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ABSTRACT

Purpose: Electrooculography (EOG) serves as a vital non-invasive technique for neuro-ophthalmological diagnostics and
human-computer interface (HCI) development, yet its parameters may vary with demographic and physiological factors.

Methods: This prospective study enrolled 50 healthy participants, stratified by age into three groups: child/adolescent (12—
22 years, n=20), adult (23-40 years, n=24), and a pilot elderly group (>40 years, n=6). EOG signals were recorded using a
BIOPAC MP36 system, adhering to protocols informed by International Society for Clinical Electrophysiology of Vision
(ISCEV) standards for electro-oculography. Standardized tasks assessed saccadic latency, blink dynamics, and signal-to-
noise ratio (SNR) in horizontal and vertical planes. In adult females (n=12), menstrual cycle phase was determined via
serum progesterone (>3 ng/mL for luteal) and estradiol assays, synchronized with testing.

Results: Adolescents exhibited significantly higher saccadic latency variability (210+30 ms; p=0.03 versus adults) and
40% lower vertical SNR, reflecting immature oculomotor control. Adult women in the luteal phase showed an 18%
reduction in horizontal SNR (p=0.04), with estradiol levels inversely correlating with fixation duration (Spearman p=—0.58,
p<0.05). Elderly participants demonstrated prolonged saccadic latency (p_adj=0.01) and 30% reduced blink amplitude
compared to adults, indicating age-related declines in EOG signal quality.

Conclusions: Age, gender, and menstrual cycle-related hormonal fluctuations systematically modulate key EOG
parameters. These findings underscore the need for demographic-specific normative data in clinical electrophysiology and
adaptive HCI applications, aligning with ISCEV recommendations for standardized interpretation.
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1. INTRODUCTION

Electrooculography (EOG) measures the bioelectric potential between the cornea and retina via electrodes, generating
microvolt-level signals (1). It is widely used to assess ophthalmic conditions such as esodeviation (19), detect early
neurodegenerative markers in diseases like Parkinson’s (2,3), and enable human—computer interaction (HCI) applications

(4).

Standardized clinical protocols, as advocated by the International Society for Clinical Electrophysiology of Vision
(ISCEV), enhance data reliability by establishing age-stratified reference ranges (5,6). Recent studies suggest that
electrophysiological measures are influenced by neural processes, such as predictive coding during skill learning (5), and
hormonal status (10,12,16). Building on advanced signal processing pipelines, EOG technology has progressed
significantly for applications like eye tracking and mobility assistance (7,8). However, the influence of neural
developmental maturation and endocrine fluctuations on signal-to-noise ratio (SNR) and latency remains underexplored
(9,10).

SNR Improvement Methods
To improve SNR in EOG, several technical methods reduce interference and clarify low-frequency signals (typically 0.1
30 Hz). Digital and analog filtering is most effective: low-pass filters eliminate high-frequency noise like muscle activity
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(EMG) or electronic interference (5,6); high-pass filters remove DC drift (slow baseline wandering) ); and notch filters
target 50/60 Hz power-line hum (11,12).

Skin preparation and impedance reduction further enhance signal quality by optimizing electrode-skin contact—using
alcohol wipes or abrasive gels to remove oils and dead skin cells. Subject stabilization and environment control minimize
motion artifacts: head fixation with a chin rest or stabilizer prevents EMG noise from neck muscles, while dimmed, constant
lighting avoids fluctuations in the light-sensitive corneo-retinal standing potential (13).

Baseline correction and artifact rejection handle residual issues through algorithms that detect and subtract blink-induced
spikes and apply mathematical models to correct signal drift over time. These combined strategies yield cleaner data for
reliable analysis (14).

Age and Hormone Effects

Age-related changes and sex hormone modulation significantly affect EOG reliability. Adolescents exhibit greater
variability during prefrontal cortical maturation, women in the luteal phase show altered SNR due to endocrine fluctuations
, and adults over 40 demonstrate neuromuscular decline with prolonged latencies or reduced accuracy (15).

This study examines these factors to refine normative standards for clinical diagnostics and engineering applications,
incorporating age/sex-stratified data.

2. MATERIAL AND METHOD

2.1. Participant Profile

A total of 50 participants (30 females, 20 males) were included in this study. Participant selection was based on criteria
including at least a high school diploma, visual acuity of > 20/25 on the Snellen chart, and absence of neurological or
ophthalmological conditions. Participants were grouped into three main categories by age range: child/adolescent (n=20;
specifically 12 years [n=6], 14 years [n=7], 22 years [n=7]; 10 females, 10 males), adult men (n=10; 28 years [n=3], 34
years [n=6], 45 years [n=1]), and adult women (n=20; 27 years [n=8], 32 years [n=7], 43 years [n=5]). The inclusion of
22-year-olds in the child/adolescent category followed the World Health Organization’s (2022) definition extending
adolescence to age 25. Thus, the adult groups totaled 30 participants (10 men and 20 women), while the child/adolescent
group had 20, for an overall total of 50.

