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1 | INTRODUCTION

Abstract

This study focused on the development and initial psychometric evaluation of a set
of online, webcam-collected, and artificial intelligence-derived patient performance
measures for neurodevelopmental genetic syndromes (NDGS). Initial testing and
qualitative input was used to develop four stimulus paradigms capturing social and
cognitive processes, including social attention, receptive vocabulary, processing
speed, and single-word reading. The paradigms were administered to a sample of
375 participants, including 163 with NDGS, 56 with idiopathic neurodevelopmental
disability (NDD), and 156 neurotypical controls. Twelve measures were created from
the four stimulus paradigms. Valid completion rates varied from 87 to 100% across
measures, with lower but adequate completion rates in participants with intellectual
disability. Adequate to excellent internal consistency reliability (o = 0.67 to 0.95) was
observed across measures. Test-retest reproducibility at 1-month follow-up and sta-
bility at 4-month follow-up was fair to good (r = 0.40-0.73) for 8 of the 12 measures.
All gaze-based measures showed evidence of convergent and discriminant validity
with parent-report measures of other cognitive and behavioral constructs. Compari-
sons across NDGS groups revealed distinct patterns of social and cognitive function-
ing, including people with PTEN mutations showing a less impaired overall pattern
and people with SYNGAP1 mutations showing more attentional, processing speed,
and social processing difficulties relative to people with NFIX mutations. Webcam-
collected performance measures appear to be a reliable and potentially useful method
for objective characterization and monitoring of social and cognitive processes in
NDGS and idiopathic NDD. Additional validation work, including more detailed con-
vergent and discriminant validity analyses and examination of sensitivity to change, is

needed to replicate and extend these observations.

KEYWORDS
eye tracking, facial expressions, genetic syndromes, neurodevelopment, webcam

profile of frontal systems impairment can be used to inform clinical

and educational care (Frazier, 2019).

Advances in identifying pathogenic variation linked to neurodevelop-
mental disability (NDD) has accelerated the discovery of a growing
number of specific neurodevelopmental genetic syndromes (NDGS).
As NDGS are identified, natural history investigations have begun to
characterize a wide spectrum of medical conditions and neurobeha-
vioral strengths and weaknesses associated with each condition
(Busch et al., 2023; Mulder et al., 2020; Vlaskamp et al., 2019). This
work is crucial to developing patient support guidelines and ensuring
that patients with NDGS receive appropriate supports that maximize
their development. For example, in individuals with PTEN hamartoma
tumor syndrome (PHTS) resulting from germline heterozygous muta-
tions in PTEN, a spectrum of frontal-systems deficits has been identi-
fied from no impairment to very severe impairment associated with
intellectual disability (ID) and autism spectrum disorder (ASD) (Busch
et al, 2019; Ciaccio et al, 2018; Frazier et al., 2015; Steele
et al., 2021). This pattern has been found to be stable over a period of
2 years (Busch et al., 2023), even in young children, and the specific

While there have been some initial attempts to provide more
detailed characterization of neurobehavioral profiles across different
NGDS, yield from the natural history and neurobehavioral studies have
been limited by the lack of comprehensive and sensitive instruments
appropriate for evaluations with geographically dispersed populations.
For example, within the Rare Disease Clinical Research Network—
Developmental Synaptopathies Consortium natural history study of
individuals with PHTS and ASD (Busch et al., 2019), in-person cognitive
assessments were limited to annual visits and often required several
hours of testing to collect data from relevant neurocognitive domains.
Because of the extensive effort required, the related pilot clinical trial
initiated within this network was limited to three in-person assess-
ments over a 6-month study period (Hardan et al., 2021; Srivastava
et al., 2022). The infrequency, difficulty, and burden of these traditional
approaches highlight the need for new phenotyping methods.

Identification of NDGS has also accelerated the development of

syndrome-specific patient advocacy groups and foundations, as well
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as programs of research designed to better understand and translate
molecular, cellular, and circuitry findings into intervention strategies.
A primary goal of these patient advocacy groups—and the research
programs they support—is to develop and evaluate the efficacy of
personalized interventions. Recent reviews of NDGS have empha-
sized the need to understand pathophysiology and neurobehavioral
profiles to generate personalized therapeutic strategies (Frazier, 2019;
Sahin & Sur, 2015). Yet, given the small number of specialty clinics
focused on each NDGS, and practical geographic constraints, many
patients remain under-served and many clinics lack resources to col-
lect extensive neurobehavioral assessments during clinic visits. Relat-
edly, due to the rare nature of many NDGS, natural history studies
often rely on small sample sizes, which limits their value in identifying
clinical endpoints for trials. In these small-sample longitudinal con-
texts, it is important to have reliable, stable indicators of individual
performance, as compared to larger group studies where statistical
certainty can be bolstered by adding participants. Having repeatable,
online measures of neurobehavioral function could substantially
improve both the statistical power of translational and clinical studies
and increase the ability to more rapidly and sensitively identify indi-
vidual differences in the pattern of intervention response. Administra-
tion of these measures in the individual's home rather than within a
clinic setting would not only broaden access to research participation
but might also reduce biases resulting from collection of neurobeha-
vioral information in an unfamiliar setting.

Research in NDGS and idiopathic NDD is also limited by reliance
on subjective measurements acquired from parents/caregivers and/or
observations by clinician scientists, which has precipitated a call for
the development of objective measures (Sahin et al., 2018). As a
result, a number of tools have begun to be developed and have shown
promise for objectively evaluating and tracking key functions relevant
to neurodevelopment (Amit et al., 2020; Dawson et al., 2018; Egger
et al, 2018; Goodwin et al, 2019; Manfredonia et al., 2019;
McPartland et al., 2020; Ness et al.,, 2019; Tuncgenc et al., 2021).
However, with a few notable exceptions, these measures have been
developed solely for in-person evaluation, limiting their application
and temporal sensitivity. In addition, noted measures have predomi-
nantly focused on the evaluation of only single domains rather than
providing a more detailed characterization of multiple social, develop-
mental, and cognitive domains. Furthermore, a high percentage of
individuals with NDGS have significant cognitive and functional
impairments. A relatively brief and repeatable battery of objective
measures that can reliably capture a wide range of cognitive and
behavioral capacities could supplement existing tools while simulta-
neously increasing sensitivity to intervention effects.

One possibility that can increase the objectivity of NDGS evalua-
tions and simultaneously overcome accessibility barriers is to augment
traditional characterization methods with appropriately designed
remotely administered measures of neurobehavioral function. Design-
ing remote measures for maximal accessibility has the potential to
lower burden for providers as well as patients. Webcam-based eye
tracking is a remote data collection method that uses cameras on

everyday computing devices coupled with artificial-intelligence/

Seminars in Medical Genetics

machine learning algorithms to capture individual looking patterns
toward probes such as the presentation of videos and images. Web-
cam data collection also permits the frame-by-frame automated facial
expression analysis using machine learning algorithms that enable pro-
totype matching using large training datasets. The potential for these
methods to inform neurodevelopment is strong and, increasingly, both
webcam-collected data (Simmatis et al., 2023) and artificial intelli-
gence/machine learning algorithms (Nerusil et al., 2021) are being
applied to create novel biometric measures for assessing child
development and neurological conditions. A key advantage of
webcam-based data collection is that the paradigms can be adminis-
tered without direct real-time clinical supervision. Thus, an online,
webcam-collected patient performance battery, capturing relevant
social and cognitive measurements in an objective way, could supple-
ment in-person assessment of NDGS patients and provide a more
temporally sensitive picture of neurobehavioral development in these
populations. This is particularly true for individuals with medical and
mental health comorbidities and cognitive impairments that merit
closer surveillance but are currently underserved (Vlaskamp
etal., 2019).

