Increasing access to early diagnosis and
assessment of autism via objective and cost-
effective eye-tracking-based tools

On the crisis of limited access to early diagnostic services

an ongoing journey ...
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General Disclosures

¢ This presentation includes research related to device
development.

e Drs. Klin and Jones are inventors and patent holders of medical
device technologies licensed in 2020 to EarliTec Diagnostics.

Warren Jones, PhD

¢ EarliTec is a company that develops technologies for early
identification and treatment monitoring in autism, and gives
revenue to support treatment of children with autism. Dr. Klin
and Jones are scientific consultants to and equity holders in
EarliTec Diagnostics. Majority ownership is by Children’s
Healthcare of Atlanta, a non-profit, with the commitment of
returning investment into treatment of autism.

¢ Drs. Klin and Jones’ external activity with EarliTec Diagnostics
has been reviewed and approved by Emory University’s Conflict
of Interest Review Office and by Emory University School of
Medicine’s Dean’s Office.

¢ Drs. Jones and Klin’s research has been supported by grants
from NIMH, NICHD, NIBIB, SFARI, the Marcus Foundation, the
JB Whitehead Foundation, and the Autism Science Foundation.

My personal story ... and the gold standards

Marcus Autism Center

¢ 1990-2010 Yale Child Study Center, Yale School of Medicine
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and Children’s Healthcare of Atlanta

EMORY
ey @R e (@ Marcus

MEDICINE Heatihcars of Atiawta, AUTISM CENTER

2023

i Provided 45,764 visits
532 staff /3 I g
i e 1% II (6% increase)
5 locations L soee

6,397 unique children served
(7% growth)

(Community Partners )

3 Georgia Dept

‘ .‘ DL 'm CD'O of Early Care

A ‘ | R and Learning
Georgia Health

Department of Public

e

G‘R’“
R

The Children's
Care Network J

North Georgia




The need:

Challenges we
collectively face

The gold standard is not accessible
~ 100,000 children are born every year .... Early intervention ....

1 in 5 is diagnosed Median age W
before age 3 4.3-5.5 year

An lllustration from Georgia
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Is this acceptable,
IS it ethical,

and is it equitable?

In regard to African American
children with autism

42.3 months (+/- 45.1) following parents’ first concerns about their children’s
development

Age Parental First Concerns: 23.0 (17.9)
Age Parent First Shared Concerns with a Professional: 29.1 (23.1)




The purpose of diagnostics in medicine

NATIONAL e
ACADEMIES i "

IMPROVING
DIAGNOSIS IN

And the gold standard is at times “silverish”

Clinician confidence in
diagnosis of toddlers

ORIGINAL PAPLR

Expert Clinician Certainty in Diagnosing Autism Spectrum Disorder
in 16-30-Month-Olds: A Multi-site Trial Secondary Analysis

Suboptimal confidence
in ~30% of cases

"

Klaiman et al. (2024) JADD.

Diagnostic and treatment biomarkers are
sorely needed in autism

Need measures that are
® objective

® quantitative

® dimensional & fine-grained
® performance-based

¢ standardized, efficient &
community-viable

® able to capture ¢cgue

The current state

T T o REVIEW AND OVERVIEW
Psychiatry

In Search of Biomarkers to Guide Interventions in Autism
Spectrum Disorder: A Systematic Review




The bible of diagnostic clinical trials: from 1999

JAMA -
R

Empirical Evidence of Design-Related Bias
in Studies of Diagnostic Tests

Reporting of Diagnostic Accuracy Studies) was
developed to improve the completeness and
transparency of reports of diagnostic accuracy studies.

