
Clinical Validation of Virtual Reality–Based
Oculography for Quantitative Ocular Alignment
Assessment in Strabismus
Donghun Lee 

Daegu Catholic University
Kimia Rezaei 

University of California, Irvine
Mia Jia Wang 

University of California, Irvine
Donny W. Suh 

University of California, Irvine

Research Article

Keywords: Strabismus, Virtual reality, Oculography, Ocular alignment, Eye Tracking

Posted Date: November 11th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10922714/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

Page 1/18

https://doi.org/10.21203/rs.3.rs-10922714/v1
https://doi.org/10.21203/rs.3.rs-10922714/v1
https://doi.org/10.21203/rs.3.rs-10922714/v1
https://creativecommons.org/licenses/by/4.0/


Abstract
Purpose

To evaluate the clinical validity of a virtual reality (VR)-based eye-tracking system for quantitative ocular
alignment assessment by comparing device-derived measurements with conventional clinical
measurements in strabismus.

Methods

We retrospectively reviewed medical records of consecutive patients undergoing strabismus evaluation.
We assessed ocular alignment using conventional prism cover testing and a VR-based oculography
system (neos™, machineMD, Bern, Switzerland). We compared total deviation measured by alternate
prism cover testing (APCT) and manifest deviation measured by simultaneous prism cover testing
(SPCT) with device-derived measurements. We assessed associations using Spearman correlation and
agreement using Bland–Altman analysis. Subgroup analyses were performed by horizontal deviation
magnitude (<15 vs. ≥15 prism diopters [PD]).

Results

Forty-six patients (mean age, 37.61 ± 20.41 years; 25 [54.3%] female) were included. Device-derived
measurements correlated significantly with conventional measurements for horizontal total deviation
(Spearman ρ = 0.780, P < 0.001), vertical total deviation (ρ = 0.728, P < 0.001), horizontal tropia (ρ =
0.783, P < 0.001), and vertical tropia (ρ = 0.424, P= 0.003). Bland–Altman analysis showed closer
agreement for horizontal than vertical measurements. Measurement differences did not differ
significantly between the <15 PD and ≥15 PD groups, although greater variability was observed in the ≥15
PD group.

Conclusions

VR-based oculography demonstrated significant associations with conventional measurements, with
better agreement for horizontal than vertical deviations. Greater variability with larger horizontal
deviations suggests cautious interpretation in large-angle strabismus.

Key Message
What is known?

Conventional prism cover testing remains the clinical standard for quantitative assessment of ocular
alignment, while evidence supporting virtual reality–based oculography in patients with strabismus
remains limited.

What does this study add?
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Virtual reality–based oculography demonstrated significant correlations with conventional ocular
alignment measurements, with stronger agreement for horizontal than vertical deviations. Individual-
level measurement variability was greater in patients with horizontal deviations ≥15 prism diopters,
supporting cautious interpretation in large-angle strabismus.

Introduction
Strabismus was defined as constant or intermittent heterotropia of any dimension at distance or near
target fixation with refractive error correction.1,2 Strabismus can be both a cause and a consequence of
impaired binocularity, including reduced binocular vision, stereopsis, and visual development.3 In
particular, strabismic amblyopia has been reported to exhibit more significant peripheral binocular
imbalance than other amblyopia subtypes.4 In addition, subjects with abnormal stereopsis demonstrated

decreased three-dimensional perception during stereoscopic display viewing.5 Even microstrabismus
with deviations of less than 6 prism diopters may be associated with central suppression and impaired
binocular visual function.6 Therefore, early diagnosis and appropriate management of strabismus are
important for achieving optimal binocular visual outcomes.7

Currently, manual clinical examination remains the gold standard for assessing ocular motility and
ocular alignment.8,9 However, accurate evaluation of ocular motility using conventional manual
examination techniques requires substantial clinical experience and is subject to examiner-dependent
and test-retest variability, particularly when quantifying ocular misalignment.10,11

Recently, several studies have explored the application of eye-tracking technology and virtual reality (VR)-
based systems for the quantitative assessment of ocular alignment and eye movements to facilitate
early diagnosis and precise detection of strabismus.12–14 However, evidence regarding their application

in clinical patient populations remains limited.15

Therefore, the present study aimed to evaluate the clinical utility of eye tracking technology using a VR-
based oculography headset device (neos®, machineMD, Switzerland) by comparing device-based ocular
alignment measurements with conventional manual clinical examinations in patients with strabismus.

