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Adaptive optics dioptric scanning ophthalmoscope
with a wider field of
view similar to those of normal ophthalmoscopes
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We introduce a newly developed adaptive optics dioptric scanning ophthalmoscope (AO-DSO) in which all pow-
ered optical parts were refractive lenses instead of concave or convex mirrors. By designing dioptric optics, we were
able to achieve a compact instrument with a 10 deg field of view (FOV10) and 1.5 deg field of view (FOV1.5) high-
resolution imaging. Although the resolution of FOV10 was sacrificed because of the variation of aberrations of the
eve over the 10 deg field, our system works with AO in the case of FOV1.5 and can be used as a scanning laser
ophthalmoscope with good optical slicing in the case of FOV10. To test the ability of the AO-DSO, we performed
imaging on a normal subject and on a patient with occult macular dystrophy. © 2012 Optical Society of America

OCIS codes: 170.5755, 330.4460.

Soon after the invention of the adaptive optics ophthal-
moscope [1], a scanning version of the ophthalmoscope
was introduced [2]. Since then, the adaptive optics scan-
ning laser ophthalmoscope (AO-SLO) has been heavily
and successfully used in many productive studies [3].
The instrumentation of the AO-SLO has been improved
with modern, sophisticated technologies. It has been
equipped with a retinal tracker to compensate for eye
movement, optics that observe a wide field of view
(FOV) [4], and spectral domain optical coherence tomo-
graphy [5]. An advanced system can even resolve rod
photoreceptors [6]. Another trend has been the develop-
ment of practically useful clinical instruments from inex-
pensive devices, such as line scan mechanisms [7] or
microelectro mechanical systems (MEMS) mirrors [8].

To our knowledge, most AO-SLOs are built with reflec-
tive concave and convex mirrors. Some of them use
refractive lenses, but some optical elements are still re-
flective because the use of refractive elements can cause
unwanted reflections, which eventually become noise in
wavefront sensor and retinal images. One limitation of
reflex concave and convex mirrors is that they reduce
aberrations over a small FOV.

We have built an adaptive optics dioptric scanning
ophthalmoscope (AO-DSO) without using any concave
or convex mirrors; instead, we used refractive lenses
for all of the power optics. One of our interests was
developing small and simplified AO scanning ophthalmo-
scopes for clinical needs. The obstacles to their clinical
use are their high cost, large size, limited clinical applica-
tions, and small FOV. The device typically responsible for
the high cost is the deformable mirror. However, we be-
lieve that the price of deformable mirrors is decreasing
with advances in MEMS technology.

The optics of the AO-DSO introduced in this study had an
area of 400 x 450 mm. The AO-DSO is smaller than a com-
mercially available ophthalmoscope (TRC-50LX, Topcon,
Tokyo, Japan), which has an area of 505 x 506 mm. Using
the advantages of dioptric optics, we designed and built an
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AO scanning system with a high-resolution 0.92 x 1.25 deg
FOV (FOVL5), a medium resolution 1.8x2.6 deg
FOV (FOV3), and a normal scanning system with a
6.9 x 9.6 deg FOV (FOV10). The maximum FOV was deter-
mined by an objective lens, for which we used an objective
lens from a commercially available autorefractometer
(KR8100, Topcon, Tokyo, Japan).

Using the AO-DSO, we investigated images with
FOV1.5 and FOV10 on normal eyes and eyes with occult
macular dystrophy (OMD). We also investigated imaging
of the nerve fiber layer (NFL) and photoreceptor layer.
Additionally, one important concern addressed here is
the effectiveness of the AO for FOV10 and FOV1.5
images.

A schematic of the AO-DSO optics is shown in Fig. 1.
The light source for the imaging and wavefront sens-
ing was an 840 nm superluminescent diode (SLD,
AS8SE210GP30M, Anritsu, Kanagawa, Japan). The spec-
tral half width of the SLD was 15 nm. The radiant power
at the cornea was 80 xW. The beam diameter at the pupil
was 6 mm. If optics are diffraction limited, the optical re-
solution is 0.58 arcmin. Our system was designed so that
FOVL.5 is diffractive limited for the 740-1000 nm spectral
region and for the vergence range from -5 to +5D. The
SLD was coupled with a single-mode optical fiber, and
the light emitted from the fiber impinged on a
deformable mirror (Mirao 52d, Imagine Eyes, Orsay,
France), a vertical scanner, and then a horizontal scan-
ner. The deformable mirror and scanners were optically
conjugated with the pupil of the eye. The vertical scan
was driven by a galvanic scanner (VM2500+-, Cambridge
Technology, Lexington, Massachusetts), and the horizon-
tal scan was driven by an 8 kHz resonant scanner (8 kHz
CRS, Cambridge Technology, Lexington, Massachu-
setts). The vertical and horizontal scanners can change
the scanning range of the retina from 0.92 to 6.9 deg
and from 1.25 to 9.6 deg, respectively. After the scanners,
the light passed through a focusing prism and objective
lens to the retina.

© 2012 Optical Society of America



Fig. 1. Al light source for imaging the anterior part of the eye;
OL, objective lens; FL, focusing lens; OE, organic electrolumi-
nescence diode display; AC, CCD for anterior imaging; P, focus-
ing prism; HS, horizontal scanner; VS, vertical scanner; DM,
deformable mirror; PBS, polarized beam splitter; HM, half-
mirror; PH, pinhole; H2, 2 mm diameter hole; PMT, photomul-
tiplier; SH, Shack-Hartmann wavefront sensor; SF, single mode
fiber; SLD, superluminescent diode. Most lenses are doublet-
type lenses.

