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Purposk. Loss of corneal strength is a central feature of keratoconus progression. However, it
is currently difficult to measure corneal mechanical changes noninvasively. The objective of
this study is to evaluate if Brillouin optical microscopy can differentiate the mechanical
properties of keratoconic corneas versus healthy corneas ex vivo.

MEerHODS. We obtained eight tissue samples from healthy donor corneas used in Descemet’s
stripping endothelial keratoplasty (DSEK) and 10 advanced keratoconic corneas from patients
undergoing deep anterior lamellar keratoplasty (DALK). Within 2 hours after surgery, a
confocal Brillouin microscope using a monochromatic laser at 532 nm was used to map the
Brillouin frequency shifts of the corneas.

Resurts. The mean Brillouin shift in the anterior 200 um of the keratoconic corneas at the
cone was measured to be 7.99 * 0.10 GHz, significantly lower than 8.17 = 0.06 GHz of the
healthy corneas (P < 0.001). The Brillouin shift in the keratoconic corneas decreased with
depth from the anterior toward posterior regions with a steeper slope than in the healthy
corneas (P < 0.001). Within keratoconic corneas, the Brillouin shift in regions away from the
apex of the cone was significantly higher than within the cone region (P < 0.001).

Concrusions. Brillouin measurements revealed notable differences between healthy and
keratoconic corneas. Importantly, Brillouin imaging showed that the mechanical loss is
primarily concentrated within the area of the keratoconic cone. Outside the cone, the
Brillouin shift was comparable with that of healthy corneas. The results demonstrate the
potential of Brillouin microscopy for diagnosis and treatment monitoring of keratoconus.

Keywords: Brillouin microscopy, keratoconus, corneal biomechanics

Keratoconus affects approximately 1 in 2000 people in the
general population.! Clinically, advanced keratoconus is
characterized by thinning and steepening of the cornea. Such
dramatic manifestations, however, represent end stage progres-
sion of this degenerative disorder. Recent studies at the genetic
and molecular level have shed light on the etiology of the
disease. In particular, collagen and extracellular matrix path-
ways were found to be linked to keratoconus.? Upregulation of
matrix metalloproteinase (MMP)? production and decreased
lysyl oxidase (LOX) activity, which affects collagen cross-
linking, have been reported in patients with keratoconus as
well as altered collagen organizations within the corneal
stroma.>® All of these findings point to a reduced mechanical
stability of the keratoconic cornea. Mechanical measurements
of extracted cornea tissues have provided direct evidence of
mechanical weakening in advanced keratoconic corneas.
Andreassen et al.” measured stress-strain curves with corneal
strips to show reduced elastic modulus in keratoconic corneas.
These results were later confirmed by Nash et al.® and
Edmund.® The loss of biomechanical stability is thought to
drive the morphologic changes and, therefore, may be an
appropriate target to diagnose the onset and the rate of the
progression of the morphologic changes.!0-13

Current clinical instruments, such as pachymetry and
topography, can detect abnormal morphologic patterns in
keratoconic corneas, but cannot measure the mechanical
stability. There has been increasing interest in developing an
instrument to measure the mechanical properties of the cornea
for more objective diagnostics of keratoconus and improved
screening of patients at-risk for post-LASIK ectasia. The Ocular
Response Analyzer,'* which measures corneal hysteresis, has
shown to distinguish advanced keratoconic corneas from
healthy ones,!> but owing to the low sensitivity and specificity
of the hysteresis-only based measurement, its clinical value
remains to be validated.'®'” Dynamic imaging in combination
with air puff can measure different deformation profiles
between healthy and keratoconic corneas,'®2! but such
measurements involving physical deformation of the cornea
are inherently coupled with IOP and other geometrical
factors®?> (Roberts CJ, et al. JOVS 2011;52:ARVO E-Abstract
4384). Second harmonic generation (SHG) microscopy has
shown the ability to map corneal collagen organization?? and
recent modeling studies have shown that corneal elastic
modulus could be derived from cross-sectional SHG images
that quantify collagen structure?#25; however, this technique is
not yet available for clinical studies.?®
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Recently, we have developed Brillouin microscopy?’ for
noncontact three-dimensional (3D) mapping of corneal mod-
ulus?® and measurement of corneal stiffening by corneal
collagen crosslinking.??-3° Brillouin microscopy is based on
Brillouin scattering that arises from the interaction between
light incident on a medium of interest and spontaneous
acoustic phonons within the medium. As the propagation
speeds of acoustic phonons are related to the material’s
mechanical properties, measuring the frequency shift induced
by the acousto-optic interaction allows the elastic properties to
be determined. This technique works with low-power, near-
infrared, laser light safe for clinical uses.3! Here, we report on
our ex vivo study to investigate the ability of Brillouin
microscopy to differentiate keratoconic corneas from healthy
corneas based on Brillouin frequency shifts.

