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PURPOSE. The aim of this study was to image the cellular and noncellular structures of the
cornea and limbus in an intact mouse eye using the vibrational oscillation of the carbon–
hydrogen bond in lipid membranes and autofluorescence as label-free contrast agents.
METHODS. Freshly enucleated mouse eyes were imaged using two nonlinear optical
techniques: coherent anti-Stokes Raman scattering (CARS) and two-photon autofluorescence (TPAF). Sequential images were collected through the full thickness of the cornea
and limbal regions. Line scans along the transverse/sagittal axes were also performed.
RESULTS. Analysis of multiple CARS/TPAF images revealed that corneal epithelial and
endothelial cells could be identified by the lipid-rich plasma membrane CARS signal. The
fluorescent signal from the collagen fibers of the corneal stroma was evident in the TPAF
channel. The transition from the cornea to sclera at the limbus was marked by a change in
collagen pattern (TPAF channel) and thickness of surface cells (CARS channel). Regions
within the corneal stroma that lack collagen autofluorescence coincided with CARS signal,
indicating the presence of stromal fibroblasts or nerve fibers.
CONCLUSIONS. The CARS technique was successful in imaging cells in the intact mouse eye,
both at the surface and within corneal tissue. Multiphoton images were comparable to
histologic sections. The methods described here represent a new avenue for molecular
specific imaging of the mouse eye. The lack of need for tissue fixation is unique compared
with traditional histology imaging techniques.
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and TPAF microscopy. However, unlike these aforementioned
processes that involve electronic interactions between
photon and target molecule, CARS is a vibrational imaging
technique similar to its linear counterpart Raman microscopy. When the lasers are tuned to the energy of a carbon–
hydrogen bond, CARS can image the signals from hydrocarbon/lipid-rich regions of living cells. This property has been
used extensively to visualize biologic processes such as
lipogenesis,19 intracellular trafficking of lipids/proteins20,21
as well as how cultured cells interact with 3D scaffolds.22–24
CARS microscopy is not limited to cultured cells, and has
been successfully used to image complex biologic tissues.14,25–28

ultiphoton microscopy (MPM) has become a ubiquitous
laboratory tool for imaging corneal structures without the
use of exogenous fluorophores. Since excitation by MPM only
occurs at a small focal volume, it offers intrinsic axial crosssectioning and image resolution similar to confocal microscopy.1 Piston et al. showed that corneal two-photon autofluorescence2 (TPAF) is generated by collagen within the stroma as
well as by reduced nicotinamide adenine dinucleotide
(NAD[P]H) contained within the individual basal epithelial
cells.3 Subsequent studies were able to use second-harmonic
generation4,5 (SHG) to image individual collagen fibers within
the stroma.6–8 These imaging techniques have been validated
through the use of exogenous fluorescence tags,9 as well by
their ability to identify manifestations of corneal inflammation,
keratoconus, and stromal edema in various animal models.10–12
While these multiphoton-imaging techniques can give information on the tissue structure of the cornea, they cannot image
the cell membranes in the way possible with single photon
laser scanning confocal microscopes.13
All MPM involves simultaneous interactions of multiple
photons with a target molecule to generate a signal. This
requires high peak-power excitation lasers restricted to a
small focal volume, resulting in an inherent three-dimensional (3D) sectioning capability with high spatial resolution.
Coherent anti-Stokes Raman scattering14–18 (CARS) is a
multiphoton process possessing similar qualities to SHG

In our previous work, we have shown high resolution
SHG and TPAF images of the anterior chamber aqueous
outflow system of human, pig, and mouse eyes. 29–31
Recently, we have imaged the human trabecular meshwork
(TM) region using CARS microscopy and were able to
visualize live endothelial cells.32 That effort led to the
current focus on using CARS to noninvasively image living
cells of the cornea and limbus. In the present work, we
successfully used CARS to image the cells and structures of
an intact mouse eye and found that the images are on par
with those from histologic sections, indicating that this
technology can be used to generate virtual cross-sections of
intact eye tissue without dependence on tissue processing.
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FIGURE 1. MPM setup for CARS and TPAF imaging of cornea. A
picosecond laser system with an internal optical parametric oscillator
generates an 816 nm and a 1064 nm laser beam to target the cornea of
an intact eye. The TPAF signal (420–520 nm) is filtered by an emission
filter and is detected in the epi-direction. The CARS signal (663 nm) is
filtered by a narrow-band emission filter and is detected in the forward
direction. DM, dichroic mirror.

