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Abstract: This study addresses the importance of salience placement before or after scotoma development for an efficient target allocation in the visual field. Pre-allocation of attention is a mechanism
known to induce a better gaze positioning towards the target. Three different conditions were tested:
a simulated central scotoma, a salience augmentation surrounding the scotoma and a baseline condition without any simulation. All conditions were investigated within a virtual reality VR gaming
environment. Participants were tested in two different orders, either the salient cue was applied
together with the scotoma before being presented with the scotoma alone or the scotoma in the wild
was presented before and, then, with the augmentation around it. Both groups showed a change in
gaze behaviour when saliency was applied. However, in the second group, salient augmentation also
induced changes in gaze behaviour for the scotoma condition without augmentation, gazing above
and outside the scotoma following previous literature. These preliminary results indicate salience
placement before developing an advanced stage of scotoma can induce effective and rapid training
for efficient target maintenance during VR gaming. The study shows the potential of salience and VR
gaming as therapy for early AMD patients.
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1. Introduction
The macula is the human eye’s richest area in terms of photoreceptors. This part of
the retina is endeavoured to produce a sharp image of the objects we gaze upon. Hence,
deterioration of this area may lead to the formation of scotomas or areas with partial or
complete diminished visual acuity.
Amid the different conditions that can deteriorate the status of the macula, two are
the conditions that appear more often: the myopic macular degeneration, which occurs in
the presence of high myopia [1], and the age-related macular degeneration (AMD), which
usually appears in the last decades of life [2]. Myopic macular degeneration and AMD
combined affect approximately 11% of the world’s population [1,3].
Patients with macular degeneration are known to adapt to the central visual loss by
modifying the so-called foveated behaviour, i.e., objects of interest will no longer be fixated
within the macula. A peripheral behaviour substitutes this foveation, meaning that patients
will learn to fixate away from the target of interest so that the target can be positioned
on a healthy retinal location, and consequently acknowledged. This technique is called
eccentric viewing, and the healthy part of the retina used to look at objects is referred to as
the preferred retinal locus (PRL). This peripheral gaze behaviour is known to be the only
way that patients have to continue their daily life [4].
However, the peripheral retina has a poor visual resolution [5], and it is not intended
to acknowledge details in focused objects. It takes time to adapt and modify the natural
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foveation behaviour, but in the end, one or more eccentric PRLs develop naturally [6–10].
Correct adaptation and use of the retinal areas with intact visual quality are a key part of
safely continuing day-life activities such as safely crossing the street [11,12].
New technologies such as virtual reality (VR) and augmented reality (AR) have
recently proposed new assisting tools for patients suffering from macular degeneration [13–15]. These tools aim to improve the quality of life of patients by improving the
eccentric viewing and assisting patients specifically during critical tasks.
Embracing these new technologies and applying them to patients can assist them
in improving eccentric fixation. Likewise, these technologies can be used with healthy
subjects to study improvements in gaze behaviour under simulated visual loss conditions.
Standardised gaze-contingent scotoma simulations can change gaze behaviour in
healthy participants in the same way as patients do [16–20] and scotoma simulations can
replicate visual loss in a standardised manner with a well-defined area and filling [21–23].
Thanks to this standardization, there is the advantage to overcome the variability of different shapes and positions the scotoma patients bring into studies [16,17] and investigate
augmentations in a generalized manner that can get later validated when applied to
patients [24].
In this study, a standardised gaze-contingent scotoma simulation was used to occlude
the central vision bilaterally to test, for the first time, the effects of gaze placement before
and after salience application. The study’s purpose was to test the hypothesis according to
which preventive attention placement can lead to a better target positioning in relation to
scotomas [4,25].
