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Abstract
Purpose To evaluate the improvement in targeted reaching movements toward targets of various contrasts in a patient implanted
with a suprachoroidal–transretinal stimulation (STS) retinal prosthesis.
Methods An STS retinal prosthesis was implanted in the right eye of a 42-year-old man with advanced Stargardt disease (visual
acuity: right eye, light perception; left eye, hand motion). In localization tests during the 1-year follow-up period, the patient
attempted to touch the center of a white square target (visual angle, 10°; contrast, 96, 85, or 74%) displayed at a random position
on a monitor. The distance between the touched point and the center of the target (the absolute deviation) was averaged over 20
trials with the STS system on or off.
Results With the left eye occluded, the absolute deviation was not consistently lower with the system on than off for high-contrast
(96%) targets, but was consistently lower with the system on for low-contrast (74%) targets. With both eyes open, the absolute
deviation was consistently lower with the system on than off for 85%-contrast targets. With the system on and 96%-contrast
targets, we detected a shorter response time while covering the right eye, which was being implanted with the STS, compared to
covering the left eye (2.41 ± 2.52 vs 8.45 ± 3.78 s, p < 0.01).
Conclusions Performance of a reaching movement improved in a patient with an STS retinal prosthesis implanted in an eye with
residual natural vision. Patients with a retinal prosthesis may be able to improve their visual performance by using both artificial
vision and their residual natural vision.
Clinical trial registration Beginning date of the trial: Feb. 20, 2014

Date of registration: Jan. 4, 2014
Trial registration number: UMIN000012754
Registration site: UMIN Clinical Trials Registry (UMIN-CTR)
http://www.umin.ac.jp/ctr/index.htm

Keywords Retinal prosthesis . Suprachoroidal–transretinal stimulation .Contrast of a target .Ultra-lowvision .Targeted reaching
movement . Localization test

Introduction

The vision of patients with hereditary retinal dystrophies such
as retinitis pigmentosa slowly degrades, possibly leading to

total blindness. Since there is no established therapy for these
diseases, several preclinical and clinical trials have been un-
dertaken with the aim of recovering vision [1].

Artificial vision is one of the most promising methods for
the recovery of vision; this involves implanting a device in the
visual pathway at some point between the retina and visual
cortex and stimulating neurons electrically. Among these de-
vices, retinal prostheses that stimulate the retina electrically
have been the most actively investigated. There are three types
of retinal prosthesis, classified according to the position where
the electrodes are inserted: epiretinal prostheses [2, 3],
subretinal prostheses [4–6], and suprachoroidal prostheses
[7–9]. These prostheses have been shown to recover the vision
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of blind patients, although to a visual acuity which does not
greatly exceed counting fingers generally regarding retinitis
pigmentosa [10].

To further improve retinal prostheses, being able to
appropriately evaluate the visual function of patients with
ultra-low vision is important. However, this is difficult to
judge on the basis of visual acuity alone [11–13]; func-
tional vision tests are therefore needed to evaluate the
residual vision in these patients [14]. The Bsquare
localization^ test is a test of functional vision developed
by the Argus II group to evaluate their retinal prosthesis
[15]. In this test, the subject is instructed to point to a
displayed target and the distance is measured between
the center of the target and the position to which the
subject is pointing. The test evaluates not only the ability
to detect the position of localized light, but also eye–hand
coordination. The use of an Argus II retinal prosthesis
was shown to reduce the deviation in square localization
[16]. We used a localization test based on square locali-
zation to examine targeted reaching movements in sub-
jects with simulated ultra-low vision, but found no signif-
icant correlation between the amount of deviation and
visual acuity [17]. This result suggests that a functional
vision test such as square localization may also reflect
visual ability other than visual acuity. This visual ability
is probably affected by many factors such as visual con-
trast sensitivity, size of the visual field, age, duration of
the vision reduction, and so on.

