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Our Athens team’s CXL contributions: 

•  Applying topo-guided PRK in CXLed ectatic corneas 2004 

•  Combining ame day CXL with topo-guided reshaping of 
irregular corneas Athens Protocol: 2005 

•  Higher fluence: 2006 (6mW, 10mW) 

•  Intrastromal treatments through femto-pockets: 2007 

•  LASIK+CXL( Xtra ): 2008 (ESCRS) 

•  LASIK Xtra for hyperopia: 2011 (ASCRS) 

•  PiXL CXL corneal differentials: 2013 (AAO) 

•  CXL and Cornea resistance to melt 



Introduction of riboflavin in a femto-pocket 
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ABSTRACT

PURPOSE: To evaluate the safety and effi cacy of a novel 
femtosecond laser-assisted technique for intracorneal ad-
ministation of ribofl avin and higher fl uence ultraviolet A 
(UVA) light in collagen cross-linking (CXL) for keratoconus.

METHODS: Ten cases of early keratoconus were treat-
ed with CXL and followed for a mean of 26 months 
(range: 18 to 36 months). Using a femtosecond laser, 
a 100-µm deep, 7-mm diameter intracorneal pocket 
was created. Two 0.1-mL doses of 0.1% ribofl avin sodium 
phosphate solution were infused into the pocket and, 
with a 2 minute soak period, the cornea was irradi-
ated with 7 mW/cm2 UVA light of mean 370 nm wave-
length for 15 minutes. Changes to uncorrected (UCVA) 
and best spectacle-corrected visual acuity (BSCVA), re-
fraction, keratometry (K), corneal thickness, Pentacam 
topography, endothelial cell count, and intraocular pres-
sure were evaluated.

RESULTS: Mean UCVA improved from 20/50 to 20/40, 
BSCVA was unchanged at 20/20, mean sphere was re-
duced by 0.50 diopters (D), mean cylinder was reduced 
by 0.90 D, maximum mean K reduced from 49.50 to 
48.10 D, no ectasia progression (defi ned as increase in 
K over 3-month follow-up) was noted during the follow-
up time studied, and no statistically signifi cant change 
in endothelial cell count was seen. The mean thinnest 
corneal thickness appeared to initially reduce but the 
mean returned to at least the preoperative level by 18 
months. All patients returned to full activities within 1 
day postoperative. No adverse effects were noted in any 
of the cases studied.

CONCLUSIONS: This novel epithelium-sparing, rapid 
soak-and-treat method of intrastromal ribofl avin instil-
lation and higher fl uence UVA light for CXL appears 
to be safe and effective. No negative biomechanical 
effect (ectasia/epithelial ingrowth) was noted due to the 
femtosecond laser-created pocket. Because minimal 
epithelial injury occurs using this technique, postopera-
tive pain appears to be signifi cantly reduced. [J Refract 
Surg. 2009;xx:xxx-xxx.] doi:10.3928/1081597X-2009

T he management of keratoconus with collagen cross-
linking (CXL) utilizing ultraviolet A (UVA) light ir-
radiation and simultaneous topical ribofl avin admin-

istration has been studied at length both in the laboratory as 
well as clinically1-14 and received CE marking in December 
2006 for clinical use in the European Union countries. The 
standard technique involves partial or complete central epi-
thelial removal followed by topical administration of ribofl a-
vin 0.1% solution to achieve intrastromal penetration.1

It was theorized that by instilling the ribofl avin solution 
paracentrally within the cornea, with minimal epithelial sur-
face disturbance, and by using a higher fl uence UVA light 
source the following could be targeted: 1) faster re-epitheliali-
zation and visual rehabilitation for the patient with signifi cant 
reduction in pain from the procedure; 2) faster diffusion/soak 
period as the (large molecule, in regard to the Bowman’s layer 
barrier) ribofl avin is directly injected at depth via the intra-
stromal pocket, providing greater shielding near the endothe-
lium; and 3) selective CXL of the anterior two-thirds of the 
cornea. We expected minimal toxicity to the endothelium, as 
no signifi cant concentration of ribofl avin with this technique 
was expected to be activated by stray UVA light at that level.

PATIENTS AND METHODS
Ten consecutive “early” keratoconic corneas were selected 

with the following criteria: topographic evidence of keratoco-
nus (keratometry [K] !48.00 diopters [D] and/or inferior steep-
ening !1.00 D) in the superior half of the cornea, minimum 
corneal thickness "500 µm, and patient age "18 years.
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Decrease of UV-intensity 
courtesy E. Spoel MD 
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CASE REPORT

Collagen Cross-Linking (CCL) With Sequential
Topography-Guided PRK

A Temporizing Alternative for Keratoconus
to Penetrating Keratoplasty

A. John Kanellopoulos, MD*†‡ and Perry S. Binder, MS, MD§

Purpose: To assess the effectiveness of ultraviolet A (UVA)
irradiation–induced collagen cross-linking (CCL) on keratoconus
(KC) progression.