An augmented peripheral cue was designed to be perceived as salient, and induce the
eyes to position a moving target outside the central occluded area. The circular cue was
applied to the dominant eye only, in the periphery and gaze-contingent. A unique-eye-oforigin stimulus presented in the periphery is known to attract the gaze towards its position;
it induces a popping-out effect, known as saliency [26]. Furthermore, the augmentation
was gaze-contingent, with a constant position in the peripheral visual field. It is known
that peripheral cues have an automatic component of attention allocation that once they
have triggered it, its focus is preserved in that location [27,28]. For the present study, this
means that once the eyes were attracted towards the peripheral cue, the target would start
to be positioned in an annulus area where automatic attention is known to be focused [27].
Traditional tasks used for PRL development studies and therapy can be repetitive,
exhaustive, and tedious, ending in a decrease in the subject’s motivation [29]. For the
current study, a VR game that involved tracking and detecting changes in a moving object
was introduced to re-definite these traditional tasks. Gamification, in this context, was
intended as a leap from those training sessions to more engaging experiment blocks.
2. Materials and Methods
2.1. Participants
Thirteen participants took part in the study (7 females and 6 males, mean age 29, standard deviation (SD) ± 3 years, only one subject wearing eye-correction, eye contact lenses).
2.2. Set-Up
For the virtual experiment, the Unity 2019.3.0a5 version was used as a design tool,
with C# as a programming language, running on a PC with Windows 10 Home, having a
64-bit operating system, an Intel Core i7 -7700HQ, 2.8 GHz, 16 GB RAM, and an NVIDIA
GeForce GTX 1070 GDDR5 graphics card.
The HTC Vive Pro Eye [30] headset was used to present the virtual environment.
This headset has an integrated eye tracker with a sampling frequency of 120 Hz and a
known latency between 58 ms and 80 ms [31,32]. This HMD also has two AMOLED screens,
with a resolution of 1.440 × 1.600 pixels to each eye (pixel density of 615 pixels per inch
(PPI)), and a refresh rate of 90 Hz. Tobii Pro SDK v1.7.1.1081 [33] and Vive SRanipal
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SDK v1.0.3.0 [34] were used to save eye-tracking data and to present the gaze-contingent
simulations, respectively. A Microsoft Xbox wireless controller was used for subject input.
2.3. Calibration Procedure
An initial semi-automated inter-pupillary distance (IPD) adjustment and a calibration
of five points (SRAnipal) was carried out for all participants at the beginning of each
condition. The participant sets the IPD through a knob that can be rotated to adjust the
lenses distance. Based on the pupil position, the SRAnipal system provides feedback to the
subject when the distance has been set correctly. Only after a correct IPD adjustment, the
eye-tracking calibration can start. After a correct calibration output offered by the software,
the subject could start with each condition type.
2.4. Experimental Procedure
Participants were asked to pursuit a moving target with unrestricted head movement
while playing a 2-D Pong game in VR. The playing area covered ±28° horizontally by
±26° vertically. The moving target consisted of a 3° ball moving at an average velocity of
21.74 ° s−1 (SD: ±0.63 ° s−1 ) from one side to the other of the screen following a randomised
triangular trajectory. The subjects controlled two paddles to keep the moving ball inside
the playing area. If the ball left the playing area, the trial was re-started by the participant.
During the Pong game, the ball changed colour at random intervals. Participants were
asked to press a button whenever they acknowledged that the ball stimulus changed colour,
which, if recognised, it would increase their score. During the session, the participants
could move their heads freely. In addition, a head-fixed rectangle of ±14.25° horizontally
and vertically was presented to motivate the subjects to move their heads.
2.4.1. Conditions
All participants were tested in three (3) conditions: normally sighted, central scotoma,
and salience augmentation of scotoma simulation. In the normal condition, no simulation
was used while playing the game. During the central scotoma condition, eye-tracking
was used to simulate a 12° circular scotoma occluding the central visual field. In the
augmented central scotoma condition, a 2° circular augmentation, with a diameter of 27°
was implemented around the simulated scotoma and applied to the dominant eye.
Figure 1 shows of how the simulations in the scotoma and augmented condition
looked like. Each condition was measured in three blocks of five (5) minutes. Before each
block, a manual drift correction had to be performed by the subject.

