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HIGHLIGHTS

1. Critical Discoveries and Outcomes

* Among five eye-movement paradigms evaluated in 1,212 older adults with measured near visual acuity, only
the antisaccadic task discriminated participants with and without MoCA-defined cognitive impairment at every
visual-acuity stratum, indicating that its discriminative signal was retained across the levels of near visual acuity
examined.

2. Methodological Innovations

* REMoCA processes eye-movement trajectory videos directly with a pseudo-3D network rather than a
predefined set of summary metrics, automating trial-level classification of eye-movement performance and
combining it with demographic and clinical risk factors in a two-stage framework. Saliency mapping permits
visual inspection of model-attended regions, and dominance analysis summarises the relative contribution of
predictors.

3. Prospective Applications and Future Directions

* A shortened antisaccadic-task workflow was completed within three minutes in a prospective community-
based proof-of-concept cohort, supporting technical feasibility outside hospital settings. Larger and more
representative community studies, improved calibration, and explicit evaluation of decision thresholds are
required before this approach can be considered for triage, referral, or population-level screening.

Abstract: Purpose: To examine whether eye movement (EM) performance discriminates between older adults
with and without cognitive impairment across varying levels of near visual acuity (VA), and to
develop and evaluate an antisaccadic-task-based framework (REMoCA) for detecting cognitive
impairment. Methods: In this multicenter study, 1,428 participants aged 50 years or older completed
video-based assessments comprising five EM tasks: fixation, saccade, antisaccade (AST), and the
horizontal and vertical smooth pursuit. Cognitive status was assessed using the Montreal Cognitive
Assessment (MoCA), with cognitive impairment defined as an education-adjusted MoCA score < 26
(MoCA-defined CI). Among the 1,212 participants with valid near VA and MoCA measurements,
EM error rates were compared between those with and without MoCA-defined CI across three VA
strata (logMAR < 0.3, 0.3 to 0.5, and > 0.5) using linear regression adjusted for age, sex, educational
level, hypertension, and diabetes. P values were corrected for multiple comparisons using the false
discovery rate method. REMoCA, a two-stage framework combining a pseudo-3D network for trial-
level AST classification with demographic and clinical risk factors, was developed and evaluated in
an external test set and a prospective community-based proof-of-concept cohort. Results: Across all
five EM tasks, the MoCA-defined CI group exhibited higher error rates, with between-group
differences being most pronounced in the higher-VA stratum. Only the AST demonstrated
significantly higher error rates in the MoCA-defined CI group across all VA strata (adjusted P <
0.05); the other tasks showed significant differences only in a subset of strata. REMoCA achieved an
area under the curve (AUC) of 0.907 (95% CI: 0.850 to 0.963) in the external test set and 0.768 (95%
CI: 0.694 to 0.842) in the prospective community-based proof-of-concept cohort, where the shortened
AST-based workflow was completed within three minutes. Conclusions: Antisaccadic performance
retained its discriminative ability for detecting MoCA-defined CI across the examined VA strata.
These findings support the further evaluation of AST-based assessment as a rapid, VA-tolerant

approach for detecting MoCA-defined CI, pending validation in larger, more representative
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independent cohorts.
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Introduction

The integration of visual and cognitive functions
is fundamental to human information processing.!")
Goal-directed behavior depends on both visual input
and cognitive control.”! Declines in either domain
may alter observable performance,” yet isolating a
cognition-specific signal from co-occurring visual
decline remains challenging. This challenge is
particularly relevant in aging populations, in whom
sensory decline and cognitive impairment frequently
coexist and can confound behavioral markers of
cognition.!*!

Cognitive impairment is common in older adults:
the pooled worldwide prevalence of mild cognitive
impairment among community dwellers aged 50 years
or older is an estimated 15.6%,° and affected
individuals are at substantially increased risk of
progression to dementia. Its early identification can
therefore facilitate timely clinical assessment and
intervention.'’ The Montreal Cognitive Assessment
(MoCA) is among the most widely used screening
instruments for cognitive impairment, offering high
sensitivity for detecting mild cognitive impairment
and coverage of multiple cognitive domains.!”)
However, administration of the MoCA requires a
trained examiner and a dedicated in-person session,
which may limit accessibility in resource-limited

1 offers

settings.®!  Neuroimaging complementary
structural information: white matter lesions (WMLs),
a common feature of cerebral small vessel disease, are
associated with cognitive decline, particularly in
executive function and processing speed.””) Yet,

magnetic resonance imaging (MRI) is costly and

impractical for population-level screening. These
considerations underscore the need for rapid, scalable
approaches that complement existing screening
strategies.

Eye movement (EM) provides an objective,
rapid, and automated behavioral readout of cognitive

function.!'”

