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Abstract

Background: Many neurological and cognitive disorders have early oculomotor hallmarks.
The Oculo-Cognitive Addition Test (OCAT) is a quick, objective screening tool that mea-
sures eye movement and time-based biomarkers of cognitive processing during simple
mental addition tasks in under two minutes. Normative values for age, sex, education level,
and apolipoprotein E Type 4 (APOE ¢4) carrier status must be established so cognitively
normal populations are not misdiagnosed. Methods: A total of 382 participants completed
OCAT, with 350 participants making up the normative cohort from which raw gaze data
were processed to derive fixations, saccades, blinks, pupillary dynamics, and time-based
features. Separate multiple linear regression models were fitted for each feature with age,
sex, education, and APOE &4 carrier status as predictors to establish demographic-adjusted
normative equations. Results: Processing time, fixation time, fixation size and fixation area
and their variability increased progressively from the first to the third number within each
addition sequence, consistent with increasing cognitive workload. Demographic-adjusted
multiple linear regression models generated normative equations for individual OCAT fea-
tures based on age, sex, education, and APOE &4 carrier status. These models were used to
derive individualized expected values, 95% reference intervals, and z-scores. Conclusions:
These demographic-adjusted normative equations enable individualized interpretation of
OCAT performance and are necessary steps towards clinical implementation.

Keywords: cognitive performance; cognitive screening; neurocognitive testing; oculomotor;
eye movements; fixation; saccade; Oculo-Cognitive Addition Test

1. Introduction

The eyes, and particularly eye movements, provide a unique window into cogni-
tive processing and neurological function. Effects of early-stage cognitive decline due to
Alzheimer’s disease [1-4], Parkinson’s disease [5,6], and multiple dementias [7,8] can be
reflected in subclinical changes to eye movement patterns. Eye movement abnormalities
can also reveal early signs of diseases that affect motor abilities, like multiple sclerosis
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(MS) [9] or amyotrophic lateral sclerosis (ALS) [10], reflecting the effects of demyelinating
lesions and motor neuron deterioration on optic nerves, cerebellar pathways, and the
brainstem. Oculomotor abnormalities are frequently present in early stages of disease and
often precede other noticeable vestibular or motor symptoms [11,12]. Furthermore, some
reversible causes of cognitive impairment, like concussion [13] or metabolic conditions [14],
can also disrupt normal oculomotor control. Together, these findings highlight the potential
of eye movements as sensitive biomarkers of neurological dysfunction.

Advances in eye-tracking technology have enabled objective, non-invasive quantifica-
tion of oculomotor behavior, making eye movement analysis an increasingly attractive tool
for neurological screening. However, eye movements recorded during simple visual tasks
may not impose sufficient cognitive load to reveal subclinical oculomotor signs of disease
that emerge when multiple cognitive domains are simultaneously engaged. In contrast, eye
movements recorded during cognitively demanding tasks can provide insights into higher
cortical processes, like working memory, executive function, and processing speed [15].
These can reveal subclinical signs of disease or impairment, including abnormalities in
smooth pursuit, saccadic intrusions, fixation instability, and nystagmus, providing greater
sensitivity for detecting early neurological impairment to facilitate timely intervention and
potentially delay disease progression.

Current diagnostic pathways for cognitive impairment present significant barriers.
Gold-standard comprehensive neuropsychological evaluations typically require 4 to 6 h
of specialized testing administered by trained personnel, limiting accessibility for many
patients [16]. Moreover, early signs of these diseases are often overlooked in primary care
settings [17-19], delaying diagnosis and reducing opportunities for intervention.

These limitations highlight the need for a rapid, objective screening tool capable of
identifying individuals at elevated risk for cognitive impairment and neurological diseases.
Such a tool could substantially improve diagnostic efficiency and optimize the use of
limited neurology resources. The Oculo-Cognitive Addition Test (OCAT) [20] is a rapid
digital assessment that combines tracking eye movements during cognitively demanding
mental addition tasks using single-digit numbers, completed approximately under one
minute [21,22]. OCAT leverages the well-established relationship between eye movement
behavior and cognitive function [23,24]. Growing evidence demonstrates that abnormal-
ities in fixation patterns, saccadic dynamics, and other oculometric measures [13,21,25]
emerge during the earliest stages of cognitive decline and may reflect dysfunction in neural
networks [22]. OCAT systematically imposes a progressively increasing cognitive work-
load, as participants sequentially add three single-digit numbers presented at 24 varying
screen locations across 12 addition sequences. This simultaneously engages attention, work-
ing memory, executive function, and processing speed while eliciting horizontal, vertical,
and diagonal eye movements. These movements are captured as potential oculomotor
biomarkers of cognitive and motor impairments. An integrated eye-tracking system cap-
tures detailed oculometric measures, including scan-paths and temporal metrics reflecting
voluntary and involuntary cognitive processes.

Before OCAT can be used to determine abnormal performance, however, normative
values for age, sex, and education level must be determined. Cognitive change happens
across the lifespan, with some impairment occurring in unpredictable, pathological ways,
and some decline following natural, expected patterns. Since normal aging has effects on
oculometric biomarkers [26,27], it is important to measure how these differences across
older adulthood manifest. Additionally, there could be interaction effects between aging
and eye movements that need to be labelled so they are not misinterpreted as signs of
disease in cognitively normal aging participants. Impairment should be diagnosed as a
patient’s performance relative to age-adjusted norms [28].
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Aging effects are not the only factors that must be accounted for when determining
normative values for OCAT’s eye movement and time features. Contemporary researchers
argue that demographic corrections to popular neuropsychological tests should be com-
pleted not only for age, but also for sex and education level [29]. In the case of the Auditory
Verbal Learning Task (AVLT), if biological sex was ignored, older men would be over-
diagnosed with cognitive decline and older women would be underdiagnosed by this
test [29]. Alternatively, some demographics emanate from life experience and lifestyle
choices, like years of education. While there is no conclusive evidence that increased years
of education are protective against cognitive decline, they have been shown to modify
the relationship of Alzheimer’s-related plaques to level of cognitive function in older
adults [30]. Additionally, years of education have been shown to affect neuropsychological
test scores, which require scaling to correspond to magnetic resonance imaging (MRI)-based
measures of dementia, education level notwithstanding [31]. It is crucial that all test-takers
are assessed on an even field to differentiate between true neurological disease and normal
cognitive processing differences resulting from age, sex, and education.

The objective of this work is to generate normative scores for eye movement and
time-related OCAT features that scale for the influences of age, sex, education level, and
apolipoprotein E Type 4 (APOE ¢4) carrier status. Carrying alleles of APOE ¢4 is one of
the strongest known genetic risk factors for Alzheimer’s disease, with increasing risk for
disease and early onset based on the number of alleles inherited [32]. Importantly, having
a genetic predisposition does not mean that a patient necessarily has the disease nor that
they show symptoms. Since all cohort members received genetic testing that determined
their APOE allele types, the research team deemed it scientifically interesting to assess
if APOE ¢4 carrier status in cognitively normal individuals had meaningful effects on
OCAT features.

In this study, eye movement and time-based features were extracted from the raw
gaze data collected during OCAT assessments that were performed at the onset of full
neuropsychological testing appointments in the Department of Neurology [33]. All par-
ticipants in the current cohort have been labelled as cognitively normal, based on their
complete testing, including the Dementia Rating Scale (DRS) and AVLT, as well as imaging
interpreted by a neurologist. It was hypothesized that increasing age would be associated
with slower OCAT-derived oculomotor and cognitive performance, reflected by longer
completion times, increased saccadic latencies, longer fixation durations, and larger fixation
sizes and areas. Additionally, higher educational attainment was expected to be associated
with more efficient task performance, reflected in shorter OCAT completion times and
faster processing during the sequential addition task (i.e., Number 1 + Number 2, and then
(Number 1 + Number 2) + Number 3). The future aim of this work is to develop a fast,
accurate screener for neurocognitive diseases, which requires adjusted models to identify
normal results.

2. Materials and Methods
2.1. Participants

A total of 382 cognitively normal participants from the longitudinal study of the
Arizona Apolipoprotein E (APOE) Cohort [33] completed the OCAT as part of their eval-
uation at the Department of Neurology, Mayo Clinic Arizona. Cognitive normality was
determined based on neuropsychological assessment and independent evaluation by a
study neurologist. The study protocol was approved by the Mayo Clinic Institutional
Review Board (IRB), and all participants provided informed consent. Participants were
required to have normal vision (including normal vision with correction). OCAT was
conducted prior to all neuropsychological testing to neutralize fatigue effects. Data from
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32 participants were excluded because their eye-tracking recordings during OCAT testing
did not meet the predefined minimum “tracking ratio” threshold of 80% (due to signal loss,
poor calibration, unstable gaze, etc.). Therefore, the final normative cohort consisted of
350 participants. Table 1 summarizes the demographic and clinical characteristics of the
normative cohort, including age, sex, years of education, and APOE ¢4 carrier status. These
variables were incorporated into the regression models to establish demographic-adjusted
normative equations for individual OCAT features based on eye movements (fixations,
saccades, blinks and pupillary dynamics) and cognitive performance.

Table 1. Demographic and clinical characteristics of the normative OCAT cohort (N = 350).