An anti-reflection (AR) coating was applied to all of the
refractive lenses’ surfaces, and the reflectance after the
coating was less than 0.02% at 840 nm (Fig. 2). The AR
coating was developed especially for our wavefront
sensor product (KR-1W, Topcon, Tokyo, Japan) using
ion-assisted deposition technology. We used the focusing
prism to correct the spherical errors (-5 to +5D) of the
eyes, such that the retina and optical fiber were optically
conjugated. The reflected light from the retina was passed
from the retina to the deformable mirror. After the de-
formable mirror, the light reached a photomultiplier
(PMT; H7732-10, Hamamatsu Photonics, Hamamatsu,
Japan) for imaging. The sampling rate of the electronic
circuit for imaging was 15 MHz. The pixel number of
the image was 500 x 700. The acquisition frame rate
was 30 frames per second. Scanning ranges were changed
for three FOVs. The pixels per arc minute of FOV10, FOV3,
and FOV1.5 were 0.83, 0.22, and 0.11, respectively. The ra-
tio of penetration and reflection of a half-mirror after the
deformable mirror was 9 to 1 because the light returned
from the retina should retain as much of its intensity as
possible. The pinhole in front of the PMT was optically
conjugated with the fiber of the light source through
the layer of the retina that we wanted to image. The optical
magnification between the retina and pinhole was 3.5. The
pinhole was five times (17.5 times in real dimensions) as
large as the Airy disk. Ten percent of the light reflected at
the half-mirror went to a polarized beam splitter (PBS),
and then polarized light went to a Shack—Hartmann
wavefront sensor (SHWS). The PBS was used to form
cross-polarized isolation blocking noise light from optics
of the instrument and eye to the SHWS. We also inserted a
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Fig. 2. Anti-reflection coating of the objective lens.
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(a) (b) (c)
Fig. 3. Imaging of the photoreceptor layer of a normal retina at
three different magnifications. The images were taken at 5 deg

nasal from the fovea. All the images were obtained by averaging
10 images. (a) FOV10, (b) FOV3, and (c) FOVL1.5.

2 mm diameter hole in front of the SHWS, which is opti-
cally conjugated with the retina. This tactic effectively
blocks reflection noise from the anterior part of the eye.

The SHWS consisted of a lens array and charge
coupled device (CCD). The image obtained by the CCD
was analyzed with Zernike polynomials. The coefficients
from the second-to sixth-order terms were sent to the
control circuit of the deformable mirror to compensate
for eye aberrations. Two 940 nm light emitting diodes
and a CCD were used to image the anterior part of the
eye. An organic electroluminescent diode display
(OELD) was used for the fixation target.

The eyes of the subjects were dilated before imaging.
Using an electrically adjustable chin rest and the image of
the anterior part of the eye, the center of the pupil was
aligned to the optical axis of the objective lens of the
AO-DSO. The focusing prism for imaging and the focus-
ing lens for the fixation target were adjusted to correct
for the eye’s spherical error. The OELD fixation target
was shown at a certain position on the OELD to rotate
the eye, allowing any desired position of the retina within
5 deg from the fovea to be imaged. After the alignment
was completed, the imaging SLD was turned on to begin
imaging. The focusing prism was precisely controlled to
image a particular layer of the retina. The feedback loop
of the wavefront sensing and compensation was 10 Hz.
The protocol for this study was approved by the Institu-
tional Review Board (IRB) of the Osaka University Med-
ical School, and the procedures conformed to the tenets
of the Declaration of Helsinki.

We performed imaging on the eye of a normal male
(36 years old) and on an eye with OMD. We confirmed

(a)

Fig. 4. Optical sectioning between retinal photoreceptor
layers and nerve fiber layers. (a) A montage FOV10 image of
the photoreceptor layer. (b) A montage FOV10 image of the
nerve fiber layer. The white bar represents 3.5 deg. (¢) The
high-resolution image was taken at the location of 1 deg eccen-
tricity from the center of the fovea with FOV1.5 (four images

average).
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Fig. 5. MTFs. (a) FOV1.5; (b) FOVI10 at the center of the fovea;

(c¢) FOV10 at 5 deg nasal from the fovea.

that the AO function worked for normal eyes when fo-
cused at the photoreceptor layer of the retina to obtain
FOV1.5 images, as in previous studies with catoptric and
catadioptric systems [Fig. 3(c)]. We also successfully im-
aged the same areas of the retina with FOV3 and FOV10.

We performed imaging of the NFL with FOV10. The
NFL could be imaged by moving the focus 68 um toward
the cornea by moving the focusing prism. The difference
in focusing is shown in Fig. 4(a), and a montage NFL im-
age is shown in Fig. 4(b). We experimentally confirmed
that the same NFL imaging was not possible when the
size of the beam for imaging was set to 2 mm.

We calculated modulation transfer functions (MTFs)
for on-axis FOV1.5 imaging with and without AO. We also
calculated MTFs for on and off-axis (5 deg) FOV10 over
6 mm pupil imaging with and without AO and over 2 mm
pupil imaging without AO (Fig. 5). We found that the op-
tics were almost perfect in FOV1.5 imaging with AO.
However, the optics were not ideal in FOV10 imaging,
even with AO. Although the MTF over a 2 mm pupil is
better than that over a 6 mm pupil, as expected, the
MTF over a 6 mm pupil with AO was better than that over
a 2 mm pupil without AO for 50 to 80 cycles per degree.

FOVL.5 images and FOV10 images of the retina of an
OMD patient with and without AO are shown in Fig. 6.
The patient was a 51-year-old woman who visited Osaka
University hospital with the complaint of decreased
vision in both eyes. Her best corrected visual acuity
was 20/100 in both eyes. The fundus picture was normal.
However, multifocal electroretinography showed de-
creased responses in the macular areas of both eyes,
which is typical in eyes with OMD. Fourier domain opti-
cal coherence tomography imaging has shown that the
inner and outer segment (IS/OS) junction of the photo-
receptors in the foveal area was disrupted, which was
consistent with the previous report [9].

The FOVL.5 images of both small areas with AO were
clearer than those without AO. The photoreceptors in the
intact area were healthy, with a complete mosaic pattern.

6.9 deg

Lt

Fig. 6. Images of the photoreceptor layer of occult macular
dystrophy. AO-OFF imaging (a) FOV10; (b) and (c) FOVL.5.
AO-ON (d) FOVI0; (e) and (f) FOVL1.5. Images correspond to
the arrows in the FOV]D images.

However, fewer photoreceptors were found in the dis-
eased area. From these findings, we confirmed that
the AO-DSO revealed the photoreceptor disruption in
the eye with OMD with FOV1.5 images.

In the FOV10 images, the photoreceptors were not re-
solved, even with AO. Although we could not see the
photoreceptors, the border of the normal and abnormal
areas was much clearer in the image with AO than in that
without AO. The AO-DSO allows for identification of the
diseased area in the retina at a glance from the FOV10
images, reducing examination time.