Methods

Ethics statement
This retrospective study was approved by the Institutional Review Board of the University of California,
Irvine (UCI Study ID: STUDY00000931) and was conducted in accordance with the tenets of the
Declaration of Helsinki.

Study design and participants
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The medical records of consecutive patients who presented for an initial strabismus evaluation at the
Gavin Herbert Eye Institute, University of California, Irvine, were retrospectively reviewed. Patients were
included if they had undergone neos® examination as an adjunct to routine clinical evaluation of
strabismus. Baseline demographic and ophthalmic characteristics, conventional ocular alignment
measurements, and previously acquired neos™ measurements were obtained from the medical records.

The exclusion criteria were paralytic or restrictive strabismus; a history of ocular trauma or ocular
surgery, including strabismus surgery; ocular conditions other than strabismus that could affect ocular
alignment or visual function, including external ocular, optic nerve, and retinal diseases; poor cooperation
during ocular examination; and inability to complete the device-based examination.

Clinical evaluation and ocular examination
Demographic variables included patient age and sex. Baseline ophthalmologic examinations included
best-corrected visual acuity (BCVA), spherical equivalent (SE) refractive error, intraocular pressure,
stereopsis, and ocular deviation. Stereoacuity was assessed using the Titmus stereotest (Stereo Optical
Co., Inc., Chicago, IL, USA). Ocular deviation was measured at distance (6 m) and near (1/3 m) fixation by
an experienced ophthalmologist (D.W.S.). Total deviation was measured using the alternate prism cover
test (APCT) and represented the sum of tropia and phoria. Tropia was measured using the simultaneous
prism cover test (SPCT) under binocular viewing conditions and represented the manifest component
only. Horizontal and vertical deviations measured by both APCT and SPCT were included in the analysis.

Machine-based ocular alignment evaluation
Machine-based ocular alignment evaluation was performed using the neos™ system (machineMD AG,
Bern, Switzerland), a virtual reality headset–based device equipped with 200-Hz infrared eye tracking.12

Participants were seated in an upright position and instructed to fixate on visual stimuli presented within
the headset. Eye position was recorded using the integrated eye tracker during testing. All device-based
examinations were performed by a trained examiner (D.L.) using the Ocular Alignment Test Execution
mode.

Machine-generated ocular alignment measurements were obtained during distance fixation. Horizontal
and vertical total deviations were derived from the “Tropia + Phoria from alternating stimulus” parameter,
whereas horizontal and vertical tropia measurements were derived from the “Tropia from binocular
stimulus” parameter.

To ensure the reliability of device-based measurements, tracking precision (°), representing the stability
and consistency of eye tracking, and data completeness (%), representing the proportion of successfully
acquired data during the examination, were reviewed as quality indicators. For data quality control, only
measurements with tracking precision ≤ 1.5° and data completeness ≥ 80% in both eyes were included in
the analysis.
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Comparison of manual and machine-based measurements
Manual and machine-based measurements of horizontal and vertical ocular deviation were compared in
all included patients. Examiner-measured total horizontal and vertical deviations obtained using APCT
were compared with the corresponding “Tropia + Phoria from alternating stimulus” measurements
generated by the neos™ system. Examiner-measured horizontal and vertical tropia obtained using SPCT
were compared with the corresponding “Tropia from binocular stimulus” measurements generated by
the neos™ system. Measurement differences and agreement between manual and machine-based
measurements were additionally evaluated in the two groups.

To further evaluate agreement according to deviation magnitude, subgroup analyses were performed
based on the magnitude of total horizontal deviation measured by APCT at distance fixation. Patients
were classified into < 15 PD and ≥ 15 PD groups, irrespective of whether the horizontal deviation was
exotropic or esotropic. Associations and measurement differences between manual and machine-based
measurements were additionally evaluated in the two groups.