Advances in eye-tracking technology
enable high-resolution measurement of gaze position
through near-infrared detection of pupillary and

(i EM assessment

corneal reflections. Because
inherently depends on visual input, however, the
derived cognitive signal could be confounded by
reduced visual acuity (VA). Most prior studies have
focused on cohorts with normal VA,!""""¥ despite the
frequent co-occurrence of visual and cognitive
impairment among older adults.”) Establishing that
EM measures retain their discriminative ability across
varying levels of VA is therefore essential before
clinical translation.

To address these gaps, we compared EM
performance across five paradigms between older
adults
operationally defined as an education-adjusted MoCA
score below 26 (MoCA-defined CI), and examined
whether any such differences were retained across
levels of VA. On this basis, we selected the
antisaccadic task (AST), which showed the most

consistent between-group separation across the VA

with and without cognitive impairment,

strata examined, to develop the Rapid Eye-Movement-
based Cognitive Assessment (REMoCA), a two-stage
framework for detecting MoCA-defined CI. We then
evaluated REMoCA in an external test set and
assessed its feasibility in a prospective, community-
based proof-of-concept cohort.


https://doi.org/10.12419/es26081401

Eye Science 2026, 0: 1-16. doi: 10.12419/es26081401  journal.gzzoc.org.cn

Methods

Study design and participants

This multicenter study comprised three distinct
phases: a prospectively collected development cohort
(September 2020 to July 2025), a pre-enrolled
multicenter test cohort (February 2021 to February
2022), and a prospective community-based proof-of-
concept cohort (July 2025 to November 2025). The
study examined the associations between VA and
MoCA-defined CI and EM behavior, and developed a
predictive model for MoCA-defined CI. Development
participants were recruited from (1) neurology
inpatients at Sun Yat-sen Memorial Hospital (SYMH)
and (2) community-dwelling individuals recruited
through an eye disease screening program advertised
via social media. Eligible EM videos were partitioned
at the participant level into training, validation, and
internal test sets (7:1.5:1.5) for stage 1, which
classified trial performance as correct or incorrect.
Detailed criteria for this classification are provided in
After
participants lacking the outcome data required for

Supplementary File 1. excluding 127
stage 2, the remaining participants were divided into
training and internal test sets (7:3). Stage 1 used trial-
level EM videos, whereas stage 2 used participant-
level EM accuracy metrics and risk factors (RFs) to
detect MoCA-defined CI. The stage 2 training and
internal test sets were nested within the corresponding
stage 1 training, validation and internal test sets,
respectively, ensuring that no participant in the stage 2
internal test set had contributed data to stage 1 model
training. Consequently, the participant-level EM-
accuracy features used as stage 2 inputs were therefore
derived from stage 1 predictions generated on held-out
data for
information leakage between the two stages. The

each participant, thereby preventing
external test set consisted of cataract outpatients at
Zhongshan Ophthalmic Center (ZOC), neurology
outpatients at SYMH, and neurology inpatients at
Huiai Hospital. The final phase integrated the
shortened REMoCA workflow into a community
health screening program as a prospective proof-of-
concept feasibility study.

Individuals aged 50 years or older were eligible.

Participants unable to complete eye-tracking
calibration or the EM protocol due to ocular,
cognitive, physical, or systemic conditions were
excluded from EM analyses. Individuals with other
ocular diseases causing reduced vision were not
routinely excluded, provided that calibration and
testing could be successfully completed. Those
without a valid MoCA outcome were ineligible for
development of the stage 2 network for detecting
MoCA-defined CI, and those who did not undergo
MRI were excluded from the exploratory WML
analysis. Written informed consent was obtained from
all participants or their legal guardians in accordance
with ethical guidelines.

This study was approved by the Institutional
Review Board of ZOC, Sun Yat-sen University
(Approval No. 2020KYPJO15), and adhered to the
Declaration of Helsinki. It was prospectively registered
with the Clinical Research Internal Management
System of ZOC and ClinicalTrials.gov (NCT04236375).
Participant demographics (age, sex, education, and

clinical characteristics) are summarized in Table 1.

Data collection and reference standards

EMs were recorded by well-trained technicians
using a standardized protocol, and all sessions were
videotaped. The setup included a 1,280 x 720 pixel
screen integrated with an eye tracker (EyeControl, QY-
I, Shanghai Qingyan Technology Co., Ltd.) operating
at a sampling rate of 100 Hz. Participants were
instructed to stabilize their heads using a chinrest
positioned 60 cm from the screen and perform EM
tests in a fixed sequence: the fixation task (FT, 10
trials), the saccadic task (ST, 10 trials), AST (12
trials), the horizontal smooth pursuit task (HSPT, 8
trials), and the vertical smooth pursuit task (VSPT, 8
trials). This entire session lasted approximately 10
minutes, generating 48 videos per participant. EM
performance on each trial was classified as correct or
incorrect  according to  predefined  criteria
(Supplementary File 1, p. 22) and verified by video
review. For example, a correct AST trial required
participants to suppress the reflexive saccade toward
the peripheral stimulus, compute its opposite direction

