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Abstract

Eye-tracking, initially used in visual perception research, is now emerging as a tool for diagnosing autism spectrum disorder (ASD), with

artificial intelligence (AI) enhancing its diagnostic potential. This systematic review, registered with PROSPERO, identified 53 studies using Al-
assisted eye-tracking for ASD detection. Machine learning and deep learning models, including convolutional neural networks and long short-term
memory networks, often achieved high diagnostic accuracy. Studies explored static and dynamic tasks, emotion recognition, and webcam-based
methods, with lightweight models improving performance. However, methodological differences, small sample sizes, and inconsistent validation
limit generalizability. Al-enhanced eye-tracking shows promise as a scalable, noninvasive diagnostic tool for ASD, but larger studies and standardized
protocols are needed for clinical application.

Keywords: Eye-tracking technology; Artificial intelligence; Autism pectrum disorder; Deep learning; Machine learning; Neurodevelopmental

disorders

Introduction

Eye-tracking technology, initially developed in the early 1900s
as a tool for investigating visual perception, has evolved into a
sophisticated method with broad applications in both research and
clinical settings [1]. Today, eye-tracking systems are primarily used
to measure gaze patterns in response to visual stimuli, providing a

noninvasive means to assess attention, engagement, and cognitive
processing through precise tracking of eye movements and
locations [2].

There are several methods of eye-tracking, each with distinct
advantages. Infrared (IR) eye-tracking uses near-IR light to
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illuminate the eye and track its movements. In contrast, video-
based eye-tracking analyzes eye movements through high-
resolution cameras and image-processing algorithms. The latter
method typically offers higher resolution and is particularly useful
for applications requiring detailed gaze analysis, such as consumer
research and scientific studies [1,3]. Electrooculography (EOG),
though less common today, remains valuable in specific scenarios,
such as tracking eye movements during sleep or when direct
imaging is not feasible [1,4,5].

Eye-tracking technology uses several key variables to measure
and examine eye movements. ﬁTixation duration, for example,
assesses how long the gaze remains steady at a specific point
of finterest. This can show how attention is distributed and how
deeply visual information is Fprocessed. Saccadic movements—
quick changes from one fixation point to another-can show how
information is received and integrated across various visual fields.
Pupil dilation is another Jmeasure frequently used to indicate
cognitive exertion or emotional arousal in response to visual ﬁnputs.
Additional factors such as sampling rate and gaze position accuracy
enhance data precision and reliable tracking [3,6].

Recent advances in digital technology have notably improved
the precision, accessibility, and range of eye-tracking devices [1,2].
These advancements have made eye-tracking a valuable tool for
diagnosing, monitoring, and sometimes even treating various
visual and neurological conditions [7]. For instance, eye-tracking
studies have revealed insights into the visual exploration methods
used by individuals with cerebral visual impairment, showing
how changes in gaze patterns and image prominence can hinder
object recognition [7]. Additionally, eye-tracking technology has
been used to assess the efficacy of interventions for eye-related
conditions. Research has demonstrated improvements in functional
eyesight following medical treatment for wet age-related macular
degeneration, with eye-tracking detecting subtle changes that
traditional methods might overlook [8].

In addition to ocular conditions, eye-tracking technology has
shown significant promise in diagnosing neurodevelopmental
disorders, particularly autism spectrum disorder (ASD). By
tracking early signs of ASD, eye-tracking offers a noninvasive way to
observe deficits in social communication and theory of mind (TOM)
abilities. It can identify measurable markers of these impairments,
such as the duration of eye contact, the frequency and direction of
gaze shifts, and the ability to respond to social cues such as facial
expressions and gaze direction-core elements of TOM [9,10]. These
social communication difficulties are key characteristics of ASD, as
individuals with the disorder often struggle to interpret and engage
in social interactions.

