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Abstract

Age-related macular degeneration (AMD) is a visual impairment
that poses a global challenge due to limited access to regular checks.
In this work, we investigate AMD by creating a virtual reality
simulation of central-field loss. In the first step, interviews (N=6)
revealed that dark circles are not accurate in terms of the perception
of those affected by AMD. Thus, we developed a novel visualization
that simulates different AMD severities, which better matches the
interviewer’s explanations. In an evaluation user study (N=13), we
focus on understanding AMD severities using our visualization in
high-fidelity virtual reality scenes to preserve contextual cueing. In
detail, we explore the impact of AMD on a visual search task and
investigate the correlations between eye movement features and
the severity of the simulation. We found significant differences in
several eye movement characteristics as well as task performance.
Our findings lay the groundwork for future simulation studies.
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1 Introduction & Background

Visual impairments, particularly age-related macular degeneration
(AMD), are increasingly prevalent due to an aging global population,
with approximately 300 million people expected to be affected by
2040 [1, 37]. AMD, the leading cause of central blindness among
adults, progressively impairs central vision critical for tasks such as
reading and face recognition. Despite effective treatments like anti-
VEGEF injections, slow symptom onset often delays awareness and
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timely intervention, highlighting the necessity for early detection
and management strategies [15]. Variability in AMD progression
speed further complicates early diagnosis, significantly impacting
quality of life and daily functionality without consistent monitoring.

Previous studies utilized simulation techniques to investigate
the effects of visual impairments on task performance, oculomo-
tor behaviors, and accessibility [19, 26, 36, 38, 39]. Simulations,
ranging from goggles to advanced VR systems, foster empathy,
identify design flaws, and inform assistive technology develop-
ment [20, 32]. AMD simulations effectively reproduce central-field
loss (CFL) and its impact on fixation stability, saccadic behavior, and
reading performance [4, 6, 9, 17, 24]. Additionally, simulations dif-
ferentiate impairments, contrasting central vision loss (AMD) with
peripheral vision loss (glaucoma), highlighting distinct adaptive
eye-movement strategies [5]. Such simulations bridge theoretical
knowledge and real-world experiences of visually impaired indi-
viduals.

We developed an improved VR-based AMD simulation informed
by structured interviews with AMD patients, accurately model-
ing central-field loss and peripheral fading effects. Our method
maintains contextual cues in realistic visual search tasks, enabling
detailed eye-movement analyses under simulated impairments. In-
terviews provided essential insights into subjective AMD experi-
ences, revealing overlooked perceptual and functional challenges.
This qualitative approach enhances simulation authenticity, closely
matching actual patient experiences and coping strategies.

Our study revealed significant differences in eye movements and
task performance between control and simulated AMD conditions,
consistent with clinical observations of AMD patients. Simulated
AMD resulted in reduced fixation stability, longer saccadic reaction
times, and altered search patterns, effectively mirroring clinical
behaviors. These findings validate our realistic simulation as a
valuable tool for early AMD detection research. The enhanced
realism supports empathetic understanding and informs accessible
design and interventions, potentially shaping future guidelines,
diagnostics, and therapies to mitigate AMD’s daily-life impacts [23,
27].

2 Structured Interviews

From the related work, AMD simulations typically represent central-
field loss as a dark circle with gradient edges. To verify this visual-
ization, we conducted semi-structured interviews with individuals
diagnosed with AMD. Interviews comprised demographic inquiries
followed by questions about their daily visual experiences.
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Procedure. Participants received detailed explanations and con-
sent forms beforehand. Sessions began with addressing any par-
ticipant questions, followed by demographic data collection and
perception-related questions such as "How does AMD affect your
daily life?" and "Do specific lighting conditions influence your per-
ception?”

Participants. We interviewed six AMD-affected individuals, ex-
cluding one who had additional influential visual impairments. Of
the five included, residual vision varied: P1 (female, 86) had 3 — 5%
in the left eye and no vision in the right; P2 (female, 54) had 3%
residual vision in her left eye and only light perception in her right;
P3 (male, 24, Juvenile Macular Degeneration similar to AMD) had
3% vision in both eyes; P4 (male, 63) had 5% vision in both eyes;
and P5 (female, 76) had 3% vision in her right eye and 10% in her
left. All participants previously reported normal vision.