Methods: A patient with bilateral, progressive KC underwent
UVA irradiation (3 mW/cm2 for 30 minutes) after topical 0.1%
riboflavin drops over a deepithelialized cornea. Twelve months later, a
topography-guided penetrating keratoplasty (PRK; wavelight 400 Hz
Eye-Q excimer) was performed in 1 eye for a refractive error of
23.50 24.00 3 155 by using an attempted treatment of 22.50
23.00 3 155. At all postoperative follow-up visits to 18 months,
uncorrected visual acuity (UCVA), best spectacle-corrected visual
acuity (BSCVA), pachymetry, and topography were performed.

Results: In the treated left eye, the UCVA after the UVA CCL
improved from 20/100 to 20/80, and the BSCVA improved from
20/50 to 20/40. Eighteen months after the topography-guided PRK,
the UCVA was 20/20, and the BSCVA was 20/15, with a refractive
error of Plano 20.50 3 150. The cornea was clear, and the endo-
thelial cell count remained unchanged. The untreated right mate eye
continued to progress during the same period.

Conclusions: The significant clinical improvement and the
apparent stability of more than a year after UVA CCL, and subse-
quent PRK compared with the untreated mate eye, seems to validate
this treatment approach for KC. An adjusted nomogram may be
considered in the ablation of cross-linked cornea tissue to avoid
overcorrections.

Key Words: keratoconus, cornea ectasia, surgical management,
collagen cross-linking, ultraviolet A, riboflavin, customized topography-
guided cornea ablation, visual rehabilitation

(Cornea 2007;26:891–895)

Keratoconus is a bilateral, nonsymmetric, and noninflam-
matory progressive corneal degeneration. Its incidence has

been thought to be 1 in 2000 in the general population,1 but the
increased number of eyes undergoing screening for laser
refractive surgery suggests the prevalence may be higher. It
can be diagnosed at puberty, with up to 20% of the eyes pro-
gressing to the extent that penetrating keratoplasty is
indicated.2 Although spectacles and contact lenses can provide
useful vision in many cases, there are several surgical options
for those cases that can no longer benefit from them: implan-
tation of intracorneal ring segments (Intacs or Ferrera rings),3

lamellar keratoplasty,4 or penetrating keratoplasty.2 Other
ectatic corneal disorders such as Pellucid marginal degener-
ation5 and post-LASIK ectasia6 require similar treatment
approaches. Although penetrating keratoplasty for ectatic cor-
neal disorders is highly successful, many eyes require contact
lenses to correct the unpredictable topographic changes that
are associated with sutures and postsuture abnormal corneal
shapes, and sometimes the contact lens is not successful.7

In recent years, basic laboratory studies and subsequent
clinical studies have suggested that by increasing the collagen
cross-linking (CCL) of the corneal stromal collagen, one is
able to increase the stiffness (biomechanics?) of the cornea
with attendant stabilization of the normally progressive
corneal disorder.8–16 We present a case of bilateral progressive
keratoconus that underwent unilateral CCL followed by PRK
with an excellent outcome.

CASE REPORT
A 26-year-old male patient had been treated with gas-

permeable contact lenses for 8 years before his presentation. Because
of debilitating giant papillary conjunctivitis he was no longer able to
wear the contact lens; spectacles were unable to provide functional
vision because of poor vision and asthenopia. At the time of his
examination, his uncorrected visual acuity (UCVA) was 20/40 in the
right eye and 20/100 in the left eye, and his best spectacle-corrected
visual acuity (BSCVA) was 20/15 OD (manifest refraction 20.75
20.75 3 165) and 20/50 OS (manifest refraction 23.75 24.50 3
155). The keratometry readings were as follows: OD, 43.25 3
10/44.253 100; OS, 45.503 05/48.503 95 (Topolyzer; Wavelight,
Erlagen, Germany).

Slit-lamp examination of the right eye failed to show clinical
findings associated with keratoconus such as a Fleischer ring, Vogt
striae, or a noticeable excessive thinning of the central or paracentral
cornea. The central pachymetry was 520 mm (Orbscan II; Bausch and
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CXL followed 6 months later by a partial tPRK 

2004: Over the last 11 years we have introduced and treated over 
 3000 cases of KCN and ectasia with CXL combined  

with a topo-guided excimer normalization:  
the “Athens Protoco” now practiced globally!!! 



Athens Protocol: Topo-guided partial PRK + CXL 
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 

WaveLight®	  Refrac;ve	  Suite	  



The	  Athens	  Protocol	  4	  steps:	  	  
same day PTK > topoPRK > MMC > CXL (10mW/cm2 x 10 min) 

1- PTK 

2- topo 
-guided 

PRK 

3- 30” MMC 

4-: CXL 
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Comparative Results Athens Protocol  
without and with cyclorotation adjustment (EX500 Wavelight excimer) 
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Athend Protocol outcomes: 
from stage 3 KCN to NONE 
Average K from 48.5 to 44 

Refraction -2.5-4.5@155 (20/70) to -1-1.5@10 (20/20) 

10	  
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Athens Protocol outcomes: may induce myopia! 
Refraction from +0.75-3.50@10 (20/60) to -0.75-0.75@170 (20/20) due 

to improvement of the topometric parameters 

11	  
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Corneal Refractive Power and Symmetry Changes 
Following Normalization of Ectasias Treated With 
Partial Topography-Guided PTK Combined With 
Higher-Fluence CXL (The Athens Protocol)
Anastasios John Kanellopoulos, MD; George Asimellis, PhD

ABSTRACT

PURPOSE: To investigate preoperative and postopera-
tive anterior and posterior keratometry and simulated 
corneal astigmatism in keratoconic eyes treated with 
collagen cross-linking combined with anterior surface 
normalization by partial topography-guided excimer ab-
lation (the Athens Protocol).

