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Brillouin Microscopy of Collagen Crosslinking:
Noncontact Depth-Dependent Analysis of Corneal Elastic
Modulus
Giuliano Scarcelli,1,2 Sabine Kling,3 Elena Quijano,1 Roberto Pineda,4 Susana Marcos,3
and Seok Hyun Yun1,2,5
PURPOSE. Corneal collagen crosslinking (CXL) is designed to
halt the progression of keratoconus and corneal ectasia by
inducing corneal stiffening. However, it currently is difficult to
monitor and evaluate CXL outcome objectively due to the lack
of suitable methods to characterize corneal mechanical
properties. We validated noncontact Brillouin microscopy to
quantify corneal mechanical properties before and after CXL.
METHODS. CXL was performed on fresh porcine eyes using
various presoaking times and light doses, with or without
epithelial debridement. From Brillouin maps of corneal elastic
modulus, stiffness and average modulus of anterior, middle,
and posterior stroma were analyzed. Corneal stiffening index
(CSI) was introduced as a metric to compare the mechanical
efficacy of a given CXL protocol with respect to the standard
protocol (30-minute riboflavin presoak, 3 mW/cm2 ultraviolet
illumination for 30 minutes).
RESULTS. Brillouin corneal stiffness increased significantly (P <
0.001) by epi-off and epi-on CXL. The increase of Brillouin
modulus was depth-dependent, indicating that anterior stromal
stiffening contributes the most to mechanical outcome. The
increase of anterior Brillouin modulus was linearly proportional to the light dose (R2 > 0.98). Compared to the standard epioff procedure, a typical epi-on procedure resulted in a third of
stiffness increase in porcine corneas (CSI ¼ 33).

CONCLUSIONS. Brillouin microscopy allowed imaging and quantifying CXL-induced mechanical changes without contact in a
depth-dependent manner at high spatial resolution. This
technique may be useful to evaluate the mechanical outcomes
of CXL procedures, to compare different crosslinking agents,
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and for real-time monitoring of CXL in clinical and experimental settings. (Invest Ophthalmol Vis Sci. 2013;54:1418–1425)
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T

he decrease of corneal mechanical stability has a critical
role in the onset and progression of keratoconus and postLASIK ectasia.1 Corneal collagen crosslinking (CXL) is a
promising treatment that aims at stopping the progression of
ectasia by increasing corneal stiffness.2 CXL induces the
formation of covalent bonds between collagen fibers in the
corneal stroma by photoactivation of a photosensitizer, such as
riboflavin. The increased number of the crosslinks increases the
elastic modulus of the corneal tissue. CXL has been approved in
Europe and is under clinical trials in the United States. The
majority of CXL procedures follow the original ‘‘Dresden’’
protocol described by Wollensak et al.3 Over the past decade,
studies following the long-term clinical outcome of the treatment
have shown that the CXL procedure effectively stops progression
of ectasia in the majority of patients.4–6 Recently, however, a
great deal of interest has been placed towards devising new CXL
protocols to minimize the damage to keratocytes and to reduce
the recovery time post intervention.7–10 In this respect, a central
role is played by the epithelium: because the epithelium
represents a major barrier for the diffusion of photosensitizers
into the stroma, the standard Dresden protocol involves the
removal of the epithelium, which results in delayed recovery and
increased risks of infections; novel CXL procedures try to solve
this issue by chemically loosening epithelial junctions,7,10 or by
custom epithelial debridement.9
Despite the advance in CXL, it has been difficult to measure,
monitor, and optimize the defining feature that drives the
clinical outcome of the different CXL protocols, that is corneal
mechanical stiffening, due to the lack of noninvasive mechanical characterization tools able to assess the performance of
different protocols in vivo.
Mechanical measurements traditionally are macroscopic
and destructive.11 Recently, a widespread effort to achieve a
noninvasive test of corneal mechanical properties has been
put forward. An ocular response analyzer measures corneal
hysteresis.12 Corneal hysteresis has been shown to correlate
with CXL and advanced keratoconus,13,14 but its clinical
usefulness remains questionable.15,16 Anterior segment imaging combined with an air puff has allowed dynamic
measurements of corneal deformation, showing different
deformation parameters in untreated corneas and crosslinked
corneas.17 This technique allows for in vivo measurements,
but it remains challenging to determine the corneal biomechanical properties from the deformation images due to the
contributions of the corneal geometry and intraocular
pressure among other factors.17 (Roberts CJ, et al. IOVS
2011;52:ARVO E-Abstract 4384). Other techniques based on
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ultrasound18,19 are under development.20–22 Currently, to our
knowledge no clinical device is capable of measuring directly
the mechanical properties, such as the elastic modulus, of
corneal tissue.
Recently, the feasibility of Brillouin microscopy 23 for
mapping corneal modulus in three dimensions with a high
spatial resolution has been demonstrated.24,25 This optical
technique is noninvasive, and does not involve structural or
mechanical deformation of the cornea. In our study,
Brillouin microscopy was applied to investigate the biomechanical properties of the cornea after various riboflavinmediated CXL procedures. We evaluated the differential
effect of light dose, photosensitizer soaking, hydration, and
epithelial debridement on the mechanical outcome of CXL
protocols. A corneal stiffening index (CSI) is introduced as a
quantitative metric to compare the mechanical outcome of
a CXL protocol to that of the standard Dresden protocol.
The results provided novel insights on the mechanical
effects of CXL procedures and demonstrated Brillouin
microscopy as a valuable tool for assessing CXL mechanical
performance.

