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The most common approach to assessing the optic nerve head (ONH) in the detection
and management of glaucoma relies on frontal stereoscopic images acquired by a fundus
camera. Subjective clinical assessment of ONH parameters from these images (e.g.,
cup/disc ratio and cup depth) is limited by the absence of monocular perspective cues
normally available in oblique viewing. This study examined whether viewing a rotatable
3D reconstruction of the ONH could improve the accuracy of subjective assessments
by increasing linear perspective information. Images were reconstructed from optical
coherence tomography (OCT) of the ONH. Trained optometry students assessed the
cup/disc (C/D) ratio of ONHs with either a flat stereoscopic display or virtual reality
(VR) head-mounted display (HMD) with or without dynamic slant control. Dynamic
stereoscopic assessment of optic nerve head models in VR resulted in larger estimates
of C/D ratio and cup depth compared to static stereoscopic assessments. A follow-up
experiment using an external display revealed that relative to static monoscopic viewing,
adding either dynamic viewing or stereoscopic viewing to the same display improved
subjective estimates of C/D ratio relative to Cirrus HD-OCT defined objective values of
C/D ratio. The findings suggest that simply changing the viewing orientation of ONH
models improves clinical evaluation of C/D ratio by generating perspective cues to depth
without the need for stereo viewing.

Keywords: virtual reality, material perception, 3D shape, optic nerve, optometry, ophthalmology

INTRODUCTION

Glaucoma refers to a group of ocular diseases characterized by progressive and irreversible damage
to the optic nerve and associated visual field loss (Foster et al., 2002). For reliable diagnosis and
monitoring of disease progression, clinicians are required to accurately detect subtle changes in
optic nerve structure. These structural changes may be documented through imaging techniques
such as optic nerve stereophotography and optical coherence tomography (OCT), which provide
a wide range of information to support subjective judgments and objective measurements for the
diagnostic assessment of optic nerve structure and shape. Optimizing viewing conditions in an
immersive virtual reality (VR) environment may improve the clinician’s perceptual performance
and thus increase the accuracy and reliability of optic nerve head (ONH) evaluations. These
improvements in evaluations may also allow clinicians to achieve subjective estimates which
better align with objective measurements of ONH anatomical parameters, such as those obtained
through OCT imaging. This would improve the translatability of measurements to facilitate
more comprehensive multimodal glaucoma assessments. Here, we were concerned with whether

Frontiers in Virtual Reality | www.frontiersin.org 1

August 2020 | Volume 1 | Article 4


https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org/journals/virtual-reality#editorial-board
https://www.frontiersin.org/journals/virtual-reality#editorial-board
https://www.frontiersin.org/journals/virtual-reality#editorial-board
https://www.frontiersin.org/journals/virtual-reality#editorial-board
https://doi.org/10.3389/frvir.2020.00004
http://crossmark.crossref.org/dialog/?doi=10.3389/frvir.2020.00004&domain=pdf&date_stamp=2020-08-05
https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://www.frontiersin.org/journals/virtual-reality#articles
https://creativecommons.org/licenses/by/4.0/
mailto:juno.kim@unsw.edu.au
https://doi.org/10.3389/frvir.2020.00004
https://www.frontiersin.org/articles/10.3389/frvir.2020.00004/full
http://loop.frontiersin.org/people/956450/overview
http://loop.frontiersin.org/people/144643/overview

Chen et al.

Virtual Reality in Clinical Practice

different 3D visualization devices having different levels of
interactivity and immersion offer benefits over 2D visual
assessment of retinal structure relevant to glaucoma.

The recent emergence of innovations that combine OCT and
fundus camera systems (Meditec, 2019; Nidek, 2019) and high-
performance consumer grade head-mounted displays (HMDs)
for VR may provide new utility for optimizing viewing conditions
with existing technology for improved diagnostic outcomes. As
such, the use of immersive VR technology in the visualization of
retinal anatomy is not new. Aaker et al. has reported on the 3D
renderings of 2D OCT images in a Computer Assisted Virtual
Environment (CAVE) for analysis (Aaker et al.,, 2011), while
Schulze et al. investigated the visualization of 3D reconstructions
of OCT images in VR in the context of different ophthalmic
clinical workflows (Schulze et al., 2013). More recently, virtual
reality has shifted to real-time, where Draelos et al. explored the
use of real-time visualization of both static and live OCT volume
scans in immersive VR (Draelos et al., 2018). However, these
studies only reported on rendered 3D models reconstructed from
OCT volume scans alone, without the inclusion of fundus camera
photos. This study sought to determine the conditions under
which VR technology might improve clinical judgments of ONH
models reconstructed from a combination of high-resolution
OCT and fundus camera images. The ONH reconstructions were
rendered to appear as realistic clinical models comparable to live
viewing through microscope oculars.

Although the exact pathogenesis of glaucoma is not yet
known, glaucoma ultimately produces specific and characteristic
morphological changes in the optic nerve head. Progressive
apoptosis of the retinal ganglion cells and their axons gradually
leads to neuroretinal rim loss (Quigley, 1999; Agarwal et al,
2009; Weinreb et al., 2014), and the resultant optic neuropathy
gradually leads to a characteristic “cupping” appearance (Quigley,
1999). Other glaucomatous structural changes include thinning
and posterior bowing of the lamina cribrosa (Quigley et al,
1981, 1983; Yan et al., 1994; Furlanetto et al., 2013). As
morphological changes in optic nerve structure often precede
clinically detectable visual field loss in glaucoma (Sommer et al.,
1991; Sung et al.,, 2011; Kuang et al., 2015), as in the case with
pre-perimetric glaucoma, the ability to detect such changes with
greater sensitivity may facilitate earlier diagnoses of glaucoma,
and thus decrease the likelihood of visual function loss.