Word of warning: reading diagnostic studies
using MACHINE LEARNING OR DEEP LEARNING

The “black box”

JAMA e
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Our biomarker

Eye-tracking measures of SOCIAL VISUAL ENGAGEMENT

Jones & Klin (2013) Nature.

how chtldren Look at
and Learn from thelr
surrounding social

enviromwment

* At a rate of 120 times/second




Social Visual Engagement, moment-by-moment

Quantifying social
visual engagement,
moment-by-moment







Quantification: Attentional Funnel

Quantification: Attentional Funnel

Moment-by-moment entrainment to
“hot spots” of socialization

o




Obijective, Quantitative Measures

640 1000

Experimental Presses

Hundreds and hundreds of Experimental Presses
within a few minutes of video watching
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Thousands of natural experiments within a
10-minute video experiment

: 2 * In autism: 1,000s of divergences
| in 10-12 minutes of video

TD normative funnels = W

ASD comparison scanpaths = _____

Performance-Based Measures of
Strengths and Vulnerabilities

Example:
Pointing &
Social
Monitoring

Environmental Context




Performance-Based Measures of
Strengths and Vulnerabilities

Example:
Pointing &
Social
Monitoring

Quantitative Reference Metric: Age-Expected Social Visual
Engagement

Performance-Based Measures of
Strengths and Vulnerabilities

Child with
ASD

Performance-Based Measures of
Strengths and Vulnerabilities

Example:
Facial Affect

Environmental Context

Performance-Based Measures of
Strengths and Vulnerabilities

Example:
Facial Affect

Quantitative Reference Metric: Age-Expected Social Visual
Engagement




Performance-Based Measures of
Strengths and Vulnerabilities

Child with
ASD

The science behind
=4 the biomarker

>20 years of research

Autism symptoms RESULT from deviations from
normative socialization

Flharans

AUTISM CENTER

Genetics Autism

Jones et al. (2008). Arch Gen Psy /Klin et al. (2009). Nature / Jones & Klin (2009). J Am Acad of Child Psy / Jones & Klin (2013). Nature /
Klin et al. (2014). Neurosci Biobehav Rev / Moriuchi et al. (2017). Am J Psy / Constantino et al. (2017). Nature / Shultz et al. (2018). TICS /
Klin et al. (2020). Dev & Psychopathol

Autism symptoms RESULT from deviations from
normative socialization

7 Nlatens

AUTISM CENTER

Genetics Autism

Normative Behavior & Brain Development

Jones et al. (2008). Arch Gen Psy /Klin et al. (2009). Nature / Jones & Klin (2009). J Am Acad of Child Psy / Jones & Klin (2013). Nature /
Klin et al. (2014). Neurosci Biobehav Rev /Moriuchi et al. (2017). Am J Psy / Constantino et al. (2017). Nature / Shultz et al. (2018). TICS /
Klin et al. (2020). Dev & Psychopathol




«=m The beginning

Neonates preferentially orient
towards stimuli that...

More Preferred Less Preferred
' h M A
2 %
—
-
motner, engaging S EE, :"-;'.” !' cyosmerted  oyes dossd
, O
v ...sound like caregivers.

...smell like caregivers.

Bushnell, Sai, & Mullin, 1989. 5 . .
Simion, Valenza, Umiltd, & Barba, 1998. o ...move like ca reglvers.
Farroni, Csibra, Simion, & Johnson, 2002.
Batki, Baron-Cohen, et al, 2000.

Sai, 1990.

Sai, 2005.

Walton, Bower, & Bower, 1992.

...look like caregivers.
..interact like caregivers.

Universal Principle:
ﬂé}&s the Platform for Development of Social Brain

Born to
Socially Orient

‘ . oy O Reciprocal
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Social Interaction is the ) )
. Social Visual Engagement...
Platform for Brain Development

...is strongly influenced by genetic variation.

(influencing millisecond timing of eye movements, with heritability of eye-looking ~0.90)
Constantino et al. (2017) Nature.

Brain size doubles in the 1st year of a baby’s life,

synaptic density quadruples.

Evidence for biological relevance: Twins.
How to link these quantifications of behavior to the genetic bases Social Visual Engagement...

of autism?

Measuring the genetic structure of social visual engagement Chance Ageandsex g o et variation

250 toddlers:

*82 monozygotic twins
(41 MZ pairs)

* 84 dizygotic twins
(42 DZ pairs)

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

e age 21.3(4.3) months
*non-sibs matched <1 day

5 50 0 0 02 04 06 08 1
Twin 1, Eyes (%) icc

C Twin-Twin Concordance
sp©

enced by genetic variation, + MZICC: 0.91 (0.85-0.95)
ability of eye-looking ~0.90. ¢ DZICC: 035 (0.07-0.59)

¢ Non-sibling pair: 0.16 (0.00-0.44)

(influencing millisecond timing of eye movements, with heritability of eye-looking ~0.90)

Nature, 2017; 547(7663):340-344

Constantino et al. (2017) Nature.




