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eMethods 1.  

Measurements of visual acuity, contrast sensitivity, visual field sensitivity, and vision-

related quality of life  

The visual acuity was measured with a Snellen chart for each eye and converted to LogMAR 

and the eye with better visual acuity was included in the statistical analysis. Binocular acuity 

was inferred from monocular acuity without a separate assessment of binocular acuity.1 The 

contrast sensitivity was measured with the Pelli-Robson contrast sensitivity chart binocularly. 

Monocular visual field sensitivity over 24 degrees field of view at 54 locations was measured 

from the right and the left eyes with the standard white-on-white automated perimetry 

(Humphrey Field Analyzer II-I, Carl Zeiss Meditec, SITA standard 24-2 program). A visual field 

defect had ≥3 non-edge contiguous locations with p<0.05 (at least one location with p<0.01) 

on the same side of horizontal meridian in the pattern deviation plot confirmed with at least 

two consecutive examinations. Included visual field tests had fixation losses ≤20% and false 

positive errors ≤15%. Binocular visual field sensitivity was then calculated from the monocular 

visual field sensitivity at each of the 54 test locations using the binocular summation model 

described by Nelson-Quigg:2  

Binocular sensitivity = � (right eye sensitivity) 2 + (left eye sensitivity) 2   

where the right and left eye sensitivity at the corresponding visual field locations was derived 

from converting the sensitivity in dB into a linear scale (apostilbs) and the binocular sensitivity 

was then converted back to logarithm scale (decibels). The mean binocular visual field 

sensitivity was then calculated as the average of the threshold sensitivities from the 

integrated field.   
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The National Eye Institute Visual Function Questionnaire (NEI VFQ-25) is a widely-

adopted patient-reported outcome instrument to evaluate the impact of visual disability on 

the quality of life.3,4 The NEI VFQ-25 comprises 25 questions representing 11 vision-related 

constructs (sub-scales) including (1) global vision, (2) near and (3) distance vision activities, 

(4) vision-related limitations in social functioning, (5) vision-related role limitations, (6) vision-

related dependency, (7) vision-related mental health in role function, (8) driving difficulties, 

(9) limitations in peripheral vision, (10) limitations in color vision, and (11) ocular pain, plus 

an additional single-item general health rating question. In this study, the results of the NEI 

VFQ-25 were expressed in a unidimensional summary measure – the Rasch score – on a linear 

scale representing the degree of visual disability.5,6 Rasch analysis is a widely adopted 

approach to produce interval-scaled data in the analysis of the NEI VFQ-25 composite scores. 

It re-engineers the VFQ-25 composite score on a linear scale to facilitate parametric statistical 

analysis. Vision-related limitations in social functioning, dependency, mental health, and 

ocular pain were excluded from the Rasch model because they belong to a separate 

dimension. The item “driving difficulties” was excluded from the Rasch analysis as 71.6% of 

the study participants did not drive. The mean infit value and the standardized infit value of 

the Rasch model were 0.921 and -0.264, respectively; the mean outfit value and the 

standardized outfit value were 0.731 and -1.104, respectively. Pearson reliability and item 

separation reliability indices were 0.890 and 0.992, respectively.   
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eMethods 2. Design and specifications of the VR simulations 

All study participants were given instructions about the goals of the individual simulations 

and the operation of a controller (the controller was used for item selection in the 

supermarket shopping simulation and speed control in the navigation simulations). The field 

of view in the VR simulations was connected to the participant’s head orientation via the built-

in sensors for orientation and positional tracking. In the stair and city navigations, audio 

simulation connected to the immersed field of view (e.g. engine noise from motor vehicles, 

background noise in city area) was also incorporated into the VR environments. 

