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Abstract

Purpose Our aim is to develop a new generation of suprachoroidal-transretinal stimulation (STS) retinal prosthesis using a dual-
stimulating electrode array to enlarge the visual field. In the present study, we aimed to examine how position and size of the
visual field—created by a retinal prosthesis simulator—influenced mobility.

Methods Twelve healthy subjects wore retinal prosthesis simulators. Images captured by a web camera attached to a head-mounted
display (HMD) were processed by a computer and displayed on the HMD. Three types of artificial visual fields—designed to
imitate phosphenes—obtained by a single (5 x 5 electrodes; visual angle, 15°) or dual (5 x5 electrodes x2; visual angle, 30°)
electrode array were created. Visual field (VF)1 is an inferior visual field, which corresponds to a dual-electrode array implanted in
the superior hemisphere. VF2 is a superior visual field, which corresponds to a single-electrode array implanted in the inferior
hemisphere. VF3 is a superior visual field, which corresponds to a dual-electrode array implanted in the inferior hemisphere. In each
type of artificial visual field, a natural circular visual field (visual angle, 5°) which imitated the vision of patients with advanced
retinitis pigmentosa existed at the center. Subjects were instructed to walk along a black carpet (6 m long x 2.2 m wide) without
stepping on attached white circular obstacles. Each obstacle was 20 cm in diameter, and obstacles were installed at 40-cm intervals.
We measured the number of footsteps on the obstacles, the time taken to complete the obstacle course, and the extent of head
movement to scan the area (head-scanning). We then compared the results recorded from these 3 types of artificial visual field.
Results The number of footsteps on obstacles was lowest in VF3 (One-way ANOVA; P=0.028, Fisher’s LSD; VF 1 versus 3
P=0.039, 2 versus 3 P=0.012). No significant difference was observed for the time to complete the obstacle course or the extent
of head movement between the 3 visual fields.

Conclusion The superior and wide visual field (VF3) obtained by the retinal prosthesis simulator resulted in better mobility
performance than the other visual fields.

Keywords Mobility test - Suprachoroidal—transretinal stimulation - Retinal prosthesis simulator - Visual field - Head-scanning

Introduction attention as a mode of therapy. Attificial vision technology re-

covers vision by electrically stimulating neurons at specific lo-

Hereditary retinal dystrophies, particularly retinitis pigmentosa,
have no established therapy and are among the leading causes of
blindness worldwide, especially in developed countries [1, 2]. In
recent years, artificial vision technology has begun to attract
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cations along the visual pathway. Among these technologies, the
most widely developed approaches involve retinal prostheses,
which insert stimulating electrodes at the retina. There are three
types of retinal prostheses, classified according to the position in
which the electrodes are inserted: epiretinal prostheses [3, 4],
subretinal prostheses [5—7], and suprachoroidal prostheses
[8—10]. Our aim was to develop a suprachoroidal type of retinal
prosthesis (STS, suprachoroidal-transretinal stimulation) [10].
The simplest method to further improve vision through
retinal prostheses in the future is to increase the resolution
by reducing the size and increasing the number of stimulating
electrodes. Previously, Zrenner et al. stimulated the retina with
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1500 stimulating electrodes, obtaining good results; however,
the number of electrodes and visual acuity are not necessarily
directly proportional [11]. Our group conducted a clinical trial
of an STS retinal prosthesis, which contained 49 stimulating
electrodes. In the present clinical trial, we observed that par-
ticipants were unable to discriminate between two phosphenes
induced simultaneously by adjacent stimulating electrodes be-
cause the phosphenes overlapped. This finding indicates that
in STS retinal prostheses, to discriminate between two phos-
phenes, it is necessary to increase the distance between the
stimulating electrodes with the current value at which phos-
phenes are obtained. Therefore, we aim to improve next-
generation STS by enlarging the area of the electrode array
to expand the visual field rather than by increasing the number
of stimulating electrodes and increasing resolution.