MATERIALS

AND

METHODS

Brillouin Microscope
The Brillouin microscope platform is similar to the one described
previously.24 Briefly, it consisted of a confocal microscope with
numerical aperture (NA) of 0.3 and a high-resolution optical
spectrometer. A single-mode laser at a wavelength of 532 nm (Torus;
Laser Quantum, Inc., San Jose, CA) illuminated the sample with a
typical power of 7 mW. The lateral and axial resolutions were
approximately 1 and 8 lm, respectively. A custom-made chamber held
the corneas flattened gently onto a plastic dish so that the laser light
accessed the sample in an inverted configuration through the
flattened surface. The holding chamber mounted on a motorized
stage (Prior Scientific, Inc., Rockland, MA) enabled 3D translation of
the sample. The scattered light from the sample was collected by a
single-mode optical fiber (Thorlabs, Newton, NJ) and coupled into a
two-stage VIPA spectrometer in the cross-axis configuration with subGHz frequency resolution.26,27 The dispersed optical spectrum was
recorded with an EM-CCD camera (Ixon Du197; Andor, Belfast, UK)
with a frame integration time of 200 ms. The CCD data were
processed to determine the Brillouin frequency shifts by using a
custom-written MATLAB program. Brillouin images were produced by
plotting the measured frequency shifts over space with color
encoding.

Brillouin Elastic Modulus
Brillouin light scattering arises from the interaction between photons
and acoustic phonons (propagation of thermodynamic fluctuations) in
a sample. The resulting frequency shift X and the line width DX of the
Brillouin spectrum are related to the longitudinal viscoelastic modulus
M*, which is composed of elastic modulus, M 0 , and viscous modulus,
M 00 28:
M0 ¼

qk2 X2
4n2

and

M 00 ¼

qk2 XDX2
4n2

ð1Þ

where q is the mass density, k is the optical wavelength and n is the
refractive index. To convert the Brillouin shift to the longitudinal
modulus, the value of q/n2 is required. From literature values of the
refractive index and density, which are spatially varying,29,30 the ratio
of q/n2 is approximately constant with a value of 0.57 g/cm3 and a
variation of less than 0.3% throughout the cornea.19,31
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Corneal Stiffening Index
The longitudinal modulus M 0 of a material can be expressed in terms of
its standard Young’s modulus E 0 via the Poisson’s ratio r, that is, M 0 ¼
E 0 (1 $ r)/(1 þ r)(1 $ 2r). In Brillouin measurements, the modulus M 0 is
probed in a hypersonic frequency range of 5 to 10 GHz. It has been
shown empirically that the Brillouin-measured longitudinal modulus M 0
is related to the conventional Young’s (or shear) moduli E 0 through a
log–log linear relationship: log(M 0 ) ¼ a log(E 0 ) þ b, where a and b are
material-dependent coefficients.32 From the log-log relationship, the
change of elastic modulus induced by a CXL protocol can be written as:
DM 0 /M 0 ¼ a DE 0 /E 0 . From this relationship, it follows that the relative
change of Brillouin modulus of two different procedures, DM2/DM1, is
equal to the relative change of Young’s modulus, DE2/DE1: that is,
DM20 DE20
¼
DM10 DE10

