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Abstract: Despite many decades of research and development,
corneal opacity remains a leading cause of reversible blindness
worldwide. Corneal transplantation and keratoprosthesis can restore
corneal clarity, but both have well-known limitations. High-
resolution electronic microdisplays may offer an alternative to
traditional methods of treating corneal disease using an intraocular
implant to project imagery onto the retina, obviating the need for
a clear cornea. In this study, we review previous work and recent
technologic developments relevant to the development of such an
intraocular projection system.
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D isease or injury of the cornea may lead to its opacification
or scarring. Corneal transplantation can be successful in
many cases. However, shortage of donor corneas remains
a global problem, with up to 50% of the world population
having no access to corneas and ~ 13 million on waitlists.! To
address this issue, many efforts have been made in the past
decades to produce an artificial cornea. Unfortunately, despite
progress in this field, no clinically successful biologic artificial
cornea is yet available to replace corneas from donors.

In more complicated cases of chronic corneal disease or
injury, or after graft failure, vascularization of the cornea may
occur, which greatly increases the risk of transplant rejection
due to exposure of the graft to the host’s immune system.?
Keratoprostheses, usually made of nonbiologic transparent
materials that are implanted transcorneally, such as the Boston
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Keratoprosthesis Type I, were developed to address this
need.> However, such a design leaves a material/corneal
tissue interface that is exposed to the external environment,
resulting in a chronic risk of infection. In addition, the
presence of a large foreign object in the cornea leads to
chronic inflammation, hypothesized to be the cause of a high
rate of complications, such as retroprosthetic membranes
and glaucomatous optic neuropathy.*

Furthermore, currently there is no reliable treatment for
eyes suffering from severe ocular surface damage, such as
that resulting from thermal or chemical burns. In such cases,
the ocular surface lacks the necessary cells to produce mucous
and sustain tear films, so that even normal surface exposure
leads to persistent epithelial defects and risk of infection. In
some cases of severe damage, symblephara may completely
cover the ocular surface. The Boston keratoprosthesis type 11,
which connects the interior of the eye to the surface of the
eyelid, can be considered, but it is also associated with a high
rate of complications.> Exposure accidents (~20,000 cases
a year), inflammatory conditions of the ocular surface, such as
Stevens Johnson syndrome (~2000 cases a year), mucous
membrane pemphigoid (~500 cases a year), and graft versus
host disease (~5500 cases a year) can result in such severe
outcomes.®® However, despite the surface damage, most of
these patients retain an intact intraocular visual pathway.’

RETINAL PROSTHETICS

Retinal prostheses electrically stimulate the inner retinal
neurons to restore sight in patients with outer retinal
degeneration, such as retinitis pigmentosa or geographic
atrophy. Subretinal implants, such as Alpha IMS/AMS
(Retina Implant AG, Aachen, Germany)!%!! or photovoltaic
arrays,'? target the bipolar cells and rely on their transmission
of the signals to ganglion cells through the retinal network.
Epiretinal implants, such as Argus II (Second Sight, Sylmar,
CA), stimulate the ganglion cells directly.!> Because both
types of prostheses bypass part of the retinal signal process-
ing, prosthetic visual code is unlikely to replicate natural
vision. The Alpha IMS/AMS and subretinal photovoltaic
arrays have light sensors in each pixel and therefore they rely
on a clear optical pathway. The Argus system transmits visual
information from an external camera to the retinal implant
through radiofrequency coils, and therefore, it does not rely
on an intact optical pathway. So far, most of the patients with
Alpha AMS and Argus II achieved visual acuity below 20/
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1200, and 2 patients with Alpha IMS demonstrated 20/550
vision. 1413

INTRAOCULAR PROJECTION AS AN ALTERNA-
TIVE TO CORNEAL TRANSPLANTATION
OR PROSTHESIS

In principle, the Argus system could be used to restore
low vision in patients with corneal opacity by electrical
stimulation of ganglion cells. However, much better vision
might be achieved if the intact retina in such patients could
receive optical images from an intraocular electronic display
(Fig. 1). By bypassing the anterior visual pathway, such
a system would allow patients to see even with opaque
corneas or after having lids closed by tarsorrhaphy, as is
sometimes required in the treatment of severe ocular surface
disease. Such a system would also not have exposed
hardware, as with keratoprostheses, or require corneal donors,
as with transplantation. Retinal prostheses have already
demonstrated the eye’s ability to tolerate similar intraocular
hardware.!?