Characteristic Overall (N = 350)
Age, years 65.4 9.5
Median (IQR) 66 (59-72)
Range 31-91

Age groups, 1 (%)

<59 years 94 (26.9%)
60-69 years 126 (36%)
70-79 years 111 (31.7%)
>80 years 19 (5.4%)
Female, n (%) 260 (74.3%)
Male, 1 (%) 90 (25.7%)
Education, years 16.6 = 2.2
Median (IQR) 16 (16-18)
APOE &4 carriers, 1 (%) 152 (43.4%)
APOE ¢4 non-carriers, 1 (%) 198 (56.5%)
DRS 140.7 + 2.7
AVLT 9.8+3

2.2. Equipment

The OCAT was conducted in a quiet, well-lit, climate-controlled room at Mayo Clinic
Arizona. The OCAT software (version 1.0) was installed on and administered using a 14”
EyeOn Elite Windows 10 pro tablet (EyeTech Digital Systems, Tempe, AZ, USA). This built-
for-purpose tablet was equipped with an integrated eye tracking device (8 MP Eye Gaze
Camera, EyeTech Digital Systems, Tempe, AZ, USA) for continuous gaze recording during
the OCAT. The tablet screen had a resolution of 1920 x 1080 pixels, and raw eye-tracking
data were acquired at a sampling rate of 120 Hz. Participants were seated approximately
60 cm from the tablet, the recommended reading range distance, which was verified during
the calibration procedure. Before testing, a five-point calibration procedure was performed
to optimize eye-tracking accuracy and recording quality. Calibration quality was verified
after one calibration session, and recalibration was performed when necessary to achieve
an error of less than 0.5 degrees. A guided preview was provided before data acquisition
to minimize task novelty effects, followed by a practice session in which participants
completed one full OCAT trial. This practice trial familiarized participants with the task
and reduced learning-related variability. The subsequent OCAT trial served as the formal
test, and only data from this trial were included in the analyses.

2.3. OCAT Design and Process

The Oculo-Cognitive Addition Test (OCAT) [20] is a digital assessment lasting ap-
proximately one minute that measures eye movements during progressively demanding
mental addition tasks [21,22]. Participants sequentially add three single-digit numbers
presented at varying spatial locations while their eye movements are continuously recorded.
Across 12 addition sequences and 24 screen locations, OCAT elicits horizontal, vertical,
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and diagonal eye movements during systematically progressing cognitive workload. The
integrated eye-tracking system quantifies detailed oculometric measures, including fixation
patterns, saccadic dynamics, scan-paths and temporal metrics reflecting voluntary and
involuntary cognitive processes [13,21,25]. Rather than measuring cognitive performance
or eye movements in isolation, OCAT captures the oculometric features associated with the
cognitive effort required to perform mental computation.

OCAT’s architecture is designed to simultaneously impose a graded cognitive work-
load with multidirectional oculomotor demands. The test consists of completing, as rapidly
as possible, 12 sequences of summing three consecutive single-digit numbers shown sepa-
rately on three consecutive blank screens in seemingly random positions (Figure 1). The
numbers are presented across the full active display area of a 14-inch tablet, measuring
31.0 x 17.4 cm with a 16:9 aspect ratio. As shown in Figure 1, each single-digit number
is displayed in 24-point bold font with black text on a light-green background for the
first two numbers and a light-red background for the final number in each sequence; the
background is sized to fit the numeral displayed rather than using a pre-defined fixed-size
bounding box. Within each sequence, cognitive demand progressively increases from low
to medium to high workload. Low cognitive workload occurs when the participant locates,
reads, and calls out the first number (e.g., 5). Medium cognitive workload occurs when
the participant is required to locate the second number, recall the first, mentally add the
two, and call out their sum (e.g., 5 + 7 = 12). High cognitive workload occurs when the
participant locates the third number, retains the preceding sum in working memory, adds
the third number, and calls out the final sum (e.g., 12 + 6 = 18). Each sequence uses a
different combination of numbers and spatial locations, repeatedly cycling the participant
through progressively increasing cognitive demands. Participants were instructed to main-
tain fixation on the currently displayed number until responding and then visually locate
the subsequently presented number.

| Screen1 I | Screen2 l l Screen3 |

Figure 1. A visual representation of one trial of OCAT. 12 trials of OCAT are completed by each subject
with a different set of three numbers in three different locations. Screens 1, 2, and 3 correspond to
low, medium, and high cognitive workload, respectively. The cloud represents cognitive processing,
and the oval represents the subject’s verbal response.

Although each number’s location appears unpredictable to the participant, the spatial
sequence follows an underlying “infinity loop” structure comprising 24 symmetrical po-
sitions (Figure 2 Left). The 12 addition sequences are systematically distributed to elicit
horizontal, vertical, and diagonal eye movements with each three-number sequence di-
recting gaze predominantly along a defined movement orientation. Hence, while target
locations appear random and cannot be anticipated by the participants, their underlying
spatial organization is controlled. This architecture requires active visual search and en-
ables systematic quantification of oculomotor responses across multiple directions while
cognitive workload increases within each sequence, from low to medium to high.
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®———» Vertical ®——— Diagonal Horizontal

Figure 2. (Left) All 12 unique combinations of sequences in three categories: vertical (blue), diagonal
(red), and horizontal (yellow). (Right) Eye tracking data during OCAT showing the fixations (red)
and saccadic movement (blue).

Throughout the task, an integrated eye-tracking system continuously records the raw
eye movement scan-paths (Figure 2 Right), enabling the extraction of both involuntary
and voluntary oculometric features associated with cognitive effort. The red clusters are
classified as fixations, which is the ability of a person to sustain visual focus on a target.
This measure is representative of the involuntary effects of cognitive processing and effort.
Abnormalities in fixation (i.e., presence of intrusive saccades during a fixation task) have
long been reported as biomarkers of AD [1,4]. The blue lines represent saccadic movements
which are generated when the subject locates a new number between screens. Saccades
are rapid, conjugate eye movements that can occur in response to voluntary focus on an
object of interest (e.g., during tracking or reading). OCAT also quantifies saccade latency,
which is the time elapsed from the appearance of a visual target to the initiation of saccadic
movement and subsequent visual fixation on the target. In addition, several pupil-based
and blink-related features are extracted to capture physiological responses potentially
indicative of cognitive load.

2.4. OCAT Performance Features and Data Processing

OCAT-derived features were categorized into two domains: time-related and eye
movement-related features. The eye movement-related features are further categorized
into (1) fixation features, (2) saccadic features, (3) blink features, and (4) pupillary features
(Table 2).

Time-related features quantified both overall task performance and the speed and
consistency of cognitive processing during each stage of the addition task. These included
overall test completion time (Total Test Time) and the mean and standard deviation (SD)
of the time required to process the first, second, and third numbers across the 12 addition
sequences that comprise a single OCAT assessment (Mean Time and SD for Number 1, 2, 3).
The processing time for each number was calculated independently of the gaze data as
the time elapsed between presentation of the number and the participant’s subsequent
spacebar press to advance to the next number, thereby providing separate processing
times for the first, second, and third numbers within each addition sequence. The time
associated with Number 1 primarily reflects sequence initiation and visual acquisition
of the first number before any arithmetic operation is performed, whereas the times for
Numbers 2 and 3 incorporate the additional cognitive processing required for sequential
mental addition. The corresponding SD measures quantify within-assessment variability in
processing time across the 12 addition sequences and provide an index of the consistency
of cognitive performance.
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Table 2. Descriptive statistics of OCAT features.
OCAT Features Mean Std. Dev. Median P25 P75 Min Max
9 Total OCAT Test Time (s) 66.53 14.05 64.94 56.66 74.67 37.07  112.81
Z 9
Eo % Mean Time # 1 (s) 1.67 0.36 1.63 1.42 1.88 0.81 2.87
S = Std. Dev. Time #1 (s) 0.39 0.25 0.32 0.21 0.53 0.07 1.84
2 é Mean Time # 2 (s) 1.71 0.4 1.64 1.43 1.92 0.84 3.24
= § Std. Dev. Time # 2 (s) 0.44 0.28 0.37 0.24 0.56 0.08 2.34
=
é £ Mean Time # 3 (s) 2.16 0.53 2.1 1.77 244 1.09 4
= & Std. Dev. Time # 3 (s) 0.76 0.47 0.63 0.43 1 0.15 2.64
Mean Fixation Time # 1 (ms) 1233.08 347.05 1213.09 1007.7  1449.42 29455 2363.79
Fluctuation Fixation Time # 1 (ms) 365.02 168.56 324.39 24458  446.88 88.86 975.97
Mean Fixation Size # 1 (mm) 488.65  138.09 472,64  388.03  581.67 150.14 907.44
Fluctuation Fixation Size # 1 (mm) 153.27 6829 13824 10446  184.65 4059 4157
Mean Fixation Area # 1 (mm?) 288.63 95.23 287.11 219.34 351.12  93.81 574.8
" Fluctuation Fixation Area # 1 (mm?) 113.84 49.2 107.68 779 138 28.63  290.63
& Mean Fixation Time # 2 (ms) 1244.03  354.75 1217.02  1013.33 1448.03 23557 2529.07
% Fluctuation Fixation Time # 2 (ms) 35948  161.14 330.73  243.14 44491 96.54  1063.95
& Mean Fixation Size # 2 (mm) 482.04  146.11 467.7 369.27  570.1 133.62  969.79
5 Fluctuation Fixation Size # 2 (mm) 14497  64.54 129.46  96.27 179.19  29.84  371.56
b= Mean Fixation Area # 2 (mm?) 26255 8748 256.14  200.63  313.69 7841  508.73
EE Fluctuation Fixation Area # 2 (mm?) 97.07 39.39 91.23 66.32 119.5 21.77 240.33
Mean Fixation Time # 3 (ms) 1556.62  467.26 1544.32 123098 1821.49 510.77 3076.01
Fluctuation Fixation Time # 3 (ms) 526.73  284.03 453.09 31517  647.5 46.52  1690.16
Mean Fixation Size # 3 (mm) 60825  187.28 59135  457.85 733.04 2173  1137.6
Fluctuation Fixation Size # 3 (mm) 217.55 11476 191.04 13255 271.82 6.72 661.35
Mean Fixation Area # 3 (mm?) 305.12 105.58 297.99 232.51 372.49 79.62 631.77
Fluctuation Fixation Area # 3 (mm?) 11997  52.74 112 81.48 151.27 2143 31217
Mean Saccade Latency (s) 0.55 0.13 0.52 0.45 0.61 0.33 113
Saccade Latency Variability (s) 0.39 0.21 0.34 0.24 0.51 0.07 1.3
B Total Saccadic Path Length in diagonal sequences (deg)  260.2 118.51 22522 17892 30868 67.83 83545
E Total Diagonal Saccadic Path Length (deg) 14434  51.15 134.57 110.27 166.87  30.44 447.39
5 Median Diagonal Saccadic Velocity (deg/s) 30231  47.65 30273 2743 330.38  137.76  473.56
S Total Saccadic Path length in horizontal sequences (deg)  257.11  121.01 228.37 1728 303.94  108.18 956.91
'"g Total Horizontal Saccadic Path Length (deg) 140.23  42.01 13427 11526  156.63 51.26  363.26
134 Median Horizontal Saccadic Velocity (deg/s) 324.84 47.67 327.06 296.89 358.66 155.56  458.85
& Total Saccadic Path Length in vertical sequences (deg) 28421  121.7 256.22 20353  332.64 10413 909.44
Total Vertical Saccadic Path Length (deg) 170.77 9212 148.06  109.65  210.51 3342  670.77
Median Vertical Saccadic Velocity (deg/s) 278.82  58.16 285.13 2384 32047 13022  433.75
v 8 Blink Rate (blinks per minute) 17.91 12.22 16.11 8.18 25.51 0 60.74
g % Mean Blink Duration (ms) 19533  69.83 184.33 14835 23450  0.00 476.00
M » Fluctuation Blink Duration (ms) 111.63  77.58 10291 4242 169.70  0.00 321.82
E‘ o Mean Pupil Diameter (mm) 4.09 0.78 4.02 3.62 4.56 1.96 6.42
i % Fluctuation in Pupil Diameter (mm) 0.28 0.11 0.26 0.21 0.32 0.11 1.01
é & Pupil Coefficient of Variation (%) 6.74 1.70 6.41 5.67 7.36 3.20 17.56