Unfortunately, at present, there are no accessible, scalable objec-
tive measures specifically designed for rapid and repeated evaluation
of multiple social and cognitive domains important to NDGS and idio-
pathic NDD. The primary aim of this study was to address this limita-
tion and develop social and cognitive stimulus paradigms that could
be paired with webcam collection and artificial intelligence algorithms
to measure key neurocognitive processes relevant to NDGS.
Webcam-collected measures were developed in conjunction with
clinician-scientist experts, patients, and parents/caregivers, following
gold-standard  principles of measure development (Boateng
et al., 2018) and inclusive practices (FDA, 2009), to complement our
recently developed and validated informant-report survey scales
(Frazier et al., 2023). Individual paradigms were created to be brief (3-
4 min) and to require only spontaneous or directed gaze, without
motor or speech responses, thus making it appropriate for a wide
range of developmental and cognitive levels. Stimuli followed best
practices in gaze collection (Sasson & Elison, 2012) and test develop-
ment (Boateng et al., 2018), including teaching parents to facilitate
data collection (when needed) without interfering in the evaluation,
presenting large elements within the visual field to limit accuracy
issues in webcam gaze collection (Semmelmann & Weigelt, 2018),
and, where relevant, focusing on very easy initial items with a graded
increase in task difficulty. Based on careful attention to applicability
to a wide range of individuals with NDGS, valid measure collection
was expected to be achieved in the majority of participants, including
those with ID.

A secondary aim of this study was to conduct initial psychometric
evaluation of these measures in several distinct NDGS groups, people
with idiopathic NDD, and neurotypical controls. Initial evaluation
included estimation of scale reliability, test-retest reproducibility
(1-month follow-up), and stability (4-month follow-up). Initial conver-
gent and discriminant validity was assessed using data from other

informant(parent)-reported clinical information (Frazier et al., 2023). In
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addition, given the importance of detecting autism within NDGS to
ensure access to appropriate services, concurrent validity with ASD
diagnoses and autism symptom levels was evaluated. Finally, using
baseline data, exploratory analyses examined the pattern of cognitive

and behavioral functioning across NDGS and idiopathic NDD.

2 | METHODS

2.1 | Initial stimulus development

The stimulus paradigm development process is outlined in Online
Appendix 1. Briefly, this included identifying or creating appropriate
target items and stimuli across a wide range of ages (3-45) and ability
levels (moderate to severe cognitive impairment to average
ability levels); collecting feasibility data; updating items and stimuli
based on initial feedback; conducting a pilot administration of perfor-
mance measures with 10 clinician-scientist experts and 9 parents and
patients with NDGS and/or idiopathic NDD; and administering a
post-evaluation survey to collect additional feedback and create the
final performance paradigms.

The social paradigm and associated stimuli were chosen based on
the combination of empirical work (Frazier et al., 2018) and compre-
hensive review of the literature (Chita-Tegmark, 2016; Frazier
et al., 2017). Specifically, a variety of social stimuli were selected, in
part, due to the high rates of ASD occurrence in NDGS and the
broader relevance of social attention to neurodevelopment as a trans-
diagnostic construct (Frazier, Uljarevic, et al., 2021; Salley &
Colombo, 2016). The processing speed paradigm was selected
because of the potential to use this cognitive paradigm to capture
attentional scanning across the stimulus field, measure speed of
object detection via gaze, the ease-of-administration in individuals
with NGDS, particularly those with limited speech or motor difficul-
ties, and the ability to create easier stimuli relevant to individuals with
more significant intellectual impairments. Importantly, processing
speed has been shown to be a very sensitive index of brain develop-
ment and neuropathophysiological processes (Bove et al., 2021;
Kail, 1991). The receptive vocabulary paradigm was selected because
receptive language is a strong indicator of developmental trajectory
and functional outcome (Frazier, Klingemier, et al., 2021) and can val-
idly estimate results from standardized in-person testing using gaze to
visual targets (Frazier et al., 2020). The single-word reading paradigm
was developed based on a recommendation by clinician-scientist
experts for identifying early reading, including in people with limited
or no speech where reading is more difficulty to assess. This paradigm
was also included based on its potential to monitor development of
reading throughout childhood and early adulthood in NDGS. Addi-
tional information for receptive vocabulary and single-word reading
target selection and stimulus creation are provided in Online Appendi-
ces 2 and 3. Example screenshots for each of the performance para-
digms are included in Online Appendices 4-7, and stimulus/target
order and composition information are provided in Online

Appendices 8-11.

2.2 | Clinician-scientist experts and parent pilot
evaluation feedback

Ten clinician-scientist experts were recruited based on their clinical
and/or research expertise with a specific NDGS group or idiopathic
NDD. Nine parent-patient pairs were recruited from the respective
groups (6 PHTS, 1 NFIX, 1 SYNGAP1, 1 ADNP, and 1 idiopathic ASD).
Patients were intentionally selected to represent a range of ages and
cognitive levels. After completing a pilot administration of perfor-
mance paradigms, clinician-scientist experts and parents—who facili-
tated the webcam administration for the patient participant—
completed a post-evaluation survey. Questions are provided in Online
Appendices 12 and 13. This information was used to generate final
stimulus videos and to improve the training of parents in facilitating

administration to the child.

23 |
training

Parent/caregiver administration support

Based on initial feedback, a parent/caregiver training process was
developed (Online Appendix 14). This process included the following
elements: (1) introduction to webcam technology, (2) training video,
(3) parent completion of a “practice” stimulus set, (4) online training in
valid task completion, and (5) virtual support meetings during initial
and follow-up administrations. All of the elements were optional, but
most participants used at least one option, and nearly all participants

completed the parent “practice” stimuli.

24 | Webcam collection of gaze

Participants were instructed to use a device with at least a 10 in.
screen size based on results of initial pilot testing, which indicated that
smaller screen sizes could reduce accuracy of point-of-regard relative
to specific areas-of-interest. Webcam data were collected and pro-
cessed using proprietary CoolTool software. The software was origi-
nally intended as a neuromarketing tool, but initial feasibility testing,
including with several young children with neurodevelopmental dis-
abilities, indicated good potential for use as a data collection platform.
The minimum required camera resolution was 720p at 30 fps. The
gaze collection algorithm included a five-point calibration routine prior
to each paradigm administration. This routine is coupled with a
machine learning algorithm and was designed to detect webcam posi-
tion within the three-dimensional (3D) space and intended to maxi-
mize gaze accuracy. On a frame-by-frame basis, gaze position relative
to the two-dimensional screen was estimated. While accurate calibra-
tion is desirable, the gaze estimation model often functions ade-
quately when less than ideal calibration data are acquired, making the
system ideal for young and more impaired participants. Similar sys-
tems have been shown to have achieve ~3-5° of calibration uncer-
tainty, translating to accurate detection of areas >10% of screen size
(Semmelmann & Weigelt, 2018; Shehu et al., 2021). The present
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stimulus paradigms were built with large areas-of-interest to be toler-
ant of higher levels of gaze uncertainty. Importantly, any reductions in
gaze accuracy should reduce the reliability and validity of gaze-based
measurements. Thus, observations of high reliability and evidence of
convergent validity would suggest minimal impact of suboptimal gaze
calibration. To offset concerns regarding possible reductions in
gaze calibration and accuracy negatively impacting neurobehavioral
measurements, no indices were scored if total time with eyes on
screen was estimated to be less than 30 s overall (out of 15 min of
possible gaze time to the screen).

