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In Vivo Biomechanical Mapping of Normal
and Keratoconus Corneas

Corneal mechanical strength is critical to withstanding intraocular pressure and maintaining normal shape.1,2 In keratoconus, the mechanical stability is compromised,3 which may
lead to progressive morphological changes. Therefore, a noninvasive technique capable of accurately measuring the mechanical properties of the cornea may help us understand the
mechanism of keratoconus development and improve detection and intervention in keratoconus. We previously developed Brillouin microscopy based on light scattering from inherent acoustic waves in tissues 4 and showed that this
technique can provide quantitative estimates of local longitudinal modulus,5 which correlate to the Young and/or shear
moduli of the cornea.2,6 Using a clinically viable instrument,
for the first time, to our knowledge, we mapped the elastic
modulus of normal and keratoconic corneas in vivo. We found
distinctive biomechanical features that differentiate normal
and keratoconic corneas and therefore have the potential to
serve as diagnostic metrics for keratoconus.
Methods | The study recruited 6 volunteers with normal corneas (mean [SD] age, 37 [15] years) and 5 patients with
advanced keratoconus (mean [SD] age, 43 [7] years). All participants signed an informed consent form and the study was

approved by the Partners Human Research Committee (Partners Healthcare Institutional Review Board), in accordance
with the principles of the Declaration of Helsinki. We constructed a laser-scanning confocal Brillouin microscope
(wavelength, 780 nm; power, 1.5 mW; lateral/axial resolution,
5 µm/30 µm; sensitivity, approximately 10 MHz). The instrument was equipped with wide field-of-view imaging to allow
real-time pupil detection and beam positioning (lateral accuracy of <0.5 mm). For participants with normal corneas, areas
measuring about 5 × 5 mm in the central region of the cornea
were scanned. For patients with keratoconus, similar regions,
but including the center of the cone, were scanned as confirmed by their topographic images (Pentacam; OCULUS). To
construct Brillouin maps, axial scans were taken at various
transverse locations; the anterior mean Brillouin shift was
computed from each axial scan by averaging the measured
Brillouin shift values of the anterior portion of the corneal
stroma. A color-coded elasticity map was obtained by
2-dimensional interpolation of the mean Brillouin shift in the
anterior portion.
Results | Normal corneas were found to have relatively uniform anterior Brillouin shifts in the central region (Figure 1A).
By contrast, keratoconic corneas presented strong spatial variations in Brillouin shifts (Figure 1B). Figure 2 shows the average anterior Brillouin shifts of normal (n = 7) and keratoconus (n = 6) corneas in the cone region (<1 mm from thinnest

Figure 1. Brillouin Elasticity Maps
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A, Representative maps of the mean anterior Brillouin shift for a 53-year-old
with normal corneas. B, Representative maps for a 40-year-old patient with
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advanced keratoconus. Insets are the respective curvature (D indicates diopter)
and pachymetry maps with outlined Brillouin-scanned areas.
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post-LASIK (laser in situ keratomileusis) ectasia, and monitoring the effects of corneal collagen cross-linking.

Figure 2. Focal Weakening in Keratoconus
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point) and outside the cone region (>3 mm away from thinnest point). A highly statistically significant decrease (unpaired t test, P < .001) was found in the keratoconic cone region with respect to normal corneas. Also, a highly statistically
significant difference (paired t test, P < .001) was observed between the cone region and outside the cone region. The regions outside the cone showed no statistically significant difference compared with the normal corneas.
Discussion | We have described the distribution of elastic
modulus in keratoconus and normal corneas in vivo. The
elasticity maps show remarkable spatial variations around
the cone. The reduction of 100 MHz in the keratoconic cone
region (Figure 2) corresponds to an approximately 3%
decrease in longitudinal modulus and approximately 70%
reduction in shear modulus.5 The regions away from the
cone in the keratoconic corneas have similar Brillouin shifts
as normal corneas, which is consistent with our ex vivo
data.5 This finding supports the long-standing hypothesis
that keratoconus involves a spatially localized mechanical
alteration in the cornea.1 It also emphasizes the need for spatially resolved measurements for accurate analysis of the
biomechanical anomalies in keratoconus. Future research is
warranted to understand the relationship between the focal
or heterogeneous mechanical weakening and morphological
changes (ie, thinning and steepening) and to develop
biomechanics-based metrics for improved diagnosis and
prognosis of keratoconus, screening of at-risk patients for
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PURPOSE. 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.
METHODS. 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.
RESULTS. The mean Brillouin shift in the anterior 200 lm of the keratoconic corneas at the
cone was measured to be 7.99 6 0.10 GHz, significantly lower than 8.17 6 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).
CONCLUSIONS. 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
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eratoconus affects approximately 1 in 2000 people in the
general population.1 Clinically, advanced keratoconus is
characterized by thinning and steepening of the cornea. Such
dramatic manifestations, however, represent end stage progression 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 pathways were found to be linked to keratoconus.2 Upregulation of
matrix metalloproteinase (MMP)3 production and decreased
lysyl oxidase (LOX) activity,4 which affects collagen crosslinking, have been reported in patients with keratoconus as
well as altered collagen organizations within the corneal
stroma.5,6 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.7 measured stress–strain curves with corneal
strips to show reduced elastic modulus in keratoconic corneas.
These results were later confirmed by Nash et al.8 and
Edmund.9 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.10–13

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,14 which measures corneal hysteresis, has
shown to distinguish advanced keratoconic corneas from
healthy ones,15 but owing to the low sensitivity and specificity
of the hysteresis-only based measurement, its clinical value
remains to be validated.16,17 Dynamic imaging in combination
with air puff can measure different deformation profiles
between healthy and keratoconic corneas,18–21 but such
measurements involving physical deformation of the cornea
are inherently coupled with IOP and other geometrical
factors22 (Roberts CJ, et al. IOVS 2011;52:ARVO E-Abstract
4384). Second harmonic generation (SHG) microscopy has
shown the ability to map corneal collagen organization23 and
recent modeling studies have shown that corneal elastic
modulus could be derived from cross-sectional SHG images
that quantify collagen structure24,25; however, this technique is
not yet available for clinical studies.26
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Evaluation of Brillouin Microscopy for Keratoconus
Recently, we have developed Brillouin microscopy27 for
noncontact three-dimensional (3D) mapping of corneal modulus28 and measurement of corneal stiffening by corneal
collagen crosslinking.29,30 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, nearinfrared, laser light safe for clinical uses.31 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. 1a).32,33 For ex vivo measurements, 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 lm and axial resolution approximately 8 lm. 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. 1c). 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 Du197; 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 X reported in this paper is related
to the real part of longitudinal viscoelastic modulus
M 0 ¼ qk2 X2 =4n2 , where q is the mass density, k is the optical
wavelength and n is the refractive index. The longitudinal
modulus can be expressed in terms of Young’s modulus E 0 and
the Poisson’s ratio r at a frequency range of 5 to10 GHz: that is,
M 0 ¼ E 0 ð1 # rÞ=ð1 þ rÞð1 # 2rÞ. We have previously shown
0
that the longitudinal modulus M determined from the Brillouin
shift is related to conventional Young’s (or shear) moduli
0
E measured at low frequencies (e.g., 1 Hz) through a log-log
0
0
linear relationship: logðM Þ ¼ alogðE Þ þ b, where a and b are
material-dependent coefficients.30,34 The relative change can
be expressed as:
dE 0 =E 0 ¼ ð1=aÞdM 0 =M 0

ð1Þ

where the conversion factor, 1=a, was measured to approximately 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 crosslinking30 and with the anteriorto-posterior changes measured in this manuscript in healthy

corneas compared with previously published data obtained
with standard mechanical tests.23

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 lm) 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 epithelium 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 inkdot 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 3 2–mm area in the cone region. In four
keratoconus samples, we were able to take Brillouin measurements in a peripheral region (2 3 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.31 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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FIGURE 1. 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). (c) 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

with healthy corneas. In Figure 4b we compare the slope, or
rate of decrease through depth (computed across the anterior
350–400–lm depth). The cone regions present a much steeper
decline (unpaired t-test, P < 0.001) in Brillouin shift (#0.93 6
0.29 GHz/mm) with respect to the healthy controls (#0.38 6
0.17 GHz/mm). Similarly, the cone regions present a much
steeper decline in Brillouin shift (unpaired t-test, P < 0.001)
compared with regions away from the cone (#0.53 6 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,

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, keratoconic 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. 3c). The
profiles shown in Figure 3c, 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 (N ¼ 8),
keratoconus in the cone region (N ¼ 10), and keratoconus
outside the cone region (N ¼ 4) computed as the average
Brillouin shift in the anterior 200-lm region of each depth
profile. A highly statistically significant decrease (unpaired ttest, P < 0.001) is shown in the keratoconic cone region (7.99
6 0.10 GHz) with respect to the healthy controls (8.17 6 0.06
GHz). Also, a highly statistically significant difference (unpaired
t-test, P < 0.001) is shown between the cone and noncone
regions (8.19 6 0.04 GHz). On the other hand, the noncone
regions show no statistically significant difference compared

FIGURE 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 lm.
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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

FIGURE 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 ¼ 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

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.30 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.7 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.35 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 q/n2 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
mgH2O/mgdrytissue) 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 mgH2O/mgdrytissue) have been
reported to have refractive index of 1.362 and density of
1.04 g/ml.36,37 In our experimental conditions, we estimated
the variation in hydrations not to exceed approximately 5
mgH2O/mgdrytissue. Hence, the range of variation for q/n2 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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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.39 and x-ray studies by Meek et al.,5
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 distribution of corneal biomechanical properties within the cornea is a
crucial, early event in the progression of keratoconus.40 This
hypothesis was tested with topographic analysis on an
experimental model of keratoconus based on collagenaseinduced softening and computer simulations.41 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 measurements for clinical characterization of keratoconus patients
toward early diagnosis for keratoconus and screening for
keratorefractive surgery.
FIGURE 4. Brillouin elasticity metrics. (a) The Brillouin shift in the
anterior 200 lm 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.38 In our study, healthy control
corneas were taken from donors of 52 6 13 years of age, while
keratoconic corneas were taken from patients of 41 6 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 dependence 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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ABSTRACT
Biomechanics is the study of the relationship between forces and function in living organisms and is thought
to play a critical role in a significant number of ophthalmic disorders. This is not surprising, as the eye is
a pressure vessel that requires a delicate balance of forces to maintain its homeostasis. Over the past few
decades, basic science research in ophthalmology mostly confirmed that ocular biomechanics could explain
in part the mechanisms involved in almost all major ophthalmic disorders such as optic nerve head
neuropathies, angle closure, ametropia, presbyopia, cataract, corneal pathologies, retinal detachment and
macular degeneration. Translational biomechanics in ophthalmology, however, is still in its infancy. It is
believed that its use could make significant advances in diagnosis and treatment. Several translational
biomechanics strategies are already emerging, such as corneal stiffening for the treatment of keratoconus,
and more are likely to follow. This review aims to cultivate the idea that biomechanics plays a major role in
ophthalmology and that the clinical translation, lead by collaborative teams of clinicians and biomedical
engineers, will benefit our patients. Specifically, recent advances and future prospects in corneal, iris, trabecular
meshwork, crystalline lens, scleral and lamina cribrosa biomechanics are discussed.
Keywords: Brillouin microscopy, intraocular pressure, ocular biomechanics, optical coherence tomography,
ophthalmic pathologies, personalised medicine, translational biomechanics

INTRODUCTION

alterations, remodelling, and failures of certain tissues
and organs, and can permit the development of
novel clinical and personalized strategies for the
management, diagnosis, prognosis, and treatment
of biomechanically-related pathologies. The fields of
cardiovascular research, orthopaedics and rehabilitation, represent excellent examples in which biomechanics has made a translational impact in current

Biomechanics is the science concerned with the origin
and effects of forces that act within and upon living
organisms at the molecular, cellular, tissue, organ and
body level1. Biomechanics considerably enhances
our knowledge of human physiology and pathophysiology, allowing us to understand and predict the
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healthcare systems. Biomechanical solutions in
these areas are used routinely in clinical practice for
(1) diagnosis such as arterial pulse-wave analysis
for the diagnosis of hypertension, and (2) therapy
such as stent implantation for treating atherosclerosis
and aneurysms, prosthetic heart valves for valvular
heart disease, and knee replacement implants for
osteoarthritis.
Surprisingly, the extent of translational advances in
biomechanics in the field of ophthalmology is relatively limited. While the eye is more commonly
thought of as an optical rather than a mechanical
system, biomechanics does indeed play a critical role
in a significant number of ophthalmic pathologies.
Despite the fact that the eye represents a challenge for
biomechanical research due to its size, we have still
witnessed, over the past two decades, the emergence
of multiple areas of research related to ocular biomechanics. For instance, scleral and lamina cribrosa
(LC) biomechanics contribute to our understanding
of myopia2 and open-angle glaucoma3 (OAG); iris
and trabecular meshwork (TM) biomechanics to that
of angle-closure glaucoma;4,5 vitreous biomechanics to
that of retinal detachment and ocular drug delivery;6
corneal biomechanics to that of keratoconus;7 and lens
capsule biomechanics to that of cataract.8 Although,
the majority of these endeavors have been limited to
basic science research, many of them may be on the
cusp of translational impact.
This review aims to discuss how recent knowledge
of ocular biomechanics could be translated into clinical
practice for the benefit of patients. It offers a general
overview of recent advances in corneal, iris, TM, crystalline lens, scleral and LC biomechanics and discusses
how engineers and clinicians can collaborate to effectively bring ocular biomechanics to the clinic. This
review summarises the Special Interest Group session
conducted during the 2013 annual meeting of the
Association for Research in Vision and Ophthalmology
in Seattle, USA. Ocular biomechanics is a rapidly
growing field and other areas of ocular biomechanics
(retina, choroid, lens capsule, vitreous and extraocular muscle biomechanics as well as ocular blood
flow) are not covered in this review.

Corneal Biomechanics
The cornea boasts one of nature’s most explicit
relationships between structure and function. The
relationship between corneal shape and retinal image
quality is the basis for an entire field of surgical
practice – keratorefractive surgery – and is the
mediator of vision loss in disorders such as keratoconus and post-refractive surgery ectasia. The cornea’s
geometry is, in turn, a product of its constitutive
elements, their mechanical properties, and a host of
biological processes responsible for maintenance,

repair and disease. Due to this high level of structure-function integration and the accessibility of the
tissue, the cornea provides an excellent medium for
pursuing the goals of personalized risk assessment
and treatment optimization through biomechanical
characterization and structural simulation.
Corneal Biomechanics and Associated Disease
The normal corneal structure confers the critical
optical property of transparency while providing the
mechanical integrity required to conserve anterior
corneal curvature over a wide range of loads and
hydration levels.9 Alterations of this structural equilibrium have direct visual consequences. The stroma
and its anterior condensation, Bowman layer, are the
chief collagenous layers of the cornea and provide the
bulk of the cornea’s strength. Within a matrix that is
approximately 78% water by weight,10 hundreds of
collagen lamellae traverse the cornea. Peripheral
disruption of these fibers produces an in-axis flattening effect responsible for the refractive effects of
astigmatic keratotomy and hyperopic shift in photoablative keratectomy.11 A predominantly circumferential population of fibrils in the corneal periphery12
conserves limbal dimensions13 and, when incised,
leads to a more generalized central flattening response
such as that seen after radial keratotomy. In the
anterior stroma, more collagen interweaving14–16 and
greater numbers of transverse fiber elements17,18 lead
to a logarithmic increase in elastic strength from the
posterior to anterior stroma17–19 that has important
implications for the depth-dependent biomechanical
response of the cornea to refractive surgery.
Interlamellar cohesive strength, which derives in
part from the presence of crossing fibers, increases
as a function of age,19 varies by meridian,20 and is
lowest in the inferior cornea where the corneal
steepening in ectasia most often manifests.20
Findings in keratoconus explants suggest that loss
of the preferred collagen orientation,21 fragmentation
of Bowman layer, and absence of the typical transverse collagen insertions into Bowman layer22 may
contribute to decreased elastic strength23 and abnormal shear behavior such as lamellar ‘‘slippage.’’ 21,24,25
Similar findings have been observed in histological
and ultra-structural studies of corneas that manifested
ectasia after refractive surgery.24 The current state of
the art for assessing ectasia risk in refractive surgery
candidates26 highlights 5 readily measurable risk
factors for post-LASIK ectasia: young age – a surrogate for corneal elastic strength, which tends to
increase in an age-dependent manner,27 high myopic
ablation, topographic abnormalities, and low central
corneal residual stromal bed thickness.26 However,
such screening tools suffer from a dependence on
retrospective regression models culled from incomplete representations of the cornea’s complex
3-dimensional structure and equally complex surgical
Current Eye Research
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geometries.28 Furthermore, no risk models account
explicitly for corneal biomechanical properties, which
presumably are the final common pathway for development of ectasia.29
In vivo Measurement of Corneal Biomechanical
Properties
For the reasons summarized above, the capability to
measure mechanical properties in a clinical setting is a
major translational priority. At the time of writing,
the only commercially available device specifically
approved for measurement of corneal properties is
the Ocular Response Analyzer (ORA, Reichert, Inc.,
Depew, NY). This modification of the pneumotonometry principle quantifies the dynamics of corneal
deformation and recovery during a variable air-puff
mediated deformation and provides a measure of
corneal hysteresis (CH).30 CH is the difference
between the ingoing and outgoing applanation pressures and represents the energy loss due to viscous
damping in the cornea and extracorneal structures.31
Both CH and a closely related variable, the corneal
resistance factor (CRF), are reduced in eyes affected
by keratoconus,30 suggesting a reduced capacity for
viscous damping in ectatic disease. The magnitude of
this decrease is correlated to keratoconus severity,32
but the sensitivity and specificity of CH and CRF to
differentiate normal eyes from those with low-grade
or forme fruste keratoconus are low.33 Further analysis of waveform signal features and their diagnostic

3

performance is an active area of current investigation
that is improving the sensitivity and specificity of the
ORA.34–36 The CorvisST (Oculus), currently approved
only for intraocular pressure (IOP) measurement,
employs a similar deformation technique but with a
non-varying maximum air pressure and monitors one
cross-section of the deforming horizontal meridian
with a high-speed Scheimpflug camera. Analysis of
the deformation characteristics of the cornea from
these images is ongoing and may allow for more
direct inferences of biomechanical behavior than
applanation monitoring alone. However, neither technique is suited for spatial characterization of
properties.
Emerging techniques that have demonstrated
potential for clinical implementation and the possibility of 3D characterization of corneal properties
include supersonic shear imaging,37 corneal optical
coherence elastography (Figure 1),38,39 and Brillouin
light scattering microscopy.40,41 With continued development, these and other methods for non-destructive
mapping of corneal material properties are likely to
significantly increase the sensitivity of keratoconus
diagnosis by allowing detection of elastic property
minima and other abnormalities of property distribution. Such data are also likely to enhance the fidelity of
patient-specific predictive models and shift risk
assessment and surgical planning paradigms from
generalized empirical models to a more personalized,
deterministic approach.

FIGURE 1. Optical coherence elastograms of control and crosslinked rabbit corneas. Cooler colors (blues) indicate lower strains and
correspond to greater relative stiffness. The uncrosslinked cornea (top) demonstrates a depth-dependent gradient of properties with
greatest stiffness in the anterior stroma. A cornea treated with transepithelial UVA-riboflavin crosslinking with tetracaine as an
irritative adjunct (bottom) shows greater stiffness than the control (from experiments described in39).
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Toward Simulation-Based Treatment of Corneal
Disease and Refractive Error
The finite element method has been used to simulate
the effects of radial keratotomy,42–45 astigmatic keratotomy,46–48 cataract incisions,49 phototherapeutic
keratectomy,50,51 PRK52,53 and LASIK,53–57 intracorneal ring segments,58 and keratoconus55,59,60 on the
corneal structure. A more recent emphasis on use of
patient-specific geometries obtained from clinical
imaging devices has begun to bridge the gap between
generalized results and more direct clinical validation
of models, an important step toward use of simulation
in clinical practice.7,29,49,54,61
An example of the utility of patient-specific models
that could ultimately help in guiding interventions
and improving clinical outcomes can be found in a
computational study of collagen cross-linking in
morphologically different patient-derived keratoconic
geometries.29 With simulations of the standard broadzone treatment parameters, observed reductions in
curvature were similar to those reported in most
clinical series. Through parametric variations and the
simulation of smaller, cone-centered treatments, much
greater reductions in cone steepness and higher order
corneal aberrations were observed (Figure 2). Similar
modifications are now being explored in clinical
studies. In a collaboration with industry (Avedro,
Inc. Waltham, MA), the same group has demonstrated
the potential for patterned crosslinking to be used as a
standalone procedure62 or as an adjunct to treat
astigmatism and other refractive errors.63
These are merely examples of a growing movement
towards using simulation for understanding corneal
disease mechanisms and driving rational changes
to our approach to treatment. Advances in corneal
biomechanical property measurement and patientspecific modeling have the potential to enhance early
keratoconus diagnosis, enable personalized, procedure-specific ectasia risk assessment through simulation, and drive optimized treatment design for a
variety of corneal refractive conditions.

Anterior Segment Biomechanics (Iris and
Trabecular Meshwork)
Until recently, interest in the subject of anterior
segment biomechanics was confined to cornea, with
iris and TM biomechanics being rarely discussed in
the literature. In recent years, an interest in iris
biomechanics has been stimulated by a renewed
appreciation the role of iris dynamics in the pathogenesis of angle closure64 combined with the increasing burden of angle closure glaucoma (particularly
coupled to the ageing population in Asia). Similarly, a
proliferation of glaucoma surgical interventions directed at the angle, most of which are classified under
the umbrella term of ‘‘micro-invasive glaucoma

surgery’’ (MIGS) has stimulated interest in TM
biomechanics65.
Iris biomechanics
Iris thickness has been found to be different among
ethnicities66 and increased iris thickness is associated
with angle closure.67 Changes in iris dynamics may
contribute greater to raised IOP upon dilation in angle
closure patients than in open angle patients.64 The
interaction of iris, lens and TM in the pathogenesis
of angle closure and the long-term implications in
relation to the development of peripheral anterior
synechiae are poorly understood. Recent clinical
imaging studies suggest that iris ‘‘stretch’’ amplitude
may be slower68 and loss of iris volume less in angle
closure patients upon dilation,64 indicating that the
iris biomechanical response to physiological or pathological stimuli may contribute to the pathogenesis of
acute or chronic episodes of angle closure.
In vitro testing of iris biomechanics has, to date,
been limited. Wyatt constructed a mathematical
model for non-linear iris ‘‘stretch’’ to explain ‘‘minimum wear and tear’’ of iris tissue in spite of the
constant strain it undergoes with pupil dilation
throughout life.69 Barocas and colleagues examined
porcine iris tissue using microindentation experiments and found that the posterior layer (pigmented
epithelium, sphincter, dilator components) was stiffer
than the anterior stromal layer indicating complex
biomechanical behavior.70 The ‘‘sponge-like’’ properties of the iris are presumed to account for the
variability of iris volume amongst different pathological states,64 however this remains to be
demonstrated.
Current imaging tools and computing speeds
allow us to acquire a three-dimensional view of the
iris in vivo. It is possible that further enhancement in
imaging resolution and software modeling will enable
the measurement of iris biomechanics in vivo.4,71 This
may have clinical translational impact as it may lead
to an improved understanding of angle closure
pathogenesis and furthermore may lead to improvements in materials for iris-replacement devices.
TM biomechanics
While glaucoma is defined as an optic neuropathy,
the main pathology in accounting for elevated IOP is
identified as TM outflow facility resistance. Further,
any modification in IOP to slow glaucoma progression is commonly performed using medications or
angle surgeries that target the TM. Accumulation of
glycosaminoglycans in the extracellular matrix and
thickening of TM beams with loss of trabecular spaces
combined with chronic inflammatory changes have
been found to be the hallmark in primary glaucomas.72 These cytoskeletal changes can be assumed
to alter biomechanical properties of this specialized
tissue in the eye. Evidence for this is found in atomic
Current Eye Research
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FIGURE 2 Finite element analysis comparing the topographic effects of (A) a standard 9mm collagen crosslinking treatment,
(B) a more graduated UV treatment profile with a smaller effective diameter, and (C) a graduated treatment centered on the cone.
Tangential curvature maps (D-F) show the change from pre-to-post crosslinking state. Topographic flattening was greatest with the
cone-centered simulation.29

force microscopic measurements on TM cells and
ex vivo uniaxial testing on TM tissues showing stiffer
properties in glaucoma patients.73 Alteration in the
biophysical attributes of TM can contribute to outflow
!
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facility changes, and thus influence onset and progression of glaucoma.74
Ethier and colleagues, studying F-actin architecture
in Schlemm’s canal endothelial cells, found that the
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presence or absence of these proteins depended on
shear stress forces of aqueous humor flow and may
alter the caliber of the canal, underlining the need for
studying such forces in detail to explain pathological
processes and how it can possibly be modified
pharmacologically or mechanically.75 Zeng and colleagues studied Young’s modulus of cultured
Schlemm’s canal using magnetic pulling cytometry
and finite element modeling and compared it with
imaging studies with pressure loading on primate
Schlemm’s canal. They concluded that increasing IOP
appears to increase the modulus.76 Measurement of
such properties in vivo can be of immense utility in
examining the outflow facility and formulating
strategies to alter glaucomatous pathological processes using appropriate drugs77 or in improving
angle surgical techniques. It can be envisaged that
such measurements can be used as clinical biomarkers
for pathological processes and prognostication of
disease severity.
Limitations of anterior segment biomechanics
research include accurate application of load to
impart stress on the target tissue in vivo and lack of
resolution in current imaging technologies to provide
strain values using appropriate software modeling.
Further, due to the closeness of iris and TM to the
surrounding tissues, it may be important to find ways
to filter the biomechanical properties using rigorous
modeling methods. Techniques such as ophthalmodynamometry and ultrasound are being investigated
as the method of loading, while improvement in
resolution is possible in future using, e.g. micro-OCT
imaging.78 Recently, Kagemann and colleagues have
shown that the conventional outflow pathway, including Schlemm’s canal, can be imaged in vivo using
clinically available optical coherence tomography
(OCT) devices,79 and that the technology is sensitive
enough to allow detection of acute effects of IOP.80
In vivo anterior segment biomechanics research is
clearly in its nascent stages, however, it is likely that it
will become of paramount importance to push the
frontiers of glaucoma management further.