ASD imposes a significant burden on caregivers, with 33.8%
reporting a high caregiver burden [11]. Globally, there were 283.25
million cases of ASD in 2019, contributing to 43.07 million disability-
adjusted life years (DALYs) [12]. Early and accurate diagnosis
is crucial, as timely interventions can improve developmental
outcomes [13,14].

Recent advancements in artificial intelligence (Al), particularly
deep learning (DL) and machine learning (ML) algorithms,
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have revolutionized eye-tracking systems. These Al techniques
enable automated, high-accuracy analysis of eye movement data,
facilitating earlier and more precise detection of ASD and offering
more profound insights into the cognitive processes underlying
social dysfunction [15].

Despite significant advancements, a critical gap remains in
synthesizing and evaluating Al-enhanced eye-tracking for ASD
detection. While existing literature provides valuable insights,
it lacks a comprehensive assessment of the diagnostic accuracy,
accessibility, and clinical integration of these tools. This systematic
review seeks to fill this gap by critically evaluating the effectiveness
and limitations of Al-assisted eye-tracking for ASD diagnosis while
highlighting emerging innovations and future directions for clinical
applications.

Methods

This systematic review adhered to the guidelines set by the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) (Supplementary File 1) and was registered with
PROSPERO, the International Prospective Register of Systematic
Reviews (ID: CRD42024514365]).

Search strategy

A comprehensive literature search was conducted across five
digital databases, including PubMed, Cochrane, Web of Science,
Scopus, and Embase, on April 15, 2025. The search strategy used
both Medical Subject Headings (MeSH) and non-MeSH terms and
was based on the study’s Population, Intervention, Comparison,
and Outcomes (PICO) framework] The complete search strategy is
provided in Supplementary File 2. All search results were imported
into EndNote 20 (Clarivate, Philadelphia, PA, USA) for reference
management, and duplicates were eliminated. Publications in
English, irrespective of their study design or publication date, were
considered for assessment. The reference lists of the included
studies were screened to identify additional eligible studies not
captured by the primary search.

Inclusion and exclusion criteria

Eligible articles were required to follow the PICO framework
and be categorized as original research, systematic reviews, or
meta-analyses.

The PICO framework was defined as follows:

1. Population (P): patients with ASD (e.g.,, autistic disorder,
Asperger’s, etc.), including all age groups (children, adolescents,
and adults),

2. Intervention (I): Eye-tracking technologies integrated
with Al models used to assist in the diagnosis of ASD,

3. Comparison (C): none,

4.  Outcome (0): diagnostic accuracy, sensitivity, specificity,
and any additional insights Al-enhanced eye-tracking provides.

Studies were excluded if they addressed unrelated topics,
were non-English, appeared as abstracts, editorials, or letters,
had inaccessible full texts, or were rated as poor quality based
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on the National Heart, Lung, and Blood Institute (NHLBI) quality
assessment tool.

Study selection

1.  Screening of Titles and Abstracts: Two independent
reviewers (FD and MM) initially assessed the relevance of all
retrieved articles by screening their titles and abstracts. Studies
that clearly did not meet the inclusion criteria were excluded at
this stage.

2. Full-Text Review: The reviewers then reviewed the full
text of the potentially eligible studies. Disagreements regarding
study inclusion were resolved through discussion, and a third
reviewer (SN) was consulted if necessary.

3. Quality Assessment: The quality of the included studies
was evaluated using the NHLBI quality assessment tool for
observational cohort and cross-sectional studies, as well as for
systematic reviews (Supplementary File 3). The assessment
focused on three key aspects: (A) the validity of the study
results, (B) the results themselves, and (C) the applicability of
the findings to local settings. Studies were rated as “good,” “fair,”
or “poor;,” and only those rated as “good” or “fair” were included
in the final review.

Data extraction

Data extraction was conducted independently by two reviewers
using a standardized form aligned with the PICO framework. The
extracted data encompassed several key study characteristics,

including the study title, authors and year, country of origin, and the
Al models/algorithms used. Participant demographics such as age
and sex were also recorded. Furthermore, details about the study
design and methods were documented, focusing on the Al models
implemented in each study.