Statistical analysis
Statistical analyses were performed using SPSS Statistics version 24.0 (IBM Corp., Armonk, NY, USA).
Continuous variables were expressed as mean ± standard deviation. Paired manual and device-based
measurements of horizontal and vertical ocular deviation were compared using the Wilcoxon signed-
rank test. Associations between manual and device-based measurements were assessed using
Spearman’s rank correlation coefficient (ρ). Agreement between the two measurement methods was
evaluated using Bland–Altman analysis, with mean differences and 95% limits of agreement (LoA)
calculated for each measurement parameter.

Differences between manual and device-based measurements were calculated as manual minus device-
based measurements; therefore, positive values indicated underestimation by the device, whereas
negative values indicated overestimation. To investigate whether agreement between manual and
device-based measurements varied according to the magnitude of horizontal deviation, subgroup
analyses were performed using a 15-PD cutoff. Manual–device measurement differences between the ≥ 
15 PD and < 15 PD groups were compared using the Mann–Whitney U test. All statistical tests were two-
sided, and a P value < 0.05 was considered statistically significant.

Results
A total of 46 patients were included in the analysis, comprising 21 males and 25 females, with a mean
age of 37.61 ± 20.41 years (range, 8–85 years) (Table 1). The mean horizontal total deviation by APCT
was 11.37 ± 15.95 PD, and the mean horizontal tropia by SPCT was 8.11 ± 11.84 PD. The mean vertical
total deviation by APCT was 2.09 ± 3.84 PD, and the mean vertical tropia by SPCT was 1.54 ± 3.74 PD.
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Table 1
Baseline characteristics of the study population according to horizontal deviation magnitude (n = 46).
Characteristic Total (n = 46) ≥ 15 PD group

(n = 16)
< 15 PD group
(n = 30)

P-value

Gender (male:female) 21:25 9:7 12:18 0.292*

Age at initial visit (year) 37.61 ± 20.41 (8
to 85)

47.38 ± 25.46 32.40 ± 15.18 0.090†

BCVA (logMAR)        

OD 0.06 ± 0.11 (0.00
to 0.54)

0.06 ± 0.06 0.06 ± 0.13 0.084†

OS 0.05 ± 0.10 (0.00
to 0.40)

0.08 ± 0.11 0.04 ± 0.08 0.147†

SE refractive errors (D)        

OD -0.27 ± 1.59 (-4.00
to + 2.75)

0.20 ± 1.68 -0.52 ± 1.51 0.055†

OS -0.28 ± 1.59 (-6.00
to + 2.50)

-0.06 ± 2.03 -0.41 ± 1.33 0.057†

IOP (mmHg)        

OD 14.48 ± 3.47 (8 to
22)

14.75 ± 4.12 14.33 ± 3.13 0.935†

OS 14.50 ± 3.64 (8 to
22)

14.63 ± 4.22 14.43 ± 3.37 0.963†

Titmus test score (arcsec) 574.57 ± 112.14
(40 to 4000)

800.00 ± 
133.59

288.00 ± 
885.42

< 0.001†

Tracking precision (degree, °)        

OD 0.56 ± 0.34 (0.2 to
1.5)

0.67 ± 0.33 0.50 ± 0.33 0.058

OS 0.59 ± 0.35 (0.1 to
1.5)

0.73 ± 0.37 0.52 ± 0.32 0.053

Data completeness (%)        

OD 91.79 ± 5.50
(80.10 to 99.70)

92.78 ± 5.93 91.26 ± 5.28 0.263

OS 91.19 ± 5.89
(80.20 to 99.40)

92.67 ± 5.29 90.60 ± 5.67 0.209

Manual horizontal deviation
at initial visit (PD)
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Characteristic Total (n = 46) ≥ 15 PD group
(n = 16)

< 15 PD group
(n = 30)

P-value

Angle of total deviation by
APCT

11.37 ± 15.95 (0
to 70)

27.81 ± 17.17 2.60 ± 3.68 < 0.000†

Angle of tropia by SPCT 8.11 ± 11.84 (0 to
50)

20.81 ± 12.03 1.33 ± 2.48 < 0.000†

Manual vertical deviation at
initial visit (PD)

       

Angle of total deviation by
APCT

2.09 ± 3.84 (0 to
50)

3.12 ± 3.34 1.53 ± 4.02 < 0.000†

Angle of tropia by SPCT 1.54 ± 3.74 (0 to
20)

2.00 ± 3.33 1.30 ± 3.98 < 0.000†

Values are presented as mean ± standard deviation (range) unless otherwise indicated.