Crystalline Lens Biomechanics
Crystalline Lens Biomechanics and Associated
Disease
The primary function of the crystalline lens is
focusing the light coming from an object to form its
image on the retina. The ‘‘tunability’’ or accommodation of the lens is a biomechanical process, involving
the ciliary muscle that is connected to the capsule of
the lens via the ciliary body and the zonular fibers
(Figure 3a).81 Distance vision is achieved when the
ciliary muscle is relaxed, which increases the tension
and stretches the lens to have a longer focal length.
For near vision, the ciliary muscle contracts, relieving

the tension and the lens elastically restores its intrinsic
rounder shape with a shorter focal length.82
Unfortunately, the accommodative ability of the
human eye decreases continuously with aging. By the
age of 50, almost everyone experiences the onset of
presbyopia, with the associated difficulty in focussing
on near objects.83 Why does this occur?
From a biomechanical point of view, it has long
been suspected that the ciliary muscle loses its
contraction power with age. Although it sounds
plausible, experimental data indicated that the function of the ciliary muscle actually remains largely
intact even after the accommodative power has been
considerably compromised.84 The age-dependent
change of the capsule and zonular fibers were found
to be too small to account for the decrease in
accommodation power.85,86 The human lens continuously grows in size with age, and thus its optical and
mechanical properties change.87–90 It has been widely
accepted that the increased stiffness of the crystalline
lens with age is the primary cause of presbyopia; as
age progresses, the lens tissue loses its elasticity
gradually, which restricts the accommodation range
(Figure 3b).91,92
Current methods for characterizing crystalline lens
biomechanics in vivo
Several studies have demonstrated age-related stiffening of excised human and animal lenses by using
various testing tools, such as a spinning cup,93
mechanical
stretchers,91,94
stress-strain
equip95,96
ment,
and bubble-based acoustic radiation
force.97 Ultrasound has also been used to measure
the spatial variation of packing density inside the lens
ex vivo.98
However, the reported mechanical properties of the
crystalline lens are highly variable. Indentation tests
measured age-related lens hardening and found the
cortex to be softer than the center.99 Shear rheometry
on frozen lenses revealed a massive age-related
increase in lens modulus but found the nucleus to
be softer than the cortex in young lenses.100–102 Shear
rheometry studies on fresh lenses found small modulus changes between the ages 20 and 40 and high
regional uniformity,103 whereas a recent spinning test
indicated high-regional variation between the cortex
and nucleus.104 It remains unclear that exactly how
much the lens stiffness changes with age and to what
extent the specific spatial profile of the lens modulus
contributes to accommodation.105
Currently, there are no established non-invasive
methods to measure the elastic properties of the lens
in vivo. Imaging instruments, such as magnetic
resonance imaging (Figure 3c) and OCT, can visualize
the 3-dimensional shape of the lens during accommodation, but they do not measure the biomechanical
properties of the lens. Elastography and ultrasound
have low spatial resolution and measurement
Current Eye Research
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FIGURE 3. (a) Schematic of the eye during accommodation. (b) Scheimpflug images of 19-year-old (top) and 69-year-old (bottom)
humans in unaccomodated (left, far vision) vs. accommodated (right, near vision) states. The stretching of the lens by the tension of
the zonules is apparent in the young but not in the old lens. Images were reproduced and modified with permission from Koretz and
Handelman, Sci Am 259, p.92, 1988. (c) MRI images of a 26-year-old versus a 49-year-old subject in the unaccomodated state. The
difference in size is apparent. Images were reproduced and modified with permission from Strenk et al., Progr Eye Ret Reas. 24, p.379,
2005. (d) The Brillouin frequency shift, which is directly related to the hypersonic longitudinal modulus, along the optics axis of a
60-year-old normal volunteer (measured at an optical wavelength of 780 nm).

sensitivity.106 A recently developed Brillouin microscopy method is a promising technique for highresolution in vivo measurement.107,108 Brillouin
microscopy has revealed a dramatic age-dependent
increase in the longitudinal modulus of the murine
lens in vivo.109 The hypersonic modulus of the human
lens exhibits a bell-shaped axial profile (Figure 3d),
with the peak modulus in the nucleus appearing to
have little difference with age.110
Translating crystalline lens biomechanics into
clinical practice
The economic cost associated with presbyopia is
significant in the modern society as the age of the
population in the workforce steadily grows.111
Current treatment options for presbyopia (e.g. monovision correction, multifocal spectacles) only improve
!
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single-distance vision but do not restore the active
change of dioptric power of the young eye.112–114
Improved understanding of the biomechanics of
the lens is beneficial for the development of novel
treatment strategies, such as drug-induced disruption
of the chemical bonds leading to lens stiffening,115
laser-induced softening of the lens,116 and lens tissue
replacement with biocompatible polymer material
with the mechanical properties similar to young
human lenses.117,118
Finally, the biomechanical properties of the lens
may play a role in age-related nuclear cataracts. The
pathogenesis of cataracts is not fully understood but
has been linked with various molecular processes
including the reduced transport of small molecules,
such as anti-oxidants, in the lens, increased viscoelastic
modulus,119,120
protein
crosslinking,121
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protein-membrane binding.122 Improved understanding of the regional variation of lens elasticity may
provide an insight into the underlying molecular
processes, such as protein expression and microstructural changes.
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Scleral Biomechanics
Importance of Scleral Biomechanics in Glaucoma
The hallmark of glaucoma is excavation of the optic
nerve head (ONH),123 in parallel with progressive loss
of function due to death of retinal ganglion cells
(RGC), whose axons pass through the ONH. Both
mean IOP124 and IOP fluctuation125 are closely
associated with incident human glaucoma and its
progressive worsening. The risk factor for the development and progression of glaucoma is the level of
IOP, rather than whether or not this exceeds statistically ‘‘normal’’ limits. IOP lowering slows the progressive RGC loss,126–128 whether baseline IOP is above
normal or not.
IOP-generated stress could contribute to glaucoma
injury at the ONH and is potentially amenable to
therapeutic intervention. The evidence that scleral
connective tissues mediate glaucoma damage is
convincing. The ONH zones in which physical
deformation is greatest are those that suffer more
RGC axon injury.129 Axial myopes are more susceptible to open angle glaucoma (OAG),130 probably due
to the mechanical disadvantage of larger globe diameter and thinner sclera. Corneal hysteresis is a risk
factor for OAG progression,131 and scleral rigidity in
OAG eyes is increased in vivo,132,133 and in vitro.134
Current Methods for Characterizing Scleral
Biomechanics and its Association with Axonal Loss
Studies of peripapillary sclera are presently more
feasible than study of the ONH itself.135
Biomechanical models136,137 suggest that scleral
behavior drives the IOP-induced mechanical strain
transmitted to the ONH,138,139 and scleral responses to
IOP could be both detrimental and beneficial to RGC
survival. Mouse, rat and monkey IOP elevation
models generate data relevant to human glaucoma.140–143 Astrocytes in the mouse ONH resemble
the structure of the collagenous primate lamina
cribrosa144 and mouse sclera has similar molecular
structure to human sclera.145,146 The sclera’s extracellular macromolecules include predominately type 1
collagen and successive collagen lamellae alternate in
orientation much like a basket-weave. In the peripapillary sclera, collagen and elastin fibrils run circumferentially around the ONH.123,147–152 The ONH and
peripapillary sclera undergo dramatic stretching,
deepening and widening in glaucoma.
Recently, IOP-generated stress and strain in posterior sclera have been studied in vitro in mouse,153

tree shrew,154 monkey,139,155,156 and human eyes.134,157
The greatest scleral strain is in the peripapillary
region.158 Human glaucoma eyes with RGC loss are
measurably stiffer in peripapillary sclera than controls, as are experimental mouse and monkey glaucoma eyes.134 But, we do not know whether human
eyes would be more or less susceptible to glaucoma
damage if they were stiffer at baseline.
Quigley and colleagues found that experimental
glaucoma models produce more damage in some
strains of mice than in others.159 They identified
differences in scleral structure and response to mouse
glaucoma that are associated with susceptibility. The
CD1 mice strain (albino) were more susceptible to
RGC loss than the B6 strain160 (black) and a mouse
mutated in collagen 8a2 (Aca23) was even less
susceptible than B6.161 Large eye size alone was not
the most important factor in susceptibility, since
Aca23 had the biggest baseline axial lengths and least
damage. Interestingly, resistance to damage was
associated with reduced axial elongation after IOP
elevation. Young B6 eyes increased axial length
significantly more than older B6 and were more
susceptible to RGC loss.161 Likewise, young CD1
mice (which lose more RGC) increased axial length
with glaucoma more than young B6 mice.162 Aca23
mutant eyes elongated less than controls and were
less sensitive to RGC loss.161 The less susceptible B6
mouse strain had thicker peripapillary sclera at
baseline and did not undergo uniform scleral thinning with glaucoma as did the more susceptible CD1
mice. The number of fibroblast-containing and
antero-posteriorly oriented lamellae increased in
glaucoma eyes. Second harmonic generation imaging
showed that the normal circumferential pattern of
collagen fibrils in the peripapillary sclera was
widened in significantly damaged glaucoma eyes.
After glaucoma, collagen fibrils were smaller in
diameter.163
Inflation tests of enucleated mouse eyes found the
most resistant Aca23 strain had the stiffest sclera,
while the most susceptible CD1 mice had greater
meridional peripapillary strain than B6 and greater
meridional anisotropy of the inflation response. In all
strains, chronic IOP elevation caused steeper pressure-strain responses.
In B6, CD1, and Aca23 mice, Quigley and colleagues measured the diffusion of fluorescein isothiocyanate-dextran into a photo-bleached zone of excised
sclera by confocal microscopy. Scleral diffusivity was
significantly greater in Aca23 and B6 mice than in
CD1 mice, matching their relative susceptibility to
glaucoma injury. Glaucoma caused decreased diffusivity, with greater decreases in the vital peripapillary
area than elsewhere.164 The difference in thickness
between fresh and fixed sclera was nearly 68% in
control mice, but differed by only 10% between
fresh and fixed glaucoma sclera. The data suggest
Current Eye Research
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significant loss of non-fibrillar, soluble components of
the sclera in glaucoma.
Scleral fibroblasts of the sclera make up 15% of its
thickness in histological measurements. In experimental glaucoma, there is an expansion of the cell
layers in thickness and a 6-fold increase in dividing
cells 1 week after IOP elevation.165 Furthermore,
labeling for a-smooth muscle actin, actinin, thrombospondin, paxillin and integrins were increased in
glaucoma scleral fibroblasts. Proteomic studies of
sclera in glaucoma mice found increases in molecules
important for scleral maintenance and remodeling,
including thrombospondins 1 and 4, myosins fibromodulin, and heparin sulfate proteoglycan. There
was upregulation in canonical pathways for integrinlinked kinase and actin microskeleton signaling.
This combined anatomical and proteomic evidence
is consistent with a transition to the myofibroblast
phenotype among scleral cells, as seen also in
experimental myopia.2,166 Thus, it is likely that
therapeutic targets to alter susceptibility to glaucoma
damage may exist in pathways related to scleral
remodeling.167,168
Altering Scleral Biomechanics as a Potential
Approach to Glaucoma Therapy
While the evidence does not definitively support a
specific treatment, decreased susceptibility seems
associated with greater stiffness at baseline, retention of scleral fibrillar component thickness, and
resistance to elongation under elevated IOP. If we
wish to produce eyes with a steeper stress – strain
relationship, increased cross-linking of the collagen,
as already performed in the cornea for keratoconus
would be a suitable approach.169 Ideally, this would
be application of a cross-linking agent that does
not require ultraviolet light activation, delivered
by subconjunctival injection or sustained release
format in an outpatient setting. Side effects would
be less with local application compared to systemic
therapy.
Further animal research is needed to show that this
proposed method would protect RGC. For example,
reducing peripapillary scleral strain by cross-linking,
instead of protecting the eye, might intensify the
translaminar pressure gradient, making the eye less
resistant to glaucoma damage. Second, the method
must avoid off-target effects, such as damage to eye
muscles or major ocular blood vessels that traverse
the sclera, or toxic exposure of RGCs. Third, the
precise degree of cross-linking needed may vary from
person to person, requiring a method to estimate the
extent of treatment, or multiple small treatments.
Methods are needed to estimate the mechanical state
of the sclera in the living eye, probably using imaging
technology with induced perturbations in IOP.170–172
If a beneficial effect on sclera would actually be
achieved by producing a less stiff response, agents
!
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that affect collagens or non-collagenous elements
could include enzymatic digestion with collagenase,
elastase, chondroitinase or hyaluronidase. The
feasibility of such an approach has recently been
demonstrated in vitro.173
The second potential treatment area would be to
modulate the scleral fibroblast response to glaucoma.
In Marfan syndrome, the mutated site in fibrillin-1
acts by activating transforming growth factor b
(TGFb),174,175 leading to aortic dissection, ocular lens
dislocation and high myopia. Both gene expression
and protein levels of TGFb are elevated in OAG
eyes in their human TM176 and ONH,177,178 and our
proteomic analyses in mouse glaucoma show
increases in thrombospondins, which are activators
of TGFb. A TGFb antagonist, losartan, halts the
clinical abnormality of the aorta in a mouse Marfan
model.179,180 TGFb is involved in scleral remodeling in
experimental myopia in tree shrews.181 Abnormal
activation/inhibition of TGFb in the sclera and ONH
could increase susceptibility to IOP-induced stress
and potentiate OAG damage. A losartan-type treatment may beneficially modulate of the scleral
response in glaucoma.
A new therapeutic approach to glaucoma is
proposed that involves reduction in IOP-generated
mechanical insult at the ONH through alteration of
the sclera to block initial injury to RGC axons at the
earliest stage of RGC dysfunction. This research area
could identify candidate genes related to glaucoma
damage and to myopia.

Lamina Cribrosa Biomechanics
Lamina Cribrosa Biomechanics and Associated
Disease
Elevated IOP is the primary risk factor for the
development and progression of glaucoma, and
lowering IOP remains the only proven intervention
to decrease the risk of vision loss.182 The mechanisms by which elevated IOP affects the tissues of the
ONH, and the LC within, are poorly understood.183
The ONH is often described as a weak spot on the
posterior pole, mainly due to the lower density of
connective tissue relative to the sclera.184 The LC is
thought to provide structural and nutritional support to the RGC axons. Since the glaucomatous
deterioration of RGC axons is believed to initiate at
the level of the LC182, the hypothesis has arisen that
inadequate LC support would trigger events that
contribute to RGC axon damage.183 Such insufficient
support would present as an altered LC biomechanical environment produced by an altered elevated
IOP or by a highly sensitive ‘‘frail’’ LC. The
difficulty of visualizing the LC in vivo for experimentation has meant that much of what is known
about the effects of IOP on the LC has been learned
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indirectly through the use of numerical modeling
and ex-vivo studies.184
Modeling and Ex-vivo Methods for characterizing
Lamina Cribrosa Biomechanics
Modeling studies have shown that the LC and sclera
are not biomechanically independent. Instead, they
form a system in which the LC sensitivity to IOP is
determined by a complex interaction of multiple
factors, including tissue anatomy and mechanical
properties.185,186 These studies have shown that LC
biomechanics is highly sensitive to the properties of
the sclera, especially those of the peripapillary
sclera.137,138,156,187,188 These results have several
implications of interest to the translation of ocular
biomechanics into clinical practice. First, sensitivity
to IOP, and perhaps susceptibility to glaucoma, is
affected by variations in tissue properties, both anatomy and composition, that arise for example with
aging155 or disease.139 Second, the complex factor
interactions mean that determining whether a particular patient is sensitive to IOP might require
measurements of multiple parameters, some of
which may be measurable in the clinic. This, in turn,
will require validated methods to estimate those
parameters that cannot be measured directly. This
has been done mainly through inverse modeling
schemes, which have been used to estimate LC
stiffness or the biomechanical role of the pore and
beam architecture characteristic of the LC.189,190
Clinical practice could be augmented with user
friendly methods that do not require complex simulation for characterisation of LC biomechanics.170
The LC has also been studied in ex-vivo. A common
approach is the use of histomorphometry, often
focused on measuring changes induced by acute
increases in IOP (e.g. LC displacement),191 or
identifying LC characteristics that are abnormal in
individuals with glaucoma (e.g., LC thickened early
in the disease or thinner later on),192 or in individuals

at increased risk of glaucoma (e.g. a thinner LC in
individuals with myopia).193 Tissue sectioning for
histology, while powerful, is subject to limitations and
potential confounders (discussed in194). Hence, methods have also been developed to study LC biomechanics and architecture ex-vivo without the need to
section the tissue, for example using second harmonic
generated images.195 These have enabled measurement of eye-specific displacements and deformations
of the human LC induced by acute increases in
IOP. The deformations measured were substantial and
of magnitudes that have been shown to be of
biological significance (Figure 4). Studies of LC
microstructure ex-vivo have suggested that ocular
hypertension results in remodeling of the LC, including recruitment of retrolaminar septae196 and posterior migration of the LC insertion into the
pia mater.197,198
In-vivo Measurements of Lamina Cribrosa
Biomechanics and Clinical Relevance
Even though knowledge acquired through modeling
and ex-vivo studies can impact clinical practice,
widespread integration of ocular biomechanics calls
for methods for in-vivo measurement. For many years
the most detailed in vivo information on posterior pole
biomechanics was obtained using scanning laser
ophthalmoscopy (mainly the HRT), even though the
device was incapable of measuring the LC.183,184
In recent years, in vivo study of LC structure and
biomechanics has been boosted Thanks to the advent
of OCT imaging which allows visualization deep
within the ONH including the LC.199–202 Early studies
using OCT have found that acute increases in IOP do
not cause displacement of the LC,203 whereas a
more recent study has found significant anterior LC
displacements following trabeculectomy at 1-week
post-surgery.204 These studies emphasize that LC
mechanical behavior is still far from being understood. It is well accepted that to study LC

FIGURE 4. Biomechanical effects on the LC of a 79 year old donor eye to an acute increase in IOP of 35 mmHg (from 10 to 45 mmHg).
The effects were computed analyzing second harmonic generated images acquired ex vivo.195
Current Eye Research
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FIGURE 5 C-mode section at the level of the LC through an Adaptive optics OCT scan of a glaucomatous eye acquired in vivo (left).
The beams (blue) and pores (green) were identified using a semi-automated segmentation technique (middle). Beam thickness was
then measured at every voxel, where hotter colors represent thicker beams (right). (Courtesy of the Glaucoma Imaging Group,
University of Pittsburgh).207

biomechanics, it is necessary to image the LC, and
that it can be misleading to solely rely on surrogate
measures.184 The LC research community is therefore
now carefully assessing the extent to which OCT is
able to image the posterior LC surface,205 and to be
used for mapping the in vivo deformation of the
LC,171,206 OCT technology and methods continue to
mature and LC morphometry is increasingly carried
out this way. Current developments for improving the
capabilities of an OCT to characterize the LC in vivo
include adaptive optics (Figure 5),207 swept source,200
longer wavelengths, and techniques for enhanced
depth imaging or image compensation.199,205,208 These
have enabled another important development of
recent years, namely the imaging and characterization
of the LC microstructure in vivo, using OCT200,209,210
SLO211 or a combination of both.212 Application of
these tools to better assess the LC structure and
biomechanics holds great promise to produce patientspecific knowledge that may be translated to the clinic
and to help understand glaucomatous neuropathy.
Translating knowledge of biomechanics into clinical practice will require a much better understanding
and characterization of the critical load-bearing tissues, such as the sclera and LC. Validation of the
models needs to take a central place. More advanced
models, as well as better experimental techniques will
help lead to the needed improved understanding of
the place of the individual within the population (e.g.
identifying whether a particular patient presents with
a robust or frail posterior pole and LC213) and how
these are expected to vary with and without intervention. A solid understanding of the relationship
between cross-sectional and longitudinal data will
help make the translation to the clinic faster and
more effective. Integrating biomechanics into
the clinic also necessitates a better understanding of
mechanotransduction, at both the short and long time
!
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scales. It is well recognized that patients vary substantially in the ill effects of mechanical
stimulation.183,184

CONCLUSION
Ocular biomechanics is a rapidly growing area of
research interest and one that, at a superficial level at
least, has success of many pre-existing surgical techniques (particularly those relating to corneal yet to
make a substantial translational impact. In reality, the
refractive surgery and keratoconus) is greatly influenced by the biomechanics and remodelling of the
targeted tissues. Recognizing the many different ways
in which current clinical practice – whether it relates
to refractive surgery, glaucoma management, angle
closure, cataract surgery or presbyopia – is influenced
by ocular biomechanics will help foster a closer
collaboration between clinicians, clinician-scientists,
basic scientists and biomedical engineers. It is this
improvement in communication between different,
but related, disciplines that will allow the valley
between basic science ocular biomechanics research
and true clinical translation to be breached.
At a simple level, the most pressing concern for
those engaged in ocular biomechanics research is to
demonstrate that biomechanical properties for individual ocular tissues are measurable in vivo. With ever
increasing improvements in imaging technology, as
well as imaging processing techniques, these objectives should be realized. Achieving this will have the
dual benefit of enabling the development of validated
numerical models and allow biomechanical testing to
become part of the battery of clinical investigations
available in practice. This review has highlighted a
number of areas in which this is close to realization
(LC imaging, corneal imaging and iris imaging).
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The Holy Grail, however, is to utilize the knowledge gleaned from biomechanical theory and testing
to generate therapeutic strategies for multiple ophthalmic conditions. As is clear from this review,
whatever therapeutic approach is adopted it is likely
that a ‘‘bespoke’’ personalized treatment will be
required. The most likely area in which this will first
become a reality is in corneal and refractive surgery.
In corneal cross-linking for keratoconus, there is
already a therapeutic treatment that directly influences the biomechanical properties of the cornea to
retard the progression of a pathological process. In
addition, laser-refractive procedures are already individualized in order to correct a patient’s refractive
error and other optical aberrations (if the procedure is
wavefront-guided). Given the current volume of
refractive procedures undertaken, and the costs
involved, it is likely that biomechanical ‘‘enhancements’’ might be adopted if they could be demonstrated to improve outcomes or reduce the risk of
complications such as ectasia. By the same token,
presbyopia and high myopia are two conditions
whose high prevalence might stimulate (and once
again, this may be financially motivated) a more rapid
crossover of biomechanics research into translational
therapeutics. Open angle glaucoma, on the other
hand, remains a little more enigmatic. This review
has detailed a number of elegant experiments that
have explained the rationale for proposing a protective role for the alteration of scleral biomechanics. The
ability to clinically measure scleral and LC biomechanics in vivo will likely need to ‘‘catch-up’’ with this
experimental work before a serious attempt is made to
pursue this as a therapeutic strategy in humans.
In conclusion, ocular biomechanics has an impact
in many areas of ophthalmic pathology, a number of
which have been discussed in this review. It is hoped
that increased awareness and interest in this relatively
new field of research will stimulate other scientists
and clinicians to join and effectively push the discipline further so that it can go on to eventually improve
the quality of life of our patients.
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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,

From the 1Wellman Center for Photomedicine, Massachusetts
General Hospital, Cambridge, Massachusetts; the 2Department of
Dermatology, Harvard Medical School, Boston, Massachusetts; the
3 Instituto de Optica, Consejo Superior de Investigaciones Cientı́ficas
(CSIC), Madrid, Spain; the 4Department of Ophthalmology, Massachusetts Eye and Ear Infirmary, Boston, Massachusetts; and 5HarvardMIT Health Sciences and Technology, Cambridge, Massachusetts.
Supported by the Harvard Clinical and Translational Science
Center (NIH UL1-RR025758), American Society for Laser Medicine
and Surgery, National Institutes of Health (P41-EB015903), National
Science of Foundation (CBET-0853773), Spanish Government
(FIS2008-02065, FIS2011-25637), and the European Research Council (ERC-AdG-294099).
Submitted for publication November 27, 2012; revised January
3, 2013; accepted January 21, 2013.
Disclosure: G. Scarcelli, P; S. Kling, None; E. Quijano, None;
R. Pineda, None; S. Marcos, None; S.H. Yun, P
Corresponding author: Seok Hyun Yun, 65 Landsdowne Street,
UP-5, Cambridge, MA 02139; syun@hms.harvard.edu.