 

Supermarket shopping  

In the supermarket shopping simulation (Video 1), the participant searched and identified 10 

shopping items, one by one, from a rack. In each round of iteration, a shopping item was 

randomly selected by the computer program and displayed to the participant (Figure 1). The 

participant studied the item of interest as long as they considered necessary and then pressed 

the joystick controller button to indicate the beginning of the search. By searching (i.e. looking 

up/down/right/left) through a rack containing 36 different shopping items in 6 rows, the 

participant identified the item of interest by centering the fixation cursor (represented by a 

back circle) at the product and pressing the joystick controller button. If the product is 

correctly identified, the next round of iteration initiates. The next shopping item will not be 

shown until the current shopping item is correctly identified. The participant could study the 

item of interest again by gazing down (an example is shown in Video 1B between 16s and 

18s). The average luminance measured from the right and the left eyepieces of the VR headset 

during the simulation using a light meter (EasyView Light Meter, Extech Instruments Corp., 
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MA, US) was 52.03 lux. The duration required to correctly identify 10 shopping items and the 

number of items incorrectly identified were recorded.  

 

Stair navigation 

In the stair navigation (Videos 2 and 3), the study participants walked up 2 flights of stairs and 

then walked down 2 flights of stairs. Each stair had 15 steps. The navigation virtual distance 

was approximately 47.5m. There were static obstacles (e.g. garbage bins, hanging beams, and 

solid wastes) positioned along the stair navigation path at a density of approximately nine 

obstacles for every 10m. During the simulation, the participants stood around the same 

location, turning the head/body to the desired direction, and then used a joystick controller 

to control the navigation speed (with a speed between 0.25m/s and 0.5m/s). A collision 

happened when the participant bumped into a VR object in the simulation. An audio and 

visual feedback would be given to the participant when a collision occurred (please refer to 

Video 3, panel B, which shows a glaucoma patient bumped into an obstacle during nighttime 

stair navigation). The participant first completed the navigation in simulated daytime and 

then in simulated nighttime. To minimize learning effect, the locations of the obstacles 

differed between the daytime and nighttime navigations (examples are shown in the inserts 

of Figure 2A and 2B), and the types and location of the obstacles differed between the 

training and testing sessions. Notably, the number and density of obstacles positioned along 

the navigation path did not differ between daytime and nighttime simulations. We designed 

the VR environments to simulate the real-world lighting conditions at illuminance levels that 

were comfortable to the participants. Daylight in a dark day is about 107.5 lux (10 foot 

candles); daylight at dusk is about 10.8 lux (1 foot candle); deep twilight is about 1.08 lux (0.1 

foot candle). The average luminance measured from the right and the left eyepieces of the 
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VR headset during the simulation using a light meter (EasyView Light Meter, Extech 

Instruments Corp., MA, US) was 18.92 lux (range: 10.86-25.25 lux) in the daytime simulation, 

and 0.98 lux (range: 0.66-1.69 lux) in the nighttime simulation. The duration to complete the 

simulation and the number of collisions were recorded.  

 

City navigation 

The city navigation was modeled in a busy city area in Hong Kong (Videos 4-5). The study 

participants navigated along a pavement and crossed two traffic junctions for a virtual 

distance of approximately 90m (Figure 3A and B). There were static (e.g. garbage bins, trees, 

café tables and chairs, traffic light posts) and dynamic (i.e. pedestrians and motor vehicles) 

obstacles along the navigation path. The densities of the static obstacles and pedestrians 

were approximately five and two, respectively, for every 10m along the navigation path. The 

appearance and outfit of the pedestrians in the VR environment were constructed based on 

the avatars from Morph3D character system, which was available from Unity asset store. The 

motor vehicles were constructed from pre-built models available from Unity asset store and 

customized to loop around in the virtual city area with additional programming. The 

navigation paths and body motions of the pedestrians were driven by a program using the 

Unity’s Third Person Animator Controller system. The walking speed of the pedestrians was 

set between 0.40m/s and 0.75m/s. The navigation of the pedestrians was programmed to 

avoid collision with the study participant. If the pedestrian and the participant are walking 

face-to-face within a distance of 4.0m, the pedestrian would make a slight turn to avoid 

collision. If the participant keeps walking towards the pedestrian, the pedestrian would stop 

and stand still within 1m from the participant. In other words, any collision experienced 

during the navigation is a consequence of the study participant’s intended or unintended 
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action. The motor vehicles were programmed to navigate on the road at a speed of 5m/s in 

two opposite lanes. The traffic flow was maintained at approximately 10 motor vehicles 

passing at the traffic junction for every minute in each lane. When the participant reaches the 

traffic junction, the traffic flow would continue for approximately 3 motor vehicle passes and 

then stop. The participant may then cross the road. If the participant does not wait for the 

traffic, the motor vehicles may collide with the participant. During the simulation, the 

participants stood around the same location, turning the head/ body to the desired direction, 

and then used a joystick controller to control the navigation speed (between 0.25m/s and 

