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Collagen Cross-linking 
lessons learned over 12 years! 
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From our Athens team: CXL contributions  

•  2nd team  to CXL 2002 
•  Combining high fluence CXL with topo-guided reshaping of 

irregular corneas: 2005 
•  Higher fluence: 2006 
•  CXL and Kpro: 2006 
•  Intrastromal treatments through femto-pockets: 2007 

(ESCRS) 
•  LASIK Xtra: 2008 (ESCRS) 
•  LASIK Xtra for hyperopia: 2011 (ASCRS) 
•  Combining CXL and AK: 2012 (ESCRS) 
•  Refractive CXL : 2013 (AAO) 



When to CXL? 

Multiple corneal imaging options:!
•  Placido disc topography!
•  Scheimpflug tomography!
•  OCT!
•  Multi color LED spot !
•  reflection topo (Cassini) !



34y/o MD: 
No change? 20/20, no K change 

34 y/o F physician other eye AP X 3 years, getting married !
wonders if right eye is stable vision 20/20, K,s pach stable!



Post-LASIK ectasia?!



Post-LASIK ectasia?!



Most topometric asymmetry indices worse!!



!"#$%%&'&(%&)*+,*FFF/G64%%4"#794)4&#/5&D*

Kanellopoulos, AJ: J Cornea 2007!
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Topo-guided partial PRK 
 
1-Topolyzer:Placido disc topography 
2-Pentacam (Oculyzer) 
3-Pentacam HD (oculyzer II)-Refractive suite 
4-Vario (placido disc +pupil sensor+iris recognition+limbal 
landmarks recognition) 

WaveLight® FS200!
Femtosecond Laser! WaveLight® EX500!

Excimer Laser!
I"9$84:17J*K$@6"5<9$*E(47$!
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same day PTK > topoPRK > MMC > CXL (6mW/cm2 x 15 min) 

1- PTK 

2- topo 
-guided 

PRK 

3- 30” MMC 

4-: CXL 

6 

!!
"!

#!
--*



!"#$%%&'&(%&)2+,*

Athens Protocol (topoPRK +CXL) KCN epithelial changes 

-O*

before after 



Step 4: attemted Rx to 0, OZ to 5 or 5.5mm, cyl axis 
to match topo axis not refractive axis 

-P*
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Athens Protocol example 

Kanellopoulos MD www.brilliantvision.com 
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Average K from 48.5 to 44 
Refraction -2.5-4.5@155 (20/70) to -1-1.5@10 (20/20) 

-O!
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5 year follow up in a 15 y/o 

-Q!



Oculink Vs Topolink in Athens Protocol 

Oculink (Pentacam driven)  
appeared more effective! 

-Q*



!"#$%%&'&(%&)2+,*



!"#$%%&'&(%&)2+,*Kanellopoulos,MD 19

Prophylactic higher fluence CXL in LASIK 
a novel technique 

 

Henry Perry, MD and A. John Kanellopoulos, MD 
Clinical Associate Professor New York University Medical School 

Director, Laservision.gr Institute, Athens, Greece 

CXL meeting
Dresden 08 
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Cornea

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 proportion-
al to the light dose (R2 > 0.98). Compared to the standard epi-
off procedure, a typical epi-on procedure resulted in a third of
stiffness increase in porcine corneas (CSI ! 33).

CONCLUSIONS. Brillouin microscopy allowed imaging and quan-
tifying 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,

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

The decrease of corneal mechanical stability has a critical
role in the onset and progression of keratoconus and post-

LASIK 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 mechan-
ical 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 imag-
ing 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 biome-
chanical properties from the deformation images due to the
contributions of the corneal geometry and intraocular
pressure among other factors.17 (Roberts CJ, et al. IOVS
2011;52:ARVO E-Abstract 4384). Other techniques based on
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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 feasi-
bility of this noncontact technique was tested for in situ quan-
titative assessment of the biomechanical properties of the cor-
nea.