METHODS: Anterior and posterior corneal keratom-
etry were measured by Scheimpflug imaging for 267 
untreated keratoconic eyes. Following treatment, they 
were assessed 1 year postoperatively.

RESULTS: Before treatment, average anterior kerato-
metric value was 47.06 ± 6.02 diopters (D) for flat 
and 51.24 ± 6.75 D for steep. The posterior kerato-
metric values were -6.70 ± 0.99 D (flat) and -7.67 
± 1.15 D (steep). Anterior astigmatism was on aver-
age with-the-rule (-1.97 ± 6.21 D), whereas posterior 
astigmatism was against-the-rule (+0.53 ± 1.02 D). 
The posterior and anterior astigmatism were highly cor-
related (r2 = 0.839). After treatment, anterior kerato-
metric values were 43.97 ± 5.81 D (flat) and 46.55 
± 6.82 D (steep). Posterior keratometric values were 
-6.58 ± 1.05 D (flat) and -7.69 ± 1.22 D (steep). An-
terior astigmatism was on average with-the-rule (-1.56 
± 3.80 D), whereas posterior astigmatism was against-
the-rule (+0.45 ± 1.29 D). The statistically significant 
(P < .05) keratometric changes indicated anterior sur-
face flattening -3.09 ± 2.67 D (flat) and -4.19 ± 2.96 
D (steep). The posterior keratometric changes were not 
statistically significant (P > .05).

CONCLUSIONS: Before treatment, there was a strong 
correlation between posterior and anterior corneal astig-
matism. After treatment, statistically significant anterior 
keratometric values flattened. The posterior surface 
keratometric values did not demonstrate statistically 
significant postoperative change: there was minimal 
posterior change, despite the significant anterior sur-
face normalization.

[J Refract Surg. 2014;30(5):342-346.]

eratoconus assessment employs indicators such as 
keratometric values, inferior-superior index, skew 
percentage, astigmatism, and the KISA% index.1 

Acceptable quantitative keratometric criteria include cen-
tral corneal refractive power larger than 47.2 diopters (D), 
inferior-superior dioptric asymmetry larger than 1.2 D, and 
simulated astigmatism, expressed as the difference between 
steep and flat keratometric values greater than 1.5 D.2 The 
steep and flat meridian keratometric values correspond to 
the smaller and larger anterior corneal curvature radius, 
respectively.

Corneal cross-linking (CXL) is an in vivo intrastromal pho-
to-oxidative technique with riboflavin and ultraviolet-A light 
aiming to address the advancing corneal ectasia and, conse-
quently, the keratoconus progression. With CXL, additional 
covalent bonding between stromal collagen can be achieved, 
which stabilizes the collagen framework structure.3 The re-
modeling effects of CXL on the cornea can be described by 
the reduction of mean anterior surface keratometric values.4 
Few studies have been published on the quantitative link be-
tween anterior and posterior keratometric values in kerato-
conic eyes or particularly on the postoperative effects of CXL 
on either corneal surface.

This study aims to investigate the distribution of and rela-
tionship between anterior and posterior corneal keratometric 
values and simulated anterior and posterior astigmatism on 
a large group of clinically diagnosed, untreated keratoconic 
eyes, and the 1-year postoperative effects on both anterior 
and posterior keratometric values and astigmatism induced 
by a combined procedure known as the Athens Protocol,5,6 
which intends to arrest the keratoconus progression and nor-
malize the anterior corneal surface.
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eratoconus is a degenerative bilateral, noninflam-
matory disorder characterized by ectasia, thinning, 
and irregular corneal topography.1 The disorder 

usually has onset at puberty and often progresses until the 
third decade of life, may manifest asymmetrically in the two 
eyes of the same patient, and can present with unpredictable 
visual acuity, particularly in relation to corneal irregularities.2 
One of the acceptable options3 for progressive keratoconus 
management is corneal collagen cross-linking (CXL) with ri-
boflavin and ultraviolet-A.4

To further improve the topographic and refractive out-
comes, CXL can be combined with customized anterior sur-
face normalization.5-7 Our team has developed a procedure8,9 
we have termed the Athens Protocol,10 involving sequentially 
excimer laser epithelial debridement (50 µm), partial topog-
raphy-guided excimer laser stromal ablation, and high-flu-
ence ultraviolet-A irradiation (10 mW/cm2), accelerated (10’, 
or minutes) CXL. Early results11 and anterior segment optical 
coherence tomography quantitative findings12 are indicative 
of the long-term stability of the procedure.