Significant deviation was defined as a horizontal deviation of ≥ 15 prism diopters measured at the
initial visit. Mild deviation was defined as a horizontal deviation of < 15 prism diopters, including
orthophoria and small-angle phoria.

BCVA = best corrected visual acuity; logMAR = logarithm of the minimum angle of resolution; OD = 
oculus dexer; OS = oculus sinister;

SE = spherical equivalent; D = diopter; PD = prism diopter, APCT= Alternating prism and cover test,
SPCT = Simultaneous prism and cover test

*Pearson’s chi-square test; †Mann-Whitney test.

To evaluate differences according to deviation magnitude, patients were stratified into two subgroups
based on horizontal total deviation by APCT at distance fixation: the ≥ 15 PD group (n = 16) and the < 15
PD group (n = 30). Baseline characteristics, including age, BCVA, SE refractive error, and intraocular
pressure, did not differ significantly between the two groups. Similarly, the device-based quality
indicators, including tracking precision and data completeness, did not differ significantly between the
two groups. Additionally, the Titmus stereotest score was significantly higher in the ≥ 15 PD group than
in the < 15 PD group (P < 0.001), indicating poorer stereopsis in patients with larger horizontal deviations.

We compared manual and device-based measurements across four parameters, categorized by total
versus tropia deviation and horizontal versus vertical components (Table 2). No significant differences
between manual and device-based measurements were observed for either horizontal total deviation by
APCT (P = 0.940) or horizontal tropia by SPCT (P = 0.074). In contrast, significant differences were
observed for both vertical total deviation by APCT and vertical tropia by SPCT, with mean differences of
− 1.30 ± 4.96 PD and − 2.22 ± 5.34 PD, respectively, indicating significantly larger device-based than
manual measurements for both vertical parameters.

Page 7/18



Table 2
Comparison, correlation, and agreement between manual and device-based measurements in the entire

cohort (n = 46).
Pairwise comparison Mean difference ± 

SD
P-
value*

95% limits of
agreement

Horizontal total deviation by APCT
(PD)

     

Manual − Device -0.30 ± 8.22 0.940 -16.42 to 15.82

Vertical total deviation by APCT (PD)      

Manual − Device -1.30 ± 4.96 0.020 -11.02 to 8.41

Horizontal tropia by SPCT (PD)      

Manual − Device -2.30 ± 8.04 0.074 -18.06 to 13.45

Vertical tropia by SPCT (PD)      

Manual − Device -2.22 ± 5.34 < 0.001 -12.68 to 8.24

SD = standard deviation.

Difference was calculated as manual measurement minus device measurement.

APCT = Alternating prism and cover test; SPCT = Simultaneous prism and cover test

*P-value = Wilcoxon signed-rank test

Despite the significant correlations, the 95% limits of agreement varied across the four parameters and
remained relatively wide, indicating considerable individual-level variability between manual and device-
based measurements.

Scatter plot analysis demonstrated significant positive correlations between manual and device-based
measurements across all four parameters (Fig. 1). Strong positive correlations were observed for
horizontal total deviation by APCT (Spearman ρ = 0.780, P < 0.001), vertical total deviation by APCT (ρ = 
0.728, P < 0.001), and horizontal tropia by SPCT (ρ = 0.783, P < 0.001). In contrast, vertical tropia by SPCT
showed a weaker, although statistically significant, positive correlation (ρ = 0.424, P = 0.003).

Bland–Altman analysis demonstrated varying levels of agreement between manual and device-based
measurements across the four parameters (Fig. 2). Horizontal total deviation by APCT showed minimal
systematic bias, with a mean difference of − 0.30 PD, whereas the 95% limits of agreement were
relatively wide, ranging from − 16.42 to 15.81 PD (Fig. 2A). Similar patterns of relatively small mean
differences but wide limits of agreement were observed for the other three parameters (Fig. 2B–D),
indicating considerable individual-level variability between the two measurement methods. Notably,
visual inspection of the Bland–Altman plots showed a tendency toward greater dispersion of manual–
device differences as the magnitude of ocular deviation increased across all four parameters.