12°

7.5° 12°

(a)

2°

(b)

Figure 1. (a) Specifications of the central scotoma (CS) and (b) augmented scotoma (AS) condition.
In the CS condition the scotoma (a) had a diameter of 12°. In the AS condition (b) there was an
concentric augmentation of 2° around the scotoma and an annulus area extending 7.5°.

2.4.2. Manual Drift Correction
A manual drift correction was applied at the beginning of each block for all conditions.
The manual drift correction (Figure 2) consisted of a manual scotoma adjustment performed
by the participant. Each subject was presented with a scotoma simulation for each eye and
a central red dot, attached to the eye camera. The red dot was used as a reference to centre
the scotoma. Participants could correct the scotoma position using the Xbox controller.
After the scotoma was correctly centred and checked by the experimenter, the experimenter

Appl. Sci. 2021, 11, 7164

4 of 16

pressed a key to start the next block. These offset values were then applied throughout
the block session. The drift correction was designed to compensate for eye-tracking data
quality decay in VR due to the movement of the participant, which is known to induce drifts
into the precision of the eye tracker [35]. These drifts can influence scotoma positioning.

(c)

(b)

(a)

Figure 2. Drift correction was performed manually by the subject to have a centralized scotoma
around the red dot at the beginning of each block. In the figure above, a hypothetical example of how
a decentralized scotoma (in black) might look like (a) and hypothetical stages of position correction
(b,c), black arrows, performed to have a concentric positioning of the scotoma around the red dot (c).
The grey circle is used as a reference for this figure to indicate where the simulated scotoma should
be positioned.

2.5. Groups
The participants were separated into two groups, defined by the order in which the
different conditions were presented. Although the augmentation and scotoma conditions
were randomized, all subjects started playing the game without any applied simulation
first (normally sighted condition) (Figure 3).
Central Scotoma (CS)

Normally Sighted (NS)

Group 1 – G1

1

2

3

Normally Sighted (NS)

Group 2 – G2

1

2

1

2

Augmented Scotoma (AS)

3

1

Augmented Scotoma (AS)

3

1

2

3

2

3

Central Scotoma (CS)

1

2

3

Block
Manual drift correction

Pong VR

Block ended

5 min

Game Over!

IF (ball exited play area)

