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BY VANCE THOMPSON, MD

The ability to detect subtle differences in the biomechanical properties of  
ocular tissues has wide-ranging promise.

THE POTENTIAL OF  
BRILLOUIN MICROSCOPY

The application of ocular biomechanical 
properties in clinical research, diagnos-
tics, and surgical treatment planning is an 
emerging area of research that is becom-
ing increasingly relevant to ophthalmic 
surgery.1 Brillouin optical microscopy is a 
promising new technology being developed 
to detect subtle differences in the biome-

chanical properties of the cornea. Its potential importance 
stems from recent developments in the understanding of 
the cornea’s role in the measurement of IOP, the impact 
of the changes induced by keratorefractive surgery on the 
structural integrity of the cornea, and the introduction of 
new techniques to alter the biomechanical properties of 
the cornea such as CXL.

The cornea behaves as a viscoelastic material. The biome-
chanical properties of this tissue are determined by factors 
including the organization of collagen fibers, ground substance, 
and cells. Elastic materials exhibit a constant ratio for all lev-
els of stress or strain, but, for viscoelastic materials, the ratio 
changes at different levels of stress or strain: The response 
of the cornea to a force (such as IOP) is dependent not only 
on the deformation in that moment but also at all previous 
times.2,3 To predict the results or effects of surgical techniques 
or to predict the progression of corneal ectasia, the changes in 
biomechanics induced by intervention or disease must be char-
acterized instantaneously and over time.  

MEASUREMENT OF CORNEAL BIOMECHANICS
Current in vivo techniques to measure corneal biome-

chanical properties require nonphysiologic deformation 
of the cornea. The Ocular Response Analyzer (Reichert 
Technologies) delivers a pulse of collimated air to the cor-
nea and monitors the cornea throughout deformation and 
recovery with an electrooptical system that tracks the cor-
neal reflex with infrared light. The difference between the 
in- and outward pressure values is reported as corneal hys-
teresis (CH); a corneal resistance factor (CRF) is calculated 
using a linear relationship between the two pressures. The 
Corvis ST (Oculus Optikgeräte) similarly deforms the cornea  

with a collimated 
air puff and 
adds the use of 
a high-speed 
Scheimpflug 
camera to allow 
dynamic obser-
vation of the 
deformation pro-
cess. The Corvis 
ST provides a 
number of quan-
titative outputs including deformation amplitude (DA), a 
measure of the highest displacement of the corneal apex 
during the highest concavity momentum.4 Both systems 
aim to characterize the biomechanical properties of the 
central 3 mm of the cornea, but they do not represent the 
peripheral structure, which may be particularly relevant in 
ectatic disorders of the cornea, and they lack the capability 
to capture regional differences in corneal biomechanical 
properties.3 

Other techniques coupling deformation of the cornea 
with analysis of high-speed imagery have been proposed, 
such as swept-source OCT5,6 or supersonic shear wave imag-
ing technology.7,8 As with the ORA and the Corvis ST, these 
techniques, which are not available commercially for clinical 
use, rely on nonphysiologic deformation of the cornea.

BRILLOUIN MICROSCOPY IN THE CORNEA
To ideally characterize the biomechanical properties of the 

cornea, a device capable of measuring regional differences in 
modulus across the surface of the cornea would be desirable.  
In order to achieve this goal, it is necessary to obtain measure-
ments without deforming the cornea, as the material proper-
ties of the system are affected by stress on the system.

Brillouin optical microscopy has been proposed as a 
potential solution to the challenge of measuring corneal 
biomechanics in vivo without altering stress through the 
analysis of light scatter. Scattering arises from the interac-
tion of photons of incident light with the acoustic phonons 

A

Brillouin optical microscopy is a promising 
technology with the potential to advance current 
understanding of regional ocular biomechanical 
properties through noncontact, real-time in vivo 
measurement to enable better diagnosis and 
treatment of disorders affecting or affected by 
these properties.   
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in the corneal tissue. In simple terms, a phonon is the 
unit of vibration of the lattice structure that makes up 
a material. Photons gain or lose energy from interaction with 
phonons, and this change (gain or loss) corresponds with a 
shift in frequency in the Brillouin spectrum of the scattered 
light. This shift is related to the elastic modulus (M´) of the 
material, as shown in this equation where ρ = mass density, 
λ = wavelength, and n = the refractive index. 