Page 8/18



Table 3 shows the comparison of manual–device measurement differences and variability according to
horizontal deviation magnitude. No significant between-group differences in manual–device
measurement differences were observed between patients with larger horizontal deviations of ≥ 15 PD
and those with smaller deviations of < 15 PD for horizontal total deviation by APCT (P = 0.430), vertical
total deviation by APCT (P = 0.121), or horizontal tropia by SPCT (P = 0.288), suggesting that the
magnitude of systematic discrepancy between manual and device-based measurements was generally
comparable across small- and large-angle deviations for these parameters. In contrast, vertical tropia by
SPCT showed a significant between-group difference in measurement difference (P = 0.010).

Table 3
Comparison of measurement differences and limits of agreement between groups with horizontal

deviation ≥ 15 PD and < 15 PD.
Measurement
difference

(Manual − Device,
PD)

≥ 15 PD group (n = 16) < 15 PD group (n = 
30)

Between-group comparison

Median
(IQR)

95% LoA Median
(IQR)

95%
LoA

Difference
P-value*

Variability
P-value†

Horizontal total
deviation by APCT

0.00 (− 
1.75 to
7.00)

−24.49
to 24.99

0.00 (− 
2.00 to
2.00)

−9.86
to 8.66

0.430 0.016

Vertical total
deviation by APCT

−1.00 (− 
3.75 to
0.00)

−16.91
to 10.91

0.00 (− 
1.00 to
0.00)

−6.48
to 5.68

0.121 0.003

Horizontal tropia
by SPCT

−2.00 (− 
9.50 to
1.75)

−29.10
to 18.60

0.00 (− 
1.25 to
0.00)

−8.66
to 7.19

0.288 < 0.001

Vertical tropia by
SPCT

−1.50 (− 
7.50 to − 
1.00)

−18.71
to 8.84

−1.00 (− 
1.00 to
0.00)

−7.67
to 6.13

0.010 0.003

Values represent the difference between manual and device measurements (manual − device) and
are presented as median (interquartile range [IQR]).

The 95% limits of agreement (LoA) were calculated as the mean difference ± 1.96 SD.

Total deviation was measured using the APCT and represents the sum of tropia and phoria.

Tropia deviation was measured using the SPCT under binocular viewing conditions and represents
the tropic component only.

APCT = alternating prism cover test; SPCT = simultaneous prism cover test; PD = prism diopters; IQR 
= interquartile range.

*P-value for between-group comparison of measurement differences using the Mann–Whitney U
test.

† P-value for comparison of variance using Levene’s test.
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Additionally, the variability of manual–device measurement differences was compared between the two
groups using Levene’s test. Measurement variability was significantly greater in the ≥ 15 PD group across
all four parameters, as reflected by the wider 95% limits of agreement. These findings indicate that
although larger horizontal deviations did not substantially increase systematic manual–device
discrepancies for most parameters, individual-level agreement became less consistent in the ≥ 15 PD
group.

To visually illustrate the differences in measurement variability according to horizontal deviation
magnitude, the 95% limits of agreement for the ≥ 15 PD and < 15 PD groups were graphically compared
(Fig. 3). The ≥ 15 PD group consistently showed wider 95% limits of agreement across all four
parameters, corresponding to significantly greater measurement variability than the < 15 PD group.
Levene’s test confirmed significant differences in variability for horizontal total deviation by APCT (P = 
0.016), vertical total deviation by APCT (P = 0.003), horizontal tropia by SPCT (P < 0.001), and vertical
tropia by SPCT (P = 0.003).

Discussion
In this study, VR-based ocular alignment measurements showed significant positive correlations with
conventional manual measurements across all four evaluated parameters. Particularly strong
correlations were observed for horizontal total deviation by APCT and horizontal tropia by SPCT. No
significant differences between manual and device-based measurements were observed for the two
horizontal parameters, whereas device-based measurements were significantly larger than manual
measurements for both vertical parameters. Bland–Altman analysis further demonstrated relatively wide
limits of agreement, indicating considerable individual-level variability despite the overall correlations
between the two methods. Importantly, subgroup analysis showed significantly greater measurement
variability in patients with horizontal deviations ≥ 15 PD across all four parameters, suggesting reduced
consistency of device-based measurements at larger deviation magnitudes.