Detailed studies on postoperative visual rehabilitation and 
anterior surface topographic changes by such combined CXL 
procedures are rare,13-16 particularly those reporting results 
longer than 1 year. This study aims to investigate safety and 
efficacy of the Athens Protocol procedure by analysis of long-
term (3-year) refractive, topographic, pachymetric, and visual 
rehabilitation changes on clinical keratoconus management 
with the Athens Protocol in a large number of cases.

PATIENTS AND METHODS
This clinical study received approval by the Ethics Commit-

tee of our Institution and adhered to the tenets of the Declaration 

KABSTRACT

PURPOSE: To investigate refractive, topometric, pachy-
metric, and visual rehabilitation changes induced by an-
terior surface normalization for keratoconus by partial 
topography-guided excimer laser ablation in conjunction 
with accelerated, high-fluence cross-linking.

METHODS: Two hundred thirty-one keratoconic cases 
subjected to the Athens Protocol procedure were stud-
ied for visual acuity, keratometry, pachymetry, and an-
terior surface irregularity indices up to 3 years postop-
eratively by Scheimpflug imaging (Oculus Optikgeräte 
GmbH, Wetzlar, Germany). 

RESULTS: Mean visual acuity changes at 3 years 
postoperatively were +0.38 ± 0.31 (range: -0.34 
to +1.10) for uncorrected distance visual acuity and 
+0.20 ± 0.21 (range: -0.32 to +0.90) for corrected 
distance visual acuity. Mean K1 (flat meridian) kerato-
metric values were 46.56 ± 3.83 diopters (D) (range: 
39.75 to 58.30 D) preoperatively, 44.44 ± 3.97 D 
(range: 36.10 to 55.50 D) 1 month postoperatively, 
and 43.22 ± 3.80 D (range: 36.00 to 53.70 D) up to 
3 years postoperatively. The average Index of Surface 
Variance was 98.48 ± 43.47 (range: 17 to 208) pre-
operatively and 76.80 ± 38.41 (range: 7 to 190) up 
to 3 years postoperatively. The average Index of Height 
Decentration was 0.091 ± 0.053 µm (range: 0.006 
to 0.275 µm) preoperatively and 0.057 ± 0.040 µm 
(range: 0.001 to 0.208 µm) up to 3 years postopera-
tively. Mean thinnest corneal thickness was 451.91 
± 40.02 µm (range: 297 to 547 µm) preoperatively, 
353.95 ± 53.90 µm (range: 196 to 480 µm) 1 month 
postoperatively, and 370.52 ± 58.21 µm (range: 218 
to 500 µm) up to 3 years postoperatively. 

CONCLUSIONS: The Athens Protocol to arrest keratec-
tasia progression and improve corneal regularity dem-
onstrates safe and effective results as a keratoconus 
management option. Progressive potential for long-term 
flattening validates using caution in the surface normal-
ization to avoid overcorrection.

[J Refract Surg. 2014;30(2):88-92.]
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Stability of Topography-Guided Normalization 
Combined With High-Fluence CXL 
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Athens Protocol: improved anterior 
corneal profile, but what about the 

posterior? 
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Novel software to access on the cornea, planned vs. acchieved normalization in the aplicatiom of 
the Athens Protocol in Keratoconus (topo-guided PTK normalization+CXL) 

Actual achieved normalization analysis In a 2 dimensional analysis 

Δϑ=|ϑp	  -‐	  ϑd|	  	


(rp,	  ϑp)	  	
 (rd,	  ϑd)	  	


WΔϑ=	  Δϑ·∙Δr	




Comparative Results 220 Athens Protocol eyes treated with the 
EX500 excimer (Alcon/Wavelight) 

without and with cyclorotation adjustment 

CTA No CTA 
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2005: We introduced: Higher fluence CXL:  
first 6mW/cm2 then: 7, 9, 10 and 12mW/cm2 

AAO 2008: 	  
CXL for 15 
minutes 
utilizing 
7mW/cm2 
fluence 



ESCRS 2007: Introduction in-situ CXL accieved with 
riboflavin delivery within the cornea in a femto-pocket 
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ABSTRACT

PURPOSE: To evaluate the safety and effi cacy of a novel 
femtosecond laser-assisted technique for intracorneal ad-
ministation of ribofl avin and higher fl uence ultraviolet A 
(UVA) light in collagen cross-linking (CXL) for keratoconus.

METHODS: Ten cases of early keratoconus were treat-
ed with CXL and followed for a mean of 26 months 
(range: 18 to 36 months). Using a femtosecond laser, 
a 100-µm deep, 7-mm diameter intracorneal pocket 
was created. Two 0.1-mL doses of 0.1% ribofl avin sodium 
phosphate solution were infused into the pocket and, 
with a 2 minute soak period, the cornea was irradi-
ated with 7 mW/cm2 UVA light of mean 370 nm wave-
length for 15 minutes. Changes to uncorrected (UCVA) 
and best spectacle-corrected visual acuity (BSCVA), re-
fraction, keratometry (K), corneal thickness, Pentacam 
topography, endothelial cell count, and intraocular pres-
sure were evaluated.