AO-DSO was effective in the production of both
FOVL5 and FOV10 images. We were not troubled by
noise from the refractive lenses during wavefront sensing
and imaging. This demonstration that AO scanning
ophthalmoscopes are useful for normal SLOs and very
high-resolution imaging suggests that they may be useful
in the clinical setting.
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Transcorneal Electrical Stimulation Promotes Survival of
Photoreceptors and Improves Retinal Function in
Rhodopsin P347L Transgenic Rabbits

Takeshi Morimoto,' Hiroyuki Kanda," Mineo Kondo,?> Hiroko Terasaki,® Kohji Nishida,* and

Takashi Fujikado'

Purrose. To determine whether transcorneal electrical stimu-
lation (TES) has neuroprotective effects on the photoreceptors,
and whether it slows the rate of decrease of the electroreti-
nogram (ERG) in rhodopsin P347L transgenic (Tg) rabbits.

MerHops. Six-week-old Tg rabbits received TES through a
contact lens electrode on the left eye weekly for 6 weeks. The
right eyes received sham stimulation on the same days.
Electroretinograms (ERGs) were recorded before and at 12
weeks after the TES. After the last ERG recordings, the animals
were euthanized for morphologic analysis of the retinas.
Immunohistochemical (IHC) analysis was performed to detect
the immunostaining by peanut agglutinin (PNA) and rhodopsin
antibodies in the retinas.

Resurrs. The a- and b-wave amplitudes of the photopic ERGs
and the b-wave amplitudes of the scotopic ERGs at higher
stimulus intensities were significantly larger in the TES eyes
than in the sham stimulated eyes (P < 0.05, respectively).
Morphologic analyses showed that the mean thickness of the
outer nuclear layer (ONL) in the visual streak at 12 weeks was
significantly thicker in TES eyes than in sham-stimulated eyes
(P < 0.05). ITHC showed that the immunostaining by PNA and
rhodopsin antibody in the TES-treated retinas was stronger
than that in the sham-stimulated retinas.

Concrusions. TES promotes the survival of photoreceptors and
preserves the ERGs in Tg rabbits. Although further investiga-
tions are necessary before using TES on patients, these findings
indicate that TES should be considered for therapeutic
treatment for RP patients with a P347L mutation of rhodopsin.
(Invest Opbthalmol Vis Sci. 2012;53:4254-4261) DOL
10.1167/iovs.11-9067

atients with RP have a progressive loss of rod and cone
Pphotorcccptors that leads to a severe decrease in the visual
acuity and a severe constriction of the visual field.!*> The
worldwide prevalence of RP is approximately 1 in 4000,
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meaning that more than 1 million individuals are affected
worldwide.> As such, RP is one of the leading causes of
blindness in the world.

Many promising treatments to save or restore vision in RP
patients are being investigated clinically and experimentally.-2
Electrical stimulation (ES) of the retina is one of the methods
that is being tried because it is less invasive than other
treatments and has been shown to have neuroprotective
properties on the visual system.'°-'® ES of the transected optic
nerve stump in rats promoted the survival of axotomized
retinal ganglion cells (RGCs) in vivo.'° Transcorneal electrical
stimulation (TES) in rats was reported to rescue axotomized
RGCs'"''? and promote axonal regeneration of injured
RGCs.'>14 TES was also shown to improve the visual function
of patients with traumatic optic neuropathy and nonarteritic
ischemic optic neuropathy.'>

We have demonstrated that TES promoted the survival of
photoreceptors and preserved the retinal function of Royal
College of Surgeons (RCS) rats, an animal model of RR'® Ni et
al.'” also reported that TES had neuroprotective effects on the
photoreceptors after phototoxicity in rats. In a preliminary
clinical trial, Schatz et al.'® demonstrated that TES improved
the visual function in RP patients.

However, RP is a genetically heterogeneous disease, and
mutations in several photoreceptor-specific and some non-
specific genes are known to cause RP!'? Therefore, it is
necessary to examine the neuroprotective effect of TES
on the photoreceptors in the retinas of various RP animal
models to determine which genetic type of RP is responsive
to TES.

Rhodopsin Pro 347 Leu (P347L) transgenic (Tg) rabbits
have been generated by Kondo et al.?° This sequence of
alterations is similar to those in human patients with autosomal
dominant RP (adRP) with the rhodopsin P347L mutation.?!:22
This animal model has a rod-dominated, progressive photore-
ceptor degeneration with regional variations in the pattern of
photoreceptor loss.?%23

The purpose of this study was to determine whether TES
has a neuroprotective effect on the photoreceptors and
improves the amplitudes of the electroretinogram (ERG) in
Tg rabbits. Our morphologic and electrophysiological analyses
showed that TES had a neuroprotective effect on the
photoreceptors and improved the amplitudes of the ERG of
Tg rabbits.

MATERIALS AND METHODS
Animals

All experimental procedures were performed in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision

Investigative Ophthalmology & Visual Science, June 2012, Vol. 53, No. 7
Copyright 2012 The Association for Research in Vision and Ophthalmology, Inc.



IOVS, June 2012, Vol. 53, No. 7

Research, and the procedures were approved by the Animal Research
Committee, Osaka University Graduate School of Medicine. Five Tg
rabbits were purchased from the Kitayama Labes Co. (Ina, Japan). They
were raised on a 12-hour dark 12-hour light cycle with an ambient light
intensity of 100 lux.

Transcorneal Electrical Stimulation

The rabbits were anesthetized intramuscularly with a mixture of
medetomidine (0.3 mg/kg, Domitor; Orion Corporation, Espoo,
Finland), midazolam (4 mg/kg, Dormicum, Astellas Pharma Inc., Tokyo,
Japan), and butorphanol (5 mg/kg, Betorphal; Meiji Seika Pharma, Co.,
Ltd., Tokyo, Japan). For the electrical stimulation, the corneas were
also anesthetized with a drop of 0.4% oxybuprocaine HCI, and a
contact lens electrode with inner and outer concentric electrodes
(Mayo Corporation, Nagoya, Japan) was placed on the cornea with a
drop of 2.5% methylcellulose to maintain good electrical contact and
prevent corneal drying. Biphasic rectangular current pulses (700 pA,
10 ms/phase duration) were delivered at a frequency of 20 Hz from an
electrical stimulation system (Stimulator: SEN-7320, Nihon Kohden,
Tokyo, Japan; Isolator: WPI, Sarasota, FL) through the contact lens
electrode.