Techniques to calculate the elastic modulus of ocular 
tissues using Brillouin scatter date back to 1980, when 
Vaughan and Randall used this technique ex vivo to mea-
sure the density and elastic moduli of bovine corneas and 
the crystalline lenses of cows, rats, birds, fish, and frogs.9 
Recently, this technique has been used in laboratory studies 
to evaluate the effect of CXL on the cornea.1,10,11 

Scarcelli et al10 used a benchtop Brillouin microscopy 
setup to measure the frequency shift in porcine corneas fol-
lowing CXL according to several different protocols, includ-
ing epithelium-off and transepithelial modalities. The fre-
quency shift in the Brillouin spectrum was used to calculate 
the longitudinal elastic modulus of the material at various 
depths. The technique was sensitive enough to detect differ-
ences in the amount of stiffening from anterior to posterior 
cornea and to detect differences between CXL protocols.10   

Despite historical understanding of the principles of 
Brillouin light scattering and potential new applications 
for this technology, challenges to its implementation as a 
clinical tool exist. The intensity of scattered Brillouin light 
is low, and its frequency shifts are 
small. This necessitates the use 
of a single-frequency laser, large 
collection efficiency confocal 
microscopy optics, and a spectro-
photometer with an ultrasensi-
tive detector. These aspects of 
the design make the measure-
ment system sensitive to temper-
ature, vibration, and alignment. 
Although these factors are readily 
controlled in a laboratory envi-
ronment, their translation into 
a robust clinical tool is complex. 
Avedro has taken on this chal-
lenge and is currently developing 
a commercial Brillouin optical 
microscope, which is attracting 
attention for its potential as an 
ocular diagnostic and surgical 
planning tool. 

DIAGNOSTIC, SURGICAL PLANNING TOOLS
Microstructural studies have revealed differences in the 

collagen lamellar organization in keratoconic corneas com-
pared with normal corneas, with disruption of the orthogonal 
arrangement over the region of the cone. A reduced number 
of crosslinks between collagen fibrils in keratoconic corneas 
contributes to compromise of the lamellar structural integrity 
and may result in slippage between lamellae (ie, lamellar creep) 
and progression of the disease. A biomechanical model pro-
posed by Roberts and Dupps hypothesized that keratoconus 
starts with a regionalized reduction in elasticity that results in 
lamellar creep, leading to protrusion of the apex of the cone 
in response to IOP-induced stress and redistribution of stress 
within the cornea.12 A means of detecting regional variations in 
corneal biomechanics could be used to validate this theory. If 
the theory holds true, characterization of regional biomechan-
ics has the potential to provide a means of early diagnosis of 
keratoconus, opening the possibility of stabilizing the cornea 
with CXL even before corneal curvature has been affected.     

1980
The year that Vaughan and Randall used the Brillouin 
scatter technique to calculate the elastic modulus of 

ocular tissues ex vivo to measure the density and elastic 
moduli of bovine corneas and the crystalline lenses of 

cows, rats, birds, fish, and frogs.9

(Continued on page 18)

POSSIBLE USES FOR BRILLOUIN OPTICAL MICROSCOPY

Detection of subtle differences 
in the biomechanical properties 
of the cornea, including the 
amount of stiffening from the 
anterior to posterior cornea 
after CXL and the distribution 
and magnitude of these 
changes in three dimensions.

 Measurement of corneal 
biomechanics in vivo without 
altering stress through the 
analysis of light scatter.
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Diagnostic tool with the 
means of early diagnosis of 
keratoconus.

Additional applications 
including evaluation of a 
wide range of ocular features, 
such as retinochoroidal fluid 
dynamics and scleral rigidity.

Potential tool for understanding 
the progression of presbyopia 
and the formation of cataracts 
and to assist in the diagnosis 
and development of new 
treatments.

Assessment of the mechanical 
outcomes of CXL treatment.
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BRILLOUIN MICROSCOPY OF CXL
By Giuliano Scarcelli, PhD;  
and Seok Hyun Yun, PhD

CXL is a promising method to treat 
keratoconus and corneal ectasia. The 
current standard procedure, the Dresden 
protocol, is widely used in clinics world-
wide. However, great interest and effort 
are currently being devoted to develop-
ing improved procedures that require 
less time, have shorter postoperative 
downtime, and produce more efficient 
and reliable clinical outcomes. 

A crucial determinant of the treatment 
outcome in CXL procedures is the degree 
of corneal rigidity conferred to the cor-
neal stroma. In the quest to improve CXL 
procedures, many research groups and 
companies have been attempting to cre-
ate measuring tools that can monitor corneal stiffness. In 
this context, we have developed an all-optical technique 
termed Brillouin microscopy.1 

Brillouin microscopy is based on spectral analysis of light 
scattered from within corneal tissue. Within the cornea, 
the interaction between light and microscopic mechani-
cal vibrations that are inherently present thermodynami-
cally causes a small change in the light frequency, so the 
mechanical information can be measured optically. In the 
past several years, using Brillouin microscopy, we have mea-
sured age-related stiffening of the crystalline lens in mice 
in vivo2 and demonstrated mapping of corneal elasticity 
in animal and human tissue.3,4 Recently, Brillouin imaging 
provided novel insights into the biomechanical effect of 
keratoconus both ex vivo and in vivo.5,6

To investigate the utility of Brillouin microscopy 
in CXL, we imaged porcine corneas before and after 
riboflavin-assisted CXL performed using the Dresden 
protocol.7 A significant increase in corneal modulus was 
observed immediately after CXL (Figure 1). The increase 
of Brillouin modulus was depth-dependent, decreasing 
from anterior to posterior regions, indicating that the 
stiffening of the anterior corneal stroma contributes the 
most to mechanical outcomes. 