Results. Four of five participants did not perceive AMD as a dark
spot with fading edges, describing it instead as similar to normal
blind spots, where the brain infills visual information. Participant
examples include: P3 stating, "I see a road continue as normal, but
I cannot see if there is a bike standing in front,’ and P2 mentioning
an empty visual area in her kitchen. However, P1 described her
experience as "a heavy fog" with a grey tint obscuring her vision.
(Non-English participant statements were translated by a native
speaker with full professional proficiency in English).

3 AMD Simulation

In the following, we describe the implementation of our effects
pipeline using two parameters: central-field loss and fading. It is im-
portant to note that we assume that the visualization is completely
round.

We simulate the central-field loss using a scotoma with a spheri-
cal shape of size S (diameter of the sphere) at a fixed distance (d)
while being gaze-contingent. SC is the degree of central vision to
be obstructed by our AMD simulation. Using the following formula,
we determine the size of the sphere: S = 2 X d X tan(SC/2).

We implemented the fading on the edges using an adaptation
of the smoothstep function (see, http://www.thebookofshaders.
com/, last accessed: 2025-08-05). The smoothstep function uses
three parameters, the lower edge (ep), the upper edge (e1), and
the source variable for interpolation (x). If x is less than or equal
to e, it outputs 0; if x is greater than or equal to e, it outputs
1; and if x is between ey and ey, it interpolates between e (start
edge) and e; (end edge) according to the Hermite interpolation. The
source variable for interpolation (x) is the normalized distance of the
objects’ texture fragment concerning the sphere’s central position
in the screen space. Finally, we use the output of this smoothstep
function as alpha values of the objects’ texture to control the objects’
visualization.

0 if x < e
f)=93;=2) -2(;=2)° ifeg<x<e
1 if x > eg

By applying the combination of the central field loss and the
fading as a custom shader in Unity, we were able to simulate the
loss of central vision, see Figure 1. We chose to have our fading
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dynamically adjust to the size of our CFL, namely being 20% of the
CFL, if our AMD simulation is 30°, our fading ends at 30°, and the
CFL encompasses 80% of the 30°, specifically 24°.

4 User Study

In the following section, we will discuss the user study performed
with 17 participants, the virtual environment and hardware used
for this user study, and the analysis. We ensured that luminance
in all rooms was consistent. We chose to simulate eight conditions
of AMD, all Latin Square balanced, of no visualization, 4.3°, 8.6°,
12.9°,17.2°, 21.5°, 25.8°, and 30°. These were chosen to keep the
interval between conditions equal. Furthermore, we decided not to
go beyond 30° to keep the visualization lower than what has been
reported in previous work to go unnoticed [15] and to stay inside
the near periphery [34].

Apparatus. We employed a visual search task to evaluate how
AMD simulations impact participant behavior. Such tasks are fre-
quently used in studies involving actual and simulated visual impair-
ments [10, 11, 21, 25, 27]. Emphasizing realistic scenes for contextual
cueing [27], we created eight virtual household environments with
relevant objects (e.g., kettle, phone; see Figure 2) [11]. We devel-
oped the environments in Unity3D and deployed them on a desktop
(Ryzen 9 7900X3D, NVIDIA RTX 4080 Super GPU, HTC Vive Pro
Eye headset with Tobii eye-tracking at 120 Hz via Vive SRanipal
SDK). Head and eye movements, captured as 3D directional vec-
tors, were converted into 2D Fick angles using the Fick-gimbal
method [18]. Analysis was conducted at the trial level, given short
durations (4.64 + 3.41 seconds).

Procedure. Participants signed consent forms and completed de-
mographic surveys before VR setup and eye-tracking calibration.
After four practice trials without simulation, they performed visual
searches for 15 items per virtual room across eight balanced AMD
simulation conditions (from no scotoma to 30°). Drift corrections
following each room maintained gaze accuracy despite participant
movement [8, 33]. Participants received 10 EURO compensation.