Accurate detection and quantitative assessment of ocular misalignment are important for the diagnosis
and management of strabismus, particularly in children at risk of amblyopia and impaired binocular
visual development.16 However, small-angle strabismus, including microstrabismus, may be difficult to
detect during routine clinical examination, particularly in nonspecialized settings.17,18 Delayed diagnosis
may lead to prolonged treatment and poorer binocular visual outcomes.4,19 Furthermore, strabismus
care has become increasingly subspecialized, with management often concentrated among a limited
number of experienced specialists.20

In recent years, several attempts have been made to utilize eye-tracking technology for automated
assessment of ocular alignment and eye movements to facilitate early diagnosis and precise detection
of strabismus.12–14,21 However, considerable heterogeneity exists in device architecture, testing
protocols, and validation methods,22,23 and evidence regarding their performance in clinical populations

with strabismus remains limited.12 In the present study, we assessed the clinical utility of the neos™
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system by comparing device-based ocular alignment measurements with conventional manual
examinations in patients with strabismus.

Several studies have demonstrated the feasibility of VR-based technologies for automated strabismus
screening and diagnosis. Wang et al.22 reported that a VR-based strabismus screening system showed a
sensitivity of 80.3% and a specificity of 80%, with moderate agreement with manual examinations.
Similarly, Yeh et al.23 demonstrated good agreement between VR-based ocular deviation measurements
and APCT findings, particularly during near fixation testing.

In the present study, no significant differences were observed between manual and device-based
measurements for either horizontal parameter in Table 2, indicating generally comparable
measurements for horizontal deviations. In contrast, device-based measurements were significantly
larger than manual measurements for both vertical parameters, by an average of 1.30 PD for vertical
total deviation by APCT and 2.22 PD for vertical tropia by SPCT. These findings suggest that
measurement performance may differ between horizontal and vertical ocular deviations.

Additionally, correlation analysis demonstrated significant positive associations between manual and
device-based measurements across all four parameters in Fig. 1, further supporting the potential value
of VR- and AI-based technologies for strabismus assessment.24 Among these parameters, the strongest
correlations were observed for horizontal total deviation by APCT and horizontal tropia by SPCT, with
Spearman ρ values of 0.780 and 0.783, respectively. In contrast, vertical tropia by SPCT showed the
weakest correlation, with a Spearman ρ of 0.424. Although the vertical parameters remained significantly
correlated with manual measurements, device-based measurements tended to be larger than manual
measurements, indicating the need for cautious interpretation of vertical deviation measurements.

Despite these correlations, Bland–Altman analysis revealed relatively wide 95% limits of agreement
across all four parameters. In particular, horizontal total deviation by APCT showed minimal systematic
bias, with a mean difference of − 0.30 PD, whereas the 95% limits of agreement ranged from − 16.42 to
15.81 PD. Therefore, substantial differences between manual and device-based measurements may
occur at the individual-patient level despite the overall correlation between the two methods.

Furthermore, in the comparison of manual–device measurement differences according to horizontal
deviation magnitude, no significant differences were observed between the ≥ 15 PD and < 15 PD groups
for three of the four parameters. This suggests that manual and device-based measurements were
comparable for these parameters regardless of horizontal deviation magnitude. Vertical tropia by SPCT
was the only parameter showing a significant between-group difference, with a greater discrepancy
between manual and device-based measurements in the ≥ 15 PD group. This finding is consistent with
the preceding analysis showing larger device-based measurements for vertical deviations, suggesting
the need for careful interpretation of vertical measurements, particularly in patients with larger horizontal
deviations.
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In the comparison of measurement variability between the two groups, the ≥ 15 PD group showed
significantly greater variability across all four parameters, with wider 95% limits of agreement than the < 
15 PD group. These findings indicate lower individual-level measurement consistency in patients with
larger horizontal deviations, suggesting that device-based measurements in large-angle strabismus
should be interpreted in conjunction with a detailed clinical assessment of ocular alignment.