The raw gaze data were pre-processed before eye-movement related features were
extracted. Artifacts were removed with filtering and interpolation-based spike correction
compared to neighboring valid samples. This was done to eliminate outliers or physio-
logically implausible gaze samples that could skew the data. Next, fixations and saccades
were classified using the classification approach described previously [13]. A saccadic
threshold of 1° of visual angle, corresponding to approximately 10.5 mm of sample-to-
sample displacement on the display at the 60 cm viewing distance, was used to distinguish
saccadic transitions from within-fixation gaze movements. Gaze movements exceeding
this threshold were classified as saccadic movements, whereas movements within the
threshold were considered part of a fixation. Because saccade identification was based on
the spatial distance between consecutive gaze samples relative to this threshold, portions of
the eye movement near the saccade boundaries may not be classified as part of the saccade.
Thus, the duration of detected saccades may be underestimated, with a corresponding
overestimation of the classified fixation duration between successive saccades.

https://doi.org/10.3390 /jemr19050113


https://doi.org/10.3390/jemr19050113

J. Eye Mov. Res. 2026, 19, 113

8 of 20

Fixation behavior was characterized using three complementary measures: fixation
time (also commonly known as fixation duration), fixation size and fixation area. Fixation
time represents the temporal characteristic of fixations and is defined as the time elapsed
between the beginning and end of a fixation. Fixation size characterizes the cumulative
spatial movement of gaze within a fixation and is defined as the total spatial scan path
length obtained by summing the point-to-point distances between consecutive gaze samples
within that fixation. In contrast, fixation area characterizes the spatial dispersion of the
fixation and is calculated as the area of the convex hull encompassing all sampled gaze
data points within that fixation. Thus, accordingly, fixation size quantifies how much
distance the gaze travels within a fixation, whereas fixation area quantifies how broadly
those gaze points are distributed in space [13]. When multiple classified fixations were
associated with the processing of a given number, fixations with spatially overlapping
convex hulls were merged and treated as a single fixation. For multiple non-overlapping
fixations, fixation time, size and area were summed to obtain the corresponding fixation
measures for that number.

For each trial of OCAT, mean fixation time, mean fixation size, and mean fixation area
were calculated across fixations across 12 sequences during low, medium, and high cogni-
tive workload. To additionally characterize intra-trial variability, the standard deviations
of fixation time, size, and area within the 12 sequences during low, medium, and high
cognitive workload were calculated and termed fluctuation in fixation time, fluctuation in
fixation size, and fluctuation in fixation area, respectively.

Within each three-number sequence of the OCAT assessment, the intended saccadic
eye movements were arranged in a horizontal, vertical, or diagonal direction, with four
sequences corresponding to each direction. Saccades are rapid, ballistic, conjugate eye
movements that change the line of sight between fixation locations [34] and can occur in
response to voluntary focus on an object of interest (e.g., tracking [23,35] or reading [36]).
Saccadic performance was characterized using measures of latency, velocity, and path
lengths. Saccade latency is the time elapsed from the appearance of a visual target to the
initiation of saccadic movement [23]. In OCAT, mean saccade latency was operationally
defined as the time elapsed between stimulus onset (i.e., number appearing on the screen),
and initiation of the subsequent saccadic eye movement exceeding the 1° saccadic thresh-
old. Small fixational saccades (<1°) were therefore excluded from this measure. However,
because very short-latency saccades (>1°), were not independently classified as anticipa-
tory versus visually driven, this measure represents an operational post-target saccade
latency rather than exclusive measure of visually driven primary-saccade latency. Saccadic
velocity is the angular speed of the eye during a saccadic movement [37,38]. Mean sac-
cadic velocity (deg/s) was calculated separately for the horizontal, vertical, and diagonal
target-transition directions.

The total saccadic path length was calculated to represent the cumulative angular dis-
tance traveled by the eyes during all detected saccades occurring within the four sequences
associated with all three directions, regardless of the direction of the individual saccades.
In contrast, we also measured direction-specific saccadic path length that represents the
cumulative angular distance traveled only by saccades classified as horizontal, vertical,
or diagonal during the corresponding four sequences. Thus, the former quantifies overall
eye movement required to complete the task, whereas the latter quantifies eye movements
specifically aligned with the intended target transition direction.

Finally, blink and pupil-based features were extracted to characterize physiological
responses associated with oculomotor and cognitive load during OCAT. A blink was
operationally defined as a continuous period in which valid gaze coordinates were absent
for both eyes, represented by (—1, —1) coordinates in consecutive samples of raw eye
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movement data. At 120 Hz sampling rate (~8.3 ms/sample), periods of bilateral missing
gaze data lasting between 100 ms and 500 ms were classified as blinks, consistent with
physiologically plausible blink durations. Blink rate was calculated as the total number
of detected blink events per minute of OCAT task engagement, providing a measure of
blink frequency. Median blink duration representing the typical length of the blink was
calculated as the median duration of detected blinks during OCAT.

Pupillary dynamics were characterized using the standard deviation of pupil size
and the coefficient of variation in pupil size. The standard deviation of pupil size was
calculated from continuous pupil diameter measurements during OCAT, reflecting intra-
individual variability in pupil dynamics and potential sensitivity to task demands. To
quantify cognitive stress responses, the coefficient of variation in pupil size was calculated
as the ratio between the standard deviation of the pupil diameter and the mean pupil
diameter during OCAT.

2.5. Data Analysis

Pre-processing of the raw gaze data and extraction of eye movement-related features
were performed using MATLAB R2024a (Mathworks, Natick, MA, USA). Statistical analyses
were conducted in Python (version 3.12.7) using the statsmodels library (version 0.14.6).
Separate multiple linear regression models were fitted for each OCAT feature with age,
sex, years of education, and APOE ¢4 carrier status as prespecified predictors to establish
demographic-adjusted normative equations. Model performance was summarized using
adjusted R? and the root mean squared error (RMSE). For each multiple linear regression
model, residual skewness was evaluated. An absolute residual skewness value >1 was used
as a practical criterion for considering transformation. In all models meeting this criterion,
residual skewness was positive (>1); therefore, the corresponding OCAT-derived feature
outcome was natural log-transformed (In) to reduce positive skewness, and the regression
model was refitted. The residual distribution of each refitted model was subsequently
re-evaluated. For interpretability, RMSE for models fitted to In-transformed outcomes
was reported in the original units by back-transforming the predictions and calculating
the RMSE using the original observed values. This original-scale RMSE was used for
reporting purposes only; z-score and reference limit calculation used the residual RMSE
from the model on the In scale. Model assumptions were evaluated by examining residual
distributions, residual skewness and kurtosis, residual-versus-fitted plots, the Breusch—
Pagan test for homoscedasticity, and variance inflation factors to assess multicollinearity.
For models demonstrating evidence of heteroscedasticity, HC3 heteroscedasticity-consistent
standard errors were used to obtain robust confidence intervals and p-values. Regression
equations were subsequently used to derive adjusted normative reference values and
reference intervals according to age, sex, education, and APOE &4 carrier status.

3. Results

Of the 382 cognitively normal participants who completed OCAT testing, 350 had a
tracking ratio greater than 80%, the pre-defined eye-tracking data quality criterion. No clear
age-related pattern was observed among the excluded participants because of inadequate
eye-tracking quality. However, ocular conditions and technical factors affecting reliable
eye detection may contribute to reduced tracking quality and warrant further evaluation,
particularly when extending OCAT to older and clinically involved populations. These
350 participants comprised the normative cohort used to characterize the distribution of
OCAT-derived oculomotor and cognitive performance features, detailed below. Following
these results are the demographic-adjusted normative regression equations.
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3.1. Descriptive Statistics of OCAT Features

Descriptive statistics for the cognitive and oculomotor performance features derived
from the OCAT for the 350 cognitively normal participants are presented in Table 2. The
summarized features encompass five domains: time-related performance, fixations, sac-
cades, blinks, and pupillary dynamics. For each feature, the mean, standard deviation,
median, 25th percentile (P25), 75th percentile (P75), minimum, and maximum values are
reported to characterize the distribution of normative performance within the study cohort.
These descriptive statistics provide the basis for the development of demographic-adjusted
normative equations and reference values.