1418

and for real-time monitoring of CXL in clinical and experimental settings. (Invest Ophthalmol Vis Sci. 2013;54:1418–1425)
DOI:10.1167/iovs.12-11387

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
Investigative Ophthalmology & Visual Science, February 2013, Vol. 54, No. 2
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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

IOVS, February 2013, Vol. 54, No. 2

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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Collagen Cross-Linking Using Rose Bengal and Green Light
to Increase Corneal Stiffness
Daniel Cherfan,1 E. Eri Verter,2 Samir Melki,3 Thomas E. Gisel,2 Francis J. Doyle Jr,2
Giuliano Scarcelli,2 Seok Hyun Yun,2 Robert W. Redmond,2 and Irene E. Kochevar2
1

Boston University Medical Sciences Program, Boston, Massachusetts
Wellman Center for Photomedicine, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts
3Boston Eye Group, Boston, Massachusetts
2

Correspondence: Irene E. Kochevar,
Wellman Center for Photomedicine,
40 Blossom Street, Massachusetts
General Hospital, Harvard Medical
School, Boston, MA 02114;
kochevar@helix.mgh.harvard.edu

PURPOSE. Photochemical cross-linking of corneal collagen is an evolving treatment for
keratoconus and other ectatic disorders. We evaluated collagen cross-linking by rose bengal
plus green light (RGX) in rabbit eyes and investigated factors important for clinical
application.
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METHODS. Rose bengal (RB, 0.1%) was applied to deepithelialized corneas of enucleated rabbit
eyes for 2 minutes. The diffusion distance of RB into the stroma was measured by
fluorescence microscopy on frozen sections. RB-stained corneas were exposed to green (532nm) light for 3.3 to 9.9 minutes (50–150 J/cm2). Changes in the absorption spectrum during
the irradiation were recorded. Corneal stiffness was measured by uniaxial tensiometry. The
spatial distribution of the stromal elastic modulus was assessed by Brillouin microscopy.
Viable keratocytes were counted on H&E-stained sections 24 hours posttreatment.
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RESULTS. RB penetrated approximately 100 lm into the corneal stroma and absorbed >90% of
the incident green light. RGX (150 J/cm2) increased stromal stiffness by 3.8-fold. The elastic
modulus increased in the anterior approximately 120 lm of stroma. RB was partially
photobleached during the 2-minute irradiation, but reapplication of RB blocked light
transmission by >70%. Spectral measurements suggested that RGX initiated cross-linking by
an oxygen-dependent mechanism. RGX did not decrease keratocyte viability.

DC and EEV contributed equally to the
work presented here and should
therefore be regarded as equivalent
authors.

CONCLUSIONS. RGX significantly increases cornea stiffness in a rapid treatment (@12 minutes
total time), does not cause toxicity to keratocytes and may be used to stiffen corneas thinner
than 400 lm. Thus, RGX may provide an attractive approach to inhibit progression of
keratoconus and other ectatic disorders.
Keywords: collagen cross-linking, corneal stiffness, ectatic disorder, keratoconus,
photochemistry

K

eratoconus is characterized by protrusion of the corneal
surface due to thinning and weakening of the corneal
stroma. The cornea assumes a progressively conical shape at or
around the visual axis, resulting in severe astigmatism and poor
visual acuity. Keratoconus typically begins in puberty and may
stabilize at 30 to 40 years or continue to progress. Structural
changes in the cornea include thinning of the central stroma
and breaks in Bowman’s layer as well as a decreased number of
collagen lamellae.1 The mechanisms underlying keratoconus
are poorly understood and may involve an inheritable genetic
factor, increased protease activity, oxidative stress, and
environmental factors such as eye rubbing.2
Management of keratoconus revolves around visual rehabilitation as well as slowing the disease progression. Eye glasses
and soft and hard contact lenses are the traditional modalities to
improve visual acuity. As the disease progresses, other
treatments may be needed such as scleral contact lenses or
intracorneal ring segments.3 Lamellar or penetrating keratoplasty is the final resort if progression continues. More recently,
collagen cross-linking using riboflavin-5-phosphate (riboflavin)
and ultraviolet A (UVA) light has been used to stiffen the
stromal collagen and shown to be effective for decreasing

progression in keratoconus.4–6 Covalent cross-links formed
between collagen molecules in collagen fibers increase the
tensile strength of the stroma, making the cornea more able to
resist the intraocular pressure (IOP) that distorts the normal
curvature.7,8 Despite its usefulness, collagen cross-linking with
riboflavin has been associated with drawbacks including
cytotoxicity to keratocytes,9–11 a long procedure time,12 and
limitation to only treating corneas greater than 400 lm
thick.10,13,14 Recent technical developments, however, allow
treatment of thinner corneas using hypoosmotic riboflavin15
and a shorter irradiation time using a commercially available
light source (KXL System; Avedro, Waltham, MA).
We have developed a collagen cross-linking technology that
uses green light to activate rose bengal (RB), a well-known
diagnostic agent for ocular surface damage. We have previously
demonstrated that this technology can be used to seal wounds
in cornea, to bond amniotic membrane to the corneal surface,
and for applications in many other tissues.16–21 In this study, we
investigated whether photochemical cross-linking of cornea
stromal collagen using RB and green light, a process called
RGX, increases corneal stiffness. We investigated the processes
involved and factors important for clinical application.
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MATERIALS

AND

METHODS

Materials
Rose bengal sodium salt (Sigma-Aldrich, St. Louis, MO) was
prepared as a 0.1% weight/volume solution in phosphate
buffered saline (PBS). Riboflavin-5-monophosphate (SigmaAldrich) was prepared as a 0.1% weight/volume solution in
PBS containing 20% dextran (»500 kDa; Sigma-Aldrich). Fresh
young rabbit eyes were purchased from a commercial supplier
(Pel-Freez Biologicals, Rogers, AR) and received on ice 17 to 24
hours after enucleation. Previously frozen eyes were also
purchased and were thawed in PBS. Eyes were also obtained
immediately after euthanasia from New Zealand white rabbits
using an IACUC-approved protocol and in accordance with the
ARVO statement for the Use of Animals in Ophthalmic and
Vision Research. The corneal epithelium was removed by brief
treatment with 30% ethanol and scraping.

Light Sources
A cw KTP-frequency doubled solid state laser (Oculight OR;
IRIDEX Corporation, Mountain View, CA) provided green light
(532 nm), which is strongly absorbed by RB (absorption
coefficient at 532 nm: »25,000 M!1 cm!1 in PBS; Fig. 1A). The
laser light from an optical fiber was expanded to a 1.2-cmdiameter beam and was delivered with an irradiance of 0.25 W/
cm2. Riboflavin-treated corneas were exposed to UVA radiation
from a filtered high-intensity UV lamp (Blak-Ray Lamp, Model
B-100A; Ted Pella Inc., Redding, CA) with output at 365 6 3
nm as measured with a spectroradiometer (SPR-01, 235–850
nm; Luzchem Research Inc., Gloucester, Ontario, Canada). The
power of each light source was measured with a power meter
(NOVA; Ophir Optronics Ltd., North Andover, MA).

Absorption Spectra
After application of RB (0.1% in PBS) to deepithelialized cornea
and removal of excess RB by brief washing with PBS, a 4-mm
central cornea disc was placed on a glass coverslip for
measuring the spectrum using a plate reader (Spectramax
M5; Molecular Devices, Sunnyvale, CA). Spectra after varying
irradiation times were measured similarly.

Fluorescence Microscopy
After removing the epithelial layer, the cornea was immersed in
0.1% RB solution for 2 minutes before a 4-mm disc of central
cornea was removed. The RB-stained corneal disc was placed
in 1 lM nuclear stain (TO-PRO-3; Life Technologies, Grand
Island, NY) in PBS for 15 minutes to stain cell nuclei. The disc
was bisected and the halves were placed in optical cutting
temperature compound. Vertically cut frozen sections (5 lm)
were dried on slides and washed three times with water, then
coverslipped. The RB fluorescence was excited at 559 nm and
emission detected at 575 to 620 nm (Olympus FluoView 1000
confocal microscope; Olympus America Inc., Center Valley,
PA). Fluorescence (TO-PRO-3) was excited at 635 nm and
emission was detected in the range 665 to 755 nm. The RB
intensity profile was determined by averaging the signal along
20 lines drawn perpendicular to the stroma surface using
ImageJ software (available in the public domain at http://
rsbweb.nih.gov/ij/index.html; developed by Wayne Rasband,
National Institutes of Health, Bethesda, MD).

Collagen Photo-Cross-Linking
After application of 0.1% RB (8 drops over 2 minutes), excess
RB was removed by brief washing with PBS and corneas were
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irradiated with 532-nm light with an irradiance of 0.25 W/cm2.
In an initial study using previously frozen eyes, the RB-stained
cornea was irradiated for 3.3, 6.6, or 10 minutes to deliver
fluences of 50, 100, or 150 J/cm2, respectively. In subsequent
studies using fresh commercially available rabbit eyes stained
with RB, an additional 4 drops of 0.1% RB were applied after
3.3 and 6.6 minutes. For comparison, deepithelialized corneas
pretreated with 0.1% riboflavin in 20% dextran solution every 5
minutes for 30 minutes were exposed to UVA light for 30
minutes (3 mW/cm2; 5.4 J/cm2) with 0.1% riboflavin solution
added every 5 minutes. This procedure mimics the frequently
used clinical protocol.22

Uniaxial Tensiometry
After removing the cornea, the central thickness was measured
with a spring-loaded micrometer with 10-lm gradations (No.
1010; Starrett Co., Athol, MA). A 2-mm-wide strip through the
central cornea was cut on the horizontal axis with parallel
blades and trimmed to approximately 15-mm length. Corneal
strips were kept on moistened gauze in a covered dish and
measured within 1 hour of treatment. A total of four or five
samples representing different groups were produced and
tested in a batch. Each strip was mounted in the jaws of a
testing machine (Micro EP Miniature; Admet, Norwood, MA)
with a 10 N load cell. The initial distance between the jaws was
increased until a load of 0.01 N was detected and the separation
at this load was used for calculating the length changes. Cornea
strips were conditioned by applying uniaxial tension (three
load cycles between 0.1 and 0.3 N) before loading to failure at a
stretch rate of 1 mm/min. The force generated during the test
was recorded in Newtons (N) along with the distance between
the jaws (using an MTEST Quattro controller; Admet). Stiffness
of the sample was calculated by dividing the force by the
displacement (in mm) at 10% extension. Young’s modulus was
calculated by dividing the stress (force/cross-sectional area) by
the strain (10% extension).

Brillouin Optical Microscopy
Brillouin optical microscopy is a recently developed technique
for 3-dimensional mechanical imaging that has been used to
assess the biomechanical properties of cornea in situ at high
resolution.23,24 The longitudinal elastic modulus of a material is
related to the frequency shift of the Brillouin-scattered light.
The cornea from a freshly enucleated eye was placed in 0.1%
RB for 2 minutes, then the cornea was exposed to 150 J/cm2
green light. The control eye was treated with PBS only. The
Brillouin-scattered light was collected as described previously.23,24 A Brillouin image of the cornea is produced by plotting
the measured Brillouin frequency shifts over space with color
encoding.

Keratocyte Viability
The deepithelialized cornea of freshly enucleated rabbit eyes
were placed in 0.1% RB for 2 minutes. One-half of each cornea
was shielded from light, and the other half was exposed to
either 100 or 200 J/cm2 green light. The cornea and a rim of
sclera were removed and cultured for 24 hours, which
increased the thickness by 2.4-fold (RB-treated) and 2.0-fold
(riboflavin/dextran-treated).25 Corneas were fixed in 10%
phosphate buffered formalin and paraffin-embedded. Corneas
treated with riboflavin/dextran þ UVA were positive controls
since this protocol causes keratocyte toxicity.9,11 A fluence of
14.4 J/cm2 was delivered in 30 minutes (8 mW/cm2). Cell
nuclei were counted on 5-lm H&E-stained sections (at least
nine fields/eye for each treatment and three eyes/treatment).
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FIGURE 1. Rose bengal. (A) Absorption spectrum of RB (0.1% in PBS) applied to rabbit cornea for 2 minutes. Dashed line is spectrum of cornea
without RB. (B) Structure of RB.

Cells in the most anterior 200 lm were counted on RB-treated
cornea, which corresponded to approximately 85 lm in
unswollen cornea and to a depth of 500 lm on riboflavin/
dextran-treated cornea, which corresponded to 250 lm. The
field width was 500 lm.

Statistics
A two-tailed, unpaired Student’s t-test was performed to assess
differences between groups. Significance was set at P < 0.05.

RESULTS
Light Absorption by Rose Bengal on Rabbit Cornea
Absorption spectra were measured on cornea of commercially
obtained fresh rabbit eyes after application of 0.1% RB in PBS.
The spectra have a maximum at 562 nm and a shoulder from
520 to 535 nm (Fig. 1A). At the irradiation wavelength, 532
nm, the absorption is usually approximately 1.0, indicating that
RB within the stroma absorbs approximately 90% of the
incident light.

Diffusion of Rose Bengal Into Rabbit Cornea
Since RGX can occur only in the stromal region containing RB
to absorb the green light, we determined the depth that RB
diffused into the stroma. Corneas of previously frozen eyes were
RB-stained as described for RGX, then the cornea was removed
and stained with a long-wavelength absorbing/fluorescing
nuclear stain (TO-PRO-3). Fluorescence observed on frozen
sections showed that RB localizes near the anterior surface (Fig.
2A). Measurement of the RB fluorescence intensity on these
images as a function of depth indicated that the intensity
decreased to 10% of the maximum value by approximately 150
lm (Fig. 2B). Correcting this value for the increase in thickness
due to freezing (to »750 lm from »500 lm), indicates that RB
actually diffuses approximately 100 lm into the stroma. The
depth of RB fluorescence increased only very slightly when
observed over 4 hours by confocal microcopy on intact cornea,
suggesting that RB was strongly bound to molecules in the
anterior stroma. This suggestion was supported by agitating RBstained corneas in PBS for varying lengths of time and
measuring the RB remaining in the cornea. Approximately
20% of the RB was released over 40 minutes but the remaining
80% remained at least up to 160 minutes (Fig. 2C).

Rose Bengal Photobleaching
Absorption of 532-nm light by RB-stained cornea decreased
after irradiation (i.e., RB photobleached), using fluences of 25,
50, 75, and 100 J/cm2 green light (1.7, 3.3, 5, and 6.7 minutes;
Fig. 3A) on previously frozen eyes. The peak absorbance
(optical density corrected for spectrum of unstained cornea)
decreased in a fluence-dependent manner. To maximize the
absorption of green light (and consequently cross-linking) by
the RB-stained cornea during RGX, RB solution was added after
fluences of 50 and 100 J/cm2. Figure 3B shows that 50 J/cm2
decreases the RB absorption at 532 nm by approximately 50%.
Subsequent restaining with RB restores the full absorption and
during the second 50 J/cm2 (total fluence ¼ 100 J/cm2),
photobleaching occurs again. Restaining with RB and irradiation with an additional 50 J/cm2 to reach a total fluence of 150
J/cm2 showed similar changes in the absorption spectra
(results not shown). The absorption measurements were
converted into the percentage absorption of 532-nm light as
shown in Figure 3C. At all time points, RB absorbed between
70 and 90% of the incident light. The absorption of green light
by RB in the cornea is shown schematically in Figure 3D.
The decrease in RB absorption without a change in the
absorption maximum (Fig. 3B) is consistent with a photobleaching mechanism in which singlet oxygen, that is known
to be formed by energy transfer from the RB triplet excited
state to oxygen,26 reacts with RB in the tissue to destroy the
xanthene chromophore. To evaluate this concept, oxygen
diffusion into the cornea was blocked by sandwiching the RBstained cornea between two microscope slides and surrounding it with silicone sealant before the irradiation. As shown in
Figure 3E, the RB absorption decreased and the spectrum
maximum shifted from 562 nm to a shorter wavelength (»520
nm), indicating that the products formed with minimal oxygen
present differ from those formed by photobleaching in the
presence of oxygen.

Stiffening Cornea Using RGX
Cornea stiffness was evaluated by uniaxial extensiometry. A pilot
study using previously frozen rabbit eyes stained with 0.1% RB
indicated that fluences of 100 and 150 J/cm2 produced an
increase in stromal stiffness. Next, corneas in commercially
obtained fresh rabbit eyes (n ¼ 7–9/group) were untreated or
stained with 0.1% RB and kept in the dark or irradiated with
green light. RGX using 150 J/cm2 decreased the mean central
stromal thickness by 13% (Table). Uniaxial tensiometry measure-
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FIGURE 2. Diffusion of RB into corneal stroma. (A) Frozen section of rabbit cornea stained on anterior surface with RB, then with a nuclear stain
(TO-PRO-3), on anterior and posterior surfaces. Left: fluorescence of RB (red) and TO-PRO-3 (green). Center: brightfield image. Right: merged
image. (B) RB fluorescence intensity as a function of distance from stroma anterior surface; measured on frozen section shown in (A). (C) Retention
of RB by rabbit cornea. RB-stained rabbit corneas were incubated in PBS and absorption spectra of the cornea were measured at times up to 160
minutes. Absorption at 532 nm is shown.

ments were used to calculate values of the corneal stiffness (the
resistance force exerted by the full thickness of the cornea
divided by the change in length of the cornea strip at 10%
extension). Stiffness was chosen as the most informative
parameter for clinical application because it is a property of
the full thickness of the stroma, which in the intact eye is
responsible for resisting the IOP. RB-stained, but not irradiated,
corneas were 1.9-fold stiffer than untreated control corneas
(Table). Irradiating RB-stained corneas with 100 J/cm2 (additional
RB after 3.3 minutes) increased the average stiffness by 2.3-fold
compared with untreated control corneas, whereas using 150 J/
cm2 (additional RB after 2.7 and 6.7 minutes) the increase was
even more substantial, 3.8-fold. The values for Young’s modulus,
an intrinsic property of the material tested, show a similar
pattern with a 4.4-fold increase using 150 J/cm (Table).
Similar measurements were made on corneas treated with
riboflavin in 20% dextran using a sequence mimicking a
clinical protocol (see the Materials and Methods section).12
The 41% decrease in cornea thickness by photo-cross-linking
using 5.4 J/cm2 UVA was greater than observed after RGX
(Table). The average stiffness after irradiation increased by a
factor of 5.5-fold compared with the untreated controls and
Young’s modulus increased by 8.5-fold, showing the effect of
the substantial decrease in stromal thickness on calculation of
Young’s modulus.
The shallow diffusion distance of RB into the stroma (Fig. 2)
suggests that collagen cross-links, and therefore increased
stiffness, will be localized close to the anterior surface.
Brillouin microscopy, a recently introduced technology for
measuring elasticity of materials, was used to measure the
elastic modulus as a function of distance from the anterior
surface.24 In a normal fresh rabbit cornea the elastic modulus is
highest (i.e., the cornea is stiffest) in the most anterior

region.27 Brillouin microscopy measurements confirmed this
observation.24 After RGX (0.1% RB, 150 J/cm2) using freshly
enucleated rabbit eyes, the stroma showed an even higher
elastic modulus near the anterior surface than the untreated
cornea (Fig. 4). The elasticity returns to the values in a normal
cornea at 100 to 120 lm from the surface, for an approximately
450-lm-thick stroma, mimicking the penetration depth of RB
in the stroma.

Effect of RGX on Keratocyte Viability
Although RB is known to be phototoxic to cultured cells,28,29
we have previously shown that photo-cross-linking with RB
and green light to seal skin wounds did not cause phototoxicity
to dermal cells.30 Consequently, cell viability was measured 24
hours after RGX using cornea of freshly enucleated eyes. After
RB application one-half of each cornea was shielded from light
and the other half irradiated with 100 or 200 J/cm2. As shown
in Figures 5A, 5B, the density of nuclei on H&E-stained vertical
sections appeared to be the same in irradiated and nonirradiated portions of the cornea. Previous studies have shown that
treatment with riboflavin plus UVA cross-linking causes
keratocyte apoptosis9–11 and our study confirmed this finding
(Figs. 5C, 5D). Riboflavin and UVA produced loss of cells in the
irradiated cornea half. Counting nuclei in the irradiated and
unirradiated areas of RB and riboflavin/dextran-treated corneas
confirmed these observations (Fig. 5E).

DISCUSSION
The results of this study suggest that cross-linking corneal
collagen with RB and green light (RGX) may provide a novel
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FIGURE 3. Absorption of green light by RB during irradiation. (A) Absorption spectra of RB on cornea before irradiation and after 25, 50, 75, and
100 J/cm2 irradiation with 532-nm green light without additional RB drops. (B) Restaining cornea with RB during irradiation. Absorption spectra
were taken before irradiation (red solid line) and after 50 J/cm2 (red long dashed line). Cornea was then restained with RB and absorption
spectrum measured (black short dashed line), then irradiated a second time with 50 J/cm2 and absorption measured (black dotted line). (C)
Percentage of green light at 532 nm that is absorbed by RB-stained cornea before irradiation, after 50 J/cm2 irradiation, after subsequent restaining
with RB, and a second 50 J/cm2 irradiation, then a second restaining with RB. (D) Schematic diagram showing absorption of green light by RB in the
cornea. The incident light (thick green arrows) is diminished due to absorption by RB near the anterior surface; much less light, thin green arrows,
reaches the posterior surface. (E) Absorption spectra of RB-stained cornea irradiated in the absence of oxygen. Numbers are the fluences (J/cm2) of
532-nm light delivered to the cornea surface.

approach to inhibiting progression of keratoconus and other
ectatic disorders. After a brief application to deepithelialized
cornea, RB penetrates approximately 100 lm into the corneal
stroma, where it absorbed >90% of the incident green light.
Irradiation (<10 minutes) increased the elastic modulus
selectively in the anterior stroma, leading to a 3.8-fold increase
in stromal stiffness. Significantly, RGX did not decrease
keratocyte viability.