2.1.1. Inclusion and Exclusion Criteria

Inclusion criteria for participants over 18 years required > 20/25 visual acuity, while those under 18 needed written parental
consent; all participants had no systemic or neurological disease. Exclusion criteria included eye surgery within the last 6
months, need for contact lenses or permanent glasses (where removal was not feasible for non-astigmatic refractive errors),
more than four chronic or episodic migraine attacks per month, or ongoing psychotropic medication use (e.g.,
antidepressants, antipsychotics). Participants were instructed to avoid caffeine or stimulants on measurement day, and
sessions occurred between 9 a.m. and 12 p.m. to reduce circadian and fatigue effects.

2.2. EOG Recording Procedure

2.2.1. Electrode Configuration and Calibration

Ag/AQCI surface electrodes were placed on the lateral and medial canthi for horizontal EOG recordings and in the
supraorbital and infraorbital areas for the vertical channel; reference electrodes went on both earlobes, with the ground on
the forehead. Skin was prepared by cleaning with alcohol swabs and NaCl solution to ensure electrical contact, achieving
impedance below 10 kQ. Calibration involved ~3-second recordings at 0°, +10°, —10°, and +20° angles, processed via
MATLAB linear regression to derive offset and gain from EOG amplitude and angular deviation.

2.2.2. Experimental Protocol

Participants underwent a 5-minute dark adaptation followed by 1 minute fixating on a neutral stimulus (fixed light point or
wall). The task sequence included a saccade task with random 10° horizontal/vertical target displacements requiring rapid
eye shifts; a fixation task holding targets for 500 ms to capture micro-saccades; and a blink task with natural spontaneous
blinks or forced rhythmic blinks synced to a 2 Hz metronome. Participants sat with a chin rest if needed to limit head
movement.

2.2.3. Recording System and Data Collection

Data were acquired using the BIOPAC MP36 system (BIOPAC Systems, Inc., USA) at 1000 Hz sampling to capture
saccade peaks and blink artifacts. Ambient lighting was maintained at ~200 lux, and wireless devices were disabled to
minimize interference.
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2.3. Data Analysis

2.3.1. Preprocessing

Raw signals received a notch filter for 50 Hz interference removal, followed by 0.1-30 Hz band-pass filtering for noise
reduction. High-amplitude artifacts from drift or blinks were auto-flagged, manually verified, and corrected.

2.3.2. Artifact Handling and Statistical Precautions
Time—frequency analyses via Short-Time Fourier Transform or wavelet transform identified blink and saccade events;
expert visual inspection addressed algorithm shortfalls, applying imputation or listwise deletion for missing data.

2.3.3. Feature Extraction

Saccade latency measured target onset to movement initiation time, with peak velocity noted; mean speeds were compared
across age and gender. Blink amplitude used peak-to-peak values averaged per event, contrasting natural and forced blinks.
Fixation duration detected micro-saccades, correlating with attention (e.g., Stroop test).

2.3.4. Statistical Analysis

Normality was tested with Shapiro—Wilk or Kolmogorov—-Smirnov. Age group comparisons employed one-way ANOVA
(or Kruskal-Wallis) with Tukey (or Dunn) post-hoc; gender effects used independent t-tests (or Mann—Whitney U).
Correlations applied Pearson or Spearman for variables like age, hormones, Schirmer test, and orbicularis oculi EMG
against EOG parameters. Optional multivariate analyses included multiple regression or MANCOVA for multifactor
effects.

2.3.5. Power Analysis and Sample Size
G*Power estimated >10 participants per group for moderate effect size (0.4), power 0.80, and a=0.05.

2.3.6. Test—Retest Reliability
Five participants were retested after one week; intraclass correlation coefficients assessed EOG parameter reliability.

3. RESULTS

3.1. Age-Related Changes

Participants were subgrouped as in Methods: 12—-22 years (n=20; 12 years [n=6], 14 [n=7], 22 [n=7]), 27-35 years (n=24;
mostly 27, 28, 32, 34 years; 9 men, 15 women), and 40+ years (n=6; 43 years [n=5], 45 years [n=1]). Of 30 adults, 24 were
27-35 years and 6 were 40+.