(180° from the stimulus), and execute a voluntary
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Table 1 Baseline characteristics of the internal dataset, external test set, and prospective community cohort
Internal dataset External test set Prospective community cohort
No. of participants 1,326 102 124
No. of participants with MoCA <26 902° 85 60
No. of participants with MoCA >26 297° 17 64
Age, years
Mean (SD) 65.96 (8.05) 65.77 (9.71) 69.88 (4.31)
Range 50-89 50-87 63-82
Sex
Male, n (%) 658 (49.6) 57 (55.9) 47 (37.9%)
Female, n (%) 668 (50.4) 45 (44.1) 77 (62.1%)

Education, years

Mean (SD) 11.04 (4.03) 10.59 (3.57) 13.10 (3.42)
Range 0-19 0-19 0-19
Participants with hypertension, n (%) 539 (40.6) 50 (49.0) 38 (30.6%)
Participants with diabetes, 7 (%) 270 (20.4) 28 (27.5) 12 (9.6%)

Near visual acuity, logMAR

Median (IQR) 0.22 (0.24) 0.22 (0.20) 0.22 (0.19)

Range ~0.08-1.30 0-0.52 0-1.00
MoCA

Median (IQR) 22 (8)* 20 (7.75) 26 (4)

Range 3-30 3-30 13-30

Fazekas scale among participants with MoCA <26
Median (IQR) 2(1)° 2 (3)° NA

Range 0-6 0-6 NA

Data are presented as n, n (%), mean (SD), median (IQR), and range unless otherwise specified. The internal dataset includes all
participants with valid EM data (n = 1,326); 1,199 were included in stage 2 after excluding 127 without the required outcome data. °A
subset of 1,199 participants; "A subset of 556 participants; “A subset of 29 participants. SD, standard deviation; IQR, interquartile
range; NA, not applicable; MoCA, Montreal Cognitive Assessment; WML, white matter lesion.



Eye Science 2026, 0: 1-16. doi: 10.12419/es26081401  journal.gzzoc.org.cn

saccade accordingly. In the subsequent community-
based proof-of-concept workflow, only the AST and
RF were used, reducing the automated assessment
time to approximately 3 minutes.!"*!

Following the EM examination, participants were
given a 10-minute rest period, after which near VA
was assessed binocularly under standard lighting using
the logarithm of the minimum angle of resolution
(logMAR) near VA tumbling E chart by experienced
technicians. Subsequently, cognitive function was
evaluated using the Chinese version of MoCA,
administered by neuropsychologists to ensure validity.
The maximum score was 30; one additional point was
added to the total score for individuals with 12 or
fewer years of education. A score lower than 26 was
used to define MoCA-defined CI among the study
participants (i.e., aged >50 years) for model
development and evaluation.!”! Finally, brain MRI was
performed on 1.5T or 3T scanners (Magnetom
Avanto/Vida/Skyra, Siemens, Erlangen, Germany),
including axial fast spin-echo T1- and T2-weighted,
and coronal fluid-attenuated inversion recovery
(FLAIR) sequences. WMLs were evaluated using the
Fazekas scale, scoring periventricular and deep white
matter separately from 0 to 3 and summing them to
yield a total score of 0-6."Y Total scores >2 (i.e., 3-6)
were classified as moderate-to-severe WMLs.!"*! Two
junior physicians (J.W. and S.Z. each with five years
of clinical experience), blinded to clinical and EM
data, independently evaluated all MRI scans (inter-
rater ¥ = 0.853). Prior to formal scoring, both raters
completed a calibration exercise on a set of training
cases under the supervision of a senior neurologist
(Y.T.) to standardize application of the Fazekas scale.
Discrepancies were resolved by consensus between
the two raters; when consensus could not be reached, a
senior neurologist (Y.T., with more than 25 years of
clinical experience) provided adjudication. REF,
including age, sex, educational level, hypertension,
and diabetes status, as well as neurological and
systemic disorders, were extracted from electronic

medical records or obtained by self-reported.