A key aspect of RGX is the relatively short distance that RB
diffuses into the corneal stroma. Fluorescence microscopy
showed that RB localizes in an approximately 100-lm-wide
band adjacent to the anterior surface (Figs. 2A, 2B) where it
absorbs most of the incident green light (Fig. 3). The exact
reason for the limited diffusion of RB into the stroma is not
clear. Since RB is tightly bound to the stroma (Fig. 3C), we
hypothesize that complexes formed between negatively-

TABLE. Stiffening Rabbit Cornea by Photo-Cross-Linking
Treatment
Control, no treatment

n

Stromal Thickness, mm*

Average Stromal Stiffness, N/mm*

Average Young’s Modulus, MPa*

8

0.565 6 0.051

0.772 6 0.380

3.72 6 1.69

7
9
6

0.538 6 0.074†
0.474 6 0.040‡
0.494 6 0.040‡

1.49 6 0.34‡
1.80 6 0.42‡
2.92 6 0.60‡

6.86 6 3.58†
10.2 6 2.88‡
16.3 6 4.08‡

0.429 6 0.049‡
0.335 6 0.029‡

1.71 6 0.47‡
4.24 6 2.50‡

11.9 6 2.89‡
31.7 6 17.5‡

Rose bengal, 0.1% in PBS
No light
100 J/cm2 green light
150 J/cm2 green light

Riboflavin, 0.1% in 20% dextran
No light
7
7
5.4 J/cm2 UVA

* Mean 6 SD.
† Indicates P < 0.01 compared with no treatment control group.
‡ Indicates P < 0.001 compared with no treatment control group.
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FIGURE 4. Cross-sectional images of Brillouin scattering of corneas.
Anterior surface of deepithelialized fresh rabbit cornea is at top and
distance into cornea is indicated. Cornea thickness is 450 to 500 lm.
Left: untreated; right: treated with RB and 150 J/cm2 green (532 nm)
light. Higher-frequency values (GHz) indicate higher elastic modulus
and greater corneal stiffness.

charged RB (Fig. 1B) and the many positively charged lysines,
hydroxylysines, and arginines in collagen may inhibit entry of
additional RB into the stroma. Complex formation between RB
and other proteins has been reported.31 The RB/collagen
complexes at the surface of the cornea neutralize the positive
charges on collagen, and thus the surface layer becomes
strongly negatively charged due to the high concentration of
negatively charged glycosaminoglycans. Additional RB mole-
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cules may not enter the stroma due to ionic repulsion, leading
to the observed band of RB at the surface. This hypothesis
requires investigation.
Tight association of RB with collagen may also be a reason
that RB is not phototoxic to keratocytes during RGX (Fig. 5).
Although both RB and riboflavin are phototoxic to cultured
cells,10,29,32 only riboflavin is phototoxic during photo-crosslinking, causing loss of keratocytes by apoptosis and necrosis
to the same distance from the anterior surface as UVA
penetration.9,11 Formation of RB/collagen complexes may
greatly reduce the amount of free RB available to enter cells,
whereas riboflavin, which rapidly diffuses in cornea,33 enters
the keratocytes, where it absorbs UVA and initiates toxicity.
The localization of RB in the most anterior approximately
100 lm of stroma limits the depth to which collagen cross-links
are formed by RGX, but interestingly, the increases in stromal
stiffness are substantial (Table). The formation of collagen
cross-links in the upper layers of the cornea by RGX was
confirmed by Brillouin microscopy measurements of the
spatial distribution of the elastic modulus in the stroma before
and after RGX (Fig. 4). Values of the Brillouin frequency shift,
which are related to the elastic modulus, are higher in the RGXtreated cornea at depths up to 100 to 120 lm. This contrasts
with the greater depth of cornea stiffening by riboflavin crosslinking as measured by Brillouin microscopy and optical
microscopy.24,34 A significant implication of the stiffening
effect of RGX near the anterior cornea surface is that corneas
thinner than 400 lm can be cross-linked with RGX. A
disadvantage of riboflavin cross-linking is that the stroma must
be at least 400 lm thick to allow accumulation of sufficient
riboflavin to block UVA that may damage endothelial
cells.10,13,14,35 Since corneal thickness is significantly decreased in keratoconus patients a subset of patients cannot
be treated.
Association of RB with collagen may account for the
increase in stromal stiffness of corneas treated with RB but
not irradiated (Table). RB may bridge between collagen
molecules or microfibrils, as well as change the ionic
environment as described above, to alter the molecular
organization of the stoma sufficiently to increase its stiffness.

FIGURE 5. Keratocytes in cornea after photo-cross-linking. (A, B) RB was applied to cornea and exposed to 100 or 200 J/cm2 green light (A) or kept
in dark (B). (C, D) Riboflavin/dextran was applied to cornea and exposed to 8.7 J/cm2 UVA (C) or kept in dark (D). Corneas were cultured for 24
hours then fixed, paraffin-embedded, and H&E-stained. (E) Cells in stroma of corneas treated with RB, then with 100 or 200 J/cm2 green light or
kept in dark. Only cells in most anterior stroma (200 lm) on section were counted. (F) Cells in corneas treated with riboflavin, then with 8.7 J/cm2
UVA or kept in dark. Cells to a depth of 500 lm on the sections were counted. n ¼ 3 to 4 cornea for each treatment condition.
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This hypothesis is consistent with the observation that RB (no
light) decreases the stromal thickness (Table). Interestingly,
application of riboflavin/dextran without UVA irradiation also
increased stromal stiffness in this study (Table) and in a study
using Brillouin microscopy to assess the stromal modulus,36
although not in an earlier, seminal study.37 Riboflavin/dextran
application substantially decreases the stromal thickness8,38
due to dehydration, which is also known to increase corneal
stiffness.39
The mechanism for protein–protein cross-linking by RGX
is initiated by light absorption by RB molecules, which are
promoted to excited singlet, then excited triplet states.
When sufficient oxygen is present, the RB triplet state
transfers energy to oxygen, generating singlet oxygen.26
Previous studies have shown that singlet oxygen reacts with
certain amino acids, mainly histidine, to initiate covalent
bonds between protein molecules.40,41 The photobleaching
results shown in Figure 3B indicate that sufficient oxygen is
present during RGX because RB is photobleached without
the formation of the short-wavelength–absorbing products
that are formed in the absence of oxygen (shown in Fig. 3E).
This result suggests that the cross-links are formed in an
oxygen-dependent process, consistent with our previous
report of oxygen-dependent RB sensitized photo-crosslinking of amniotic membrane to the cornea surface.21 In
contrast, photo-cross-linking during riboflavin/UVA treatment of cornea appears to be a nearly oxygen-independent
process.33
For application of RGX to keratoconus eyes or other cornea
conditions, the safety of the treatment must be considered.
Since RB does not penetrate through the stroma, photosensitized damage to the endothelial layer is not a concern.
However, some green light will reach the retina through the
pupil. We calculated that RGX would deliver an irradiance of
3.47 mW/cm2 on the retina when a light delivery device is
used that produces a diverging beam with a 12-mm image on
the retina. This irradiance is at more than a factor of 20 below
the thresholds for 532-nm light set by the American National
Standard Institute of 75.5 and 159 mW/cm2 for thermal and
photochemical damage.42,43 This calculation allowed 50% of
the light to be transmitted to the retina, which is greater than
the maximum observed in the photobleaching studies (Fig.
3C).
In summary, RGX significantly increases corneal stiffness in
a rapid treatment (approximately 12 minutes total time) by an
oxygen-dependent mechanism, does not cause toxicity to
stromal keratocytes and may be used to stiffen corneas thinner
than 400 lm. Thus, RGX may provide an attractive approach to
stiffen corneas for inhibiting progression of keratoconus and
other ectatic disorders.
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Brillouin Optical Microscopy for Corneal Biomechanics
Giuliano Scarcelli,1,2 Roberto Pineda,3 and Seok Hyun Yun1,2,4
PURPOSE. The mechanical properties of corneal tissue are
linked to prevalent ocular diseases and therapeutic procedures.
Brillouin microscopy is a novel optical technology that enables
three-dimensional mechanical imaging. In this study, the feasibility of this noncontact technique was tested for in situ quantitative assessment of the biomechanical properties of the cornea.
METHODS. Brillouin light-scattering involves a spectral shift proportional to the longitudinal modulus of elasticity of the tissue.
A 532-nm single-frequency laser and a custom-developed ultrahigh-resolution spectrometer were used to measure the Brillouin frequency. Confocal scanning was used to perform Brillouin elasticity imaging of the corneas of whole bovine eyes.
The longitudinal modulus of the bovine corneas was compared
before and after riboflavin corneal collagen photo-cross-linking. The Brillouin measurements were then compared with
conventional stress–strain mechanical test results.
RESULTS. High-resolution Brillouin images of the cornea were
obtained, revealing a striking depth-dependent variation of
the elastic modulus across the cornea. Along the central axis,
the Brillouin frequency shift varied gradually from 8.2 GHz
in the epithelium to 7.5 GHz near the endothelium. The coefficients of the down slope were measured to be approximately
1.09, 0.32, and 2.94 GHz/mm in the anterior, posterior, and
innermost stroma, respectively. On riboflavin collagen crosslinking, marked changes in the axial Brillouin profiles (P !
0.001) were noted before and after cross-linking.
CONCLUSIONS. Brillouin imaging can assess the biomechanical
properties of cornea in situ with high spatial resolution. This
novel technique has the potential for use in clinical diagnostics
and treatment monitoring. (Invest Ophthalmol Vis Sci. 2012;
53:185–190) DOI:10.1167/iovs.11-8281

T

he current standard of corneal diagnosis is structural analysis, by pachymetry1 and tomography,2 to measure corneal
thickness and curvature. In addition to structure, the biomechanical properties of the cornea are also important indicators
of corneal health. Keratoconus is a degenerative condition that
involves a loss of corneal rigidity. Corneal ectasia, which can
occur as a rare but serious complication of refractive surgery,
results from a decrease in corneal stiffness. Corneal crossFrom the 1Wellman Center for Photomedicine, Massachusetts
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linking is a procedure that increases the elastic modulus of the
cornea to prevent ectasia.3–5 It has been used in the treatment
of keratoconus and ectasia after refractive surgery. A noninvasive device that could measure corneal biomechanical properties3 would be highly useful in the clinic.6
Most of our current knowledge on the mechanical properties of the cornea came from modeling7 or ex vivo experimental studies performed with stress–strain tests,8 dynamic rheometry, and other mechanical tests.9,10 As the compelling clinical
need of biomechanical information has increased,6 various in
vivo techniques have been under active development. The
ocular response analyzer11 (ORA; Reichert, DePew, NY) uses
an air puff to induce pressure on the corneal surface and
optically measures the time-dependent deformation of the cornea. However, its sensitivity and clinical usefulness remain
questionable.12–14 Several elastography techniques are currently under development.15–18 Ultrasound has long been investigated,19 but thus far is difficult to use in vivo because of its
low sensitivity and resolution. However, more sophisticated
techniques such as quantitative ultrasound spectroscopy continue to be investigated.20
In this context, we have recently developed a novel technique termed Brillouin optical microscopy that can measure
the viscoelastic properties by probing the hypersonic acoustic
waves inherently present in the sample.21 Like ultrasound
spectroscopy, Brillouin microscopy can determine intrinsic
viscoelastic properties decoupled from the structural information and applied pressure. In contrast, it can measure the local
acoustic properties with much higher spatial resolution and
sensitivity, and the measurement is performed optically without the need for acoustic transducers or physical contact with
the cornea. Vaughan and Randall22 have measured the Brillouin
spectra of excised cornea and lens. The conventional Brillouin
instruments had extremely slow data acquisition, requiring 10
to 60 minutes to obtain a single Brillouin spectrum. Brillouin
microscopy drastically improved the data acquisition time to
less than a second,23 allowing spatially resolved analysis.
We report our investigation of corneal biomechanics using
Brillouin microscopy. For this work, we constructed a tabletop
instrument combining a simple confocal microscope with a
high-speed spectrometer. Using Brillouin microscopy on fresh
bovine whole eyes ex vivo, we showed, to our knowledge for
the first time in situ, the ability to image corneal elasticity in
three dimensions and measure the depth-dependent variation
of elastic modulus within the cornea. We also demonstrate the
feasibility of monitoring riboflavin-assisted corneal cross-linking procedures, using Brillouin microscopy.

MATERIALS

AND

METHODS

Brillouin Elastic Modulus
Brillouin light-scattering arises from the interaction of incident light
with propagating thermodynamic fluctuations, also known as acoustic
phonons, in the sample material. The Brillouin-scattered light is characterized by a frequency shift, ", which is related to the longitudinal
elastic modulus, M# (the real part of complex modulus), of the sample
via23–25
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M# ! 1/4" 2" 2$ # /n 2%

(1)

where " is the optical wavelength in air, # is the mass density, and n
is the refractive index. Although the structural and optical properties
of the cornea are generally anisotropic, our measurements of Brillouin
frequency shifts indicated negligible dependence on the optical polarization state, compared to their variation over depth in the cornea.
Brillouin microscopy measures the frequency shift by employing an
ultrahigh-resolution spectrometer. In the case of backscattering of
visible light, the Brillouin frequency shift is approximately 5 to 15 GHz
in soft tissues, and the corresponding longitudinal modulus ranges
typically from 2 to 6 GPa.
The conversion from the Brillouin shift to the elastic modulus
requires the knowledge of the index– density factor #/n2. Both refractive index and density are not uniform in the cornea, mainly because
of the spatial variations of hydration26,27 and water/protein content.28,29 Treating the cornea as an aqueous solution of collagen fibers
and extrafibrillar material with spatially varying concentrations,30,31 we
can write n & 1.335 ' 0.04/(0.22 ' 0.24H), where corneal hydration
(weight%) H ranges from 3 to 4 in normal corneas,31–33 and # & (#T '
H)/(1 ' H) where #T & 1.33 is the density of dry tissue.34 From the
formulas, we calculate: n & 1.3689 –1.3775, # & 1.066 –1.083 g/cm3,
and #/n2 & 0.569 – 0.571 g/cm3. In #/n2, the index and density changes
cancel each other, and the resultant variation of #/n2 is (0.3% in the
cornea. Ignoring this small variation, we used a constant value of 0.57
g/cm3 for #/n2 in our analysis.

Brillouin Confocal Microscope
Figure 1a illustrates the experimental setup. We used a frequencydoubled Nd-YAG laser (Torus; Laser Quantum, Inc., San Jose, CA)
emitting a single-mode laser line with a line width of 1 MHz at 532 nm.
The beam was expanded and aligned into an inverted microscope
setup using an objective lens (focal length of 16 mm, numerical
aperture of 0.25; Edmund Optics, Barrington, NJ), which resulted in a
spatial resolution of (1 ) 1 ) 5 $m3 (in x-y-z). The laser power on the
sample was typically 7 to 15 mW. A custom-made sample-holding
chamber was mounted on a three-axis motorized stage (Zaber Technologies, Vancouver, BC, Canada, and NewFocus; Newport Corp.,
Santa Clara, CA). The scattered light from the sample was collected by
a single-mode optical fiber (Thorlabs, Newton, NJ) and delivered to a
two-stage VIPA (virtually imaged phase array) spectrometer with subGHz frequency resolution.35 The spectrometer was constructed with
two VIPA etalons in the cross-axis configuration.36 The dispersed
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Data Acquisition and Analysis
A software program (LabVIEW; National Instruments, Austin TX) was
implemented for the synchronous control of the translational stages,
CCD camera, and data-acquisition board. Figure 1b shows a CCD frame
featuring the typical Brillouin signal from the cornea. The corresponding Brillouin spectrum (red) was then analyzed with Lorentzian curve
fit (gray) by using a custom-written program (MatLab; The MathWorks,
Natick, MA) to determine the Brillouin frequency shift (Fig. 1c). For
imaging, the control software moved the motorized stage at constant
speeds in the x, y, and z planes, as the Brillouin spectrum at each
location was recorded continuously with the CCD camera. A Brillouin
image of the sample was produced by plotting the measured frequency
shifts over space with color encoding. The scan speed of the sample
stage and the CCD frame integration time determine the spatial interval
between pixels in the Brillouin image.

Cornea Samples
Bovine whole eyes ((1 year old) were obtained 2 to 4 hours postmortem (Research 87, Inc., Boylston, MA). Whole eyes were placed in the
chamber holder. The chamber was filled with isotonic solution or
mineral oil to prevent drying of the cornea and maintain the transparency during measurement. After imaging, we surgically extracted the
cornea, fixed it in 10% formalin, and cut 5-$m-thick slices from the
central region for histologic analysis. H&E staining was used for standard structural examination. For collagen analysis, we used Masson’s
trichrome staining and performed second-harmonic generation microscopy with unstained sections after deparaffinization.

Corneal Collagen Cross-Linking
The corneal epithelium of the bovine eye was removed by a 1-minute
soak in 20% ethanol solution followed by gentle scraping with a blade
(Parker 15; BD Biosciences, San Diego, CA). Riboflavin (riboflavin-5phosphate; Sigma-Aldrich, St. Louis, MO) was diluted in PBS to a
riboflavin solution of 0.1%. The corneas without epithelium were fully
soaked in the riboflavin solution for 5 minutes. Excess riboflavin on the
tissue surface was washed away with PBS. The corneas were then
exposed to a Xenon lamp (" & 460 nm, 15 mW/cm2) for 20 minutes.
During irradiation, a drop of riboflavin solution was applied to the
cornea every 5 minutes. After corneal cross-linking, the whole eyes
were placed in the chamber holder for Brillouin measurements.

Measurement of Young’s Modulus

Intact
eyeball

laser

optical spectrum was recorded by using an EM-CCD camera (Ixon
Du197; Andor, Belfast, Northern Ireland, UK) with a frame integration
time of 250 ms.
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After Brillouin imaging, we cut 5-mm-diameter disks out of the sample
using a biopsy punch and performed compressive stress–strain tests at
constant strain rates (1% strain per minute) using a standard instrument
(model 5542; Instron, Norwood, MA). The stress–strain response
curves of all the cornea specimens showed typical J-shaped profiles.37
Young’s modulus was calculated from the slope of linear regression of
the stress–strain curves in the range between 1% and 10% strain
excluding the initial region below 1% strain.

RESULTS

1

Mapping Corneal Elasticity in Three Dimensions
0

0

5

10

15

Brillouin shift (GHz)

FIGURE 1. Brillouin optical microscopy. (a) The inverted microscope
setup. (b) A typical CCD output of the spectrometer, showing the
Brillouin spectrum of a corneal stroma. (c) Analysis of the Brillouin
spectrum (red trace) with Lorentzian curve fit (gray trace).

Figure 2a shows the cross-sectional image of the anterior segment of a normal bovine eye (cornea) (in the x–z plane). The
Brillouin image revealed a distinct spatial variation of Brillouin
frequency shift (cf. elastic modulus). Most notably, the Brillouin frequency shift was the highest in the anterior corneal
region but decreased gradually toward the endothelium. The
Brillouin shift in the aqueous humor is similar to that of pure
water ((7.5 GHz). Compared to the depth (axial) variation,
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correlation between the magnitudes of Brillouin frequency
shift, and the SHG signal supports the hypothesis that the
collagen content and fibril organization may be the principal
determining factor of corneal elasticity.40
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We measured the axial slopes in the anterior, posterior, and
innermost corneal regions (N & 4). In the anterior region
between 80 and 180 $m from the corneal surface, the average
slope was 1.09 * 0.26 GHz/mm (ignoring the negative sign of
the slope); in the posterior region between 300 and 550 $m,
the slope was 0.32 * 0.1 GHz/mm; and in the innermost region
between 680 and 780 $m, we measured a slope of 2.94 * 0.18
GHz/mm (Fig 4a). The Brillouin slope of each region was
statistically distinct (unpaired t-test P ! 0.001 for all two-group
comparisons). The mean longitudinal modulus of the four
tested samples was 2.7 * 0.02 GPa (Fig. 4b).
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Brillouin Imaging of Corneal CXL

there was much less variation laterally at the same depth from
the corneal surface. Figures 2b and 2c show en face Brillouin
images of the same sample acquired along two horizontal
planes (x–y) as the eye was moved horizontally with respect to
the laser beam. A high degree of radial symmetry is observed in
the en face images throughout all depths.

Brillouin Profiles and Microstructure
Most of the corneal stroma consists of 200 to 500 layers of
flattened collagenous lamellae. Collagen fibril organization is
responsible for the mechanical strength of corneal stroma.38 – 40 In
the anterior one third of the stroma, collagen lamellae are thin
((0.2–1.2 $m thick and 0.5–30 $m wide) and are positioned
obliquely to the corneal surface, sometimes interwoven. In the
posterior stroma, collagen lamellae tend to be arranged parallel
to the surface and are thicker (1.0 –2.5 $m thick and 100 to
250 $m wide).41 To investigate the correlation between the
structure and elastic modulus of the cornea, we compared a
high-resolution axial profile of an intact cornea (Fig. 3a) with a
collagen-stained (Masson’s trichrome) image of the corresponding corneal section (Fig. 3b). From the side-by-side comparison, we identified four distinctive regions: (I) the epithelial
region with low elastic modulus; (II) the anterior part of the
stroma characterized by the highest elastic modulus and a
steep downslope of the Brillouin modulus; (III) the posterior
region with a mild downslope; and (IV) the innermost region
near the endothelium, where the modulus decreases rapidly
with depth. The anterior (II) and posterior (III) regions in the
Brillouin image seem to correlate with the description of the
two regions with distinctively different collagen structures.40
To examine the microstructure, we performed second-harmonic generation (SHG) microscopy of an unstained tissue
section harvested from the same cornea (Fig. 3c). Consistent
with previous observations in human, rabbit, and porcine corneas,42– 44 the SHG image of bovine cornea visualized the
collagen-rich structure in the stroma but little collagen in the
epithelium. The anterior part of the stroma shows a markedly
interwoven and intertwined organization of collagen fibers. In
the posterior and innermost region of the cornea, collagen
fibers mostly run parallel to the corneal surface. The qualitative

Next, we evaluated the potential of Brillouin imaging to monitor corneal CXL. CXL promotes the formation of covalent
bonds between collagen fibers in the stroma by optical activation of a biocompatible photosensitizing agent such as riboflavin. Previous stress–strain and inflation tests45,46 established
that the induced cross links between collagen fibers increase
the elastic modulus of the corneal tissue, thereby stiffening the
cornea. We measured the Brillouin modulus on bovine corneal
samples during the CXL procedure performed with riboflavin
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FIGURE 2. Brillouin imaging of the cornea. (a) A cross-sectional Brillouin image of bovine cornea, revealing the decreasing modulus with
depth. The horizontal (x) and vertical (z) span is 5 ) 0.5 mm. (b) En
face Brillouin image of the cornea optically sectioned at a shallow
depth. (c) A Brillouin image of a deeper section. Scale bars: (a) 200 $m;
(b, c) 1 mm.
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FIGURE 3. Comparison of Brillouin elasticity and structural images.
(a) Brillouin depth profile of the entire cornea including the epithelium
(I), anterior stroma (II), posterior stroma (III), and the innermost
region (IV). (b) Masson’s trichrome–stained image of 5-$m-thick cornea section. (c) An SHG image of 5-$m-thick cornea section. Scale bar,
200 $m.
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FIGURE 6. Comparison of Brillouin modulus and Young’s modulus.
(a) Mean Brillouin modulus of normal versus CXL-treated corneas. (b)
Young’s modulus of normal versus CXL-treated corneas. Error bars, SD
(n & 4). ***P ! 0.001; **P ! 0.03.

Innermost
(IV)

2.8

nermost region). The magnitude of change decreased almost
linearly with the depth, probably due to the depth-dependent
gradient of riboflavin concentration and intensity of activation
light.48 The Brillouin slope of the cross-linked samples was
1.5 * 0.16 GHz/mm, an increase of almost sixfold from 0.25 *
0.1 GHz/mm before cross-linking (Fig. 5d, unpaired t-test P !
0.001).