We have proposed a corneal stiffening index (CSI) as a 
quantitative measure of the mechanical efficacy of a spe-
cific CXL procedure that allows direct comparison to the 
Dresden protocol. By definition, the CSI of the Dresden 
protocol is 100. Using this measure, we found that the 

CSI of epi-on CXL was 33. In other 
words, the procedure has one-third 
the mechanical efficacy of the Dresden 
protocol. We also noticed that post-
operative dehydration had a significant 
mechanical effect, which suggests that 
the mechanical outcome of CXL should 
be evaluated when the corneal hydra-
tion has returned to baseline levels. 

Brillouin microscopy could become 
a useful quantitative, high-resolution 
clinical tool for CXL.7,8 The dependence 
of the mechanical outcome on several 
operational parameters with and without 
epithelial debridement can be quantified. 
As we expect commercial instruments 
to be available in the near future, it is 
foreseeable that Brillouin technology may 
find widespread application in the clinic 

as a monitoring tool to assess and follow the mechanical 
outcomes of CXL treatment.  
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Figure 1.  Brillouin images of normal 

porcine corneal tissue before and 

after standard epi-off CXL. Imaged 

area: 800 (z) X 50 μm (x).
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Currently, the efficacy of clinical CXL procedures is evaluated 
indirectly; stabilization or decrease in maximum keratometry 
(Kmax) is the most widely used efficacy endpoint for CXL 
studies in the scientific literature, with 1.00 D considered the 
minimum significant change.13 Kmax provides useful clues 
regarding the progression of keratoconus but does not fully 
characterize the effect of CXL. As new methods for CXL, such 
as accelerated protocols and advanced riboflavin formulations, 
become more widely accepted, it will be useful to quantify in 
vivo changes in corneal biomechanical properties to evaluate 
the relative efficacy of these protocols. Brillouin microscopy has 
the potential to characterize not only changes in the stiffness 
of the cornea after CXL but also the distribution and magni-
tude of these changes in three dimensions.10

Studies using Brillouin microscopy to characterize the 
biomechanical properties of corneas with iatrogenic ectasia 
have the potential to elucidate the underlying mechanisms 
of this complication. Measurement of corneal biomechanics 
may reveal individual predisposition to mechanical insta-
bility, leading to better screening to prevent ectasia or to 
reduce refractive surprises. Additionally, better character-
ization of biomechanical changes resulting from refractive 
surgery would be useful to evaluate new refractive surgical 
procedures aimed at maintaining corneal integrity, such as 
the ReLEx SMILE procedure.14  

Ultimately, preoperative corneal biomechanics measure-
ments could be combined with corneal topography and 
finite element analysis to create a predictive surgical plan-
ning tool for corneal refractive and therapeutic procedures.

BEYOND THE CORNEA
Brillouin microscopy has been used to characterize the crys-

talline lens and may be the first in vivo diagnostic tool with 
the capability to differentiate between cortical and lenticular 
changes in the biomechanical properties of the lens.15-17 In this 
capacity, it is a potential tool for understanding the progres-
sion of presbyopia and the formation of cataracts and to assist 
in the diagnosis and development of new treatments.

Corneal biomechanical properties influence the measure-
ment of IOP. Both the ORA and the Corvis ST are used to 
calculate cornea-corrected IOP, which is proposed to be less 
influenced by corneal properties than traditional applana-
tion tonometry.4 Beyond more accurate measurement of IOP, 
nondisruptive biomechanical measurement with Brillouin 
microscopy has the potential to elucidate the pathophysiology 
of glaucoma and improve clinical monitoring of the disease 
through biomechanical characterization of the nerve fiber 
layer, the lamina cribrosa, and the trabecular meshwork.1 

Additional applications for biomechanical characteriza-
tion of the eye may extend to the evaluation of a wide range 
of ocular features, such as retinochoroidal fluid dynamics 
and scleral rigidity.

CONCLUSION
The ability to detect subtle differences in the biomechani-

cal properties of ocular tissues has wide-ranging promise and 
implications for clinical research, diagnostic tools, and surgical 
treatment planning. Brillouin optical microscopy is a promising 
technology with the potential to advance current understand-
ing of regional ocular biomechanical properties through non-
contact, real-time in vivo measurement to enable better diag-
nosis and treatment of disorders affecting or affected by these 
properties (see Possible Uses for Brillouin Optical Microscopy). n
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• The application of ocular biomechanical properties in 
clinical research, diagnostics, and surgical treatment 
planning is an emerging area of research that is becoming 
increasingly relevant to ophthalmic surgery.

• Brillouin optical microscopy is a promising 
technology being developed to detect subtle differences 
in the biomechanical properties of the cornea.

AT A GLANCE
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