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Abstract

INTRODUCTION: Eye movement alterations are effective biomarkers for Alzheimer’s
disease (AD). This study examines task-evoked pupillary responses (TEPRs) as poten-
tial biomarkers of the mild cognitive impairment (MCI), the symptomatic stage
preceding AD.

METHODS: The prospective cohort study included 213 MCI patients and 514 cogni-
tively normal controls (CNs). Participants performed a prosaccade (PS) or antisaccade
(AS) task while their eye movements were tracked using a Tobii Pro Spectrum system.
RESULTS: The CNs showed unique TEPRs linked to better performance, characterized
by larger baselines, greater PS target-onset variability, and smaller AS target-onset
variability. Conversely, for MCI patients, better performance was linked to larger AS
target-onset sizes. Furthermore, MCI patients displayed reduced dilation during the
cue and target-onset periods compared to CNs.

DISCUSSION: MCI patients showed altered pupillary response patterns associated
with cognitive task performance, highlighting the potential of oculomotor changes as
a biomarker for early cognitive decline.

KEYWORDS
locus coeruleus, mild cognitive impairment, oculomotor, pretectal olivary nucleus, pupil size,
saccades, superior colliculus

Highlights

* MCI patients displayed markedly smaller pupil dilation than CNs in response to cue
and target stimuli.

* For MCI patients, larger pupil size upon target appearance during antisaccades
correlated with better performance.

* Faster and more consistent prosaccades were linked to better performance in both
groups.

» For MCI patients, the association between longer AS latencies and better perfor-

mance was more pronounced than in CNs.
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* Combined analysis of TEPRs and saccade performances in a sizeable cohort

strengthens the generalizability of our findings to the broader MClI population.

1 | BACKGROUND

Cognitive impairment, particularly in the form of mild cognitive impair-
ment (MCI), is a significant concern in our aging society.! MCI repre-
sents a transitional phase between normal aging and dementia, marked
by subtle cognitive deficits, making the identification of early indicators
imperative as the global population ages.? Recognizing subtle cogni-
tive changes in MClI is essential for early intervention and effective
management.>

Within this context, delving into intricate cognitive processes
through innovative methodologies is crucial for advancing our under-
standing of MCI. Eye-tracking (ET) technology has emerged as a precise
and noninvasive tool, providing a unique window into the functioning of
the human brain.*~¢ One particularly promising avenue of exploration
lies in analyzing saccades and pupillary responses.®~8

Pupillary responses, once regarded as mere physiological reflexes,
are valuable indicators of cognitive states such as attention, emo-
tional states, and motor planning.® The pupil size measurement has
increasingly found applications in clinical investigations.?~12

The task-evoked pupillary response (TEPR) is an involuntary pupil
dilation reliably reflecting a spectrum of cognitive processes during
tasks like memory retrieval, attention, and problem-solving.*1% The
TEPR is a transient dilation lasting seconds, typically under 0.5 mm.*
Consistent with this, studies have shown increased pupil size with
increasing cognitive load, reaching a plateau at peak demand.1>16

Pupil size modulation involves a complex network integrating
sensory, attentional, and cognitive influences. The pretectal olivary
nucleus (PON), superior colliculus (SC), and locus coeruleus (LC)
pathways play a key role, dynamically adjusting pupil responses to
reflect the interplay between visual processing and broader cognitive
functions.®

While TEPR shows promise as a marker for Alzheimer’s disease
(AD),Y7 its utility in MCI remains unclear. This study investigates the
potential of TEPR during interleaved prosaccade (PS) and antisac-
cade (AS) tasks as early markers of MCl-related cognitive decline. We
further explore the cognitive factors influencing AS performance. AS
tasks, known to be more challenging than PS tasks, have shown greater
efficacy in differentiating MCI from controls.” This is likely due to
the increased activation of oculomotor networks and recruitment of
additional brain regions during AS trials compared to PS tasks.

Investigating cognitive factors influencing AS performance in MCl
holds significant value. First, it enhances our understanding of the
neural mechanisms underlying MCI. Second, the sensitivity of AS
tasks to subtle impairments allows for early detection, particularly in
individuals at risk of AD. Finally, it aids in differentiating normal age-
related decline from MCI, a crucial step for accurate diagnosis and
intervention.