Development of REMoCA
The AST was selected for REMoCA because it

showed significant between-group differences across
all three VA

discriminative performance among the five paradigms

strata and the most consistent

examined. REMoCA is a two-stage network for
MoCA-defined  CI
Supplementary Table 1; Supplementary file 2, p. 23).

screening (Figure le;
Stage 1 used independent pseudo-3D (P3D) networks
to automate the trial-level -classification of EM
performance as correct and incorrect. The P3D
networks incorporated 2D spatial and 1D temporal
convolutions within a residual network architecture to
efficiently extract spatiotemporal features from EM
videos, thereby significantly reducing computational
and memory requirements.!"”! Supplementary Figure 1
shows the architecture of the P3D networks, including
their series and parallel fusion schemes. EM videos
were preprocessed by resampling each video to a
fixed, task-specific frame count (corresponding to one
complete task cycle) and resizing the frames to a
uniform resolution of 224 x 224 pixels. The specific
detailed in
Supplementary Table 1. The resulting frames were

frame counts for each task are
then standardized channel-wise using the dataset mean
and standard deviation. Stage 2 consisted of a logistic
regression model that integrated the stage 1 outputs
and RFs to screen MoCA-defined CI. For the
detection of moderate-to-severe WMLs, Stage 2 was
trained exclusively on the subgroup of participants
with a MoCA score < 26 (Supplementary Figure 2a).
For benchmarking, three additional models were
developed: a RF machine-learning model (MLM)
based solely on RFs, and an EM MLM based solely on
features from all EM tasks, and a hybrid MLM
incorporating both RFs and all EM features.

To enhance model interpretability, EM videos
from testing datasets were selected for saliency
analysis using Eigen-CAM for the Stage 1 network.!"”)
This method generated visual heatmaps by
aggregating and averaging convolutional activations
across all frames of each trial. For stage 2, dominance
analysis was used to rank the relative importance of
each EM task in the model’s performance in detecting

MoCA-defined CI.
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Figure 1 Overall study pipeline

(a) The five-task comparison protocol used a fixed sequence—FT (10 trials), ST (10), AST (12), HSPT (8), and VSPT (8)—and lasted
approximately 10 minutes. (b) RF were extracted from health records. (c) A total of 68,544 videos from 1,428 participants across five

centers were collected; 1,301 participants had valid MoCA results. The exploratory WML analysis included 585 participants with
MoCA <26 and valid Fazekas ratings, of whom 145 had moderate-to-severe WMLs. (d) AST-derived error patterns discriminated
between MoCA-defined cognitive groups across VA strata. (¢) REMoCA used AST videos to classify trial-level behavior in stage 1

and combined participant-level AST performance with RF to predict MoCA-defined cognitive impairment in stage 2; WML

classification was an exploratory secondary analysis in a restricted subset. (f) A prospective community proof-of-concept cohort

evaluated a shortened AST plus RF workflow requiring approximately three minutes. EM, eye movement; FT, fixation task; ST,
saccadic task; AST, antisaccadic task; HSPT, horizontal smooth pursuit task; VSPT, vertical smooth pursuit task; RF, risk factors; VA,
visual acuity; MoCA, Montreal Cognitive Assessment; WML, white matter lesion.

Prospective proof-of-concept cohort in a
community-based health screening program

REMoCA was prospectively integrated into an
ongoing community-based health screening program
to evaluate its feasibility in real-world settings
(Figure 1f; Supplementary Figure 2b). This shortened
workflow used AST videos and RF collected by three
trained technicians and transmitted to a computer
equipped with a graphics processing unit (GPU) for
automated processing via the REMoCA framework.

All three technicians completed standardized training
on the study protocol, which covered positioning
participant on the chinrest, delivering task instruction,
When REMoCA
classified a participant as screen-positive for MoCA-
defined CI (i.e., above the predefined threshold), the
system generated a real-time referral recommendation.
The
instruction to automated result generation, required

and operating the eye tracker.

entire workflow, from initial participant

approximately 3 minutes per individual. For ethical
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Figure 2 Mean error rates and between-group differences across five EM tasks stratified by cognitive status and VA

Blue lines indicate mean error rates for the non-CI group (MoCA 2>26), gray lines indicate mean error rates for the MoCA-defined CI

group (MoCA <26), and red lines represent between-group differences estimated by linear regression (B) with 95% confidence
intervals. VA was stratified by logMAR thresholds: the high-VA stratum (logMAR <0.3), the intermediate-VA stratum (logMAR
0.3-0.5), and the low-VA stratum (logMAR >0.5). LogMAR is a standard measure of VA, with higher values indicating poorer VA.

(a) Antisaccadic task; (b) Fixation task; (c) Saccadic task; (d) Horizontal smooth pursuit task; (e) Vertical smooth pursuit task.

* Asterisks indicate statistically significant differences in error rates between the MoCA-defined CI and non-CI groups based on linear

regression analysis. P values were corrected for multiple comparisons using the false discovery rate method. EM, eye movement; VA,

visual acuity; CI, MoCA-defined cognitive impairment.

reasons, the referral recommendations generated by
REMoCA were strictly advisory and did not influence
clinical management; all participants subsequently
MoCA
qualified personnel as part of the standard protocol.

underwent assessment administered by

Statistical analysis

To characterize EM task performance across
different VA levels, a VA-stratified analysis was
conducted. Participants were stratified into three VA
strata based on logMAR values (logMAR <0.3,
0.3< logMAR <0.5, and logMAR >0.5). Within each
stratum, EM task error rates were compared between
participants with and without MoCA-defined CI using
linear regression models adjusted for age, sex,
educational level, hypertension, and diabetes status. P
values were corrected for multiple comparisons using
the false discovery rate method.