MATERIALS

AND

METHODS

Sample Preparation
Mouse eyes were obtained as postnecropsy tissue from mice
euthanized at the conclusion of other research projects. Adult
albino mice with no known prevalence for corneal eye diseases
(BALB/c and FVB strains) were used. All mice were between 4
and 9 months of age. Intact eyes were first enucleated under a
dissecting microscope (SMZ-800 Zoom Stereo Microscope;
Nikon, Inc., Melville, NY) using a pair of curved spring scissors
and then excess orbital muscle tissue was subsequently
removed. In the majority of experiments, BALB/c eyes were
placed in glass-bottom dishes (MatTek Corporation, Ashland,
MA) containing PBS (8 g/L sodium chloride, 0.2 g/L potassium
phosphate monobasic, 2.16 g/L sodium phosphate dibasic
heptahydrate, pH 7.4). In a single experiment, FVB eyes were
exposed to hypotonic saline (a 1:1 dilution of PBS with distilled
water) for 1 hour prior to imaging.

The CARS/TPAF MPM Platform
The CARS/TPAF images were acquired with a custom-built
MPM platform optimized for CARS and TPAF imaging as
illustrated in Figure 1.32 The laser system (picoEMERALD;
HighQ Laser, Rankweil, Austria) consisted of a diode-pumped
Nd:Vanadate (Nd:YVO4) picoseconds laser at a repetition rate
of 80 MHz. Inside the system, some of the generated 1064 nm
laser beam was redirected to a frequency doubling crystal to
produce 532 nm light, which was subsequently sent into an
optical parametric oscillator to convert the 532 nm laser beam
into a 1 W, approximately 6 ps, 816 nm laser beam. The
remaining 1064 nm beam from the Nd:Vanadate laser was then
optically recombined with the 816 nm optical beam and sent
into an Olympus FV-1000 confocal microscope platform
(Olympus, Center Valley, PA) for CARS and TPAF imaging.
The optical power at the objective was 16.5 mW for the 816
nm laser beam and 15.0 mW for the 1064 nm laser beam; both
settings are below the tissue damage threshold.28
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Imaging was performed on an inverted microscope (Olympus
FV-1000; Olympus) equipped with multiphoton imaging
capability. The TPAF signal between 420 to 520 nm was
filtered (hp470/100m-2p; Chroma Technology, Belows Falls,
VT) and collected in epi-direction. The CARS signal generated
at 663 nm was collected using an emission filter (hq660/40m2p) located in front of the forward photo multiplier tube
(PMT). The objective used in this experiment was a 360 1.2NA
water objective (UPLSAPO 603 IR W; Olympus) optimized for
CARS and TPAF imaging. The pixel dwell time was 10 ls and
the image pixel resolution was 800 3 800 when acquiring xy
stacks and 1018 3 3000 for line scans. A Kalman average filter
(n ¼ 3 for xy stacks and n ¼ 10 for line scans) was applied
during image acquisitions to improve the signal-to-noise ratio
of the acquired images.
Intact mouse eyes were placed on the microscope stage in a
humidity/temperature-controlled chamber. For sagittal/transverse line-scans of the eye, enucleated mouse eyes were
oriented such that the axis connecting the optic nerve and
pupil pointed downward at an approximately 458 angle. This
placed the microscope objective facing the corneal/limbal
region of the eye (Fig. 1). For full-tissue thickness imaging of
the cornea, eyes were oriented with the corneal directed
approximately perpendicular to the objective lens.

Image Analysis and Processing
The Olympus FV-1000 software package (Olympus) was used
to collect all images. Acquired images were postprocessed for
background noise reduction and prepared in its current format
by ImageJ (provided in the public domain at http://rsbweb.nih.
gov/ij/; National Institutes of Health, Bethesda, MD) software.
Where applicable, tiling of the line-scans was accomplished by
Adobe Illustrator (Adobe, San Jose, CA).