METHODS. Brillouin light-scattering involves a spectral shift pro-
portional to the longitudinal modulus of elasticity of the tissue.
A 532-nm single-frequency laser and a custom-developed ultra-
high-resolution spectrometer were used to measure the Brill-
ouin frequency. Confocal scanning was used to perform Brill-
ouin 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-link-
ing. 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 coef-
ficients 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 cross-
linking, 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

The current standard of corneal diagnosis is structural anal-
ysis, by pachymetry1 and tomography,2 to measure corneal

thickness and curvature. In addition to structure, the biome-
chanical 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 cross-

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 noninva-
sive device that could measure corneal biomechanical proper-
ties3 would be highly useful in the clinic.6

Most of our current knowledge on the mechanical proper-
ties of the cornea came from modeling7 or ex vivo experimen-
tal studies performed with stress–strain tests,8 dynamic rheom-
etry, 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 cor-
nea. However, its sensitivity and clinical usefulness remain
questionable.12–14 Several elastography techniques are cur-
rently under development.15–18 Ultrasound has long been in-
vestigated,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 con-
tinue to be investigated.20

In this context, we have recently developed a novel tech-
nique 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 informa-
tion 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 with-
out 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-link-
ing 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 char-
acterized 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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epi-on = " of epi-off!

Biomechanical assessment of CXL!
Other options: Pascal ORA, Corvis!

!

Avedro’s Brillouin phonon spectrometer!
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Commercial device by Avedro in 2004 
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The creation of CXL differentials 
within the cornea can have a 

refractive effect 
2012 CXL Geneva 

Kanellopoulos AJ:JRS 2013 

1Journal of Refractive Surgery 

R E P O R T

Very High Fluence Collagen Cross-
linking as a Refractive Enhancement 
of a Regressed Previous Astigmatic 
Keratotomy

Anastasios John Kanellopoulos, MD

ABSTRACT

PURPOSE: To report a novel application of collagen cross-linking 
(CXL) in refractive astigmatic enhancement of previously per-
formed astigmatic keratotomy.

METHODS: A 28-year-old woman with prior history of bioptics 
correction of high myopic astigmatism with femtosecond laser-
assisted astigmatic keratotomy followed by topography-guided 
LASIK showed long-term regression of the astigmatism 4 years 
later. A novel CXL application was employed in an attempt to re-
verse the regression of the astigmatic keratotomy.

RESULTS: The high fluence CXL intervention resulted in correc-
tion of 2 diopters of topographic and refractive cylinder. Uncor-
rected distance visual acuity changed from 20/50 to 20/20 and 
refraction from -0.50 -2.00 @ 90 to +0.25 -0.25 @ 90 at the 
7-month follow-up.

CONCLUSIONS: A possible novel application of high fluence CXL 
with refractive cornea effect is introduced. It may offer rapid and 
simple rehabilitation and its effect may be tapered.

[J Refract Surg. 20XX;XX(X):XX-XX.]

Incisional corneal astigmatic keratotomy has been 
employed for many years to reduce corneal astig-
matism. Among other parameters, corneal healing 

may affect the intervention efficacy. We have observed 
significant regression from the initial effect in astig-
matic keratotomy, including femtosecond laser-assist-
ed astigmatic keratotomy (unpublished data).

CASE REPORT
A 28-year-old woman had undergone femtosecond 

laser-assisted paired astigmatic keratotomy 4 years 
previously followed by a topography-guided LASIK 
procedure 3 months later. Her initial refractive error 

was -8.00 sphere and -6.00 cylinder at 95°, and similar 
treatment was performed in her left eye. Her preopera-
tive corneal thickness of 530 µm did not permit full 
correction through a LASIK procedure because that 
would leave residual stroma less than 300 µm, which 
is the cut-off in our practice.

Postoperative uncorrected visual acuity was 20/20, 
with refraction +0.25 -0.50 @ 90. She was lost to fol-
low-up for 3 years but was then evaluated before cross-
linking treatment for her postoperative care, complain-
ing of reduction in her uncorrected visual acuity in the 
right eye from 20/20 to 20/50. Her refraction revealed 
-1/-2 diopters at 95°AQ1 and her corneal topographic 
measurement showed evidence of astigmatic keratot-
omy regression with 2 more diopters of with-the-rule 
astigmatism in the left eye on topography (Figure 1). 