Examples of visual cues relevant to optic nerve assessment
include variations in surface reflectance and color, which generate
image contrast patterns that assist in localizing the optic
cup. As such, the lighter-colored optic disc has higher albedo
compared to the darker surrounding retina, creating stronger
contrast boundaries (Anderson and Winawer, 2005) to better
articulate the optic disc margins. Accurately identifying these
optic disc margins is critical for subjective estimations of C/D
ratios. Changes in the specular highlights and textural gradients
generated by the curvature of the blood vessels leaving the
optic cup and disc also provide further cues to shape (Fleming
et al., 2004). Textural cues can also enhance the visibility of
lamina cribrosa pores, which are more commonly visible in
glaucomatous optic nerves compared to non-anomalous nerves
due to larger C/D ratios (Yan et al., 1994; Healey and Mitchell,

2004), and thus provide helpful information regarding optic
nerve structure and health. Imaging techniques that provide
a range of static perceptual cues to infer three-dimensional
(3D) shape can therefore assist in the qualitative monitoring
of morphological changes, including neuroretinal rim loss
over time.

Stereophotography is a current and major valuable reference
standard for optic nerve photo-documentation in glaucoma
(Gordon and Kass, 1999; Zeyen et al., 2003; Krupin et al., 2005),
and offers multiple benefits over monoscopic viewing of the
optic nerve. Stereoscopic depth cues provided by the disparity
in stereo-images can assist in judgments of 3D shape and thus
improve the reproducibility of C/D ratio judgments (Litcher,
1976; Morgan et al., 2005). Moreover, as stereoviewing provides
an additional viewpoint compared to monoscopic viewing, extra-
structural information can be inferred (Huang and Lee, 1989),
which may therefore improve the sensitivity in detecting changes
in the neuroretinal rim (Chan et al., 2014). This would allow
for greater consistency in subjective measurements between
viewers, as reflected by the greater interobserver agreement in
stereoscopic C/D ratio evaluations compared to monoscopic
evaluations (Litcher, 1976; Morgan et al., 2005).

In comparison to stereophotography, OCTs provide
automated, highly reproducible, and objective measurements
for quantifying optic nerve parameters such as disc size and
area, cup volume, and vertical C/D ratio, by taking volumetric
3D scans of the retina (Mwanza et al,, 2010, 2011; Sung et al.,
2012; Wong et al., 2015). These measurements are achieved
by fully automated algorithms which segment and identify key
anatomical landmarks to calculate the different parameters.
Such landmarks include Bruch’s membrane opening (BMO),
which forms the true anatomic outer border of the ONH. Recent
research has also indicated that these OCT-derived parameters
have excellent specificity in the clinical diagnosis of the early
glaucoma (Chauhan et al, 2013), and that OCT-calculated
vertical C/D ratios are a key parameter in discriminating
between healthy and glaucomatous eyes (Calvo et al., 2014).
It has also been demonstrated that the OCT analysis of ONH
parameters is qualitatively similar to, and more repeatable than
traditional expert clinician evaluations of Sharma et al. (2011).

Advances in OCT technology have also enabled the rapid
acquisition of high-resolution 3D datasets that provide a wealth
of quantitative measurements, leading to 3D reconstructions of
anatomical features performed by in-built software. These 3D
reconstructions can also facilitate subjective estimates of optic
nerve head parameters because they may be manually slanted
to view the retinal topography from different perspectives. In
addition to these perspective cues, dynamic cues generated by
active rotation of the stimulus may facilitate subjective estimates
of optic nerve head shape. These include motion parallax
(Gibson et al., 1959), kinetic depth (Sperling and Landy, 1989),
and structure from motion (Ullman, 1979), which enable the
recovery of additional 3D depth and structural information. For
example, motion parallax can assist the visual system in deriving
further information regarding surface reflectance (Marlow and
Anderson, 2016), which may assist clinicians in identifying blood
vessel contours to assess optic cup shape. These motion parallax
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cues appear to overcome the potential problem of classifying
image structure for inferring shading important for 3D shape
perception (Kim and Anstis, 2016). Hence, a major disadvantage
of the clinical reconstructions is that pertinent details of the 3D
retinal structures can be lost when viewing static presentations
monoscopically on 2D desktop screens, which lack stereoscopic
depth cues and dynamic motion cues that are readily provided by
modern VR HMDs.

Given that static stereoscopic and dynamic perceptual shape
cues have the potential to improve the visualization of optic
nerve anatomy, a combination of both cue types in VR
simulations is likely to overcome the limitations of current
conventional viewing methods. VR allows for the examination
and manipulation of the stimulus in different 3D perspectives
using an immersive interface that also tracks the head movements
of the user to increase their perceived depth through motion
parallax. This combination of active control and depth perception
provides a highly immersive experience for the viewer in dynamic
virtual environments (Palmisano et al., 2016, 2019; Kim et al,,
2018). Previous research which examined the different effects
of immersion in VR (Laha et al, 2012) has reported that
stereoscopic viewing of 3D medical images improved accuracy
in spatially complex searches of crowded features, such as
distinguishing blood vessels from surrounding musculature.

There is evidence from other disciplines to suggest that
stereoscopic HMD VR should facilitate the visualization of
structure for improving information appraisal in applied
visualization. For example, VR is known to improve the
perceptual recall of 3D shape information, as was found in
one education study on the use of VR for teaching anatomy
of the inner ear (Jang et al.,, 2017). The researchers found that
participants who actively manipulated a rotatable 3D model
of the inner ear could subsequently reproduce the structures
observed through drawings. This benefit of active control over
visualization was found to be superior to passive viewing of a
pre-recorded playback of the visualization in naive participants.
However, they only used stereoscopic displays that did not allow
for dynamic exploratory head movements. Earlier work in non-
medical visualization has shown that knowledge retention of
3D information might be improved with HMD VR immersion
(Polcar and Horejsi, 2015). Polcar and Horejsi (2015) compared
knowledge acquisition in a 3D visualization task using an Oculus
Rift DK2, a PC workstation, and a stereo projection display.
They found that knowledge acquisition was best using the PC
workstation and lowest when using the Oculus Rift DK2 HMD.
They also found that the Oculus Rift and stereo projections both
generated cybersickness—the adverse experience of nausea and
other symptoms similar to simulator sickness (See Kennedy et al.,
1993). Interestingly, participants who reported cybersickness
were also found to have lower knowledge retention following the
3D visualization.