Areas-of-interest were generated for each stimulus. For social
attention stimuli, these include both socially relevant (e.g., faces, tar-
get objects, etc.) and socially irrelevant stimuli (e.g., foreground and
background distractors, nontarget objects), based on our prior
research (Frazier et al., 2018). For processing speed, receptive vocabu-
lary, and single-word reading stimuli, areas-of-interest included target
items/objects. For all stimuli, areas-of-interest are temporally defined
based on expected gaze patterns from prior research (social attention)
(Frazier et al., 2018) or after the verbal directive has been given (cog-
nitive paradigms) (Frazier et al., 2020).

2.5 | Automated scoring of facial expressions

The webcam software also includes a proprietary algorithm for auto-
matically scoring facial expressions. Facial landmarks are identified in
the 3D space and the artificial intelligence algorithm is applied to
these landmarks on a frame-by-frame basis to generate probability
scores based on accuracy of classification from training data (Kuntzler
et al., 2021). Probability scores represent a match between the facial
landmark configuration and known sets of facial expressions (fear,
anger, disgust, sadness, surprise, joy, and neutral), with closer matches
being interpreted as higher intensities of expression (range 0-100%).
For the present study, and because specific affect recognition intensi-
ties can be prone to error for more subtle expressions (Kuntzler
et al., 2021), specific expressions were aggregated into positive and
negative categories to maximize reliability. Facial expression measures
were only collected to the social attention stimuli, as these showed

the greatest range of non-neutral expressions in preliminary data.

26 |
scoring

Development of a priori validity criteria and

For each social and cognitive paradigm, the investigative team a priori
identified possible gaze and facial expression measures that would be
relevant to evaluating social and cognitive processes in NDGS and idi-
opathic NDD. The only exception to this is the social attention mea-
sure which was empirically developed following our prior published
methodology (Frazier et al., 2018) (see Online Appendix 15 for addi-
tional information). Online Appendix 16 presents operational defini-
tions for each performance measure. Each gaze-based measure was

only scored if stringent validity criteria were met. Online Appendix 17

Seminars in Medical Genetics

includes validity criteria for all 12 webcam-collected measures. For
each measure, validity criteria ensure that the participant attended to
the stimuli for at least 30 s, and at least eight valid targets or four valid
stimuli were collected. Fixations were scored by identifying at least
66 ms of gaze point samples within a 100-pixel dispersion. Four gaze
metrics are calculated for each area-of-interest - fixation duration, fix-
ation count, glance count, and time-to-first fixation (Online Appen-
dix 18). These metrics were used to score the 12 performance

measures evaluated in this study.

2.7 | Participants for initial measure evaluation

NDGS groups included participants with PHTS, ADNP, SYNGAP1, or
NFIX recruited via contacts through the PHTS Foundation with the
support of the PTEN Research Foundation, the ADNP Kids Founda-
tion, the SYNGAP Research Fund, and the Malan Syndrome
Foundation. Other individuals with NDGS were recruited via the
Simons Foundation Searchlight registry and included people with
mutations in GRIN2B, CSNK2A1, HIVEP2, SCN2A, MED13L, and
STXBP1. Given the relatively small sample sizes for ADNP (n = 11)
and these NDGS groups, they were combined into a single “other
NDGS” group (n = 63). Individuals were included if they were
between the ages of 3 and 45 at enrollment and had an available par-
ent or other close relative/caregiver to complete informant-report
measures. Siblings of individuals with NDGS were also eligible to par-
ticipate, and unrelated neurotypical controls were recruited using
StudyKik, a national recruitment service. Siblings and unrelated con-
trols who were reported to have an idiopathic NDD were included in

a separate group.

28 | Procedure
Parent/caregiver informants first completed a demographic and clinical
information questionnaire followed by 11 neurobehavioral evaluation
tool (NET) survey scales (Frazier et al, 2023). These survey scales
included six measures of symptoms/problems (anxiety, attention-defi-
cit/hyperactivity disorder, restricted/repetitive behavior, challenging
behavior, mood, and sleep problems) and five measures of skills/
functioning (motor skills, daily living skills, social communication/
interaction skills, executive functioning, and quality of life). After NET
survey completion, informants and participants were instructed to com-
plete webcam-collected performance measures and were sent links via
email or text to facilitate completion. For young and/or impaired chil-
dren, performance measure administration began by having the parent
complete a practice version, so that they understood how the webcam
collection works and how best to help their child. Parents and older
patients also were offered a video call with the research coordinator to
review best practices in performance measure administration and were
provided a set of recommendations to improve evaluation validity.
Performance measure administration began with the five-point

calibration that included dots presented in the four corners and center
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of the screen. Next, videos were presented for each paradigm in
succession—social attention, receptive language, processing speed,
and single-word reading. Recalibration automatically occurred prior to
each paradigm.

Survey and webcam measures were collected at baseline,
1-month, and 4-month follow-up timepoints. The maximum total
administration time across all paradigms was 15 min (social
attention—4 min, receptive vocabulary—4 min, processing speed—
3 min, single-word reading—4 min) with videos separated into 1-min
segments to permit breaks. A button press was required to advance
to the next video. Participants were instructed to complete all of the
social attention and processing speed videos, but were permitted to
complete only the first 2 min of the receptive vocabulary paradigm
and complete only 1 min of the single-word reading paradigm depen-
dent on the parent's appraisal of the patient's capacity to engage with
the paradigm. Participants could proceed through all paradigms or
take breaks between paradigms but were encouraged to finish all
videos in one sitting if possible.

IRB approval was obtained for all of the qualitative and quantita-
tive procedures of the study, including administration of the perfor-
mance measures, and parents/legally authorized representatives and
adult patients provided informed consent prior to completing any
study procedures. Assent for minors was also obtained, where
appropriate.

29 | Statistical analyses

2.9.1 | Sample characterization

Descriptive statistics for demographic and clinical factors were com-
puted to characterize the sample, and chi-square or univariate
ANOVA were used to compare across the seven study groups (PHTS,
SYNGAP1, NFIX, other NDGS, idiopathic NDD, sibling controls, and
unrelated neurotypical controls).

2.9.2 | Evaluation and measure validity

Using validity criteria for each of the 12 performance measures, the
sum of valid measures was computed and compared across study
groups using univariate ANOVA. Proportions of validity by measure

were also computed overall and by parent-reported ID status.