Genetic influence exerts
effects on a moment-by-moment basis.

The markers of social visual engagement

. . Replication Cohort
that are most highly heritable...
50 Classification of 50 Classification of
ASD Comparison Cohort 475D Comparison Gohort ASD Repliation Cohort ASD Replication Cohog
N=43, )
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08
®
& —
< 3
2 06 %
2 2
€ o4 — Empirical g — Empirical
K — Fitted —— Fitted
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AUC = 0.88 (0.84-0.92)
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fo) AUC = 0.86 (0.82-0.91)
. 02 04 06 08 1 o (%) i 02 04 06 08
40 50 False Positive Rate

False Positive Rate

1
20 30
Eyes (%)

...are also those that most clearly distinguish

...dare also those that most clearly distinguish
typically-developing children from those with autism.

typically-developing children from those with autism.

Constantino et al. (2017) Nature.

Constantino et al. (2017) Nature.




Social Visual Engagement...

...is strongly influenced by genetic variation.

(influencing millisecond timing of eye movements, with heritability of eye-looking ~0.90)

...reflects early-emerging differences in ASD.

(differences in ASD identifiable in the first 2-6 months after birth,
and predictable of diagnosis and levels of disability at 24-36 months)

Evidence for biological relevance: Human Infants
How early does it segregate children with autism?

EE ASD Cohort 1, 11 males, 747 trials HE ASD Cohort 2, 13 males, 818 trials
70r M TD, 63 males, 5,375 trials EEE TD, 63 males, 5,375 trials

Iles (blue) compared with (a) cohort 1 of infants later diagnosed with ASD
Biort 3 of infants later diagnosed with ASD (Olson et al, under review). Dark lines

(differences in ASD identifiable in the first 2-6 months after birth)

Social Visual Engagement...

...is strongly influenced by genetic variation.

(influencing millisecond timing of eye movements, with heritability of eye-looking ~0.90)

...reflects early-emerqging differences in ASD.

(differences in ASD identifiable in the first 2-6 months after birth,
and predictable of diagnosis and levels of disability at 24-36 months)

...is highly phylogenetically-conserved.

(similar patterns of early developmental change in looking observed in human infants and infant
rhesus macaques, demonstrating evolutionary importance for early social development)

Evidence for biological relevance: Infant Monkeys

Human Infant Age (in months)
234558 ) 2

Fixation Time,

; 18
Rhesus Infant Age (in weeks)

...is highly phylogenetically-conserved.

(similar patterns of early developmental change in looking observed in human infants and infant
rhesus macaques, demonstrating evolutionary importance for early social development)




Can we leverage this biomarker to promote ...

=m Greater Access to
Early Diagnostic
. Services

The Tool

The original lab

"
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The FDA: clearance in 2022 and 2023

First meeting:

Lab open to
October of 2014 inspections and audits
Hundreds of thousands of code lines “ . ”
moved to tech industry standards Chain of Custody

Repeatability & Reproducibility studies

-

The Clinical Trials =

STARD

Standards for Reporting of
Diagnostic Accuracy Studies

S

“Marcan " Cheryl Klaiman PhD

K % 12 minutes % 4-8 hours \

Gold Standard
VS Evaluations

_/

60




“Extraordinary Claims Require Extraordinary Evidence”

STARD: The Standards for Reporting of Diagnostic Accuracy

Simultaneous

whee Open publications in
JAMA & JAMA Network
Oighl investigation | Paychasry
and Replication of Objective Measurements of Social Visual Engagement
to Aid in Early Diagnosis and Assessment of Autism
i -
Resewer
Abstract
SFORTANCE Aut JAMA | Original investigation
condition. While 801 o .
2years may i Eye-Tracking-Based Measurement of Social Visual Engagement
PRI IU A | Compared With Expert Clinical Diagnosis of Autism
e s | Warren Jones, PhO; Ovryl Kiaiman, PRD. Shana Richardson, PhO; Ohvista Ackl, PhD, Clwistopher Smith, PO
DESIGN, SETTING. | Mendy Mingarez. PhO; Raphael Bermier, PhD; Ernest Pedagati. MD; Somer Bishop, PRO: Whitney Ence. PhD

Alson Wakner, PHO. Jenver Moruchi, PRD; Sew Wah Tay, PhO: Ami Kin, PHO

IMPORTANCE I the US, sigrs of Tyearof
Gelay bedore e delays ifthey ethoically,

o
standardized dagnostic instruments, To akd in early autism dagnasis, eye-tracking
has. based

biomarker.