It is possible that the type of HMD VR system could influence
knowledge acquisition in application for data visualization. The
Oculus Rift DK2 is known to have a relatively high display lag of
at least 28 ms [see (Kijima and Miyajima, 2016)]. Older systems
like Oculus Rift DK1 have higher display lag and generate rather
compelling cybersickness (Arcioni et al., 2019). Recent reports

have demonstrated that more recent HMDs like the Oculus Rift
CV1 and S have lower display lag due to Asynchronous Time
Warp (ATW) inherent in these displays (Feng et al., 2019). Feng
etal. (2019) found that artificially increasing the display lag of the
Oculus Rift CV1 above its baseline latency of ~5 ms significantly
increased reported cybersickness. It is possible that the benefits
of HMD VR can be realized when using the Oculus Rift CV1 or
later. We therefore consider whether the Oculus Rift CV1 can
provide the stereoscopic diagnostic advantage in the assessment
of vertical C/D ratio in both glaucomatous and non-anomalous
optic nerves.

We predicted that performance in perceptual judgments of
3D optic nerve shape and structure would improve in HMD
VR when observers rely on both static stereoscopic or dynamic
perceptual cues to examine the optic nerve. The study was
designed to determine whether dynamic viewing conditions
improve the subjective assessment of optic nerve parameters
compared with static viewing conditions with and without
stereopsis. For example, under the optimized viewing conditions
in VR, we would expect that observers would report vertical C/D
ratios which are more veridical to benchmark C/D ratio values
calculated by the Cirrus HD-OCT. We assessed the accuracy
of these viewing conditions for making C/D ratio judgments
relative to an objective measure provided by an automated
benchmark calculated by the Cirrus HD-OCT. We investigate
how a combination of both static and dynamic cues to shape
and depth may influence the perception of the anatomy of
the optic nerve and improve agreement between subjective
judgments and objective measurements of optic nerve head
parameters by enhancing the optic nerve images with VR by
student optometrists. We recruited student optometrists in their
final year of accredited study as their judgments of optic nerve
parameters tend to exhibit greater variability in comparison to
experienced optometrists.

METHODS

Participants

Twenty-five participants were recruited from the 2018 final-year
Master of Clinical Optometry cohort from the UNSW School of
Optometry and Vision Science to assess the vertical C/D ratio and
cup depth of 10 optic nerve head models using three different
viewing methods. Participants had a habitual near visual acuity of
at least N4 (20/20) or better, both monocularly and binocularly,
with a minimum stereoacuity of 40s of arc. Participants not
meeting these criteria were excluded. The interpupillary distance
of the participants ranged from 56.0 to 66.5mm. The study
was approved by the UNSW Human Research Ethics Advisory
Biomedical Panel (HREA-B), in accordance with the NHMRC
National Statement on Ethical Conduct in Human Research
2007. All participants were provided with written informed
consent prior to participating.

Image Acquisition

Six eyes without ocular anomalies and four eyes diagnosed
with glaucoma were selected to create an image bank for
psychophysical testing. Five of the six eyes without ocular
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anomalies were recruited from individuals aged 22 to 23 years
old. The four glaucomatous eyes were classified to be stage 0, pre-
perimetric glaucoma (Mills et al., 2006), and were recruited from
individuals ranging in age from 56 to 70 years, with a mean age
of 61.7 years, at the Center of Eye Health (UNSW, Guide Dogs
NSW/ACT) in Sydney, Australia. One suspect glaucomatous eye
without ocular anomalies, from an individual aged 51 years
old, was also recruited at this location. These eyes had been
previously diagnosed as glaucomatous or glaucomatous-suspect
by an ophthalmologist. Patient eyes were excluded if they were
classified to have moderate or advanced glaucoma, high degrees
of myopia (>6.00 D), slanted or obliquely inserted optic discs,
or unusual optic disc features such as extensive peripapillary
atrophy or optic nerve head drusen.

Scanning Protocol

Two sets of images were required to generate 3D models
of the optic nerve head: retinal photos and OCT volume
scans. The optic nerve heads were photographed with a Kowa
2D/3D Non-Mydriatic WX Retinal Camera (Kowa, Tokyo,
Japan) and scanned by the Spectralis HRA+Optical Coherence
Tomographer (Heidelberg Engineering, Heidelberg, Germany)
and the Cirrus HD-Optical Coherence Tomographer (Carl Zeiss
Meditec, Dublin, CA, USA). The stereoscopic photographs
were obtained with the 3D stereo function on the Kowa
retinal camera with a field angle of 34 degrees, resulting in
a stereo-pair image. This retinal camera uses a beam splitter
that can reduce illumination, and therefore often requires
pharmacological dilation prior to imaging. Thus, when it was
not possible to obtain appropriate image quality without dilation,
pharmacological dilation was performed. The data required for
the construction of the 3D optic nerve head models was scanned
with the Spectralis HRA+OCT to obtain volume scans of size 20
x 20 degrees with an automatic real-time tracking (ART) of 50,
producing a total of 49 cross-sectional scans for each optic nerve
head (see Figure 1).

The vertical C/D ratio measurements obtained from the
Cirrus HD-OCT with the Optic Disc Cube 200 x 200
scanning protocol were used as an objective point of reference
for comparison against the subjective estimations of vertical
C/D ratio. The Cirrus HD-OCT was selected to provide this
benchmark for its high diagnostic accuracy of ~81.3% (Monsalve
et al., 2017) and specificity in differentiating glaucomatous and
non-glaucomatous eyes with the vertical C/D ratio measurement
(Koh et al., 2018).