TES was given to 6-week-old rabbits for 1 hour once a week until
the animals were 12 weeks old. Only the left eye was electrically
stimulated. The same type of contact lens electrode was placed on the
right eyes but no electrical current was delivered (sham stimulation).

Electroretinograms

ERGs were recorded from the animals at 6 weeks of age just before the
beginning of the TES and after the end of the TES treatments at 12
weeks of age. For the TES, animals were anesthetized intramuscularly
with a mixture of medetomidine (0.3 mg/kg), midazolam (1 mg/kg),
and butorphanol (1 mg/kg). The pupils were dilated with 2.5%
phenylephrine hydrochloride and 0.5 % tropicamide.

After 1 hour of dark adaptation, the animals were restrained in a
box and were prepared for the recordings under dim red light. ERGs
were recorded from both eyes simultaneously with a corneal electrode
carrying LEDs creating a mini-Ganzfeld stimulator (WLS-20, Mayo
Corporation). A 2.5% hydroxypropyl methylcellulose ophthalmic
solution was used with the corneal contact lens electrode. The
reference electrode and a ground electrode were inserted subcutane-
ously into the left ear and the nose, respectively.

The luminance of the scotopic ERG stimuli was increased from —5.0
to 1.48 log cd-s/m? in 0.5 or 1.0 log unit steps. After the scotopic ERG
recordings, animals were light-adapted for 30 minutes, and the
photopic ERGs were recorded. The luminance of photopic ERG
stimuli was increased from —1.0 to 1.95 log cd-s/m?, and the stimuli
were presented on a white background of 25 cd/m?.

The responses were amplified, band pass filtered from 0.3 to 1000
Hz, and digitized at 3.3 kHz. A computational ERG recording system
(Neuropack p; Nihon Kohden, Tokyo, Japan) was used to average the
ERG responses. Five to 20 responses were averaged with interstimulus
intervals from 1 to 10 seconds depending on the intensity of the
stimulus.

ERG Analysis

The scotopic (dark-adapted) and photopic (light-adapted) a-wave
amplitudes were measured from the prestimulus baseline to the peak
of the a-wave, and the b-wave amplitude was measured from the trough
of the a-wave to the peak of b-wave.

To determine the significance of differences in the ERG amplitudes
between TES electrically stimulated eyes and sham-stimulated eyes for
the full intensity range, we plotted the average ratio of the TES-treated
to the sham-stimulated eyes at all intensities and performed statistical
analyses.?2-24
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Histological Analysis

Immediately after the final ERG recordings, the rabbits were euthanized
with an overdose of pentobarbital sodium. The eyes were removed and
placed in a mixture of 10% neutral buffered formalin and 2.5%
glutaraldehyde in 0.1 M phosphate buffer (PB) for 30 minutes at room
temperature. Then eyes were trimmed, and part of the eye cups,
including the optic nerve, were postfixed in 4% glutaraldehyde in 0.1
M PB at 4°C. The tissues were trimmed, embedded in paraffin,
sectioned vertically, and stained with hematoxylin and eosin for light
microscopy. All sections were cut along the vertical meridian of the eye
passing through the optic nerve. Five serial sections of each eye were
analyzed for each experimental animal.

The degree of retinal degeneration was assessed by measuring the
thickness of the outer nuclear layer (ONL), inner nuclear layer (INL),
and ganglion cell layer (GCL). Photographs were taken of the superior
and inferior hemispheres at 10 defined points with a camera attached
to a light microscope (E800; Nikon, Tokyo, Japan). The first
photograph was taken at approximately 2 mm from the center of
the optic nerve head, and subsequent photographs were taken every
2 mm more peripherally. The thickness of ONL, INL, and GCL were
measured on the photographs (Scion Image analyzer; Scion Corp.,
Frederick, MD). Each eye was coded so that the investigator making
the measurements was masked to treatment of the eye.

Immunohistochemistry

The paraffin-embedded sections (5 pm) were processed for immuno-
fluorescence staining with antirhodopsin antibody (1:100; RET-P1;
Santa Cruz Biotechnology, Santa Cruz, CA), followed by Cy3-
copjugated anti-mouse IgG (1:200), and FITC-conjugated peanut
agglutinin (1:100) (PNA; Invitrogen, Carlsbad, CA), a lectin that binds
specifically to rabbit cone photoreceptors. The TES-treated and sham-
stimulated sections were observed with a fluorescence microscope
(E800; Nikon).

Statistical Analysis

Data were analyzed with a commercial software (JMP8; SAS Institute
Japan, Tokyo, Japan). The data were expressed as the means = SDs or
SEMs. Comparisons between two groups were made by Student’s #
tests when the data were normally distributed or by the Mann-Whitney
rank-sum test when the data were not normally distributed. Statistical
significance was set at P < 0.05.

RESULTS

Effect of TES on Survival of Photoreceptors
in Tg Rabbits

Representative retinal sections in the area of the visual streak
from 12-week-old Tg rabbits that had TES (left eye) or sham
stimulation (right eye) are shown in Figures 1A and 1B. The
number of rows of nuclei in the ONL at the visual streak was
two to three and the nuclei were closely packed in the retina
receiving TES (Fig. 1A). In the sham-stimulated retina, only one
row of nuclei was found in the ONL at the visual streak and
they were loosely packed (Fig. 1B). In contrast, there was no
difference in the structure and thickness of the ONL in other
areas of the retina away from the visual streak between the
TES-treated and sham-stimulated retinas (Figs. 1C, 1D). The
architecture and thickness of the middle and inner retinal
layers were well preserved in both TES-treated and sham-
stimulated retinas (Figs. 1A-D).

Quantitative analyses showed that the thickness of the ONL
in the visual streak in the TES-treated eyes was 13.9 = 3.3 um
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Ficure 1.

Photomicrographs of TES-treated and sham-stimulated
retinas from 12-week-old Tg rabbits. Retinal sections of the visual
streak from TES-treated retina (A) and sham-stimulated retina (B).
Peripheral retinas at 6 mm superior to the optic nerve head from TES-
treated retina (C) and sham-stimulated retina (D). Scale bar = 50 pm.