1.0m/s). An audio and visual feedback to alert the participant would be given if the participant 

collides with a VR object in the simulation. The participant first completed the navigation in 

simulated daytime and then in simulated nighttime. To minimize learning effect, the locations 

of the obstacles and pedestrians differed between the daytime and nighttime navigations 

(examples are shown in the inserts of Figure 3A and B), and the types and locations of the 

obstacles and pedestrians differed between the training and testing sessions. Notably, the 

number and density of static obstacles and pedestrians positioned along the navigation path 

did not differ between daytime and nighttime simulations. The average luminance measured 

from the right and the left eyepieces of the VR headset during the simulation using a light 

meter (EasyView Light Meter, Extech Instruments Corp., MA, US) was 18.03 lux (range: 14.55-

22.90 lux) in the daytime simulation, and 1.76 lux (range: 1.33-2.49 lux) in the nighttime 

simulation. The duration to complete the simulation and the number of collisions were 

recorded.   
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eMethods 3. Real-world shopping simulation  

We recruited 50 glaucoma patients in a separate study for comparison between real-world 

shopping simulation and VR shopping simulation. A shopping rack, 2.16x2.16m in height and 

width, with 6x6 or 36 (0.36x0.36m) storage spaces, each containing 6x6 or 36 different 

shopping items was built (eFigure 9A). Patients were asked to position at 1.87m away from 

the shopping rack. Because of space limitation, the rack dimensions and the testing distance 

were proportionally smaller than the dimensions in the VR simulation in a ratio of 65.5:100. 

Patients were instructed to identify 10 shopping items of interest from the shopping rack. 

Each shopping item was displayed over a computer screen, which was placed on the ground 

in front of the participant (eFigure 9B). Like the VR simulation, there was no time limit set on 

the computer screen and the patient could take as long as he/she felt comfortable in 

recognizing the shopping item. The patient then scanned across the shopping rack and 

showed his/her selection by using a laser pointer (instead of picking up the shopping item by 

hand, we asked the patient to show his/her selection to mimic the setting in the VR 

simulation) (eFigure 9C). A technician would inform the patient if the selection was correct or 

not (eFigure 9D). The shopping iteration continued until 10 selections were complete. The 

duration required to complete the 10 selections and the total number of incorrect selections 

were recorded. Patients had real-world shopping simulation before VR shopping simulation.   
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eMethods 4. Calculation of VR disability scores  

(A) Task-specific VR disability score 

The task-specific VR disability score was calculated separately for each of the 5 VR simulated 

tasks. The score was measured by the Mahalanobis distance,7 MD, for an individual glaucoma 

patient in a VR simulation which is given by the square root of the Hotelling T-squared 

statistic.8 

𝑀𝑀𝑀𝑀 = ��𝑌𝑌 − 𝑋𝑋�̂�𝛽�Σ�−1�𝑌𝑌 − 𝑋𝑋�̂�𝛽�
′
 

It is a unit-free distance measure taking into account the variance of 𝑦𝑦1 and 𝑦𝑦2 and their 

correlations. Here, 𝑌𝑌 = [𝑦𝑦1 𝑦𝑦2] represents the two measurements obtained from a VR 

simulation (e.g. the duration to complete the simulation and the number of collisions during 

a navigation task); 𝑋𝑋�̂�𝛽 = [1 𝑥𝑥] �𝑏𝑏01 𝑏𝑏02
𝑏𝑏𝑥𝑥1 𝑏𝑏𝑥𝑥2

� = [(𝑏𝑏01 + 𝑏𝑏𝑥𝑥1𝑥𝑥) (𝑏𝑏02 + 𝑏𝑏𝑥𝑥2𝑥𝑥)] represents a 

multivariate linear regression after adjusting for 𝑌𝑌 by age, 𝑥𝑥, 𝑏𝑏0𝑖𝑖 and 𝑏𝑏𝑥𝑥𝑖𝑖 represent the 

estimated intercept and slope for the regression of 𝑦𝑦𝑖𝑖 on 𝑥𝑥, for 𝑖𝑖 = 1,2; Σ� represents the 

estimated variance covariance matrix of the residuals. �̂�𝛽 and Σ� were estimated by multivariate 

linear regression from the normal participants. 