At least 2 patent disclosures discuss such a device.!%!7
Samiy et al (expired 2009) describe a projection element, with
a miniature electronic display, that is coupled with a focusing
element. Both are surgically placed in the anterior portion of
the eye. Aharoni et al (expires 2022) describe a similar
system, all sealed within a large intraocular lens. In the early
2000s, several technologies termed “intraocular vision aid”
were developed and described: camera and image processing
software,'® low-resolution light-emitting diode (LED) dis-
play'® with an optical system,?® and a wireless power and
data transmission system.?! However, because of technolog-
ical limitations at the time, primarily with display resolution,
no complete functional system was constructed. As a proof of

FIGURE 1. Intraocular projector. A unit implanted behind the
ear receives power and video stream data from a radio-
frequency transmitter. It delivers power and data to a projector
implanted within the eye through a subcutaneous cable. Im-
ages on the display are then projected onto the retina, thereby
bypassing the opacity of the cornea.
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concept and safety test, implants with a single wirelessly
powered LED were placed successfully into the anterior
segments of 13 rabbits for up to 21 months.??> No further work
since 2005 was found on this subject.

Recent developments of small microdisplays with
sufficiently high resolution now enable construction of an
intraocular projector. Such displays, used in compact elec-
tronic viewfinders and near-the-eye displays, consist of either
an LED light source with a liquid crystal display (LCD) or an
organic LED array, or an array of micromirrors (liquid crystal
on silicone).?3-2> For intraocular use, LED-backlit LCD has
an advantage of a longer lifespan, whereas organic LED
provides higher contrast, low power use, and does not require
a backlight. Liquid crystal on silicone displays can achieve
very high pixel density, but their reflective design makes
compact packaging difficult. We have used the Kopin VGA
LCD display and a single 3-mm diameter lens to construct
a demonstration prototype (Fig. 2).

A complete system for projection of images onto the
retina can consist of the following components: first an
external camera captures the video imagery. These data are
encoded and transmitted wirelessly through the skin, along
with the power using radiofrequency coils. A receiver coil
and processor implanted outside the eye (behind the ear in the
figure) receives the power and visual data and sends it to an
intraocular projector through a small transscleral cable.

20/200

20/180

20/120

FIGURE 2. A, Commercially available microdisplay (Kopin) of
size 7 x 4 mm, with a pixel pitch of 11 um, and total resolution
of 640 x 480 pixels. B, Image projected from a microdisplay
using a projector of a size that can fit within the eye. C, The
calculated visual acuity of this system is ~20/130, which is
demonstrated here by projection of an eye chart onto a camera
sensor. Contrast can be improved with an optimized lens.
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FIGURE 3. Schematic of a display-based
visual prosthesis system. In the external
portion, video captured by the camera is
encoded by a processor. This signal,
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along with power, is sent through a ra-

Transmitter Receiver |

Power T

diofrequency transmission coil. In the
implanted portion, a receiver unit sepa-
rates the power and data signals and
decodes the visual information to oper-
ate the microdisplay.

Images on the implanted display are projected onto the retina
by a focusing lens (Figs. 1, 3, 4). The intraocular micropro-
jector is best placed close to the anterior segment to provide
sufficient distance for image projection onto the retina and
away from the sensitive structures of the posterior segment.

