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ABSTRACT

Never before have optical, information, and biomedical technologies converged to the extent they do today. Moreover,
the accessibility of enormous amounts of computing power at reasonable cost has transformed raw data into useable
information that can enable biological discoveries and medical decisions to be made faster and more accurate than ever
before. In the field of ophthalmology in particular, advanced optical instrumentation, devices, and procedures have
revolutionized the standard of care and improved outcomes for millions, for the benefit of society. The cornea is the clear
outer window of the eye and is directly accessible for examination and treatment using light-based approaches, and as
such it provides us with a unique window into the physiology of the body in health and disease. At the same time, the
cornea is a model tissue from which we have acquired much knowledge about light-tissue interactions. Finally, and
importantly, diseases of the cornea compromising its transparency are responsible for millions of cases of corneal
blindness globally, so there is much to gain from technological advancements in the field. Here, a need for new
technological solutions is presented, that is not primarily technology-driven but instead motivated by real and pressing
medical needs in the research, diagnosis and treatment of corneal blindness.
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1. CORNEAL BLINDNESS — A GLOBAL BURDEN

According to the World Health Organization (WHO), corneal blindness is the fourth largest cause of blindness globally
accounting for 5.1% of blindness'. While this alone represents over 10 million cases, the number of people with visual
impairment due to corneal disease, trauma, and pathologies is much higher. The burden is moreover unequally
distributed, with the low-to-middle income countries having the most cases of corneal pathologies and at the same time
the poorest access to adequate treatment’. Once the cornea becomes scarred, the loss of transparency is irreversible and
traditionally a donated human cadaver cornea is used as a tissue source for transplantation to the damaged or diseased
cornea. This traditional approach, however, depends upon the availability, procurement, storage, and timely distribution
of suitable donor corneas. Unfortunately, this tissue procurement and eye banking infrastructure is lacking in those areas
of the world in most need, resulting in millions of cases of preventable corneal blindness and vision impairment.

2. TISSUE ENGINEERING THE CORNEA AND FEMTOSECOND LASER SURGERY

To address the high global demand for corneas — a biological transparent optical element — research has been undertaken
to develop a man-made alternative to the human cornea that is suitable for transplantation®. One approach that has thus
far been the most successful in terms of long-term implantation in humans, is the collagen-based hydrogel*”, although
another approach using de-cellularized porcine corneas is currently under initial clinical investigation®. These
technologies suggest that the natural protein collagen, of which the human cornea is primarily composed, may be an
ideal raw material from which to engineer a manmade cornea. Although still in an early development phase, these
technologies indicate that engineering the cornea could be a viable approach, in particular when combined with
innovative implantation techniques using a femtosecond laser, to optimize wound healing’. The femtosecond laser
enables precision cutting of the cornea owing to the cornea’s natural transparency and thus the ability to focus the light to
a given depth within the tissue. This results in the possibility of performing complex surgical procedures such as
extraction of diseased or damaged tissue, from within the cornea without significantly disrupting the surface epithelial
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cells, thereby improving postsurgical wound healing’. Although the femtosecond laser is used in ophthalmology surgery
today, we are still only at a nascent stage in achieving its full potential. More sophisticated hardware and software could
be used, for example, to scan the cornea in three dimensions (using OCT) to record the exact areas of opacities
(occurring for example due to scars or dystrophies). This information could then be used to guide the femtosecond laser
to precisely remove the affected region(s) while leaving the surrounding tissue intact. In a related application, precise
shaping of the cornea could be performed from within the corneal tissue (leaving the surface intact) by using the
femtosecond laser to vaporize small regions of tissue to correct refractive errors. This would be an improvement over
today’s laser refractive surgery which cuts nerves and disrupts the corneal epithelium leading to protracted wound
healing®. Uncorrected refractive errors resulting in visual impairment represent a collective group of hundreds of millions
worldwide according to the WHO’.

The tissue engineered cornea is also in a very early stage of technological development, but limited clinical results
suggest that the insertion of this inert optical element into the cornea is a feasible treatment for certain types of corneal
blindness*’. Moreover, initial results with newer collagen-based materials indicate that the engineered collagen-based
cornea is not completely inert but rather permits invasion of host cells and subsequent degradation of the implanted
collagen’. Still, such an implant is considered a passive device. The next generation of implants may be more ‘active’,
meaning that in addition to restoring transparency to the cornea, they perform other functions such as the release of drugs
or other biological factors'’. Slow or sustained-release delivery of drugs or biologics (growth factors, recombinant
proteins or antibodies) into the cornea via an implant would be a major improvement over transplantation followed by
manual eye drop administration. There is additionally an untapped need to monitor drug release or implanted material
breakdown or integration into the recipient cornea, and this could be achieved through optical methods. For example, a
hydrogel can be manufactured to be transparent in a central optical zone, while having increased optical density in the
periphery, such that this peripheral zone is visible after implantation into the cornea. Over time, as the hydrogel
integrates into the recipient through breakdown and replacement by new collagen, the optical density in the peripheral
zone will change and this can be monitored by direct imaging''. This is just one example of optical monitoring; as drug
delivery into the eye becomes more sophisticated, optical technologies can play an important role in monitoring the
presence and distribution of drugs or other factors in the tissue. This could be achieved, for example, by chemically
linking the substance with a naturally fluorescent compound or by exploiting intrinsic optical absorption of drugs or
other compounds in specific wavelength regions. In follow-up visits, for example, the physician would simply illuminate
the cornea with light of a certain wavelength or a spectral camera could be used to image optical
transmission/absorption, in order to determine presence or efficacy of a drug or pathogen.