For model development, the training set (n = 839,
comprising 631 with MoCA-defined CI and 208
without) achieved an events-per-variable ratio of

approximately 20 for the 10 candidate predictors. The
10 predictors included the error rates of five EM tasks
(FT, ST, AST, HSPT, and VSPT) and five RF (age,
sex, education level, history of hypertension, and
history of diabetes). Accordingly, a total of 1,199
participants (902 with and 297 without MoCA-defined
CI) were included in the model development dataset,
comprising the training set (n = 839) and internal test
set (n = 360) in a 7:3 split. This sample size met
recommended criteria for predictive modeling,
supporting model complexity while mitigating the risk
of overfitting. For the prospective proof-of-concept
cohort, the
recruitment to ensure sufficient power to assess
REMoCA performance. Although

prevalence of cognitive impairment in elderly Chinese

sample size was estimated before

the estimated

populations is 14.7%,"® the prevalence in our
screening program was expected to be higher owing to
the potential association between poorer VA and
cognitive impairment, as well as our broader study
definition based on MoCA <26."" The prevalence of
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cognitive impairment was therefore assumed to be
30%. We estimated that at least 23 individuals with
MoCA-defined CI and 53 without MoCA-defined CI
(76 in total) would be required to detect an AUC of
0.7 or greater with >80% power at a two-sided o 0of 0.05.

For the EM behavior classification model (Stage
1), a default probability threshold of 0.5 was used. For
the MoCA-defined CI screening model (Stage 2), the
optimal cutoff was determined using the Youden
index, determined separately within the internal and
Additionally, a cutoff
corresponding to 85% sensitivity was derived in the

the external test sets.

internal test set, locked before recruitment of the
prospective cohort, and subsequently applied to the
prospective cohort for MoCA-defined CL.!" 2" AUCs
were reported for all datasets. Accuracy, sensitivity,
specificity, positive predictive value, negative
predictive value, and the F1 score were reported for
the external test set and the prospective cohort at their
respective predefined thresholds. Metrics were
reported with Wald 95% confidence intervals (95%
Cls), and AUCs were compared using DeLong's test.
Subgroup analyses were stratified by age (<65 vs >65
years), sex (female vs male), education (<9 vs >9
years), hypertension status, diabetes status, and near
vision impairment status (defined as logMAR near VA
>0.3).222) All statistical tests were two-tailed, and a P
value of less than 0.05 was considered statistically
significant. P values were corrected for multiple
comparisons using the false discovery rate (FDR)
method. All analyses were performed using SPSS

version 24 (IBM Statistics, IBM Corp.).
Results

Dataset characteristics

A total of 1,539 participants were assessed for
eligibility for EM performance analysis, model
development, and multicenter testing. The EM
assessment included five tasks (FT, ST, AST, HSPT,
VSPT). Of these, 111 (7.21%) were excluded due to
ocular diseases or poor physical condition that
precluded completion of EM tasks (including ptosis or
severe CI, and
1,428

strabismus in either eye,

cerebrovascular diseases). The remaining

participants provided valid EM data. Among them,
127 declined MoCA testing or MRI and were included
only in Stage 1 model training (EM-behavior
classification from EM videos). For stage 2 (detection
of MoCA-defined CI),

included, comprising 1,199 for model development

1,301 participants were

and 102 for external testing. Among these, 987
(75.86%) had MoCA <26. Of those with MoCA <26,
585 had valid Fazekas scores, of whom 145 (24.79%)
had moderate-to-severe WMLs. For the prospective
cohort, 131
assessed during a community health

proof-of-concept individuals  were
screening
program, and 124 individuals (94.7%) were enrolled,
of whom 60 (48.39%) had MoCA scores <26
(Figure 1, Table 1, and Supplementary Table 2). The
participant  recruitment process is shown in
Supplementary Figure 2, and the distribution of
summarized in

neurological  disorders  is

Supplementary Table 3.
Cognitive-group  differences in  AST
performance persist across VA strata

A total of 1,212 participants with valid VA and
MoCA measurements were included. Participants with
an education-adjusted MoCA scores <26 were
classified into the MoCA-defined CI group, whereas
those with a score >26 were classified into the non-CI
group.! Across all five EM tasks, the MoCA-defined
CI group exhibited higher error rates. Descriptively,
between-group differences were most pronounced in
the highest-VA stratum (Figure 2). Among the EM
AST demonstrated
significantly higher error rates in the MoCA-defined
CI group across all VA stratum (adjusted P <0.05); the

other tasks showed significant differences only in a

tasks evaluated, only the

subset of strata (Figure 2). Baseline characteristics
stratified by VA stratum and cognitive status are
summarized in Supplementary Table 4.