MATERIALS AND METHODS

Brillouin Microscope

The Brillouin microscope is comprised of a standard inverted
confocal microscope and a double Virtually Imaged Phased
Array (VIPA) spectrometer (Fig. 12).3%33 For ex vivo measure-
ments, we used a single-frequency laser at a wavelength of 532
nm with optical power of 4 mW on the sample. The probe light
was focused on the cornea sample (Fig. 1b) by using an
objective lens with numerical aperture of 0.25 to yield a lateral
resolution approximately 1 pm and axial resolution approxi-
mately 8 pm. The cornea sample was placed in a moist
chamber mounted on a 3-axis motorized stage (Prior Scientific,
Rockland, MA, USA). A wet cloth was placed in the closed-dish
chamber to maintain the humidity (Fig. 1¢). The scattered light
from a cornea sample was collected by a single-mode optical
fiber (Thorlabs, Newton, NJ, USA) and coupled into the VIPA
spectrometer. The spectrum was recorded with an EM-CCD
camera (Ixon Dul97; Andor, Belfast, UK) with a frame
integration time of 200 ms. The Charged-Coupled Device
(CCD) data were processed to determine the Brillouin
frequency shifts by using a custom-written MATLAB code
(Mathworks, Natick, MA, USA). Brillouin images plot the
measured frequency shifts with color encoding.

Brillouin Shift Relationship to Standard Elastic
Moduli

The Brillouin frequency shift Q2 reported in this paper is related
to the real part of longitudinal viscoelastic modulus
M' = p)*Q?/4n?, where p is the mass density, / is the optical
wavelength and 7z is the refractive index. The longitudinal
modulus can be expressed in terms of Young’s modulus E’ and
the Poisson’s ratio ¢ at a frequency range of 5 to10 GHz: that is,
M =E'(1-0)/(1+0)(1—20). We have previously shown
that the longitudinal modulus M determined from the Brillouin
shift is related to conventional Young’s (or shear) moduli
E'measured at low frequencies (e.g., 1 Hz) through a log-log
linear relationship: log(M') = alog(E') + b, where a and b are
material-dependent coefficients.3*>4 The relative change can
be expressed as:

SE'/E' = (1/a)dM' /M’ (1)

where the conversion factor, 1 /a, was measured to approxi-
mately 30 for porcine corneas (Besner S, et al., IOVS 2014;55:
ARVO E-Abstract 3718). This conversion factor is consistent
with the previously reported comparison of Brillouin data to
shear moduli on corneal crosslinking3® and with the anterior-
to-posterior changes measured in this manuscript in healthy
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corneas compared with previously published data obtained
with standard mechanical tests.??

Cornea Tissue Samples

Full or partial central corneal buttons (8 mm in diameter; Fig.
1b) were obtained as discarded tissue after surgery. The
protocol was approved by the Partners Human Research
Committee, and all the procedures conformed to the tenets of
the Declaration of Helsinki. For healthy controls, donor
corneas in the age range of 33- and 64-years old were obtained
from Descemet’s stripping endothelial keratoplasty (DSEK)
procedure. As part of this procedure, only the posterior cornea
(90-120 um) is needed for the surgery; as a result, the majority
of the anterior portion of the cornea was available for our
analysis. Keratoconic tissue samples were obtained from
patients undergoing deep anterior lamellar keratoplasty
(DALK) surgery in the age range of 26- and 51-years old. In
this procedure, the Descemet’s membrane and endothelium of
the keratoconic cornea are maintained, whereas the epitheli-
um and stroma are removed and replaced by donor tissue.
Thus, the dissected anterior portion of the cornea was available
for our analysis. In terms of tissue extraction, the two
procedures do not involve mechanical damage to the tissue
under examination. All samples were collected immediately,
stored in Optisol solution (Bausch & Lomb, Irvine, CA, USA),
and transported to the Brillouin microscope. All the Brillouin
measurements were completed within 2 hours after surgery.