We offered the patient the possibility of revising 
the astigmatic keratotomy incisions and performing 
high-fluence corneal collagen cross-linking (CXL) to 
enhance the astigmatic keratotomy effect without fur-
ther corneal thinning and/or astigmatic keratotomy in-
cision extension. We reopened the astigmatic keratot-
omy incisions with a blunt Sinskey hook and infused 
the riboflavin 0.3% solution (Vibex XtraAQ2; Avedro, 
Waltham, MA) within the incision gutters. We allowed 
the solution to soak within both reopened astigmatic 
incisions for 60 seconds, then removed all of the re-
sidual riboflavin from the corneal surface and the con-
junctiva with a dry Weck-cell sponge. We then applied 
high-fluence CXL 45 mW/cm2 with the KXL device 
(Avedro) for 2.5 minutes, for total ultraviolet energy 
delivered of 7 Joules.

We evaluated the patient 1 day, 1 week, and 1, 3, 
and 7 months postoperatively. Figure 1 demonstrates 
the correction of most of the regressed cylinder by 2 
diopters. 

DISCUSSION
We previously reported on high-fluence CXL1,2 and 

along with other investigators have alluded to its po-
tential application in influencing refractive change 
of the cornea.3,4 Regression of astigmatic keratotomy 
has been reported as a previously studied factor.5 We 
have described using anterior segment optical coher-
ence tomography imaging to assess the corneal CXL ef-
fect.6 We theorize that in the case reported herein the 
refractive effect is achieved by this exact CXL mecha-
nism. This intervention may create a significant “dif-
ferential” between cross-linked and non–cross-linked 
cornea stroma. As a result, the cross-linked stroma 
contraction may create a biomechanical tissue and 
refractive shift that may explain the clinical findings. 
There are reports of combining microwave technology7 
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6 months myopic treatments 2D flattening ! 
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Is CXL a refractive procedure?  
Most investigators speak of “disease reversal” when flattening occurs after CXL in ectasia 

This is a simple 3mW CXL-alone case from 2005 
No scar developed, Now 2013 has Flattened 12D!!! 

OM*
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Novel Avedro KXL-II Device 
Riboflavin penetration captured 
 by Build –in Scheimpflug image 
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Myopic profile central 4mm OZ transepi 
4min Paracel+6min VibexXtra 
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Myopic profile central 4mm OZ transepi 
4min Paracel+6min VibexXtra 
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PiXL custom topo-assisted 7 months 
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Toric profile-transepi:  
4min Paracel+6min VibexXtra 
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8 month topography-customised  
tran-epithelial CXL treatment 

www.brillian
tvision.com!
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Customized astigmatism 
correction 



!"#$%%&'&(%&)2+,*

Customized CXL for KCN! 



!"#$%%&'&(%&)2+,*

KCN s/p Athens Protocol in 2006 residual cone and cylinder 
3 months after PiXL it appears to work in CXL corneas as well 
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“ profile Hyperopic” oz 6-9mm 
“hyperopic PTK” 6-9oz 30 microns 
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The myopic shift  
(hyperopia-presby treatment) 
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Placido topo data 
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Our current CXL protocols 
 

1-Athens Protocol: topo PRK +10’x 10mw/cm2 

2-LASIK Xtra: 1’ (90”) 30mW/cm2 all HYPEROPES 
2-PRK Xtra: 1’ (90”) 30mW/cm2 

3- femtoAK Xtra: 3’ 30mw/cm2-no soaking! 
4-Cataract incision Xtra: 45mW/cm2 for 2.5 min 
5-TransepiCXL: 0.25% ribo +  30mW  X 3’  
6-Infection: 0.25% riboflavin + 45mW/cm2 x 5 ‘ 
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Conclusions CXL 

CXL can stabilize ectasia, cornea melt, 
infection 
Topography-guided PTK and CXL synergistic 
CXL in routine LASIK=LASIK Xtra 
CXL refractive treatments  proving safe and 
effective for small refractive errors 
Future: pattern CXL, titratable CXL 
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My opinion of the future of refractive surgery? 

•  Refractive femto corneal lenticule removal 
•  Fine-tuned and stabilized by pattern CXL 
(adjust small refractive errors, adjust asphericity 
etc)  
•  all through the original femto pocket 



Love CXL !!