AST-derived REMoCA enables
defined CI screening across datasets

For trial-level classification of the AST in the
Stage 1 network, REMoCA achieved an AUC of
0.967 (95% CI, 0.958-0.975), a sensitivity of 0.922
(95% C1, 0.909-0.934), and specificity of 0.938 (95%

MoCA-
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CI, 0.927-0.949) in the internal test set, and an AUC
0f 0.986 (95% CI, 0.980-0.991), a sensitivity of 0.966
(95% CI, 0.957-0.974), and a specificity of 0.924
(95% CI, 0.911-0.936) in the external test set
(Figures 3a and 3b; Supplementary Table 5). For
classification of MoCA-defined CI in the Stage 2
network, REMoCA achieved an AUC of 0.802 (95%
CI, 0.761-0.843), a sensitivity of 0.860 (95% CI,
0.824-0.896), and a specificity of 0.506 (95% CI,
0.454-0.557) in the internal test set, and an AUC of
0.907 (95% CI, 0.850-0.963), a sensitivity of 0.918
(95% CI, 0.864-0.971), and a specificity of 0.824
(95% CI, 0.750-0.898) in the external test sets
(Figures 3d and 3e; Table 2). In the external test set,
REMoCA outperformed both the risk factor (RF)
machine learning model (MLM) and the all-EM
MLM, and achieved discriminative performance
comparable to that of the hybrid MLM (combining all-
EM and RF features) (Figure 3e; Table 2;
Supplementary Tables 6 and 7).

As an exploratory secondary analysis, we

assessed the classification of moderate-to-severe
WML (total Fazekas score >2) within a subgroup
restricted to participants with MoCA <26 and valid
Fazekas ratings (Supplementary Table 8).'*"
Subgroup results are detailed in Supplementary Tables
9 and 10. Saliency heatmaps were generated to
visualize the regions attended by the Stage 1 network,
and dominance analysis (DA) was used to estimate the
relative contributions of individual EM tasks and RFs

to the Stage 2 model (Supplementary Figure 3).

REMoCA shows lower but feasible
performance in the prospective community-
based cohort

In the prospective community-based proof-of-
completed AST
examinations within 3 minutes and underwent real-

concept cohort, all participants
time cognitive assessment using REMOoCA. The
development dataset was enriched for participants
with MoCA-defined CI (75.86%), whereas the
prospective community cohort had a lower prevalence

a Internal test set b External test set c Prospective test set
1.0 1.0 — 1.0
0.8 0.8 0.8 r-'r
)
206 206 206
= Fixation task 2 Fixation task 2
‘A T AUC=0.990 (0.985-0.995) a T AUC=0.972 (0.963-0.981) a
= Saccadic task Saccadic task
g 04 AUC=0.979 (0.972-0.986) 5 0.4 AUC-0.970 (0.960-0.979) 5 04
Antisaccadic task 2 Antisaccadic task n
AUC=0.967 (0.958-0.975) AUC=0.986 (0.980-0.991)
02 ___ Horizontal smooth pursuit task 02 . Horizontal smooth pursuit task 0.2
AUC=0.910 (0.893-0.928) AUC=0.948 (0.935-0.961)
____ Vertical smooth pursuit task ____ Vertical smooth pursuit task Antisaccadic task
0 AUC=0.938 (0.924-0.953) 0 AUC=0.937 (0.923-0.951) 0 AUC=0.980 (0.973-0.987)
0 02 04 06 08 1.0 0 0.2 06 08 1.0 0 02 04 06 08 1.0
1-Specificity 1-Specificity 1-Specificity
d ¢ f REMoC.
o= REMOCA ——t —— -+ REMoCA
AUC | == BN AUC{ == EMMLM — AUC H N
-#= Hybrid MLM —— =*= Hybrid MLM r—r—
ACC ! " ACC ————t ACC ——
: —e— ——
H —— —a—i
SEN ! ——i SEN —_— SEN =
: —— ——
SPE ! —— SPE - SPE —
H —e— —_——
; e o
F1 score ! A F1 score —— F1 score —_—
—— ——
0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 0.40 0.45 0.50 0.5 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Value (95% CI) Value (95% CI) Value (95% CI)

Figure 3 Performance of the MLMs

(a-c) AUC: for stage 1 EM-performance classification in the internal test set, external test set, and prospective community dataset.