2 | METHODS

2.1 | Participants

The study recruited 832 participants categorized as MCl patients and
age-matched controls (CNs) from the Gwangju Alzheimer’s Disease
and Related Dementia Center (GARD). All underwent clinical eval-
uations, including neuropsychological testing and Clinical Dementia
Rating (CDR) scale assessment. CNs had a CDR score of 0, while MCI
patients had a CDR of 0.5 with cognitive decline in specific domains
according to Albert et al.’s*® criteria.

MCI diagnosis was based on the Seoul Neuropsychological Screen-
ing Battery-Second Edition (SNSB-II). Patients had a z score less than
—1.5in at least one cognitive domain. All participants also completed
the Korean Mini-Mental State Examination (MMSE) within the SNSB-II
battery.!?

Prospective participants underwent magnetic resonance imaging
(MRI) scans to assess for brain atrophy or focal lesions. Individuals with
MRI-identified lacunes or white matter hyperintensities graded two or
more on established scales?%2! were excluded. Participants with <3
years of education, and those diagnosed with AD, ocular conditions (eg,
cataracts, glaucoma), or color blindness (due to color-coded task cues)
were excluded. Additionally, 55 individuals were removed due to inade-
quate data quality or calibration failures (33 CNs, 22 MCI). Of the initial
832 participants, 105 were excluded, resulting in a final sample of 727
(see Figure 1).

The CNs group comprised 514 subjects, of which 287 were females
whereas the MCI group consisted of 213 subjects, with 108 females
(see Table 1). We obtained written informed consent from all partici-
pants or their legal guardians after providing a detailed description of
the study, which was approved by the Chonnam National University
Hospital Institutional Review Board (IRB no CNUH-2019-279).

2.2 | ET recordings and the experimental paradigm
Saccadic eye movement data were collected using a Tobii Pro Spectrum
system and processed with Tobii Pro Lab version 1.118. Visual stimuli
were presented on a monitor approximately 65 cm from the partici-
pants. Furthermore, we used a desk with adjustable chin and forehead
rests to maintain a suitable angle between each participant’s gaze and
the ET monitor.

The experiment employed an interleaved PS/AS task design. Each
session comprised 30 blocks of 3 trials, two PS, and one AS. PS and
AS conditions and left/right peripheral targets (+10°) were random-
ized within blocks. Participants fixated centrally and executed saccades
toward (PS) or away from (AS) targets cued by green or red colors,
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FIGURE 1 CONSORT flow chart illustrating enrollment and exclusion criteria for this study. AD, Alzheimer’s disease; CN, cognitively normal
(controls); CONSORT, Consolidated Standards of Reporting Trials; MCI, mild cognitive impairment.

TABLE 1 Cross-sectional demographic data for the CN and MCI
cohorts.

CN, MCI,
Characteristic N=514° N=213° p-value®
Age 71.4(6.2) 73.2(6.8) <0.001
Sex 0.2
Female 287 (56%) 108 (51%)
Education 10.8 (4.3) 10.4 (4.6) 0.2
MMSE 27.69(1.85) 25.92(2.90) <0.001
Attention 9.71(2.17) 8.32(1.88) <0.001
Language 0.20(0.29) —0.10(0.50) <0.001
Visuospatial 0.53(0.39) 0.29(2.47) 0.2
Memory 0.33(0.59) —0.48(0.67) <0.001
Frontal 0.24(0.57) -0.34(0.71) <0.001

Abbreviations: CN, cognitively normal controls; MCI, mild cognitive impair-
ment; MMSE, Mini-Mental State Examination.

aThe values represent the mean (standard deviation [SD]) for continuous
variables and n (%) for categorical variables.

bThe p-values for the continuous variables were obtained using the two-
sample t-test. The p-values were derived from the chi-squared test statistics
for the categorical variables. The bold fonts indicate a p-value lower than
0.05.

respectively (Figure 2). The timing of onset on the peripheral target

was fixed, appearing immediately after the 200 ms gap period. The tar-

get remained visible for 1500 ms before the next trial began, with no
inter-trial interval. Only trials where the gaze met the area of inter-
est specifications were included in the final analysis. The standardized
pipeline used to preprocess the gaze data has been described in detail
elsewhere.?2