Since the Hotelling T-squared statistic can be expressed as a quadratic function: 

𝑇𝑇2 = 𝐴𝐴𝑦𝑦12 + 𝐵𝐵𝑦𝑦22 + 𝐶𝐶𝑥𝑥2 + 𝑀𝑀𝑦𝑦1𝑦𝑦2 + 𝐸𝐸𝑦𝑦1𝑥𝑥 + 𝐹𝐹𝑦𝑦2𝑥𝑥 + 𝐺𝐺𝑦𝑦1 + 𝐻𝐻𝑦𝑦2 + 𝐼𝐼𝑥𝑥 + 𝐽𝐽 

where 𝐴𝐴 to 𝐽𝐽 represent the coefficients corresponding to the estimated �̂�𝛽 and Σ�, the 

Mahalanobis distance can be expressed as  

𝑀𝑀𝑀𝑀 = �𝐴𝐴𝑦𝑦12 + 𝐵𝐵𝑦𝑦22 + 𝐶𝐶𝑥𝑥2 + 𝑀𝑀𝑦𝑦1𝑦𝑦2 + 𝐸𝐸𝑦𝑦1𝑥𝑥 + 𝐹𝐹𝑦𝑦2𝑥𝑥 + 𝐺𝐺𝑦𝑦1 + 𝐻𝐻𝑦𝑦2 + 𝐼𝐼𝑥𝑥 + 𝐽𝐽 
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The MD of a glaucoma patient was then scaled to a disability score between 0 and 100; the 

MD was divided by the least upper integer bound of all 𝑀𝑀𝑀𝑀 in a VR simulation including all 

the glaucoma and normal subjects, multiplied by 100%. We applied Mahalanobis distance to 

account for the variance of each VR variable and the covariance between VR variables by 

transforming the data into standardized uncorrelated data (i.e. applying a linear 

transformation that "uncorrelates" the data) and computing the ordinary Euclidean distance 

for the transformed data (these steps are encapsulated by the formulas above). The 

Mahalanobis distance is a multivariate analog of a z-score. 

 

(B) Overall VR disability score 

The overall VR disability score of a glaucoma patient was calculated by extending 𝑌𝑌 =

[𝑦𝑦1 … 𝑦𝑦10] to include all the 10 measurements obtained from the 5 VR simulations. Similar 

to the task-specific VR disability score, the overall disability score was scaled between 0 and 

100.  

 

(C) Definition of visual disability   

The normal, age-specific 95% confidence region for each VR simulation was estimated by 

Hotelling T-squared statistic adjusted by age from the multivariate linear regression analysis 

of the healthy controls. An ellipsoid confidence region was constructed for each age year 

based on the Hotelling T-squared distribution in the 3-dimensional space (Figure 4). In this 

study, visual disability was defined when the VR disability score was outside the normal, age-

specific 95% confidence region. The Hotelling T-squared statistic can be expressed as 

 𝑇𝑇2 = �𝑌𝑌 − 𝑋𝑋�̂�𝛽�Σ�−1�𝑌𝑌 − 𝑋𝑋�̂�𝛽�
′
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where 𝑌𝑌 = [𝑦𝑦1 𝑦𝑦2] represents the two measurements obtained from a VR simulation (e.g. 

the duration to complete the simulation and the number of collisions in a navigation task); 

𝑋𝑋�̂�𝛽 represents the multivariate linear regression  after adjusting for 𝑌𝑌 by age with 𝑥𝑥 

represents the performance locations of the healthy individuals (i.e. the centroid axis of the 

healthy group in Figure 4); Σ� represents the estimated variance covariance matrix of the 

residuals. The 95% confidence region for the overall VR disability score was derived by 

extending 𝑌𝑌 = [𝑦𝑦1 … 𝑦𝑦10] to include all the 10 measurements obtained from the 5 VR 

simulations.  
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eResults 

Test-retest variabilities of VR simulation measurements 

To investigate the test-retest variability of the VR simulation measurements, a subset of 29 

participants (eTable 9) were randomly selected to repeat the same set of VR simulations in 

two separate visits within 4 months. We calculated the intraclass correlation coefficients 