(mean £ SD, n=5) which was significantly thicker than that in
the sham-stimulated eyes (8.8 = 2.8 ym, n = 5, P < 0.05)
(inferior hemisphere 1). In contrast, there was no significant
difference in the mean ONL thickness outside the area of the
visual streak (Fig. 2A). Thus, TES promoted the survival of
photoreceptors in the area of the visual streak at 12 weeks of
age.

To determine whether TES affected other layers of the
retina, we measured the thickness of the INL and GCL. There
were no significant differences of the mean thickness of INL
and GCL between the TES retinas and in the sham retinas (n =
5 each; Figs. 2B, 2C).
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Ficure 2. Thickness of the ONL (A), the INL (B), and the GCL (C)
along the vertical meridian measured at 10 retinal locations at 2-mm
intervals. Mean * SD of five Tg rabbits are plotted. There was a
significant difference of the mean ONL thickness between TES-treated
retinas () and sham-stimulated retina (M) at the visual streak
(Student’s #test for two groups; *P < 0.05).
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Ficure 3. Scotopic ERGs recorded from 6- and 12-week-old rhodopsin P347L Tg rabbits. (A) Scotopic ERGs elicited by eight different stimulus
intensities. (B) Scotopic ERG mean amplitude versus flash intensity for the a- and b-waves in the TES-treated () and sham-stimulated eyes (W) (n =
5, each, mean = SEM). Average ratio (TES/sham) of the a- (C) and b-wave (D) amplitudes at 12 weeks of age (n =5, each, mean * SEM). Pointwise
comparison indicated a significant difference in b-wave amplitudes at 1.48 and 0.95 log cd-s/m? (Student’s t-tests for two groups; *P < 0.05).
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Effect of TES on Electroretinograms of Tg Rabbits

To evaluate the electrical properties of the rod and cone
systems of rabbits, we recorded full-field scotopic and photopic
ERGs. The scotopic ERGs elicited by different stimulus
intensities from 6- and 12-week-old Tg rabbits are shown in
Figure 3A. The amplitudes of the scotopic ERGs recorded from
the eyes of 12-week-old Tg rabbits were not reduced compared
with those from the eyes of G-week-old Tg rabbits. The
intensity-response curves for the a- and b-waves are plotted
in Figure 3B. Scotopic ERG a-wave amplitudes of TES-treated
eyes were not significantly different from those of sham-
stimulated eyes. However, the b-wave amplitudes of the TES-
treated eyes were slightly but significantly larger than those of
the sham-stimulated eyes at the higher stimulus intensities.

We plotted the ratio (TES/sham-stimulated eye) of the
amplitudes of the a- and b-waves for all intensities and
performed statistical analyses on the differences (Figs. 3C,
3D). The differences in the ratios of the a-waves were not
significant for all intensities. On the other hand, the ratios of
the b-wave amplitudes were significantly larger at stimulus
intensities higher than 0.95 log cd-s/m? (P < 0.05) in the TES-
treated eyes.

The photopic ERGs obtained from Tg rabbits at 6 and 12
weeks of age are also shown in Figure 4A. The amplitudes of
the TES-treated and sham-stimulated eyes at 12 weeks of age
were slightly reduced compared with the ERGs recorded from
6-week-old Tg rabbits but the differences were not significant.
However, the responses in the eye treated with TES were larger
than those treated with sham stimulation (Fig. 4A).

The intensity-response curve for the a- and b-waves are
plotted in Figure 4B. We also plotted the average ratio of TES-
treated to sham-stimulated eyes at all intensities (Figs. 4C, 4D).
For a-waves, there were significant differences between TES-
treated and sham-stimulated eyes at 0.95 to 1.95 log cd-s/m? (P
< 0.05, respectively). For b-waves, there were significant
differences between them at 1.48 and 1.95 log cds/m? (P <
0.05).

Immunohistochemistry

Immunostaining with an antirhodopsin antibody and PNA
lectin showed that the intensities of the immunostaining for
both antirhodopsin antibody and PNA were stronger in the
TES-treated retina (Figs. SA-C) than the sham-stimulated retina
(Figs. 5D-F).

PNA

TES

Sham

=

FIGURE 5.

Rhodopsin
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Discussion

Our electrophysiological and histological analyses showed that
TES led to the survival of photoreceptors in the visual streak,
and it also led to the preservation of ERG responses at higher
stimulus intensities in rhodopsin P347L Tg rabbits. Although
the cause of the photoreceptor degeneration in Tg rabbits is
different from that in RCS rats and the phototoxic-induced
degeneration in rats,?%2325-27 TES also had a neuroprotective
effect on the photoreceptors in Tg rabbits. These findings
indicate that TES might have a similar neuroprotective effect
on photoreceptors whose degeneration has different causes.

In the histological analysis, only the photoreceptors in the
visual streak were rescued by TES, and in the areas outside the
visual streak, the number of photoreceptors in the TES-treated
retina was not significantly different from that in sham-
stimulated retina. In Tg rabbits, the loss of photoreceptors
was maximum in the visual streak where the photoreceptor
density is highest, and the loss of photoreceptors was not
significantly different at other regions outside visual streak at
12 weeks of age.?° Therefore, at 12 weeks of age, the loss of
photoreceptors was striking only in the visual streak,
indicating that the neuroprotection of photoreceptors was
limited to the visual streak.

Immunohistochemical analysis showed that the intensity of
both PNA and rhodopsin immunostainings was stronger in the
TES-treated retinas than in the sham-stimulated retinas in the
visual streak.

However, the results of ERGs indicated that TES preserved
the cone components better than rod components, although in
Tg rabbits the rod components are more affected than the
cones.?%23 Although it was not determined why the cone
components were better preserved than the rod components,
one possibility is that TES promoted the survival of both rod
and cone photoreceptors, and the rescued rods secreted a
cone viability factor to rescue the cone photoreceptors.?®
Otherwise, at 12 weeks of age, photoreceptors near the visual
streak were much more affected than those outside the visual
streak,?? therefore the differences of ERG amplitudes of full
field ERGs between TES-treated and sham-stimulated retinas
might be detected only at higher stimulus intensities.