2.7
2.6

Comparison with Standard
Mechanical Measurements
Mean (I-IV)

FIGURE 4. Brillouin axial slopes and mean modulus. (a) Downslope
coefficients in the anterior (II), posterior (III), and innermost (IV)
regions of the stroma. (b) The mean Brillouin modulus for the entire
depth (I–IV).

and blue light (see the Methods section). Figure 5 shows
Brillouin cross-sectional images of a de-epithelialized bovine
cornea sample before (Fig. 5a) and after (Fig. 5b) the CXL
procedure. It is apparent that the cross-linking procedure resulted in a substantial increase of Brillouin modulus in the
stroma. The shrinking of corneal thickness was noticeable,
consistent with previous observations.47
Figure 5c shows the typical Brillouin axial profiles of a few
corneal samples measured at various stages of the CXL procedure. We found that the Brillouin frequency shifts were not
altered by the removal of the epithelium (red circles) or by
soaking in riboflavin solution before illumination with blue
light (green circles). However, after optical irradiation, there
were dramatic changes in the Brillouin profiles (orange, cyan,
and blue data points). The increase in Brillouin frequency was
almost universal across the entire stroma (except for the in-
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To compare the Brillouin modulus to Young’s modulus, we
performed Brillouin imaging and standard stress–strain tests49
in two sample groups: untreated and CXL-treated corneas (N &
4 each). After Brillouin measurements, we resected a central
corneal button from each sample and measured the linear
slope of its stress–strain curve. The Brillouin moduli of the
control and treated groups were 2.7 * 0.03 GPa and 2.98 *
0.03 GPa, respectively (Fig. 6a). The increase in the Brillouin
modulus with CXL was only approximately 10% but was statistically significant (unpaired t-test, P ! 0.001). By comparison, the Young’s moduli of the control group was 0.4 * 0.1
MPa and that of the CXL-treated group was 0.9 * 0.2 MPa (Fig.
6b), about a twofold increase after CXL (unpaired t-test, P &
0.03).
The Brillouin longitudinal modulus and Young’s modulus
are based on different mechanisms by which the pressure is
applied. As previously described,23 the difference in magnitude
between the two moduli of elasticity comes primarily from
their different physical definitions and also from the different
time scales of pressure modulation (GHz for acoustic phonons
and Hz for mechanical stress). However, despite the apparent
difference in absolute scale, the experimental data suggest a
quantitative correlation between these two moduli of elasticity
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FIGURE 5. Brillouin measurement of the CXL procedure. (a) A cross-sectional (x-z) Brillouin image of
untreated cornea without the epithelium. (b) A Brillouin image of the cornea after CXL treatment. (c)
Brillouin depth profiles of the de-epithelialized cornea before treatment, after Riboflavin soaking, and after
illumination of the treatment light (orange, cyan, and blue circles). (d) The slope of the Brillouin
frequency in the stroma before and after the CXL treatment. Error bars, SD (n & 4). ***P ! 0.001.
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for the cornea. We note that the noncontact, high-resolution
nature of Brillouin imaging provided less sample-to-sample variation and better measurement repeatability, resulting in significantly more clear separation between the two sample groups.

DISCUSSION
In this study, we present novel Brillouin optical microscopy
that can provide quantitative microscopic information on corneal elasticity in vitro. Brillouin imaging visualized the spatially
heterogeneous biomechanical properties of the cornea.50 It
revealed a marked depth-dependent variation in elastic modulus from the epithelium through the stroma to the endothelium. We observed the anterior portion of the stroma to have
the highest elastic modulus in the cornea. This observation is
consistent with previous conventional mechanical measurements and the analysis of collagen microstructure. Kohlhaas et
al.51 reported that the anterior part of the stroma has nearly
three times higher elastic moduli than the posterior part of the
stroma. Muller et al.52 showed that the tightly interwoven
collagen fiber network in the anterior stroma is mainly responsible for the structural integrity of the cornea. Recently, Randleman et al.53 performed tensile stress–strain tests on shaved-off
corneal layers and found an interestingly similar trend of decreasing elastic modulus across the corneal depth. From the
Brillouin images of normal bovine corneas, we defined and
measured the axial slopes and mean Brillouin modulus, parameters that may serve as useful quantitative metrics of corneal
biomechanics.
We also demonstrated the feasibility of Brillouin imaging as
a tool for monitoring CXL treatment in patients with keratoconus or corneal ectasia. Brillouin imaging can be used to measure the degree of cross-linking with high spatial and temporal
resolutions, providing information about the diffusion kinetics
of the photo-cross-linking compounds and light intensity distribution. This possibility may prove useful in the preclinical
setting for developing new photo-cross-linking compounds
and optimizing the CXL procedure.
Our results validated Brillouin modulus with respect to
Young’s modulus measured by a conventional compressive
stress–strain test. For a given tissue sample, the Brillouin longitudinal moduli are considerably higher than Young’s moduli
for fundamental reasons: First, the cornea consists primarily of
water (+75%). As a result, the longitudinal modulus of tissue is
on the same order of magnitude as the bulk modulus (2.2 GPa)
of incompressible water (Poisson’s ratio, (0.5). Nevertheless,
our data suggest that the deviation of Brillouin modulus of
corneal tissue from the bulk modulus of pure water can be an
accurate and useful measure of the mechanical properties of
the tissue. Second, the elastic modulus tends to increase with
frequency,54 as many relaxation processes have little time to
respond to fast mechanical or acoustic modulation. Despite the
large difference in the time scale, there seems to be a good
correlation between the Brillouin modulus and Young’s modulus of soft tissue.23 This finding suggests that Brillouin microscopy can be used not only for comparative study but also for
quantitative analysis, especially after calibration with standard
mechanical tests for the given type of sample.
The mechanical balance between corneal stiffness and IOP
is critical in maintaining the normal structure and function of
the cornea. Corneal stiffness, the resistance to IOP, comes from
both the corneal thickness and the elastic moduli of the tissues
that constitute the cornea. Although the corneal thickness can
be measured accurately by pachymetry and topography, currently no clinical device is capable of reliably measuring the
elastic modulus and the stiffness of the cornea in vivo. Brillouin
optical microscopy is capable of measuring the intrinsic mate-
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rial property of the cornea, independently of the corneal thickness and the IOP. The accurate measurement of IOP is important in the diagnosis of glaucoma and in monitoring the
effectiveness of medication, but current applanation tonometry has several known error sources. Studies suggested that the
variation of corneal modulus of elasticity may be the major
confounding factor.33 Brillouin microscopy can potentially allow more accurate determination of IOP, improving the diagnosis and management of glaucoma-suspect patients.
In conclusion, we have presented a novel imaging technology, Brillouin optical microscopy, capable of mapping the
elastic modulus of cornea noninvasively with three-dimensional resolution. Our results suggest several potential applications such as early detection of keratoconus and corneal ectasia
as well as monitoring of corneal cross-linking procedures. We
are currently developing a Brillouin optical scanner suitable
and safe for use in humans. Such an instrument with the
capability of mapping corneal biomechanical properties may
prove clinically useful.
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In vivo Brillouin optical microscopy of the
human eye
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Abstract: We report the first Brillouin measurement of the human eye in
vivo. We constructed a Brillouin optical scanner safe for human use by
employing continuous-wave laser light at 780 nm at a low power of 0.7
mW. With a single scan along the optic axis of the eye, the axial profile of
Brillouin frequency shift was obtained with a pixel acquisition time of 0.4 s
and axial resolution of about 60 µm, showing the depth-dependent
biomechanical properties in the cornea and lens.
©2012 Optical Society of America
OCIS codes: (300.6190) Spectrometers; (290.5830) Scattering, Brillouin.
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1. Introduction
Brillouin optical microscopy is a novel technique based on Brillouin light scattering
spectroscopy for probing the viscoelastic properties of a sample with three-dimensional
resolution [1]. Brillouin spectroscopy has long been applied for material characterization and
environmental sensing [2, 3]. The first Brillouin spectroscopy of biological tissues was
demonstrated in the early 1980s [4, 5], where the Brillouin spectra of lens and cornea at single
spatial points were obtained with an integration time of 10 min to 1 hour. The recent
development of parallel spectrometer drastically reduced the acquisition time to 1 s or less [6],
which allowed spatially resolved measurements [1, 7] and imaging [8]. An in vivo study of
murine lenses revealed age-related changes in the Brillouin profiles of the lens nucleus and
also found an empirical relationship between the Brillouin modulus and conventional Young’s
modulus [8]. Spatially-resolved measurements of human lenses [9] and animal corneas ex vivo
[10] were recently demonstrated.
The possibility of applying the technique to a living patient offers an exciting opportunity
for early detection of ocular problems, such as presbyopia and corneal ectasia, and for
understanding their underlying mechanisms [11]. Here, we report the development of a
clinically viable Brillouin microscope and describe the first Brillouin measurement of the
human eye in vivo. For human use, the instrument employs a low-power laser light at 780 nm
and a parallel Brillouin spectrometer optimized for the infrared wavelength.
2. Setup and methods
Figure 1 shows a schematic of the experimental setup. The instrument is comprised of three
parts: laser-scanning confocal microscope, human interface, and VIPA-etalon spectrometer.
The light source was a continuous-wave (cw) external-cavity semiconductor laser emitting a
single longitudinal mode at 780 nm (Toptica Photonics). The laser output was attenuated with
a neutral density filter and expanded to the 1/e2 laser beam diameter of about 7 mm. A 10/90
beam sampler directed 10% of the laser power to the human interface through a beamscanning unit. We used two mirrors for x-y transverse beam positioning and a motorized
translation stage (max speed 1.5 cm/s, Zaber Technologies) for z-scan. We used two different
objective lenses: an achromat (Thorlabs, f = 35 mm, NA = 0.055) with a long working
distance (35 mm) was used; and a 4X microscope objective (Edmund Optics, NA = 0.1) with
higher spatial resolution was utilized. The backward scattered light from the eye was collected
with a single-mode optical fiber through the beam sampler (90% transmission). We used twostage VIPA etalons optimized for the near-infrared wavelength (R1 = 99.9%, R2 = 98% at
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760-800 nm), configured with the cross-axis cascade principle [12]. In each stage, the light
beam was line-focused into the input window of the VIPA etalon tilted by about 2 degrees
and the output pattern went through a spatial filter to remove the elastic scattering light
component. The spectrally dispersed pattern was imaged onto an EM-CCD camera (Andor,
IXon DU-897). The camera was operated at full gain with a negligible readout noise.

Mirror

xy
scan
z mot. stage

Laser

OI ND

780 nm

BS (10/90)

Computer

SMF
Two-stage
VIPA spectrometer

CCD

Fig. 1. Schematic of the Brillouin confocal microscope. OI: Optical isolator. ND: Neutral
density filter wheel; BS: beam sampler; SMF: single mode fiber.

The human interface was a modified version of standard ophthalmic slit-lamp instrument.
It has a chin support and a headrest, which allowed the height of the head of the human
subject to be adjusted with a manual translation stage. All measurements were performed in
the relaxed accommodation state. Prior to the Brillouin scan, we aligned the position of the
beam to the corneal apex by finding the location that maximizes the optical back-reflection
from the corneal surface. The focus of the laser beam was scanned along the optical axis from
the cornea to the lens or backward. Axial scanning was performed by moving the objective
lens with speeds ranging between 30 and 80 µm/s. The Brillouin spectra were recorded in the
CCD camera with the frame integration times between 0.2 and 1 s. The laser power at the
sample could be adjusted between 0.7 and 3mW. Beam scanning, CCD acquisition and
spectral analysis were synchronized with LABVIEW and MATLAB programs. The
measurement results were displayed in real-time on a computer. The axial profile of the
Brillouin shift was plotted with respect to the focal depth in the eye, calculated using the
average refractive index (n = 1.4) of the eye anterior chamber, which was measured by a lowcoherence interferometer.
3. Safety consideration
We considered radiation-induced damage thresholds in the retina, as well the cornea and lens.
Maximum permissible exposure (MPE) is defined as the highest power or energy density that
can be admitted to the eye without causing a biohazard. MPE corresponds to 10% of the dose
that has a 50% chance of creating damage in worst-case scenario conditions. In the Brillouin
scanner, the laser light is focused in the anterior segment and diffused onto the retina (Fig. 2).
According to the International Commission on Non-Ionizing Radiation Protection (ICNIRP),
for cw sources in the wavelength region 400-1050 nm the exposure limit for cornea-lens
thermal safety is 4W/cm2; i.e. MPE = 32 mW in a 1-mm-diameter zone (0.79 mm2 in area)
[13]. The 1-mm aperture for irradiance averaging is based on the thermal modeling [14],
which shows that the temperature rise is independent of the beam size up to 1 mm due to
rapid thermal conduction (~0.5 W/m/°C) in the cornea and lens. As for the retina, the
dominant mechanism of retinal damage is thermal for an exposure time (T) longer than 0.25 s.
Considering the distance 17 mm between the lens and retina and α = 0.2, i.e. NA = 0.1, the
beam size on the retina is >3 mm. Applying the same thermal limit of 4 W/cm2,we calculate
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MPE = ~300 mW. According to the guidelines from American National Standard Institute,
the exposure limit for the retinal thermal hazard has been expressed as 1.8x10−3CA CE T-0.25
[W/cm2], where CA = 1.45 (for = 780 nm), CE = 267 (for α = 0.2; i.e. NA = 0.1), and the
aperture size of 7mm (area of 0.38 cm2) [15].The MPE is calculated to be 265 mW for T = 1
sand 95 mW for T = 60 s, which is consistent with the above analysis. Taken together, we
conclude that the Brillouin scan in the cornea and lens does not pose risk to the human eye.

α

retina

cornea

lens

Fig. 2. Laser illumination in the Brillouin scanner. By focusing the beam in the transparent
tissue of the anterior chamber (cornea, aqueous humor and lens), the beam is diverging and
covers a large area when it hits the retina.

4. Results
The experimental protocol has been reviewed and approved by the Institutional Review Board
for human research at the Massachusetts General Hospital. A 42-year-old male healthy
volunteer was enrolled. Prior to the Brillouin test, a full eye exam including topography and
pachymetry was conducted, which did not reveal any abnormality and measured a central
corneal thickness of 530 µm. The optical power used in the Brillouin scan was measured to be
0.7 mW at the eye, about 50 times lower than the MPE.

Fig. 3. Representative Brillouin spectra (anti-Stokes peaks) from a human eye. (a) Corneal
stroma. (b) Aqueous humor. (c) Lens nucleus. (d) Vitreous humor. Top panels: raw CCD
spectra (average of four frames). Bottom panels: corresponding spectra.

Figure 3 shows representative spectra acquired in four regions of the eye: cornea, aqueous
humor, lens nucleus and vitreous humor, respectively. The top panels are raw CCD images
featuring anti-Stokes Brillouin scattering light, and the bottom panels are the corresponding
Brillouin spectra extracted from the CCD frames by the image analysis that has been
described elsewhere [6,8]. Briefly, a reference arm (not shown in Fig. 1) periodically
interrogates samples, such as water and PMMA, of known Brillouin frequency shifts. From
the reference spectra, the direction of the spectral dispersion axis (diagonal lines) and its
pixel-to-GHz ratio are measured (0.38 GHz/pixel). To obtain the spectrum along the spectral
dispersion axis, the CCD images are interpolated (x4) and integrated over the orthogonal axis.
The Brillouin frequency shift is determined with Lorentzian curve fitting. The measurement
sensitivity of the Brillouin peak detection was measured to be 30-120 MHz for this data set.
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Figure 4 shows the measured axial profile obtained from the left eye of the volunteer. For
Brillouin scan, the beam focus was translated along the optic axis of the eye at a speed of 50
µm/s (in air), and the Brillouin spectra were acquired with a CCD frame rate of 2.5 Hz (i.e.
integration time of 0.4 s). The axial profile of the lens shown in Fig. 4(a) was obtained with
the 35-mm achromatic lens with an axial resolution of about 350 µm. It features a typical bell
shape with a slope in the anterior cortex, a plateau at about 6.05 GHz in the lens nucleus, and
a decline in the posterior cortex towards the vitreous humor. The axial profile shown in
Fig. 4(b) was obtained with the 4X objective at a higher axial resolution of ~60 µm. It reveals
a better resolved anterior cortex of the lens, with the Brillouin shift varying steeply from 5.25
GHz to 5.85 GHz in the initial 300 µm layer. The high-resolution scan also allowed us to
obtain the Brillouin profile of the cornea. Between 100 µm and 400 µm depths, corresponding
to the corneal stroma, the Brillouin shift declined slowly from ~5.6 GHz to ~5.5 GHz. In the
posterior region of the cornea, the Brillouin profile showed a steeper decline from 5.5 GHz to
5.25 GHz in about 200 µm. With the finite confocal resolution, strong Fresnel reflection from
the corneal surface made it difficult to analyze the first 70 µm from the corneal surface. The
aqueous humor was measured to have a fairly constant Brillouin frequency, slightly higher
than the Brillouin shift of pure water.
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Fig. 4. In vivo Brillouin measurement of a human eye. (a) Depth profile of the crystalline lens.
(b) Depth profile of the anterior chamber. The data are an average of four such scans taken ten
minutes apart.

We performed a total of four scans on the same subject within the span of one month. The
variation of the Brillouin shift in the aqueous humor was measured to be about 30 MHz. As
per approved protocol, at eight months after the Brillouin tests the subject underwent a
follow-up full eye exam. As expected, the results showed no abnormalities and no changes in
static or dynamic visual acuity.
6. Discussion
The measured Brillouin frequency shifts of the human lens and cornea in vivo agreed well
with previous measurements of ex vivo tissues. Vaughan and Randall reported Brillouin shifts
of 4.54 GHz, 4.71 GHz, and 4.71 GHz for cornea, cortex and nucleus, respectively [4, 5].
Bailey et al. reported Brillouin shifts of 7.75 GHz (cortex) and 8.8 GHz (nucleus) [9].
Brillouin shift, Ω, can be written as Ω = 2n / λ Μ / ρ cos(θ / 2) where n, M, and ρ are the
refractive index, longitudinal elastic modulus (hereinafter “Brillouin” modulus), and density,
respectively, λ is the wavelength of probe light, and θ is the angle between incident and
scattered light. For comparison, we converted the Brillouin shifts to Brillouin modulus M
using n = 1.37, 1.37 and 1.42, and ρ = 1.11, 1.06 and 1.11 g/ml for cornea, cortex and nucleus,
respectively [4, 16]. For cornea, the modulus is computed to be 2.7 GPa [4]; for cortex, the
moduli are 2.8 GPa [4, 5], and 2.36 ± 0.09 GPa [9]; for nucleus, 2.93 GPa [4, 5], and 2.79 ±
0.14 GPa [9]. In our measurements corneal Brillouin modulus ranged from 2.82 to 2.5 GPa
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and the lens Brillouin moduli varied between 2.38 and 3.1 GPa. These values are consistent
with the values reported by Vaughan and Bailey et al [5, 9]. One caveat in this analysis is that
literature data on index and density are variable, in part because index and density vary within
the ocular tissues [16, 17]. Thus, the conversion to Brillouin modulus has an uncertainty by 23%.
Our data showed a marked depth dependence of longitudinal modulus in the cornea and
lens. Previous mechanical tests hinted at elasticity gradient within both cornea and lens tissue.
Kohlhaas et al. measured the anterior corneal stroma to have three times higher Young’s
modulus than the posterior stroma [18]. Randleman et al. reported that the elastic modulus
decreased from the front to the back of the cornea [19], consistent with our in vivo data and
previous animal data [10]. As for the lens, the crystalline proteins are packed with
increasingly tighter density toward the nucleus so that a varying modulus is expected. The
increase in density of crystalline proteins was measured in animals [20]. The spatial variation
of Brillouin modulus has been reported in the lens in animals ex vivo [7] and in vivo [8].
Brillouin modulus differs from quasi-static Young’s modulus from a fundamental point of
view. For a biological tissue with high water content, the Brillouin modulus is much higher
than Young’s modulus. This effect produced an apparently counterintuitive result: while the
corneal tissue is known to have higher Young’s modulus than the lens tissue, the Brillouin
modulus of the cornea is actually lower mostly because of the higher water content in the
cornea (~80%) than in the lens (~65%). Nevertheless, a good correlation can be found
between Brillouin modulus and Young’s modulus for the same tissue type [8].
The biomechanical properties of the lens and cornea have been linked to various ocular
disorders. Presbyopia is thought to occur due to the age-related stiffening of the lens.
Although Brillouin microscopy was shown to be able to detect age-related stiffening in
animals [8], its ability to detect this effect in human lenses has been questioned [9]. Stiffening
of the human lens has also been linked to the onset of age-related nuclear cataracts [21]. As
for the cornea, keratoconus and corneal ectasia are associated to a reduced corneal modulus
[22]. However, current clinical analysis of the eye is limited to structural measurements while
traditional mechanical tests are destructive and cannot be employed in clinical settings. The
only instrument for corneal mechanical analysis is the ocular response analyzer (ORA) [23],
but its sensitivity and clinical usefulness are still under question [24].
The spatial resolution of the current Brillouin scanner does not allow us to single out the
Brillouin scattering signature of the lens capsule. The contribution of the capsule to the
accommodative amplitude has been studied, although the mechanical modulus of the capsule
may not change much with age [25]. Using a higher-NA objective lens, it may be possible to
resolve the capsule and measure its Brillouin modulus. Another limitation of current Brillouin
instrument for use in the clinic is the relatively long acquisition time. A single full axial scan
across the eye takes about 1 min, although the scan time could be reduced to <10 s at the
expense of the scan range or sampling intervals. By reducing the optical loss in the
spectrometer and improving VIPA etalon coating procedures, it might be possible to decrease
the spectral acquisition time by 10 fold and thereby to obtain several axial or transverse scans
across the lens. This speed improvement will help to assess the equatorial distribution of the
elastic modulus of the lens.
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ABTRACT The biophysical and biomechanical properties of the crystalline lens (e.g., viscoelasticity) have long been implicated in accommodation and vision problems, such as presbyopia and cataracts. However, it has been difficult to measure
such parameters noninvasively. Here, we used in vivo Brillouin optical microscopy to characterize material acoustic properties
at GHz frequency and measure the longitudinal elastic moduli of lenses. We obtained three-dimensional elasticity maps of the
lenses in live mice, which showed biomechanical heterogeneity in the cortex and nucleus of the lens with high spatial resolution.
An in vivo longitudinal study of mice over a period of 2 months revealed a marked age-related stiffening of the lens nucleus. We
found remarkably good correlation (log-log linear) between the Brillouin elastic modulus and the Young’s modulus measured by
conventional mechanical techniques at low frequencies (~1 Hz). Our results suggest that Brillouin microscopy is potentially
useful for basic and animal research and clinical ophthalmology.