One of the merits of expanding the visual field is that the
visual information obtained at any one time increases.
Furthermore, the position of the visual field induced by the
retinal prosthesis can be selected depending on the insertion
position of the electrode array. It is still to be determined
which visual field position is most advantageous. Generally,
it has been concluded that an inferior visual field has a more
profound influence on quality of life (QOL) than a superior
visual field [12—14]. However, it is not yet known whether
these findings hold true for an artificial visual field induced
by retinal prosthesis; therefore, further research is required.

In the present study, we investigated the effect of an ex-
panded visual field and the effect of visual field position, on
participant mobility—an important visual behavior—using a
retinal prosthesis simulator.

Subjects and Methods
Subjects

Twelve healthy volunteers (4 males, 8 females) with an aver-
age age 0f 26.8 +5.5 years (+ SD) were included in the study.
All participants had best-corrected visual acuity (BCVA) > 20/
20. The procedures used in this study adhered to the principles
of the Declaration of Helsinki and were approved by the
Ethics Committee of Osaka University Hospital. A full expla-
nation of the purpose of the study and the procedures to be
used was presented to the participants, who all signed an in-
formed consent form. It was made clear to all participants that
they were free to withdraw from the study at any time.

Methods

Each participant, wearing full correction lenses and a retinal
prosthesis simulator, underwent a mobility test. For the mobil-
ity test, white circular cloths with a diameter of 20 cm were
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placed on a black carpet measuring 6 m x 2.2 m. Obstacles
were placed on the carpet at an interval of 40 cm (Fig. 1).
Participants were instructed to pass the length of the carpet
without stepping on obstacles. In addition, participants were
equipped with a head-mounted iPod touch® (Apple,
Cupertino, USA) with gyroscope function; visual scanning
through head movement (hereafter referred to as head-
scanning) during the mobility test was measured simultaneous-
ly. During the mobility test, the retinal prosthesis simulator
presented images received through three different processing
methods (described in the following sections). The time taken
to pass through the obstacle course, the number of steps taken
on obstacles, and the extent of head-scanning for each process-
ing method were compared. The time taken to pass through the
obstacle course was measured by a stopwatch and the number
of steps taken on an obstacle was measured visually.

Retinal prosthesis simulator

The retinal prosthesis simulator receives images from a web
camera (BSW20KM11BK, Buffalo, Nagoya, Japan) placed
on a head-mounted display (HMD) (HMZ-T1®, SONY,
Tokyo, Japan). The input images are processed with a
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Fig. 1 Mobility test. a. Pattern diagram of the mobility test course. On a
black carpet with dimensions of 6 m and 2.2 m, white cloth circles with a
radius of 10 cm are placed as obstacles at 40 cm intervals. b Actual picture
of the mobility test course
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custom-built program (Nidek, Gamagohri, Japan) on a laptop
computer (PC-GL19614GU, NEC, Tokyo, Japan) then
displayed on the HMD. The retinal prosthesis simulator
displayed a retinal prosthesis visual field of 15° (visual angle)
per side, imitating an electrode array consisting of 5 X 5 stim-
ulating electrodes in three ways: (1) dual-electrode array infe-
rior visual field (visual field (VF)1), (2) single-electrode array
superior visual field (VF2), and (3) dual-electrode array supe-
rior visual field (VF3), in addition to a central circular natural
visual field with a diameter of 5° (visual angle) (Fig. 2a). The
central natural visual field imitates the vision of patients with
advanced retinitis pigmentosa (Fig. 2b). The visual acuity of
the central natural visual field was measured as having a value
of approximately 1.0 logMAR (logarithm of the minimum
angle of resolution) units. In the retinal prosthesis simulator,
if the average luminance range of one electrode exceeds a
certain value, it is displayed as one light spot (Fig. 2b). The
laptop for processing images was contained in a rucksack,
which was carried by the participant (Fig. 3).

Head-scanning

Subjects wore a 6th generation iPod touch® on their head, and
the extent of head-scanning during the mobility test was

Fig. 2 Pattern diagrams of three a

measured through a built-in gyro sensor. Using the custom-
built program, the horizontal, vertical, and rotational angular
velocities of the head were measured every 0.02 s, and the
absolute values of these values were integrated to obtain the
total extent of head-scanning during the test. Among the three
directions of head movement, horizontal and vertical direc-
tions were analyzed.