The mean total OCAT completion time was 66.5 &+ 14.1 s, with a median of 64.9 s
(interquartile range: 56.7-74.7 s). The mean processing times increased progressively across
the three sequential numbers within each addition sequence, averaging 1.67 s for Number 1
(low cognitive workload), 1.71 s for Number 2 (medium cognitive workload), and 2.16 s for
Number 3 (high cognitive workload). The standard deviation of the processing time for
each number, calculated across the 12 sequences within a single OCAT assessment, also
increased from Number 1 to Number 3.

Fixation-related measures also demonstrated longer fixation durations and greater
variability as participants progressed through the addition sequence. Mean fixation time
increased from 1233 ms for Number 1 to 1557 ms for Number 3, accompanied by corre-
sponding increases in fixation time fluctuation. Similarly, fixation size and fixation area
increased across the three processing stages, consistent with increasing cognitive demands
during sequential calculation.

The median saccade latency was approximately 0.52 s, while median saccadic velocities
differed according to movement direction, averaging 302 deg/s for diagonal saccades,
325 deg/s for horizontal saccades, and 279 deg/s for vertical saccades. Total saccadic path
lengths also varied by movement direction.

Blink measures demonstrated considerable inter-subject variability, with a mean blink
rate of 17.9 blinks/min, and a mean blink duration of 195 ms. Pupillary dynamic measures
were comparatively stable. Across the majority of OCAT features, the proximity of mean
and median values suggested approximately symmetrical distributions, although several
fluctuation measures exhibited broader ranges and greater inter-subject variability.

3.2. Demographic-Adjusted Normative Regression Models

Demographic-adjusted normative equations were developed for each of the 42 OCAT-
derived oculomotor and cognitive features using multiple linear regression models with
age, sex, education, and APOE ¢4 carrier status as prespecified predictors. The resulting
regression coefficients, intercepts, adjusted R?, and root mean squared error (RMSE) for
each feature are summarized in Table 3. For instance, these equations provide the basis
for estimating expected value of OCAT feature and deriving individualized normative
reference values adjusted for demographic and genetic characteristics as follows:

OCAT feature = B0 + B1(age value) + p2(sex value) + B3(education value) +B4(APOE value) (1)

where sex and APOE €4 carrier status values are coded as binary variables (female = 0,
male = 1; and €4 non-carrier = 0; €4 carrier = 1). For In-transformed outcomes, the RMSE
reported in Table 3 was calculated in the original units using back-transformed model
predictions and observed values.

For time-related cognitive performance features, age was a significant predictor for Mean
Time for Number 1 and Std. Dev. Time for Number 1. Age was again a significant predictor
for most fixation features related to Number 1 and Fluctuation in Fixation Size for Number 3.
Similarly, within saccadic features, Mean Saccade Latency, Total Saccadic Path Length during
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Diagonal sequences, Total Diagonal Saccadic Path Length, and Median Diagonal Saccadic
Velocity observed a significant association with age. Sex was a significant predictor for Blink
Rate, and Fluctuation in Blink Duration. The negative regression coefficients indicate that male
category (1) had lower predicted values than female category as the reference (0). In addition,
withing pupillary features, Mean Pupil Diameter and Fluctuation in Pupil Diameter observed
a significant association with age. Overall, there were limited significant findings for sex and
education, with few significant findings for APOE &4 carrier status. APOE ¢4 carrier status
was a significant predictor for Std. Dev. of Time for Number 2 and two blink variables, Mean
Blink Duration and Fluctuation in Blink Duration.

Table 3. Demographic-Adjusted Normative Regression Models.

. RMSE .
Intercept 30 Age 1 Sex 32 Education 33 APOE 34 .. Adjusted
OCAT Features [95% CI] [95% CI] [95% CI] [95% CI] [95% CI] (&riltgsl)nal R?
) 75.71 0.045 —0.54 —0.68 ~1.81
Total OCAT Test Time (s) (5513 93 59 [-0.13-0.22] [-3.83-2.74] [~1.42-0.051] [—4.71-1.09] 138 0.017
) 1.33 0.0058 * ~0.051 ~0.0016 ~0.0049
gy MeanTime#1(s) [0.89-177] [0.002-0.01] [-0.13-0.032]  [~0.02-0.017] [~0.08-0.07] 035 0.026
i . . *
g2 %d(s ;DQV' Time ~1.73 0.011% [_0(')1259_ —0.0016 ~0.047 024 0.04
& Model: In(Y) [-2.39-—1.06]  [0.004-0.017] C0.002] [—0.031-0.027] [—0.17-0.079] : :
=] ) 212 —0.0008 0.0069 —0.02* —0.074
=1
£ g Mean Time #2 (s) [1.61-2.64] [=0.006-0.004]  [—0.089-0.1] [=0.040-—0.00] [~0.16-0.008] 0.39 0.02
g g ) ~0.13 —0.0018 0.023 —0.042* —0.14*
g ‘% Std. Dev. Time #2 (s) [~0.80-0.53] [-0.008-0.005]  [—0.12-0.17] [-0.07-—0.013] [—0.26-—0.008] 027 0.035
& e ) 2.86 ~0.0013 ~0.0013 ~0.035* ~0.071
Mean Time #3 (5) [2.2-3.51] [-0.008-0.005]  [0.13-0.12] [—0.06-—0.007] [-0.18-0.04] 052 0.025
) 047 ~0.0052 0.029 ~0.034* ~0.037
Std. Dev. Time #3 (s) [20.19-1.13] [=0.012-0.002]  [—0.1-0.16] [=0.06-—0.004] [=0.17-0.09] 0.46 0.022
Mean Fixation Time # 1 1116.32 2.39 —26.53 —2.37
(ms) [721.4-15113]  [—1.58-6.36] [~113.4-60.35]  [—19.69-14.96] 10.69[-645-859] 3464 0.005
Fluctuation Fixation
. 0.0094 * —0.064 —0.0053
E/l{glsjll ;r(r;(s)) 52914815781 19005 0.014] (L017.0042]  [-0.027-0.016] 0.0084[—0.084-0.1]  166.63 0.044
Mean Fixation Size 416.40 1.18 4.05 —0.53 1.52 13721 0.005
#1 (mm) [240.11-592.7]  [—0.38-2.74] [-31.17-39.27]  [~8.03-6.97] [~28.11-31.14] : :
ilff;‘rf;on FixationSize ¢4 0.0063* —0.03 —0.0057 —~0.02 6795 0021
Model. InY) [4.15-5.11] [0.001-0.011] [—0.14-0.08] [—0.027-0.015] [—0.11-0.078] . :
Mean Fixation Area 199.93 9.66 0.61 —9.31
#1(mm?) (9249-307.36] 2710122281 Tha gy 333 [L41-533] [—29.77-11.15] 9423 0.021
Fluctuation Fixation 83.39 0.78* 6.51 ~137 ~0.88 1856 0.032
Area#1 (mm?) [28.01-138.76]  [0.22-1.33] [-5.67-18.69]  [—3.79-1.06] [—11.42-9.67] : :
Mean Fixation Time 1566.18 —2.64 69.36 —-10.27 —6.62 347.41 0.014
#2 (ms) [1107-2025.7]  [—6.91-1.64] [-26.3-165.05]  [—29.27-8.74] [—81.02-67.78] : :

. %r‘if“:‘z“&‘ f‘xat“m 6.19 ~0.002 011+ ~0.018 0.006 157.30 0.020

% Mol ln(YS) [5.68-6.69] [—0.007-0.003]  [0.007-0.21] [~0.04-0.003] [—0.088-0.1]

3 Mean Fixation Size 518.96 —0.33 39.15 —1.64 —2.34 14407 0.014

B #2 (mm) [354.5-683.4] [~1.98-1.32] [2.97-75.33] [—8.86-5.58] [—33.7-28.9] : :

S Fluctuation Fixation Size 195.15 —0.24 16.34 —2.52 4.52 63.05 0.021

g #2 (mm) [123.26-7.03] [—0.96-0.49] [0.52-32.15] [—5.68-0.63] [-9.17-18.2] : :