(ICCs) of the duration to complete the simulation for each of the 5 simulations (duration to 

complete the simulation was the only parametric variable obtained from the 5 VR 

simulations) and the overall visual performance score (i.e. performance score derived from 

10 measurements obtained from the 5 VR simulations) (please refer to “Calculation of VR 

performance scores” in the following session). A single-measurement, absolute-agreement, 

2-way mixed-effects model was used in the calculation of ICCs. Interpretation was as follows: 

<0.40, poor; between 0.40 and 0.60, fair, between 0.60 and 0.75, good, above 0.75, 

excellent.9,10 The test-retest measurement agreement was considered excellent for the 

supermarket shopping simulation (ICC=0.82), daytime stair navigation (ICC=0.80), nighttime 

stair navigation (ICC=0.91), and nighttime city navigation (ICC=0.88); and good for daytime 

city navigation (ICC=0.71) and the overall VR performance score (ICC=0.70) (eTable 10).   
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eDiscussion 

Study Limitations 

The number of healthy individuals required was calculated based on the hypothesis that 

glaucoma patients would take a longer time to complete the VR simulations compared with 

healthy individuals, and we were able to demonstrate significant differences in duration to 

complete the shopping, nighttime city navigation, and nighttime stair navigation simulations 

between the glaucoma group and the healthy group. We would need another study with 

different sets of hypotheses and sample size calculations to determine the impact of age, 

refractive errors, levels of vision, and early cataract on the VR performance. Virtual reality 

simulation is also limited by motion sickness. While all participants were able to complete the 

shopping simulation, 14 healthy individuals (28.0%) and 10 glaucoma patients (10.2%) 

developed motion sickness in the navigation tasks (eFigure 1). Incongruity in sensory inputs 

from the visual and vestibular systems and postural instability have been implicated for the 

motion sickness and several techniques are being developed to reduce VR motion 

sickness.11,12 
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eFigure 1. Study flow chart  
The sequence of training and testing in the five virtual reality simulations, and the number of glaucoma patients and healthy participants completing the 
simulations. 

*Three glaucoma patients failed to complete the nighttime stair navigation because the virtual environment was too dim for these patients to navigate (mean 
luminance: 0.98 lux) although they were able to complete the nighttime city navigation (mean luminance: 1.76 lux). 
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eFigure 2. Relationship between duration to complete supermarket shopping simulation and visual 
function measurements and age in glaucoma patients 
Linear regression analysis between duration to complete the simulation and binocular visual field sensitivity (A), binocular contrast sensitivity (B), visual acuity 
(better eye) (C), and age (D).  
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eFigure 3. Relationship between duration to complete stair navigation in daytime and visual function 
measurements and age in glaucoma patients 
Linear regression analysis between duration to complete the simulation and binocular visual field sensitivity (A), binocular contrast sensitivity (B), visual acuity 
(better eye) (C), and age (D).  
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eFigure 4. Relationship between duration to complete stair navigation in nighttime and visual function 
measurements and age in glaucoma patients 
Linear regression analysis between duration to complete the simulation and binocular visual field sensitivity (A), binocular contrast sensitivity (B), visual acuity 
(better eye) (C), and age (D).  
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eFigure 5. Relationship between duration to complete city navigation in daytime and visual function 
measurements and age in glaucoma patients 
Linear regression analysis between duration to complete the simulation and binocular visual field sensitivity (A), binocular contrast sensitivity (B), visual acuity 
(better eye) (C), and age (D).  
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eFigure 6. Relationship between duration to complete city navigation in nighttime and visual function 
measurements and age in glaucoma patients 
Linear regression analysis between duration to complete the simulation and binocular visual field sensitivity (A), binocular contrast sensitivity (B), visual acuity 
(better eye) (C), and age (D).  
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eFigure 7. Detection of glaucoma patients with vision-related disability 
Three-dimensional multivariate plots of age and virtual reality measurements obtained from simulations of supermarket shopping (A), stair navigation in daytime 
(B), stair navigation in nighttime (C), city navigation in daytime (D), city navigation in nighttime (E) for detection of patients with vision-related disability. An ellipsoid 
95% confidence region was constructed for each age year based on the Hotelling T-squared distribution in the 3-dimensional space of the healthy individuals 
(indicated by blue dots) in each simulation. Glaucoma patients (indicated by red dots) outside the age-adjusted 95% confidence region were identified to have 
vision-related disability.  
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eFigure 8. Virtual reality disability score and patient-reported quality of life 
Comparison of overall virtual reality (VR) disability score (A) and NEI VFQ-25 Rasch score (B) between patients with and without vision-related disability. Linear 
regression analysis between overall VR disability sore and NEI VFQ-25 Rasch score (C).  
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eFigure 9. Real-world shopping simulation 
The dimensions of the shopping rack (left) and the testing distance (right) (A). A shopping item of interest was displayed on a computer screen (B). The 
participant showed his selection by pointing the target item using a laser pointer (C). A technician informed the participant whether the selection was correct or 
not (D). The “shopping” iteration continued until 10 selections were complete.  
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eTable 1. Comparisons of age, visual acuity (better eye), binocular contrast sensitivity, binocular visual 
field sensitivity, and National Eye Institute Visual Function Questionnaire-25 (NEI VFQ-25) Rasch score 
(mean (SD)) between the healthy individuals and glaucoma patients. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Biometric parameters Healthy individuals 
(n=50) 