The inclusion criteria for patients in the trial of Argus II retinal
prostheses included vision at bare light perception or less, in
which localized light cannot be identified. In contrast, patients
eligible for suprachoroidal–transretinal stimulation (STS) retinal
prostheses include those with Bhand motion^ vision, in which
their residual natural vision may allow the perception of high-
contrast targets. Expanding the eligibility criterion frombare light
perception to hand motion increases the number of patients who
benefit from retinal prostheses. Residual retinal ganglion cells
(RGCs) are necessary for artificial vision, and animal experi-
ments using Royal College of Surgeons rats have shown that

residual RGCs decrease with time after the degeneration of pho-
toreceptor cells [18]. Patients with hand motion vision may have
more RGCs and thus may have a greater chance of increasing
their visual ability after the implantation of a retinal prosthesis
compared with those with bare light perception.

Patients suffering from retinitis pigmentosa with residual
vision show visual acuity to high-contrast targets but exhibit
poor low-contrast sensitivity [19]. In this study, we evaluated
the improvement in reaching movements to targets of various
levels of contrast in a retinitis pigmentosa patient implanted
with an STS retinal prosthesis, whose visual acuity in one eye
was hand motion. We used the localization test with low-
contrast targets, examining the effect of artificial vision in a
condition where there was residual natural vision. In the field
of cochlear implants, devices are implanted in patients with
residual auditory function, helping them with speech recogni-
tion in complex listening environments [20].

Patient and methods

Patient

The patient was a 42-year-old man with advanced Stargardt dis-
ease (Fig. 1). His visual acuity before surgery was Blight
perception^ in the right eye and hand motion in the left eye.
He suffered subjective blindness at elementary school age. A
mutation of ABCA4 gene was confirmed by genetic testing.
Two and a half years before undergoing STS retinal prosthesis
implantation [9], Goldmann perimetry showed residual partial
sensitivity in the periphery in both eyes (Fig. 2). He underwent
STS retinal prosthesis implantation surgery in his right eye and
was then examined periodically using the localization test during
a 1-year follow-up period.

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 this study and the procedures to be
used was presented to the patient, and he signed an informed

Fig. 1 Fundus photo. Advanced
retinal degeneration was observed
in the macula and peripheral
retina in both eyes
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consent form. It was made clear to the patient that he was free
to withdraw at any time. The project was posted on the
University Hospital Medical Information Network (UMIN),
registration number UMIN 000012754 (2014.1.4).

Localization test

The localization test used a custom-built computer system
(Nidek, Gamagohri, Japan) with a laptop computer (ThinkPad
W520®, Lenovo, Beijing, China) and a 19-inch Elo 1929LM
Medical Healthcare Touchmonitor® touch-sensitive screen (Elo
Touch Solutions, Inc., Milpitas, CA, USA). The patient viewed
the screen at a distance of 40 cm, with the center of the screen
directly in front of the midpoint of the right and left eye. The
visual angle of the screen was 53.6° × 42.8°. The illuminance of
the room was 192 lx (LM331®, AS ONE, Osaka, Japan).

The test involved 20 trials. During each trial, a white square
target (visual angle 10° × 10°, 7 cm × 7 cm) was displayed at
one of 16 positions on the screen (4 × 4, uniform distribution),
determined randomly by the computer program. TheMichelson
contrast value of the target, as measured by a luminance meter
(BM-8®, Topcon, Itabashi, Japan), was set at one of three
values: 96% (target brightness, 252.0 cd/m2; background bright-
ness, 5.3 cd/m2), 85% (target brightness, 252.0 cd/m2; back-
ground brightness, 20.7 cd/m2), or 74% (target brightness,
252.0 cd/m2; background brightness, 37.2 cd/m2). The patient
was instructed to touch the center of the target with his right
index finger. Hewas permitted tomove his head and eyes during
the task unless he moved his head closer to the screen. The point

on the screen the patient touched was automatically recorded,
and the distance from the center of the target to the point touched
was calculated. These differences were averaged over all 20
trials; this distance, referred to as the absolute deviation, indicat-
ed the accuracy of the patient’s reaching movement.