Outcome measures, such as the sensitivity and accuracy of Al
models in diagnosing ASD, were systematically gathered, along
with sample sizes for each study. In cases where discrepancies
arose during data extraction, the reviewers resolved them through
consensus discussions or, if necessary, by consulting a third-party
reviewer.

The extracted data were subsequently synthesized qualitatively
to identify patterns, trends, and gaps within the existing literature.

Data synthesis

Data synthesis involved analyzing the key findings from the
included studies on eye-tracking technology and its application in
ASD diagnosis. The effectiveness of Al models, such as DL and ML,
in enhancing diagnostic accuracy was also examined.

Results
Overview

Following PRISMA guidelines, 500 records were initially
identified. After removing 199 duplicates, 301 titles and abstracts
were screened, yielding 65 articles for full-text review. Finally, 53
studies that applied Al to eye-tracking data for ASD diagnosis were
included (Figure 1).
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Figure 1: PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow chart.
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Arange of ML and DL models were employed, including support
vector machines (SVM), convolutional neural networks (CNN), long
short-term memory (LSTM) networks, random forests (RF), and
hybrid ensemble approaches. Studies varied widely in sample size,
demographics, tasks, and settings (Table 1).

Diagnostic performance of Al models

Across studies, Al models achieved high diagnostic performance
Ahmed, et al. [15]. reported 99.8% accuracy using feedforward
neural networks (FFNN), and Thanarajan, et al. [46]. reached
99.29% with a CNN-LSTM hybrid. CNNs trained on gaze heatmaps
and fixation maps (Cilia, et al. [21]. Colonnese et al. [55], and Alsaidi
et al [49]) consistently achieved over 90% accuracy, validated
further by Elbattah, et al. [40] and Ozdemir, et al. [34].

Temporal modeling was effective, with LSTM models by Li, et
al. [19], Zhou et al. [63], and Bouchouras, et al. [64] exceeding 90%
accuracy, the latter improved by attention mechanisms. Ensemble
methods such as RF and kernel extreme learning machine (KELM)
also demonstrated high accuracies (Fernandez-Lanvin et al. [41]
and Gaspar et al. [29]), while hybrid models by Amirbay, et al. [51]
and Benabderrahmane, et al. [52] surpassed 90%. Traditional
models, such as decision trees [24], showed limited accuracy
(~60%).

Advanced sequential models, including bidirectional LSTM
(BiLSTM), @ated recurrent unit (GRU)} and CNN-LSTM [35], further
demonstrated high classification rates (~96-98%). Lightweight
architectures (MobileNet, VGG19) [50] and optimization strategies
such as Bayesian-tuned CNNs [53] and Kalman-filter-based models
[54] enhanced performance. The involution-based ASDNet [59]
achieved up to 98.12% accuracy, and stacking ensemble methods
[60] reached an F1 score of 95.5%.

Sample characteristics and participant profiles

Sample sizes ranged from fewer than 20 participants [20,24]
to large datasets [66]. Most studies focused on preschool children
[31, 56], though adolescents and adults [20,43] were also included.
Cultural diversity was limited; however, studies such as Alarifi, et
al. [37] addressed underrepresented populations. Al-Shaban, et al.
[36] validated an Arabic-language eye-tracking paradigm in Qatar,
improving cross-cultural applicability. Demographic reporting
remained incomplete in many studies (e.g., Potluri, et al. [45]and
Islam, et al. [66]).

Eye-tracking tasks and stimulus designs
Static visual paradigms

Static images were widely used to study social attention
differences. He, et al. [22] achieved 93.24% accuracy using
K-nearest neighbors (KNN), while Mazumdar [24] reported lower
performance (59%) with decision trees. Static paradigms efficiently
captured key anomalies, such as reduced eye fixation, but lacked
temporal depth.