3. PHOTODYNAMIC THERAPY AND CORNEAL CROSSLINKING

The therapeutic potential of light goes beyond laser-based cutting or ablation of corneal tissue, and includes
photodynamic therapy, of which the UV A/riboflavin collagen crosslinking (CXL) treatment is a prime example. In CXL,
the goal is to strengthen or stiffen the corneal collagen, to prevent its weakening and degradation in diseases such as
keratoconus. In this procedure the corneal epithelium is typically removed to improve penetration of a riboflavin
(vitamin B2) solution, which is applied to the eye’s surface. After the cornea is soaked with riboflavin, it is exposed to a
specific wavelength and fluence of UVA light, which through the action of riboflavin as a photosensitizer, creates extra
cross-links between collagen fiber bundles, thereby stiffening the cornea and increasing its resistance to degradation or
weakening'”. In recent years, the CXL technique has evolved to treat a broader range of pathologies including corneal
infectious keratitis, as an initial obliteration of all cellular material in the irradiated zone could theoretically also destroy
harmful pathogens, thereby eradicating them and preventing their spread. This cell death is due to the reactive oxygen
species generation that disrupts microbial and cellular membranes. This approach of CXL is termed PACK-CXL
(photoactivated chromophore for infectious keratitis CXL) to distinguish its use from the goal of mechanically
strengthening the cornea”. PACK-CXL has been used to successfully treat cases of bacterial, fungal, and parasitic
infection of the cornea; however, re-treatments are sometimes necessary and outcomes are not always optimal'®. While
the dose or fluence of the UV A light has been varied to give a more or less aggressive effect, the CXL procedure relies
on UVA light and riboflavin as a sensitizer.
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Other sensitizers also exist, but have not yet been fully explored or applied in human corneas. For example, toluidine
blue O is a photosensitizer activated by red light (633nm), and has been shown in vitro to eradicate periodontal
pathogens'* and is well-studied in the field of dentistry. Toluidine blue eye drops are used clinically as a vital stain to
detect cancerous changes in the ocular surface'”, but have not yet been tested in combination with red light in the cornea.
In a similar vein, in a recent in vitro study, the Actanthamoeba castellani parasite (in its trophozoite and cyst forms) was
exposed to Rose Bengal, a dye commonly used in ophthalmology to detect poor protection of the ocular surface
epithelium, that can lead to ocular surface dryness. Rose Bengal was found to be a photosensitizer when green light of
wavelength 523nm was used, and at a total irradiation dose of 5.4 J/cm® the Acanthamoeba were eradicated in vitro'®.
This remains to be tested in vivo but has been successful against fungal infections in patients'’ holds promise for
treatment of acanthamoeba keratitis, a serious infection that is difficult to treat and can lead to blindness'®. What other
combinations of vital dyes and light could have therapeutic benefits against difficult-to-treat corneal conditions?
‘Classical’ photodynamic therapy using verteporfin as a photosensitizer and exposure to 689nm red light has been used
to reduce the number and patency of abnormal vessels from the cornea to restore its transparency'’. More recently, even
the CXL procedure has been demonstrated in an animal model to induce apoptosis of vascular endothelial cells thereby
regressing pathologic corneal vessels and improving transparency™. A major benefit of these approaches is the targeting
of unwanted cells and microbes by light, without affecting the surrounding collagen of the cornea. While normal corneal
cells such as epithelium and stromal keratocytes also undergo apoptosis during these procedures, the epithelium naturally
regenerates while keratocytes repopulate the stroma over time. Even more selective photosensitizing agents could in the
future avoid the need to kill healthy cells, and only target the pathogenic entities.

4. OPTICAL DIAGNOSTIC TECHNOLOGIES IN THE CORNEA

Optical diagnostic technologies such as optical coherence tomography/angiography, in vivo confocal microscopy,
specular microscopy, scheimpflug photography, meibomography, etc. are breakthroughs allowing us to observe, study
and diagnose disease with high precision and efficacy. These technologies enable us to image the cornea in detail in new
ways. While the instrumentation undoubtedly enables new ways of observing and thinking about disease, there is often a
missing link in terms of understanding how the new imaging modalities relate to healthy and diseased tissue and how
they can be used to detect and diagnose abnormalities and disease. It is often left to biomedical researchers and clinicians
to determine the best ways to use and interpret the data. There is a large untapped need for software-based expert
systems that can analyze large databases of images to determine image correlations with diseases, in a more accurate and
consistent manner than any human observer could. One example is the ‘deep learning’ method, which has been applied
to classify age-related macular degeneration and diabetic macular edema from a database of over 200,000 retinal OCT
images, with sensitivity and specificity over 98%'.