RESULTS: Mean UCVA improved from 20/50 to 20/40, 
BSCVA was unchanged at 20/20, mean sphere was re-
duced by 0.50 diopters (D), mean cylinder was reduced 
by 0.90 D, maximum mean K reduced from 49.50 to 
48.10 D, no ectasia progression (defi ned as increase in 
K over 3-month follow-up) was noted during the follow-
up time studied, and no statistically signifi cant change 
in endothelial cell count was seen. The mean thinnest 
corneal thickness appeared to initially reduce but the 
mean returned to at least the preoperative level by 18 
months. All patients returned to full activities within 1 
day postoperative. No adverse effects were noted in any 
of the cases studied.

CONCLUSIONS: This novel epithelium-sparing, rapid 
soak-and-treat method of intrastromal ribofl avin instil-
lation and higher fl uence UVA light for CXL appears 
to be safe and effective. No negative biomechanical 
effect (ectasia/epithelial ingrowth) was noted due to the 
femtosecond laser-created pocket. Because minimal 
epithelial injury occurs using this technique, postopera-
tive pain appears to be signifi cantly reduced. [J Refract 
Surg. 2009;xx:xxx-xxx.] doi:10.3928/1081597X-2009

T he management of keratoconus with collagen cross-
linking (CXL) utilizing ultraviolet A (UVA) light ir-
radiation and simultaneous topical ribofl avin admin-

istration has been studied at length both in the laboratory as 
well as clinically1-14 and received CE marking in December 
2006 for clinical use in the European Union countries. The 
standard technique involves partial or complete central epi-
thelial removal followed by topical administration of ribofl a-
vin 0.1% solution to achieve intrastromal penetration.1

It was theorized that by instilling the ribofl avin solution 
paracentrally within the cornea, with minimal epithelial sur-
face disturbance, and by using a higher fl uence UVA light 
source the following could be targeted: 1) faster re-epitheliali-
zation and visual rehabilitation for the patient with signifi cant 
reduction in pain from the procedure; 2) faster diffusion/soak 
period as the (large molecule, in regard to the Bowman’s layer 
barrier) ribofl avin is directly injected at depth via the intra-
stromal pocket, providing greater shielding near the endothe-
lium; and 3) selective CXL of the anterior two-thirds of the 
cornea. We expected minimal toxicity to the endothelium, as 
no signifi cant concentration of ribofl avin with this technique 
was expected to be activated by stray UVA light at that level.

PATIENTS AND METHODS
Ten consecutive “early” keratoconic corneas were selected 

with the following criteria: topographic evidence of keratoco-
nus (keratometry [K] !48.00 diopters [D] and/or inferior steep-
ening !1.00 D) in the superior half of the cornea, minimum 
corneal thickness "500 µm, and patient age "18 years.
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 ESCRS and AAO 2008: Introduced Prophylactic CXL in 
PRK and LASIK 



HYPEROPIC LASIK+CXL 
A drop of 0.1% riboflavin sodium phosphate solution, just 

prior to its spread over the exposed stromal bed  



Comparison of Keratometric Stability compelling evidence that LASIK Xtra 
works and maybe a necessary adjunct in hyperopic LASIK 
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2014: laboratory work establishing ex-vivo in-situ CXL effect in a SMILE 
simulation all femto procedure 

Two-surface intra-lamellar bed corneal dissections were performed within a 5.5 mm 
optical zone.  The lenticule was extracted through a 3.5 mm wide superior canal.  High-
fluence CXL was conducted in the pocket created.   
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2-dimentional biomechanical testing was applied 
in sham and treated corneas 
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Results 
“Lenticule” creation and secondary extraction through the 
superior canal was efficient when employing the FS200 
laser.  “Lenticule” thickness was 50 µm.    

OCT-derived corneal thickness differences, as well as 
Scheimpflug imaging-derived topographic differences were 
consistent with a myopic change.  Both modalities 
highlighted the inter-lamellar CXL effect. 

Substantial (up to +100%) increase in biomechanical 
strength has been noted when using biaxial stress 

measurements. 

 

BASIC INVESTIGATION

Corneal Collagen Cross-linking CombinedWith Simulation
of Femtosecond Laser–Assisted Refractive Lens Extraction:

An Ex Vivo Biomechanical Effect Evaluation

Anastasios J. Kanellopoulos, MD,*† Mark A. Kontos, MD,‡ Shihao Chen, MD, OD, MSc,§
and George Asimellis, PhD*

Purpose: To evaluate biomechanical changes induced by in situ
corneal cross-linking (CXL) with stromal pocket delivered enhanced
concentration ribo!avin and high-!uence, high-energy UV-A irradiation.

Methods: Eight human donor corneas were subjected to intrastromal
lamellar corneal tissue removal of anterior 140-mm deep, 80-mm thick
· 5-mm diameter central stromal buttons, extracted through a 3.5-mm
width tunnel, surfacing in the superior cornea periphery. Enhanced
concentration ribo!avin solution (0.25%) was instilled in the pocket.
In study group A (CXL), super"cial high-!uence UV-A irradiation
was applied, whereas in control group B (no CXL), none. To
comparatively assess changes in corneal rigidity, corneal specimens
were subjected to transverse biaxial resistance measurements by
application of a unidirectional tangential shear force. Biomechanical
differences were evaluated through stress and Young shear modulus.