2.9.3 | Reliability

Scale reliability (internal consistency) was calculated using Cronbach's
alpha (a) (Streiner & Norman, 1995). Scale reliability estimates falling
in the ranges 0.70 to 0.79, 0.80 to 0.89, and >0.90 were considered
fair, good, and excellent (Nunnally & Bernstein, 1994), respectively.
Test-retest reproducibility (1-month follow-up) and stability (4-month
follow-up) were estimated using Pearson's bivariate correlations.

Test-retest estimates <0.40 were considered poor, 0.40 to 0.59 fair,
0.60 to 0.74 good, and 0.75+ excellent (Cicchetti et al., 2006).

2.94 | Convergent and discriminant validity

To evaluate convergent and discriminant validity, other clinical infor-
mation based on informant-report was a priori selected as either mea-
suring similar constructs (convergent validity) or measuring dissimilar
constructs (discriminant validity) for each performance measure.
Informant-report information included: estimated 1Q; speech level
(5-point scale from non or minimally speaking to fluent speech); read-
ing level (5-point scale from no reading to paragraph level or higher).
ADHD, anxiety, mood, challenging behavior, social communication/
interaction, and restricted repetitive behavior symptoms; sleep prob-
lems; daily living skills; executive functioning; and motor skills. Bivari-
ate correlations were computed between each performance measure
and the convergent and discriminant validity measures selected. To
compute aggregate correlations over multiple measures, correlations
were converted to Fisher's z, averaged, and transformed back to a cor-
relation metric. The test of the significance of the difference in depen-
dent correlations was used to examine whether convergent validity
correlations were higher than discriminant validity correlations
(Cohen & Cohen, 1983).

2.9.5 | Concurrent validity with ID, ASD diagnoses,
and autism symptom levels

To examine concurrent validity of performance measures with parent-
report clinical ID diagnosis, independent samples t tests were com-
puted with each measure as the dependent variable and ID status
(yes, no) as the grouping variable. Cohen's d was computed to esti-
mate the magnitude of group differences. To evaluate potential diag-
nostic validity, receiver operating characteristic (ROC) curve analyses
were calculated in the training, testing, validation, and testing plus val-
idation subsamples, separately for baseline, 1-month, and 4-month
follow-up data. Areas under the curve (AUCs) evaluated diagnostic
validity. A rough guideline for evaluating AUC values is:
< 0.60 = poor, 0.60-0.69 = fair, 0.70 to 0.79 =good, 0.80-
0.89 = excellent if the comparison group is clinically meaningful; and
0.90-1.00 = exceptional only if the design and comparison are appro-
priate (Youngstrom et al., 2019). To evaluate concurrent validity with
autism symptom levels, autism symptom levels derived from neurobe-
havioral evaluation survey scales were calculated and correlations

were computed in the same subsamples as ROC analyses.
2.9.6 | Neurobehavioral patterns across NDGS and
idiopathic NDD groups

To explore unique patterns of social and cognitive function, webcam

measures were first normed using regression-based norming in
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unrelated healthy controls, with age, the square of age (to capture
nonlinear developmental trends), and sex included as predictors in
each equation. This approach puts each measure on a z-score metric
relative to healthy controls. Using these standardized residual scores,
univariate analysis of variance models were computed, with each of
the seven groups as the independent variable and the performance

measure scores as dependent variables in separate analyses.

2.9.7 | Statistical power

Assuming total sample sizes of 200+ for reliability and validity ana-
lyses, statistical power to detect a bivariate correlation of r > 0.40 was
excellent (>0.99; one-tailed p-value of 0.05). Assuming minimal sub-
sample sizes of at least 18 ASD and 40 non-ASD diagnosed individ-
uals, power to detect AUCs 20.72 was at least good (20.80).
Statistical power to detect group differences across webcam perfor-
mance measures, assuming a minimum sample size of 24, was at least
adequate (>0.82) if large group differences were observed (d = 0.80;
a = 0.05, two-tailed). For larger group sizes (n > 40), power was ade-

quate, even for medium effects (d = 0.50).

2.9.8 | Statistical analysis implementation

Statistical significance was set at a = 0.05, two-tailed, and effect size
magnitude was emphasized. Data preparation, descriptive analyses,
internal consistency reliability using Cronbach's alpha («), and bivariate
correlations were computed in SPSS v28 (IBM Corp, 2021). ROC ana-
lyses were computed using the R package pROC and implemented in
version 4.1.2 (R Core Team, 2021) using R Studio version 2021.09.1.

3 | RESULTS

3.1 | Pilot evaluation results

Clinicians used a wide range of hardware setups and reported high rele-
vance of the paradigms to their respective NDGS or idiopathic NDD
group (Online Appendix 19). Clarity of instructions and quality of audio
and visual stimuli was rated as high. Timing was rated as generally mod-
erate (neither fast nor slow). Several potential concerns about target
difficulty levels were raised and used to adjust the final stimuli.

Parents rated the overall experience as positive and of relatively
moderate difficulty across paradigms (Online Appendix 20). Patient
participants did not require breaks, looked away from the screen with
variable frequency (every 5-10 s to only a few losses of attention to
screen), covered or touched their face only infrequently, and required
variable levels of physical, gestural, or verbal assistance to maintain
motivation and attention. Unexpected intrusions and adjustments to
lighting were infrequent. Overall attention was rated as average
to good. Paradigm relevance to the patient's condition was rated as

“relevant” to “highly relevant” across paradigms. Quality of audio and

Seminars in Medical Genetics

visual stimuli was rated as high, and timing was judged to be generally
moderate to fast. These data were used to adjust parent training pro-
cesses and to include reminders to limit assistance to motivation and

general attention (not specific to a stimulus or desired response).

3.2 | Sample characteristics

A total of 395 individuals enrolled to participate before May 4, 2023
(recruitment is ongoing). Of these, 20 did not attempt baseline web-
cam paradigms, but of the 375 who did attempt the paradigms, all
achieved at least 1 valid measure (Online Appendix 21). Longitudinal
attrition was modest at 1-month follow-up (n = 54 did not attempt;
n = 341 attempted) but higher at 4-month follow-up (n = 100 did not
attempt; n = 295 attempted).

Table 1 presents sample characteristics. Findings were highly con-
sistent with findings in our recent survey validation study (Frazier
et al.,, 2023). Specifically, participants were younger in the NFIX and
SYNGAP1 groups and older in the PHTS and idiopathic NDD groups,
with high rates of spousal informants in the latter groups. All groups
had very high proportions of White/Caucasian participants, although
Hispanic ethnicity approximated US population proportions in most
groups, and the sample had a wide range of household incomes. Esti-
mated cognitive levels were lowest in the NFIX, SYNGAP1, and other
NDGS groups and to a lesser extent in the PHTS group relative to
control groups. Informant-reported developmental diagnoses were
highly variable across NDGS groups, but with elevated rates of ASD,
ID, anxiety, and motor disorder in NFIX, SYNGAP1, and other NDGS
groups compared to controls. Participants were predominantly from
the United States (n = 325, 87%), but a small minority of participants
with informants fluent in English were also included from other coun-
tries (United Kingdom n =17, Canada n =24, Australia n=4,

New Zealand n = 1, Ireland n = 2, Netherlands n = 1, Israel n = 1).