RESULTS
Corneal Imaging
Sequential coronal images were collected through the full
thickness of the cornea parallel to the surface (Figs. 2, 3).
These images were used to generate a virtual cross-section of
the mouse cornea. As shown in Figure 2A, the lipid within the
plasma membrane of the corneal epithelium (EP) and
endothelium (EN) can be detected by CARS (red signal).
Multiple layers of corneal EP cells were visible within the first
30 lm of the corneal surface. This is demonstrated in Figure 2B
which shows a coronal section approximately 11 lm below
the surface of the cornea. The CARS signal appears as a
honeycomb structure of packed rings (representing EP plasma
membranes) with the dark centers. Dark spaces of approximately 5 to 7 lm are apparent and most likely represent
intracellular regions lacking lipid membrane. In addition, no
TPAF signal (green) from collagen or other extracellular matrix
proteins was seen within the first 30 lm from the surface
region of the cornea where the CARS signal was strongest,
indicating this region is densely populated with corneal EP and
lacks a significant amount of collagen.
In contrast, significant TPAF signal extended from approximately 30 lm to approximately 110 lm below the surface of
the cornea (Fig. 2A). This approximately 80-lm thick region
represents the corneal stroma (ST), which is abundant in
collagen, and therefore collagen is the likely source of the TPAF
signal. Figures 2C and 2D show coronal sections 38 and 90 lm
below the surface, respectively. Along with the TPAF signal
emitted by the collagen matrix, a few cells with strong CARS
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FIGURE 2. Multiphoton images of the mouse cornea, with CARS signal shown in red and TPAF shown in green. (A) has a sagittal/transverse section,
showing the CARS signal from the lipid membranes of the corneal EP and corneal EN. A weaker CARS signal is detected in the I. There is a strong
TPAF signal from the collagen fibers of the corneal ST. Images in (B–E) are coronal sections of the same region of the cornea at various depths (11,
38, 90, and 120 lm) below the surface of the EP. (F) is a sagittal/transverse from a second animal. CARS signal within the ST (*) may represent
keratinocytes or ST fibroblasts. Scale bars: 20 lm.

FIGURE 3. CARS microscopy of the mouse cornea. (A–F) show CARS (red) from individual coronal sections at various depths below the corneal
surface indicated by the white lines in the corneal cross-section located above. CARS signal (red) from lipid membranes demonstrate the size and
location of cells within the cornea. Larger cells in the corneal EP are seen closer to the surface ([A], 11 lm below surface of the cornea) compared
with deeper within the EP ([B], 20 lm below). Keratinocytes/fibroblasts sparsely populate the corneal ST in (C–E) (38, 70, and 90 lm below the
surface of the cornea). Cells of the EN appear as small structures between 3 and 5 lm ([F], 121 lm below). Scale bar: 25 lm.
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FIGURE 4. Transverse/sagittal line scans of mouse cornea exposed to hypotonic saline. Albino mouse eyes (FVB) were exposed to either hypotonic
saline (A) or isotonic saline (B) for 1 hour prior to multiphoton imaging. CARS signal shown in red and TPAF shown in green. The cells of the
corneal EP appear swollen after treatment with hypotonic saline (A).