Results: Stress at 10% strain was 305 6 24 kPa in study group A
versus 157 6 11 kPa in control group B (relative difference D =
107%, P = 0.021). Stress at 20% strain was 1284 6 34 kPa in study
group A versus 874 6 29 kPa in control group B (D = 47%, P =
0.043). Average shear modulus in study group A at 10% strain was
6.98 6 1.12 MPa versus 4.04 6 0.85 MPa in control group B (D =
73%, P = 0.036). Average shear modulus in study group A at 20%
strain was 11.46 6 0.75 MPa versus 8.80 6 0.72 MPa in group B
(D = 30%, P = 0.047).

Conclusions: Adjunct CXL in this ex vivo simulation refractive lens
extraction procedure seems to provide signi"cant increase in corneal
rigidity, up to +107%. These "ndings also support our previous
reported work on laser in situ keratomileusis combined with CXL.

Key Words: femtosecond laser, refractive lens extraction, bio-
mechanical simulation, in situ CXL, epithelium on, high-!uence

CXL, high-energy CXL, higher ribo!avin concentration CXL,
corneal biomechanics, Young shear modulus, corneal stress–strain

(Cornea 2015;0:1–7)

Corneal collagen cross-linking (CXL) has been clinically
used for stabilizing progressive keratectasia.1,2 A photo-

chemical reactive process induced by 365-nm UV-A light in
the presence of ribo!avin, a photosensitive molecule, results
in increased intra"brillar and inter"brillar covalent bonds3 and
stromal collagen resistance against enzymatic degradation.4,5

The increased stromal biomechanical strength and lamellar
compaction lead to corneal stabilization.6

The original protocol Dresden technique1 requires
corneal epithelium removal (epithelium off) and anterior
stromal saturation with ribo!avin solution. Aiming to address
the signi"cant morbidity and postoperative pain associated
with epithelial removal,7 several alternatives have been
proposed. One such alternative is to keep the epithelium in
place and attempt to loosen the epithelial tight junctions to
facilitate ribo!avin diffusion with prolonged use of topical
anesthetics, in a procedure termed “epithelium-on” CXL.8

Our team has introduced alternative CXL techniques using
higher !uence, shorter duration UV-A irradiation, and
administration of ribo!avin solution in an anterior intra-
stromal lamellar pocket created with a femtosecond laser.9

A subsequent CXL alternative application we also
presented (Kanellopoulos AJ Prophylactic, ultraviolet
a cross-linking combined at the completion of high risk
myopic LASIK cases. Subspecialty Day Paper presentation,
American Academy of Ophthalmology Annual Meeting, Nov
8, 2008, Atlanta, GA) aimed to proactively restore corneal
biomechanical stability10 in myopic laser in situ keratomi-
leusis (LASIK) corrections.11–13 Ribo!avin is applied on the
exposed stromal bed afforded by the open LASIK !ap; the
!ap is then repositioned, followed by UV-A irradiation of
the ribo!avin-soaked stroma through the !ap.14,15

Recently reported refractive error correction procedures
involve intrastromal tissue dissection performed solely by
a femtosecond laser.16,17 Although the mechanism of stromal
tissue reduction in these procedures is different from LASIK,
the issue of potential biomechanical weakening, particularly
in attempted high myopic corrections has been modeled18 and
investigated clinically.19 The combination of CXL with such
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2015: Smile vs. LASIK: ex-vivo 
biomechanical study details 

–  LASIK -3 D: 6.5 mm OZ, ablation depth 45 µm 
–  LASIK -8 D: 6.5 mm OZ, ablation depth 115 µm 

–  SMILE -3 D: 6.5 mm OZ, ablation depth 64 µm 
–  SMILE -8 D: 6.5 mm OZ, ablation depth 136 µm 



Biomechanical Testing was performed with 2 
separate, sequential techniques 

•  1-Bidirectional tensile 
•  2-Enzymatic digestion + Fluorescence 



Comparative Results 



Comparative Results 



Comparative results -3D LASIK vs. Smile and -8D LASIK vs. Smile 



CLINICAL SCIENCE

Long-Term Safety and Efficacy of High-Fluence Collagen
Crosslinking of the Vehicle Cornea in Boston

Keratoprosthesis Type 1

Anastasios J. Kanellopoulos, MD,*† and George Asimellis, PhD*

Purpose: The aim of this study was to evaluate the safety and
ef!cacy of very high-"uence collagen crosslinking (CXL) as a means
of achieving increased corneal rigidity and reduced enzymatic
digestion in the vehicle cornea of Boston keratoprosthesis (KPro)
type 1.

Methods: Eleven consecutive patients !tted with a KPro (5 with
a previous repeat cornea graft failure, 4 with ocular cicatricial
pemphigoid, and 2 with chemical burn) underwent donor vehicle
cornea pretreatment with very high-"uence prophylactic CXL in a 2-
step procedure. First, the donor cornea was crosslinked with an
intrastromal ribo"avin instillation through a femtosecond laser–cre-
ated pocket. This was followed up with a super!cial CXL treatment.
On the completion of the CXL pretreatment, the cornea center was
trephined with the femtosecond laser, and the KPro was !tted onto
the crosslinked donor cornea. Visual acuity, corneal surface, and
donor vehicle cornea stability were evaluated. Follow-up evaluations
were conducted over the next 9 years with a mean of 7.5 years.