3.3 | Evaluation validity

Evaluation validity was high across all groups, but NFIX, SYNGAP1,
and other NDGS groups had higher proportions of individuals with at
least one invalid measure (Table 1). On average, all groups had at least
10 valid performance measures. Participants with reported ID had
lower measure validity proportions than participants without ID, but
measure validity never dropped below 84% (Table 2).

Score distributions were variable across measures, with many
showing near normal distributions, and all but negative emotion sug-
gesting a good quantitative range (Online Appendix 22). The latter
was highly skewed and kurtosis with scores clustered close to 0%.

34 | Reliability

Internal consistency reliability was good to excellent for all perfor-

mance measures (x = 0.89-0.95; Table 2), with the exception of
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TABLE 1 Demographic and clinical characteristics by study group.
Sibling Unrelated Other
controls controls PHTS NFIX SYNGAP1 NDGS NDD 9
X?/F (p)
n (%) n (%) n (%) n (%) n (%) n (%) n (%)
N 40 116 33 24 43 63 56
Informant age (M, SD) 42 (6) 42 (9) 43 (8) 41 (10) 42 (8) 44 (8) 42 (8) 0.6 (0.718)
Informant sex (% female) 37 (93%) 95 (82%) 28 (85%) 21 (88%) 39 (91%) 61 (97%) 51 (91%) 12.3 (0.424)
Informant relationship to 39.3 (0.003)
participant
Biological parent 39(98%) 99 (85%) 25(76%) 23 (96%) 40 (93%) 59 (93%) 44 (79%)
Adoptive or custodial parent 0 (0%) 3(3%) 1 (3%) 1 (4%) 1(2%) 4 (6%) 2 (4%)
Other biological relative/sibling 1(2%) 7 (6%) 0 (0%) 0 (0%) 1(2%) 0 (0%) 3(5%)
Spouse/other non-biological 0 (0%) 7 (6%) 7 (21%) 0 (0%) 1(2%) 0 (0%) 7 (12%)
relative
Household income (US $) 79.7 (0.013)
< $25,000 1(3%) 5 (4%) 2 (6%) 0 (0%) 0 (0%) 2 (3%) 8 (14%)
$25,000-$34,999 2 (5%) 8 (7%) 0 (0%) 2 (8%) 1(2%) 1(2%) 2 (4%)
$35,000-$49,999 1(3%) 5 (4%) 1(3%) 3(13%) 3(7%) 3(5%) 6 (11%)
$50,000-$74,999 6 (15%) 18 (16%) 9 (27%) 4(17%) 3(7%) 4 (6%) 11 (20%)
$75,000-$99,999 2 (5%) 21 (18%) 3(9%) 3(13%) 4(9%) 6 (10%) 4(7%)
$100,000-$149,999 7 (18%) 28 (24%) 7 (21%) 4(17%) 10 (23%) 16 (25%) 11 (20%)
$150,000-$199,999 7 (18%) 14 (12%) 4 (12%) 5(21%) 10 (23%) 6 (10%) 6 (11%)
$200,000+ 6 (15%) 13 (11%) 2 (6%) 2 (8%) 7 (16%) 12 (19%)  5(9%)
Did not report 8 (20%) 4 (3%) 5(15%) 1(4%) 5(11%) 13(21%) 3(5%)
Participant age (M, SD) 11 (5) 12 (8) 17 (13) 10(7) 10(7) 11 (6) 16 (9) 4.8 (<0.001)
Participant sex (% female) 23(58%) 63 (54%) 13(39%)  12(50%) 19 (44%) 36(57%) 21(38%) 8.6(0.197)
Participant race/ethnicity
White/Caucasian 36(90%) 95 (82%) 30(91%) 24 (100%) 37 (86%) 58(92%) 46 (82%) 6(0.142)
Black/African American 3 (8%) 9 (8%) 2 (6%) 0 (0%) 5(12%) 5 (8%) 8 (14%) 6(0.473)
Middle Eastern or North African 2 (5%) 1(1%) 1(3%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1(0.167)
East Asian 2 (5%) 9 (8%) 3(9%) 0 (0%) 2 (5%) 5 (8%) 2 (4%) 3.8(0.697)
South Asian 2 (5%) 8 (7%) 0 (0%) 0 (0%) 1(2%) 3(5%) 0 (0%) 2(0.223)
Native American/Alaskan 0 (0%) 3 (3%) 1(3%) 1 (4%) 0 (0%) 0 (0%) 1(2%) 5(0.605)
Native
Native Hawaiian/Pacific 0 (0%) 1(1%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 2.2 (0.896)
Islander
Hispanic 7 (18%) 21 (18%) 1(3%) 5(21%) 7 (17%) 2 (3%) 11(20%)  18.7 (0.096)
Unknown 0 (0%) 2 (2%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 4.5(0.611)
Did not report 0 (0%) 2 (2%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 1(2%) 3.6 (0.734)
Cognitive level (informant-estimated) 337.9 (<0.001)
Very high or above (120+) 6 (15%) 12 (10%) 3(9%) 0 (0%) 0 (0%) 1(2%) 10 (18%)
High average (110-119) 18 (45%) 58 (50%) 6(18%) 0 (0%) 0 (0%) 0 (0%) 19 (34%)
Average (90-109) 13(33%) 42 (36%) 15(46%)  0(0%) 1(2%) 2 (3%) 22 (39%)
Below average (80-89) 0 (0%) 0 (0%) 1 (3%) 2 (8%) 4 (9%) 6 (10%) 2 (4%)
Borderline impairment (70-79) 0 (0%) 0 (0%) 2 (6%) 2 (8%) 1(2%) 2 (3%) 0 (0%)
Mild impairment (55-69) 0 (0%) 0 (0%) 1(3%) 5(21%) 6 (14%) 12 (19%) 3 (5%)
Moderate impairment (40-54) 0 (0%) 0 (0%) 2 (6%) 9 (38%) 11 (26%) 17 (27%) 0 (0%)
Severe impairment (21-39) 0 (0%) 0 (0%) 0 (0%) 2 (8%) 10 (23%) 12 (19%) 0(0%)
Profound impairment (<20) 0 (0%) 0 (0%) 0 (0%) 2 (8%) 5(12%) 3 (5%) 0 (0%)
Did not report 3 (8%) 4 (3%) 3 (9%) 2 (8%) 5(12%) 8 (13%) 0 (0%)
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TABLE 1 (Continued)
Sibling Unrelated Other
controls controls PHTS NFIX SYNGAP1 NDGS NDD 9
X?/F (p)
n (%) n (%) n (%) n (%) n (%) n (%) n (%)
Cognitive estimate from prior 6 (15%) 19 (16%) 16 (49%) 13 (54%) 21 (49%) 30 (48%) 26 (46%) 57.1(<0.001)
testing
Developmental diagnoses (n, %)
ASD - - 9 (27%) 5(21%) 35(81%) 32(51%) 8(14%) 54.8 (<0.001)
ID/GDD - - 10(30%) 21 (88%) 39 (91%) 58(92%) 1(2%) 141.3 (<0.001)
Speech/language disorder - - 9 (27%) 11 (46%) 32 (74%) 40 (64%) 10(18%) 44.2 (<0.001)
ADHD - - 5(15%) 1 (4%) 6 (14%) 16 (25%) 26 (46%) 24.0 (<0.001)
ODD/CD - - 0 (0%) 1 (4%) 4 (9%) 2 (3%) 4 (7%) 4.4 (0.353)
Anxiety disorder - - 7 (21%) 8 (33%) 8 (19%) 10 (16%) 18(32%) 6.4(0.174)
Specific learning disorder - - 2 (6%) 0 (0%) 1(2%) 4 (6%) 5(9%) 3.6 (0.460)
Motor/coordination disorder - - 4 (12%) 6 (25%) 24 (56%) 21(33%) 0(0%) 45.5 (<0.001)
Depressive disorder - - 5(15%) 0 (0%) 0 (0%) 0 (0%) 10 (18%) 23.8 (<0.001)
Bipolar disorder/mania - - 0 (0%) 0 (0%) 0 (0%) 1(2%) 1(2%) 1.7 (0.789)
Obsessive compulsive disorder - - 0 (0%) 0 (0%) 4 (9%) 2 (3%) 2 (4%) 6.1(0.192)
Tic disorder - - 0 (0%) 0 (0%) 1(2%) 1(2%) 1(2%) 1.2(0.882)
Feeding/eating disorder - - 0 (0%) 0 (0%) 11 (26%) 10 (16%) 0 (0%) 27.5 (<0.001)
Baseline webcam evaluation 57.4 (<0.001)
validity
1-3 measures valid (n, %) 0 (0%) 0 (0%) 0 (0%) 1 (4%) 0 (0%) 3 (6%) 0 (0%)
4-11 measures valid (n, %) 9 (22%) 29 (25%) 7 (21%) 10 (42%) 30(69.8%) 30(47%) 13 (23%)
All measures valid (n, %) 31 (78%) 87 (75%) 26 (79%) 13 (54%) 13(30.2%) 30(47%) 43 (77%)
Number of valid measures (M, SD) 11.3 (1) 11.2(2) 11.1(2) 9.9 (3) 10.0 (2) 9.8 (3) 11.3(2) 6.3 (<0.001)