Determining Spatial Location on Cornea Tissue
Samples

To analyze the regional variation of mechanical properties, the
cornea samples were marked by the surgeon with a central ink-
dot and with several marks at the radial edge (Fig. 1b). Because
the ink strongly absorbs the green laser light, Brillouin
measurements were performed in locations away from the
ink marks. In healthy corneas, several randomly selected
regions 1 to 4 mm away from the center of the sample were
measured. For keratoconic corneas, the position of the cone
determined by the surgeon based on pre-operative maps were
indicated by using the ink marks as reference. Measurements
were made over a 2 X 2-mm area in the cone region. In four
keratoconus samples, we were able to take Brillouin measure-
ments in a peripheral region (2 X 2 mm) in the opposite side of
the keratoconus cone, at least 4 mm away from the cone
center.

RESULTS

Depth-Dependent Mechanical Properties of
Healthy Versus Keratoconic Corneas

The cross-sectional Brillouin image (x-z plane) of healthy
human corneal tissue (Fig. 2a) reveals the depth-dependent
variation of Brillouin shift, consistent with previous in vivo
data from a healthy volunteer.3! In contrast, the cross-sectional
image of the cone region in a keratoconic cornea (Fig. 2b)
shows dramatic differences from the healthy state. The
keratoconus sample displays overall much smaller Brillouin
shifts and more rapid decrease of the Brillouin shifts through
depth.

Figures 3a and 3b show representative depth profiles of
Brillouin measurements for several healthy corneas and
keratoconic corneas in the cone region. The axial profiles of
healthy corneas present high Brillouin shifts in the anterior
portion of the stroma. The depth dependence is clearly divided
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Experimental Setup. (a) Schematic of the measurement setup. (b) Representative picture of a typical corneal central “button” sample.

The blue ink marks helped identify the position of the cone (see also insets in Fig. 3). (¢) The sample is placed face down on a glass-bottom culture
dish with a wet cloth to keep the moist environment during measurements.

into two regions: the anterior region of moderate decay and
the posterior region of steep decline over depth. The profiles
of keratoconic corneas measured in the cone region, as shown
in Figure 3b, are dramatically different from the healthy ones.
The anterior portion of the cornea has low Brillouin shift, and
the shift monotonically decays in a rapid fashion across depth.
In addition, the keratoconus cone profiles present much higher
cornea-to-cornea variability in terms of Brillouin shift and
changes through depth compared with healthy controls.

Regional Variations Within Healthy and
Keratoconic Corneas

Beyond the cornea-to-cornea comparisons, we used the high
resolution of Brillouin microscopy to investigate the regional
variations within our cornea samples. Within healthy corneas,
we found small variations in Brillouin shift as a function of
spatial location of the depth profile, close to the measurement
uncertainty, hinting that the central region of healthy corneas
has fairly uniform mechanical modulus. In contrast, kerato-
conic corneas showed much higher regional variations. To
analyze this feature, within keratoconic corneas, we took two
series of measurements, in the vicinity of the cone region (Fig.
3b) and at least 4-mm outside the cone region (Fig. 3¢). The
profiles shown in Figure 3¢, measured in the regions outside
the cone, were all distinctly different from those of the cone
regions in Figure 3b, and rather similar to those of healthy
corneas in Figure 3a.