The localization test was conducted everymonth during the 1-
year follow-up period.At each test session, the absolute deviation
was measured under conditions with the STS system on or off
and with one eye (right and left), both eyes occluded, or no
occlusion, respectively. The order of the tests was randomly
selected.

In addition, at 5 months after surgery, we examined the
patient’s response time between when a 96%-contrast target
was displayed and when the patient touched the screen. This
was measured in a condition with the left eye occluded and the
right eye occluded and compared afterwards.

Statistical analyses

Paired t tests were used to evaluate differences in the absolute
deviation between the system on and off conditions. A p value of
0.05 or less was considered significant. SigmaPlot 12.2® (Systat
Software Inc., San Jose, CA, USA) was used for the analyses.

Results

With the left eye occluded, absolute deviation with the high-
contrast (96%) targets was generally lower under the STS

Fig. 2 Goldmann perimetry. Residual visual field (V/4 isopter) was observed in the periphery of both eyes
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system on condition than under the system off condition
(Fig. 3a, b), but this difference was not statistically significant
at 1, 3, and 9 months after the implantation surgery. With both
eyes occluded, the absolute deviation with the high-contrast
targets was always significantly lower under the system on
condition than under the system off condition (Fig. 4).

With the left eye occluded and the contrast of the targets
reduced to 74%, the absolute deviation was always signifi-
cantly smaller under the system on condition than under the
system off condition (Fig. 5). When the contrast of the targets
was 85% and both eyes were open, the absolute deviation was
significantly smaller under the system on condition than under
the system off condition (Fig. 6). In contrast, no significant
difference was observed between the system on and system
off conditions with high-contrast targets (96%) and both eyes
open (data not shown).

The patient’s response time (the time between the target
being displayed and the patient touching the screen), mea-
sured at 5 months, showed no significant difference in abso-
lute deviation under the system on condition between left eye

occlusion and right eye occlusion (absolute deviation: left eye
occluded, 9.7° ± 3.4°; right eye occluded, 9.4° ± 6.8°; p =
0.84, paired t test), but the response time was significantly
shorter with right eye occlusion (response time: left eye oc-
cluded, 8.5 ± 3.8 s; right eye occluded, 2.4 ± 2.5 s; p < 0.01,
paired t test).

In addition, the absolute deviation was significantly smaller
under the system on condition than under the system off con-
ditionwith right eye occlusion (right eye occlusion and system
off, 19.6° ± 12.0°; right eye occlusion and system on, 9.4° ±
6.8°; p < 0.01, paired t test).

Discussion

We used the accuracy of targeted reachingmovements to eval-
uate the visual function of a patient with severe outer-retinal
dystrophy but with residual natural vision, who was implanted
with an STS retinal prosthesis. With high-contrast targets and
the patient using both artificial vision and his residual natural

Fig. 3 Results of the localization
test (contrast of target, 96%; left
eye occlusion). a Deviation from
the center of the targets with or
without retinal prosthesis at
5 months after the implantation
surgery. The points represent the
positions touched by the patient
when the origin is set at the center
of the target. The blue and red
points represent the touched
points with the suprachoroidal–
transretinal stimulation (STS)
system off and on, respectively.
The central square represents the
area of the white target (visual
angle 10° × 10°, 7 cm × 7 cm). b
Time course of the absolute
deviation. The blue and red lines
represent the mean deviations
with the STS system off and on,
respectively (visual angle 10°
equals 7 cm). The vertical bars
represent the standard deviation.
M denotes months after surgery.
*p < 0.05, **p < 0.01
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vision in the right eye, the absolute deviation was significantly
lower with the STS system on than when it was off for most of
the test sessions during the follow-up period. However, no
significant difference was observed on several occasions
(Fig. 3b). On the test days when no significant difference
was observed, the patient reported that he could see better with
his residual natural vision. These results suggest that residual
natural vision fluctuates and that the patient was able to see the
high-contrast targets when his visual condition was good.