Note: Diagnoses do not sum to 100% because children could be diagnosed with more than one condition. Note that race/ethnicity categories are not
mutually exclusive and participants were encouraged to select all options that apply. For statistical tests with low cell sizes, Fisher's exact test was also
computed, but results were highly consistent with the chi-square analysis. For this reason, chi-square is reported with the associated p-value.
Abbreviations: ADHD, attention-deficit/hyperactivity disorder; ASD, autism spectrum disorder; ID/GDD, intellectual disability/global developmental delay;

ODD/CD, oppositional defiant disorder/conduct disorder.

nonsocial attention, where reliability was lower but still adequate for a
low frequency behavior (a = 0.67). Test-retest reproducibility esti-
mates were fair or above across 9 of the 12 scales (r = 0.44-0.73),
with the two measures based on face processing and the nonsocial
preference measure showing less stability. Test-retest stability was
fair or above for 8 of the 12 measures (r = 0.40-0.72), and the high-
est stability estimates were for receptive vocabulary and single-word
reading. Face processing, nonsocial preference, and negative emo-
tional expression scales showed lower stability, the latter of which just
missed the cutoff for fair test-retest stability. Similar levels were

observed when only NDGS patients were examined.

3.5 | Convergent and discriminant validity

All performance measures, except positive and negative emotional
expressiveness, showed strong evidence of convergent and discrimi-
nant validity (Table 3). Given the unigue nature of gaze-based measures
and the difference in measurement modality (gaze vs. informant-

report), convergent validity was generally quite good (r = 0.21-0.62).
Similarly, discriminant validity estimates were generally quite low
(r = 0.07-0.24). The lack of convergent validity for emotional expres-
siveness measures is likely because there were no close behavioral con-
structs assessed by any available informant-report measure.
Intercorrelations among the performance measures tended to be
small to moderate (Online Appendix 23), with a few notable excep-
tions (speed to faces with face preference r = —0.79 and receptive
vocabulary with reading accuracy r = 0.78). The former may suggest
redundancy of these measures but the latter correlation is likely due
to the close relationship between vocabulary and reading and repre-

sents a realistic estimate of the association of these two constructs.
3.6 | Concurrent validity with ID, ASD diagnosis,
and autism symptom level

Participants with ID showed statistically significant differentiation
across all performance measures (Table 4), including lower levels of
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TABLE 2 Valid administration and reliability metrics for webcam-based performance measures.

Evaluation
Number of validity

# Measure Stimulus paradigm indicators  overall %

1  Overall attention All 15 100%

2  Attentional scanning Processing speed 12 87%

3 Positive emotion Social 32 100%

4 Negative emotion Social 32 100%

5  Social attention Social 141 92%

6  Social preference Social 69 92%

7  Face preference Social 28 92%

8 Nonsocial Social 42 92%
preference

9  Receptive Receptive vocabulary 39 94%
vocabulary

10 Speed to faces Social 28 92%

11 Speed to object Processing speed 12 87%

12 Reading accuracy Single-word reading 46 96%

% valid
no ID

100%
89%
100%
100%
95%
95%
94%
95%

96%

94%
89%
99%

Internal
consistency
% valid reliability
ID (Cronbach's «)
100% 0.89
84% 0.94
100%  0.93
100%  0.95
89% 0.89
89% 0.75
88% 0.90
89% 0.67
89% 0.93
88% 0.93
84% 0.95
91% 0.91

1-Month
test-retest
reproducibility (r)

0.52
0.66
0.63
0.44
0.62
0.48
0.37
0.31

0.73

0.29
0.53
0.68

4-Month
test-retest
stability (r)

0.50
0.64
0.62
0.38
0.64
0.40
0.29
0.31

0.72

0.29
0.51
0.72

Note: Number of indicators refers to the number of areas-of-interest (these could be whole videos or whole stimuli if areas-of-interest are combined)
included in computing the measure. Validity proportions are given for baseline data and are estimated by including all individuals who attempted to
complete the webcam performance paradigm. Fair test-retest reliability values for overall attention are likely due in part to restricted range as many
individuals obtain near 95-100% values. Low test-retest reliability values for negative emotion is likely a function of very limited score range with many

individuals falling at 0% expression intensity values.

TABLE 3

Webcam measure

Overall attention

Attentional scanning

Positive emotion
Negative emotion
Social attention
Social preference
Face preference

Nonsocial preference

Receptive vocabulary

Speed to faces

Speed to object

Reading accuracy

Convergent validity

Predicted convergent and discriminant validity associations for selected webcam measures.