Resume game

Figure 3. Scheme of the experimental procedure. Participants were divided into two groups (G1
and G2). Both groups initiated playing the Pong game under normal vision conditions (normally
sighted, NS). The difference between groups was defined by the order by which the scotoma (CS) and
augmented scotoma (AS) simulations were presented. In group 1, the scotoma simulation followed
the augmentation, in group 2 the opposite. During each condition, three blocks (1, 2, and 3) were
tested. Each block was the same for all conditions. It started with a manual drift correction followed
by a 5-min timer playtime. During the game, the ball could have exited the play area. In that case,
the timer was frozen and the game re-started. When the timer ended, a new block started.
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3. Data Processing
3.1. Data Pre-Processing
3.1.1. Noise Cancellation: Fluctuation in the Sampling Data
Eye-tracking data were first checked for fluctuations in the sampling rate which
can lead to noise in the eye-tracking data introducing spurious variation into the eye
movements [36,37]. Sampling rate fluctuations were found if the time that passed between
two samplings were bigger than the known inter-sample range (8.3 ms, with an error
margin of ±0.4 ms). Following common practice [37], when fluctuations were detected,
two data points before, and two data points after the identified fluctuation were deleted
from the dataset. After this filter, a percentage of total data exclusion was calculated.
3.1.2. Latency Error Correction
All gaze-contingent paradigms are always subject to a lag between where the participant’s current eye position is and where the rendering of the scotoma is shown on
display. This latency is related to the system’s processes to display the image based on
the eye position. First, it needs to record the eye position and transmit it to the computer;
the computer would receive it and shift the scotoma position, render the new image, and
finally, it displays the new image on the headset screen [38]. This delay in the scotoma
presentation means for the current experiment that the scotoma might not cover the exact
6° radius of the central vision at all time.
To account for the latency error between the actual eye’s position and the actual
recording of the eye, the target position was used as an indicator of where the recording of
the eye should have been. This error can be approximated in the distance between the gaze
and target positions measured during the normal condition.
For every frame, the normalised target (re-referenced to the eye) and the dominant
eye’s normalised gaze were transformed into two-dimensional Cartesian coordinates. Then,
the eye-target distance was calculated using the Pythagorean theorem. For every target
data sample, twenty-one eye data points (ten previous to the matching timestamp and ten
forward) were registered. The median in the distances between these 21 points and the
target position was considered the system standard error.
A mean and the standard deviation [39] for this error were calculated for each subject and assumed as the time delay between the recorded eye position and the actual
eye location.
3.1.3. Eye-Tracking Data Filtering
The Nyström and Holmqvist [40] velocity-based algorithm was used to filter the
high jumps in eye velocity caused by missing eye data. These jumps occur above the
normal velocity of the eye during a saccade (300 ° s−1 ). The sgolay function in Matlab
based on Savitzky and Golay [41] was used over the 3D raw gaze coordinates. Sample-tosample velocity between two consecutive gaze coordinates in degrees was calculated for
the raw and filtered data. These velocities were compared to observe the filtering effect of
this algorithm.
3.1.4. Saccades Smoothing: Moving Median Window
As described by Shanidze et al. [42], to calculate the gaze-target distance, saccade
information is usually kept. To smooth the saccade’s data and look for trends that could
otherwise be overlooked due to a high number of saccades that occur during the initial
phases of scotoma habituation [43], a moving median window was used. Different sliding
windows of 5, 10, 20, and 40 s were compared until saccades smoothing was achieved, and
a more clear trend with less volatility in gaze-target distance was observed.
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3.1.5. Colour Change Recognition Sub-Task and Scotoma Radius as Cutoff for the
Maximum Positive and Negative Predictive Values
Bayes’ theorem was applied to test the probability of colour recognition due to scotoma
coverage. The distance between gaze and the edge of the target and whether it was above
the scotoma’s radii were used to indicate seen or not seen, and the colour change detection
to determine correct or wrong.
Seen and correctly recognised was defined as true-positive, while non-seen and
detected was false-positive. Similarly, if the colour change was not detected but the target
was visible, it was considered a false-negative. If it was not visible and not detected, it
counted as a true-negative. The probability of the positive and the negative predictive value
were then calculated for the group and individually, and can indicate that the central vision
might not be correctly occluded due to eye movements such as saccades and blinks [44,45].
Hence, the subject could have seen the target outside the intended radius of occlusion
partially or entirely when he/she was not supposed to, influencing the correct and incorrect
colour recognition task ratio. To test for possible errors in scotoma occlusion, five different
scotoma radii extensions were considered, from 6° to 4°, in steps of 0.5°. Suppose an actual
error due to partial occlusion of the central visual field was present. In that case, all subjects
should present a low positive predictive value and a high negative predictive value for the
6° scotoma radii.
The lower the margin for the scotoma radii, the higher number of positive predictive
values are expected. This increase will occur until the positive predictive value would
reach a plateau. The opposite would be observed for the negative predictive value. Furthermore, this test allows us to identify the subjects who performed the task correctly from
those who did not. Each subject was looked at individually to observe the trend. If the
positive and negative predictive values did not show the same trend as the majority did,
they were identified as having a bad performance, not in line with the experiment and
therefore excluded.
3.2. Data Analysis
3.2.1. Gaze-Target Distancing: Condition Type Influence over Eye Position
After data pre-processing, the effect of the independent variable, condition type, was
investigated over the dependant variable, the median distance between the gaze and the
centre of the target. The normality of the sample was tested with the Kolmogorov–Smirnov
one-sample test (p < 0.001). Given the absence of a normal distribution in our data, the
non-parametric Kruskal–Wallis test was used. These results were further compared with
an FWER test (Dunn–Šidák).
3.2.2. Gaze-Target Direction: Training Effect across Blocks
To examine whether there was a significant change in gaze behaviour, the gaze-target
direction was plotted as a function of different blocks. Re-direction of eye positions in
favour of the upper, lower, right, or leftwards hemifield indicated changes of gaze behaviour across time [18,25]. A polar histogram was used to look into the gaze direction and
confront it to the target across blocks. Zittrell [46] polar histogram plot based on Berens [47]
was used after calculating the wrap angle between gaze and target. Circular statistics were
used, and the mean resultant vector (r) and the average direction were calculated for each
block. The mean resultant vector values range between 0 and 1, where 0 indicates that
data have a large spread while 1 means that the entire dataset is concatenated towards one
point. This parameter was used to look into the spread of the gaze direction with respect to
the target. The average angle indicates the potential directionality for the tested block.
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4. Results
4.1. Data Pre-Processing
4.1.1. Noise Cancellation: Fluctuation in the Sampling Data
Only 0.83% of the data were omitted due to fluctuations in the sampling rate, meaning
that these points had a sampling rate outside the normal range of sampling.
4.1.2. Latency Error Correction
The best gaze-target distance was found to be when gaze data points were 3 position
updates behind the target data. Considering the sampling frequency of 120 Hz, in terms
of latency, this indicates that the recorded eye position and the actual eye position had a
delay error of 25 ms (Figure 4).