(d-f) Performance of stage 2 models for MoCA-defined cognitive impairment across the internal test set, external test set, and

prospective community dataset. AUC, area under the receiver operating characteristic curve; RF, risk factors; EM, eye movement;

MLM, machine-learning model; ACC, accuracy; SEN, sensitivity; SPE, specificity.
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Table 2 Performance of REMoCA for predicting MoCA-defined cognitive impairment

AUC ACC SEN SPE PPV NPV F1 score
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
0.802 0.772 0.860 0.506 0.841 0.542 0.850

Internal test set

(0.761-0.843)  (0.729-0.816)

0.907 0.902 0.918
(0.864-0.971)

External test set

(0.850-0.963)  (0.844-0.960)

0.768 0.677 0.750
(0.674-0.826)

Prospective cohort

(0.694-0.842)  (0.595-0.760)

(0.824-0.896)

(0.454-0.557) (0.803-0.879) (0.491-0.594) (0.814-0.887)

0.824 0.963 0.667 0.940
(0.750-0.898) (0.926-1.000) (0.575-0.758) (0.894-0.986)

0.609 0.643 0.722 0.692
(0.523-0.695)  (0.559-0.727) (0.643-0.801) (0.611-0.774)

Notes: AUC, area under the receiver operating characteristic curve; ACC, accuracy; SEN, sensitivity; SPE, specificity; PPV, positive

predictive value; NPV, negative predictive value; 95% CI, 95% confidence interval. Threshold-dependent metrics (accuracy,

sensitivity, specificity, PPV, NPV, and F1 score) are reported at dataset-specific operating points. For the internal and external test

sets, this was the Youden-derived threshold determined separately within each dataset. For the prospective cohort, this was the 85%-

sensitivity threshold, derived in the internal test set and locked before recruitment.

(48.39%). In the Stage 1 network, REMoCA achieved
an AUC of 0.980 (0.973-0.987), a sensitivity of 0.924
(95% CI, 0.912-0.937), and a specificity of 0.958
(0.948-0.968) for AST trial classification (Figure 3c).
In the Stage 2 network, REMoCA achieved an AUC
of 0.768 (0.694-0.842), a sensitivity of 0.750 (95%
Cl, 0.674-0.826), and a specificity of 0.609 (95% CI,
0.523-0.695) for the real-time screening of MoCA-
defined CI: this AUC was lower than that observed in
the external test set (Figure 3f and Table 2). Confusion
matrices for the prospective cohort are presented in
Supplementary Figure 4.

Discussion

In this multicenter study, participants with MoCA -
defined CI exhibited higher EM error rates across VA
strata, although the magnitude of the between-group
strata. The AST
discriminated most consistently between the MoCA-

difference  varied among
defined CI and non-CI groups across the VA levels
examined. Therefore, we developed REMoCA as an
AST-centered framework for detecting MoCA-defined
CIl and evaluated it in an external test set and a
prospective  community-based  proof-of-concept
cohort. Together, these findings identify the AST as a

VA-tolerant EM measure for MoCA-defined CI and

demonstrate its preliminary feasibility in a proof-of-

concept setting, providing a basis for further
development and evaluation.

Across VA strata, participants with MoCA-
defined CI generally showed higher EM error rates
than those without CI, suggesting a contribution of
cognitive status to EM performance. This is consistent
with the established role of higher-order cognitive
control in EM tasks, particularly executive and
inhibitory  processes.'>**  The  between-group
separation was most pronounced in the high-VA
stratum and attenuated, but remained significant for
the AST, in the lower-VA strata. This attenuation at
poorer acuity more likely reflects the smaller and
clinically more heterogeneous sample in the low-VA
stratum (n = 98 in the MoCA-defined CI group and
n = 41 in the non-CI group; Supplementary Table 4)
than a direct effect of visual impairment on EM
performance. Among the five paradigms, only the
AST retained significant discriminative ability across
all three VA strata.

AST  performance

depends on top-down

inhibitory  control, = working  memory, rule
maintenance, and sufficient visual input to detect the
target,”! a profile that favors cognitive-driven over
acuity-driven variation. Whereas discrimination by the

other paradigms attenuated at reduced VA, the AST



12

Eye Science 2026, 0: 1-16. doi: 10.12419/es26081401  journal.gzzoc.org.cn

retained significant discrimination across all near-VA
strata. Together, this cognitively driven profile and the
consistent cross-stratum discrimination of AST
motivated its selection as the core REMoCA task,
supporting its use as a preferred basis for rapid
cognitive screening in older adults. Notably,
REMOoCA achieves this VA-tolerance through the
selection of a task whose discriminative performance
is intrinsically robust across acuity levels, rather than
through explicit statistical adjustment for VA within
the model itself. Therefore, near VA was not included
as a model predictor. This design choice reflects the
intended screening context: near VA assessment