Discriminant validity

Measures

Estimated IQ, ADHD symptoms, executive
functioning

Estimated |Q, ADHD symptoms, executive
functioning

Mood-hypomania, anxiety

Mood-irritability, anxiety

Autism symptoms

Social communication/interaction Symptoms
Social communication/interaction symptoms

Social communication/interaction symptoms,
restricted/repetitive behavior

Estimated IQ, speech level, social
communication/interaction symptoms
Social communication/interaction symptoms

Estimated 1Q

Reading fluency level

Average |r|

0.30

0.43

0.10
0.09
0.55
0.36
0.26
0.21

0.29

0.25

0.47

0.62

Measures

Anxiety, mood, challenging
behavior

Anxiety, mood, challenging
behavior

Motor, daily living skills
Motor, daily living skills
Anxiety, mood
Anxiety, mood
Anxiety, mood

Anxiety, mood

Anxiety, mood, sleep

Anxiety, mood, challenging
behavior

Anxiety, mood, challenging
behavior

Anxiety, mood, sleep

Average |r|

0.17

0.23

0.07
0.11
0.23
0.16
0.12
0.09

0.14

0.12

0.24

0.14

t (p)
2.53(0.012)

4.10 (<0.001)

0.47 (0.635)
—0.33(0.742)
6.95 (<0.001)
3.69 (<0.001)
2.50(0.013)
2.27 (0.024)

2.38(0.018)

2.43(0.016)

3.70 (<0.001)

8.05 (<0.001)

Note: Convergent and discriminant validity correlations were averaged after conversion to Fisher's z and then reconverted to correlations. Average
convergent and discriminant validity correlations were compared using the test of dependent correlations with the nuisance correlation being the average
of the intercorrelations between the convergent and discriminant validity measures.
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TABLE 4 Descriptive statistics for webcam-collected performance measures across cases with and without ID.

No ID n = 224 IDn =151

M (SD) M (sD)
Overall attention (%) 82.1(14) 70.5(17)
Attentional scanning (count) 11.6 (3.4) 7.9 (2.5)
Positive emotion (%) 6.4(8.7) 10.3 (9.1)
Negative emotion (%) 2.2 (3.0 3.4(4.1)
Social attention (z) —0.02 (1.0) —1.52(1.3)
Social preference (FD) 1.4 (0.3) 1.2 (0.3)
Face preference (FD) 1.3(0.8) 0.8 (0.5)
Nonsocial preference (FD) 1.1 (0.4) 1.2 (0.4)
Receptive vocabulary (FD) 41.9 (25.7) 17.1(13.6)
Speed to faces (TFF) 7.2 (2.1) 8.0(1.8)
Speed to object (TFF) 4.9 (1.3) 6.1(1.2)
Reading accuracy (FD) 37.9 (22.8) 16.6 (14.1)

Raw A t (p) Cohen's d
+11.6% (1.8 min total) 7.1 (<0.001) 0.75
+3.7 glances to each target 9.9 (<0.001) 1.20
—3.9% intensity —4.2 (<0.001) -0.44
—1.2% intensity —3.3(0.001) -0.35
+1.5 control SDs 11.9 (<0.001) 1.14
+0.2 seconds per AOI 6.0 (<0.001) 0.68
+0.5 seconds per AOI 6.1 (<0.001) 0.70
—0.1 seconds per AOI —2.1(0.038) —0.24
+24.8 seconds to all targets 10.1 (<0.001) 1.13
—0.8 seconds per AOI —3.3(<0.001) -0.37
—1.2 seconds per AOI —7.2(<0.001) -0.87
+21.3 seconds to all targets 9.2 (<0.001) 1.06

Note: ID (defined as parent-report of ID/GDD or estimated 1Q < 70). Overall attention (%) is the percentage of time on screen throughout all stimulus
paradigms. Count = sum of glances to all targets averaged across stimuli. TFF—values represent averages across all stimuli, including those that were not
fixated where the length of the stimulus was imputed. Values for positive and negative emotion represent estimated intensities with a range of 0-100%.
Higher values are preferable for all measures except speed to faces and speed to objects where higher values indicate slower time to the AOlIs, nonsocial
preference where higher values indicate a preference for nonsocial information, and positive and negative emotion measures where higher scores simply
indicate more expressiveness. Social attention is presented as a z-score (based on the neurotypical control mean) because this measure is created by
averaging multiple different metrics (fixation duration, fixation count, and time-to-first fixation) after standardization.

Abbreviations: AOI, area-of-interest; GDD, global developmental delay; ID, intellectual disability; TFF, time to first fixation.

general attention, attentional scanning, social attention, social prefer-
ence, face preference, receptive vocabulary, single-word reading, and
slower speed to faces and objects. Interestingly, individuals with 1D
showed high positive and negative emotional expressiveness.

Across subsamples, timepoints, and ages, the social attention
measure showed moderate to high correlations (r = 0.32-0.62) with
autism symptom level (Online Appendix 24). Similarly, concurrent
validity with ASD diagnosis consistently fell in the good to excellent
range (AUC = 0.69-0.88; Online Appendix 25), with evidence that
diagnostic validity is maintained across evaluation timepoints. Dividing
the social attention measure into clinically useful score ranges, multi-
level likelihood ratios suggest meaningful reductions in ASD probabil-
ity for low scores (z < 0.1) and increases in ASD probability for high
scores (z 2 1.81). The optimal cut score was 1.49 resulting in 70% sen-

sitivity and 87% specificity (Online Appendix 26).

3.7 | Group profiles across performance measures

Group differences were statistically significant across all performance
measures (largest p = 0.041; eta-squared = 0.04-0.36). In general,
NFIX, SYNGAP1, and other NDGS showed a more impaired neurobe-
havioral phenotype, including lower attention, higher nonsocial prefer-
ence, worse receptive vocabulary and single-word reading, and slower
speed to faces and objects (Figure 1). PHTS patients showed lower
social attention and social preference and higher nonsocial prefer-
ence, consistent with high rates of ASD in this group, but only mild

reductions in receptive vocabulary and single-word reading and no

deficits in overall attention or attentional scanning. Interestingly, SYN-
GAP1 and other NDGS patients had higher negative emotional
expressiveness scores, while NFIX patients and other NDGS showed
higher positive emotional expressiveness scores, implying syndrome-
specific patterns even among more significantly impaired groups
(Online Appendix 27). Taken together, these findings provide prelimi-
nary evidence of concurrent (known-groups) validity of performance

measures.

4 | DISCUSSION

This research aimed to describe a comprehensive process of creating
a set of objective webcam-collected measures, derived using artificial
intelligence algorithms for capturing gaze and facial expression infor-
mation, and based on the gold-standard measurement development
guidelines (Boateng et al., 2018) as well as principles of inclusive
research practices (FDA, 2009). The process involved both clinicians-
scientists and families and was undertaken to provide a preliminary
validation of these patient performance measures by examining a
range of key psychometric characteristics. Results suggest that these
measures a promising new objective evaluation tools that can be use-
ful complements to our recently validated informant-report survey
scales (Frazier et al., 2023), permitting multi-method characterization
of key social and cognitive characteristics among individuals with
NGDS. To our knowledge, the webcam measures and associated sur-
vey instruments are the first dedicated set specifically developed to

assess a wide range of neurobehavioral and neurodevelopmental
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presentations seen in NGDS, including individuals with significant
cognitive challenges. This initial validation demonstrated that the per-
formance measures are psychometrically sound instruments with
potential utility in characterizing the varied clinical and functional
spectra seen in many people with NDGS and idiopathic NDD. The val-
idation further highlights the potential value of artificial intelligence/

machine learning algorithms for collecting key biometric information
that can be used to better understanding individuals with NDGS.