Figure 4. Latency offset for best gaze-target distance across all subjects. The red line indicates the
mean tested for all the different time offsets, and the shading red represented the SD around the
mean. The black arrow indicates that the best gaze-target distance is at its lowest when gaze data are
sifted by 25 ms.

4.1.3. Eye-Tracking Data Filtering
A 24 sample Savitzky and Golay [41]´s algorithm was found to effectively refine
the velocity between successive gaze data. This second-order polynomial interpolation
smooths the gaze data gaps, where the velocity was above the normal saccades velocity, as
reported by Nyström and Holmqvist [40]. The result of the filter can be seen in Figure 5
when comparing filtered data with raw data, sample-by-sample.
x 10 3
Raw
Filtered

Velocity (°/s)

1.5

1

0.5

0
1.08

1.09

1.1

1.11

1.12

1.13

Gaze Samples

1.14

1.15
#x104

Figure 5. Gaze samples were filtered using the Savitzky–Golay filter, with second-order polynomials
and 24 filter length. In the dataset, the effect (red) on simple, raw (blue), sample-to-sample velocity.
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4.1.4. Saccades Smoothing: Moving Median Window
Four different moving median windows were tested to the gaze-target distance to
de-noise it. In comparison to the original data, every sliding window proved to improve
and smooth the gaze-target distance (Figure 6). Out of the four tested ones, the 40 s centred
moving average window presented less volatility induced by saccadic behaviour and best
smoothing in the data.
20

20
Original
5 sec Window

Gaze-Target Distance (°)

18
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Original
10 sec Window

18

20
Original
20 sec Window

18

16

16

16
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2
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0

0
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10,000

0

0

5000

10,000

Original
40 sec Window

18

0

0

5000

10,000

Gaze Samples

Figure 6. Original gaze samples (blue) and different moving window medians applied to the original
data smoothing the saccades (red).

4.1.5. Colour Change Recognition Sub-Task and Scotoma Radius as Cutoff for the
Maximum Positive and Negative Predictive Values
The test revealed that indeed there was a big variability when comparing positive and
negative predictive values across different scotoma radii, starting already at 5.5° indicating
that the actual radius of the coverage area was smaller than 6°. The probability of positive
and negative predictive values had less considerable variability when reaching the 5°
radius of scotoma coverage and started to reach a plateau (Figure 7). This indicated that
the ball could have been perceived when the distance was ≤5°, and not 6° from the target.
On the other hand, it was observed that some subjects performed the task correctly
across all conditions, while others did not. The probability of positive and negative
predictive values did not show the same trend as the majority of subjects, with no plateau
reached (Figure 8); those subjects were excluded from the analysis, as a poor performance
in the test was suspected. A total of 5 subjects had to be excluded due to this criterion. For
the analysis, a total of 8 subjects were included, four from each group.
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Figure 7. Bar plots of positive and negative predictive values of all subjects across different scotoma
radii. The black arrow inside the box plots indicates the point from which a plateau is starting to
emerge. The plateau is starting to emerge at 5°.
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Figure 8. Inclusion and exclusion criteria for different subjects. Positive and negative predictive
values were looked at to identify the trend where, irrespective of the scotoma radius, both values
reached a plateau (the positive predictive value did not increase and the negative predictive value
did not decrease anymore). The black arrow indicates where this plateau was reached for the majority
of subjects. In this example, a demonstration is shown for subjects 1 and 2. For those where this trend
was not observed, they were excluded. This was the case, for example, for subjects 5 and 12.

4.2. Data Analysis
4.2.1. Gaze-Target Distancing: Condition Type Influence over Eye Position
In the first group, salience was applied after subjects had to adapt for 15 min to an
advanced scotoma simulation. The Kruskal–Wallis test found that there is a significant
difference between the three conditions (χ2 (2) = 7.19, p = 0.03) for the distance between
gaze and target. The post-hoc Dunn’s revealed that the cued scotoma induced significant
changes in the gaze-target distance (p = 0.02) compared to the normal condition. No
significant difference was found for the scotoma condition compared to the other two
conditions (Figure 9, G1).
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For the second group, where subjects were presented first with the scotoma simulation
together with the cued salience, there was a significant effect between the three conditions
as well (χ2 (2) = 7.20, p = 0.03). The post-hoc Dunn’s revealed that compared to the normal
condition, the central scotoma changed significantly the gaze-target distance (p = 0.02,
Figure 9, G2).