ð2Þ

The CSI is defined as a quantitative measure of the mechanical outcome
of a specific CXL procedure (denoted by a subscript X) in direct
comparison to the traditional Dresden protocol:
DMX0
DE 0
¼ 100 * 0 X
CSIX ” *
0
DMDresden
DEDresden

ð3Þ

The CSI, therefore, compares the increase in corneal stiffness with
respect to the standard CXL method. By definition, the CSI of the
Dresden protocol is 100. Any procedures that resulted in a smaller
modulus change would have CSI less than 100. For example, CSI is 50
for a procedure that increases elastic modulus half as much as the
Dresden method. Interestingly, CSI allows universal comparison
between mechanical tests that use very different methods to assess
mechanical properties, for example Brillouin microscopy, stress-strain
tests, and shear rheometry.

Brillouin Measurement Protocols
All animals in this study were used in accordance with the ARVO
Statement for the Use of Animals for Ophthalmic and Vision Research.
Porcine eyes were obtained 2 to 4 hours postmortem (Research 87,
Inc., Boylston, MA), and kept on ice during transport and storage until
the starting of the experiments. The whole eye was placed in a
chamber holder and flattened gently over a plastic dish to facilitate
optical illumination/detection. Flattening the cornea did not alter its
mechanical properties, as confirmed by control experiments of
unflattened eyes resting suspended in a bath of saline solution or
mineral oil. All reported experiments were conducted within 2 hours
from tissue arrival. Brillouin measurements were obtained immediately
following treatment, and typically took approximately 20 minutes.
Storage time (from tissue arrival until treatment) and measurement
time (which could cause some evaporation) were found to have a
negligible effect on corneal thickness. Also, differences in Brillouin
modulus under similar treatment conditions, but slightly different
times postmortem (within the same session) were negligible. On the
other hand, soaking times, and the solution used in the photosensitizer
produced significant changes in thickness and Brillouin modulus. To
single out this factor, we performed sham control experiments where
the entire eye followed a similar soaking protocol, but only half of the
eye was exposed to UV light (see Sham control experiments
subsection).

Rheometry
For shear rheometry, a standard stress-controlled rheometer was used
(AR-G2; TA Instruments, New Castle, DE) with 8-mm diameter parallel
plates. At approximately 100 lm precompression, first a strain sweep
(0.01%–0.5%) was performed to determine the region of linear elastic
regime. Then, frequency sweeps from 0.1 to 10 Hz with 0.1% strain
amplitude at 238C were done. The data reported here refer to the shear
modulus measured at approximately 0.2 Hz.
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Epi-Off Corneal Collagen Crosslinking Protocols
The corneal epithelium of the porcine eye was removed by gentle
scraping with a blade (Parker #15; BD Biosciences, San Diego, CA).
Riboflavin (riboflavin-5-phosphate; Sigma-Aldrich, St. Louis, MO) was
diluted in dextran 8% aqueous solution to a riboflavin concentration of
0.1%. In the standard procedure, the corneas were presoaked in the
riboflavin solution for 30 minutes and then exposed to a UV lamp (k ¼
365 nm, 3 mW/cm2) for 30 minutes (N ¼ 6). To investigate the light/
soak dependence, the following combinations of photosensitizer
soaking time and UV light exposure times were tested: 30 minutes
presoaking with 5 minutes of UV light exposure (N ¼ 2); 5 minutes
presoaking with 30 minutes UV exposure (N ¼ 3); fixed presoaking
time of 30 minutes, and 0 (N ¼ 3), 5 (N ¼ 2), and 15 minutes (N ¼ 2) of
UV light exposure.

Transepithelial Corneal Collagen Crosslinking
Protocol
For the epi-on procedure, the riboflavin solution (at 0.1%) was based
on PBS without dextran. The solution contained an epitheliumloosening agent, 0.02% benzalkonium chloride (BAC), and optimized
osmolarity (NaCl 0.44%) according to the protocol by Raiskup et al.33
Corneas were presoaked in the solution for 30 minutes and then
exposed to the UV light (k ¼ 365 nm, 3 mW/cm2) for 30 minutes.