All of the measures showed strong evaluation validity and can be
collected in many individuals with mild to moderate cognitive dys-
function. There was a clear gradient of invalid collection in people

with more severe cognitive dysfunction, but some individuals
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reported to be at the more severe levels could validly complete one or
more performance measures. Scale reliability was fair to excellent
across all webcam measures, indicating good ability to measure indi-
vidual differences cross-sectionally across each of the neurobeha-
vioral processes assessed. Test-retest reproducibility and stability
were at least acceptable across the majority of measures. Specifically,
test-retest reliability was good for attentional scanning, positive emo-
tional expressiveness, social attention, receptive vocabulary, and
single-word reading and was fair for sustained attention, social prefer-
ence, and speed to objects. This indicates that changes in these mea-
sures are relatively stable over time, increasing the likelihood that
changes reflect real differences in neurobehavioral functioning. Test-
retest reliability estimates were lower for negative emotional expres-
siveness, nonsocial attentional preference, face preference, and speed
to faces. When considered in light of adequate or better scale reliabil-
ity for these measures, the present results suggest these measures
may be more state-like in nature. Observations of the score distribu-
tions for negative emotional expression and nonsocial preference sug-
gest that lower test-retest reliability for these measures may be
influenced by floor effects and, therefore, may be underestimated.
Future work is needed to examine score stability over a longer time
interval to ensure an adequate balance of stability and sensitivity to
change. If sensitivity to change is demonstrated, the quantitative
nature, relative brevity, and high evaluation validity of webcam mea-
sures might allow for more frequent assessments in the context of
intervention studies, thereby increasing statistical power and reducing
the sample size needed for clinical trials. This is particularly important
for studies of rare NDGS.

Lower test-retest reliability for measures of face processing is
intriguing and may be due to factors influencing attention to faces,
including the fact that many stimuli included multiple faces as well as
other target or background stimuli. It is possible that follow-up evalua-
tions may bias attention toward novel faces (faces not processed as
comprehensively in the baseline assessment) or other novel environ-
mental stimuli. It is also possible that face processing is simply more
state-like in nature, with reliable collection at each assessment, but
rapid changes in quantitative level across hours or days. Future work
is needed to tease out these possibilities and examine whether stimu-
lus complexity moderates stability for these measures. Beyond floor
effects, lower stability for nonsocial preference is likely, in part, a
function of the less frequent nature of attention to socially irrelevant
information. It may also be useful for future iterations of the social
stimuli to include a larger number of nonsocial or background objects
to increase the reliability of this measure. Lower stability for negative
emotional expressiveness may be, at least partly, due to the low num-
ber of negative facial expressions observed across all participants and
is likely influenced by the state-like nature of emotional expressive-
ness. Adding stimuli that specifically pull for negative emotionality
could enhance the test-retest reliability of this measure. Even with
these exceptions, all performance measures showed group differences
in the baseline data collection, suggesting good known-groups validity

and potential value for cross-sectional characterization.

Seminars in Medical Genetics

Given their scalability, webcam-collected performance measures
also may have utility in clinical contexts for supplementing collection
of traditional neurobehavioral measures, allowing more frequent col-
lection between clinical visits, great inclusion in research, and higher
quality data via home-based collection. If offered at minimal cost with
automated administration, scoring, and reporting functions to reduce
clinician burden, these measures could become a key part of ongoing
developmental monitoring strategies. This is further supported by the
brevity (max 15 min) of administering all four paradigms and
the potential to collect only those measures that are relevant to a
given patient in future clinical assessments. Future research and col-
lection of large-scale normative data is warranted to determine
whether this potential clinical value might be realized and, more
importantly, to further evaluate psychometric performance.

Finally, the present results provide preliminary evidence of con-
current (known-groups) validity of webcam measures across NDGS
and in comparison to neurotypical controls and idiopathic NDD. The
pattern of substantial reductions in many cognitive processes in NFIX,
SYNGAP1, and other NDGS is consistent with our recently published
informant-report patterns for many neurobehavioral domains (Frazier
et al., 2023). Interestingly, there are some unique patterns among
these groups, particularly in the pattern for positive and negative
emotional expressiveness, but also in the magnitude of impairments
for other domains. For example, people with SYNGAP1 mutations
showed generally worse attention, slower processing speed to faces
and objects, and lower social but higher nonsocial preference than
people with NFIX mutations.

Relative to other NDGS groups, individuals with PHTS tended to
show a less impacted social and cognitive profile. Specifically, this
group showed no significant impairment in overall attention, atten-
tional scanning, or processing speed measures and only slight reduc-
tions in receptive vocabulary and reading accuracy. This is consistent
with a spectrum of neurobehavioral dysfunction in PHTS (Busch
et al., 2023) and the observation that many individuals have either no
or mild reductions in neurocognitive function relative to normative
expectation (Busch et al., 2013). Additional data collection in larger
NDGS samples will be required to replicate and extend the findings
reported here. This work will also need to evaluate the influence of
additional clinical factors (e.g., seizures, ID, etc.) on developmental
trends.

Several limitations of the current study warrant mention. The
genetic syndromes included in this study have a low prevalence and,
thus, sample sizes remain modest, particularly given the wide age
range. While our power analysis indicated at least adequate power for
group comparisons and psychometric analyses were well powered in
the full sample, our current data should nevertheless be treated as
preliminary, and studies with larger group sample sizes should be com-
pleted to replicate our findings and ensure they generalize to the
larger population of these NDGS. Given the online nature of
the research, it was not feasible to conduct in-person clinical charac-
terization. As a result, this study could not independently confirm the

diagnostic status of participants and was not able to administer
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dedicated in-person cognitive and behavioral assessments. However,
previous studies have demonstrated that parent-report of children's
IQ strongly correlates with standardized clinical 1Q testing (Shu
et al., 2022), and a substantial minority of estimates in this study were
based on prior testing (42%). Future work should collect well-
validated in-person cognitive assessments to more accurately charac-
terize the sample and examine how webcam measures relate to tradi-
tional standardized measures of cognitive and behavioral functioning.

Longitudinal investigations with larger NDGS samples and longer
follow-up will also be critical for evaluating age effects and changes in
neurobehavioral processes across development, as well as sensitivity
to intervention effects. Further, given the preliminary nature of this
study, it was not possible to include a comprehensive set of additional
instruments to establish convergent and divergent validity. Thus, addi-
tional validation work, including convergent and discriminant validity
analyses, is needed to provide further support for these webcam
measures.

In spite of noted limitations, the present results suggest that
webcam-collected gaze and facial expression-based performance
measures are promising with evidence that they may function as reli-
able and valid assessment tools, covering key social and cognitive
domains not easily evaluated by informant-report surveys. As such,
they may be useful for detailed phenotypic characterization and, ulti-
mately, as reliable, objective, and feasible outcome measures in clinical
trials. With additional validation, and sufficient norming, these mea-
sures could also facilitate surveillance and clinical assessment for
NDGS and idiopathic NDD.

5 | CONCLUSIONS

The present study provides preliminary evidence that webcam-
collected performance measures, derived using artificial intelligence
algorithms for capturing gaze and facial expression data, can reliably
capture individual and between group differences in neurobehavioral
function. Future longitudinal investigations with larger NDGS and idi-
opathic NDD samples will be crucial to further evaluate these mea-

sures and determine their potential clinical and research utility.
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