Glaucoma patients 
(n=98) 

p 

Age 
(years) 

48.3 (14.8) 49.8 (11.6) 0.494 

Visual Acuity (better eye) 
(LogMAR) 

0.01 (0.07) 0.03 (0.10) 0.162 

Binocular Contrast Sensitivity 
(log unit) 

1.85 (0.12) 1.67 (0.25) <0.001 

Binocular Visual Field Sensitivity 
(dB) 

31.63 (1.12) 24.35 (6.87) <0.001 

NEI VFQ-25 Rasch Score 61.55 (16.68) 44.86 (16.78)  <0.001 
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eTable 2. A multivariable linear regression model investigating factors associated with the duration (sec.) 
required to complete the shopping simulation.  

 

Supermarket Shopping 

 Coefficient  Standard Error 95% Confidence 
Interval 

p 

Binocular Visual Field Sensitivity  
(per dB decrease) 

1.26 0.44 0.38 to 2.14 0.006 

Binocular Contrast Sensitivity  
(per 0.15 log unit decrease) 

7.46 2.03 3.44 to 11.49 <0.001 

Visual Acuity (Better Eye) 
(per 0.1 logMAR unit increase) 

-5.84 3.06 -11.91 to 0.23 0.059 

Age  
(per year increase) 

1.09 0.23 0.64 to 1.55 <0.001 

The adjusted R2 of the multivariable model was 0.451. 

  



© 2020 American Medical Association. All rights reserved. 26  

eTable 3. Multivariable linear regression models investigating factors associated with stair navigation 
duration (sec.) in the nighttime (upper panel) and daytime (lower panel) simulations. 

 

Nighttime Stair Navigation 

 Coefficient  Standard Error 95% Confidence 
Interval 

p 

Binocular Visual Field Sensitivity  
(per dB decrease) 

8.43 2.55 3.36 to 13.50 0.001 

Binocular Contrast Sensitivity  
(per 0.15 log unit decrease) 

2.21 10.93 -19.53 to 23.94 0.841 

Visual Acuity (Better Eye) 
(per 0.1 logMAR unit increase) 

4.29 16.23 -27.99 to 36.57 0.792 

Age  
(per year increase) 

4.63 1.28 2.09 to 7.18 0.001 

The adjusted R2 of the multivariable model was 0.319. 