INTRAOCULAR PROJECTION OPTICS

The visual acuity provided by a microdisplay can be
calculated from the pixel pitch of the display and the
magnification of the optical system used to focus the image
onto the retina. A visual acuity of 20/20 corresponds to
a pixel pitch of 5 um on the retina.?® The Kopin microdisplay
with 11-pum pixel pitch can be projected onto the retina with
a magnification X3 using a single lens, 3 mm in diameter with
3-mm focal length, placed at the object distance of 4 mm and
image distance of 12 mm (Fig. 2B). This translates to a 33-um
pixel pitch on the retina, corresponding to a visual acuity of
20/132. Some quality is lost because of optical aberrations, but
this still provides better than legally blind vision. We confirm
this by projection of our prototype onto a CCD (Fig. 2C).

The 7 X 4 mm display with X3 magnification mimics
viewing the world through a flat display measuring 1.24 X
0.71 m in size, located 1 m away from a standard-sized eye,
corresponding to a horizontal visual field of 63.4 degrees. By
varying the size of the projected image, different optical
focusing designs can have higher visual acuity at the cost of
a smaller visual field. Digital magnification of the camera
image can also achieve high equivalent visual acuity at the
cost of a smaller visual field. Because of the short separation
of the projector from the retina, the depth of focus of the
optical system is 0.066 mm, which necessitates careful
positioning of the implant to ensure a sharp focus on the
fovea. Inclusion of an externally adjustable focusing mech-
anism can potentially reduce the implantation precision
needed. To prevent any phototoxicity and discomfort from
a projector positioned within the eye, the brightness and the
spectral width of the light source can be filtered to be within
a physiologic range—on the order of nanowatts per mm?2.2’
LED microdisplays are designed for long-term human visual
exposure and do not produce ultraviolet or other toxic
wavelength light.

SIZE LIMITS
The size and mass of a device that can be maintained in
the anterior segment is limited by the geometry and strength
of the supporting tissue. The telescope implanted into the

Copyright © 2019 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 4. Prototype of the intraocular display electronics. A,
External camera (1). B, Microdisplay (6). C, A camera (1)
captures video, which is encoded by a processor (2), which
sends the data and power through a transmission coil (3) to
a receiver coil (4). The signal is then decoded by another
processor (5), and the recovered video is displayed by the
microdisplay (6).
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anterior segment in patients with macular degeneration
weighs 120 mg.?® To reduce the risk of chafing on the
interior eye surface, an intraocular projector implanted into
the anterior segment should not exceed the size of the
crystalline lens, which is about 10 mm in diameter, 6 mm
in thickness, and weighs 270 to 300 mg.?° Microdisplays
measure about 7 mm in length, 1.5 mm in thickness, and
weigh in the range of 150 to 200 mg (Fig. 2).3° This and the
focusing lens need to be contained within a waterproof
housing, which can contain inert gas such as nitrogen to
allow the device to be neutrally buoyant in an aqueous
medium, reducing stress during eye movements. The hard-
ware needed to receive and process power and data cannot be
fitted within the eye using current technology, and thus needs
to be connected to the projector using a transscleral cable, as
is the case with retinal prosthesis systems.

HEAT AND POWER

Experience with retinal prostheses provides data on heat
limits of intraocular electronics. Opie et al demonstrated 135
mW distributed over an area of 5 X 5 mm in contact with the
suprachoroidal space to be the safety limit and recommended
no more than 19 mW/mm? for implants in contact with the
retina.3-32 Clinical devices need to conform to international
requirements of no greater than 2°C increase at any point on its
surface (ISO norm 14708-1 article 17.2). Lazzi*? conducted
mathematical heat modeling showing a surface temperature
increase of 2°C of a conformally coated 4 X 4 mm midvitreous
implant at approximately 35 mW. Intraocular projectors have
a higher power budget because they are contained within
a larger housing. Our demonstration projector power consump-
tion is adjustable from 40 to 75 mW.