i Mean Fixation Area 226.07 0.68 15.89 —0.49 —12.42 86.47 0.019
#2 (mm?) [127.5-324.7] [~0.31-1.67] [—5.8-37.57] [—4.8-3.83] [—31.19-6.36] : :
Fluctuation Fixation 94.44 0.34 10.17 —1.24 —5.01 38.87 0.03
Area #2 (mm?) [50.12-138.75]  [—0.1-0.79] [0.42-19.9] [~3.18-0.71] [—13.45-3.42] : :
Mean Fixation Time 2109.55 —3.95 59.10 —19.26 11.55 461.48 0.016
#3 (ms) [1583-2635.7]  [—9.24-1.33] [-56.6-174.8]  [—44.34-3.83] [—88.6-111.73] : :
?}Ef:g;ﬁgf xation 6.62 ~0.0043 0.06 ~0.0130 ~0.0124 285.85 001
Model: In(Y) [6.03-7.21] [-0.01-0.002]  [-0.074-0.19]  [-0.039-0.013] [—0.125-0.1] :
Mean Fixation Size # 3 757.51 —1.16 38.97 —5.30 4.05 186.52 0.014
(mm) [544.9-970.17]  [—3.3-0.97] [-7.81-85.74]  [—14.64-4.03] [—36.4-44.54] : :
zg‘(cm)“m FixationSize 5 7 ~0.0063* 0.12 ~0011 0.04 a9 0022
Model. In(Y) [5.16-6.4] [-0.013-—0.0]  [—0.02-0.25] [—0.038-0.017] [~0.078-0.16] : :
Mean Fixation Area #3 265.39 0.98 9.90 —-1.27 —17.69 105 0.019
(mm?) [142.5-388.26]  [—0.134-2.1] [-17.06-36.86]  [—6.81-4.28] [—40.01-4.64] :
Fluctuation Fixation 123.90 0.35 1.79 —1.59 —3.5625 509 0.01
Area#3 (mm2) [63.6-184.21] [—0.25-0.96] [-1147-15.06]  [—4.24-1.06] [—15.05-7.92] :
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Table 3. Cont.
Intercept 30 Age 31 Sex B2 Education 33 APOE 34 RMSE Adjusted
OCAT Features [95% CI] [95% CI] [95% CI] [95% CI] [95% CI] (I%é‘)“al R2
z[)ea“ Saccadelatency g5 0.0055* ~0.015 ~0.0011 ~0.029 013 0,048
Model: In(Y) [-1.2-—0.7] [0.003-0.008] [-0.07-0.04] [=0.012-0.01] [-0.077-0.018]
Saccade Latency -1.22 0.0019 0.017 0.0032
Variability (s) [—1.84-0.6] [-0.004-0.008]  [—0.12-0.15] [~0.024-0.03] —01[-022-0014] 021 0.011
Total Saccadic Path
Length in diagonal 5.29 0.0052 * —0.0062 —0.0079 —0.0487 11754 0.021
sequences (deg) Model: [4.82-5.75] [0.001-0.01] [—0.11-0.095] [—0.028-0.012] [—0.14-0.04] ’ .
In(Y)
Total Diagonal Saccadic
Path Length (deg) ?44174 85] ([)608(?26—3 009] (_060(}9379_0 07] ?._0850% 1-0.022] [:()(.)012_75 044] 50.19 0.028
Model: In(Y) o ) ) ’ ) . . T
Median Diagonal —0.55*
. . 304.30 —8.88 217 2.64
Saccadic Velocity [-1.09- 46.63 0.031
. (deg/s) [251.14-357.5] ~0.018] [—20.58-2.81] [-0.17-4.5] [—7.48-12.76]
=1 Total Saccadic Path
% Length in horizontal 5.28 0.0032 0.019 —0.0016 —0.035 121.15 0.009
& sequences (deg) [4.83-5.74] [—0.001-0.008]  [—0.082-0.12] [—0.022-0.019] [—0.12-0.053] : .
% Model: In(Y)
5 Total Horizontal
3 Saccadic Path Length 5.03 0.0 0.0084 —0.0065 —0.043 42.03 0.008
» (deg) [4.7-5.36] [—0.003-0.003]  [—0.065-0.081]  [—0.021-0.008] [—0.11-0.02] ’ :
Model: In(Y)
Median Horizontal
. X 363.50 —0.4145 —4.60 —0.62 0.26
(s;;:;csl;c Velocity [309.8-417.22]  [~0.93-0.1] [—17.79-859]  [—2.9-1.65] [-10.07-10.6] 47.19 0.01
Total Saccadic Path
Length in vertical 5.49 0.0042 0.012 —0.01 —0.051 1214 0.021
sequences (deg) Model:  [5.07-5.91] [0-0.008] [-0.081-0.11] [—0.03-0.008] [-0.081-0.11] : :
In(Y)
Total Vertical Saccadic
Path Length (deg) 275 45 (200040008  [-018.0076]  [-0023-0029] 0150071 oL77 0.004
Model: In(Y) i ’ ’ ’ : ’ : ! ’ ’
_ *
Median Vertical Saccadic ~ 274.12 0022 iy 077 —327 571 0017
Velocity (deg/s) [208.93-339.3]  [—0.68-0.63] Co00) [-2.09-3.63] [-15.68-9.15] : :
" Blink Rate (blinks per 8.52 —0.35 —4.61% 0.2 —0.35 12,03 0.032
g minute) [-5.2-22.23] [—0.021-0.26] [-7.62-—1.59]  [—0.4-0.8] [—2.96-2.26] : :
a;; Mean Blink Duration 254.97 —-0.4 —12.06 —-1.23 —22.48* 68.89 0.036
3 (ms) [176.43-3335]  [—1.19-0.39] [—29.34-5.22] [~4.68-2.21] [—37.44-—7.53] : :
_ *
_é Fluctuation Blink 144.48 0.12 [_2:39'2311_ —1.63 —19.85* 76.13 0.033
= Duration (ms) [57.69-31.28] [—0.75-0.99] 1 1'2] [—5.44-2.18] [—36.38-—3.33] ’ .
. —0.0271*
* Mean Pupil Diameter 5.60 [=0.035- —-0.16 0.0204 —0.0877 0.73 013
£ (mm) [4.77-6.43] C0.02) [-0.35-0.019] [~0.016-0.057] [—0.25-0.07] : :
§ Fluctuation in Pupil —0.0087 *
= . —0.73 —0.02 —0.0005 —0.048
- Diameter (mm) Model: 1o [-0.01- - - -~ - 0.1 0.068
g In(Y) [—1.09--0.37] ~0.005] [—0.099-0.06] [—0.016-0.015] [—0.12-0.021]
S Pupil Coefficient of
& . 213 —0.0022 0.024 —0.0059 —0.026
S %. : . .
£ }I’fg{?hon (%) Model [1.87-2.39] [-0.005-0.00]  [—0.033-0.081]  [—0.017-0.005] [—0.075-0.024] 169 0.014

* Significant values p < 0.05.

Model diagnostics are summarized in Table 4. Overall, the multiple regression models

demonstrated acceptable performance across the OCAT features. Residual distributions

evaluated using residual skewness and kurtosis were close to values expected for approxi-

mately normal residuals across all OCAT-derived features. Evidence of heteroscedasticity

using the Breusch—Pagan test was observed for only nine of the 42 features (p < 0.05). As

mentioned before, for these features, HC3 heteroscedasticity-consistent standard errors

were applied to obtain robust confidence intervals. Multicollinearity among the predictors

was negligible, with all variance inflation factors close to 1.0 and a maximum VIF of 1.02.

Collectively, these findings support the suitability of the regression models for developing

demographic-adjusted normative ranges for OCAT-derived eye movement and cognitive

performance measures.
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Table 4. Diagnostic assessment of the normative regression models.

Residual

OCAT Features Skewness Kurtosis Breusch-Pagan p
Total OCAT Test Time (s) 0.47 3.24 0.0009 *
Mean Time # 1 (s) 0.58 3.29 0.004 *
Std. Dev. Time #1 (s) 0.13 2.67 0.48
Mean Time # 2 (s) 0.78 4.09 0.016 *
Std. Dev. Time # 2 (s) 0.012 2.61 0.22
Mean Time # 3 (s) 0.49 3.14 0.007 *
Std. Dev. Time # 3 (s) 0.01 2.54 0.008 *
Mean Saccade Latency (s) 0.63 3.19 0.22
Saccade Latency Variability (s) —0.13 2.71 0.46
Mean Fixation Time # 1 (ms) 0.42 3.49 0.052
Fluctuation Fixation Time # 1 (ms) 0.19 2.92 0.49
Mean Fixation Size # 1 (mm) 0.42 2.94 0.01*
Fluctuation Fixation Size # 1 (mm) 0.11 2.65 0.29
Mean Fixation Area # 1 (mm?) 0.34 2.87 0.31
Fluctuation Fixation Area # 1 (mm?) 0.89 3.81 0.07
Mean Fixation Time # 2 (s) 0.41 3.61 0.02 *
Fluctuation Fixation Time # 2 (ms) —0.084 2.8 0.68
Mean Fixation Size # 2 (mm) 0.63 3.53 0.62
Fluctuation Fixation Size # 2 (mm) 0.95 3.59 0.65
Mean Fixation Area # 2 (mm?) 0.38 2.95 0.76
Fluctuation Fixation Area # 2 (mm?) 0.85 3.89 0.18
Mean Fixation Time # 3 (s) 0.46 3.12 0.06
Fluctuation Fixation Time # 3 (ms) —0.07 3.59 0.23
Mean Fixation Size # 3 (mm) 0.46 2.82 0.09
Fluctuation Fixation Size # 3 (mm) 0.19 3.16 0.13
Mean Fixation Area # 3 (mm?) 0.38 2.96 0.03 *
Fluctuation Fixation Area # 3 (mm?) 0.8 3.75 0.92
Total Saccadic Path Length in diagonal sequences (deg) 0.39 3.15 0.98
Total Diagonal Saccadic Path Length (deg) -0.14 4.61 0.75
Median Diagonal Saccadic Velocity (deg/s) —0.03 3.45 0.23
Total Saccadic Path Length in horizontal sequences (deg) 0.59 3.23 0.95
Total Horizontal Saccadic Path Length (deg) —0.06 3.64 0.23
Median Horizontal Saccadic Velocity (deg/s) —0.39 3.54 0.04*
Total Saccadic Path Length in vertical sequences (deg) 0.53 3.2 0.55
Total Vertical Saccadic Path Length (deg) —0.15 3.11 0.35
Median Vertical Saccadic Velocity (deg/s) —0.12 2.55 0.46
Blink Rate (blinks per minute) 0.74 3.09 0.14
Mean Blink Duration (ms) 0.74 4.88 0.06
Fluctuation Blink Duration (ms) 0.48 241 0.69
Mean Pupil Diameter (mm) 0.28 3.26 0.96
Fluctuation in Pupil Diameter (mm) 04 3.98 0.54
Pupil Coefficient of Variation (%) 0.56 4.19 0.48

* Significant values p < 0.05.

3.3. Implementing Regression Models

Examples of demographic-adjusted normative reference values derived from the above
regression equations are presented in Tables 5 and 6 for two representative OCAT features:
Fluctuation in Fixation Time for Number 1 and Mean Saccade Latency. The reference tables
demonstrate how expected OCAT performance and corresponding 95% reference levels
can be individualized to age, sex, and APOE ¢4 carrier status, with education held constant
at 16 years. For the fluctuation in fixation time for Number 1, expected values increased
progressively with age, with corresponding upward shifts in the lower and upper reference
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limits. Female participants exhibited slightly higher-than-expected values compared to

males with the same age, education level, and APOE status.