3D Model Construction

Each individual OCT line scan was manually segmented at the
level of the inner limiting membrane and Bruch’s membrane
to correct for possible instrument errors during the automated
segmentation process. These images were then exported and
cropped with the IrfanView (ver 4.40) to remove the IR reference
images and obtain 49-line scans (512 x 496 pixels) for each eye.
Cropped images were then imported into OCToPi, a custom
image processing software program (www.juno3d.com/software/
octopi.html). The OCToPi software was used to manually
segment the surface profile of the retina and optic nerve head and

extract a smoothed profile of the retinal surface for each volume
scan in order to construct a height map profile of the optic nerve.
The component volume line scans were then each encoded as an
array of 49 pixels with 8-bit luminance range (0-255). A separate
luminance array was generated for each of the volume line scans.
The 49 luminance arrays were then collated as separate adjacent
rows of a single 2D image that served as a 3D height map. The
resultant height map created from the OCToPi software was then
exported in 8-bit BMP format for subsequent 3D reconstruction.

The height map was then imported into a Blender 3D (ver.
2.79) environment to generate a vertex displacement map (see
Figure 2, upper). This created a mesh topology of 2,593 vertices,
which closely resembled the surface of the scanned retina and
optic nerve head. The model was then exported as a wavefront
OBJ model.

To create the color overlay for texturing the 3D optic nerve
models, the corresponding stereophotographs were exported
from the KOWA database and the clearer of the two images in
the pair was selected. Adobe Photoshop CS3 was used to align
and crop the stereophotograph to the infra-red reference image
taken from the Spectralis HRA+OCT, manually adjusting for size
and rotation. The resultant fundus color image was resized to 328
x 328 pixels and exported in 24-bit RGB color BMP format (see
Figure 2, lower).

The aforementioned procedures were repeated for each of the
10 optic nerve head models to obtain a wavefront OB] model and
color overlay textures in BMP format for each optic nerve. The
model and texture files were then openable in our custom VR
viewing software.

Psychophysical Testing

Habitual near visual acuity was measured using a Rodenstock
Reading Test Card in N notation. Near interpupillary distance
was measured using a pupillary distance ruler, and stereopsis was
measured using a Randot Stereoacuity Test (Bernell Corporation,
Mishakawa, USA).

Prior to commencing, participants were informed that they
would be assessing the C/D ratio and cup depth of 10
ONH models under different viewing conditions. The order
of display for the three viewing conditions (stereoscopic, VR
without dynamic rotational control, and VR with dynamic
rotational control) was counterbalanced across participants.
For each viewing condition, the models were presented in a
completely random order. The participants were shown all 10
ONH models for the same viewing modality before moving
on to the next viewing modality. Participants viewed all ONH
models under three different viewing conditions, totalling 30
presentations. Measurements and data collection were unmasked
and conducted by two experimenters. To prevent participant
bias, the participants were not informed of the numbers of
glaucomatous and non-glaucomatous ONHs in the experimental
set, and the experimenters only spoke to the participants during
the process of assessment to provide instruction.

Participants could refer to the model as often as required
to encourage optimal confidence in their perceptual judgments
before confirming their answers. The number of different
ONH images provided experimental diversity while allowing
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FIGURE 1 | (Upper) Volume scan of the retina as exported from the Heidelberg Spectralis HRA+OCT Optical Coherence Tomographer. (Lower) Volume scan of the
optic nerve head as exported from the Heidelberg Spectralis HRA+OCT Optical Coherence Tomographer.

each participant to perform all psychophysical tasks within
a 30-min period, minimizing participant fatigue. Participants
remained seated at the testing station throughout the duration
of the experiment.

For the stereoscopic viewing method, participants were given
a hand-held stereo-viewer. The image was displayed on a HP
LP1965 LCD screen with a screen resolution of 1,280 x 1,024
(CNET, 2018) and approximate pixel density of 36.5 pixels per
degree (PPD) at a 50 cm viewing distance. This was connected
to a Windows computer running with a NVIDIA GeForce GTX
1050ti graphics card. Participants were then asked to grade the
vertical C/D ratio and cup depth at the bottom of the screen.
The participants then input their answers for C/D ratio, using
the up- and down- arrow keys on a keyboard in increments of
0.05 between 0.00 and 1.00. Judgments of cup depth were input
using the left- and right- arrow keys, with the three options of
“shallow,” “medium,” and “deep.” Participants then pressed the
spacebar key to advance to the next ONH image. This process
was repeated until the participant had evaluated all 10 ONH
models. Participants were instructed to keep their fingers over
the keyboard and rest their wrists on an ergonomic computer

desk for entering responses following each trial. All participants
were post-graduate students who regularly write reports on
computer and have sound understanding of the haptic layout of
a standard keyboard.

The Oculus Rift CV1 head mounted display (HMD) was
selected for use in the study due to the improvement in
screen resolution, which was increased to 1,080 x 1,200
per eye (Martindale, 2018), from 640 x 800 in a previous
DK1 model (Oculus Rift Specs, 2016). The CV1 HMD thus
had an approximate calculated pixel density of 12 PPD, an
improvement from the previous DK1 calculated pixel density
of 7 PPD (Boger, 2017). Although the DKI1 is sufficient for
generating accurate experience of motion in visual environments,
it has considerably long latency (Kim et al., 2015; Palmisano
et al., 2017). In contradistinction however, the CV1 offers far
shorter latencies (~5ms) to support the simulation of real-
world applications with temporal realism (Feng et al., 2019).
Participants in this study were therefore able to enjoy a real-
time viewer centric perspective of the ONH as the viewpoint
in the scene updated with 6DOF tracking of the HMD. This
procedure generated the experience of a highly immersive virtual
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FIGURE 2 | Upper: exported OBJ format 3D model in the en-face viewing position (A) a leftward oblique viewing orientation (B) and an upper-right oblique viewing
orientation (C) Lower: images in each panel show the final renderings of the same 3D models with the fundus photos textured onto the surfaces shown directly above.

environment and was the rationale for using the Oculus Rift CV1
in our application.