3.1.1. 12-22 Age Group (n=20)

Saccade latency ranged 15-45 ms (mean 28 + 11 ms), reflecting immature eye-movement control. Vertical EOG signal-
to-noise ratio was 40% lower than adults due to periorbital artifacts. Fixation durations (220-280 ms) negatively correlated
with Stroop attention (r = -0.62, p < 0.05).

3.1.2. 27-35 Age Group (n=24)
Saccade latency was stable at 25 £ 3 ms with high SNR (18.5 + 2.1 dB), marking peak efficiency. Blink frequency was
12.8 £ 1.5/min with minimal variation.

3.1.3. 40+ Age Group (n=6)
Latency increased to 35 + 6 ms and amplitude dropped below 100 pV from neuromuscular decline. Blink frequency fell to
8.2 + 1.1/min, correlating with tear quality (r = 0.71, p < 0.01).

3.2. Gender Differences

3.2.1. Men (Adults, n=10)

Vertical EOG blink amplitude was 220 = 35 uV, higher than females’ 180 = 30 uV (p < 0.05); 40+ men showed EMG-
EOG correlation (r = 0.68).

3.2.2. Women (Adults, n=20)
Luteal-phase participants (n=8) had 18% lower horizontal SNR and 25% more artifacts. Ages 27-32 showed 10.5 £ 1.8
blinks/min.

3.2.3. Child/Adolescent Gender Differences (n=20)
Girls’ fixation was 230 £ 25 ms vs. boys’ 280 + 30 ms (p < 0.01), suggesting neurodevelopmental variances.
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3.3. Blink Dynamics and Age
3.3.1. Children (12-22 years)
Blink amplitude varied 150-300 pV (85 pV) from maturing mechanisms; forced blinks averaged 180 + 40 ms response.

3.3.2. Elderly (40+)
Amplitude declined ~30% from muscle/nerve changes; LipiView indicated 25% thinner lipid tear layer.

4. DISCUSSION

The pronounced variability in saccadic behavior and shorter fixation durations observed among adolescents in this study
can be primarily attributed to the ongoing maturation of the prefrontal cortex, a critical brain region responsible for
executive functions such as impulse control, decision-making, and sustained attention. According to the well-established
dual systems model of adolescent brain development, the limbic system—particularly the socio-emotional circuitry
involving the amygdala and nucleus accumbens—exhibits heightened reactivity during this period, driving reward-seeking
and emotionally charged responses, while the top-down regulatory influence of the prefrontal cortex lags behind, typically
reaching full maturity around age 25. This neurodevelopmental imbalance manifests in less precise and more erratic eye
movement patterns, as evidenced by the wider range of saccade latencies (15-45 ms) and reduced fixation stability (220—
280 ms) in our 12—22-year-old group, which negatively correlated with performance on attention-demanding tasks like the
Stroop test. Furthermore, visuospatial processing abilities, which underpin accurate saccadic targeting and smooth pursuit,
continue to refine through late adolescence and early adulthood, explaining the progressive stabilization of EOG parameters
observed as participants transitioned into their mid-twenties. These findings align with broader neuroimaging literature
showing protracted myelination and synaptic pruning in frontoparietal networks, underscoring the value of age-stratified
norms in interpreting developmental EOG data for both clinical assessments and cognitive research (16,17).

Gender-specific differences in EOG signal quality, particularly the reduced signal-to-noise ratio (SNR) and increased
artifact prevalence in female participants—most notably during the luteal phase—Ilikely originate from hormonal
modulation of neuromuscular and ocular surface physiology. Estrogen exerts an inhibitory influence on GABA-A receptors
in extraocular and orbicularis oculi muscles, leading to subtle reductions in muscle tone and baseline electrical activity,
which manifests as lower amplitude signals and heightened susceptibility to noise in horizontal and vertical channels.
Concurrently, progesterone fluctuations can disrupt tear film stability by altering lipid layer thickness and mucin
production, as corroborated by our LipiView observations and the 25% thinning noted in older females; this compromises
the conductive ocular environment essential for clean EOG recordings. In contrast, the higher blink amplitudes (220 + 35
V) and robust depolarization rates in adult males align with testosterone’s facilitatory effects on the Na™+/K~+-ATPase
pump and androgen receptor-mediated enhancements in muscle fiber excitability, promoting faster ion fluxes and stronger
electromyogenic contributions to the EOG waveform. These endocrine-driven disparities not only explain the statistical
superiority of male signals (p < 0.05) but also highlight the necessity of phase-aware protocols in female cohorts and
hormone-adjusted calibration models to mitigate bias in mixed-gender studies.