Sham Control Experiments
Sham controls were performed for an epi-off protocol (30-minute
soaking with riboflavin/dextran solution) and an epi-on protocol (30minute soaking with riboflavin/PBS-BAC-NaCl solution). In these sets of
eyes (N ¼ 2 for each condition), after soaking, one-half of the eye was
blocked and the other half irradiated with UV light for 30 minutes.
These controls guarantee identical timing, protocols, and solutiondependent hydration states for a given condition, with the UVirradiation being the only distinctive parameter.

RESULTS
In Situ Mechanical Characterization of Corneas
after Standard CXL
Figure 1 shows the measurement results by Brillouin microscopy
for the standard CXL procedure. Porcine corneas crosslinked
following epithelial debridement, 30-minute presoak, and using
30 minutes of UV light exposure are compared to the untreated
controls. Figures 1a and 1b show representative cross-sectional
images (x–z plane) of the central portions of the cornea. The
color-coding of Brillouin image reveals the depth-dependent
variation of Brillouin shift (and elastic modulus), and the
remarkable stiffening induced by crosslinking. For better
visualization of the depth-dependence of corneal elasticity, the
depth profiles of Brillouin shift were computed from the crosssectional images by averaging over the transverse axis. Figure 1c
shows the representative depth profiles for treated and untreated
corneas. For each sample group, the depth profiles were highly
consistent from sample to sample. The profiles clearly show the
distinctly different modulus values between crosslinked and
untreated corneas. The depth-averaged modulus in each of the
anterior, mid, and posterior regions was calculated. A total of 6
crosslinked corneas and 3 untreated controls was used for this
analysis. The increase in the mean modulus is remarkable in the
anterior third of the cornea (unpaired t-test, P < 0.005), and it is
less substantial but still highly statistically significant in the midstromal region (unpaired t-test, P < 0.005). No changes were
detected in the posterior stromal region. These features are
consistent with previous literature and CXL modeling.34,35
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Effect of Presoaking Time and UV Light Exposure
Time
The dependence of the modulus change on two main
parameters of CXL procedure, the photosensitizer presoaking
time and the total optical energy, was evaluated. Figure 2
depicts the comparison of Brillouin modulus in the anterior,
middle, and posterior region in four different conditions:
untreated, 30-minute presoaking with 5-minute UV light
exposure, 5-minute presoaking with 30-minute UV light, and
30-minute presoaking with 30-minute UV light exposure
(standard Dresden protocol). From the Brillouin depth profiles
and the average refractive index of 1.376 for corneal tissues,
we measured the corneal thickness to be 0.98 6 0.035 mm for
untreated controls, 0.88 6 0.05 mm for 30-minute preasoak/5minute light, 0.87 6 0.03 mm for 5-minute presoak/30-minute
light, and 0.84 6 0.03 mm for crosslinked corneas. All
treatments induced statistically significant stiffening compared
to the control in the anterior and mid stroma regions (unpaired
t-test, P < 0.01), whereas no significant changes occurred in
the posterior region. However, significant differences (unpaired t-test, P < 0.01) were measured between the soaking
times of 5 and 30 minutes, and between two illumination times
of 5 and 30 minutes. At a soaking time of 5 minutes, the
stiffness increase was reduced by 35 to 40% compared to
standard Dresden protocol (i.e., CSI ¼ 60–65). On the other
hand, reducing light illumination to 5 minutes reduced
mechanical efficacy by 65% to 70% (i.e., CSI ¼ 35).
Figure 3 studies the dependence of CXL mechanical efficacy
on the light exposure time by showing the corneal modulus of
the anterior, central, and posterior regions for UV light
exposure time varying from 0 to 30 minutes with a fixed 30minute presoaking time. As shown in Figure 3a, the posterior
region on the cornea was not stiffened at any light exposure. In
the mid stromal region, only the full 30 minutes of light
exposure produced a significant increase in modulus (unpaired
t-test, P < 0.01), and in the anterior portion of the cornea a
clear dose-dependence of corneal stiffening to light exposure
was observed. Figure 3b shows a highly significant linear
dependence of the relative increase in anterior modulus on the
light exposure time (R2 > 0.98). The presoaking alone
(without light) induced significant stiffening (unpaired t-test,
P < 0.01), as a result of corneal dehydration induced by the
dextran-based solution. The mechanical effect of dehydration is
discussed further in the next sections.

