* X⇤
C Play
Functional Play with Objects X⇤ X⇤ X⇤
Imagination / Creativity X⇤ X⇤ X⇤
D Stereotyped Behaviors and Restricted Interests
Unusual Sensory Interest in Play Material/Person X⇤ X⇤ X⇤
Hand and Finger and Other Complex Mannerisms X⇤ X⇤ X⇤
Self-Injurious Behavior X⇤ X⇤ X⇤
Unusually Repetitive Interests or Stereotyped Behaviors X⇤ X⇤ X⇤
* Item not included in the given module of the older version (ADOS-G) of the schedule.

Table S2. Selected items from the gold-standard diagnostic assessment, the ADOS-G [1] and ADOS-2 [2]. The different columns
correspond to different modules the choice of which is performed as a function of age and language level.
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Figure S2. A. 5 sec, 10 sec and 15 second training and validation plots for ResNet50 LSTM at 256 batch size, 100 epochs and 70-30
training-validation split, B. 320X240 vs 696X554 resolution videos training and validation plots for ResNet50 LSTM, 256 batch size, 50
epochs, 70-30 training-validation split, C. Training and validation accuracy for different High Dimensional feature extraction CNN models
with LSTM RNN model at 256 batch size, 50 epochs and 70-30 training-validation split, D. Training and validation accuracy for different
High Dimensional feature extraction CNN models with LSTM RNN model at 256 batch size, 50 epochs and 70-30 training-validation split, E.
Training and validation accuracy and loss for ResNet50 LSTM and ResNet50 Bidirectional LSTM at 100 epochs,256 batch size and 70-30
training-validation split
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Figure S3. Training Accuracy, Training Loss, Validation Accuracy and Validation loss with 68 balanced training video dataset at 80-20
split, 128 Batch Size, 320X240 resolution and 100 Epochs for VGG16 LSTM neural network.
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Figure S4. Scatter plots depicting ASD probability across the three setting types (columns) and for the two diagnostic groups (typically
developing in blue and children with ASD in red). In high positioned manually controlled dome camera system the accuracy was 81%; in the
setting involving gopros and high filming angle the accuracy was 77%; Finally, in the setting involving gopros positioned at low height
filming angle the accuracy was 82%.

5/8



60 80 100 120 140
0.0

0.2

0.4

0.6

0.8

1.0

Adaptive Communication
(VABS-II Communication SStd)

AS
D

 P
ro

ba
bi

lit
y

TD
ASD p < 0.001

r = -0.424

60 80 100 120 140
0.0

0.2

0.4

0.6

0.8

1.0

Adaptive Socialization
(VABS-II Socialization SStd)

AS
D

 P
ro

ba
bi

lit
y

TD
ASD p < 0.001

r = -0.506

60 80 100 120 140
0.0

0.2

0.4

0.6

0.8

1.0

Adaptive Daily-Living Skills
(VABS-II Daily-Living skills SStd)

AS
D

 P
ro

ba
bi

lit
y

TD
ASD p < 0.001

r = -0.403

0 2 4 6 8 10
0.0

0.2

0.4

0.6

0.8

1.0

Social Affect Severity
(ADOS-2  SA-SS)

AS
D

 P
ro

ba
bi

lit
y 

TD
ASD p < 0.001

r = 0.509

0 2 4 6 8 10
0.0

0.2

0.4

0.6

0.8

1.0

Restricted interests and Repetitive Behaviors Severity
(ADOS-2 RRB-SS)

AS
D

 P
ro

ba
bi

lit
y 

TD
ASD p < 0.001

r = 0.409A1 A2

B1 B3B2

Figure S5. Relation between predicted ASD probability and subdomains of (A) Autism Diagnosis Observation Schedule-ADOS; (B)
Vineland Adaptive Behavior Scales (p values were considered significant if p < 0.008 after applying Bonferroni corrections for multiple
comparisons). A1. Social Affect Severity Score, A2. Restricted interests and Repetitive Behaviors-RRB Severity Score; B1. Communication
domain; B2. Socialization domain;B3. Daily Living Skills domain. The least squares linear fit is depicted as black line and values of
Spearman r coefficient and corresponding p values are shown on each graph.
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Figure S6. Relation between predicted ASD probability and individual symptoms derived from ADOS (p < 0.002 after applying
Bonferroni corrections for multiple comparisons). A-C Communication domain; D-K Reciprocal Social Interaction domain; L-M Play; N-O
Repetitive and Restricted behaviors domain of ADOS. The least squares linear fit is depicted as black line and values of Spearman r
coefficient and corresponding p values are shown on each graph.
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