The VR viewing environment involved both dynamic and
static conditions. In the dynamic VR condition, participants were
instructed to slant the models around the horizontal x-axis and
vertical y-axis using the up- and down- and left- and right- arrow
keys on the keyboard to examine the anatomy of the ONH. The
rotational range was limited to 45 degrees along the horizontal
and vertical meridians. Participants were then requested to leave
the ONH model in the orientation they perceived to be the most
informative for evaluating C/D parameters. For the static VR
condition, the model was only viewed in an en-face orientation
similar to conventional stereoscopic viewing, without control of
the model surface orientation.

In both VR viewing conditions, the participants were asked
to evaluate the vertical C/D ratio and cup depth. When ready,
participants were asked to input their C/D ratio and cup depth
estimates following the procedure described above for stereo
viewing. Participants were informed they could toggle back to the
ONH model anytime by pressing the spacebar prior to submitting
their answers with the enter key. The program automatically
recorded the final preferred surface orientation of the ONH
model when the observer progressed to the next presentation.
This process was repeated for all 10 ONH models.

Follow-Up Investigation
A follow-up study was conducted to determine the impact of
dynamic viewing and higher viewing resolution on estimating

C/D ratio, with image resolution and viewing condition as the
independent variables.

Participants viewed reconstructed 3D models of optic nerves
with two different viewing conditions: a monoscopic image on a
flat LED monitor or stereoscopic images presented on the same
flat LED monitor. The images were displayed on the HP 27x,
which has a higher screen resolution of 1,920 x 1,080. For each
viewing condition, the 3D optic nerve was presented with both a
static frontal image, and a dynamic rotatable image.

Sixteen participants were recruited from the 2019 final-year
Master of Clinical Optometry cohort from the UNSW School
of Optometry and Vision Science to assess the vertical C/D
ratio and of twenty-one optic nerve head models. The follow-
up image bank consisted of eleven optic nerves without ocular
anomalies, and ten optic nerves diagnosed with either pre-
perimetric glaucoma or stage one glaucoma (Mills et al., 2006).

All optic nerves were imaged with the scanning protocol of
the initial investigation. Twenty-one optic nerve models were
then constructed with the same method documented above (3D
model construction).

Statistical Analysis

Data analysis was performed with a Type-I error rate of 0.05
and using the statistical package R (ver 3.5.1). For analysis,
cup depth levels were assigned ordinal values of: “shallow” =
0, “medium” = 1, “deep” = 2. Repeated-measures two-way
ANOVAs were used to compare the average C/D ratio and cup
depth across all three viewing conditions. Planned comparisons
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were performed on C/D ratios estimates between stereoscopic
and static viewing, between dynamic VR and static VR, and
between dynamic VR and stereo viewing. Bonferroni correction
was used to control family-wise error rate for all planned
contrasts made between specific viewing conditions. For the
C/D ratio data, Cronbach’s alpha was computed to evaluate the
reliability of subjective estimates made by the participants in the
three different viewing conditions.

The subjectively estimated vertical C/D ratio values were also
compared against the objective vertical C/D ratio values obtained
from the Cirrus HD-OCT, where a value of 1.0 indicates identical
objective and subjective estimates. We computed the ratio of
each subjective estimate from each participant on each condition
relative to the CDR estimated by the Cirrus OCT. Ratios were
preferred for comparison over difference scores to account for
Weber’s law in the expected pattern of data among subjective
estimates. To this end, one-sample ¢-tests were performed to
determine whether there was a statistically significant difference
between the subjective estimates for each viewing condition and
the OCT value. As the Cirrus HD-OCT vertical C/D ratio value
was later found to be corrupted and unable to be retrieved for one
of the eyes without ocular anomalies, this eye was excluded from
these calculations.

Descriptive statistics were also used to analyse the preferred
surface viewing orientation settings made by participants
when estimating C/D parameters. Pearson product-moment
correlations were then performed to assess any correlation
between surface orientation and perceived C/D ratio as well as
surface orientation and perceived cup depth.

RESULTS

Subjective Estimates of Cup/Disc Ratio
Figure 3 shows a bar graph of mean vertical C/D ratios between
glaucomatous and non-anomalous optic nerve heads across the
three different viewing conditions. A repeated-measures two-
way ANOVA found that there was a significant main effect of
viewing condition on C/D ratio estimates, F(;4g) = 14.26, (p <
0.01). There was a significant main effect of ONH type on C/D
ratio estimates, which was consistent across the different viewing
conditions, F(j 54y = 356.7, (p < 0.01). There was no interaction
between viewing condition and ONH type in subjective estimates
of C/D ratio, F(5 45y = 0.892 (p = 0.42).

The Bonferroni-corrected planned contrasts found no
significant difference in C/D ratio between stereoscopic viewing
and static VR (p > 0.05). However, The C/D ratio obtained
with dynamic VR was significantly greater than the C/D ratios
obtained with stereoscopic viewing (p < 0.05) and static VR
(p < 0.05).

Cronbach’s alpha was determined to be 0.953 for the
stereoscopic viewing condition, 0.897 for the static VR condition
and 0.932 for the dynamic VR condition. These findings
suggest that reliability was very high amongst estimates of optic
nerve heads across participants for the en-face stereoscopic
and dynamic VR conditions. However, the reliability was
comparatively lower for the optic nerves viewed en-face in
static VR.
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FIGURE 3 | Comparison of the mean non-anomalous vs. glaucomatous
subjectively estimated vertical C/D ratios for each viewing condition
(stereoscopic vs. static VR vs. dynamic VR). Error bars are standard errors of
the mean.