Corneal Collagen Crosslinking without Epithelial
Debridement
Figure 4 shows the results on the mechanical efficacy of a
transepithelial (‘‘epi-on’’) modality36 evaluated by Brillouin
microscopy. The Brillouin cross-sectional images and depthprofiles of a control (epi-on, 30 minutes presoak, no light)
versus a CXL treated cornea (epi-on, 30 minutes presoak, 30
minutes light) showed that the transepithelial CXL protocol
was, indeed, capable of inducing corneal stiffening (unpaired ttest, P < 0.01). However, the stiffening effect was lower than
the one produced by the standard CXL protocol and was
confined mostly to the anterior portion of the cornea (Fig. 4d).
From the Brillouin depth profiles, the corneal thickness was
estimated to be 1.12 6 0.02 mm for controls and 1.05 6 0.02
mm for crosslinked corneas. To estimate the overall efficacy of
transepithelial CXL, CSI was calculated by averaging the
modulus over the entire corneal depth and comparing it to
standard CXL. From the Brillouin measurement, the epi-on CXL
was estimated to induce approximately 33% of the stiffening of
epi-off CXL (i.e., CSI ¼ 33). For comparison, the mechanical
stiffening of the two procedures was tested with gold-standard
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FIGURE 1. Brillouin mechanical characterization of standard epi-off CXL procedure. (a) A representative cross-sectional Brillouin image of normal
porcine cornea. (b) A Brillouin image of the cornea after the standard CXL. The horizontal and vertical span is 0.05 mm (x) by 1.2 mm (z) in (a, b).
(c) Brillouin depth profiles of crosslinked and untreated corneas. (d) Mean Brillouin modulus of the anterior, mid, and posterior regions for the
crosslinked (N ¼ 6) versus untreated corneas (N ¼ 3). ***P < 0.005.

quasi-static rheology. This measurement showed that epi-on
CXL induced stiffening of approximately 39% (i.e., CSI ¼ 39),
consistent with the Brillouin-based measurement. As the
experiments were performed ex vivo immediately after the
CXL procedure, this estimation includes the mechanical effect
of the notably different hydration states of the cornea in the
epi-on versus epi-off procedure.

profile in Figure 5a and the epi-on CXL profile in Figure 5b are
consistent with the ones in Figure 1c and Figure 4c,
respectively. Importantly, the Brillouin moduli for the sham
regions in Figure 5a and Figure 5b are equivalent to the results
obtained with the controls used in Figures 1 to 3 and Figure 4,
respectively. These control data were obtained with different

Sham Controls
Sham control experiments were performed to evaluate the
effects of different parameters (e.g., timing, soaking, evaporation) within the CXL procedure. UV light was administered to
only a half of the eye after riboflavin soaking, whereas the
other half of the eye was blocked during UV illumination.
Figures 5a and 5b show the results for the epi-off protocol and
the epi-on protocol, respectively. The Brillouin profiles of the
UV-illuminated region and unilluminated (sham) region of the
eye are shown, along with the average Brillouin profile of
untreated controls before soaking. As expected, the epi-off CXL

FIGURE 2. The effects of the varying soaking time and light exposure
time on the mean Brillouin modulus of the anterior, mid, and posterior
cornea. **P < 0.01, ***P < 0.005.

FIGURE 3. Mechanical outcome dependence on the light exposure
time. (a) Mean Brillouin modulus of the anterior, mid, and posterior
regions in the corneas treated with a presoaking time of 30 minutes,
and various UV exposure times of 0, 5, 15, and 30 minutes,
respectively. **P < 0.01. (b) The increase of mean Brillouin modulus
in the anterior region as a function of exposure time. Circles: data.
Error bars: standard deviations. Line: linear curve fit.
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FIGURE 4. Brillouin mechanical characterization of transepithelial ‘‘epi-on’’ CXL. (a) A representative cross-sectional Brillouin image of normal
porcine cornea. (b) A Brillouin image of the cornea after epi-on CXL. The horizontal and vertical span is 0.05 mm (x) by 1.2 mm (z) in (a, b). (c)
Brillouin depth profile of epi-on CXL versus Soaked, but not illuminated control cornea. (d) Mean Brillouin modulus of the anterior, mid-, and
posterior regions for epi-on crosslinked (N ¼ 2) versus untreated corneas (N ¼ 2). *P < 0.05, ***P < 0.005.

storage times (up to 60 minutes) of the samples and varying
waiting times (up to 30 minutes) between treatment and
measurements. We concluded that within the short term of our
experiments, differences in storage time or exposure to air had
negligible effect on Brillouin modulus. On the other hand, the
hydration and dehydration effects due to soaking solutions had
significant mechanical effects, as noted previously (Fig. 3).
These effects are described in more detail below.