The integration of EOG signals into human-computer interfaces, such as gaze-contingent prosthetics, brain-machine
systems, or assistive technologies for motor-impaired individuals, demands meticulous consideration of demographic
variability to prevent systematic calibration failures and suboptimal performance. Our data reveal that unadjusted
algorithms yield significant deviations: women’s lower amplitudes (~180 pV) trigger false negatives in saccade detection,
while men’s elevated peaks (~220 uV) provoke over-sensitivity and jittery cursor control, exacerbating error rates by up
to 25% in heterogeneous user pools. This underscores the imperative for adaptive signal processing pipelines, including
real-time demographic profiling via auxiliary sensors (e.g., voice pitch for gender, facial landmarks for age estimation)
coupled with machine learning classifiers—such as convolutional neural networks or recurrent transformers—trained on
stratified EOG datasets. By embedding user-specific gain adjustments and artifact rejection thresholds, these systems can
achieve sub-millisecond latency and >95% accuracy, paving the way for seamless applications in virtual reality training,
neurorehabilitation, and accessible computing, while minimizing the equity gaps often embedded in one-size-fits-all
engineering paradigms (18).

Age-related decrements in EOG amplitude (<100 pV in the 40+ group) and blink frequency (8.2 + 1.1/min) reflect
multifaceted degenerative processes, including cumulative mitochondrial DNA mutations that impair oxidative
phosphorylation in extraocular myocytes, progressive demyelination slowing neural conduction velocities in oculomotor
pathways (cranial nerves Il1, 1V, V1), and sarcopenic atrophy of the orbicularis oculi, all compounded by xerotic tear film
degradation that elevates electrode-skin impedance. These physiological shifts necessitate tailored reference intervals for
geriatric populations, as standard adult norms inflate false positives in diagnosing subclinical motility disorders.
Complementing our results, Thavikulwat, Lopez, Caruso, and Jeffrey’s ISCEV-standardized norms across ages 7—72
documented a linear Arden ratio decline (0.13 per decade), with women exhibiting higher raw amplitudes yet age-
normalized ratios insensitive to gender—reinforcing age as the dominant covariate in oscillatory EOG metrics relevant to
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retinal pigment epithelium integrity and neurodegenerative screening. Similarly, Mbamba et al.‘s cross-sectional analysis
of Malawian young adults (blink rate 16.04 + 6.42/min, independent of age/sex) implicates extrinsic modulators like
humidity and dust exposure over intrinsic demographics, suggesting that normative databases must stratify by geoclimatic
zones to enhance diagnostic fidelity (19). Collectively, these insights advocate for hybrid models fusing intrinsic (age, sex,
hormones), extrinsic (environment), and longitudinal covariates, enabling precision gerontology applications from early
Alzheimer’s detection to personalized dry-eye interventions. Future investigations should prioritize multi-ethnic,
ecologically valid cohorts to disentangle gene-environment interactions in blink dynamics and saccadic decline.

5. CONCLUSIONS

This investigation establishes electrooculography (EOG) as a multifaceted biomarker transcending mere diagnostics,
illuminating neurodevelopmental trajectories, endocrine influences on ocular motor control, senescence-related signal
decay, and the imperative for demographically attuned bioengineering solutions—all discernible at the microvolt
resolution. Clinically, age- and gender-calibrated reference compendia will refine diagnostic thresholds for motility
anomalies, while serial EOG profiling—integrated with UPDRS or MoCA scores—promises early sentinel markers for
Parkinson’s, Huntington’s, and frontotemporal dementias, facilitating timely pharmacotherapy and neuromodulation.
Technologically, embedding gender-auto-detection (via spectral signatures or ancillary biometrics) and Al-orchestrated
calibration (e.qg., attention-based transformers processing raw waveforms) within EOG prosthetics will democratize access
for diverse users, slashing error margins and enhancing real-world viability from telehealth to immersive therapies.
Societally, scaling accredited electrophysiology curricula and galvanizing WHO-endorsed global standards—
encompassing ethnic, altitudinal, and climatic variances—will standardize practice and mitigate disparities in ophthalmic
neurodiagnostics. Prospective avenues include protracted longitudinal surveillance of 12—-25-year-old cohorts to map EOG-
neurogenesis synchrony; controlled trials dissecting estrogen replacement’s modulatory effects in post-menopausal
cohorts; and multinational cross-cultural validations probing genetic-ethnic imprints on waveform morphology. By
nurturing synergies across neuroscience, endocrinology, engineering, and public health, these endeavors will forge
resilient, human-centric EOG ecosystems, where each ocular volt narrates a uniquely biological and psychosocial odyssey.
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