signal were also evident (Fig. 2, asterisk). We cannot currently
differentiate among the various cell types detected within the
corneal ST, which include keratocytes, fibroblastic cells, bone
marrow–derived cells, and mesenchymal-derived stem cells.
For simplicity we will refer to these cells as keratocytes. Some
of the structures revealed by the CARS signal within the ST
were much larger than a cell, and may represent myelin
structures of corneal nerves. The Descemet’s membrane along
with the corneal EN region, manifest itself with solid CARS
signal through dense lipid concentration. Corneal EN cells are
apparent in Figure 2E, a transverse section approximately 120
lm below the surface. Larger structures near the endothelial
cell layer, which appears to be a corneal blood vessel, also
emitted a significant CARS signal. One such structure is visible
in a 3D rendering of the multiple corneal sections in Figure 2
and is shown in Supplementary Movie S1. The experiment
shown in Figure 2A was repeated on a different day and the
result is shown in Figure 2F. Taken together, these results
demonstrate the specificity and reproducibility of CARS
microscopy.
Corneal measurements were taken from the cross-section
images shown in Figure 2, approximately midpoint between
central and peripheral cornea regions. The thickness of the
BALB/c cornea measured by CARS/TPAF (129.5 6 2.1, n ¼ 2) is
similar to the thickness measured histologically in BALB/c
(137.0 6 14.0 lm) and C57Bl/6 (134.2 6 12.9 lm).33 Stromal
thickness measured by CARS/TPAF (80.8 6 7.1 lm) was also
within the range previously measured in BALB/c (90.9 6 14.8
lm) and C57Bl/6 (81.8 6 8.1 lm). The epithelial layer
measured here (28.3 lm) is between the values of central
epithelial thickness (40.6 lm) and peripheral epithelial
thickness (22.4 lm) measured histologically in BALB/c. This
would agree with the images from Figure 2 being located
between the central and peripheral cornea.
Figure 3 highlights only the CARS signal generated by the
lipid membranes within the cornea. Figures 3A through 3F
show individual sections at various depths within the cornea,
as indicated by the white lines in the corneal cross-section
located above Panels A through F. Figures 3A and 3B are
coronal sections taken through the corneal EP at different
depths (10 and 20 lm below the surface, respectively). The
size of the EP, as indicated by the size of the circular CARS
signal from the plasma membranes, is much bigger in the outer
EP (>10 lm, Fig. 3A) than in the inner EP (~5 lm, Fig. 3B).
CARS images taken through the cornea in Figures 3C through
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3E show the presence of keratinocytes/fibroblasts. These
structures varied in shape from irregular and jagged (Figs.
3C, 3E) to oval (Fig. 3D). Corneal EN cells, shown in Figure 3F,
appear as small structures between 3 and 5 lm in diameter,
somewhat smaller than the cells of the inner EP and less
regularly shaped.
Figure 4 shows CARS/TPAF images taken from a FVB
cornea, which has similar thickness as BALB/c mouse cornea,34
after exposure to hypotonic saline. The corneal EP appears
larger in hypotonic saline (Fig. 4A) than in isotonic saline (Fig.
4B), most likely due to osmotic induced swelling. The overall
thickness of the EP increased from 27 lm (Fig. 4B) to 54 lm in
hypotonic saline (Fig. 4A).
Single line scans were also performed along the sagittal/
transverse axis of the mouse eye. Individual line scans separated
by 1 lm were performed through the full thickness of the tissue,
starting approximately 200 lm beyond the limbus and continuing
into the cornea. This imaging was performed in three separate
eyes, and a representative image is shown in Figure 5. Here the
cornea was located on the left; with the CARS signal in red and
TPAF in green. The thick corneal EP and the thinner corneal EP
can be seen by their CARS signals, separated by the green signal
from the collagen of the corneal ST. The CARS signal from the iris
(I) is visible below the sclera (S) as a thin irregular line
approximately 10- to 15-lm thick. As the cornea transitions to S
tissue, the green TPAF signal from the collagen thins. The
transition from the cornea to sclera was also marked by a change in
collagen pattern (TPAF channel) and thickness of surface cells
(CARS channel). While the collagen within the corneal STappears
as repeated stacks of thin sheets, the collagen fibers within the S
and conjunctival substantia propria (C) are more random (Fig. 5).
Many of the collagen fibers in the sclera appear bundled in long
wavy structures; however, the collagen just beneath the
conjunctiva cell layer is much shorter with no apparent bundling.
Additionally, regions within the cornea lacking TPAF signal
(collagen) almost always coincide with a strong CARS signal. In
contrast, regions lacking both TPAF and CARS signal are common
with the S, and likely represent fluid filled spaces that were also
noted in the limbal imaging performed previously in mouse.30
The boxed region in Figure 5A represents the limbal region,
and is shown at greater magnification in Figure 5B. Visible
along the top of Figure 5B (red, CARS) is a thin layer of
conjunctiva that transitions into a thicker cornea EP cells.
Below these cell layers, the TPAF of the S and ST are visible in
green. At the junction of the S and cornea is a region without
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FIGURE 5. Transverse/sagittal section of the limbal region. In all panels, the cornea is oriented on the left with CARS signal shown in red and TPAF
shown in green. (A) shows a line scan of the full thickness of mouse tissue centered on the limbal region of S and cornea. The collagen of the cornea
(TPAF, green) is thicker in the cornea ST compared with the S, and the surface cell layers (CARS, red) of the corneal EP are thicker than the C. A
higher resolution image of the limbus (boxed) is shown in (B), highlighting a ‘‘gap’’ between the ST and S that is sparsely populated by cells. A
schematic of the tissue region is shown in (C), with arrows indicating the cells populating the ‘‘gap’’ of the limbus. Scale bar: 50 lm.