There are some possible mechanisms for the neuroprotec-
tion of photoreceptors. First, TES increased the expression of
the mRNA and protein levels of neurotrophic factors (e.g.,
insulin-like growth factor-1 (IGF-1), brain-derived neurotrophic

Merged + DAPI

F

Immunohistochemical analysis of rod and cone photoreceptors triple labeled with rhodopsin (green), PNA (red), and DAPI (blue) in TES-

treated (A-C) and sham-stimulated retinas (D-E) at 12 weeks of age (approximately 4 mm inferior to the optic nerve head). Intensities of rhodopsin
and PNA immunostaining are stronger in the TES-treated ratio than in the sham-stimulated retina. Scale bar = 50 pm.
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factor (BDNF), ciliary neurotrophic factor, or B-cell lymphoma-
2 in the retinas after TES.'"'7 A second possibility is that TES
reduced the expression of the TNF super families and Bax,
which are related to apoptosis signaling in retinal cells.?®
Cultured rat Miiller cells exposed to electrical currents have
been shown to express IGF-1, BDNE and fibroblast growth
factor-2 (FGF-2).39-32 Other types of electrical stimulation to
the retinas, such as subretinal electrical stimulation, increases
the expression of FGF-2 in the retinas.>® Unfortunately, we did
not determine whether the expression of any of these
neurotrophic factors was increased after TES in the Tg rabbit
retinas.

Another possible mechanism for the TES-induced neuro-
protection was an increase of chorioretinal blood circulation
by TES.?#35 In clinical studies, TES has been shown to improve
the visual function of patients with retinal artery occul-
sion.3¢37 Thinning of the vascular plexus and the development
of aberrant vessels have been reported in RP patients and
animal models of RP3%-4! This indicates that retinal blood
circulation might be reduced in Tg rabbits. TES might have
some neuroprotective effects on photoreceptors by increasing
chorioretinal blood circulation.

We did not examine whether TES was neuroprotective for
the photoreceptors in the peripheral retina. In Tg rabbits at the
age of 48 weeks, almost all of the photoreceptors were
lost2927; however, it takes a long time to investigate the
neuroprotective effects of TES on the entire retina until the age
of 48 weeks from 6 weeks, so it is difficult to continue the
treatment until 48 weeks because weekly anesthesia and
treatment put a heavy load on animals and is adverse to the
animal welfare for long-term experiments. The results that TES
did have neuroprotective effects on photoreceptors in the
visual streak at 12 weeks of age were enough to lead us to
determine the neuroprotection of TES on the photoreceptors
in Tg rabbits.

Rhodopsin P347L Tg rabbits are an adRP model of human
RP. Our results indicate that TES might have a neuroprotective
effect on the photoreceptors in RP patients with the same
mutation. Schatz et al.'® performed a prospective, randomized
sham-controlled clinical study, and reported that TES improved
the visual function in RP patients. From these neuroprotective
effects of TES already published and our results, TES might
exert a neuroprotective effect on photoreceptors of different
animals with RP. Additional investigations on different animal
models are necessary to determine which type of RP was the
indication of TES treatment.

In conclusion, TES had a neuroprotective effect on the
photoreceptors in the visual streak of rhodopsin P347L Tg
rabbits, which is a model of human adRP. These results support
and encourage clinical trials of TES for RP patients.
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Retinal prosthesis is an implantable medical device to reconstruct the sense of sight
for blind individuals. We have been developing a new type of retinal prosthesis called
suprachoroidal-transretinal stimulation (STS), whereby an electrode array is not attached
to the retina directly. To evaluate the feasibility and safety of the retinal prosthesis using
STS, a clinical trial was performed. We have developed an internal device for chronic
implantation. It consists of a 49-channel electrode array that has 9 active electrodes.
The retinal prosthesis was implanted in two patients with advanced retinitis pigmentosa
(RP). Follow-up periods after implantation were five (Pt 1) and seven (Pt 2) weeks. No
significant adverse event was observed in either patient after the surgical procedures.
A functional test revealed that the detection or discrimination of objects was possible
using the device, and a pulse frequency of around 20 Hz is the most effective in evoking
phosphene. These clinical examinations showed that the retinal prosthesis with the STS
system is safe and feasible for artificial vision.
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1. Introduction

Retinitis pigmentosa (RP) is one of the leading causes of blindness.!? There is no
treatment for this disease. To restore some vision, stimulating the residual functional
retinal neurons by electrical currents delivered through an electrode array is being
studied. This is called “retinal prosthesis™. '

There are three ways of stimulating the retina for a retinal prosthesis: subretinal
stimulation,® epiretinal stimulation,® and suprachoroidal-transretinal stimulation
(STS). 9 In subretinal stimulation, the electrode array is placed in the subretinal
space. In epiretinal stimulation, the electrode array is attached to the vitreous side of the
retina. In STS, the electrode array is placed in a scleral pocket or choroidal membrane
and the return electrode in the vitreous cavity. STS was originally designed by our
group. The main feature of STS is that the electrode array is not directly attached to the
retina. Therefore, it can minimize damage to the retina during the electrode implantation
surgery.

For clinical application of the retinal prosthesis with STS, it is important to evaluate
its feasibility and safety through clinical trial. For that reason, we have developed a
microelectrode-STS system that can be chronically implanted into the patient. The
purpose of this study is to evaluate the safety and stability of the system when it is
implanted in a patient with RP.

2. Materials and Methods

2.1 Subjects

Two patients with RP were studied. Patient 1 (Pt 1) was a 73-year-old woman.
Patient 2 (Pt 2) was a 67-year-old woman. Visual acuity of both patients was light
perception. We obtained informed consent from these patients after a full explanation of
the purpose of the study and the procedures. The procedures used in this study adhered
to the Declaration of Helsinki and were approved by the Ethics Committee of Osaka
University Hospital.

2.2 Retinal prosthesis devices for implantation

The implanted electronic devices consisted of a secondary coil that receives signals
from the external coil and a pulse generator that generates biphasic current pulses to be
delivered to the individual electrodes sequentially. The electrode array (size, 5.7x4.6
mm?; NIDEK, Gamagori, Japan) consisted of 49 electrodes made of 0.5-mm-diameter
platinum (Fig. 1).