Statistical analyses

One-way analysis of variance (ANOVA) and Fisher’s least
significant difference (Fisher’s LSD) test were used for com-
parisons between the three groups. A p value of 0.05 or less
was considered significant. SigmaPlot version 13.0®
(SystatSoftware Inc., San Jose, USA) analytical software
was used for analysis.

Results (Table 1)
Number of steps taken on obstacles

The average number of steps taken on obstacles were 6.5 £ 4.1
(VF1), 7.2+5.0 (VF2), and 3.8+£2.6 (VF3), respectively.

types of visual fields displayed by
the retinal prosthesis simulator. a
The retinal prosthesis simulator
displayed a central circular natural
visual field with a diameter of 5°
(visual angle) and the retinal
prosthesis visual field 15° (visual
angle) on one side in three
different ways: VF1, dual-
electrode array inferior visual
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simulator, the artificial visual
fields are displayed as light spots
for the corresponding part, and
the central natural visual field
shows the actual image in low
resolution

@ Springer



1768

Graefes Arch Clin Exp Ophthalmol (2019) 257:1765-1770

Fig. 3 Actual picture of the
retinal prosthesis simulator. The
participant is wearing a head-
mounted display with a web
camera. A laptop computer for
processing the images taken by
the web camera is kept in the
rucksack on the participant’s
back. An iPod touch® is attached
to the back of the participant’s
head

One-way ANOVA revealed these results to be statistically
significantly different (P =0.028). Furthermore, statistically
significant differences were observed between VF1 and VF3
(P =0.039, Fisher’s LSD) and between VF2 and VF3 (P=
0.012, Fisher’s LSD).

Time taken to pass through the obstacle course

The average times taken to pass through the obstacle course
were 47.6+£22.4 s (VF1), 50.7+£25.2 s (VF2), and 44.0+
26.1 s (VF3), respectively. This was included as reference data
because there was no significant difference in one-way
ANOVA (P =0.12); however, time taken to pass through the
obstacle course tended to be shorter for VF3 than for VF2
(P =0.040, paired ¢ test).

The extent of head-scanning

The average extent of head-scanning in the vertical direction
was 274.9 £167.6°(VF1), 287.3 + 167.6°(VF2), and 244.7 +
174.5°(VF3), respectively. There was no significant difference
in one-way ANOVA (P =0.55). The average extent of head-
scanning in the horizontal direction was 533.2 +253.6°(VF1),
568.5+371.0°(VF2), and 423.2 +289.4°(VF3), respectively.
This was included as reference data as there was no significant
difference in one-way ANOVA (P =0.072); however, the ex-
tent of head-scanning in the horizontal direction tended to be
smaller for VF3 than for VF2 (P =0.029, paired ¢ test).
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Discussion

In the present study, we simulated the use of retinal prosthesis
for patients with advanced retinitis pigmentosa using healthy
participants and evaluated walking ability. The rationale for
selecting walking ability as an outcome is that this parameter
is greatly influenced by the visual field, which is important for
locating a wide range of targets and obstacles. Furthermore, in
patients with visual field disturbances, it has been reported
that mobility performance can be improved by training visual
scanning using saccades, unlike other activities, such as read-
ing [15, 16]. As described later, we considered that saccades
are equivalent to head-scanning in retinal prosthesis patients,
and that evaluating head-scanning would be an indicator of
the quality of mobility of retinal prosthesis patients.