Figure 9. Box plots of the gaze-target distance for the two groups tested. A Kruskal–Wallis test
indicated a significant difference between the three conditions for both groups. The post-hoc Dunn’s
indicated differences in gaze behaviour when comparing the normal condition to the augmented
scotoma (AS) for group 1 (G1) and the scotoma condition (CS) for group 2 (G2). Both p-values were
below 0.05 (indicated by the asterisk). The target cover area (in green) is both above the intended
scotoma cover area (in gray) and the scotoma area with cover errors (scotoma trailing area, above the
dotted lines). The values above the median line (red) of the box plots are the median value of the
pre-processed gaze-target distance for all subjects across all three blocks.

4.2.2. Gaze-Target Direction: Training Effect across Blocks
Circular statistics revealed that gaze had a directional tendency above the target in the
second group, where subjects started first with the augmented scotoma. For both groups,
when the augmentation was present (during the three blocks), the gaze starts showing a
preferred direction, with a less homogeneous distribution in the gaze directions, across
blocks. For the second group, the gaze shifts upwards, and during the third block, the
resultant mean vector doubles its size for the second block, meaning a greater bias in the
directionality. An upper direction starts to emerge, with an average angle of 92° ± 2° of gaze
with respect to target. This trend is maintained when the augmentation is removed (central
scotoma condition), becoming more pronounced across blocks of this new condition,
maintaining the gaze-target direction at 89° ± 1° and at 91° ± 1° for the second and third
block, respectively (Figure 10). The bias strength also increased across blocks. No such
trend was observed for group one.
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Group 2 (G2)

Group 1 (G1)

Central Scotoma (CS)
1

2

3

1

Augmented Scotoma (AS)
2

3

1

Augmented Scotoma (AS)
2

3

Central Scotoma (CS)
1

2

3

Figure 10. Polar histograms of gaze direction in respect to target for group 1 (G1) and group 2 (G2)
across the blocks (1, 2, and 3). Above each polar histogram, the mean resultant length (r) and the
average angle (avgAng) with the corresponding SD of gaze-target direction are represented. The long
red line represents the average angle, the black bold semicircle at the end of the red line indicates the
SD. The red arrow overlapped on top of the long red line is the mean resultant vector.

5. Discussion
Macular degeneration is a chronic disease that affects central vision; as the macular
region deteriorates, it loses the ability to produce clear images of the focused objects. The
visual system needs to re-adapt its behaviour to overcome this condition by shifting the
gaze away from the object of interest and reallocating it in the periphery (outside the area
of visual loss). Quickly developing a new adaptive mechanism is essential for patients