2.3 Surgery

In both patients, the left eye was selected for the clinical trial. Under local anesthesia
with 2% lidocaine hydrochloride drops, the lateral rectus muscle was dissected at its
insertion. and transscleral monopolar stimuli were given to determine the scleral area
that has a low threshold to evoke phosphene perception. After the identification and
marking of the low-threshold area, general anesthesia was introduced. The skin of the
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Fig. 1. Photographs of the internal device for STS-retinal prosthesis (a), the electrode array (b),
and the return electrode (c).

left temporal area was incised to insert the main part of the internal device [Fig. 1(a)].
The second incision was created at the left zygomatic bone area to fix the lead wire. The
electrode array, the return electrode, and the cables were passed under the fascia of the
temporal muscle from the first incision to the second incision using a trocar catheter (Medikit,
Tokyo, Japan). The bone of the lateral orbital wall was drilled, and the electrode array,
the return electrode, and the lead wire were passed into the periocular space using the
trocar catheter. The lead wire was fixed by a titanium plate below the second incision.
A scleral pocket of 6x5 mm? was created at the lower temporal scleral area at the low-
threshold area. The electrode array was inserted into the scleral pocket. The return
electrode was inserted in the vitreous cavity through the pars plana at the upper nasal
area. The lead wires near these electrodes were sutured on the sclera. Five (Pt 1) to seven (Pt
2) weeks after the implantation, all the devices were surgically removed.

2.4  Functional tests

From one week after the surgery, the wireless system was tested twice a week for 4
weeks. For the functional test of each electrode, 9 out of the 49 electrodes were tested.
Cathodic-first biphasic pulses (pulse duration, 0.5 ms; frequency, 20 Hz: interpulse delay,
0.5 ms) were delivered through each electrode. We performed the following six visual
function tests.

2.4.1 Test 1: Object detection

A white box that was 2.6x27 cm (3.7x34° visual angle) was set randomly at 15 cm (21°) to
the left or right of the center of the board. The patients were asked where the white box
was located. The percentage of correct answers for this task was analyzed statically by
the binominal test. We tested whether the percentage was higher than the chance level
(50%).



184 Sensors and Materials, Vol. 24, No. 4 (2012)

2.4.2 Test 2: Object discrimination

Two bars of different widths, 1x30 ¢m (1.4x37°) and 3%30 cm (4.3x3.7°), were
presented at the center of the board, and the patients were asked to tell the examiner
whether the thicker bar was on the left or right. The percentage of correct answers for
this task was analyzed statically by the binominal test. We tested whether the percentage
was higher than the chance level (50%).

2.4.3 Test 3: Grasping objects

A white object was randomly set either 15 cm (21°) to the left or 15 cm to the right
of the center of the board. The patient was asked to grasp the object with her right hand.
The percentage of correct answers for this task was analyzed statically by the binominal
test. We tested whether the percentage was higher than the chance level (50%).

2.4.4 Test 4: Touch panel

A white rectangular bar of 4.7x20 cm (6.7x27°) was presented randomly 9.5 cm (13°)
to the left or the right from the center of a touch panel screen (Tyco Electronics, Menlo
Park, CA) that was connected to a computer. The patient was asked to touch the white
bar with her right index finger. The position touched was recorded and analyzed using
the computer. Depending on whether the patient touched the correct position, a different
sound was emitted by the computer.

2.4.5 Test 5: Relationship between pulse firequency and brightness of phosphenes

We examined the relationship between the brightness of phosphenes and pulse
frequency using suprathreshold currents (0.8 mA) in Pt 2. The pulse train duration was 1 s.
We selected two out of the following frequencies: 10, 20, and 30 Hz. We applied these
stimulations to the patient randomly. The patient was asked to compare the brightness
of phosphenes evoked by two types of stimulation with different frequencies. Each trial
was repeated 4 times.

3. Results and Discussion

After the surgery, it was confirmed that the device, cables, and electrodes were
implanted and connected, on the basis of skull X-ray projections (Fig. 2). From the
fundus picture, fluorescein angiograms, and optical coherence tomography (OCT)
images, no significant adverse event was attributed to the implantation surgery in
both patients. After the removal surgery, no significant changes were observed in the
fundus picture and OCT images. The visual acuity remained at light perception after
the removal of the device in both patients. At the removal surgery, the scleral pocket
remained stable. Fibrosis or erosion of sclera was not observed around the pocket.
The implanted devices and electrode array were kept functional during the 4 weeks of
examination and after the removal of the device. Moreover, corrosion was not observed
on the surface of electrodes. These results indicated the safety of our STS approach for a
retinal prosthesis and also the durability of the implantable device.
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Fig. 2. Lateral view of skull XP of Pt . (a) Internal device that has pulse generator circuit and
decoder circuit. (b) Electrode array. (c) Return electrode.

Both patients scored better than chance in the object detection and object
discrimination tasks with head scanning (Fig. 3). The grasping objects task was carried
out by Pt 2 because the elicited phosphene was located close to the subjective center.
The score (90%) was significantly better than chance. The touch panel task was also
applied to only Pt 2. The success rate increased when the testing was repeated (Fig. 4).
These functional tests revealed that object discrimination was possible even with a small
number of active electrodes.

The subjective phosphenes tended to be brighter at a frequency of 20 Hz than that at
10 or 50 Hz (Fig. 5). This test was applied to only Pt 2. This result is consistent with
the results of transscleral electrical stimulation.” These results suggest that a frequency
of around 20 Hz is the most effective to stimulate the retina of not only a healthy subject
but also an RP patient.

4. Conclusions

We implanted a retinal prosthesis in two patients with advanced RP. No significant
adverse event was observed in either patient after the surgical procedures, confirming
the safety of our surgical methods. Functional testing revealed that the detection and
discrimination of objects were possible by head scanning with a small number of active
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Fig. 4. Result of the touch panel display task. (a) Changes in success rates after repetition of
examination. (b) Touched positions when the white bar was presented on the display.
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Fig. 5. Comparison of subjective brightness of phosphene between different pulse frequencies.
The patient was asked to state which pulse frequency evoked a brighter phosphene. The trials were
repeated 4 times for each parameter set. (a) Comparison between 10 and 20 Hz. (b) Comparison
between 20 and 50 Hz.