ORUECTIVE &

specialty autism clics.

DESIGN, SETTING. AND PARTICIPANTS ly 0 16- 10 30- =
6 from Apeil 2018 2019, stal

Step 1: Derive Quantitative Indices for m
Early Identification of ASD

ed 7 Expert
bl

Gold Standard
Evaluation

) diagnostic
classification

Mining 1000’s of statistically significant
moment-by-moment divergences from
within minutes of naturalistic video viewing

TD normative funnels = W

ASD comparison scanpaths = —~—

Step 2: Derive Quantitative Indices for m
Early Markers of Emerging Symptom Severity

ADOS-2
Social Disability

Mullen

—) Verbal Ability

Mullen
Nonverbal Ability

TD normative funnels = ‘W

ASD comparison scanpaths = ——

3 Studies:
Discovery, Replication, & Pivotal Trials

Goals: to test the accuracy of eye-tracking assays of social visu~!
engagement in 16-30-month-old children to

1.

Pivotal Trial: N=335 toddlers (6 sites)

' Multi-site, nationwide clinical trial (Seattle Children’s,
Cincinnati Children’s, UCSF, Rush, SARRC, and Emory)




Feasibility

Pivotal Trial

Discovery & Replication: Participants, Sudes
by Reference Standard Outcome Diagnosis

Pivotal Trial enrolled 16-30-month-olds at 6 sites

/M;‘CUS % ‘ﬁ_ Childrens & Washington University in St Louis:

5l M
AUTISM CENTER HOOL OF MEDICINE

Healthcare of Atianta

COLLABORATING TRIAL TEAM:

Discovery Study Replication Study
(N=719) (N = 370) % Chris Smith, SARRC, Phoenix, Arizona
Reference Standard Diagnosis non-ASD ASD non-ASD ASD * Shana Richardson, Emory University, Atlanta, Georgia
N 386 333 184 186 % Raphael Bernier, Mendy Minjarez, Seattle Children’s,
Age Seattle, Washington
months: melan (SD) 21é7 5:;-424 . 62;-1 23'72)6 5 62257 (24-9% o 22%12(2-%) " % Ernest Pedapati, Cincinnati Children’s, Cincinnati, Ohio
til st, 25th, 501, 75, 99 15, 18, 23, 24, 30 16, 20, 24, 26, 30 16,19, 21, 25, 17,24, 28, 31, . .
percentlles {1, 251, son, 751, 9971 t 11 10 11 1 % Bennett Leventhal, Somer Bishop, Whitney Enns,
ADOS UCSF, San Francisco, California
SA Score, mean (SD) 2.3 (2.3) 13.6 (4.1) 3.1(2.6) 13.8 (4.4) o . C . . .
percentiles (1=, 25w, 50, 75v, 99n) 0,1,23,11] [5, 10, 14, 17, 20] [0,1,3,5,11] 16,10, 14, 17, 21] * Allison Wainer, Jenn Moriuchi, Rush, Chicago, lllinois s
RRB Score, mean (SD) 1.0 (0.9) 43(1.8) 2.4 (1.6) 5.6 (1.4) >
percentiles [1st, 250, 50, 75, 9gtn] [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 (8.1) 55(3.2) 19.4 (5.0) (https://clinicaltrials.gov/ct2/show/NCT03469986) ¢
percentiles [1st, 251, 50, 75, 9gtn] [0,2,3,5,12] [8, 14, 18, 22, 27] [0,3,5,7,13] [8, 15, 20, 24, 28] . -
Mullen
Verbal Age Equiv., mean (SD) 24.2 (5.6) 13.0 (6.2) 23.1(8.0) 14.8(7.7)
percentiles [1st, 251, 50, 75, 9gtn] [12, 20, 24, 28, 36] [3, 8,12, 16, 29] [10, 16, 23, 28, 39] [4,10, 12, 18, 38] (2023) JAMA
Nonverbal Age Equiv., mean (SD) 24.8 (6.1) 19.0 (5.2) 27.3(9.8) 20.7 (6.8) Eabebed Bt hntion
percentiles [1st, 250, 501, 75t, 9gtn] [15, 20, 24, 29, 40]  [7,16,19,23,32] [13,19, 25, 32, 48] [9, 16, 20, 24, 42]