As indicators of walking ability, we evaluated three param-
eters: the number of steps taken on obstacles on the obstacle
course, the time taken to pass through the obstacle course, and
the extent of head-scanning. In general, patients with a retinal
prosthesis featuring external cameras rely on head movements
to find targets because the camera does not follow eye move-
ments [17]. Currently, retinal prostheses have started to be
developed that incorporate gaze tracking systems [18, 19].
Despite these developments, we hypothesize that visual scan-
ning based on head movements will continue to be a necessary
skill for the time being due to current limitations with the gaze
tracking system, such as calibration accuracy and delay.
Patients with a retinal prosthesis are often elderly people;
therefore, lots of head movement may prove a heavy burden
for patients. For this reason, we selected head-scanning as one
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Table 1  Information of 12 subjects and the results of the mobility test

Required time (seconds) Number of stepping on the obstacles Amount of horizontal head-scanning

(times) (angular degree)

Subjects  Age M/F  VF1 VF2 VEF3 VF1 VF2 VE3 VF1 VEF2 VF3
1 40 M 35 36 37 10 11 9 296.9 368.6 436.2
2 30 F 33 33 31 7 6 1 417.9 303.1 2853
3 29 M 93 104 115 8 0 2 1011.5 15204 1277
4 21 F 23 15 15 7 6 3 157.7 126.8 99.2
5 25 F 53 69 49 9 17 5 668.2 542 572.8
6 24 F 30 42 27 5 8 5 544.3 8243 414
7 23 F 66 75 67 0 2 0 452.4 561.7 459.9
8 21 F 75 70 52 4 4 1 789.1 453.5 3915
9 33 M 56 57 29 4 3 2 776.3 721.5 206.6
10 21 F 32 32 31 7 5 6 376.9 291 285.9
11 30 M 60 58 56 16 16 5 7243 915.2 470.8
12 25 F 15 17 19 1 8 7 183.1 194 179.7
Average  26.8 47.6 50.7 44 6.5 7.2 3.8 5332 568.5 4232
SD 5.5 224 252 26.1 4.1 5 2.6 253.6 371 289.4

M, male; F, female; VF, visual field; SD, standard deviation

of the parameters for evaluation because reducing head-
scanning by enlarging the visual field may be helpful for
patients.

In the present study, we evaluated mobility with three vi-
sual field patterns and found that the number of steps on ob-
stacles was significantly smaller in VF3 than in VF1 or VF2.
Although only included as reference data, in VF3, the time
taken to pass through the obstacle course tended to be shorter,
and the extent of head-scanning tended to be smaller than in
VF2. Generally, an inferior visual field is thought to have a
larger influence on QOL than a superior visual field [12—14].
However, in this experiment, better performance was ob-
served with a superior visual field than with an inferior visual
field. The reason for this may be that in ultra-low vision con-
ditions, participants cannot avoid seeing their feet when walk-
ing. Seeing their feet, participants can then obtain visual in-
formation in the direction of travel from the superior visual
field, improving performance with the superior visual field. It
has previously been reported that superior visual field disor-
ders have a larger impact on the ability to observe obstacles
when driving as compared to inferior visual field disorders
[20]. The most important visual field position in everyday life
may change depending on tasks; therefore, it is necessary to
consider this on an activity-by-activity basis.

Considering that the extent of head-scanning tended to be
smaller, and the time taken to pass through the obstacle course
tended to be shorter with a wide visual field, dual-electrode
array, we conclude that participants can obtain a wide range
of information about obstacles simultaneously when using this
mode, resulting in a reduction of the extent of head movement

and time taken to pass through the obstacle course. It has been
reported previously that glaucoma patients with narrowed visu-
al fields complete more saccades than healthy controls when
performing tasks to which they are unaccustomed and that
these patients require more time to perform the task [21]. If
we consider saccades and head-scanning of retinal prosthesis
patients to be similar, we would conclude that the width of the
visual field affected the results in our study, in keeping with
previous findings. As results regarding head-scanning and time
required to complete obstacle course are only tendencies and
did not reach statistical significance, it is necessary to increase
the number of participants and test these again in the future.

Finally, the conditions of the mobility test in our study
consisted of high-contrast obstacles allocated at equal inter-
vals; in the future, it is necessary to evaluate walking ability
under more natural circumstances.

In the present study, we examined the size and position of the
visual field in the simulated retinal prosthesis and found that
walking performance improved depending on the conditions,
particularly when using the VF3 setup. We should also consider
other activities to fully evaluate the effects of size and position of
visual field on walking ability, particularly in realistic conditions.
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