electrodes. The success rate of identifying a white bar on the touch panel increased after
repeated testing. It suggests that a training effect may have occurred during the testing.
Chronic implantation of the electrode array-STS system showed that our approach for
retinal prosthesis is safe and feasible for artificial vision. Further improvements are
necessary to achieve reading ability, and this may require increasing the number of
functional electrodes.
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Abstract The purpose of this study was to investigate the
surgical procedures involved in the implantation of a newly
developed direct optic nerve electrode device for inducing
artificial vision. The electrode device comprised seven wire
stimulation electrodes and a return electrode (diameter
50 um), one manipulation rod (diameter 100 um), and a
cylindrical silicone board (diameter 2.0 mm). The stimu-
lation electrodes and the manipulation rod protruded
through the board to allow implantation of the electrode
tips into the optic disc of the rabbit eye. The surgical
procedures required to insert the device into the vitreous
cavity and implant the device into the optic disc were
evaluated. When the electrodes were stimulated, electri-
cally evoked potentials (EEPs) were recorded at the visual
cortex. The electrode device was inserted into the vitreous
cavity with no damage using a trocar through a scleral
incision. The device was easily manipulated using vitreo-
retinal forceps in the vitreous cavity, and the electrode tips
were implanted into the optic disc in a single insertion after
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vitrectomy. When electrical stimulation was applied, EEPs
were recorded from all electrode pairs. The newly devel-
oped electrode device was inserted into the eye and
implanted into the optic nerve disc smoothly and safely,
suggesting that these surgical procedures are useful for our
artificial vision system.

Keywords Optic nerve electrode - Electrical stimulation -
Electrically evoked potential - Artificial vision

Introduction

Many groups have attempted to develop a visual prosthesis,
because no treatment can restore vision lost as a result of
retinitis pigmentosa (RP), for example. The targets of
electrical stimulation in visual prosthetic systems are the
visual cortex, optic nerve, or retina [1-22].

Our group has tried to develop two types of visual
prostheses with two different stimulation targets. One type
is artificial vision via stimulation using a direct optic nerve
electrode (AV-DONE), which targets the optic nerve fibers
[19-22]. Another type is the suprachoroidal transretinal
stimulation (STS) system [13-17], which is a type of ret-
inal prosthesis. We have performed clinical trials of both
systems [15, 17, 22].

Two patients have undergone semi-chronic implantation
of the STS system [17]. The internal devices were
implanted under the skin on the temporal side of the head,
and the 49-electrode array was implanted in a scleral
pocket. Phosphenes were elicited by currents delivered
through six of nine electrodes in patient 1 and through four
of nine electrodes in patient 2.

With the AV-DONE system, after vitrectomy, three
linear-shaped electrodes were implanted directly into the
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optic nerve disc of a patient who was blind as a result of RP
[22]. When electrical stimulation was applied to the optic
nerve fibers through the electrodes, the patient recognized
the phosphenes. Moreover, the areas of the phosphenes
from each electrode were localized, and the areas changed
when different electrodes provided the electrical stimula-
tion. The results suggested that this system might lead to
the development of a useful visual prosthetic system.

Our procedure to implant linear-shaped electrodes into
the optic disc one by one needs to be improved. The
electrode that was inserted into the optic nerve disc became
dislodged easily during surgery and required several
repeated insertions because the optic disc area was small
(diameter ~ 1.8 mm), the electrode wires became entan-
gled, and the wires recoiled. The total time for the
implantation session exceeded 1 h.

To solve these problems, we developed a new device
comprising seven stimulation electrodes and one reference
electrode coated with polytetrafluoroethylene (PTFE,
Teflon) that was designed to facilitate one-step implanta-
tion of the electrode tips into the optic disc. Teflon is less
tough and is easier to use than Parylene, which had been
used previously to coat the wires [22]. We confirmed the
biocompatibility and durability of Teflon-coated platinum—
iridium wires in animal eyes [23].

In the current animal study, we developed surgical
procedures to implant the new electrode device and
investigate the efficacy of this device in animals.

Methods
A new direct optic nerve electrode device

The electrode device comprised seven stimulation elec-
trodes, a return electrode, one rod for manipulation and
fixation, and a cylindrical silicone board (Fig. 1).

All electrodes were made of PTFE-coated platinum-—
iridium wires (90 % platinum and 10 % iridium) of
diameter 50 um; the insulation was 9 pm thick (Goodfel-
low Cambridge Ltd., Huntingdon, UK). The rod was a
platinum—iridium bar (diameter 100 pm) made of 80 %
platinum and 20 % iridium (Goodfellow Cambridge Ltd.).
The diameter of the cylindrical silicone board was 2.0 mm
(Fig. D).

One millimeter of each stimulation electrode and 3 mm of
the manipulation rod protruded through the silicone board.
The top of the return electrode terminated in the middle of the
silicone board. A 0.5 mm segment of the active tip of each of
the stimulation and return electrodes was left uncoated. All
wires were aligned parallel to each other.

The PTEE-coated platinum—iridium wires following the
cylindrical silicone board were coated with a silicon tube

@ Springer

Fig. 1 The electrode device. Upper: this device comprises seven
stimulation electrodes, one return electrode, one rod, and a cylindrical
silicone board. The electrodes are made of PTFE (Teflon)-coated
platinum—iridium wires with a diameter of 50 ym and an insulation
thickness of 9 pum. The rod is a platinum~iridium wire 100 pum in
diameter. The diameter of the cylindrical silicone board is 2.0 mm.
Scale bar 3 mm. Lower: a magnified image shows the tip of the
device. The electrode wires protrude through the board. The arrow
indicates a stimulation electrode and the arrowhead indicates the
manipulation rod. A small segment (0.5 mm) of the active tip of each
stimulation electrode is uncoated. The wires are parallel to each other.
Scale bar 1 mm

(Silascon®, Kaneka Medix Corp., Tokyo, Japan), with
inside and outside diameters of 0.50 and 1.0 mm,
respectively.

Surgical procedures to implant the electrode device

We first used four enucleated pig eyes to design the sur-
gical procedures for inserting the device into the vitreous
cavity. After a scleral incision had been created, the elec-
trode device was inserted into the vitreous cavity. A
20-mm-long Teflon tube (AWG-11, Chukoh Chemical
Industries, Ltd., Tokyo, Japan) with inside and outside
diameters of 2.41 and 3.01 mm, respectively, was used as a
trocar to insert the device.

We then used three Japanese albino rabbits (46 months
old) weighing 2-2.5 kg to confirm the implantation
procedure. The rabbits were purchased from a vendor
(Hokusetsu, Setsu, Osaka, Japan). No rabbits had retinal
diseases before the study. All experiments were performed