Results: Mean uncorrected visual acuity improved from light
perception to 20/60. One patient required a follow-up surgery,
because of signi!cant melt in the host cornea. None of the eyes
developed melts and/or infection, especially on the vehicle cornea on
which the KPro was !tted.

Conclusions: Pretreatment with intrastromal and super!cial
very high-"uence CXL in conjunction with Boston type 1 KPro
seems to be a safe and effective adjunctive treatment for achieving
increased vehicle donor cornea rigidity. Additionally, there is an
increased resistance to enzymatic degradation. This application may
serve to enhance the biomechanical stability and external disease

resistance of the donor vehicle cornea in patients with advanced
external disease.

Key Words: prophylactic pretreatment with collagen crosslinking,
Boston keratoprosthesis type 1, Dohlman keratoprosthesis, severe
external disease, ocular cicatricial pemphigoid, chemical burn, repeat
cornea transplantation failure

(Cornea 2014;33:914–918)

Extreme external disease has been successfully treated over
the last few decades with allograft cornea transplantation,

relatively histocompatible limbal stem-cell transplantation, or
keratoprosthesis (KPro). There are several KPro variations.
Currently, the most prevalent in clinical practice are the Bos-
ton KPro,1–4 the AlphaCor,5 the odonto-KPro,6 the Fyodorov
KPro,7 and the KeraClear inlay KPro.

Our team has introduced the concept of accelerated,
high-"uence collagen crosslinking (CXL) in post–laser in
situ keratomileusis (LASIK) ectasia,8 and the use of pro-
phylactic CXL in routine LASIK,9 in treatment of cornea
ectasia,10 and in attempting corneal deturgescence11 in bul-
lous keratopathy.12

In our 20 years of experience in using the Boston KPro,
we encountered 2 signi!cant complications: (1) melts and (2)
erosion of the donor and host cornea interface.13 When the
latter occurs, there is an increase in the risk of developing
infectious keratitis, which will signi!cantly increase the risk
of potential endophthalmitis14 and may predispose prosthesis
exposure and/or infection. We hypothesized that the applica-
tion of a prophylactic crosslinking treatment on the donor
vehicle cornea might help reduce the susceptibility of these
corneas to enzymatic digestion and cornea infection. This
work presents an evaluation of a longitudinal case series to
study the advantages of using CXL as a prophylactic inter-
vention adjuvant to Boston KPro surgery.

MATERIALS AND METHODS
This work adhered to the tenets of the Declaration of

Helsinki, and the study received the approval from the Ethics
Committee of our Institution. All patients were provided
a written informed consent before the treatment, and a com-
prehensive explanation of the bene!ts and risks of this
procedure was presented to them by the operating surgeon
(A.J.K.).
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This study describes the outcomes from 11 different
cases belonging to 11 different patients with external disease
and almost total visual disability who opted to undergo
Boston KPro type 1 in conjunction with prophylactic high-
!uence CXL in the donor vehicle cornea that would be used
for their KPro surgery. All the patients had debilitating visual
compromise. The most common preoperative diagnosis in
this group was repeat cornea graft failure (5 patients) with at
least 3 failed grafts in the past for each. The remaining
patients were diagnosed with ocular cicatricial pemphigoid15

(4 patients) and chemical corneal trauma (2 patients).
Preoperatively and postoperatively, we evaluated

uncorrected distance visual acuity (UDVA), best spectacle-
corrected distance visual acuity (CDVA), subjective refrac-
tion, keratometry, and applied anterior-segment optical
coherence tomography (OCT).16 These examinations were
performed to evaluate the integrity of the donor vehicle
cornea on which the KPro was mounted, the host cornea,
and the donor–host interface. Macula and optic nerve OCT
screening was also performed to evaluate potential glaucom-
atous damage and/or macular edema.

Surgical Technique
The donor cornea was mounted on an arti"cial chamber

(Baron; Katena Products, Inc, Denville, NJ). A deep (350–
400 mm) lamellar central corneal pocket of an 8-mm diameter
was created using a femtosecond laser (the IntraLase FS60;
AMO, Abbott Park, IL, in the "rst 4 cases, and the WaveLight
FS200; Alcon, Ft Worth, TX, in the subsequent 7 cases).
This pocket was accessed from the anterior corneal surface
through a 3-mm channel. After a blunt olive-tip cannula was
placed into the pocket to facilitate injection, 0.1 mL of 0.1%
ribo!avin sodium phosphate solution was injected into the

intrastromal pocket. Immediately after this, 4 minutes of
30 mW/cm2 ultraviolet-A irradiation for a total energy of
7.2 J/cm2 was directed onto the donor vehicle cornea.

After completing this step, the corneal epithelium was
scraped with a blunt crescent blade, and drops of 0.1%
ribo!avin sodium phosphate solution were administered
every minute for a total of 10 minutes until the anterior
donor cornea was briskly colored yellow. The second CXL
session was also performed with a 30-mW/cm2 !uence for
4 minutes until a total of 7.2 mJ/cm2 of energy was reached.
Ultraviolet-A in all cases was administered by using the KXL
crosslinking device (Avedro Inc, Waltham, MA).