2.3 | Data analysis

2.3.1 | Saccadic eye-movement data

Saccadic eye movement data were preprocessed using MATLAB. Eye
movement responses were categorized using an area of interest (AOI)-
based decision algorithm into correct saccades, anticipatory errors,

omissions, and corrected/uncorrected inhibition errors.22

2.3.2 | Pupillary dynamics analysis

We used pupillometryR and GazeR packages?32“ to preprocess pupil
data. The preprocessing involved (1) blink artifact removal using a
velocity-based algorithm with a 100 ms exclusion window, (2) consol-
idation via left and right pupil size averaging, (3) cubic interpolation
smoothing, and (4) down-sampling from 300 to 30 Hz. Data cleaning
included removing missing points and trials exceeding a 75% exclusion
threshold.2?



40f 10 Diagnosis, Assessment

OPWONVYAET AL.

Disease Monitoring

Cue: Prosaccade

Fixation

I \
I \

SO @

Cue: Antisaccade

(500 ms) (800 ms)

- E]
Gaj
v

Target Prosaccade

e

Target Antisaccade

7 /
/ !

@

(200 InS) (1500 ms)

FIGURE 2 Theinterleaved PS/AS paradigm. The trial commenced with a 500 ms fixation point against a black background. Cue colors, green
for PS and red for AS, indicated the trial condition. After a cue period of 800 ms, the stimuli disappeared for 200 ms before the target appeared, +
10° from the center. The target remained on the screen for 1500 ms. AS, antisaccade; PS, prosaccade.

A robust baselining approach was applied to account for inter-
participant variability in baseline pupil size. Pupil diameter data were
then differentially subtracted from this baseline for each trial, enabling
analysis of pupil dynamics within critical epochs—this subtractive cor-
rection aimed to isolate the contributions of constriction and dilation
to observed pupil size differences.

Three key epochs were analyzed (Figure 3), labeled as follows:
(1) FIXend (for “fixation end”), spanning 450 to 500 ms after fixa-
tion onset, reflecting early visual processing and gaze stabilization; (2)
CUE epoch (“cue presentation”), extending from 700 to 1300 ms after
fixation onset, capturing attentional shifts and cognitive processing
triggered by the cue; and (3) TARon (“target onset”), focusing on 1500
to 1580 ms after fixation onset, reflecting responses to target pre-
sentation and potentially revealing insights into decision-making and

motor preparation.122°.26

2.3.3 | Statistical analysis
To investigate how task characteristics and cognitive status influence
pupil size while accounting for age differences, we employed an age-
adjusted linear mixed-effects model (LMM) using the Ime4 package in
R.27

We employed multiple linear regression analysis to assess the
independent contributions of pupil size and saccade latency to task
performance. Potential multicollinearity was evaluated using vari-
ance inflation factors (VIFs) with a threshold of <5.28 We verified
model assumptions by inspecting diagnostic plots for homoscedasticity
(scale-location plot) and normality of residuals (Q-Q plot). If normal-

ity was violated, the outcome variable was log-transformed. Finally,

influential cases were identified via residuals versus leverage plots
and included in the analysis with and without them. Consistent results
across models indicated no need for case removal.

Group differences in performance were examined using Student’s
t-test. Statistical significance was assumed as p < 0.05. Partial correla-
tion coefficients and their associated p-values were computed for each

oculomotor variable and cognitive score after controlling for age.2?

3 | RESULTS

3.1 | AS performance variability

The multiple linear regression model included saccadic and pupillary
metrics as predictors (Table 2). Due to our ET task’s interleaved and
counterbalanced nature, PS variables were incorporated to predict AS

performance.

3.1.1 | Cognitively normal controls

The regression model significantly predicted task accuracy (F(11,
412) = 12.07, p < .0001), explaining 24.4% of the variance (R? = .244).
This effect size remained substantial after adjusting for model com-
plexity (adjusted R? = .224).

Our analysis revealed that a larger baseline pupil size during AS
tasks was associated with better performance (8 = 0.093, p = 0.036).
Interestingly, task-induced cue dilation did not significantly predict
accuracy in either PS or AS tasks. However, the variability in pupil

size following target presentation emerged as a key factor. Higher



OPWONVYAET AL.

Diagnosis, Assessment 50f 10

0.025

Change from baseline (mm)

0.0001.