 

Daytime Stair Navigation  

 Coefficient  Standard Error 95% Confidence 
Interval 

p 

Binocular Visual Field Sensitivity  
(per dB decrease) 

1.83 1.46 -1.06 to 4.73 0.212 

Binocular Contrast Sensitivity  
(per 0.15 log unit decrease) 

7.21 6.63 -5.97 to 20.39 0.280 

Visual Acuity (Better Eye) 
(per 0.1 logMAR unit increase) 

3.45 9.94 -16.29 to 23.19 0.729 

Age  
(per year increase) 

3.65 0.76 2.14 to 5.17 <0.001 

The adjusted R2 of the multivariable model was 0.310. 
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eTable 4. Multivariable ordered logistic regression models investigating factors associated with the risk of 
collision during the nighttime (upper panel) and daytime (lower panel) stair navigations.  

 

Nighttime Stair Navigation  

 Odds Ratio  Standard Error 95% Confidence 
Interval 

p 

Binocular Visual Field Sensitivity  
(per dB decrease) 

1.15 0.04 1.08 to 1.22 <0.001 

Binocular Contrast Sensitivity  
(per 0.15 log unit decrease) 

1.22 0.17 0.92 to 1.60 0.164 

Visual Acuity (Better Eye) 
(per 0.1 logMAR unit increase) 

1.39 0.28 0.94 to 2.06 0.103 

Age  
(per year increase) 

1.02 0.01 0.99 to 1.05 0.188 

 

 

Daytime Stair Navigation  

 Odds Ratio  Standard Error 95% Confidence 
Interval 

p 

Binocular Visual Field Sensitivity  
(per dB decrease) 

1.06 0.03 1.002 to 1.12 0.043 

Binocular Contrast Sensitivity  
(per 0.15 log unit decrease) 

0.92 0.12 0.71 to 1.20 0.544 

Visual Acuity (Better Eye) 
(per 0.1 logMAR unit increase) 

1.11 0.23 0.74 to 1.67 0.608 

Age  
(per year increase) 

1.05 0.02 1.02 to 1.08 0.001 
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eTable 5. Multivariable linear regression models investigating factors associated with city navigation 
duration (sec.) in the nighttime (upper panel) and daytime (lower panel) simulations. 

 

Nighttime City Navigation  

 Coefficient  Standard Error 95% Confidence 
Interval 

p 

Binocular Visual Field Sensitivity  
(per dB decrease) 

3.54 1.17 1.22 to 5.86 0.003 

Binocular Contrast Sensitivity  
(per 0.15 log unit decrease) 

9.61 5.25 -0.83 to 20.04 0.071 

Visual Acuity (Better Eye) 
(per 0.1 logMAR unit increase) 

-13.00 7.94 -28.79 to 2.79 0.105 

Age  
(per year increase) 

2.87 0.63 1.62 to 4.12 <0.001 

The adjusted R2 of the multivariable model was 0.409. 

 

Daytime City Navigation 

 Coefficient  Standard Error 95% Confidence 
Interval 

p 

Binocular Visual Field Sensitivity  
(per dB decrease) 

0.82 0.68 -0.54 to 2.17 0.233 

Binocular Contrast Sensitivity  
(per 0.15 log unit decrease) 

2.10 2.59 -3.05 to 7.25 0.419 

Age  
(per year increase) 

1.74 0.35 1.05 to 2.45 <0.001 

The adjusted R2 of the multivariable model was 0.313. 
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eTable 6. Multivariable ordered logistic regression models investigating factors associated with the risk of 
collision during the nighttime (upper panel) and daytime (lower panel) city navigations.  

 

Nighttime City Navigation  

 Odds Ratio  Standard Error 95% Confidence 
Interval 

p 

Binocular Visual Field Sensitivity  
(per dB decrease) 

1.15 0.04 1.08 to 1.23 <0.001 

Binocular Contrast Sensitivity  
(per 0.15 log unit decrease) 

1.10 0.15 0.84 to 1.45 0.497 

Visual Acuity (Better Eye) 
(per 0.1 logMAR unit increase) 

1.18 0.27 0.75 to 1.86 0.474 

Age  
(per year increase) 

1.01 0.01 0.98 to 1.04 0.663 

 

 

Daytime City Navigation  

 Odds Ratio  Standard Error 95% Confidence 
Interval 

p 

Binocular Visual Field Sensitivity  
(per dB decrease) 