Participants. We recruited 17 participants. However, we had to
exclude four participants (one for technical issues, one was too
exhausted to participate in the study properly, and two did not
follow the instructions). The remaining 13 participants had a mean
age of 23.2 (SD = 2.2), 8 identifying as female and 5 as male. All
participants had normal vision.

5 Results

In this section, we first present the results of our preprocessing. Af-
ter which, we present the findings of how our simulation affects eye
movements and task performance while being affected by different
severities of our AMD simulation.

5.1 Preprocessing

We calculated fixations and saccades using pymovements [22] with
the ID-T algorithm [29], applying thresholds of 83 ms minimum
fixation duration and 1.8° maximum dispersion [3, 35]. Metrics
included fixation duration, fixation rate, saccadic amplitude (de-
grees between onset and offset), and saccade frequency (number
per trial minute), computed using the microsaccade algorithm [13].
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Figure 1: (a) A low-poly landscape without any of the AMD visualizations applied. (b) A low-poly landscape with the central-field
loss and fading visualization applied. In this image, the red capsules have a custom material that hides these items in the
central field if they are obscured by our visualizations. This simulation is gaze-contingent.

(a) Garage (b) Bedroom (c) Dining Room (d) Bathroom

(e) Kitchen (f) Living Room (g) Meeting Room (h) Office

Figure 2: All rooms used in the user study.

Table 1: Results of the GLMM analysis for the time per trial Table 2: Results of the GLMM analysis for the index of pupil-
under different central-field loss conditions. A Gamma fam- lary activity (IPA) and pupil diameter under different central-
ily with identity link was used. field loss conditions. An inverse Gaussian family with iden-
tity link was used for IPA; a Gamma family with identity
CFL (deg) Est. t b link for pupil diameter.
0 1.37 13.48 < 0.001
8.6 0.68 0.497 CFL (deg) Est. t P Est. t P
12.9 1.97 0.049
17.2 2.35 0.019 0 0.66 16.29 < 0.001 4.39 15.58 < 0.001
215 3.13 0.002 43 -0.15 0.879 0.64 0.525
25.8 214 0.033 8.6 —0.30 0.767 0.71 0.481
30 2.72 0.007 12.9 -2.11 0.055 1.63 0.104
17.2 -1.51 0.131 2.20 0.028
R =0.70, R}, = 0.56 215 ~122 0223 236 0.018
25.8 —0.88 0.379 2.72 0.007
30 —0.66 0.509 3.01 0.003

2 _ 2 2 _ 2
Pupil metrics comprised mean pupil size, standard deviation, and Re =0.04, Ry <001 Rc =084 Ry, =0.54

the Index of Pupillary Activity (IPA) via two-level discrete wavelet
transforms [12]. Out of 1560 recorded trials, we excluded trials with
excessive head movement (>15 cm deviation from average) and
trials exceeding 20 seconds duration. Object location accuracy was calculated as § = arctan %) Trials were retained if more than

verified using gaze angle comparisons to objects’ angular diameter,



MuC ’25, August 31-September 03, 2025, Chemnitz, Germany

50% of the last ten gaze samples fell within 180% of §. After filtering,
1356 trials remained: 178 (no CFL) and 182, 178, 172, 168, 169, 158,
151 for CFL of 4.3° to 30°. A Bayes repeated measures ANOVA
(JASP, default priors) indicated no significant effect of filtering on
trial counts (BFyo = 0.169).

5.2 General Linear Mixed Model Results

We used generalized linear mixed-effect models (GLMMs) to analyze
the data from our complex experimental design. GLMM:s account for
random effects due to individual variability, room, object, spawning
location, or learning effects and are well-suited for non-normal
data and repeated measures [7, 31]. The model formula was DV ~
condition + (1|Room) + (1|Object) + (1|Location) + (1|TrialNr) +
(1|Pid), where DV represents the dependent variable. Analyses
were conducted in R using Ime4 [2]. We report conditional R? as
R? and marginal R? as R2,.