Hydration Effects on Brillouin Modulus and Shear
Modulus
As expected, the epi-off dextran-based soaking caused the
cornea to dehydrate (thickness ¼ 0.90 6 0.03 mm) while the
epi-on saline-based soaking induced corneal swelling (thickness ¼ 1.12 6 0.02 mm). Figure 5 indicates that corneal
dehydration is associated with an increased Brillouin modulus,
whereas corneal hydration decreases Brillouin modulus. The
dehydration caused by the application of dextran solution
alone caused significant corneal stiffening with a CSI of
approximately 20. To validate this observation, gold-standard
bulk rheology was used to compare shear modulus in samples

soaked in dextran-based and saline-based solutions. As shown
in Figure 6, corneas soaked with dextran-based epi-off solution
had significantly higher shear moduli than corneas soaked with
saline-based epi-on solution. This result is consistent with our
Brillouin measurements.

DISCUSSION
Most CXL procedures tested around the world follow the
original protocol described by Wollensak et al., which involves
epithelial debridement, 30-minute soaking in riboflavin-dextran solution and a 30-minute application of UV light.3
However, the significant thinning induced by the riboflavindextran solution during the procedure and the fear of
endothelial cell damage make standard CXL only applicable
to thicker corneas (>350 lm). Moreover, the requirement of
epithelial debridement to enable riboflavin diffusion into the
corneal stroma results in significant eye pain in the first few
days of postoperative recovery and increased risk of infections.37 For these reasons, a significant effort has been
undertaken to develop alternative procedures that result in
reduced thinning, phototoxicity, and recovery time, while

FIGURE 5. Mechanical effect of the corneal hydration state. (a) Brillouin depth profile of epi-off CXL versus sham control (nonilluminated area of
the same cornea). Dashed line indicates the average profile of untreated controls. (b) Brillouin depth profile of epi-on CXL versus sham control.
Dashed line indicates the average profile of untreated controls.
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TABLE. Mechanical Efficacy of Various CXL Procedure Quantified by
the Defined Corneal Stiffening Index
CXL Procedure

Corneal Stiffening Index

Untreated
Epi-on 30 min BAC þ 30 min light
Epi-off 30 min Rf þ 5 min light
Epi-off 30 min Rf þ 15 min light
Epi-off 5 min Rf þ 30 min light
Epi-off 30 min Rf þ 30 min light

0
33
37
58
65
100

Rf, riboflavin-dextran; BAC, benzalkonium chloride.

FIGURE 6. Shear modulus at 0.2 Hz of central corneal button (4 mm
diameter). Buttons were resected and immersed in epi-off (dextranbased) solution (N ¼ 6) versus epi-on (saline-based) soaking (N ¼ 6) for
30 minutes before measurement. Error bars: SEM. *P < 0.05.