INTRODUCTION
The crystalline lens in the eye plays a central role in vision.
Together with the cornea, the lens is responsible for transmitting and focusing incoming light onto the retina (1). The lens
is made up of elongated fiber cells with no nuclei and no
mitotic activity (2), and continues to grow throughout life
without discarding or replacing old cells (3). When new cells
are formed in the epithelium and differentiate into fiber cells
into the cortex, old cells are packed toward the nucleus with
tighter spacing as age advances. This results in a shell structure of fiber layers packed with increasing density toward the
nucleus, giving rise to the remarkable optical properties, such
as transparency and a radial gradient of refractive index, that
are necessary for normal vision (4–6). The microstructure is
also closely related to the biomechanical properties of the
lens, which play an important role in biotransport as well
as visual accommodation (7).
The specific biomechanical properties of the lens and
their alterations by aging have been linked to some important ocular problems, such as presbyopia and cataracts
(8,9). Presbyopia, the loss of accommodation power, affects
most of the population above 40–50 years of age. Agerelated increases in the stiffness of the lens are thought to
be the primary cause of presbyopia (8,10–12), because
stiffer lenses are more resistant to the compression and
tension given by the ciliary muscle (13). Age-related nuclear
cataracts, characterized by abnormal protein oxidation,
cross-linking, and coloration in the nucleus, are the leading
cause of blindness worldwide. The pathogenesis of this
disorder is not fully understood, but it has been linked to
the reduced transport of small molecules, such as antioxiSubmitted March 14, 2011, and accepted for publication August 3, 2011.
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dants, in the lens due to an increased viscoelastic modulus
and tight packing of lens fibers (9,14).
Investigators have shown considerable interest in
measuring the mechanical properties of the crystalline
lens for basic research and early diagnosis, and potentially
for surgical intervention and therapy for presbyopia
(12,15,16). Several studies have demonstrated age-related
stiffening of excised human and animal lenses by using
various testing tools, such as a spinning cup (17), mechanical stretchers (18), stress-strain equipment (19,20), and
bubble-based acoustic radiation force (21). Ultrasound has
also been used to measure the spatial variation of packing
density inside the lens ex vivo (22).
Here we report for the first time, to our knowledge, the
in vivo measurement of the mechanical properties of a crystalline lens. For this study, we optimized a Brillouin optical
microscope that was recently developed in our laboratory
(23) for the characterization of animal lenses. This noncontact optical method allowed us to obtain a high-resolution,
three-dimensional (3D) map of the elastic modulus of the
lens in live mice. From a longitudinal study, we obtained
the first in vivo direct evidence regarding age-related stiffening of murine lenses. Furthermore, we performed a validation study in which we compared the Brillouin measurements
with respect to standard mechanical tests, and the results
provided novel insights into the relationship between the
hypersonic acoustic properties and conventional rheological
moduli measured at much lower frequencies.
Spontaneous Brillouin light scattering arises from the interaction between photons and acoustic phonons (i.e., propagation of thermodynamic fluctuations). A small sample volume
(10 pL to 100 nL) can be probed optically in the back-scattering configuration (Fig. 1 a). The excitation and relaxation
of acoustic phonons induce a positive and negative frequency
doi: 10.1016/j.bpj.2011.08.008
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shift by U ¼ V/L (Fig. 1 b), where V is the propagation speed
of acoustic phonon and L is the phonon wavelength that
satisfies the phase matching condition: L¼l/ 2n, where l is
the optical wavelength in air and n is the refractive index.
For visible light, L is 100–250 nm and U is on the order of
10 GHz. The elastic modulus, M0 , is expressed as
M0 ¼rl2U2/(4n2), where r is the mass density. Therefore,
with the known (or estimated) local value of r/n2 of a sample,
the longitudinal modulus can be computed from the Brillouin
frequency shift that is measured directly by optical spectroscopy. In combination with a confocal setup, this technique
allows for biomechanical imaging (23). Brillouin spectroscopy has been applied to the characterization of biological
samples, including ocular tissues ex vivo and polymeric specimens in vitro (24,25). To our knowledge, however, in vivo
Brillouin measurement has not heretofore been demonstrated.
MATERIALS AND METHODS

ref.

FIGURE 1 Brillouin light scattering microscopy: principle, setup, and characterization. (a)
Probing volume. (b) Conceptual energy diagram
of photon-phonon interaction in spontaneous Brillouin scattering. (c) Schematic of the confocal
microscope setup.

sample

Natick, MA) for spectral analysis. Our algorithm determines the spectral
dispersion axis, extracts the optical spectrum, and measures the Brillouin
shift and magnitude by curve-fitting with Lorentzian profiles. We produced
Brillouin images in MATLAB using the hot color map. For the conversion
from Brillouin frequency shift to the Brillouin longitudinal modulus, we
used r ¼ 1.13g/cm3 and n ¼ 1.4 for porcine lenses in the analysis shown
in Fig. 6 (22,28), and r ¼ 1.18g/cm3 and n ¼ 1.43 for bovine lenses used
in Figs. 5 and 6 (29,30). We estimate that the conversion error due to
sample-to-sample variations in r/n2 is relatively small and does not affect
the correlation between the Brillouin modulus and Young’s modulus (see
Supporting Material).

In vivo measurement of the eye
Mice (C57BL/6 strain, 2 weeks to 18 months old) were anesthetized by an
intravenous injection of pentobarbital. Tropicamide 1% was administered
to dilate the pupil. A piece of coverslip was attached to the cornea with Methocel to prevent drying and minimize optical refraction at the corneal
surface. The mouse was placed in a heated tube during the Brillouin
measurement. All animal experiments were performed in compliance
with institutional guidelines and approved by the subcommittee on research
animal care at Massachusetts General Hospital.

Brillouin confocal microscope
Fig. 1 c shows a schematic of the Brillouin microscope. The light source is
a frequency-doubled Nd-YAG laser (Torus; Laser Quantum. Stockport, UK)
emitting a single frequency mode at 532 nm. The laser beam was expanded
to 7.5 mm diameter (1/e2) and then focused to the sample by an aspheric
lens with a long focal length (f ¼ 35 mm; Edmund Optics, Barrington,
NJ). The resulting confocal resolution was ~4(x) " 4(y) " 100(z) mm3.
For 3D imaging, the sample was translated stepwise using three-axis motorized stages (Zaber Technologies, Vancouver, British Columbia, Canada,
and NewFocus, Irvine, CA). Scattered light from the samples was collected
by a single-mode optical fiber (Thorlabs, Newton, NJ) serving as a confocal
pinhole, and delivered to a VIPA spectrometer.

VIPA spectrometer
The spectrometer consists of two cascaded VIPA stages (see Supporting
Material) with a relay telescope and square-aperture spatial filter in between
(26,27). The two VIPA etalons have identical specifications (R1 ¼ 99.9%,
R2 ¼ 95%, 1.6# tilt; LightMachinery, Nepean, Ontario Canada). The
diffraction pattern after the final VIPA stage was detected with the use of
an EM-CCD camera (Ixon Du197; Andor, Belfast, Northern Ireland) with
a dispersion slope of 0.5 GHz/pixel.

Data acquisition and analysis
We used LABVIEW for instrument automation (e.g., controlling translational stages, camera, and shutters) and MATLAB (The MathWorks,
Biophysical Journal 101(6) 1539–1545

Sample preparations for mechanical
measurements
We surgically extracted lenses from fresh porcine and bovine eyeballs
(Research 87) and carefully removed the lens capsules. To measure the
bovine lens nucleus (see Fig. 5, b and c), we first used a biopsy punch to
extract tissue columns (6 mm diameter, 7–10 mm long) and then used razor
blades to extract central pieces of 3 mm in each side. To measure the swine
lenses (see Fig. 6 a), we obtained small pieces of swine lenses of various
ages in cube shapes (~5"5"3 mm3) from various regions of the lens,
including the cortex and nucleus, using razor blades. The measurement
data shown in Fig. 6 b were obtained with the central cylindrical columns
extracted by using the biopsy punch from bovine lenses.

Mechanical measurements of lenses ex vivo
On each batch of samples, we performed Brillouin, stress-strain, and shear
tests, all within 12 h postmortem. For Brillouin tests, we measured nine
depth profiles (spaced 50 mm in the x-y directions) around the center of
the lens. We then averaged the peak frequency shift from each depth profile,
from which the representative Brillouin nuclear modulus was computed.
We performed the stress-strain tests at constant strain rates (1–5% strain
per minute) by using a standard instrument (Instron 5542) with compressive
plates of 50 mm diameter. We calculated the Young’s modulus by linear
fitting of the stress-strain curves up to 5% strain. For shear rheometry, we
used a standard stress-controlled rheometer (AR-G2; TA Instruments)
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RESULTS
In vivo Brillouin imaging of the crystalline lens
To test the possibility of measuring the lens elasticity in vivo,
we performed Brillouin measurements on laboratory mice
(C57BL/6 strain). The probe light from a single-frequency
laser (532 nm) was focused with an objective lens into the
eye of an anesthetized mouse (Fig. 2 a). As we moved the
animal on a motorized stage, the optical spectrum of scattered light was recorded. Fig. 2 b shows some representative
Brillouin spectra obtained along the optical axis of the mouse
lens at 3 mW of illumination power and 0.5 s of acquisition
time. The signal/noise ratio (SNR) was ~70 at the peak of
the spectrum. The SNR allowed the Brillouin frequency shift
to be determined from each spectrum by peak localization
with an accuracy of ~50 MHz. We confirmed that the SNR
increased proportionally to the square root of the input
optical energy (optical power times the integration time).
We found a frequency sensitivity of ~60 MHz/OHz/OmW
for the characterization of mouse lenses.
For rapid data acquisition in vivo, we operated the system
with a reduced integration time of 100 ms and an optical
power of 6 mW. The spectral acquisition speed was 0.1 s,
b
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compared with 10 s for our earlier prototype (23) and
10 min for typical FP interferometers (24) used for similar
samples ex vivo. The improved data acquisition speed
enabled us to obtain a volumetric Brillouin map of the
lens in an anesthetized mouse. The cross-sectional images
in Fig. 2 c span areas of 1.7 " 2 mm2 (XY), 1.8 "
3.1 mm2 (YZ), and 2 " 3.5 mm2 (XZ). With a sampling
interval of 100 mm, it took ~2 s to scan each axial line (20
pixels), ~50 s for a cross-sectional area (20 " 25 pixels),
and ~20 min over an entire 3D volume. These images visualize, for the first time in vivo (to our knowledge), the
gradient of modulus increasing from the outer cortex to
inner nucleus, consistent with previous mechanical and
ultrasound measurements of excised lens tissues (22).
Age-related stiffening of murine lens in vivo
Using in vivo Brillouin microscopy, we investigated the
natural age dependence of the lens modulus. Our examination of two mice (1 and 18 months old, respectively) showed
a noticeable difference in their Brillouin axial profiles
(Fig. 3 a). Besides the expected size difference, the peak
Brillouin shift observed at the center of the lens nucleus in
a

18

B r illo u in s h if t ( G H z )

with 20-mm-diameter parallel plate geometry. At 200 mm precompression,
we performed frequency sweeps from 0.1 to 50 Hz with 0.1% strain amplitude at 23# C.

16
14
12

8

Frequency shift (GHz)

YZ

XY

XZ

Vitreous
14
Lens
Aqueous

GHz
9

FIGURE 2 In vivo Brillouin imaging of the mouse eye. (a) Setup. (b)
Representative Brillouin spectra taken along the optics axis of the eyeball
at depths of 1550 mm (i), 1200 mm (ii), 950 mm (iii), and 550 mm (iv).
(c) Brillouin elasticity map of a murine eye in vivo. Scale bar: 1 mm.
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FIGURE 3 Age-related stiffening of the crystalline lens. (a) Axial Brillouin profile of the eye in 1-month-old and 18-month-old mice. (b) Peak
frequency shifts of the lens nucleus in vivo measured from individual
mice at various ages (solid circles) and one mouse over time (open circles).
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the old mouse was 16 GHz, whereas the shift in the younger
mouse was 11.5 GHz. We extended the study to 12 mice of
different ages to find an evident trend of age-related stiffening (Fig. 3 b). Next, we imaged one mouse every week
for 2 months and obtained consistent age-related data
(Fig. 3 b). Our results indicate a quantitative (linear-log)
relationship between the hypersonic elastic modulus and
the animal age. Also, the consistent age-related trend
provides evidence for the safety and repeatability of the
measurement method.
Age-related stiffening of porcine lens ex vivo
Porcine lenses are known to be a reasonably good model for
human lenses in terms of mechanical properties (31). To
investigate age-related stiffening of the porcine lens, we
measured the Brillouin axial profile of lenses freshly harvested from pigs of different ages (young: <1 month; old:
6 months). The results are shown in Fig. 4. As in the murine
lenses, we observed the expected size difference between
the lenses and an increase in peak Brillouin shift at the
center of the lens nucleus from 9.86 GHz in the young pig
to 10.34 GHz in the old pig. The age-related change of Brillouin shift in the pig is apparent but less pronounced than
that in the mice. Another interesting observation is related
to the shape of the Brillouin depth profile. In the young
lens the axial profile follows an almost perfect parabolic
curve, but in the older sample the profile seems to reach
a plateau in the lens nucleus.
Age-related stiffening of bovine lens ex vivo
We also investigated the age-related stiffening of bovine
lenses ex vivo. We measured the Brillouin moduli of bovine
lenses freshly harvested from animals in two age groups
(young: <1 month; old: 1–2 years, N ¼ 40). For direct

Correlation between Brillouin and low-frequency
moduli
Most biological and polymeric materials exhibit viscoelastic
properties characterized by frequency-dependent moduli
(32). Slower relaxation processes have little time to respond
to fast mechanical or acoustic modulation, such as GHz
acoustic phonons, and thus hardly contribute to the softness
of the material. As a consequence, the modulus tends to
increase with the frequency. In addition, the propagation
of acoustic phonons is governed by the longitudinal
modulus, which is typically much higher than the Young’s
or shear modulus owing to the incompressibility (i.e., Poisson’s ratio ~0.5) of water. The two effects—finite relaxation
time and low compressibility—provide a qualitative explanation for the observed large difference in modulus between
the Brillouin and standard mechanical tests (Fig. 5). We set
out to explore the possible quantitative relationship between
the Brillouin longitudinal moduli and Young’s/shear moduli
for the lens tissue.
For this study, we cut fresh porcine and bovine lenses at
various ages (from 1 to 18 months) into small pieces of sizes
our mechanical equipment could handle. We calculated the
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FIGURE 4 Brillouin depth profiles along the optic axis of the porcine
lens harvested from young (<1 month) and old (>6 months) animals.
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comparison, we also performed on the same specimens
two standard mechanical techniques: a quasi-static stressstrain test to measure the Young’s moduli, and dynamic
shear rheometry for shear moduli in the frequency range
of 0.01–100 Hz (see Supporting Material). We observed
statistically significant age-related increases of the modulus
with all three methods (Fig. 5). The measured Young’s and
shear mechanical moduli of the whole bovine lenses ranged
between 1 and 100 kPa, whereas the Brillouin moduli were
on the order of GPa. Given the physical nature of the Brillouin modulus, which is distinct from conventional lowfrequency mechanical moduli, the large difference in their
absolute values is not surprising. However, is not obvious
whether there should be a quantitative relationship between
these parameters, which differ from each other by several
orders of magnitude. We therefore sought to investigate
this issue, as described below.
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FIGURE 5 Elastic moduli of young and old bovine lenses (central
column) measured by Brillouin (a), longitudinal stress-strain (b), and
dynamic shear (1 Hz) rheological instruments (c); p-value ¼ <0.0001,
0.0012, and 0.0016, respectively.
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mean Brillouin modulus from the 3D measurement of the
Brillouin spectrum and the estimated density and refractive
index. A comparison with the Young’s modulus measured
by a conventional stress-strain test revealed a remarkable
correlation between the Brillouin (M0 ) and quasi-static
(G0 ) moduli for both porcine and bovine tissues (Fig. 6).
A high correlation (R > 0.9) was obtained in the curve fit
to a log-log linear relationship: log(M0 ) ¼ a log(G0 ) þ b,
where the fitting parameters were a ¼ 0.093 and b ¼ 9.29
for porcine tissues and a ¼ 0.034 and b ¼ 9.50 for bovine
tissues.
Recent rheological studies have shown that the mechanical modulus of many soft materials follows a power-law
dependence on frequency (u): G0 zG0 (u/f0)a, in agreement with the structural damping and soft glassy rheology
models. Here, G0 and F0 are scale factors for stiffness and
frequency with magnitudes in the order of 100 kPa and
100 MHz, respectively, and a is the scaling exponent or
a trapping factor (a ¼ 0 for purely elastic and 0 < a < 1
for viscoelastic materials) (33,34). Investigators have
measured a ¼ 0.75 in shear moduli of F-actin semiflexible
polymers (35) from 0.1 Hz to 10 kHz, and a ¼ 0.05–0.75 in
cytoskeletons (36) from 0.01 Hz to 1 kHz. Our finding of
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FIGURE 6 Comparison of Brillouin longitudinal and quasi-static
Young’s moduli of tissue specimens cut from porcine lenses (a) and bovine
lenses (b). Circles, experimental data; solid line, log-log linear fit.

a log-log correlation suggests that a similar power law
may hold for the Brillouin modulus: M0 zM0 (u/F0)b,
where M0, F0, and b are constant for a specific sample.
Treating a and b as sample-dependent parameters (34),
we get M0 ¼ 10b G0a and b/a ¼ a log(uL/f0)/log(uH/F0),
where uL (~1 Hz) and uH (~1010 Hz) represent the frequencies of mechanical modulation and acoustic phonons,
respectively. From the empirical values, M0 is found to
~50 GPa, and with F0 ¼ ~50–100 GHz, b/a is 0.6 and 0.2
for porcine and bovine specimens, respectively.
From the above log-log linear relationship, we get DM0 /
0
M ¼ aDG0 /G0 , where DM0 and DG0 are respective derivatives
or variations. For porcine and bovine lenses, we estimated
the frequency sensitivity of the Brillouin microscope to
be 510 MHz/OHz at the incident power of 13 mW, which
translates into a relative error of DM0 /M0 z 50.3% at an
integration time of 1 s. This indicates that our instrument
should be capable of detecting changes in DG0 /G0 as small
as 9% (for a ¼ 0.032).
DISCUSSION
The biomechanical and biophysical characteristics of the
crystalline lens have long been implicated in the genesis
of presbyopia and cataract. The ability to measure these
properties in vivo beyond morphology may be useful for
prognosis and diagnosis of these disorders, as well as
screening for patients at potential risk in refractive surgery
and laser vision correction. Traditionally, clinical analysis
of the lens has been limited to direct conventional slit
lamp microscopy. More recently, newer imaging technologies, such as computer videokeratography, optical coherence tomography, confocal microscopy, ultrasound, and
rotating Scheimflug photography, have been employed in
the clinical setting. Although these new modalities enhance
our understanding of the overall structure of the lens, they
do not provide information about the biomechanical and
biophysical properties of the lens. Conventional mechanical
tests, such as rheology, stress-strain tests, and dynamic
mechanical analysis, are destructive. Elastography and
ultrasound can interrogate samples nondestructively but
generally suffer from limited spatial resolution (millimeter)
and mechanical sensitivity (37).
Here, we have demonstrated that Brillouin optical
microscopy offers a new way to measure and image the
biomechanical and biophysical properties of the eye lens,
because it allows one to obtain the local longitudinal
modulus of elasticity. In mice, the longitudinal modulus of
the crystalline lens varies substantially and gradually from
the outer cortex to the nucleus, which is made up of tightly
packed fiber layers. Brillouin microscopy allowed us to
image the elastic properties of the lens and their changes
with age progression in a nondestructive manner.
Our measurements revealed a strong empirical correlation between hypersonic (gigahertz) and low-frequency
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moduli within a defined sample group of similar nature (e.g.,
lens tissues at various locations and/or ages), although the
specific relationship differs among different sample types.
Remarkably, this correlation was measured to be linear in
the log-log scale, which we attributed to the power-law
scaling of modulus in frequency. The power-law dependence in shear moduli has been measured in tissues, F-actin
polymers, and cellular cytoskeletons at frequencies up to
1 kHz (33,35,38). In the megahertz–subgigahertz regime,
the attenuation (i.e., the imaginary part of the complex
modulus) of acoustic waves in tissues typically follows
a power-law frequency scaling (39), which through the
Kramers-Kronig relationship translates into a similar dependence in the elastic modulus (the real part) (40). Taken
together, these results indicate that for a given sample
type, a log-log linear correlation can be established between
the Brillouin and conventional mechanical measurements.
Of importance, this suggests that Brillouin microscopy can
be used for both comparative and quantitative biomechanical characterizations with judicious interpretation of the
data.
In comparison with human lenses, mouse lenses are
known to be harder, more spherical, and lacking in accommodation ability. Despite these differences, however, mice
and other small animals are useful experimental models to
study the genesis of cataract formation (41), evaluate new
drugs to slow or ultimately prevent the progression of presbyopia and cataract, and develop treatment procedures to
restore some accommodative power (42). Our Brillouin
and mechanical measurements on porcine, bovine, and
murine lenses showed statistically significant age-related
variations in the lens modulus (17–21). The topic of agerelated stiffening of the lens and its relation to the etiology
of presbyopia has attracted much attention. Recent measurements obtained by Brillouin spectroscopy on human lenses
ex vivo showed no measurable dependence of longitudinal
nuclear modulus on age progression between 30 and 70
years of age (25). Nevertheless, it will be interesting to
see whether the superior data acquisition speed and the
imaging capability of the Brillouin system we have demonstrated here will enable us to detect any consistent agerelated difference in vivo. On the other hand, in a recent
study using rheometry, Schachar et al. (12) questioned the
validity of previous mechanical measurements of agerelated nuclear sclerosis or an increase in modulus, and
proposed that equatorial growth of the lens may be a more
significant factor causing presbyopia. Stiffness is an
extrinsic mechanical property governed by the spatial distribution of the elastic modulus; therefore, even with no
change in the peak elastic modulus in the nucleus, the
increasing size of the lens with age alone can result in
a substantial increase of the overall stiffness of the lens. In
this respect, the ability of Brillouin microscopy to map the
elastic modulus with high spatial resolution could help
resolve the controversies regarding the biomechanical
Biophysical Journal 101(6) 1539–1545
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causes of presbyopia. For example, the Brillouin profile of
the porcine lens reveals the flattening of the elastic modulus
distribution in the nucleus (Fig. 4). Integrating Brillouin
moduli over the lens volume in an appropriate way may
provide quantitative information on the stiffness of the lens.
An interesting next step would be to build a clinically
viable Brillouin microscope. Infrared light (e.g., at
800 nm) at an illumination power of a few milliwatts or
less would be adequate and safe. In vivo Brillouin microscopy may prove useful for clinical diagnosis as well as in
basic and preclinical studies.
CONCLUSIONS
In conclusion, we have demonstrated high-resolution
measurement of the elastic modulus of the eye lens in live
mice. We identified the gradient of elastic modulus in the
crystalline lens and observed its age-related increase in vivo.
Brillouin microscopy may be used for comparative and
quantitative evaluations of biomechanical changes in basic
biological research and clinical settings.
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Multistage VIPA etalons for high-extinction
parallel Brillouin spectroscopy
Giuliano Scarcelli and Seok Hyun Yun
Harvard Medical School and Wellman Center for Photomedicine, Massachusetts General Hospital,
65 Landsdowne St., UP-522, Cambridge, Massachusetts 02139, USA
syun@hms.harvard.edu

Abstract: We demonstrate a high-resolution high-extinction parallel
spectrometer for Brillouin spectroscopy of turbid samples. Cascading
multiple VIPA etalons in the cross-axis configuration allowed us to achieve
a high extinction ratio of up to 80 dB with sub-GHz resolution. Using a
three-stage VIPA, we obtained the Brillouin spectra from Intralipid
solutions at concentrations up to 10%.
©2011 Optical Society of America
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1. Introduction
Brillouin scattering spectroscopy is a popular technique for material characterization [1–3].
The interaction between incident light and acoustic phonons in a sample is interrogated by the
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spectral shift of the scattered light, providing information about the acoustic, thermodynamic
and viscoelastic properties of material [4–6]. However, Brillouin scattering is a relatively
weak process in the spontaneous regime, and the optical frequency shift is small, in the order
of 10 GHz. In most situations, elastically scattered light due to Rayleigh scattering or optical
reflections is orders-of-magnitude stronger than Brillouin signal. Therefore, a suitable
Brillouin spectrometer should offer both sub-GHz spectral resolution and high spectral
contrast (or extinction). Without sufficient suppression of elastically scattered light, the
residual component of elastic scattering may overshadow or overlap with the dispersed
spectrum, making it difficult to accurately measure the Brillouin spectrum.
Previously, the stringent requirement on spectral resolution and extinction had been met
by scanning-grating monochromators [7], optical beating methods [8], and multiple-pass
scanning Fabry-Perot interferometers [9]. In all these methods, each spectral component is
measured sequentially. Consequently, acquisition of a single Brillouin spectrum typically
required a few minutes to several hours, depending on the insertion loss of the instrument. The
slow acquisition time limited Brillouin spectroscopy to point-sampling or static
measurements.
Recently, we introduced a novel non-scanning Brillouin spectrometer employing a
virtually-imaged phased array (VIPA) etalon. The ability to collect all spectral components
simultaneously with low insertion loss enabled us to acquire Brillouin spectra within just a
few seconds. However, the single VIPA etalon we used had an extinction of only about 30 dB
and therefore only permitted measurements for nearly transparent samples.
We also recently developed a method of cascading multiple diffraction gratings in an
orthogonal-axis configuration to improve the extinction [10]. The cross-axis cascade approach
offers a simple way to separate and filter out the stray light from the spectral signal after each
stage and thereby to reduce the background and crosstalk substantially. Here, we describe how
we’ve applied the cross-axis cascading concept to VIPA etalons, demonstrating a two-stage
and a three-stage VIPA spectrometer with an extinction ratio of 55 dB and 80 dB,
respectively. Our results represent a crucial step towards the application of Brillouin scattering
spectroscopy to turbid samples, such as biological tissues.
2. Background: Single-stage VIPA spectrometer
Figure 1(a) illustrates the schematic of our experimental setup for Brillouin spectroscopy. The
laser light in a single longitudinal mode at 532 nm passes through a neutral density (ND) filter
and a beam splitter, and is focused into the sample via an aspheric lens (f = 11 mm, NA = 0.3).
The backward scattered light is collected by the same lens and coupled into a single-mode
fiber by an objective lens (f = 6 mm, NA = 0.25). The optical fiber delivers the light into the
VIPA spectrometer.
The VIPA etalon is conceptually similar to a tilted Fabry-Perot etalon [11]. It has three
different coating areas. The front surface has a highly reflective (HR) coating (R1>99.9%),
except for a narrow stripe with anti-reflection (AR) coating, through which the input optical
beam is coupled. The back surface has a partially reflective coating (R2~90%). As shown in
Fig. 1(b), the input beam is focused into the etalon by a cylindrical lens and enters the tilted
(at an angle α) etalon. It is important to align the beam focus close to the boundary between
the HR and AR regions to minimize the tilt angle (to maximize the finesse) while minimizing
insertion loss. Inside the etalon, the beam undergoes multiple internal reflections and produces
an array of output beams with increasing optical path (phase) delays. The interference among
the phased array of beams provides large angular dispersion so that different frequency
components are emitted at different angles, (λ). A spherical lens translates the angular
separation into a spatial separation in the plane of a CCD camera.
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Fig. 1. (a) Confocal Brillouin spectroscopy setup used in all experiments. (b) Schematic of a
single-stage VIPA spectrometer, consisting of a cylindrical lens (C1), a VIPA etalon, a
spherical lens (S1f) and a CCD camera. (c) Brillouin spectrum obtained from Toluene sample
(10 mW, 1 sec). The spectrum in each diffraction order of the etalon shows a triplet comprising
Rayleigh, Brillouin Stokes and anti-Stokes peaks.