The greater measurement variability observed in patients with larger deviations can be explained by
several factors. First, horizontal deviation in patients with large-angle strabismus can fluctuate
depending on the patient's condition.25–28 Hatt et al.28 reported that the control of intermittent exotropia
varies throughout the day and even within minutes, indicating that a single measurement may not fully
represent the severity of deviation. In addition, Economides et al.27 reported that ocular deviation in
patients with strabismus exhibits inherent biological variability. Therefore, part of the discrepancy
observed between manual and device-based measurements may reflect the inherent biological
variability of strabismus rather than device-related measurement error alone. Second, manual clinical
examination allows the examiner to assess the patient's level of control and adjust examination
conditions accordingly. During APCT, the duration of dissociation and repeated measurements can be
adjusted according to the clinical response. Economides et al.27 described that APCT involves repeated
alternate occlusion and adjustment of prism strength until no refixation movement is observed, allowing
the examiner to determine ocular deviation based on repeated observations. In contrast, device-based
examinations are performed using a standardized testing sequence and may not fully account for
individual variations in fusional control or fixation behavior. These differences in examination conditions
may have contributed to the discrepancy observed between manual and device-based measurements.
Nevertheless, the overall correspondence between device-based and manual measurements suggests
that VR-based oculography may be useful for quantitative ocular alignment assessment, particularly in
patients with smaller deviations.

There are several limitations to this study. The sample size was relatively small, which may have limited
the statistical power of subgroup analyses; therefore, separate analyses according to strabismus type
and level of control were not performed. Patients with exotropia and esotropia were analyzed together,
although ocular alignment characteristics and fusional control may differ between these groups. In
addition, the potential influence of strabismus control on the variability of ocular deviation
measurements could not be separately evaluated .28 Lastly, only distance deviation measurements were
analyzed because the VR-based system did not provide near deviation measurements. Assessment of
ocular alignment at both distance and near is clinically important because the distance–near
relationship contributes to the classification and management of strabismus.16,29 Future studies with
larger sample sizes and standardized control grading systems are needed to further evaluate device
performance according to strabismus subtype and control status.

In conclusion, VR-based oculography demonstrated significant correlations with conventional manual
measurements of ocular alignment, particularly for horizontal deviations. However, individual-level
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variability increased significantly in patients with larger horizontal deviations. These findings support the
potential utility of VR-based oculography as an objective quantitative tool for ocular alignment
assessment, while highlighting the need to interpret individual measurements cautiously, particularly in
large-angle strabismus. Further studies with larger cohorts and stratification by strabismus subtype and
control status are warranted to refine its clinical applicability.
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Figure 1

Scatter plots illustrating the relationship between manual and device-based measurements. (A)
Horizontal total deviation by APCT, (B) Vertical total deviation by APCT, (C) Horizontal tropia by SPCT, and
(D) Vertical tropia by SPCT. Strong positive correlations were observed for horizontal total deviation
(Spearman ρ = 0.780, P < 0.001), vertical total deviation (ρ = 0.728, P < 0.001), and horizontal tropia (ρ =
0.783, P < 0.001). In contrast, vertical tropia showed a weaker, although statistically significant, positive
correlation (ρ = 0.424, P = 0.003). Each point represents an individual subject. APCT = alternating prism
cover test; SPCT = simultaneous prism cover test; PD = prism diopters.
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Figure 2

Bland–Altman analysis of agreement between manual and device-based measurements. (A) Horizontal
total deviation by APCT, (B) vertical total deviation by APCT, (C) horizontal tropia by SPCT, and (D) vertical
tropia by SPCT. Differences were calculated as manual minus device-based measurements The mean
differences (manual − device) ranged from −0.30 to −2.30 PD across the four parameters, with the
smallest bias observed for horizontal total deviation by APCT. The 95% limits of agreement were wide,
indicating considerable individual-level variability between the two measurement methods. . The
relatively wide limits of agreement, particularly for horizontal tropia, indicate substantial variability at the
individual-subject level. The solid line represents the mean difference, and the dashed lines represent the
95% limits of agreement. APCT = alternating prism cover test; SPCT = simultaneous prism cover test; PD
= prism diopters; LoA = limits of agreement.
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Figure 3

Graphical comparison of 95% limits of agreement according to horizontal deviation magnitude. Points
indicate mean differences (manual − device), and horizontal lines represent the 95% limits of agreement
(LoA). The ≥15 PD group showed significantly greater measurement variability and wider LoA than the
<15 PD group across all four measurements. *P values for variability were determined using Levene’s
test. APCT = alternating prism cover test; SPCT = simultaneous prism cover test; PD = prism diopters;
LoA = limits of agreement.
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