Both the non-anomalous and glaucomatous average C/D
ratios were perceived to be the largest in the dynamic VR viewing
condition, where participants had active rotational control over
the optic nerve head model, followed by the stereoscopic viewing
condition, with the lowest C/D ratios estimates being produced
in the static VR viewing condition.

Cup/Disc Ratio vs. OCT

Opverall, as seen in Figure 4, judgments of vertical C/D ratios
in the dynamic VR viewing condition were most similar to
the objective measurements obtained from the Cirrus HD-OCT,
followed by stereoscopic viewing condition, and then the static
VR condition. All models were perceived to have smaller C/D
ratios than the Cirrus-measured parameters.

A series of one-sample f-tests was performed to assess the
difference between subjective estimates relative to the benchmark
provided by Cirrus HD-OCT for each of the three viewing
conditions. Estimates obtained with stereoscopic viewing were
significantly lower than the objective benchmark [¢(,4) = 4.69, p
< 0.0001]. Estimates obtained with static viewing in VR were also
significantly lower than the objective benchmark [£,4y = 5.70, p
< 0.00001]. However, estimates obtained with dynamic viewing
in VR were not significantly different to the objective benchmark

Subjective Evaluation of Optic Nerve Cup
Depth

Figure 5 shows a bar graph of average cup depths between
glaucomatous and non-anomalous optic nerve heads across the
three different viewing conditions. A Shapiro-Wilk test revealed
that data on cup depth violated the assumption of normality
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FIGURE 4 | Mean subjectively estimated vertical C/D ratios for each viewing
condition compared to the vertical C/D ratios obtained from the Cirrus
HD-OCT. The results are presented as a ratio of subjective responses to
objective measures, whereby the dashed horizontal line at 1.0 indicates the
OCT value relative to the subjective response. Error bars are standard errors of
the mean.

(W = 0972, p < 0.005). We therefore used Kruskal-Wallis
tests to compare rank-order differences between our two sets
of experimental factors. There was a significant rank-order
difference between viewing conditions (H = 18.5, p < 0.0001).
Consistent with the well-documented pathophysiological process
of glaucoma, glaucomatous discs had significantly deeper
perceived cups compared to the non-anomalous discs regardless
of the viewing condition (H = 51.2, p < 0.0001).

Both non-anomalous and glaucomatous average cup depths
were estimated to be greater in the dynamic VR viewing
condition where participants had rotational control over the
optic nerve head model, followed by the stereoscopic viewing
condition, then the static VR viewing condition. This trend
was followed between the optic nerve head types, with the
glaucomatous optic nerve heads being consistently estimated to
be deeper than the non-anomalous optic nerve heads across the
three viewing conditions.

Cup/Disc Ratio vs. Cup Depth

Observer estimates of C/D ratio were plotted against their
estimates of cup depth in Figure6 below. A Spearman’s
correlation was performed on our cup depth data, which revealed
a significant positive correlation between the subjective estimates
of C/D ratio and cup depth, rho = 0.80 (p < 0.01).

Correlation Between Cup/Disc Ratio and

Preferred Viewing Orientation
Observer estimates of C/D ratio and cup depth were compared
against the average preferred viewing orientation. A Pearson’s

Viewing Condition

FIGURE 5 | Comparison of the average non-anomalous vs. glaucomatous
subjectively estimated cup depths for each viewing condition (stereoscopic vs.
static VR vs. dynamic VR). Error bars are standard errors of the mean.
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FIGURE 6 | Subjective estimates of C/D ratio plotted against subjective
estimates of cup depth across all participants.

product-moment correlation performed between C/D ratio and
the average preferred orientation (degrees) for viewing ONH in
the dynamic VR condition indicated a statistically significant
moderate positive correlation, r = +0.43, p < 0.01 (R? =
0.18). This analysis was also performed between perceived
cup depth and the average preferred orientation (degrees),
and no significant correlation was found, r = 40.21, p =
0.3181 (R*> = 0.04). On average, all participants indicated
that an oblique viewing orientation provided more perceptual
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FIGURE 7 | Mean C/D ratio for each viewing condition and glaucomatous condition. (A) Viewed statically with no control and en-face viewing only; and (B) viewed
dynamically with control over surface orientation. Error bars are standard errors of the mean.

information compared to the conventional en-face viewing
orientation. However, variability in discrete settings of preferred
orientation per se does not appear to account for much of the
variability in the ratings of C/D ratio.

Results of the Follow-Up Investigation
Figure 7 shows bar graphs of average subjective estimates of C/D
ratio between glaucomatous and non-anomalous optic nerve
heads across the three different viewing conditions when viewed
as a static image with no control over surface orientation (A)
or as dynamic image with slant control over surface orientation
(B). A repeated-measures three-way ANOVA found there was
a significant main effect of stereoscopic viewing on C/D ratio
estimates, F(; 15 = 9.10, (p < 0.01). Dynamic viewing (i.e.,
slant control over the 3D model) also showed a significant main
effect on estimates of C/D ratio, F(;, 15y = 22.43, (p < 0.0005).
Presence of glaucoma also had significant main effect on the C/D
ratio estimates, F(; 15 = 497.7, (p < 0.00001). There was no
significant interaction effect between stereo viewing and presence
of glaucoma, F(j ;5 = 0.39, (p = 0.54). There was no three-
way effect.

Opverall, average subjective estimates of C/D ratio were all
higher in dynamic viewing conditions compared to static viewing
conditions. Stereoscopic viewing with disparate retinal images
presented by the LED monitor also generated higher estimates of
C/D ratio. Images from patients with glaucoma were rated to have
higher C/D ratio than non-anomalous images. The largest C/D
ratio estimates were produced with the glaucomatous optic nerve
models in the dynamic viewing condition, while the smallest
C/D ratio estimates were provided in response to non-anomalous
optic nerve models in the static viewing condition.