2] Based on our

requires a trained examiner.
experience administering it in this study, near VA
testing also requires a cooperative, sustained response
from the participant. This demand can be particularly
difficult to sustain among individuals with potential
Cl, the very population this screening tool is intended
to identify, and can therefore add appreciably to
assessment time. Requiring a VA measurement as a
model input would reintroduce the accessibility and
time burden that REMoCA is intended to obviate,
particularly in settings where trained examiners or
additional testing time are not readily available.
Previous studies have investigated EM-based
features, such as latency and saccadic velocity, as
27281 These studies established

EMs as informative behavioral markers, typically by

potential markers of CL!

deriving predefined summary metrics, often in focused

! Building on this

or disease-specific cohorts.!*’
foundation, our approach processes EM-derived video
sequences with a pseudo-3D network, preserving
spatial and temporal information across each task.
Because it operates directly on EM-trajectory videos
rather than a predefined set of summary metrics, this
approach preserves richer spatial and temporal detail
and yields interpretable saliency heatmaps that make
the model-relevant EM patterns directly visualizable,
offering a more comprehensive characterization of
dynamic EM behavior.

Retinal imaging has been investigated as an
ocular approach for cognitive screening, but retinal
biomarkers primarily capture structural and vascular
of the eyel”*! EM

features assessment s

complementary in focus: rather than static structure, it
probes visually elicited behavior that is actively
shaped by cognitive control, thereby capturing a
functional dimension of visual processing that
complements these structural markers. REMoCA
operationalizes this functional perspective through a
two-stage network that separates automated trial-level
classification from participant-level detection of
MoCA-defined CI.

inspection of model-attended regions,

Saliency maps allow visual
and DA
summarizes predictor contributions. Building on this
design, the prospective community cohort assessed
whether a shortened AST-centered workflow could be
completed by trained non-specialist personnel within
three minutes.”” Its lower AUC than the external test
set indicates both reduced transportability and the
lower MoCA-defined CI prevalence in this cohort, and
supports interpreting this cohort as a proof-of-concept
feasibility evaluation. Larger and more representative
community studies, improved calibration, and explicit
threshold evaluation are required before REMoCA can
be considered for triage, referral, or population-level
deployment.

This study has several limitations. First, the
model detects MoCA-defined CI (defined by MoCA
<26) rather than a clinical diagnosis of mild cognitive
impairment or dementia. Although it is widely used
for cognitive screening, MoCA is not a diagnostic
reference standard. It is influenced by education,
culture, visual input, motor demands, and
comprehension of instructions. Nonetheless, its high
sensitivity for detecting cognitive impairment makes
MoCA-defined CI an appropriate target for a
screening-oriented tool such as REMoCA, which is
intended to identify individuals for further assessment
rather than to establish a diagnosis..”? Second, near VA
was the only visual-function measure available.
Because the EM targets were high-contrast stimuli
presented in black and white at a near viewing
distance, near VA was considered the visual-function
measure most directly relevant to resolving the targets
in this paradigm. Assessing additional dimensions,
including contrast sensitivity, visual fields, glare,
ocular disease severity, and

ocular alignment,

oculomotor control, would have been time-consuming
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and costly and was not feasible in the present study.
Our findings therefore relate specifically to near VA
and remain to be extended to other dimensions of
visual function. Third, the development dataset of
REMoCA combined hospital-based and screening-
program participants with heterogeneous disease
spectra. This heterogeneity, together with the high
prevalence of MoCA <26 (75.86%), may introduce
spectrum bias and limit transportability to lower-
prevalence community settings. Fourth, the use of a
dichotomized MoCA total score also provides a
coarser characterization of cognition than domain-
level assessment, and the relationship between
antisaccadic performance and the individual MoCA
domains remains to be examined. Finally, the
WML/Fazekas analysis was exploratory, restricted to
participants with MoCA <26 who underwent MRI
examination. It cannot be generalized to the entire
cohort or interpreted as a WML diagnostic model. The
extensive  subgroup analyses were likewise
exploratory, given the limited number of participants
available within subgroups. In the future,
representative cohorts with comprehensive visual and
neuropsychological assessment, external validation in
fully independent settings, and explicit evaluation of
calibration and decision thresholds are needed before
clinical deployment.

In conclusion, among the five EM paradigms
examined, the AST most consistently discriminated
between the MoCA-defined CI and non-CI groups,
retaining significant separation across the VA strata
examined. Building on this finding, we developed
REMoCA, an AST-centered framework that detected
MoCA-defined CI in an external test set and remained
feasible in a prospective community-based proof-of-
concept cohort. Together, these findings position
rapid, AST-based assessment as a candidate, VA-
tolerant basis for advancing cognitive screening in
older adults, pending validation in larger, independent

cohorts.
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