Figure 1(c) illustrates a typical single-frame record of the optical spectrum obtained from
Toluene as sample. In each diffraction order, the spectrum comprises three peaks
corresponding to Rayleigh scattering in the center and Stokes and anti-Stokes Brillouin
scattering at both sides. The triplet pattern is replicated in different diffraction orders. The
magnitude of Rayleigh scattering is comparable to those of Brillouin scattering. The ratio is
known as Landau-Placzek ratio, which is typically close to one for transparent liquids [12].
However, the central peak can increase by several orders of magnitude for nontransparent
turbid samples, such as Intralipid at high concentrations.
It is relatively easy to align the VIPA etalon with high throughput efficiency, because all
the light coupled into the VIPA etalon is diffracted forward (like an echelle grating). This
contrasts with a conventional Fabry-Perot etalons having HR coating on both surfaces, where
interference patterns in both forward and backward directions are produced and any
misalignment directly results in optical loss.
3. Principle of cross-axis cascading with VIPA etalons
Figure 2 illustrates the principle of cross-axis cascading with VIPA etalons to improve the
extinction. In the first stage, Fig. 2(a), the VIPA is aligned along the vertical direction and the
spectral pattern is dispersed vertically. When the sample is not transparent or when there are
strong optical reflections, the elastic scattering component increases dramatically. If the ratio
between elastic scattering (dark-green circles) and Brillouin scattering (light-green circles)
exceeds the spectral extinction of the spectrometer, a crosstalk signal appears along the
spectral axis (green line). This “stray light” can easily overwhelm the weak Brillouin signal.
In a double-VIPA spectrometer, Fig. 2(b), the second etalon is placed orthogonally to the
first one. The spectral pattern exiting the first stage enters the second etalon through the input
window. Both etalons disperse light, in orthogonal directions, so the overall spectral axis of
the double-spectrometer lies along a diagonal direction, at 135° from the horizontal axis if the
etalons have identical dispersive power. The second etalon will separate Brillouin signal from
crosstalk because, although spatially overlapped after the first stage, their frequencies at each
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spatial location are different. So, after the second stage, while the Brillouin spectrum lies on a
diagonal axis, crosstalk components due to the limited extinctions of the etalons are separated
and mostly confined to the horizontal and vertical axis.

(a)

(b)
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Elastic
Brillouin (S)
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VIPA1
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VIPA2
VIPA1
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Fig. 2. Illustration of the principle of multiple VIPA cascading. (a) In a single stage, Brillouin
signal and crosstalk overlap. (b) In a double spectrometer, the spectral axis is diagonal, while
crosstalk is confined to horizontal and vertical directions. (c) A mask between first and second
stages can filter out part of the crosstalk component. (d) A second mask between second and
third etalon further reduces the crosstalk component.

Besides spatial separation of signal and stray light, the double stage spectrometer also
allows selective spectral filtering, as shown in Fig. 2(c). An appropriate aperture mask can be
placed at the focal plane of VIPA1, where a highly-resolved spectral pattern is formed.
Unwanted spectral components are thus blocked and only the desired portion of the spectrum
is allowed to pass to the second stage. For optimal performance, it is often desirable to
maintain only two Brillouin peaks (Stokes and anti-Stokes from two adjacent orders) and have
a vertical mask cut off all elastic scattering peaks. This greatly reduces crosstalk in VIPA2
and helps avoid saturation of the CCD camera by pixels hit by unfiltered elastic scattering
peaks.
This strategy of cross-axis cascade can be extended to a third stage. In a triple-VIPA
spectrometer (Fig. 2d), VIPA3 is placed perpendicular to the spectral axis of the preceding
two stages, so that the Brillouin spectrum can enter through the input window. A second mask
is employed to further reduce crosstalk after VIPA2. Due to the combined dispersion of the
three etalons, the overall spectral axis is further rotated, at 170° if all the etalons have the
same dispersive power.

#144142 - $15.00 USD Received 16 Mar 2011; revised 27 Apr 2011; accepted 28 Apr 2011; published 20 May 2011

(C) 2011 OSA

23 May 2011 / Vol. 19, No. 11 / OPTICS EXPRESS 10916

4. Two-stage VIPA spectrometer
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Fig. 3. (a) Schematic of a two-stage VIPA spectrometer. In between stages a mask and a relay
spherical lens are inserted. (b) Brillouin spectrum of methanol sample (10 mW, 1 sec), obtained
with the spectrometer. For illustration purpose only, we drew a line (dashed, yellow) to indicate
the spectral dispersion axis of the double-stage spectrometer and a square (dotted, orange) to
show the vertical and horizontal axes. (c) Brillouin spectrum of a 0.01% Intralipid solution
measured at 7 mW and integration time of 1 sec. The vertical mask cut off the stray light in the
horizontal axis, but strong residues are seen as saturated vertical lines.

We implemented the cross-axis cascading principle to build a two-stage spectrometer. Figure
3(a) shows the schematic of the experimental setup. Input light is focused into the first etalon
by a vertical cylindrical lens C1 (f = 200 mm); after multiple reflections inside VIPA1 the
beam passes through a relay telescope composed of spherical lens S1f (f1 = 200 mm), a spatial
filter in the focal plane of S1f, and spherical lens S12 (f12 = 200 mm). Light then enters the
second stage through cylindrical lens C2 (f = 200 mm), goes through the horizontally oriented
VIPA2 and is focused by spherical lens S2f (f2 = 200 mm) onto the plane of the CCD camera
(Cascade 650, Roper Scientific). In a simpler but equally effective design, S1f can be replaced
by a vertical cylindrical lens and C2 is removed so that S12 serves both as collimator for the
first stage relay telescope and as input lens for the VIPA2.
The propagation direction of the output beam after a VIPA etalon is largely unchanged
and remains in the horizontal plane. Therefore, there is no need of an image rotator, such as a
Dove prism, as used in our previous cross-axis grating spectrometer [10].
Figure 3(b) shows a representative spectrum from methanol, as captured by the CCD
camera. The triplet of Rayleigh-Brillouin scattering peaks are dispersed along a diagonal axis,
and replicated in several diffraction orders arranged in a 2-dimensional pattern (four orders
are seen here). The spectral dispersion axis (yellow dashed line) in the CCD plane is at about
135° with respect to the vertical/horizontal axis. Here, the sample is transparent so the elastic
scattering component is comparable to Brillouin signal. In non-transparent samples, however,
excess elastic scattering lies along the horizontal and vertical directions (orange dotted lines).
This situation is clearly illustrated in Fig. 3(c), for the case of a 0.01% aqueous solution of
Intralipid, where two Brillouin peaks (Stokes and anti-Stokes) from adjacent diffraction orders
are seen, together with strong crosstalk signal that was separated from the Brillouin peaks in
the second stage. The horizontal crosstalk component was blocked with the mask between the
first and second stage, as illustrated in Fig. 2(c).
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5. Three-stage VIPA spectrometer
A three-stage VIPA spectrometer can be constructed by adding a third VIPA as depicted in
Fig. 4(a). We built the experimental setup using three identical VIPA etalons (R1 = 99.99%
and R2 = 92%) oriented vertically (90°), horizontally (180°), and at 225°, respectively. After
VIPA2, the beam passes through a relay telescope composed by two spherical lenses S2f (f2 =
200 mm) and S23 (f23 = 150mm) and a spatial filter in the focal plane of S2f. The beam is
focused into the diagonal VIPA3 by a cylindrical lens C3 (f = 500 mm). The final pattern is
formed by a spherical lens S3f (f3 = 150 mm) onto the CCD camera located in the focal plane
of S3f.
Figure 4(b) shows a representative Brillouin spectrum obtained from a 0.1% aqueous
solution of Intralipid with the three-stage spectrometer. Two Stokes and anti-Stokes peaks in
two adjacent diffraction orders are clearly seen and well separated from residual stray light
(‘Elastic’ in Fig. 4(b)). We note that all other spectral signatures are blocked by the two masks
after the first and second stages. By plotting pixel intensity along the spectral axis, the
Brillouin spectrum of a sample can be quantified. Figure 4(c) shows an example of this
measurement for Plexiglass. The spectrum was acquired with 21 mW laser power and 1 s
acquisition time. Given the known Brillouin linewidth (~250 MHz) of Plexiglass, we used the
experimental linewidth to compute the instrumental spectral linewidth of the three-stage
interferometer. The estimated spectral resolution of our setup was about 700 MHz, which
corresponds to a high finesse of about 40.
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Fig. 4. (a) Experimental setup of a three-stage VIPA spectrometer. (b) Brillouin spectrum of an
Intralipid solution (0.1%) sample (21 mW, 1 sec). Only Stokes and anti-Stokes peaks from
adjacent diffraction orders are shown after filtering by the masks. (c) Brillouin spectrum of
Plexiglass sample (21 mW, 1 sec).

In terms of optical throughput, 55% of incident light was transmitted through the first
stage, 40% of which passed through the second stage, and the third stage had 30% throughput
efficiency. Therefore, the overall throughput of the instrument was 7%. The typical
throughput of a single-stage VIPA spectrometer ranges from 50% to 70%, where a higher loss
results from a shallower tilt angle, yielding higher finesse. The additional losses in the second
and third stages are largely attributed to the generation of multiple diffraction orders, because
only one of them is coupled into the next stage. With further optimization of VIPA etalons
and relay optics, the insertion loss of multi-stage etalons can be improved.
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6. Extension to N-stages
Following the same cascading principle, a multiple VIPA interferometer of N stages can be
built. Here, the k-th VIPA is oriented at an appropriate angle to accept the spectrum dispersed
through the preceding k-1 stages. The building block of each stage is modular, comprised of a
cylindrical lens Ck, an etalon VIPAk, a spherical Fourier transform lens Skf with focal length
fk, a mask and a spherical relay lens Sk,k + 1 of focal length fk,k + 1.
Figure 5 illustrates how the orientations of the etalons and the spectral axes change in a
multi-stage interferometer. In the first stage, the VIPA is oriented along the direction v1 at an
angle θ1 with respect to the horizontal axis (θ1 = 90° in our experiment), and its spectral
dispersion direction, d1, is parallel to v1 with ψ1 = θ1. In the double-VIPA interferometer, the
second etalon is aligned along v2 at an angle θ2 = ψ1 ± π/2, perpendicular to the spectral
direction of the first stage d1 (θ2 = 180° in our experiment). After the two etalons, the
spectrum emerges at an angle ψ2 (ψ2 = 135° in our experiment; see Fig. 3b) along spectral
dispersion direction, d2. In a three-stage interferometer, the third VIPA must be oriented
perpendicular to d2, at an angle θ3 = ψ2 ± π/2 (θ3 = 225° in our experiment), which is depicted
in Fig. 5(c). This arrangement results in a final dispersion direction s3 at an angle ψ3.

(a)

(b)
d2

v1 d1

(c)
d2

d1

d1

d3

θ1 = ψ1

ψ3

ψ2
v2

v2

v3

Fig. 5. Illustration of the relationship between the orientation of the VIPA etalon and dispersion
axis at each stage. (a) In a single stage, the orientation of the VIPA etalon (v1) and spectral
dispersion axis (d1) coincide. (b) In a two-stage spectrometer, the second etalon axis (v2) is
perpendicular to d1, and the overall spectral dispersion is diagonal (d2). (c) In a three-stage
spectrometer, the third etalon axis (v3) is perpendicular to the d2.

For each stage, the dispersion angle, k, imposed on a beam of wavelength λ by the kth
VIPA interferometer was previously derived in both plane-wave and paraxial approximations
[13,14]. The focal length fk of the spherical lens, Skf, after the VIPA determines the linear
dispersion power, sk , of the kth stage:
sk
fk .
(1)
k
Since telescopes are used to link two subsequent VIPA stages, the overall linear dispersion
also depends on the magnifications introduced by such optical systems. Namely, each kth stage
introduces a magnification M k f k / f k 1 on the spectral pattern obtained by the previous k-1

stages, so that the effective linear dispersion,

sk , due to the kth stage is given by:

(2)
sk sk * M N * M N 1 * * M k 1.
Therefore, along the overall spectral axis, the total linear dispersion, SN, of an N-stage
multiple VIPA interferometer is calculated to be:
SN

N

sk 2 ,

(3)

1
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which suggests a theoretical improvement in spectral resolution. When all the spectral
dispersions are equal, i.e. s1 s2
sN s , the total dispersion becomes S N
N s.
Knowing the spectral dispersion and the optical magnification introduced by each stage,
the overall dispersion axis can be computed. It can be shown:
k 1

k 1

k

k

tan 1 ( sk 1 / S k )
tan 1 ( sk / Sk 1 )

tan 1 (1 / k ),

(4)

tan 1 (1/ k 1),

(5)

where the expressions marked with arrows apply in the case equal dispersion and unit
magnification for all stages.
In our experiments, we obtained spectral dispersion angles of, ψ1 = 90°, ψ2 = 135° and ψ3
= 150°. The third dispersion angle is smaller than 170°, the value that would have resulted if
all the three stages had identical linear dispersion. In our case, the third stage actually had a
lower linear dispersion with respect to the first and second stages because of the shorter focal
length of S3f and the slightly larger tilt angle of VIPA3. The tilt was necessary to
accommodate the expanded beam after the second stage (~15 mm), which could be avoided
by using a cylindrical lens C3 with longer focal length or an additional telescope.
In terms of extinction, a single VIPA spectrometer has extinction, C proportional to its
finesse squared: C 4F 2 / 2 , for an input beam with Airy profile [15]. After N VIPA etalons
of equal finesse F, the spectral extinction or contrast improves, in principle, to:

C (4 F 2 / 2 ) N .
(6)
We experimentally measured the improvement in extinction, as described in the next
section.
7. Measurement of the extinction ratio
We compared the extinction performance of single-stage, two-stage and three-stage VIPA
spectrometers by coupling the single mode laser light directly into the spectrometer and
placing a CCD camera in the focal planes of S1f, S2f, and S3f, respectively To overcome the
limited dynamic range of the CCD, we recorded the spectrum at various optical power levels,
with calibrated neutral density (ND) filters of optical densities in the range from 0 to 7.
Subsequently, the full dynamic range spectrum was reconstructed by rescaling the recorded
raw spectra according to the respective attenuation levels. The results are shown in Fig. 6. The
two peaks at the relative frequencies of 0 and 33 GHz correspond to the stray laser line. The
free spectral range (FSR) of 33 GHz is nearly the same as the FSR of the VIPA etalons in the
spectrometer. The normalized signal, therefore, represents the crosstalk of the laser line due to
finite extinction of the spectrometer. The single-stage VIPA shows an extinction level of
about 30 dB over a wide frequency range between 5 and 25 GHz. The extinction is improved
to 55 dB with two stages and to nearly 80 dB with three VIPA etalons in the middle of the
frequency range. It might be possible to improve the extinction up to 90 dB by minimization
of aberrations in the optical system and improvements of beam shape or profile.
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Fig. 6. Spectral response of a single- (gray), double- (red), and triple- (green) spectrometer to
the single laser line at 532 nm. The normalized background signal shows improvement in
spectral contrast from 30 dB (single-stage) to 55 dB (two-stage) and 80 dB (three-stage).

8. Brillouin measurement of Intralipid solutions
Finally, we applied the multi-stage spectrometer to parallel Brillouin spectroscopy of turbid
samples, using aqueous solutions of Intralipid at various concentrations. Because of the low
extinction of the single VIPA spectrometer, it was impossible to detect any Brillouin signal
even at minimal concentrations (10 7%) of Intralipid. Figure 7 shows the comparison between
two-stage and three-stage spectrometers. For this measurement, we placed the Intralipid
solution inside a plastic cuvette and adjusted the confocal microscope to focus light just inside
the liquid sample. We used higher incident power (21 mW) in the three-stage measurement
than the two-stage measurement (7 mW) in order to offset the excess loss induced by the third
stage. The two sets of experiments used the same spectrum acquisition time of 1 s. The
magnitudes of Brillouin signal and elastic crosstalk (background) were measured at different
intralipid concentrations.
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Fig. 7. (a) Background elastic scattering from Intralipid solution, measured by the two-stage
(red) and three-stage (green) spectrometer at 7.5 GHz as a function of Intralipid concentration.
(b) Brillouin signal to background ratio (SBR) as a function of Intralipid concentration for twostage (red) vs three-stage (green) spectrometer.

The Brillouin frequency shift of the Intralipid solutions is close to 7.5 GHz, similar to that
of pure water. In Fig. 7(a), we plot the amount of elastically-scattered light in the area around
the Brillouin frequency of 7.5 GHz. It is noticeable that the two-stage spectrometer can
effectively suppress the elastic background up to 0.001% Intralipid concentration. Beyond
0.001%, the background increases exponentially with concentration. In contrast, the threestage spectrometer completely suppressed the background signal up to 5% Intralipid
concentration. The effective suppression of the elastic-scattering component results in a much
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higher signal-to-background ratio (SBR) of the Brillouin spectral measurement. In Fig. 7(b),
we plot the measured SBR as a function of concentration. With the two-stage spectrometer,
SBR rapidly degrades with increasing concentration and drops below one at 0.1%
concentration. However, the three-stage spectrometer is able to measure the Brillouin
spectrum up to 10% Intralipid concentration, clearly demonstrating the benefit of the third
stage.
9. Conclusion
In conclusion, we have demonstrated multi-stage VIPA spectrometers featuring high spectral
extinction, sub-GHz spectral resolution and parallel detection. The 80-dB extinction of the
three-stage spectrometer enabled us to measure the Brillouin scattering spectrum of Intralipid
solutions up to 10% concentration. Intralipid solutions at concentration between 1% and 10%
have been widely used as tissue phantoms as the scattering properties are similar. Therefore,
our experimental results indicate that three-stage VIPA interferometry may be suitable for
high-speed parallel Brillouin spectroscopy in biological tissues. In addition to Brillouin
spectroscopy, multi-stage VIPA spectrometers might find other applications such as the
characterization of sub-micron particle aggregates via low-frequency Raman scattering
spectroscopy [16] and of side-mode suppression ratio of laser sources [17].
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We demonstrate a method of cascading multiple diffractive elements for improving the purity of spectral
dispersion. The cross-axis cascade was implemented in a two-stage grating spectrograph, resulting in a hundredfold reduction of stray light and a high dynamic range up to −75 dB. The technique can be used for
parallel spectral measurements and processing. © 2008 Optical Society of America
OCIS codes: 050.2770, 300.6190.

Spectrally dispersive devices, such as diffraction
gratings, have been indispensable in numerous applications from spectrometry and multiplexing to filtering and pulse shaping [1,2]. High spectral purity in
the dispersed spectrum is almost always desirable
[3–5], but the crosstalk between different spectral
components inevitably occurs owing to either the device’s intrinsic transfer function or various practical
limitations, such as finite finesse in a tilted Fabry–
Perot etalon [6], or stray light in a ruled diffraction
grating. In this Letter, we demonstrate a simple technique to enhance the spectral contrast from conventional dispersive elements. The technique is based on
cascading multiple elements with orthogonal dispersion axes and is thus termed cross-axis cascade
(CAS). Using a double-grating cascade in conjunction
with a detector array and a measurement algorithm,
we demonstrate a spectrograph with high dynamic
range of up to 75 dB, which represents more than a
thousandfold improvement over conventional spectrographs and commercially available parallel spectrometers.
Figure 1 shows a schematic of a two-stage grating
cascade. The basic design concept is that the spectral
axis (s1) of the optical beam after a grating, Grating1, is made orthogonal to the dispersion axis (d2) of
the next grating, Grating2. Simply rotating the orientation of the second grating by 90° would make the
beam diffract vertically and complicate the optical
alignment. We employed a 45°-tilted Dove prism (image rotator) so that the beam propagation direction
(through the center of the spectrum) remains on the
horizontal plane of the setup. After Grating2 the final
output spectrum is dispersed along an oblique axis
(s12) rather than the intrinsic spectral axis (s2) of
Grating2. Improvement of spectral contrast stems
from the fact that the stray light produced by the
nonuniformity of a grating is mostly confined to the
line along its dispersion axis. The stray light after
Grating1 is overlapped with the dispersed spectrum
(i.e., signal) on the s1 axis. However, at each spatial
location along the axis, the frequency of stray light is
different from that of the dispersed spectrum, so after Grating2 they are spatially separated from each
other. Similarly, the stray light generated by Grating2 itself is dispersed horizontally in the s2 axis,
which likewise is separated from the final spectrum
0146-9592/08/242979-3/$15.00

dispersed in the s12 axis. Consequently, the CAS
grating spreads the stray light in two dimensions
while keeping the signal in one dimension (s12). In
contrast, cascading two gratings with the parallel
axes would merely shuffle the stray light within the
same dispersion axis and thus does not improve the
contrast (see, e.g., Fig. 5). In scanning monochromators, the parallel-axis multistage grating can improve
the dynamic range. In this case, the signal at each
stage is focused to zero dimension (a point) and isolated from the stray light that is spread in one dimension (a line). Although high dynamic ranges of
!80 dB [7] have been achieved, the scanning instruments can measure only one specific wavelength at a
time. The CAS extends the filtering mechanism to
the higher dimensions, allowing the entire spectrum
to be processed simultaneously and more rapidly
without scanning.
Consider the following grating equation: m"
= p!sin # + sin $", where m denotes the diffraction order, " denotes the optical wavelength, and p denotes
the grating pitch; # and $ are the input and output
incident angles. The angle % between the s12 and the
horizontal s2 axes can be calculated to be tan %
= !p2 / p1"!cos $2 / cos $1"!l1 / l2"!m1 / m2". Here, the subscripts refer to Grating1 and Grating2, and l1,2 are
the distances of the measurement plane from the

Fig. 1. (Color online) Configuration of a two-stage CAS
grating using a Dove prism.
© 2008 Optical Society of America
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gratings. We find % = 90° on the surface of Grating2
!!l2 = 0", and % = 45° at infinity !l1 = l2" for two identical stages. The resolving power increases with #N for
N identical gratings. The use of Dove prisms facilitates cascading more than two gratings to further enhance the spectral contrast. For example, a second
22.5°-tilted Dove prism can be used to rotate the 45°
s12 axis to be vertical, followed by a vertical slit and
a third grating. A tilted Dove prism causes some polarization change owing to phase shifts upon total internal reflection within the prism. However, the
maximum energy conversion between the polarization states is less than 1% [8]. The finite aperture
size of the prisms may limit the measurable spectral
range [9], but this problem can be mitigated by employing relay imaging optics between the gratings.
Figure 2 shows a schematic of the experimental
setup. For light sources, we used a fiber-bundlepigtailed white-light-emitting diode (LED) and two
single-frequency lasers at 491 and 532 nm (Cobolt),
multiplexed by a broadband pellicle beam combiner
and dichroic mirror. We employed neutral density
(ND) filters to vary the laser power and a single-mode
fiber to improve the spatial beam quality !1 / e2 diameter of $2 mm). For the spectrograph, we used two
identical ruled diffraction gratings (Edmund Optics)
with p = 833 nm and a 45-mm-long Dove prism with a
15 mm & 15 mm input aperture. The diffraction efficiency at m = 1 was about 10% at 491 nm and 17% at
532 nm owing to unoptimized groove density and
blazed angle.
Figure 3 shows the digital photographs (DS200, Nikon) of the diffracted beam after each grating focused
on a white glossy paper. Figures 3(a) and 3(c) feature
the rainbow spectra of the LED white light !5 'W"
alone after Grating1 and Grating2, respectively.
When both the LED and green laser light !150 'W"
were used, the output spectrum after Grating1 contains the stray light leaked from the intense green
beam at Grating1 [Fig. 3(b)]. In contrast, in CAS
[Fig. 3(d)], Grating1 stray light remains along the
vertical axis (s1), Grating2 stray light is displaced
horizontally (s2), while the LED spectrum is dispersed along the oblique axis (s12). This result demonstrates the principle of contrast enhancement in
CAS grating.
To quantify the contrast improvement, we used a
CCD camera (Cascade 650, Photometrics) in the
spectrograph. Although a linear camera mounted at

Fig. 2. (Color online) Experimental setup. ND, neutral
density filter; DM, dichroic mirror; SMF, single-mode fiber;
BC, beam combiner; M, mirror.