FiXend

-0.025

Disease Monitoring

P

— CN Prosaccade
— CN Antisaccade
«++ MCI Prosaccade
*+* MCl Antisaccade

.......... TARon

1200 1300 1500 1580

Time from fixation onset (ms)

FIGURE 3 Pupillary measurements were employed to assess constriction and dilation responses. Three specific epochs were designated for
pupil analyses: FIXend, 450 to 500 ms after fixation onset; CUE, 700 to 1300 ms after fixation onset; TARon, 1500 to 1580 ms after the initiation of
the target stimulus. The solid/dashed-dotted lines depict the mean values of data points within each group, while the shadows represent the SE
values associated with each group’s data points. CN, cognitively normal (controls); CUE, cue presentation; FIXend, fixation end; MCI, mild cognitive

impairment; SE, standard error; TARon, target onset.

variability in PS tasks and lower variability in AS tasks were linked to
better accuracy (3=0.172,p < 0.0001; 8= —0.100, p = 0.040).

Saccadic latencies were critical in task accuracy, revealing distinct
patterns for PS and AS. Shorter and less variable latencies in PS tasks
were associated with better performance (8 = —0.259, p < 0.0001;
B=-0.211,p <0.0001). Conversely, for AS tasks, longer latencies were
linked to improved accuracy (3= 0.158, p = 0.005).

3.1.2 | Mild cognitive impairment

The model significantly predicted task accuracy (F(11, 162) = 14.88,
p < .001), explaining 50.3% of the variance (R? = .503). This substan-
tial effect size remained robust after adjusting for model complexity
(adjusted R2 = .469).

While baseline pupil size and average peak dilation during PS and AS
tasks did not significantly predict accuracy, increasing pupil size follow-
ing target presentation in AS tasks emerged as a significant predictor
(8=0.179,p=0.027).

Saccadic latencies were critical in task accuracy, revealing dis-
tinct patterns for PS and AS. Shorter and less variable PS latencies
were associated with better performance (8 = —0.281, p < 0.0001;
B=-0.412,p < 0.0001). Conversely, for the more demanding AS tasks,
longer latencies and higher variability in latencies were both linked to
improved accuracy (8=0.331,p <0.0001; 3=0.129,p = 0.029).

3.2 | Task-evoked pupil changes

Pupil size was examined within CNs and MCI groups during PS and AS
tasks. CNs served as the group reference, with the PS task as the refer-
ence task. Besides the baseline pupil sizes, all TEPRs are measured as

change from the baseline (Figure 4).

3.2.1 | Baseline pupil diameter

Baseline pupil size did not differ significantly between groups (mean
difference [MD]: 0.026 mm, p = 0.520). Interestingly, the AS task
elicited smaller baseline pupil sizes than the PS task (MD: —0.005 mm,
p = 0.024). This effect was confirmed by estimated marginal means,
although direct comparisons between tasks within each group revealed
no significant differences (Figure 4A).

3.2.2 | Peak cue dilation size
Patients with MCI exhibited smaller maximum dilation than controls
(MD: -0.0090, p =0.019). In contrast, the type of cognitive task did not
significantly affect pupil dilation (MD: 0.0016, p = 0.442).