BIOCOMPATIBILITY AND DURABILITY

Any intraocular electronic device must be sealed in
a biocompatible and durable waterproof housing. The interior
of the eye is an immune-privileged area known to tolerate
a variety of materials in the long term. Silicones, acrylics, and

FIGURE 5. Two methods of implanta-
tion. A-C, If the eye has had previous
lensectomy and vitrectomy, a pars plana
incision can be used. D and E, Alterna-
tively, temporary keratoprosthesis can be
used to perform lensectomy and vitrec-
tomy. The projector can be inserted
through the trephination incision, and
the patient’s original corneal button can
be sutured back to close the wound. In
both cases, the device haptics are exter-
nalized through small sclerotomies and
fixated to the sclera.
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titanium are being used successfully in current intraocular
implants.3* Because light is emitted through the lens, only
a power cable needs to exit the housing of the device, making
a projector simpler to package than retinal prostheses that
have many stimulatory electrodes. Given that device contents
remain secure from corrosion, the lifespan will be limited by
its fastest wearing component. Current lifetime of the LED
backlights is ~50,000 hours (11 years at 12 hours a day).3>
LCD displays have a lifetime several times longer than
LED backlights.

SURGICAL TECHNIQUES

Several approaches could be used for stable implanta-
tion of this device in the anterior segment. Implantations into
the capsule or ciliary sulcus would be the least invasive and
maintain normal anatomic separation of the anterior and
posterior segments, but they require an intact capsular bag
and appropriately small implants. Fixation to the sclera, either
by placing haptics into scleral pockets, melting haptic ends, or
suturing to the sclera such as that done for intraocular lenses
without capsular support are possible approaches (Fig. 5).3¢ A
pars plana incision, scleral tunnel (such as that for extrac-
apsular cataract surgery), or an open sky trephination can be
used to insert the device. If the cornea is trephinated once the
device is implanted, the patient’s own cornea can be placed
back, even if opaque (Fig. SF) The size of surgical wounds
could put the patient at risk of expulsive hemorrhage.
However, the required incision size can be reduced through
incorporation of technologies such as flexible display and
housing. The patient’s feedback (such as with adjustable
sutures for strabismus surgery) or intraocular endoscopy can
be used to fine-tune the device’s position and focus before
conclusion of the surgery.

SYSTEM LIMITATIONS
Ocular movements normally shift the image on the
retina. Because this will not happen with the intraocular
projector, as with the Argus retinal implant, patients will have

Copyright © 2019 The Author(s). Published by Wolters Kluwer Health, Inc.
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to use head movements and keep their eye steady. Eye
tracking can be used to shift the image on the display in
accordance with the eye movements, and thereby eliminate
this problem.?” Medical and surgical complications will likely
be similar to those of retinal prostheses and may include
leakage of fluid from the eye near the cable crossing the
sclera, which may result in hypotony (10% rate in Argus) or
infection.3® There is also a risk of chronic inflammation if the
device is not stably implanted. Prosthetic membranes could
grow along the cable or haptics onto the device, although this
has not been reported to be common in retinal prostheses.
Patients with severe inflammatory eye disease will likely
experience an increased rate of complications such as scleral
melt as compared with those undergoing retinal prostheses.

The cost of microdisplays is low due to commercial
availability (less than $200 per unit), but development,
manufacturing, and regulatory expenses will likely result in
a first-generation device of similar cost to retinal prostheses
($100,000). This will limit the initial number of patients who
are candidates for this device, but with time and refinement,
a wider patient pool could benefit.

CONCLUSIONS

We here review past work and technologies relevant to
development of an intraocular projector for treatment of
corneal blindness and demonstrate a prototype device.
Although much work remains to be performed, including
long-term safety and efficacy studies, we believe that an
intraocular projection system is within reach of current
technology. Such a device will not require donor tissue or
corneal implants and has the potential to offer a new paradigm
in the treatment of corneal diseases: that corneal clarity is not
required for high-quality vision.
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