CARS/TPAF signal. This ‘‘gap’’ correlates to the location of the
limbus, and appears to contain sporadic circular structures
(red, CARS). Given the location, we speculate that these may
be limbal stem cells, but we have not performed further
experiments to identify these cells. Figure 5C is a diagram of
the major structures of the limbal region seen with CARS/TPAF,
with the limbal cells indicated by arrows.

Limbal Imaging
The limbus of mouse eyes was imaged at various depths below
the surface of the tissue in order to better resolve the region
shown in Figure 5B. The images shown in Figures 6A through
6F are oriented parallel to the surface of the eye, collected at
various depths (4, 8, 14, 20, 26, and 32 lm, respectively)
below the surface of the corneal/scleral interface. The
conjunctiva/sclera is located at the top of all images, with
the cornea located below. The CARS signal from the lipid
membranes of the corneal EP extends approximately 26 lm
below the surface of the tissue (Figs. 6A–E); in many cases the
cells are shown in cross-section with a bright ring CARS signal
surrounding a dark intracellular space (Figs. 6C, 6D). The CARS
signal from the conjunctiva, being much thinner than the
corneal EP, is evident within 4 lm of the tissue surface (Fig. 6A,
top), but is absent in deeper sections. The green TPAF of the S
is visible from 8 to 32 lm below the surface of the tissue (Figs.
6B–E, top), while the TPAF of the corneal ST only becomes
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evident at 26 lm below the surface of the cornea (Fig. 6E,
bottom). The different organization of the collagen in the S and
ST is shown in Figure 6F: The collagen fibers of the S appear
thicker than the fibers in the ST, while the fibers of the ST are
more closely packed with fewer spaces between them.
Another noticeable fact is that the green TPAF signal from
the collagen fibers of the S are separated from the corneal EP
by the gap of the limbus. Similar to the circular CARS
structures seen in Figure 5B, occasional cells are also visible
seen in this gap region (Fig. 6C, arrows). Images shown in
Figure 6 are representative of images collected from three
different mouse eyes. A 3D rendering of these image stacks is
included in Supplementary Movie S2.

DISCUSSION
Traditional single photon microscopy, including brightfield and
confocal microscopy,35 is used in the clinical setting for
imaging and diagnosis of corneal pathology such as infection
and dystrophies.13,36,37 A simple ‘‘specular’’ slit-lamp microscope can image the corneal endothelial cell density, and more
sophisticated confocal microscopes are able imaging all layers
of the cornea.37 Both have high enough resolution to image
and count individual cells. However, as with any linear
microscopic technique, the contrast depends only on changes
in linear refractive index. Therefore, in both of these cases any
molecular specificity and functionality information is absent.

CARS Imaging of the Mouse Cornea
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FIGURE 6. Multiphoton images of the mouse limbus. CARS signal is shown in red and TPAF shown in green. Images in (A–F) are sections at various
depths (4, 8, 14, 20, 26, 32 lm, respectively) below the surface of the tissue. A ‘‘gap’’ region between the S and cornea, lacking both CARS and TPAF
signal, is visible (*, [A]). Occasional undefined cells are seen in this ‘‘gap’’ region (arrow, [C]). Scale bar: 50 lm.