We examined pupil dilation across tasks within each group. While

no significant differences emerged between PS and AS tasks for CNs
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TABLE 2 Pupillary and saccadic predictors of antisaccade performance in CN and MCl groups.
Cognitively normal controls
Predictors Beta () SE Cohens f2 95% Cl p
Pupil
AS baseline 0.093 0.044 0.011 0.006,0.180 0.036
PS cue dilation 0.086 0.066 0.004 -0.043,0.216 0.189
AS cue dilation 0.041 0.070 0.001 -0.096,0.178 0.558
PS target 0.032 0.065 0.001 -0.096,0.159 0.625
PS target SD 0.172 0.048 0.031 0.078,0.267 <0.001
AS target 0.082 0.067 0.004 —-0.050,0.215 0.224
AS target SD -0.100 0.049 0.010 -0.196,-0.004 0.040
Saccade
PS latency -0.259 0.064 0.040 —-0.384,-0.133 <0.001
PS latency SD -0.211 0.056 0.034 -0.322,-0.100 <0.001
AS latency 0.158 0.056 0.020 0.049,0.268 0.005
AS latency SD 0.042 0.048 0.002 -0.052,0.137 0.382
Mild cognitive impairment
Predictors Beta (B) SE Cohens f2 95% Cl p
Pupil
AS baseline 0.007 0.060 0.000 -0.111,0.125 0.905
PS cue dilation -0.034 0.079 0.001 -0.190,0.123 0.673
AS cue dilation 0.071 0.077 0.005 —-0.082,0.224 0.363
PS target -0.137 0.078 0.019 -0.291,0.018 0.082
PS target SD 0.015 0.058 0.000 -0.099,0.130 0.794
AS target 0.179 0.080 0.031 0.021,0.338 0.027
AS target SD -0.089 0.061 0.013 -0.209,0.030 0.143
Saccade
PS latency -0.281 0.080 0.076 -0.439,-0.123 0.001
PS latency SD -0.412 0.078 0.173 -0.566,-0.258 <0.001
AS latency 0.331 0.064 0.165 0.204,0.457 <0.001
AS latency SD 0.129 0.058 0.030 0.014,0.244 0.029

Note: The beta (8) estimates represent the standardized coefficients of the regression. Cohens f2 represents the effect sizes. VIFs assessed multicollinearity
among predictors. We eliminated predictors with VIFs over 5. Consequently, some predictors were not included in the final model.
Abbreviations: AS, antisaccade; Cl, confidence interval; SD, standard deviation; SE, standard error PS, prosaccade; VIF, variance inflation factors.

The bold fonts indicate a p-value lower than 0.05.

or MCI participants, a group difference was observed during the AS
task. Here, CNs displayed larger peak dilation than MCI patients (MD:
0.0173,p < 0.001) (Figure 4B).

3.2.3 | Maximum constriction magnitude
While cognitive status did not exert a significant effect (MD: —0.0032,
p = 0.531), the task type had a substantial impact. Pupils were signifi-
cantly less constricted during the AS task than the PS task (MD: 0.0270,
p <0.001).

Estimated marginal means analysis revealed no significant dif-
ference in pupil constriction magnitude between groups during PS

tasks (Figure 4C). However, within each group, significant task-related
effects emerged. CNs and MCl participants exhibited smaller constric-
tion magnitudes during PS tasks than AS tasks (CNs: MD = —-0.02696,
p < 0.0001; MCI: MD = -0.01699, p = 0.0004). Additionally, CNs dis-
played smaller constriction magnitudes than MCI participants during
AS tasks (MD =0.01314, p =0.0476).

3.24 | TARon pupil size

We found that cognitive status alone did not significantly alter pupil
size (MD: —0.0011, p = 0.832). However, the type of task played a cru-
cial role, with the AS task leading to a significantly larger increase in
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FIGURE 4 Pupil size during the task events. (A) Absolute pupil diameter during the fixation epoch (450 to 500 ms) after fixation onset. (B)
Peak cue dilation. (C) Maximum constriction size. (D) Target onset pupil size between PS and AS for CN controls and individuals with MCI. AS,
antisaccade; CN, cognitively normal; MCI, mild cognitive impairment; PS, prosaccade. *p < 0.05, **p < 0.001, ***p < 0.0001.

pupil size than the PS task (MD: 0.0294, p < 0.001). Additionally, we
found a significant interaction between cognitive status and task type
on pupil size. Specifically, the AS task resulted in a greater increase in
pupil size among CNs than MCI (MD: —0.0154, p = 0.004).

Pairwise comparisons following TARon revealed no significant dif-
ference in pupil size between CNs and MCI participants during PS
tasks (Figure 4D). However, pupil size was significantly smaller within
each group during PS tasks than AS tasks. CNs displayed a more pro-
nounced decrease (MD: —0.0292, p < 0.001) than MCI participants
(MD: —0.0139, p = 0.010). Additionally, CNs had smaller pupil sizes
overall during AS tasks than MCl participants (MD: 0.0165, p=0.011).

3.3 | Partial correlation analysis

We observed significant correlations between oculomotor variables
and cognitive scores in CNs and MCI groups. However, after adjust-
ing for age, these associations substantially weakened in the MCl group
(Figure 5).