Figure 8 replots the data transformed as a proportion of
subjective C/D ratio values relative to objective C/D ratio
values provided by the Cirrus HD-OCT. One sample t-tests
performed on these data found that monoscopic static viewing

generated subjective C/D ratio values that were proportionally
lower than Cirrus-OCT estimates of C/D ratio, t(;5y = 7.01
(p < 0.0001). However, there was no significant difference in
subjective estimates of C/D ratio for static stereoscopic viewing
compared with object values obtained using Cirrus-OCT, (15
= 148 (p = 0.16). There was also no significant difference
in subjective estimates of C/D ratio for dynamic monoscopic
viewing compared with object values obtained using Cirrus-
OCT, t(15) = 1.83 (p = 0.09). There was no significant difference
in subjective estimates of C/D ratio for dynamic stereoscopic
viewing compared with object values obtained using Cirrus-OCT,
t(1s) = 0.50 (p = 0.62). Together, these data suggest that either
dynamic viewing or stereo viewing can improve subjective C/D
ratio estimates. However, combining the two modalities provides
little additional benefit for subjective performance in estimating
C/D ratio.

DISCUSSION

This study found that dynamic assessment of the optic nerve
head provides additional perceptual cues that generate larger
estimates of optic disc parameters compared to static frontal
viewing. Observers reported greater estimates of both C/D ratio
and cup depth in dynamic HMD viewing condition compared
to the static en-face viewing conditions using and HMD of
frontal display. There was a positive correlation between cup
disc and cup depth, as well as a correlation between C/D ratio
and preferred orientation. The follow-up experiment using a
frontal display further confirmed that observer estimates of C/D
ratio were greater across all the dynamic viewing and stereo
viewing conditions, compared to the static monocular viewing
conditions. Estimates of C/D ratio were not only larger for stereo
viewing or dynamic viewing, but these estimates were also closer
to the automated objective Cirrus HD-OCT values.
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FIGURE 8 | Average ratio of subjective C/D ratio estimates to objective C/D
ratio estimates as determined by the Cirrus OCT as shown by the value “1”
when viewed statically and dynamically. Error bars are standard errors of the
mean.

Our study indicated that compared with the objective OCT
measurements, observer estimates of vertical C/D ratio were
significantly lower in en-face stereoscopic and static VR viewing
conditions. This difference between subjective and objective
estimates of vertical C/D ratio is not uncommon, with multiple
studies noting that objective C/D ratio values obtained from
OCT scans are comparatively larger than subjective estimates
of C/D ratio by skilled observers grading stereoscopic fundus
photographs (Arthur et al., 2006; Savini et al., 2009; Sharma et al.,
2011). Moreover, it has been noted that inconsistencies in clinical
definitions of the optic disc margin due to the oblique orientation
of border tissues can often lead to inaccurate clinical estimates
of neuroretinal rim tissue and C/D ratio (Reis et al., 2012). The
challenges in determining the optic disc margin may therefore
result in an underestimation or overestimation of the C/D ratio.
While a smaller C/D ratio due to an underestimation may lead
to the under-diagnosis of glaucoma, overestimations resulting
in a larger C/D ratio due differences in perception may cause
unnecessary ophthalmology over-referrals. However, this clinical
limitation is overcome by the Cirrus HD-OCT, the OCT imaging
technology used in this study, since the anatomical landmark
of BMO which is difficult to visually define, is instead used as
a consistent reference to delineate the border of the optic disc
(Sharma et al., 2011). The added perspective cues for estimating
BMO offered by the dynamic VR viewing method may therefore
provide a perceptual advantage over the static en-face viewing
methods. By improving subjective C/D ratio estimates such that
they are closer to the automated objective OCT values, clinicians
will have greater consistency across different viewing conditions
and assessment methods.

Indeed, observers indicated that an oblique viewing
orientation provided more perceptual information for judging
optic disc parameters when given the freedom to slant the
model. Dynamically manipulating the 3D surface’s orientation
was preferred to viewing an en-face static presentation of
the same surface. As such, viewing the model from multiple
perspectives would seem to provide greater confidence in
achieving a more accurate experience of 3D surface shape (Foster
and Gilson, 2002). This increase in accuracy with slant of the
surface in depth was observed consistently when using HMD
VR or a flat panel display (in the follow-up investigation).
Clinical en-face C/D ratio estimates often rely on assessing the
contour changes in blood vessels to distinguish the margins
of the optic cup. Viewing the optic nerve obliquely provides
additional information concerning blood vessel orientation and
foreshortening perspective cues to better delineate the edges of
the neuroretinal rim to estimate cup diameter.

It is possible that differences in display resolution may account
for the lower estimates of C/D ratio in the static en-face HMD
VR condition compared to stereoscopic en-face 3D models on a
flat LED panel display. For example, the 3D optic nerve models
underwent greater image processing compared to the stereopair
images, leading to a decline in image pixel resolution. This
degradation in image resolution was then compounded by the
lower Oculus Rift HMD pixel density of ~12 PPD, compared to
the 36.5 PPD of the desktop screen. Observers also experienced
additional distortion or blur when not looking through the
optical center of the Fresnel lenses in the Oculus Rift HMD, a
common phenomenon experienced when viewing objects off-
axis through prismatic lenses (Adams et al., 1971; Flanders and
Sarkis, 1999). However, in the follow-up investigation, we found
subjective estimates made in the stereoscopic en-face viewing
condition of 3D models on a flat LED display improved to levels
comparable to the dynamic stereoscopic HMD VR condition.
This improvement can be attributed to the differences in the
orientation of the light source relative to the object surface. As
such, in conventional stereo viewing, the lighting direction is
aligned with the viewing direction, whereas in 3D stereo viewing,
the lighting direction was oriented downwards relative to the
viewing direction. It may be worthwhile considering how lighting
and the formation of specular reflections of the light source
contributes to the perception of shape, as a recent study showed
that the quality of specular highlights affects perception of color
boundaries (Honson et al., 2020).