Table 5. Illustrative demographic-adjusted reference values for the OCAT-derived fixation-related

feature related to Fluctuation Fixation Time #1.

. Predicted 95%
Age, Years Sex Ed$cat10n, APOE Status  Fluctuation Fixation Lower 2'.5 th  Upper 97.' 5th Reference
ears . Percentile Percentile
Time #1 Interval
50 Male 16 Non-carrier 2739 118.6 632.9 118.6-632.9
50 Male 16 e4-carrier 276.2 119.6 638.3 119.6-638.3
50 Female 16 Non-carrier 292.1 126.4 675 126.4-675.0
50 Female 16 e4-carrier 294.6 127.5 680.7 127.5-680.7
60 Male 16 Non-carrier 300.8 130.2 695.1 130.2-695.1
60 Male 16 e4-carrier 303.4 131.3 701 131.3-701.0
60 Female 16 Non-carrier 320.8 138.9 741.3 138.9-741.3
60 Female 16 e4-carrier 323.6 140 747 .6 140.0-747.6
70 Male 16 Non-carrier 330.4 143 763.4 143.0-763.4
70 Male 16 e4-carrier 333.2 144.2 769.8 144.2-769.8
70 Female 16 Non-carrier 352.4 152.5 814.1 152.5-814.1
70 Female 16 e4-carrier 355.3 153.8 821 153.8-821.0
80 Male 16 Non-carrier 362.8 157 838.4 157.0-838.4
80 Male 16 ed-carrier 365.9 158.4 845.5 158.4-845.5
80 Female 16 Non-carrier 387 167.5 894.1 167.5-894.1
80 Female 16 e4-carrier 390.3 168.9 901.7 168.9-901.7
Table 6. Illustrative demographic-adjusted reference values for the OCAT-derived saccade-related
feature related to Mean Saccade Latency.
3 0,
Education, APOE Predicted Lower 2.5th  Upper 97.5th 95%
Age, Years Sex Y Saccade . . Reference
ears Status Percentile Percentile
Latency Interval
50 Male 16 Non-carrier 0.49 0.32 0.76 0.32-0.76
50 Male 16 e4-carrier 0.48 0.31 0.74 0.31-0.74
50 Female 16 Non-carrier 0.5 0.32 0.77 0.32-0.77
50 Female 16 e4-carrier 0.49 0.31 0.75 0.31-0.75
60 Male 16 Non-carrier 0.52 0.34 0.8 0.34-0.8
60 Male 16 ed4-carrier 0.5 0.33 0.78 0.33-0.78
60 Female 16 Non-carrier 0.53 0.34 0.81 0.34-0.81
60 Female 16 e4-carrier 0.51 0.33 0.79 0.33-0.79
70 Male 16 Non-carrier 0.55 0.36 0.85 0.36-0.85
70 Male 16 ed-carrier 0.53 0.35 0.82 0.35-0.82
70 Female 16 Non-carrier 0.56 0.36 0.86 0.36-0.86
70 Female 16 e4-carrier 0.54 0.35 0.83 0.35-0.83
80 Male 16 Non-carrier 0.58 0.38 0.89 0.38-0.89
80 Male 16 e4-carrier 0.56 0.37 0.87 0.37-0.87
80 Female 16 Non-carrier 0.59 0.38 0.91 0.38-0.91
80 Female 16 ed4-carrier 0.57 0.37 0.88 0.37-0.88

Similarly, expected saccade latency increased with age across both sexes and APOE

groups. The corresponding 95% reference levels shifted upwards with increasing age.

Differences associated with sex and APOE ¢4 carrier status were small relative to the

age-related difference.

For clinical interpretation, an individual participant’s standardized score for the OCAT

feature, say f, can be calculated by subtracting corresponding demographic-adjusted ex-
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pected value from the observed OCAT feature value of f and dividing by the corresponding
model RMSE for f from Table 3 as follows:

Observed Valuey — Expected Valueg
o= RMSE;

For models fitted after log-transformation of the outcome, the z-score is calculated on
the log scale as follows:

In(Observed Value f) —In(Expected Value f)
o RMSE (In)

A z-score of 0 indicates performance equal to the expected value of an individual
with the same age, sex, education, and APOE &4 carrier status. Scores further away
from 0 indicate increasing deviation from the normative expectation. The 95% reference
interval was defined as the model predicted value + 1.96 * RMSE. For In-transformed
outcomes, the limits were calculated on the In scale and subsequently back-transformed to
the original units.

4. Discussion
4.1. Descriptive Findings

On average, participants in the normative cohort completed the OCAT in approxi-
mately one minute (mean = 66.53 s). Mean processing time increased progressively from
Number 1 to Number 3 (1.67-2.16 s), consistent with the increasing cognitive demand im-
posed by sequential mental addition. Similarly, the within-assessment variability quantified
by the standard deviation of processing time for Numbers 1-3 increased from 0.39 to 0.76 s.
This pattern suggests that as participants progressed through each addition sequence, the
increasing cognitive workload not only prolonged processing time but also resulted in
greater variability in cognitive processing. This observation likely reflects greater fluc-
tuation in attention, working memory, and executive control as the mental computation
became progressively more demanding.

4.2. Effects of Age on OCAT Feature Performance

Age was the demographic factor most associated with OCAT feature performance;
there were some limited associations with sex and education level. Potential non-linear
age effects were examined using quadratic and spline terms and did not meaningfully
improve model fit compared with linear age models. Given the relatively smaller represen-
tations at the extremes of age distribution, potential non-linear age effects warrant further
evaluation in larger and more age-diverse cohorts. Although it was hypothesized that
aging primarily affects overall OCAT task completion time and performance during high
cognitive workload, age-related effects were most evident in the first step of every new
addition sequence (i.e., during Number 1), which represents the lowest cognitive workload.
Specifically, increasing age was associated with longer mean processing time for Number 1,
which corresponds to the interval from presentation of the first number of a new sequence
to the participant’s subsequent spacebar press after reading the number aloud. Although
Number 1 in an OCAT sequence requires participants to locate and read the number, it also
requires them to disengage from the preceding sequence and initiate the new one. This
transition places demands on task switching [39-41], a component of cognitive flexibility
associated with executive function [42]. Successful performance requires suppressing the
previous running total, remembering the task instructions in working memory, and shifting
from completing one sequence to initiating the next by reading a number and not adding.
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Consequently, the cognitive demands during Number 1 extend beyond simple visual recog-
nition and reading aloud, incorporating executive processes involved in switching between
mental sets.

Age-related declines in task-switching ability and cognitive flexibility are well-
documented and are associated with slower and less efficient executive control [40] in
older adults. These typical changes in cognitively normal older adults may explain why
Number 1 performance was more sensitive to aging effects than Numbers 2 and 3, despite
involving the lowest arithmetic workload. Our findings suggest that the transition into a
new addition sequence, which establishes the cognitive set for the subsequent arithmetic
computations, may be especially sensitive to age-related changes in executive function.

Interestingly, age was associated with more measures of within-assessment variabil-
ity (fluctuation measures) than with mean performance measures. Within-assessment
variability, or fluctuation, reflects the consistency of an individual’s performance across
12 addition sequences and was quantified as the standard deviation of repeated observa-
tions during a single OCAT assessment. For example, increasing age was associated with
greater variability in the processing time for Number 1, indicating older adults exhibited
less consistent performance rather than simply slower performance. In other words, their
processing times fluctuated more across all sequences in the assessment, whereas younger
counterparts performed more consistently. This aligns with existing research that shows
older adults (54-94 years) demonstrate increased within-assessment inconsistency in re-
action times than younger adults (17-36 years), even after controlling for mean reaction
times [43,44]. Increased within-assessment variability is a potential marker of reduced
stability in cognitive processing and may reflect age-related declines in executive control
and attentional regulation.

4.3. Measures of Variance

Most regression models demonstrated adjusted R? values below 0.05 (Table 3), in-
dicating that age, sex, education, and APOE ¢4 carrier status collectively explained a
comparatively small (<5%) variance in OCAT feature performance amongst cognitively
normal adults. While these findings suggest that OCAT-derived features are relatively
stable across common demographic characteristics, it is also possible that substantial in-
terindividual variability remains unexplained and may reflect factors not included in the
models. External validation in more heterogeneous populations is needed to determine
whether these findings persist across broader demographic and clinical populations. The
minimal contribution of APOE ¢4 carrier status is not unexpected, as all participants were
cognitively normal and APOE ¢4 carrier status primarily confers increased risk for future
cognitive decline rather than measurable cognitive impairment in asymptomatic individ-
uals. Its inclusion in normative adjustment could potentially reduce the sensitivity to
subtle oculomotor or cognitive changes associated with preclinical changes. Therefore,
its role may be more appropriate as an exploratory modifier until its role in clinical nor-
mative models is established through longitudinal and external validation. Although
demographic adjustment remains appropriate for establishing individualized normative
reference values for this test, the modest influence of these variables indicates that OCAT
performance is less dependent on demographic factors compared to many conventional
neuropsychological measures.

This finding contrasts with established neuropsychological tests that demonstrate
strong influence by demographic predictors. In 2024, researchers conducting the Mayo
Normative Studies in the landmark Mayo Clinic Study of Aging, found that age, sex,
and education explained up to 42.5% of the variance in WAIS-R Digit Symbol perfor-
mance, 39.4% in AVLT performance, and 32.1% in Part B of the Trail Making Test [45].
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Compared with these traditional measures, the relatively small demographic effects ob-
served for OCAT suggest that it provides a more demographically robust assessment of
cognitive and oculomotor performance while still benefitting from demographic-adjusted
normative equations.

4.4. Clinical Applications

The regression models developed in this study enable the calculation of demographic-
adjusted expected values, 95% reference intervals, and standardized z-scores for each
of the 42 OCAT-derived features. Tables 5 and 6 illustrate this approach using Fluctua-
tion in Fixation Duration for Number 1 and Mean Saccade Latency Time, demonstrating
how normative values can be individualized according to age, sex, education level, and
APOE genotype.