4 | DISCUSSION

Current methods for detecting MCl often lack sensitivity to subtle cog-
nitive decline. This study investigates the interplay between saccadic
eye movements and pupillary responses during a cognitive task in MCI

patients and CNs. We aim to identify how these oculomotor dynam-

ics relate to the cognitive factors influencing AS performance. Building
on prior research establishing TEPR as a marker of cognitive load and
processing, we extend this by examining TEPR in conjunction with sac-
cadic performance. By analyzing these combined responses, we seek to
identify unique alterations in ocular patterns associated with MCI.

To examine the relationship between ocular measures and AS
task accuracy in both groups, we analyzed pupil size during FIXend,
CUE, and TARon epochs, along with saccadic latency. These epochs
were selected to capture potential pupillary correlates of cognitive
processes affected in MCI.

Our findings reveal differences in pupil variable influences on task
performance between the CNs and MCI groups. CNs participants
demonstrated that pupil metrics during fixation and postcue epochs
predict task performance, suggesting a robust oculomotor system
underpinned by efficient visual processing. High-level visual process-
ing is deeply intertwined with cognitive processes, where memories,
expectations, and goals shape our conscious visual experience. This
integration allows us to see the world and interpret and act upon it in
a contextually appropriate manner.3° Conversely, MCl patients exhib-
ited predictive pupil variables solely in later task stages. This observed
shift in reliance from early to late task stages in MCI patients may
reflect underlying deficits in visual processing. These results corrobo-
rate previous research indicating that visual processing, attention, and
processing speed collectively influence AS task performance.26:31

Larger baseline pupil size during AS tasks correlated with improved
accuracy in control participants. Additionally, higher pupil size variabil-

ity following PS targets and lower variability following AS targets were
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FIGURE 5 Significant partial correlations of oculomotor variables with cognitive scores for (A) cognitively normal and (B) mild cognitive
impairment groups. AS, antisaccade; MMSE, Mini-Mental State Examination; PS, prosaccade.

linked to better performance. These findings suggest that increased
baseline pupil size may reflect heightened arousal or attentional readi-
ness, benefiting inhibitory control. In contrast, for the MCI group,
improved accuracy was associated solely with larger pupil size at target
presentation during AS tasks.

Saccadic latencies and their variability also played a role in both
groups. Shorter latencies, lower latency variability in PS tasks, and
longer latencies in AS tasks were linked to higher accuracy for both
groups.

Our analysis of TEPR revealed a key difference in the CUE epoch.
This peak pupil size, termed the cue peak size, reflects cognitive
load/effort and is influenced by attention, working memory, and other
cognitive processes.?2-3% Individuals with MCI displayed a smaller cue
peak size than controls, suggesting altered information processing and
resource allocation during the task. This aligns with known executive
function deficits in MCI, particularly those affecting preparation for
upcoming demands. The reduced cue peak size in MCI might reflect
decreased attentional engagement with the cue due to difficulties
inhibiting prepotent saccades and generating goal-directed saccades,
both crucial for AS tasks.?2 These results implicate potential dysfunc-
tion in descending neural circuits from the cerebral cortex and the SC,
critical in mediating attention shifts and eye movements. Abnormali-
ties in these circuits, known to influence pupil size, could contribute to
the observed differences in pupillary responses during the CUE epoch
in MCl patients.

TEPR patterns during target presentation revealed a significant
interaction between cognitive status and task type. Unlike con-
trols, MCI participants struggled to adjust to the increased cognitive

demands of AS tasks, suggesting impaired compensatory processes.3>

This pattern aligns with Granholm et al.’s findings of pupil dilation peak-
ing near capacity and declining thereafter in a digit span task.'® Such
observations are consistent across various cognitive tasks, particularly
those requiring attentional resources and language processing.32-34

TEPR analysis revealed distinct patterns of pupil size response
between CNs and MCI participants, particularly during the more
demanding AS task. During the AS CUE epoch, CNs displayed a larger
pupil peak and less constriction than MCI. This suggests CNs engaged
in more active cognitive processing in response to the increased
demands of the AS task. Furthermore, larger pupil sizes in CNs during
the AS TARon epoch potentially reflect enhanced saccade preparation
and superior cognitive control mechanisms. These findings align with
previous research showing reduced activation in brain regions cru-
cial for AS tasks, such as the frontal eye field (FEF) in MCI individuals
compared to CNs.3¢