Wan, et al. [18] demonstrated that a short 10-second video of
a speaking female could distinguish ASD from TD children with
85.1% accuracy, suggesting that brief, simple stimuli are highly
effective for early ASD screening.
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Dynamic social interaction tasks

Dynamic paradigms provided richer temporal data. Zhao, et al.
[26] and Zhou et al. [63] achieved 86-90% accuracy using real-time
interactions and video-based tasks with SVM and LSTM models.
Kanhirakadavath, et al. [30] and Zhao, et al. [48] further highlighted
gaze transitions as strong ASD indicators. Although dynamic tasks
increased ecological validity, they also introduced interpretative
variability.

Emotion recognition-based eye tracking

Ozturk, et al. [17] demonstrated that emotion-based gaze
features could effectively distinguish ASD-related differences,
achieving an accuracy of 86.36%. Building on this, Iwauchi, et al.
[43], Cilia, etal. [21], Lietal. [19], and Colonnese, et al. [55] reported
consistently higher accuracies exceeding 90%, further establishing
emotional gaze processing as a robust diagnostic marker.

Virtual reality (VR) and serious games approaches

VR environments and serious games enhanced engagement
and ecological validity. Alcaniz, et al. [28] achieved 86% accuracy
through VR social interaction scenarios, while Aminoleslami, et al.
[38] demonstrated robust gaze data collection via gamified tasks.
However, scalability remained challenged by technical demands.

Webcam-based eye tracking

Webcam-based methods emerged as scalable alternatives.
Jaradat, etal. [57] and Li, et al. [19] achieved comparable accuracies
to hardware-based trackers (>90%). Zhang, et al. [62] introduced
uncertainty-inspired paradigms to improve screening efficiency.
Despite challenges such as lower precision, webcam-based
approaches showed strong potential for broader ASD screening.

Discussion
Overview

Integrating Al, including ML and DL, with eye-tracking
technologies has revolutionized diagnostic capabilities, particularly
for early ASD detection [15, 69]. Eye-tracking paired with Al has
demonstrated high diagnostic accuracy and is especially effective at
identifying visual attention anomalies and abnormal gaze patterns
in ASD [10,70,71]. Children with ASD frequently exhibit reduced
fixation on social stimuli, a divergence that Al models efficiently
detect, providing a reliable early biomarker.

Various Al architectures, such as SVM, CNN, and LSTM models,
have been deployed to classify ASD based on eye-tracking data.
These approaches offer cost-effective, reliable, and unbiased
neural and ocular function assessments, facilitating individualized
interventions [1,72].

Atypical gaze patterns in ASD

Studies combining fixation metrics and application logs
strengthened diagnostic precision during emotion recognition
tasks [17,18]. These findings align with a broader pattern observed
across almost all included studies, where individuals with ASD
consistently exhibited gaze abnormalities, most notably a reduced
fixation on faces and eyes [21,44,63,73]. Static paradigms [22, 24]
and dynamic video tasks [26] confirmed this pattern. Furthermore,
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live social interaction studies [26, 30] revealed impaired gaze-
following and joint attention.

Emerging paradigms, including virtual reality [28] and serious
games [38], further validated that gaze avoidance persists in
more ecologically valid environments. Emotion recognition tasks
heightened sensitivity for detecting these differences, with ASD
individuals showing diminished fixations on key facial regions
during emotional expression identification [21,41,43].

Additionally, simplifying visual materials in children’s books
and employing multiple deictic signals improved visual attention
and comprehension in children with ASD, as evidenced by greater
fusiform gyrus activation [74,75].

Diagnostic performance across Al models

Al models demonstrated robust classification capabilities.
CNNs trained on gaze heatmaps consistently achieved 85-90%
accuracy [21, 40, 49, 55], while SVMs also performed strongly
[16,76,77]. Hybrid models, such as CNN-LSTM architectures
enhanced by chaotic butterfly optimization, reached accuracies as
high as 99.29% [46], and FFNNs achieved 99.8% [15].