Appl. Sci. 2021, 11, 7164

12 of 16

suffering from macular degeneration to detect objects of interest, such as incoming cars
or bicycles. Most patients with central visual loss take up to three (3) months to adapt,
and only one out of three manages to direct their eyes correctly towards the object of
interest [9,48].
Other authors have already used VR for rehabilitation and training of this eccentric
fixation behaviour using patients [13–15]. However, one of the major challenges for these
studies is that patients have different types of scotomas with different shapes and positions,
and for this reason, patients require individualized augmentations. The mixed results
obtained so far regarding individual augmentation on patients complicate its translation to
clinical practice.
The current study investigates gaze behaviour during salience augmentation for
standardised central scotoma simulation during tracking of a moving object. Previous
studies only looked at changes in normally sighted participants with simulated scotomas
without further testing how augmentations might change their behaviours. In our case,
a modified version of a VR Pong game was presented to participants where they had to
pursue a ball, stopping it from exiting the play area by moving the paddles, and they also
had to acknowledge changes in the ball’s colour.
The group whose participants initially experienced an advanced scotoma simulation,
and only afterwards salience around the scotoma was presented, a significant change in
gaze behaviour was observed. In comparison to the normal condition, during the salience
augmented scotoma condition, the target was placed above the scotoma edge both when
considering 5° as well as 6° radius (Figure 9, G1). Furthermore, the polar histograms show
that, even if the mean resultant vector did not increase across blocks, gaze position started
to be directed more and more towards the lower hemifield in the augmented condition. On
the other hand, no such trend could be observed across blocks for the scotoma simulation
condition (Figure 10, G1). The tendency observed for the salient augmented condition is
in accordance with previous findings [4] where 57% of macula degeneration patients had
better attention preference for the lower hemifield and where most patients with central
visual loss direct their gaze [21,48–51].
For the second group, a change in gaze behaviour for both simulated conditions was
also achieved. A significant change was observed during the scotoma simulation, with the
target being placed further away from the scotoma edge when taking into account 5° and
also 6° extension in the coverage range (Figure 9, G2), when compared with the baseline
condition (normal). The polar histogram revealed a similar trend for the augmented
condition to the one observed by the first group. The gaze’s direction started having a
specific directionality that was kept throughout the other two blocks. This direction was
kept when scotoma simulated participants had to play the game without augmentation,
and the value increased even more across the blocks. Additionally, by the end of the third
block of the central scotoma condition, the bias strength tripled the value that subjects had
when they finished the last block of the augmented condition (Figure 10, G2). The trend
that emerged was to position the gaze above the target. However, even if in an uncommon
position, the gaze position above the target was still in line with previous studies [25].
Based on the results, we hypothesise that presenting salient cues at the early stages of
central visual loss can help build a preferred gaze location. In contrast, prior experiences of
wild gazing in the presence of a scotoma may delay this choice. These results also point
towards developing a preferred retinal locus (PRL) position for moving targets.
Subjects presented with advanced stages of a central scotoma who have not undergone
any training and had not been presented with visual cueing usually develop an unclear
and variable preferred gaze positioning. This variability is reduced when augmentation is
implemented and the previously adopted positioning changes. However, this behavioural
change might take longer due to this previously positioning that the subject already has.
Some potential limitations should be acknowledged, considering the pilot nature of the
study. For instance, future studies will need to replicate our findings with greater samples.
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Moreover, the present study indicates that different adjustments on the augmentation
might be needed depending on the stage of the macular degeneration.
In this study, the HTC Vive Pro Eye, which is known to have an end-to-end latency
between 58.1 ms [31] and 80 ms [32] was used. Thanks to the colour recognition subtask
and the scotoma radii thresholding, the data were corrected for eye-tracking delays (25 ms).
However, this end-to-end latency [31,32,44] is not stable as it can be seen in the results,
and therefore may have influenced the scotoma positioning similarly to previous gazecontingent paradigms [44,45].
After data pre-processing, a 1° error in scotoma coverage for the majority of subjects
tested was found. This finding allowed a better understanding of the occluded area and
allowed us to correct for it when analysing the results. However, it also decreased the area
that was intended to be covered.
An additional limitation of the current system are errors in the IPD estimation. This
type of error can lead to a breakdown of binocular fusion, with errors in correctly focusing
on a target [52]. However, as calibrations were performed before each condition and manual
adjustments of the scotoma were performed on a trial basis, this error can be neglected.
Despite the limitations discussed above, a standardised scotoma simulation of 5°
was still achieved for eight subjects. The simulation changed the gaze behaviour compared to normal conditions. In general, our results confirm what was previously published [16–20,24], i.e., standardised scotoma simulations and augmentations help study
and train gaze behaviours. Virtual reality gaming proved to be a more entertaining task,
resulting in greater participants’ engagement and rapid adaptation. The similar results
obtained in a VR 2D world to previous literature is the first step for building a model for a
future, more complex and immersive reference system. Once a model of PRL development
with the key characteristics and behaviours has been established more immersive and
realistic virtual scenarios can be used, such as, for example, crossing the street scenarios
that involve tracking a moving target in the periphery.
6. Conclusions
Not only salience augmentation to standardised scotoma simulations in normally
sighted participants was investigated for the first time in this study, but this study also
looked and corrected for the latency effect these paradigms suffer from.
Displaying a gaze-contingent scotoma induces an eccentric gaze behaviour, and a ring
augmentation on top of it can modify this behaviour. Early application of this augmentation
enhances the gaze positioning and the development of a PRL, similar to what has been
reported in the literature. Meanwhile, experiencing a scotoma without any cue can lead to
a higher position disparity and may require more extended training periods.
This study needs to be replicated before clinical translation can be applied. Nonetheless, it shows potential for a new type of training for macular degeneration patients.
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