In contrast, the PS task, known for its lower cognitive demands,
did not reveal significant differences in pupil sizes between CNs
and MCI subgroups. This observation aligns with the expectation
that simpler tasks may not sufficiently reveal differences in pupillary
responses between the groups, attributable to the minimal cognitive
load imposed by the PS task.3*37 For CNs and MCI participants, the
AS task elicited smaller pupillary constrictions (CUE) and larger dila-
tions (TARon) than the PS task. These findings highlight pupil size
modulation by cognitive variables, with differences becoming particu-
larly pronounced following task cues (CUE and TARon). These epochs
mark critical moments where pupil size is linked to cognitive processing
and attentional demands. The observed pupillary responses under-
score the role of pupil size as a dynamic marker of cognitive load and

attentional engagement.
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The observed attenuation of significant correlations between ocu-
lomotor variables and cognitive scores after adjusting for age indicates
that age is a critical confounder in the relationship between oculomo-
tor dynamics and cognitive performance in MCl patients. The reduced
significance of these correlations in the MCl group reveals the intricate
interplay between aging and cognitive impairment, suggesting that age
may obscure or interact with the oculomotor alterations linked to cog-
nitive deficits. Consequently, it is imperative to account for age-related
factors when interpreting oculomotor data in studies of cognitive
decline. To disentangle the specific contributions of aging and cognitive
impairment on oculomotor performance, future research should focus
onisolating these effects in MCl and related populations.

Our findings highlight the complex interplay between TEPR, saccade
measures, and cognitive functions mediated by brain regions crucial
for AS task execution. This highlights the multifaceted nature of AS
task performance and the impact of cognitive status on accuracy. ET
using pupillary and saccadic measures may be valuable tools to detect
dysfunction in neural substrates underlying AS performance in MClI,
potentially reflecting abnormalities in these brain regions.

Furthermore, the AS task’s sensitivity to cognitive variables
like working memory, attention, and inhibitory control suggests its
potential as a marker for neuropsychiatric disorders with simi-
lar impairments, such as schizophrenia, bipolar disorder, attention-
deficit/hyperactivity disorder, autism spectrum disorder, and Parkin-
son’s disease. Consequently, the AS task emerges as a sensitive and
robust indicator of cognitive and neural dysfunction across a spectrum
of disorders, underscoring its potential utility in clinical settings.

While our investigation offers valuable insights into the relationship
between cognitive processes, ocular responses, and saccadic tasks, it
is essential to acknowledge certain limitations. A primary limitation
of the present study is the use of uncontrolled daylighting conditions.
This introduces confounding luminance effects that can obscure cog-
nitive influences on pupil size. Variation in room luminance due to
incomplete blockage of outdoor solar luminance potentially affected
participant comfort and task performance. While efforts were made
to maintain consistent conditions, this remains a notable limitation.
Future studies should consider employing head-mounted displays or
virtual reality headsets with ET capabilities. These technologies offer
controlled visual environments, mitigating the impact of external lumi-
nance variability. While ET offers a cost-effective and noninvasive
method for studying cognitive function, pupil size is a composite mea-
sure influenced by cognitive load, arousal, and luminance. This limits its
direct interpretation as a neural marker.

While saccadic deficits in MCl during AS tasks are well-documented,
disentangling preparatory from execution process contributions
remains unclear. Previous functional MRI research3® revealed
increased preparatory activation in frontal and parietal regions for AS
compared to PS tasks. Discerning whether oculomotor dysfunction
in MCI reflects preparatory or execution deficits requires further
investigation considering these activation patterns.

In summary, while saccadic paradigms, particularly PS and AS tasks,
have been extensively studied in relation to cognition and MCI, the

novel contribution of this study lies in the exploration of pupillary
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responses during these tasks in a large cohort. The findings revealed
that AS trials activate the oculomotor network more and are associ-
ated with greater cognitive demand than PS tasks. Furthermore, MCI
patients displayed distinct pupil dilation patterns, suggesting poten-
tial deficits in attention allocation or processing capacity. Oculomotor
dynamics, including pupil dilation, variability, and saccadic latencies,
emerged as significant predictors of task accuracy in both CNs and MCl
groups.
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