Brillouin Metrics to Characterize Keratoconic
Corneas

Figure 4a shows the anterior Brillouin shift of healthy (V= 8),
keratoconus in the cone region (N = 10), and keratoconus
outside the cone region (N = 4) computed as the average
Brillouin shift in the anterior 200-um region of each depth
profile. A highly statistically significant decrease (unpaired ¢-
test, P < 0.001) is shown in the keratoconic cone region (7.99
* 0.10 GHz) with respect to the healthy controls (8.17 * 0.06
GHz). Also, a highly statistically significant difference (unpaired
ttest, P < 0.001) is shown between the cone and noncone
regions (8.19 £ 0.04 GHz). On the other hand, the noncone
regions show no statistically significant difference compared

with healthy corneas. In Figure 4b we compare the slope, or
rate of decrease through depth (computed across the anterior
350-400-um depth). The cone regions present a much steeper
decline (unpaired #-test, P < 0.001) in Brillouin shift (—0.93 *
0.29 GHz/mm) with respect to the healthy controls (—0.38 *=
0.17 GHz/mm). Similarly, the cone regions present a much
steeper decline in Brillouin shift (unpaired #test, P < 0.001)
compared with regions away from the cone (—0.53 * 0.15
GHz/mm). On the other hand, the noncone regions show no
statistically significant difference in depth-dependence of
Brillouin shift compared with healthy corneas. In both these
metrics, namely anterior mean Brillouin shift and axial slope,

a b
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Ficure 2. Representative cross-sectional (x-z) Brillouin images of
human cornea tissue samples. (a) Anterior portion of a healthy cornea
from a nonkeratoconus donor collected after DSEK surgery. (b)
Anterior portion of a keratoconus cornea collected after DALK surgery
imaged within the cone region. Scale bars: 50 pm.
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Ficure 3. Brillouin depth profiles of several cornea tissue samples.
Each colored profile indicates a representative depth profile from a
different cornea. The depth profile was typically obtained by an
average of 10 to 20 axial scans at a given location. The red dots in the
inset indicate the regions of all the measurements (N = 10 from four
different corneas). (a) Along the depth axis, healthy corneas are
characterized by slightly decreasing anterior modulus followed by a
more rapid decline in the midposterior stroma. (b) In the cone region
of keratoconus corneas, the Brillouin depth profile show lower
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the cone regions present higher variability between samples
compared to both healthy controls and outside-cone regions in
keratoconic corneas.

DIscussION

In this study, we performed high-resolution noncontact
mechanical characterization of human cornea tissue samples
collected from keratoconic corneas and healthy controls.
Overall, the Brillouin measurements indicated that keratoconic
corneas have substantially lower Brillouin shifts than healthy
corneas. This result implies that keratoconic corneas present
lower elastic modulus than healthy controls. The log-log
relationship (see Materials and Methods) allows us to estimate
the magnitude of change of shear or Young’s moduli in the
keratoconic corneas.’® From our Brillouin results, the relative
decrease of these conventional moduli in the cone compared
with the healthy corneas is approximately a factor of two,
while the periphery of keratoconic corneas has similar
modulus to healthy corneas. This significant decrease is
consistent with the 70% reduction in Young’s modulus
previously found by Andreassen et al.” with tensile tests on
corneal strips.

As in other ex vivo studies, one of the limitations of our
measurement is the possible influence of the hydration/
swelling of samples. Although all our experiments were
conducted within 2 hours from surgery, some degree of
swelling is not avoidable, especially because our cornea
samples did not have endothelium. Hydration and swelling
affect the actual mechanical properties of the cornea samples
and may introduce an artifact in Brillouin measurement
readings. Keratoconic corneas have been reported to be more
prone to swelling than healthy corneas (Muller LJ, et al. IOVS
2004;45:ARVO E-Abstract 3824). However, based on the
observed similarity in the Brillouin profiles between the
healthy and the noncone keratoconus cornea, it is unlikely
that post operational swelling caused a major artifact. In
addition, Muller et al.>> have shown that in both normal and
keratoconic corneas swelling is mostly limited to the posterior
portion of the cornea while the collagen fiber network
prevents significant swelling in the anterior stroma (Muller
LJ, et al. IOVS 2004;45:ARVO E-Abstract 3824). Therefore, we
expect that the anterior Brillouin shifts measured in our study
are likely to recapitulate the in vivo behavior. However, our
measurement of the rate of change across depth, or axial slope,
might be exaggerated due to the differential swelling of
anterior and posterior cornea. To infer the elastic modulus
from the Brillouin shift measurement the value of p/n? is
required. The refractive index and density are not spatially
uniform and depend on the hydration state of the cornea.
Therefore, swelling may cause an artifact in the measurement.
The human corneas in the normohydrated conditions (~3.5
MEr20/ME aryrissue) have been reported to have refractive index
of 1.376 and density of 1.07 g/mL, while corneas in highly
swollen conditions (~7.5 Mmg20/MZuryrissue) have been
reported to have refractive index of 1.362 and density of
1.04 g/ml.3%37 In our experimental conditions, we estimated
the variation in hydrations not to exceed approximately 5
ME 20/ MG aryrissue- Hence, the range of variation for p/n? is
estimated between 0.565 g/mL and 0.5635 g/ml. In these
conditions, the conversion of Brillouin shifts in longitudinal