Integration of these equations into the OCAT software will allow clinicians to compare
a patient’s observed performance with the expected value for an individual with the
same demographic characteristics. Feature performance falling outside the demographic-
adjusted reference intervals or exhibiting abnormal z-scores could flag domains requiring
further clinical evaluation. However, these normative values are intended to support, rather
than replace, clinical judgement. The significance of an abnormal OCAT feature depends on
a clinical context, as eye movement characteristics such as fixation instability (large fixation
area) or gaze variability (high saccadic length) may reflect neurological dysfunction in some
settings but may also occur in cognitively normal individuals performing a high mental
load visual task [2,46,47]. OCAT-derived measures encompass both oculometric features
derived from eye movement and oculo-cognitive performance features that reflect the
integration of oculomotor and cognitive functions. In particular, processing time measures
incorporate visual search, arithmetic processing, working memory, executive control, verbal
response, and motor response required to advance the task, thereby reflecting integrated
functional performance rather than isolated oculomotor function.

The demographic-adjusted normative equations developed in this study provide a
standardized framework for individualized interpretation of OCAT performance and rep-
resent an important step toward precision medicine in neurological screening. However,
these equations are cohort-derived, and external validation in populations with broader ed-
ucational, racial/ethnic, socioeconomic, and geographic representation is warranted before
their broader application as clinical normative standards. Importantly, abnormal z-scores
should not be interpreted as diagnostic evidence of cognitive impairment. Instead, they
identify as deviations from expected normative performance that may warrant additional
neurological assessment. Diagnostic thresholds and classification performance should
be established in future studies involving individuals with clinically confirmed cognitive
impairment. In addition, future validation should evaluate the test-retest reliability and
normal intraindividual variability in OCAT-derived features to support interpretation of
longitudinal changes in individual z-scores and their potential clinical applications.

5. Conclusions

This study establishes the first demographic-adjusted normative equations for the
OCAT, providing expected values, 95% reference intervals, and standardized z-scores for
42 oculomotor and cognitive performance features in cognitively normal adults. Age was
the demographic factor most consistently associated with performance on OCAT-derived
features, particularly fluctuation measures, or within-assessment variability, whereas seXx,
education level, and APOE ¢4 carrier status had comparatively modest effects. The rela-
tively small influence of these demographic characteristics suggests that OCAT-derived
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features are relatively stable amongst cognitively normal individuals but still benefit from
demographic-adjusted interpretations.

These normative equations provide the foundation for individualized clinical inter-
pretation of OCAT performance and represent an essential step toward implementing
OCAT into clinical neurology workflows as a rapid, objective neurological screening tool.
Future studies should validate the diagnostic performance of these normative models in
individuals with mild cognitive impairment, dementia, and other neurological disorders
to establish disease-specific thresholds and determine their utility for early detection and
clinical decision-making for early management of neurological disorders.

6. Patents

Gaurav N. Pradhan, Michael J. Cevette, and Jan Stepanek, Oculo-Cognitive Addition
Testing, US Patent 11,869,386 B2, filed 1 December 2016, and issued 9 January 2024.

Author Contributions: Conceptualization, G.N.P. and R.J.C.; methodology, G.N.P. and R.J.C.; valida-
tion, GN.P, S.EK, R]J.C,].S. and M.].C,; formal analysis, G.N.P,; investigation, G.N.P. and R.J.C.;
resources, G.N.P, J.S. and M.]J.C.; data curation, G.N.P.; writing—original draft preparation, G.N.P.
and S.E.K; writing—review and editing, G.N.P,, SEK., R].C.,].S. and M.].C,; visualization, G.N.P.;
supervision, G.N.P. and R.J.C.; project administration, G.N.P.,; funding acquisition, R.J.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institute on Aging (NIA) under grant RO1
AGO031581 and Mayo Clinic Institutional funding.

Institutional Review Board Statement: This study was conducted in accordance with the require-
ments of FDA regulations 21 CFR Parts 50 and 56 and HHS regulations 45 CFR 46 and approved by the
Institutional Review Board of Mayo Clinic (IRB protocol # 18-004184 and approved on 31 July 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
this study.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: Gaurav N. Pradhan, Michael Cevette, Jan Stepanek, and Mayo Clinic have
a financial interest related to this research. This research has been reviewed by the Mayo Clinic
Conflict of Interest Review Board and is being conducted in compliance with Mayo Clinic Conflict of
Interest policies. The funders had no role in the design of this study; in the collection, analyses, or
interpretation of data; in the writing of this manuscript; or in the decision to publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

OCAT Oculo-Cognitive Addition Test
AVLT Auditory Verbal Learning Task
DRS Dementia Rating Scale

APOE ¢4  apolipoprotein E Type 4

RMSE Root Mean Squared Error

1.  Bylsma, F; Rasmusson, D.; Rebok, G.; Keyl, P.; Tune, L.; Brandt, ]. Changes in visual fixation and saccadic eye movements in
Alzheimer’s disease. Int. ]. Psychophysiol. 1995, 19, 33—40. [CrossRef]

2. Fletcher, W.; Sharpe, J. Saccadic eye movement dysfunction in Alzheimer’s Disease. Ann. Neurol. 1986, 20, 464—471. [CrossRef]

3. Holden, J.; Cosnard, A.; Laurens, B.; Asselineau, J.; Biotti, D.; Cubizolle, S.; Dupouy, S.; Formaglio, M.; Koric, L.; Seassau, M.; et al.

Prodromal Alzheimer’s Disease demonstrates increased errors at a simple and automated anti-saccade task. J. Alzheimer’s Dis.
2018, 65, 1209-1223. [CrossRef]

https://doi.org/10.3390 /jemr19050113


https://doi.org/10.1016/0167-8760(94)00060-r
https://doi.org/10.1002/ana.410200405
https://doi.org/10.3233/jad-180082
https://doi.org/10.3390/jemr19050113

J. Eye Mov. Res. 2026, 19, 113 19 of 20

N oG

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Molitor, R; Ko, P.; Ally, B. Eye movements in Alzheimer’s Disease. J. Alzheimer’s Dis. 2015, 44, 1-12. [CrossRef]

Jung, I; Kim, J. Abnormal eye movements in Parkinsonism and movement disorders. . Mov. Disord. 2019, 12, 1-13. [CrossRef]
Shibasaki, H.; Tsuji, S.; Kuroiwa, Y. Oculomotor abnormalities in Parkinson’s Disease. Arch. Neurol. 1979, 36, 360-364. [CrossRef]
Hershey, L.; Whicker, L.; Abel, L.; Dell’Osso, L.; Traccis, S.; Grossniklaus, D. Saccadic latency measurements in dementia. Arch.
Neurol. 1983, 40, 592-593. [CrossRef]

Mosimann, U.; Miiri, R,; Burn, D.; Felblinger, J.; O'Brien, J.; McKeith, I. Saccadic eye movement changes in Parkinson’s disease
dementia and dementia with Lewy bodies. Brain 2005, 128, 1267-1276. [CrossRef]

Nerrant, E.; Tilikete, C. Oculo motor manifestations of multiple sclerosis. ]. Neuro-Opthalmol. 2017, 37, 332-340. [CrossRef]
Aust, E.; Graupner, S.; Giinther, R.; Linse, K.; Joos, M.; Grosskreutz, J.; Prudlo, J.; Pannasch, S.; Hermann, A. Impairment of
oculomotor functions in patients with early to advanced amyotrophic lateral sclerosis. J. Neurol. 2024, 271, 325-339. [CrossRef]
Antoniades, C.; Kennard, C. Ocular motor abnormalities in neurodegenerative disorders. Eye 2015, 29, 200-207. [CrossRef]
Shah, H.; Khalil, S.; Andberg, S.; Koivisto, A.; Bednarik, R. Eye tracking based detection of mild cognitive impairment: A review.
Inf. Fusion 2025, 122, 103202. [CrossRef]

Pradhan, G.; Bogle, J.; Kleindienst, S.; Cevette, M.; Stepanek, J. Correlating multi-dimensional oculometrics with cognitive
performance in healthy young adults. J. Healthc. Inform. Res. 2018, 2, 132-151. [CrossRef]

Biessels, G.; Whitmer, R. Cognitive dysfunction in diabetes: How to implement emerging guidelines. Diabetologia 2020, 63, 3-9.
[CrossRef]

Wang, Y.; Kapoor, M.; Fielding, J.; Reddel, S.; Zhu, C.; Clough, M.; Botrous, M.; Monif, M.; van der Walt, A. Saccadic eye
movements in neurological disease: Cognitive mechanisms and clinical applications. J. Neurol. 2025, 272, 539. [CrossRef]
Aarsland, D.; Brennick, K.; Larsen, J.; Tysnes, O.; Alves, G. Cognitive impairment in incident, untreated Parkinson disease.
Neurology 2009, 72, 1121-1126. [CrossRef]

Connolly, A.; Gaehl, E.; Martin, H.; Morris, J.; Purandare, N. Underdiagnosis of dementia in primary care: Variations in the
observed prevalence and comparisons to the expected prevalence. Aging Ment. Health 2011, 15, 978-984. [CrossRef]

Hilsabeck, R.C.; Perry, W.; Lacritz, L.; Arnett, P.A.; Shah, R.C.; Borson, S.; Galvin, J.E.; Roaten, K.; Daven, M.; Hwang, U;
et al. Improving Early Detection of Cognitive Impairment in Older Adults in Primary Care Clinics: Recommendations from an
Interdisciplinary Geriatrics Summit. Ann. Fam. Med. 2024, 22, 543-549. [CrossRef]

Lang, L.; Clifford, A.; Wei, L.; Zhang, D.; Leung, D.; Augustine, G.; Danat, I.; Zhou, W.; Copeland, J.; Anstey, K,; et al. Prevalence
and determinants of undetected dementia in the community: A systematic literature review and a meta-analysis. BM] Open 2017,
7,e011146. [CrossRef]

Pradhan, G.; Cevette, M.; Stepanek, J.; Brookler, K. Oculo-Cognitive Addition Testing. US 11,869,386, B2, 9 January 2024.
Pradhan, G.; Hagen, K.; Cevette, M.; Stepanek, J. Oculo-Cognitive Addition Test: Quantifying Cognitive Performance During
Variable Cognitive Workload Through Eye Movement Features. In Proceedings of the 2022 IEEE 10th International Conference on
Healthcare Informatics (ICHI); IEEE: Piscataway, NJ, USA, 2022.