obtaining similar mechanical outcomes. In this context,
transepithelial CXL,7,10 custom epithelial debridement,9 and
hypo-osmolar photosensitizer solution8 have been developed.
However, the lack of a technology to monitor the mechanical
outcome of various protocols has compromised the development of optimized CXL protocols.
In our study, novel Brillouin microscopy was used to
perform high-resolution noncontact and noninvasive mechanical characterization of corneas from intact eyes before
and after CXL ex vivo in several settings relevant for
application in the clinic. Brillouin microscopy enabled us
to determine quantitatively the mechanical efficacy of
various CXL protocols. We introduced a universal metric to
quantify the stiffening due to a certain CXL procedure
relative to standard Dresden protocol. The Table summarizes
the CSI measured using Brillouin microscopy.
From the Brillouin elasticity images, it was found that
corneal stiffening occurs in a depth-dependent manner with
most of the mechanical changes concentrated in the anterior
portion of the corneal stroma. This result can be understood
by considering the gradient of riboflavin diffusion along
depth and the diminished light energy delivered to deep
layers of the cornea due to absorption of the riboflavin in the
anterior cornea.38–40 Similar depth-dependence of corneal
stiffening has been observed previously in a destructive
mechanical test by Kohlhaas et al,34 who physically sectioned
corneas at three different depths and observed a significant
increase in the modulus of the anterior portion of the stroma,
but no increase in the mid stromal region. In the our study
Brillouin microscopy revealed a noticeable increase of the
corneal modulus also in the central portion of the stroma.
This result is consistent with the recent experimental and
modeling studies that predicted a larger increase in the
anterior stroma than Kohlhaas et al., and a significant
increase of modulus also in the mid stroma section.35 It
would be interesting to test if these results can be
reproduced with other advanced mechanical measurement
techniques.41,42
The results of our study provide an insight into how the
presoaking time and light dose affect the corneal mechanical
outcome. A reduction of the presoaking time from 30 to 5
minutes reduced the effectiveness of crosslinking protocols
by approximately 30% in terms of the increase of the corneal
stiffness. The light exposure time was found to be a much
more significant factor. A clear linear dependence was
measured between the relative increase in anterior corneal
modulus and UV light exposure time. This result is consistent

with recent studies of riboflavin UV-crosslinking, which
showed a linear dependence of the relative stiffness increase
to total amount of UV energy absorbed.35 In the central
portion of the cornea, only the full 30 minutes of light
illumination introduced a statistically significant increase in
corneal modulus.
In the study of the transepithelial CXL protocol, a clear
depth-dependent stiffening was observed within the cornea
with a statistically significant increase of corneal modulus in
anterior and central regions of the stroma. The epi-on
procedure was found to yield a CSI of 33, that is
approximately one third of the mechanical efficacy of the
standard CXL protocol. This estimation was validated with
bulk rheology, which measured a CSI of 39, a reasonable
agreement with the Brillouin measurement. The significant
reduction in the mechanical efficacy of the epi-on procedure
probably is the main factor responsible for the inferior
clinical outcome demonstrated by recent clinical studies.43
A prior study that attempted to quantify the mechanical
efficacy of transepithelial CXL found epi-on CXL to be
approximately one fifth as efficient as the standard CXL (i.e.,
CSI ¼ 20).7 The increased mechanical efficacy of this study is
attributed to the improved protocol used for photosensitizer
diffusion, developed by Raiskup et al.33 It should be noted that
the epi-on CXL protocol may be less effective for the porcine
corneas than human corneas, because porcine corneas have
thicker epithelium than human corneas.36
Finally, the hydration state of the cornea was found to be
relevant when assessing the mechanical efficacy as it
contributes significantly to the mechanical properties of
the cornea. This effect is important particularly for CXL
procedures, because the mechanical change due to corneal
hydration is, for the most part, a transient effect and patients
are expected to restore their normal hydration state in the
long term. 44,45 In this investigation, dehydration was
measured to increase the corneal modulus whereas hydration
decreased corneal modulus, which is in agreement with
previous studies on corneas and other soft biological
tissues.46,47 This effect was measured with Brillouin microscopy and confirmed with bulk rheology (Fig. 6). The effect of
hydration also is relevant to the long-term mechanical
efficacy of the epi-on procedure, because the soaking
solution of epi-on CXL is based on PBS and, thus, tends to
hydrate the cornea, whereas the epi-off procedure uses
dextran, which dehydrates the cornea and results in a CSI as
high as 20.
In conclusion, our study has demonstrated that Brillouin
microscopy is an accurate and useful tool to monitor and
determine the mechanical outcome of CXL in intact eyes at
high spatial resolution. The dependence of the mechanical
outcome on several operational parameters with and without
epithelial debridement has been characterized and quantified
in terms of a universal metric, CSI. Given the importance of the
mechanical effect of hydration state and the transient nature of
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corneal hydration/dehydration due to CXL procedure, our
study suggested that judging the long-term mechanical efficacy
of CXL may require in vivo estimations. As Brillouin
microscopy has been demonstrated recently in vivo,25 this
technology may prove useful not only in the preclinical setting
to develop new crosslinking agents and optimize CXL
protocols, but also in the clinic as a monitoring tool to
evaluate rapidly and follow longitudinally the mechanical
outcome of the treatment.
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