Fig. 3. (Color online) Optical spectra in the two-stage
cross-axis spectrograph. (a),(b) Spectra measured after
Grating1 (a) with only LED light as an input and (b) with
both LED and intense green laser light. Green stray light
produced by Grating1 is overlapped with the rainbow spectrum. (c),(d) Spectra measured after Grating2 (c) with only
the LED input and (d) with both the LED and laser. The
stray light lies along the vertical and horizontal lines, easily separable from the spectrum along the oblique axis at
about 45°.

45° angle may be used, the two-dimensional camera
with 653& 492 pixels facilitated the experiments.
The camera was operated with an integration time of
33 or 100 ms and a linear full well depth of about
24,000 electrons ($48,000 photons). The output beam
after Grating2 was focused onto the camera by a lens
with 45 mm focal length for a dispersion slope of
0.2 nm per pixel. This and other typical cameras offer a dynamic range—the ratio of full well depth and
readout noise—of 30– 40 dB, which limits the measurable spectral contrast. To overcome this limitation, we devised a method of recording the spectrum
at various optical power levels and subsequently reconstructing the spectrum with full optical dynamic
range.
Figure 4(a) illustrates the measurement method.
We measured a set of data with a green laser input
!1 mW" after attenuation by various ND filters (0 to 7
optical densities). The spectra were rescaled according to the respective attenuation levels. The data
measured with large attenuation show the narrow laser line at 532 nm, whereas the spectra obtained
with low attenuation highlight the background owing
to stray light. We implemented a simple algorithm in

Fig. 4. (Color online) Measured spectrum. (a) Spectra of
laser line at 532 nm measured with various ND filters of
OD= 0, 1.2, 2.5, 3.9, 4.9, 5.9, and 7, respectively. (b) Fullrange spectra reconstructed from the datasets obtained
with double cross-axis gratings and single grating only.
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MATLAB to retrieve the full features of the optical
spectrum by enveloping the measured curves. Figure
4(b) shows the reconstructed spectra over a 90 nm
span. The pedestal around the 532 nm line is probably due to the focal profile of the imperfect Gaussian
beam. The noise floor appears at about −75 dB level,
limited by grating stray light and light scattered
from other optical components. For comparison, we
repeated the same measurement with a single-stage
spectrograph. The result depicted in Fig. 4(b) clearly
shows a reduction of the noise floor by 10 to 20 dB in
the cross-axis spectrograph. We did not correct for
the wavelength dependence of the grating efficiency
in Fig. 4(b). The noise floor at longer wavelengths is
underestimated by about 2 dB for single and 4 dB for
double grating.
Finally, we tested the ability to detect a weak laser
line at 532 nm in the presence of a much stronger
line at 491 nm. Figure 5(a) shows a typical CCD output in the cross-axis two-stage spectrograph, showing
highly saturated signal due to the blue laser light
(0.3 'W on the CCD). The image also shows horizontal (s2) and vertical (s1) stray light lines and a vertical streak artifact due to CCD saturation. The signal
corresponding to the much weaker green laser
!0.3 pW" is in the space marked by a dotted box, distinctly separated from the stray lines. Figure 5(b) depicts the spectrum measured along the diagonal dispersive axis (s12). For comparison, we performed the
same measurements with single-grating and
parallel-axis double-grating spectrographs. The results, plotted in Fig. 5(b), clearly show that the
parallel-axis cascade offers no advantage in terms of
spectral contrast. The resulting dynamic range of
60 dB is insufficient to discern the green laser line,
whereas CAS clearly resolves the signal at 532 nm.
The CAS spectrograph is reminiscent of echelle
spectrographs [10], where multiple diffraction orders
of a high resolution disperser (e.g., echelle grating)
are separated by a perpendicular diffraction grating
or prism [11]. In these instruments, though, contrast
is not improved, because spectrum and stray light occupy the same two-dimensional space.
In conclusion, we have shown that cascading multiple diffraction gratings improves the spectral purity
in the output. Using this technique and a multistep
measurement algorithm, we have demonstrated a
spectrograph with a high dynamic range comparable
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Fig. 5. (Color online) Comparisons of spectrographs. (a)
Typical diffraction pattern recorded by the camera in the
cross-axis double-grating spectrograph. Inset shows the
signal at 532 nm separated from the strong saturated signal at 532 nm. (b) Measured spectra.

with that of the state-of-the-art multistage grating
monochromators but without compromising the capability of parallel detection. The technique is simple to
implement with any type of spectral disperser and is
expected to be useful in many instrumentations and
laboratory experiments involving parallel spectral
splitting, combining, and measurement.
This work was funded in part by the United States
Department of Defense (FA9550-04-1-0079), Tosteson
Postdoctoral Fellowship (G. Scarcelli), and Cross Disciplinary Fellowship from the Human Frontier Science Program (P. Kim).
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Acoustically induced inelastic light scattering, first reported in
1922 by Brillouin1, allows non-contact, direct readout of the
viscoelastic properties of a material and has widely been
investigated for material characterization2, structural
monitoring3 and environmental sensing4. Extending the
Brillouin technique from point sampling spectroscopy to
imaging modality5 would open up new possibilities for
mechanical imaging, but has been challenging because rapid
spectrum acquisition is required. Here, we demonstrate a
confocal Brillouin microscope based on a fully parallel
spectrometer—a virtually imaged phased array—that improves
the detection efficiency by nearly 100-fold over previous
approaches. Using the system, we show the first cross-sectional
Brillouin imaging based on elastic properties as the contrast
mechanism and monitor fast dynamic changes in elastic
modulus during polymer crosslinking. Furthermore, we report
the first in situ biomechanical measurement of the crystalline
lens in a mouse eye. These results suggest multiple applications
of Brillouin microscopy in biomedical and biomaterial science.
The mechanical properties of biological tissues and
biomaterials are closely related to their functional abilities6, and
thus play significant roles in many areas of medicine. For
example, coronary arteries hardened by calcification can cause
heart problems, mechanically weakened bones resulting from
osteoporosis represent a serious orthopaedic concern, and the
stiffness of the extra-cellular matrix influences drug delivery and
cell motility7. As such, the ability to measure mechanical
properties non-invasively in vivo at the microscopic (cellular)
scale would have a wide range of biomedical applications, as well
as uses in material science and engineering8,9.
Conventional mechanical tests, such as dynamic mechanical
analysis and rheometry, require mechanical forces to be applied
to samples through contact and, although accurate and
comprehensive, they are therefore not well suited to in situ highresolution measurements. Miniaturized mechanical methods have
become increasingly sophisticated10, but they are still limited to
surface measurement. Elastography is a promising technique used
to extract mechanical information from structural deformation
images11; however, sensitivity to the assumed stress distribution
and physiological motion limit spatial resolution and
measurement precision. Acoustic techniques, such as ultrasound
and acoustic microscopy, are non-invasive and can offer
microscopic resolution. However, these techniques tend to be
effective only for samples with simple internal structures12,

because the detected signals (acoustic echoes) originate from the
spatial derivative of the acoustic impedance to be measured,
rather than its absolute magnitude.
Spontaneous Brillouin scattering is an inelastic scattering
process arising from inherent density fluctuations, or acoustic
phonons, in the medium (Fig. 1a). Brillouin spectroscopy
measures spectral changes upon scattering, providing direct
information on the phonon’s properties that are closely related to
the viscoelastic properties of the medium (see Methods).
Previously, Brillouin spectroscopy has been used successfully to
measure the viscoelastic properties of samples ex vivo, including
collagen fibres13,14, bone15, cornea and crystalline lens16,17.
Nevertheless, this technique has remained a point sampling
method, mainly because the measurement time to perform
imaging was too long, typically minutes per spectrum (pixel).
A challenge in Brillouin spectroscopy is separating Brillouin
light from elastically scattered light, which arises from Rayleigh
and Mie scattering or reflections from optical components. This
can be orders of magnitude stronger than Brillouin scattered light
in most biological tissues. In addition, the Brillouin frequency
shift, in the order of GHz (0.1–0.5 cm21), is too small to resolve
with conventional spectrometers. For high spectral resolution and
extinction, Brillouin spectroscopy has relied on multiple-pass
scanning Fabry–Perot (FP) interferometers18, grating-based
monochromators19 and optical beating methods20. These scanning
approaches are slow, however, as they measure individual spectral
components sequentially. A non-scanning parallel approach has
been demonstrated recently using an angle-dispersive FP etalon5,21.
However, at each beam incidence angle, only a specific
narrowband spectral component is transmitted and detected,
while the rest is reflected. Consequently, in both the non-scanning
and the scanning approaches, the throughput efficiency is
fundamentally limited to less than 1/F, where F denotes the
finesse of etalon; this results in a trade-off between measurement
resolution and acquisition speed.
To circumvent this problem, we developed a fully parallel
dispersive imaging spectrometer based on a virtually imaged
phased array22,23 (VIPA) (Fig. 1b; see also Methods). Our custombuilt VIPA spectrometer featured high finesse of up to 56 and high
throughput efficiency over 80%, and has a free spectral range
(FSR) of 33.3 GHz. The spectrometer was integrated into a homebuilt confocal microscope set-up (Fig. 1c). Using a single-mode
fibre ensured strict confocality, flexible beam delivery, and minimal
stray light in the spectrometer. We used a dual-axis configuration24
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Figure 1 Principle and schematic of the experimental set-up.
a, Illustration of Brillouin light scattering originating from acoustic phonons
(waves). b, Schematic of spectrometer based on a VIPA. c, Schematic of the
confocal Brillouin microscope system.

with 68 beam cross angle to reduce backscattered light and to achieve
high spatial resolution with a low numerical aperture (NA). Epiconfocal detection, on the other hand, can maximize light
collection. The three-dimensional resolution, measured by sliding
the interface of two materials with distinctly different Brillouin
shifts over the beam focus, was 6 mm (x) ! 6 mm (y) ! 60 mm (z).
The resolution can be improved by increasing the NA. However, a
high NA (.0.5) will involve noticeable Brillouin line broadening
as a result of the dependence of the frequency shift on the
scattering angle, as well as through the reduced acousto–optic
interaction length (axial resolution)25.
Figure 2a shows a typical spectrometer output obtained from
distilled water with a CCD integration time of 1 s and laser
power of 10 mW on the sample. We optimized the number of
diffraction orders to effectively one within the transmission
window (dotted line) by spectrometer design. The acquired
spectrum shows the Stokes and anti-Stokes Brillouin lines at both
sides of a central elastic scattering line (Fig. 2b). About
100,000 photons contributed to each Brillouin line. The electrical
readout noise level of the camera was between 5 and 30 photons
depending on the gain level used. We measured the frequency
sensitivity (the root-mean-square error) to be +7 MHz Hz21/2,
which corresponds to +4 MPa (+0.1% error) for 1 s integration.
We also tested various liquid and solid samples (Fig. 2c) and
obtained Brillouin shifts and linewidths that agree with
previously published data5,26. The majority of the scattered light

Figure 2 Brillouin spectra of various samples. a, Typical CCD output obtained
from distilled water. b, The width of the transmission profile (dotted line)
matched to the FSR to maximize the signal. c, Calibrated optical spectra:
experimental data (red circles); overall curve fit based on lorentzian functions
(solid green line); and a curve fit to the Stokes Brillouin spectrum (blue dashed line).
The measured Brillouin shifts and linewidths are 7.46 GHz and 0.79 GHz for water,
5.57 GHz and 0.46 GHz for methanol, 9.23 GHz and 1.97 GHz for benzyl alcohol and
benzyl benzoate (BABB), and 15.6 GHz and 0.26 GHz for acrylic glass (Plexiglas).

had the same polarization state as the input laser beam. The
efficiency of Brillouin scattering varies depending on the elasto –
optic tensor of the material, beam directions, and optical and
acoustic polarizations2. All of our experiments described here
used isotropic materials in the quasi-epi detection (backscattering) configuration. As a result, we observed only the
Brillouin lines associated with longitudinal acoustic phonons.
The amplitude of scattering from transverse (shear) acoustic
phonons is zero in the backward direction.
To demonstrate Brillouin imaging, we used an acrylic intraocular
lens placed in a cuvette filled with viscous polymer for optical index
matching (Fig. 3a). A total of 230 (x)!44 (z) spectra were acquired
with a CCD integration time of 0.5 s and laser power of 3.5 mW,
as the sample was translated stepwise over an area of
3.2 mm (x) ! 1.3 mm (z). Figure 3b shows an image created by
mapping the measured frequency shifts nB. The cross-section of
the acrylic lens appears at the centre in dark red (nB ¼ 14.6 GHz),
the surrounding medium in blue (nB ¼ 11.5 GHz), and a part
of the polystyrene cuvette at the left top in light red (nB ¼ 14.4 GHz).
At the interface between different materials, the spectrum
exhibits two Brillouin peaks corresponding to the individual
materials. We defined the Brillouin shift as the weighted centroid
of the peaks, so that the boundaries of objects are highlighted
with a colour gradient. The lens and cuvette have similar
Brillouin shifts, barely discernable in Fig. 3b, but their elasto –
optic constants and thus Brillouin scattering efficiencies are
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substantially different. The difference produces a high contrast
between the two objects in the image created by mapping the
Brillouin magnitude at a shift of 14.5 GHz (Fig. 3c). The
intraocular lens was almost invisible to the naked eye because of
index matching; however, the Brillouin images clearly visualize it
using the elastic properties as the contrast mechanism. Crosssectional line profiles are shown in Fig. 3d.
In addition to facilitating imaging, rapid measurement of
Brillouin spectra can enable the dynamic changes in material to
be monitored. Crosslinking collagen and biopolymers in situ is
an emerging technique in tissue engineering used for
constructing structurally and mechanically optimized cell
scaffolds27. To test whether our system can monitor the modulus
change by crosslinking, we measured the Brillouin spectra
of optical adhesive polymer in response to UV curing light.
Figure 4 depicts the Brillouin shifts measured continuously over
time with 1 s CCD integration time. The UV lamp was turned on
at t ¼ 0 and off at t ¼ 100 s. During this period, we observed
rapid dynamic changes characterized by an initial decrease of
Brillouin shift followed by a steady increase. The further increase
with a reduced slope after t ¼ 100 s is due to post-illumination
crosslinking. After 24 h, the polymer appeared to reach a steady
state. The right y axis denotes the elastic modulus calculated
from the measured Brillouin shifts assuming a constant density
of r ¼ 1.2 g cm23 and a refractive index of n ¼ 1.56 (the actual
variation of these parameters amounts to less than 1%
uncertainty in the elastic modulus estimation). This experiment
demonstrates the capability of monitoring dynamic mechanical
changes non-invasively in situ by Brillouin spectroscopy with
high temporal resolution (1 s).
Brillouin scattering is in principle similar to Raman scattering.
The molecular chemical properties of a sample can be determined
from Raman scattering by measuring THz optical phonons, rather
than GHz acoustic phonons, with a conventional grating-based
spectrometer. Although Raman imaging has been investigated
actively for biomedical sensing and diagnosis28, the effort to
extend Brillouin spectroscopy to a practical imaging modality has
been impeded by a dearth of sub-GHz-resolution and highthroughput spectrometers. The VIPA-based spectroscopy we have
demonstrated here offers a solution to this bottleneck, providing
significantly enhanced Brillouin signals compared with those
produced using previous approaches5,18,19. Combined with a
fibre-optic confocal microscope, this advance has enabled us to
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Figure 4 Real-time monitoring during UV-induced crosslinking of polymer.
Four distinct phases are observed, characterized by a constant Brillouin shift
before curing (2100 s to 0 s), dynamic changes during UV illumination (0 s to
100 s), an increase during post-illumination crosslinking (100 s to 250 s), and a
steady state after being fully cured (after 24 h). The elastic modulus was
calculated from the measured Brillouin frequency shift.

monitor dynamic changes in a polymer through crosslinking and
to obtain cross-sectional images using the mechanical properties
as the contrast mechanism.
The main limitation of the single-VIPA spectrometer is low
extinction of the Rayleigh signal, about 230 dB in the Brillouinshift region. To test the feasibility of biomechanical measurement,
we improved the extinction to 255 dB using a tandem VIPA
and performed an in situ experiment with the eye of a mouse,
post mortem (Fig. 5a; see Methods). Along the optic axis of the
eye, we acquired spectra at a depth interval of 100 mm with
7 mW optical power and 10 s integration time. Figure 5b depicts
the measured Brillouin frequency shift. We found that the
Brillouin shifts of the aqueous and vitreous humours were about
7.55+0.20 GHz, close to the 7.40+0.01 GHz of distilled water.
In the crystalline lens, the Brillouin shift increased from the
outer layers (cortices) towards the centre (nucleus). This result
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interference among the phased array beams provides angular dispersion so that
different frequency components are emitted at different angles22. High
throughput is assured because nearly all the photons arriving at the VIPA are
eventually transmitted forward and can be detected. This is a significant
advantage over a conventional angle-dispersive FP etalon where light enters
through a highly reflective surface. A tandem VIPA is constructed by using two
identical VIPA etalons with orthogonal orientations and relay lenses in between.
Our custom-made VIPA etalons were made of a silica substrate
(25 mm ! 25 mm ! 3 mm) with dielectric coatings. The reflectivity values for
the front and back surfaces were 99.9% and 95%, respectively. The beam
entrance window was 5 mm wide and the beam entrance angle was about 1.68.
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Figure 5 In situ characterization of the crystalline lens in a mouse eye.
a, Left: Schematic of the murine eye. Right: images of the crystalline lens
extracted after measurement. The arrow indicates the beam entrance direction.
b, Brillouin frequency shifts measured at various depths along the central optic
axis (blue circles), showing a twofold increase from the outer layers (cortices)
towards the lens centre (nucleus). Error bars represent the measurement
uncertainty. C, cornea; A, aqueous humour; L, lens; V, vitreous humour;
and R, retina.

is consistent with previous measurements of excised lenses
in vitro16,17, obtained using a multipass FP scanning interferometer
with higher power levels of 10–25 mW and a much longer
integration time of 10 min per spectrum. Here we measured
Brillouin scattering from the intact eye, to our knowledge for the
first time, suggesting the possibility of in vivo biomechanical
studies of the crystalline lens and cornea. Measuring their
viscoelastic properties non-invasively with micrometre-scale
resolution would greatly enhance our ability to understand their
roles in a variety of ocular problems, such as presbyopia29, and to
improve cornea tissue bonding and cataract surgery30. Further
improving extinction, for example by cascading more VIPA stages,
should make it possible to visualize and monitor the
biomechanical properties of other tissues in situ at the cellular level.

METHODS

BRILLOUIN SYSTEM

The laser used was a single-frequency frequency-doubled Nd-YAG laser
operating at 532 nm (Torus, Laser Quantum). An achromatic lens (focal
length ¼ 30 mm) focused the laser light to the sample with NA ¼ 0.03. The
polarization of the input beam was linear, perpendicular to the scattering plane
(that is, s-polarization). In the spectrometer, we used cylindrical and aspherical
lenses with a long focal length of 200 mm to match the transmission profile to
the FSR (Fig. 2b). We used an electron-multiplied CCD camera (Cascade 650,
Photometrics). A 38-mm cylindrical lens in front of the CCD camera was used to
maximize the pixel values by focusing the spectrally dispersed light into a line
image. We determined the Brillouin parameters from the CCD output by curve
fitting with lorentzian functions. To reject fluorescence and Raman scattered
light generated from the sample, we used a 3-nm dielectric bandpass filter in
front of the spectrometer.
BRILLOUIN IMAGING

The intraocular lens (Alcon) was made of acrylate-methacrylate copolymer and
was transparent at 532 nm (90%). To match the refractive index and thereby
avoid excessive Fresnel reflection at the interfaces, we filled the cuvette with
uncured UV adhesive (Norland 61, n ¼ 1.52). We processed the data and
produced images with custom software written in Matlab involving lorentzian
curve fitting, 3!3 median filtering, and standard hue-saturation-value
colour mapping.
DYNAMIC MONITORING

The sample was UV adhesive (Norland 61) in a 1 cm ! 1 cm ! 4.5 cm cuvette.
The laser beam was delivered through a side wall of the cuvette. A UV curing
lamp (Opticure, Norland) illuminated the sample from a distance of 8 cm with
an intensity of %4 mW cm22. We acquired spectra continuously with a CCD
frame rate of 1 Hz. At a low laser power of 3.5 mW we did not observe any sign of
crosslinking induced by the probe beam itself.
BRILLOUIN MEASUREMENT OF THE EYE

BRILLOUIN SIGNAL AND VISCOELASTIC MODULUS

Spontaneous Brillouin scattering involves optical frequency shifts, upward and
downward, by the annihilation and creation of a phase-matched acoustic
phonon, respectively. The Brillouin frequency shift nB for an isotropic material
can be expressed as2
nB ¼

2n
V cosðu=2Þ
l

pﬃﬃﬃﬃﬃﬃﬃﬃ
where V ¼ E=r is the acoustic velocity, E the elastic modulus (Young’s
modulus for solids and bulk modulus for liquids), r the density, n the refractive
index, l the optical wavelength and u the scattering angle (Fig. 1a). The linewidth
D (full-width at half-maximum, FWHM) of the Brillouin spectrum is related to
the acoustic attenuation coefficient a through D ¼ aV/p. These parameters are
related to storage modulus M0 and loss modulus M00 through16 M0 ¼ rV2 and

We performed the Brillouin measurement with the eye of a C57BL/6 mouse
(18 months), within 20 min of killing, with the eye remaining in place.
A coverslip was placed on the anterior surface of the cornea with methylcellulose
to minimize corneal refraction. The laser beam entered the crystalline lens
through the centre of the pupil. We acquired Brillouin spectra as we moved the
sample axially with steps of 100 mm. Immediately after the measurement, the
eyeball was surgically removed from the animal and dissected to measure the
dimensions of the crystalline lens in vitro.
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instrumentals

An eye toward the future of
noninvasive mechanical imaging
Researchers use confocal Brillouin microscopy to measure biomechanical
properties of the mouse eye.
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thing to show that Brillouin imelasticity require the direct applicaaging is possible, as we did with
tion of mechanical force, but these
polymers, but the next step is to
10.6
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methods cannot be used in vivo.
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By implementing confocal Brillouin Brillouin image of an intraocular lens from a mouse.
for biomedical applications,” says
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Yarger. “Scarcelli and Yun further
Giuliano Scarcelli and Seok Hyun
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Yun of Harvard Medical School and (x, y, and z, respectively). The colored bar represents
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Massachusetts General Hospital im- the measured Brillouin frequency shifts in gigahertz.
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Because confocal microscopy uses
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