In contrast, MPM has the ability to image the function and
structure of cells and tissues without exogenous dyes. This
label-free imaging relies on simultaneous interactions of
multiple photons with the target material. These interactions
involve a resonant or nonresonant excitation of one of the
basic energy states: electronic or vibrational energies. Unlike
traditional microscopy where a single photon interacts with
material (through scattering or absorption), MPM uses pulsed
infrared laser light to generate signal from a sample through
simultaneous absorption or scattering of two or more
photons. In TPAF, two photons from a single laser are
simultaneously absorbed and excite the molecule to its higher
electronic state. After nonradiative relaxation, the molecule
returns to its electronic ground state through the release of a
fluorescent photon. Similar to TPAF, SHG is a two-photon
process. In the case of SHG however, the interaction between
the laser field and the matter is through simultaneous
scattering of two photons and there is no energy transferred
to the material. In CARS, two laser beams with different
optical wavelengths simultaneously and resonantly excite the
vibrational states of carbon–hydrogen bonds in an ensemble of
lipid molecules in a coherent fashion. This ultimately results in
the release of optical photons in a direction that is dependent
on the size and shape of the lipid object. In most instances,
however, significant CARS signal is emitted in the forward
direction.38
In this manuscript, we demonstrate the utility of CARS to
image the lipid-rich membranes of the cells covering the ocular
surface as well as cells residing deeply within the tissue. To our
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knowledge, these findings have not been reported previously
in published literature. In previous works, we and others have
used TPAF to image the levels of the metabolite NAD(P)H,
which can serve as a surrogate metric for the oxidative state
within living cells.3,39 We propose, therefore, that multimodal
CARS/TPAF microscopy has the ability to simultaneous image
the individual cell membranes (via CARS), while also determining the metabolic state (via TPAF of NAD[P]H) and tissue
structure (via TPAF of collagen). CARS/TPAF has already been
used to monitor drug effects in situ,40 while the CARS-related
technique (stimulated Raman scattering) has been used to
detect and track the penetration of drug into the skin of live
mice.41 Additionally, CARS/TPAF leverages laser technology
(816 and 1064 nm) that is already being used safely for corneal
refractive surgery (1040 nm).42,43 According to ANSI 2000,44
which documents standards for protection of the human eye
from laser exposure, wavelengths ranging from 400 to 1400
nm have the same maximum permissible exposure (Table 1 in
Ref. 44). Therefore, the remaining in vivo safety concern is the
energy needed for imaging. For comparison, femtosecond
lasers (~500 fs) for refractive surgery typically use approximately 106 J/pulse to cut.43,45 In our experiments, we
calculate an energy of approximately 3 3 108 J/pulse, which
is two orders of magnitude less energy used per pulse.
Moreover, damages related to peak power (ionization) rather
than average power are significantly reduced in picosecond
pulses as the ablation threshold increases.46
Finally, in the images presented here, CARS signal was
collected from the forward detector, which could not be
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performed in a clinical application. In other experiments,
however, we have imaged scleral tissue by CARS in the reflected
(epi) direction.47 Clinical CARS imaging of the cornea could be
performed by capturing scattered and reflected signal from other
structures inside the eye, and there are technical developments
currently in progress toward this goal. We acknowledge that
current translation of this technology into in vivo imaging device
requires overcoming some technical hurdles including faster
acquisition speed and better signal collection efficiency. However,
even with this current limitation, this technique can be applied to
the imaging of animal tissues today.
We believe that these imaging modalities have many
potential medical applications for corneal/ocular surface
imaging when the technology is further developed. Chronic
topical glaucoma therapy has been associated with corneal
damage characterized by the loss of certain corneal cell types
as well as invasion of inflammatory cells.48,49 CARS/TPAF
would allow us to observe the number and type of corneal
epithelial cells, which could determine the progression of
corneal surface disease to better aid physician treatment.
CARS/TPAF also has application in the area of corneal surgery,
since this technology could be used to observe cell number
and metabolic state (NAD[P]H level) at the site of a healing
wound. Furthermore, CARS/TPAF can image at the level of the
corneal endothelium to monitor cell health before and after
cataract surgery. A combined CARS/TPAF system has recently
been used to show the differences in lipid structures between
in healthy and psoriasis-affected human skin.50 By the same
reasoning, CARS/TPAF could be the first technology to image
the host/graft interaction in the case of corneal transplantation.
We also believe that this technology would be well suited for
use in optic biopsy. Penetrating corneal infections, while rare,
are difficult to treat and can lead to loss of the eye. Diagnosis
that leads to early treatment greatly improves patient
outcomes; however, this is traditionally done by removal of
corneal tissue, which can by itself lead to damage and scaring.
CARS microscopy has been successfully used to identify small
numbers (~104) of bacteria with a single laser pulse.51 If
spectral signatures of specific infectious agents could be
identified, then CARS/TPAF could potentially diagnose corneal
infections noninvasively. In the future, CARS/TPAF imaging
could be combined with surgical femtosecond lasers to
provide precise localization for improved targeting and
decreasing collateral damage. In conclusion, we have achieved
label-free, vibrational specific, high resolution images of
anterior tissue structures of the mouse eye. Along with other
nonlinear modalities such as TPAF and second/third harmonic
generation, CARS can add significant information about cellular
structure and health that can enhance future diagnosis and
management of ophthalmic diseases.
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