Table 3: GLMM results for fixation rate and mean fixation du-
ration under different central-field loss conditions. Gamma
family with identity link for fixation rate; inverse Gaussian
family for mean fixation duration.

Fixation Rate Mean Fixation Duration

CFL Est. t P Est. t P
(deg)

0 25.93 19.78 < 0.001  0.16 18.77 < 0.001
43 0.45 0.650 -1.10 0.272
8.6 1.24 0.216 -0.97 0.335
12.9 3.03 0.003 —0.54 0.591
17.2 2.95 0.003 0.66 0.508
215 1.75 0.080 —-1.28 0.200
25.8 4.52 < 0.001 0.70 0.485
30 3.04 0.002 —-1.03 0.301

R2=0.69,R%, =044  R?=0.08 R%, <0.01

Table 4: GLMM results for saccade frequency and saccade am-
plitude under different central-field loss conditions. Gamma
family with identity link for both models.

Saccade Frequency Saccade Amplitude

CFL (deg) Est. t P Est. t P

0 2.60 32.08 < 0.001 25.93 13.55 < 0.001
43 -0.92 0.357 0.19 0.852
8.6 0.68 0.497 0.02 0.982
12.9 1.62 0.106 -1.83 0.067
17.2 -0.78 0.433 2.25 0.025
21.5 1.42 0.155 —-4.89 < 0.001
25.8 —0.80 0.424 2.64 0.008
30 -2.31 0.021 -3.22 0.001

R?=0.34,R%, =034  R2=0.79,R%, =0.54
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6 Discussion

This work involved semi-structured interviews with individuals
living with AMD to better understand their visual experiences and
assess the accuracy of existing visualizations. Participants described
their vision as a blind spot rather than the darkened visualizations
typically used, leading us to develop an AMD simulator in Unity.
This simulator allows controlled adjustments of two parameters:
central field loss and fading effect. Using this tool, we conducted a
Latin square-balanced user study to evaluate the impact of central
field loss on task performance and eye movements.

Our results indicate that there are differences in several eye
movement characteristics when participants experience our simu-
lation in different severities. Amongst these is saccade amplitude,
which has been shown as a correlator in previous work with AMD
patients [4, 28], as well as with simulated scotomas [14, 30]. These
are attributed to inefficient saccadic eye movement (small forward
saccades and often regressions) in previous work [28]. Fixation rate
is another eye movement where we found significant differences
when simulating AMD, which has been found in previous research
with simulated scotomas [16]. Finally, we also found a significant
increase in pupil diameter for all the conditions, including and
above 17.2°. Pupil diameter is often associated with perceptual
load, which we suspect to be the case in this study. Finding objects
when your vision is obscured may be more demanding than when
your vision is clear. We were unable to find studies with similar
findings in AMD patients, which leads us to believe that this is an
artifact from the simulation.

Future research should aim to enhance the AMD simulation by
integrating additional variables, such as varied patterns of central
vision loss, broadening the scope beyond the current visual search
task, and including a larger sample size. Validating these simulations
with AMD patients will be crucial to ensure their accuracy and
relevance. Engaging directly with individuals affected by AMD will
allow researchers to verify that the simulated visual impairments
closely match their subjective experiences, increasing the realism
and utility of the simulations.

7 Conclusion

Based on interviews with AMD patients, we systematically investi-
gate how to implement an AMD simulation. In the following study,
we used this simulation to simulate different severities of AMD
in a realistic VR environment using a visual search paradigm. We
have identified significant differences in eye movements and task
performance between the control condition and several severities
of the novel AMD simulation. Those affected by the more severe
conditions of the AMD simulation took longer to complete the
visual search task, had a higher fixation rate, and made smaller
saccades and more frequent saccades.

8 Open Science

We encourage readers to reproduce and extend our results and
analysis methods. Therefore, our simulation scripts, collected data,
and analysis scripts are available at https://osf.io/5khxm/.
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Figure 3: (a) Kernel Density Estimate of Time per Trial for each of the different central-field loss simulations. (b) Pupil diameter
for each of the different central-field loss simulations. (c) Fixation rate for each central-field loss simulation.
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