Deep learning and other machine-based image segmentation, tracing, calculation and classification methods are required
in many areas of ophthalmology, particularly in the cornea. For example, the computerized assessment of Meibomian
glands by meibomography has recently been used to develop an objective grading scale for Meibomian gland assessment
in patients”. For certain conditions such as acanthamoeba keratitis, however, such a computer-assisted grading or
detection does not exist today. Instead, images of acanthamoeba cysts obtained clinically by in vivo confocal microscopy
(IVCM) are assessed subjectively by either experienced or unexperienced observers, which can radically affect the
diagnostic result by up to a factor of two in sensitivity and specificity of diagnosis®. Here, a machine-based learning
system could be trained to recognize specific image features indicative of parasitic trophozoites and/or cysts that
correlate with a positive diagnosis, to improve the diagnosis based on IVCM images. Because this condition can
seriously and rapidly impair vision, quick diagnosis and proper treatment is paramount and much could be gained from
applying machine-based techniques here.

IVCM, which is a live, non-invasive laser-scanning confocal microscope using red laser light to scan the corneal layers,
has also been used to non-invasively image corneal nerves in health and disease®’. The corneal nerves are small-fiber
nerves that are part of the peripheral nervous system, and have been shown to parallel the nerve degeneration in diseases
such as diabetes mellitus”, Parkinson’s disease®, and multiple sclerosis®’. Thus, assessing corneal nerves non-invasively
could provide a sensitive means to assess systemic neurodegeneration, before clinical symptoms appear. Moreover,
imaging of nerves in the cornea in two or three dimensions provides more information than the thin tissue sections
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obtained by invasive skin biopsy. The imaging and quantification of corneal nerves however, is largely subjective and
this has led to discrepancies in reported parameters in the literature®. Automated detection, segmentation, and tracing of
corneal nerves in IVCM images is required, and has been applied in some studies to determine normal baseline
characteristics®*’, however, a single efficient algorithm should be made openly available. Likewise, image feature
detection algorithms could be used to automate the recognition and detection of different subsets of dendritic cells from
IVCM images, which have been shown to be elevated with the onset of diabetes and in multiple sclerosis*™*. Deep
learning techniques may also have a great potential here, for assessment of corneal nerve plexi to detect nerve patterns
indicative of the onset and/or progression of specific neurodegenerative diseases. This is best achieved through wide-area
mapping of the corneal nerve plexus, which can be achieved by manual’’ or automated®® methods, with the latter
providing higher quality images in a fraction of the time required for manual assembly.

5. TEAR FILM DIAGNOSTICS — A NEW FRONTIER?

It is becoming increasingly evident that there is a close interplay between proteins in the tear film and the cornea, and the
ability to non-invasively sample and measure the tears provides new opportunities for understanding and diagnosing
disease. Analysis of tear proteins by multiplex or proteomic methods allows precision quantification of growth factors,
with tear cytokine profiling gaining much popularity for the study of corneal disease. Profiles of multiple cytokines have
been shown to be linked with various corneal and ocular disease including glaucoma, dry eye, and aniridia®***. Optical
properties of the tear film are likely also perturbed with disease, although these have yet to be measured in this context;
properties such as optical absorption/transmission, scatter, and birefringence could be measured in vivo or in tear samples
ex vivo. Tear cytokine profiles may also affect the spectral properties of the tears in a measurable way. Rapid, point-of-
care diagnostics with light would greatly simplify tear film analysis. Besides conventional spectroscopy, Raman
spectroscopy could be used to probe tear chemical composition in a rapid manner. Specific chemical dyes or other
compounds could be made to react with tear samples, to give characteristic optical signatures indicative of disease. The
‘tear ferning test’ is an alternative approach where a tear sample is dried on a microscope slide and analyzed, with the
crystallization pattern of the tear residues being indicative of the tear status®®. This test has not been widely used but
could be further combined with optical techniques. The advantage of using the tear film is its accessibility, ease of
collection, its transparency, its complex protein content mirroring the status of the eye (due to soluble factors secreted
from corneal cells), and its potential for rapid eye diagnostics.

6. CONCLUSIONS

Optical technologies have revolutionized the field of ophthalmology, for the benefit of millions. Still, hundreds of
millions are visually impaired or blind. Much preventable blindness can be addressed by the development of advanced
technologies and devices such as through tissue engineering and optical surgery, which although in their infancy today
could in the future become much more sophisticated and reach broader populations. Conversely, many areas where
existing technologies are utilized today could benefit from more automated and intelligent systems to sift through large
amounts of data to improve our analysis, understanding and decision-making abilities. Technology alone is not enough;
intelligent systems interpreting the outputs in terms of real human disease are required. The potential for light as a
therapeutic and diagnostic tool is just starting to be realized, although many opportunities for better, more effective and
more targeted treatments and diagnostics exist. Future development of light-based technologies should acknowledge
practical problems in ophthalmology clinics affecting patient care, include the software and algorithmic component, and
be tailored to a specific disease and/or clinical question of significance.
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