1.07 0.04 1.003 to 1.15 0.040 

Binocular Contrast Sensitivity  
(per 0.15 log unit decrease) 

1.18 0.19 0.86 to 1.62 0.307 

Visual Acuity (Better Eye) 
(per 0.1 logMAR unit increase) 

1.00 0.24 0.63 to 1.59 0.997 

Age  
(per year increase) 

1.02 0.02 0.99 to 1.05 0.189 
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eTable 7. Univariable logistic regression model investigating factors associated with vision-related 
disability (i.e. having an overall virtual reality disability score outside the age-adjusted 95% confidence 
region of the healthy controls). 

 

 Odds Ratio  Standard Error 95% Confidence 
Interval 

p 

Binocular Visual Field Sensitivity  
(per dB decrease) 

1.32 0.07 1.19 to 1.47 <0.001 

Binocular Contrast Sensitivity  
(per 0.15 log unit decrease) 

2.35 0.50 1.54 to 3.58 <0.001 

Visual Acuity (Better Eye) 
(per 0.1 logMAR unit increase) 

1.74 0.37 1.15 to 2.63 0.009 

NEI VFQ-25 Rasch Score 
(per unit decrease) 

1.08 0.02 1.05 to 1.12 <0.001 

Age  
(per year increase) 

1.05 0.02 1.02 to 1.09 0.002 
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eTable 8. Multivariable logistic regression model investigating factors associated with vision-related 
disability (i.e. having an overall virtual reality disability score outside the age-adjusted 95% confidence 
region of the healthy controls). 

 

 Odds Ratio  Standard Error 95% Confidence 
Interval 

p 

Binocular Visual Field Sensitivity  
(per dB decrease) 

1.19 0.08 1.05 to 1.35 0.006 

Binocular Contrast Sensitivity  
(per 0.15 log unit decrease) 

1.47 0.39 0.87 to 2.48 0.147 

Visual Acuity (Better Eye) 
(per 0.1 logMAR unit increase) 

0.74 0.24 0.40 to 1.38 0.350 

NEI VFQ-25 Rasch Score 
(per unit decrease) 

1.03 0.02 0.99 to 1.07 0.169 

Age  
(per year increase) 

1.03 0.02 0.99 to 1.08 0.182 
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eTable 9. Comparisons of age, visual function measures, and National Eye Institute Visual Function 
Questionnaire-25 (NEI VFQ-25) Rasch score (mean (SD)) between 20 healthy individuals and 9 glaucoma 
patients who had completed five sets of virtual reality simulations in two separate visits within four 
months for the evaluation of test-retest variability of the virtual reality measurements.  

 

Biometric parameters Healthy individuals 
(n=20) 

Glaucoma patients 
(n=9) 

p 

Age 
(years) 

38.4 (13.0)  41.2 (13.5) 0.588 

Visual Acuity (better eye) 
(LogMAR) 

0.004 (0.04) -0.01 (0.09) 0.643 

Binocular Contrast Sensitivity 
(log unit) 

1.90 (0.13) 1.74 (0.15) 0.005 

Binocular Visual Field Sensitivity 
(dB) 

31.75 (0.94) 27.07 (7.71) 0.011 

NEI VFQ-25 Rasch Score 70.12 (11.54) 57.14 (13.41) 0.013 
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eTable 10. Intraclass correlation coefficients (ICC) of the duration to complete the simulation for the 
individual virtual reality simulations and the overall visual performance score. Data were obtained from 
20 healthy individuals and 9 glaucoma patients (eTable 9) who had completed five sets of virtual reality 
simulations in two separate visits within four months for the evaluation of test-retest variability of the 
virtual reality measurements. 

 

 ICC  95% Confidence Interval 

Supermarket shopping  0.82 0.65 to 0.90 

Daytime stair navigation  0.80 0.61 to 0.90 

Nighttime stair navigation  0.91 0.82 to 0.96 

Daytime city navigation  0.71 0.47 to 0.85 

Nighttime city navigation  0.88 0.76 to 0.94 

Overall VR performance score 0.70 0.46 to 0.82 

 

 

 

 

 

 

 

 

 