Brillouin modulus and more rapid decline of modulus across depth.
(c) Outside the cone region, keratoconus corneas present similar
Brillouin depth profiles as healthy corneas.
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FiGure 4. Brillouin elasticity metrics. (a) The Brillouin shift in the
anterior 200 pm of keratoconic corneas measured within the cone
region is significantly lower than in healthy corneas and in regions of
keratoconic corneas outside the cone. Regions away from the cone do
not display significant differences from healthy corneas. (b) The axial
slope, or rate of change in Brillouin shift through depth, within the
cone region is significantly steeper than the one measured in healthy
corneas and in keratoconus corneas outside the cone. The noncone
regions do not display significant differences from healthy corneas. **P
< 0.001; n.s., not statistically significant difference.

moduli is expected to be affected by less than approximately
0.3%.

In general, age can be a confounding factor for corneal
biomechanical measurements.>® In our study, healthy control
corneas were taken from donors of 52 * 13 years of age, while
keratoconic corneas were taken from patients of 41 * 10 years
of age. A small increase of Brillouin shift with age was observed
among the normal donor corneas. However, the increase was
not statistically significant (R ~ 0.36) and may be affected by
variability in the sample preparation. The Brillouin shift and
slope of healthy versus keratoconus corneas showed high
statistically significant differences also accounting for age with
a multiple regression model (P < 0.005). In addition, the
Brillouin shifts measured in the keratoconic corneas away from
the cone show similar values with the healthy control group.
Therefore, we conclude that the contribution of age depen-
dence was minor, if not negligible, in this study.

Importantly, we identified significant heterogeneity in the
spatial distribution of Brillouin shift within keratoconic
corneas. Low Brillouin shifts were measured only within the
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cone region. The outside-cone regions in the keratoconic
corneas were similar to the healthy corneas in terms of Brillouin
shifts. These results may be related with electron microscopy
studies by Radner et al.>® and x-ray studies by Meek et al.,’
which showed that within keratoconic corneas the apical
regions featured altered collagen organization with respect to
normal while other regions did not differ significantly from
healthy corneas. Also, recent experiments using second
harmonic generation on keratoconic corneas noted a decrease
in collagen fiber branching and fiber insertion to Bowman’s
layer limited to the cone area of keratoconic corneas, which
suggests an overall weakening of the stroma in the area of the
cone (J. Jester, personal written communication, 2014).

It has been proposed that the asymmetric spatial distribu-
tion of corneal biomechanical properties within the cornea is a
crucial, early event in the progression of keratoconus.% This
hypothesis was tested with topographic analysis on an
experimental model of keratoconus based on collagenase-
induced softening and computer simulations.®’ Our study
provides experimental data that spatial asymmetry in the
distribution of elastic modulus indeed exists in keratoconic
corneas, whereas it is not present in healthy corneas. In this
scenario, the potential of using a criterion based on the spatial
variation of Brillouin shifts seems promising. This type of
metric may be particularly suited to detect the early onset and
progression of keratoconus.

In conclusion, this study has demonstrated that Brillouin
microscopy is a sensitive tool to detect the mechanical
differences between healthy and keratoconic corneas with
high spatial resolution. Two distinctive features, the anterior
Brillouin shift and axial slope, were found to be significantly
different between healthy and keratoconic corneas and
between keratoconic cone and noncone regions. These results
demonstrate the significant potential of Brillouin-based mea-
surements for clinical characterization of keratoconus patients
toward early diagnosis for keratoconus and screening for
keratorefractive surgery.
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