With both eyes occluded and the STS system off, the pa-
tient touched the display randomly; the absolute deviation was
always lower with the system on (Fig. 4). This suggests that
the patient’s visual performance achieved by artificial vision
alone evaluated with both eyes occluded showed consistent
results.

When the contrast of the targets was reduced to 74% and
the patient used both artificial vision and residual natural

vision in the right eye, the absolute deviation was always
smaller when the STS system was on than when it was off
(Fig. 5). This result indicates that the patient was able to iden-
tify low-contrast targets by artificial vision.

With both eyes open and a target contrast of 85%, the
absolute deviation was significantly lower when the STS sys-
tem was on than when it was off (Fig. 6). This contrasts with
the result for high-contrast targets (96%), where there was no
significant difference with when both eyes were open. These
results suggest that residual natural vision can identify high-
contrast targets but not lower-contrast targets and that artificial
vision helped with discriminating low-contrast targets even
under natural viewing conditions.

The patient’s mean response time to touch the display
was significantly shorter with right artificial vision and left
residual vision (right eye occlusion) than with right artifi-
cial vision and right residual vision (left eye occlusion)

Fig. 4 Time course of the
absolute deviation with target
contrast 96% and both eyes
occluded. The blue and red lines
represent the mean deviations
with the suprachoroidal–
transretinal stimulation system off
and on, respectively (visual angle
10° equals 7 cm). *p < 0.05,
**p < 0.01

Fig. 5 Time course of the
absolute deviation with target
contrast 74% and the left eye
occluded. The blue and red lines
represent the mean deviations
with the suprachoroidal–
transretinal stimulation system off
and on, respectively (visual angle
10° equals 7 cm). *p < 0.05,
**p < 0.01
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when the STS system was on. His residual vision may be
more dominant in the left eye compared with the right eye.
Therefore, when the STS system was off, the patient rec-
ognized targets with his left peripheral visual field by turn-
ing his eyes to the left (Fig. 7a). When the system was on,
he used two gaze positions: a left gaze position using the
peripheral visual field in the left eye and a forward gaze
position using the central artificial visual field in the right
eye (Fig. 7b). The patient reported that he recognized the
rough position of a target by right artificial visual field and
then confirmed the position by his left peripheral visual
field. The reduction in reaction time with a combination
of right artificial vision and left residual vision may have
been due to the additive effect of artificial and residual
vision.

In daily life, it is uncommon to come across high-contrast
objects (such as the Landolt C), and people generally need to

be able to distinguish low-contrast objects [21]. For patients
with STS retinal prostheses, manipulating the threshold
brightness of the CCD camera stimulating the electrode array
can allow the patient to identify low-contrast targets.
Improvements to image processing software may allow pa-
tients to highlight important objects [22, 23].

A limitation of this study was that we analyzed the interac-
tion between artificial and natural vision in only one patient
with residual peripheral visual field. Further study involving
more patients with advanced outer-retinal dystrophy is needed
to investigate whether artificial vision is really useful for pa-
tients with a residual visual field.

In conclusion, with an appropriate target contrast, the
performance of a targeted reaching movement consistently
improved in a patient implanted with an STS retinal pros-
thesis in an eye with residual natural vision. It is possible
that patients with retinal prosthesis can improve their

Fig. 6 Time course of the
absolute deviation with target
contrast 85% and both eyes open.
The blue and red lines represent
the mean deviations with the
suprachoroidal–transretinal
stimulation system off and on,
respectively (visual angle 10°
equals 7 cm). *p < 0.05,
**p < 0.01

Fig. 7 Eye position. a Eye
position under the system off
condition. The patient watched
the target with his left peripheral
visual field by turning his eyes to
the left. b Eye position under the
system on condition. The patient
fixated the target with the
suprachoroidal–transretinal
stimulator having a straight gaze
with his right eye
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visual performance by using both the artificial vision and
their residual natural vision.
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