Pradhan, G.; Kingsbury, S.; Cevette, M.; Stepanek, J.; Caselli, R. Al-driven prediction of possible mild cognitive impairment using
the Oculo-Cognitive Addition Test (OCAT). Brain Sci. 2026, 16, 70. [CrossRef]

Kang, J.; Lee, S.; Kim, J.; Oh, S. Recording and interpretation of ocular movements: Saccades, smooth pursuit, and optokinetic
nystagmus. Ann. Clin. Neurophysiol. 2023, 25, 55-65. [CrossRef]

Oride, M.; Marutani, J.; Rouse, M.; Deland, P. Reliability study of the Pierce and King-Devick saccade tests. Optom. Vis. Sci. 1986,
63, 419-424. [CrossRef]

Pradhan, G.; Bogle, J.; Cevette, M.; Stepanek, J. Discovering oculometric patterns to detect cognitive performance changes in
healthy youth football athletes. |. Healthc. Inform. Res. 2019, 3, 371-392. [CrossRef]

Munoz, D.; Broughton, ].; Goldring, J.; Armstrong, I. Age-related performance of human subjects on saccadic eye movement
tasks. Exp. Brain Res. 1998, 121, 391-400. [CrossRef]

Yang, H.; Choe, J.; Noh, S.; Kim, J.; Han, J.; Kim, K. Exploring age-related changes in saccades during cognitive tasks in healthy
adults. Front. Behav. Neurosci. 2024, 17, 1301318. [CrossRef]

Ivnik, R.; Malec, J.; Smith, G.; Tangalos, E.; Petersen, R.; Kokmen, E.; Kurland, L. Mayo’s older Americans normative studies:
Updated AVLT norms for ages 56-97. Clin. Neuropsychol. 1992, 6, 83-104. [CrossRef]

Stricker, N.; Christianson, T.; Lundt, E.; Alden, E.; Machulda, M.; Fields, ].; Kremers, W.; Jack, C.; Knopman, D.; Mielke, M.; et al.
Mayo normative studies: Regression-based nrommative data for the Auditory Verbal Learning Test for ages 30-91 years and the
importance of adjusting for sex. J. Int. Neuropsychol. Soc. 2021, 27, 211-226. [CrossRef]

Bennett, D.; Wilson, R.; Schneider, J.; Evans, D.; Mendes de Leon, C.; Arnold, S.; Barnes, L.; Bienias, J. Education modifies the
relation of AD pathology to level of cognitive function in older persons. Neurology 2003, 60, 1909-1915. [CrossRef]

Walter, S.; Dufouil, C.; Gross, A.; Jones, R.; Mungas, D.; Filshtein, T.; Manly, ].; Arpawong, T.; Glymour, M. Neuropsychological
Test Performance and MRI Markers of Dementia Risk: Reducing Education Bias. Alzheimer Dis. Assoc. Disord. 2019, 33, 179-185.
[CrossRef]

https:/ /doi.org/10.3390/jemr19050113


https://doi.org/10.3233/JAD-141173
https://doi.org/10.14802/jmd.18034
https://doi.org/10.1001/archneur.1979.00500420070009
https://doi.org/10.1001/archneur.1983.04050080092023
https://doi.org/10.1093/brain/awh484
https://doi.org/10.1097/WNO.0000000000000507
https://doi.org/10.1007/s00415-023-11957-y
https://doi.org/10.1038/eye.2014.276
https://doi.org/10.1016/j.inffus.2025.103202
https://doi.org/10.1007/s41666-017-0011-8
https://doi.org/10.1007/s00125-019-04977-9
https://doi.org/10.1007/s00415-025-13275-x
https://doi.org/10.1212/01.wnl.0000338632.00552.cb
https://doi.org/10.1080/13607863.2011.596805
https://doi.org/10.1370/afm.3174
https://doi.org/10.1136/bmjopen-2016-011146
https://doi.org/10.3390/brainsci16010070
https://doi.org/10.14253/acn.2023.25.2.55
https://doi.org/10.1097/00006324-198606000-00005
https://doi.org/10.1007/s41666-019-00045-4
https://doi.org/10.1007/s002210050473
https://doi.org/10.3389/fnbeh.2023.1301318
https://doi.org/10.1080/13854049208401880
https://doi.org/10.1017/S1355617720000752
https://doi.org/10.1212/01.wnl.0000069923.64550.9f
https://doi.org/10.1097/WAD.0000000000000321
https://doi.org/10.3390/jemr19050113

J. Eye Mov. Res. 2026, 19, 113 20 of 20

32.

33.

34.
35.

36.
37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

Corder, E.; Saunders, A.; Strittmatter, W.; Schmechel, D.; Gaskell, P.; Small, G.; Roses, A.; Haines, ].; Pericak-Vance, M. Gene dose
of Apolipoprotein E Type 4 allele and the risk of Alzheimer’s Disease in late onset families. Science 1993, 261, 921-923. [CrossRef]
Caselli, R.; Langlais, B.; Dueck, A.; Chen, Y.; Su, Y.; Locke, D.; Woodruff, B.; Reiman, E. Neuropsychological decline up to 20 years
before incident mild cognitive impairment. Alzheimer’s Dement. 2020, 16, 512-523. [CrossRef]

Leigh, R.; Kennard, C. Using saccades as a research tool in the clinical neurosciences. Brain 2004, 127, 460—-477. [CrossRef]

de Brouwer, S.; Yuksel, D.; Blohm, G.; Missal, M.; Lefevre, P. What triggers catch-up saccades during visual tracking? ].
Neurophysiol. 2002, 87, 1646-1650. [CrossRef]

Liversedge, S.; Findlay, J. Saccadic eye movements and cognition. Trends Cogn. Sci. 2000, 4, 6-14. [CrossRef]

Bahill, A.; Clark, M; Stark, L. The main sequence: A tool for studying human eye movements. Math. Biosci. 1975, 24, 191-204.
[CrossRef]

Leigh, R.; Zee, D. The Neurology of Eye Movements, 5th ed.; Oxford University Press: New York, NY, USA, 2015.

Allport, A,; Styles, E.; Hsieh, S. Shifting intentional set: Exploring the dynamic control of tasks. In Attention and Performance
XV: Conscious and Nonconscious Information Processing; Umilta, C., Moscovitch, M., Eds.; MIT Press: Cambridge, MA, USA, 1994;
pp. 421-452.

Chen, E.; Hsieh, S. The effect of age on task switching: Updated and extended meta-analyses. Psychol. Res. 2023, 87, 2011-2030.
[CrossRef]

Roger, R.; Monsell, S. Costs of a predictable switch between simple cognitive tasks. J. Exp. Psychol. Gen. 1995, 124, 207-231.
[CrossRef]

Diamond, A. Executive functions. Annu. Rev. Psychol. 2013, 64, 135-168. [CrossRef]

Dykiert, D.; Der, G,; Starr, J.; Deary, I. Age differences in Intra-Individual Variability in simple and choice reaction time: Systematic
review and meta-analysis. PLoS ONE 2012, 7, e45759. [CrossRef]

Hultsch, D.; MacDonald, S.; Dixon, R. Variability in reaction time performance of younger and older adults. ]. Gerontol. 2002, 57B,
P101-P115. [CrossRef]

Karstens, A.; Christianson, T.; Lundt, E.; Machulda, M.; Mielke, M.; Fields, J.; Kremers, W.; Graff-Radford, J.; Vemuri, P,; Jack, C.,
Jr.; et al. Mayo normative studies: Regression-based normative data for ages 30-91 years with a focus on the Boston Naming Test,
Trail Making Test, and Category Fluency. J. Int. Neuropsychol. Soc. 2024, 30, 389-401. [CrossRef]

Ayala, N.; Zafar, A.; Niechwiej-Szwedo, E. Gaze behaviour: A window into distinct cognitive processes revealed by the Tower of
London test. Vis. Res. 2022, 199, 108072. [CrossRef]

Liu, J.; Li, K; Yeh, S.; Chien, S. Assessing perceptual load and cognitive load by fixation-related information of eye movements.
Sensors 2022, 22, 1187. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/jemr19050113


https://doi.org/10.1126/science.8346443
https://doi.org/10.1016/j.jalz.2019.09.085
https://doi.org/10.1093/brain/awh035
https://doi.org/10.1152/jn.00432.2001
https://doi.org/10.1016/s1364-6613(99)01418-7
https://doi.org/10.1016/0025-5564(75)90075-9
https://doi.org/10.1007/s00426-023-01794-z
https://doi.org/10.1037//0096-3445.124.2.207
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1371/journal.pone.0045759
https://doi.org/10.1093/geronb/57.2.p101
https://doi.org/10.1017/S1355617723000760
https://doi.org/10.1016/j.visres.2022.108072
https://doi.org/10.3390/s22031187
https://doi.org/10.3390/jemr19050113

	Introduction 
	Materials and Methods 
	Participants 
	Equipment 
	OCAT Design and Process 
	OCAT Performance Features and Data Processing 
	Data Analysis 

	Results 
	Descriptive Statistics of OCAT Features 
	Demographic-Adjusted Normative Regression Models 
	Implementing Regression Models 

	Discussion 
	Descriptive Findings 
	Effects of Age on OCAT Feature Performance 
	Measures of Variance 
	Clinical Applications 

	Conclusions 
	Patents 
	References