Temporal models (LSTM) effectively captured scanpath
dynamics [19,63,64], and ensemble methods, such as stacking
approaches [29,60], further improved performance. Novel
techniques, including graph convolutional [78]
and scanpath trend analysis [79], diversified methodological
approaches. Overall, categorized ML-based eye-tracking accuracies
averaged 81%, with subgroup analyses showing the highest
performance in preschool children [69].

networks

Lightweight CNNs, such as MobileNet [50] and involutional
networks [59], demonstrated that compact architectures can match
or surpass traditional models. Bayesian-optimized CNNs [53] and
multimodal gaze behavior analyses [80, 81] also contributed to
improved understanding and diagnosis of ASD.

Influence of task design and stimulus type

Task design critically shaped diagnostic success. Static tasks
[22,24,76] reliably measured fixations but lacked ecological validity
compared to dynamic paradigms [26,63]. Emotion recognition
tasks were particularly sensitive [21,41,43], and even brief
10-second video clips enabled effective ASD screening [18]. Studies
emphasized that targeted emotional and social stimuli are crucial
for maximizing gaze-related diagnostic signals [17].

Impact of eye-tracking device types

Device precision influenced outcomes. High-end Tobii systems
generated robust data [15,55], but cost-effective webcam-based
solutions [57] [19] proved viable for ASD detection with proper
feature correction. Studies in resource-limited settings [13,37]
confirmed that reliable screening is possible without premium
hardware. Innovations such as contrastive image viewing with
uncertainty modeling [62] further improved diagnostic accuracy
despite lower hardware precision.
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Novel paradigms: virtual reality, webcams, serious
games

VR created immersive environments eliciting naturalistic
gaze behaviors [28], while serious games boosted participant
engagement [38]. Webcam-based and online eye-tracking
approaches [57,66] increasingly support remote ASD assessment.
Combining gaze features with interaction metrics enhanced
diagnostic potential [61,64], and incorporating spatiotemporal
scanpaths with pupil velocity [39] enabled more individualized
stratification.

Methodological Challenges

Several challenges persist. Considerable heterogeneity in gaze
tasks (static, dynamic, VR), device types, and calibration standards
complicates comparability. Small, often nonrepresentative sample
sizes and inconsistent validation practices increase overfitting risk
[45,68]. Region of interest variability in dynamic stimuli [25] and
inconsistent feature extraction methods [58] further undermine
model robustness. The absence of standardized reporting and data
division procedures also hampers reproducibility across studies
[15,69,82]. Larger, better-designed datasets and transparent model
training pipelines are urgently needed to enhance generalizability
[32,67].

Limitations

This systematic review has limitations. The included studies
exhibited methodological variability, particularly in eye-tracking
paradigms and ML model implementation, which precluded
meta-analysis. While care was taken to maintain reference
accuracy, heterogeneity in study design and reporting standards
limited direct comparison. Potential publication bias and the
predominance of research from high-income countries may also
affect generalizability.

Future directions

Future research should prioritize multicenter collaborations
to expand sample diversity and improve external validation.
Establishing standardized eye-tracking and Al
protocols will enhance reproducibility. Combining gaze data with

evaluation

neuroimaging modalities such as magnetic resonance imaging
(MRI) and (electroencephalography) EEG [73,81] may offer more
profound insights. Developing lightweight, privacy-preserving
mobile solutions and conducting longitudinal studies could enable
scalable, early interventions for ASD in community settings.

Conclusion

Al-enhanced eye-tracking presents a noninvasive, promising
avenue for early ASD diagnosis. Consistent markers, such as
reduced social gaze and preference for nonsocial stimuli, were
reliably identified across diverse tasks and populations. Despite
encouraging diagnostic performances with CNNs, LSTMs, and
hybrid models, methodological heterogeneity and limited external
validation challenges must be addressed. Future standardization
and multimodal integration efforts will be key to translating these
technologies into accessible, personalized diagnostic solutions.
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