Jones et al. (JAMA Network Open 2023).

Pivotal Trial

Pivotal Trial: Participants, Results: Presence of ASD -

by Reference Standard Outcome Diagnosis Diagnostic Accuracy
Discovery Replication Multi-Site, Nationwide
Ne335 Study Study Clinical Trial
specificity, % specificity, % specificity, %
Reference Standard Diagnosis non-ASD 100 80 60 40 20 0 100 80 60 40 20 0 100 80 60 40 20 O
N 185 100 . 100 00—
Age
months: mean (SD) 2 80 2 _ 2 80
percentiles [1, 251, 500, 75, 99| \es . é’ ‘E 60 _f ‘E g g &0
ADOS \\\'(. PHoddlers with %= 52 52
SA Score, mean (SD) ASD diagnosis, 162 55 w0 s e § 40
percentiles (87.6%) had other, non- e e e
ASD developmental 20 N=711 N =361 2] / N=335 |
delays (DDs); only 23 AUC = 0.90 (0.88-0.92) AUC = 0.89 (0.86-0.93) /" AUC=09(087-094)
1.4 (4.1 elays s); only 0 0 0 M R
[10, 18, 22( 2‘2 28] (12.4%) had no diagnosis 0 2"3: | 4°P 60 /50 100 0 2?: | 4°P 60 80 100 ° 2‘; ‘DP 60 80 100
. itive % = Empirical alse Positive % alse Positive %
(i.e., were unaffected). Of aise Fositive L :
N 100 - specificit: m— Fitted 100 - specificity 100 - specifici
26.0 (8.2) 105 (5.3) the 150 toddlers with ( pecificity) — Fited (100 - specificity) (100 - specificity)
[9,20,25,82,44]  [4,7,9,18,27] ASD, 86 (42.7%) had no 9
27.4(9.0) 17.3(5.0) devélopmen'fcl delays. * s * s
pe centlles [1st, 25, 50, 75, 99 [14, 21, 26, 31, 50] [8, 14,17, 21, 29] Sensitivity ~ 80.6 (74.1-85.7) Sensitivity ~ 78.0 (70.7-83.9)
Other Diagnoses Specificity 823  (76.1-87.2) Specificity ~ 85.4  (79.5-89.8)
Presence of =1 (non-ASD) DD 162 (87.6%) 86 (57.3%)
Absence of ASD or DD diagnosis 23 (12.4%) 0(0.0%) G2 819 (75.6-86.9) 2 813 (74.0-868)
NPV 810 (74.7-86.0) NPV 827 (76.7-87.5)
Jones et al. (JAMA 2023). Accuracy 81.4 (77.1-85.1) Accuracy 821 (77.6-85.8)




Quantitative Indices for Assessing Severity:

Quantitative Indices for Assessing Severity:

Social Disability (proxying ADOS-2) Verbal Ability (Proxying Mullen)
R=-0.736, adj.R%= 0.717 R=-0.720, ac, R?=0.686 R=-0.747, adj. R?= 0.737 R=0.714, adj.R%= 0.931 R=0.589, adj.R%= 0.634 R=0.65, adj.R%= 0.751
50 50
28 28 28 £ € =45 € T4
(0] (0] &)
S 24 S 24 S 24 3 s =40 3240
S S 3 2 > 235 2235
P 20 P 20 P 20 5 5= 53
= = = o o £ 30 g £30
5 16 5 16 5 16 w w s o5 ws o5
[ [ [ [} O = O =
K12 N 12 o 12 2 2420 2520
f f A — _ — £
8 8 8 8 8 8 3 E] g 15 3 E 15
a4 a4 Q 4 5 52 510
< o < o < o > >=5 >=5
0 0
20 10 0 10 20 30 20 10 0 10 20 30 20 10 0 10 20 30 0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Eye-Tracking-Based Eye-Tracking-Based Eye-Tracking-Based Eye-Tracking-Based Eye-Tracking-Based Eye-Tracking-Based
i isabili g : g : Verbal Ability Index Verbal Ability Index Verbal Ability Index
Social Disability Index Social Disability Index Social Disability Index Y Y Y
© Individual data © Individual data
+  regression outliers shown +  regression outliers shown
. .. Multi-Site, . .. Multi-Site,
Discovery Replication . . Discovery Replication . .
Study Study Nationwide Study Study Nationwide
Clinical Trial Clinical Trial
Note span of Y axis: eye-tracking metrics effectively proxy verbal function from 5-36 months.
o o o o o o o
Quantitative Indices for Assessing Severity: m Effective in Nationwide Clinical Trial:
nverbal Ability (Proxyin llen H H is & H
Nonverbal Ability (Proxying Mullen) Successfully Proxying Diagnosis & Severity
* Pooled performance: se ~80%, ~sp 87%, ~74% of ADOS variance,
~79% of Mullen verbal variance, and ~70% of Mullen nonverbal variance.
R=0.659, adj.R%=0.772 R=0.525, adj.R? = 0.490 R=0.646, adj. R%= 0.742 A . B c
IS specificity, %
= = 50 . + t = 50 + 100 80 ps 4 20 0 R=-0.751, adj. R?=0.745 R=0.66, adj. R %= 0.795 R=0.615, adj. R %= 0.690
% %§45 * whs %’545 o e S0 N=13s , * R
> > =40 o0 g0 240 E s §45 + o+ +*§
2 2335 ° > A0 33 £ ] £3 et
& W 30 @ ° &£ 30 £ & o
> 5825 +g 0 S S 25 8 g -3
< <= 3 o <= 5 < 5 ¢
= T2 K S 42 3 5 8 <
2 SFE 15 + 2E15 = N = 1407 s
g (] E 10} @ ) + o g 10 AUC =0.90 (0.88-0.91) =
c £ L 5 cE g
S o o 0 20 40 60 80 100 20 10 0 10 20 °°
= z 0 = 0 False Positive %

0 10 20 30 40 50 60 70 80 90
Eye-Tracking-Based
Nonverbal Ability Index

©  Individual data
+  regression outliers shown

Discovery
Study

0 10 20 30 40 50 60 70 80 90
Eye-Tracking-Based
Nonverbal Ability Index

Replication
Study

Note span of Y axis: eye-tracking metrics

proxy ability from 8-40 months.

0 10 20 30 40 50 60 70 80 90
Eye-Tracking-Based
Nonverbal Ability Index

Multi-site,
Nationwide
Clinical Trial

(100 - specificity) ™= Emmnca\

Jones et al. (2023) JAMA & JAMA Network Open.

FDA clearance of First children seen

clinically: August 2023

tablet: July 2023




The device

e Clinical report issued ~15 minutes later

® Quantitative Diagnosis (PPV or NPV)
® Social Disability Index (proxying ADOS-2)
® Verbal and Nonverbal indices (proxying Mullen)

Relative to 6-10 hour of expert clinician evaluations

What is the
EarliPoint-
aided
Evaluation of
Toddlers?

The first FDA-cleared indication

FDA

The horizon for
new indications




Population-based Screening

badly needed

* Vans at community pediatric practices

* Data collection integrated with
pediatrician well-child visits

* 2 studies

* screening at 9 months, children
followed until 24 months

« screening at 18 and 24 months

Other national clinical trials underway;
and other functionalities

From 16-30 months Quantitative biomarkers for

to 7 years Treatment Response

PPV-NPV-based

. linical t
step-by-step clinical Clinlcal repor

writing aide

decision making

Quantitative indices for
pivotal skills targeted in treatment

“Deep Phenotyping

for large research networks

78

I

To change the narrative of
autism from one of disability to
one of possibility and promise.

Il .

(i

Thank you
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