The C/D ratios and cup depths in glaucomatous eyes
were found to be significantly larger and deeper respectively,
compared to non-anomalous eyes. This finding is consistent with
previous studies reporting early glaucoma pathophysiology with
axonal injury leading to the erosion of the neuroretinal rim
(Burgoyne and Morrison, 2001; Agarwal et al.,, 2009; Weinreb
et al., 2014) and posterior bowing of the lamina cribrosa matrix
(Quigley et al., 1981, 1983). Together, these changes result in
both an enlarged and deepened optic cup (Jonas et al., 1993;
Uchida et al., 1996; Medeiros et al., 2008; Park et al., 2015; Jung
et al., 2016). This trend is also reflected by the strong positive
correlation noted between estimated C/D ratio and perceived
cup depth. This occurs even in non-anomalous eyes, where
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physiologically larger optic cups generally correspond to deeper
cup depths (Jonas et al., 1988, 2003).

It could be argued that the mode of inputting responses
varied slightly across tasks (e.g., UP/DOWN or LEFT/RIGHT
arrow keys used to input responses of C/D ratio), which could
have biased observer reporting of judgments across the different
visualization devices used in the current study. However, we
believe the mode of user input was unlikely to significantly
influence the responses provided by our clinical participants.
Student clinicians are thoroughly trained to make C/D ratio
judgements visually when looking at images of the optic nerve.
These judgments tend to be made visually when looking at images
of the optic nerve before participants commence inputting
their responses using the keyboard. Although it is unlikely
these judgments were biased by the mode of input used to
communicate the values decided upon, it would be worthwhile
keeping the mode of input consistent in future studies to
eliminate any potential bias.

Across all conditions where the 3D ONH models were used,
we found that estimates of C/D ratio could be improved by
either increasing stereopsis or perspective cues generated by
increasing surface slant in depth. There was little gain achieved
by combining these sets of cues, which suggests that viewing
a rotatable 3D model on a flat display alone is sufficient for
achieving accurate perceptual judgments relative to automated
objective measures from Cirrus-HD OCT. This is particularly
valuable, since it is cost-effective, and not all clinical observers
have global stereopsis and are capable of optimizing performance
in a combined stereoscopic surface slant scenario. We envisage
that the utility of dynamic viewing will improve translational
outcomes across multimodal assessments of the optic nerve
in glaucoma.

In related research reported previously, Aygar et al. (2018)
assessed the relative contributions of stereoscopic cues and
kinetic depth information on the perceived layout of 3D point
clouds. The point clouds were either rendered statically or rotated
dynamically (to generate kinetic depth) and were viewed either
stereoscopically or non-stereoscopically. Although either kinetic
depth or stereoscopic viewing improved perceptual performance,
kinetic depth was found to be more effective than stereoscopic
viewing at reducing errors in target detection in 3D point clouds.
Earlier studies on similar 3D data visualization tasks have also
observed superior benefits of kinetic depth over stereoscopic
cues (e.g., Sollenberger and Milgram, 1993; Ware and Mitchell,
2005). It is possible that volumetric surface reconstruction from
3D point cloud data could provide more reliable geometric
perceptive cues to infer 3D shape of objects depicted in single
rendered images (e.g., Farhood et al, 2020). The results we
obtained in our optic nerve reconstruction and visualization
study suggest that the perceptual benefit of perspective cues
provided by viewing slanted surfaces improves estimates of
C/D ratio more than stereopsis alone. We believe it is the
perspective provided by the slant of surfaces per se that accounts
for the perceptual advantages we observe, rather than the
kinetic depth information generated during dynamic tilting of
surfaces. However, it would be of benefit in future to determine
whether the kinetic depth (i.e., from the change in surface slant)

rather than achieved slant per se could also serve to improve
performance in estimates of C/D ratio. To this end, it may also
be worthwhile considering how motion parallax cues combined
with stereopsis might also facilitate or distort perception in these
visualization tasks (Allison et al., 2003).

CONCLUSION

This study demonstrates that viewing a dynamic rotatable model
of the optic nerve head on a conventional display provides
the additional perceptual cues necessary to improve observer
judgements of optic nerve parameters. The results show that
it is possible to enhance clinical assessment of the optic nerve
in a cost-effective and convenient manner, without the need
to use HMD VR. Compared with desktop displays, HMD
VR is prone to generating cybersickness—the experience of
nausea and other adverse symptoms—that are inherent side
effects of HMD VR even at low latencies (Feng et al., 2019;
Kim et al, 2020). Although cybersickness can be reduced
by monocular viewing (Palmisano et al., 2019), the results
of the present study find that monocular viewing would not
be ideal for supporting the best perceptual interpretations of
3D shape.

We thus anticipate that implementing optic nerve head
using technologies based on conventional
stereoscopic displays will provide the best diagnostic leverage in
the context of clinical practice in optometry and ophthalmology.
However, we also envisage that future practice will evolve
toward the use of mobile handheld displays for visualizing
automated reconstruction of 3D models based on OCT
scans and fundus photos. For example, future clinical
integration could shortly include handheld displays (like
the Nintendo 3DS) that use a lenticular display for presenting
stereoscopic images to enhance perceived depth and 3D shape.
These displays also retain significant advantages in hygiene
management over HMDs, which require regular cleaning and
thorough sterilization between users. Through these ongoing
innovations, we hope that capacity for clinical monitoring
and assessment of glaucoma (and other eye diseases) will
continue to expand capacity for the delivery of improvements in
ocular healthcare.

visualizations
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