The central, 3-mm trephination of the donor cornea
button was performed with a femtosecond laser. Before
mounting the KPro, the donor cornea was trephined on
a disposable Barron donor block (9.00 mm). Then, the KPro
was sutured in place with 16 interrupted 10.0 nylon sutures,
and the wound was deemed watertight. After the surgery, all
cases were "tted with an 18-mm-diameter bandage contact
lens to reduce the friction between the eyelids and the
operated ocular surface. All patients were treated postopera-
tively with a drop of o!oxacin and 50 mg/mL of a solution of
vancomycin once a day. In the later 6 years, all patients were
treated with amoxi!oxacin 4 times a day and with vancomy-
cin as well. In addition, it should be noted that antifungal
prophylaxis, 1 drop of natamycin (Natacyn; Alcon, Ireland),
was administered weekly to all the patients.

All patients were evaluated on the "rst postoperative day,
every month for 6 months, and every 3 months thereafter to
assess visual acuity and the condition of the external surface.
Because the capability of assessing intraocular pressure was
limited to "ngertip application over the eyelids, meticulous
optic nerve visualization every 3 months was used as a means
to evaluate possible glaucomatous optic nerve damage.

FIGURE 1. Inner donor cornea CXL through the
femtosecond laser–created pocket. A, FS200 femto-
second laser programming interface. B, Screen cap-
ture of the 8-mm diameter, 400-mm-deep
femtosecond laser–assisted pocket creation. C, Intra-
stromal infusion of 0.1% riboflavin solution with the
olive-tip cannula.
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RESULTS
The mean age of the patients was 67 6 14 years. Six

patients were female and 5 were male. The visual acuity
assessed from preoperative light perception and/or hand
motion showed a 6-month postoperative improvement. The
average UDVA was 20/80 (range: 20/100–20/40), and the
CDVA was 20/70 (range: 20/80–20/32).

These patients are still being followed up. After the !rst
postoperative year, each patient is evaluated at least annually.
During the long follow-up time that these patients have been
continuously monitored (minimum 1 year, maximum 9 years),
2 of the patients required subsequent injection of intracameral
and triamcinolone and bevacizumab injection (Avastin; Gen-
entech/Roche, San Francisco, CA) because of cystoid macular
edema. Additionally, 1 patient needed yttrium aluminum
garnet laser intervention for a retroprosthesis in"ammatory
membrane that was quite dense and had resulted in a CDVA
reduction from 20/60 to 20/400. After this procedure, the
patient’s vision returned to 20/50.

FIGURE 2. CXL of the cornea, the anterior part of the donor
cornea after epithelial debridement, and installation of ribo-
flavin solution with very high-fluence CXL. A, The first cross-
linking session of the donor cornea through intact epithelium
and riboflavin solution injected in the lamellar pocket with 30
mW/cm2 for 4 minutes. B, Scraping the donor corneal epi-
thelium with a crescent blade before soaking the stromal
surface, in preparation for the second crosslinking session.
C, Soaking the deepithelialized donor cornea with riboflavin
solution as a preparation for the second crosslinking session.

FIGURE 3. Donor Cornea after 2.8-mm central trephination
and just before the peripheral 9.5-mm trephination.
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Figure 1 demonstrates the procedure. Figure 1A shows
the FS200 femtosecond laser programming interface. Figure
1B is a screen capture of the 8-mm diameter, 400-mm-deep
femtosecond laser–assisted pocket creation. Figure 1C, is
a screen capture of the intrastromal infusion of 0.1% ribo!avin
solution with the olive-tip cannula. Figure 2 illustrates the CXL
of the cornea, the anterior part of the donor cornea after epi-
thelial debridement, and instillation of ribo!avin solution. Fig-
ure 3 shows the trephination of the crosslinked vehicle donor
cornea in its center to "t the KPro. Figure 4 shows results from
a case 4 years postoperatively. This patient had an explosion-
related injury. The right eye had to be enucleated as a result.
The left eye sustained a chemical injury, which resulted in the
visual acuity being light perception and severe cicatricial
changes occurring in both the conjunctiva and cornea. KPro
was deemed to be the optimal treatment option for this left eye.
The patient’s vision improved from light perception to 20/40
UDVA in the "rst week postoperatively.

DISCUSSION
In our 20 years of experience in external disease and the

use of the Boston KPro to address it, the main obstacles of
prosthesis and visual rehabilitation stability that we have
encountered and reported (Peralta RJ, Kanellopoulos AJ. Boston
keratoprosthesis: A long-term prospective clinical study A Long-
Term Prospective Clinical Study. Poster Presentation, ARVO
Meeting, May 6–10, 2007, Fort Lauderdale, FL) have been intra-
ocular pressure control, infection (which was attributed partly on
cornea melt around the prosthesis), and intraocular in!ammation.

One of the 2 major dif"culties in managing these
patients has been antibiotic prophylaxis, because these eyes
are especially susceptible to microbial infections,17,18 which,
after the KPro surgery, almost invariably leads to endophthal-
mitis in a unichamber eye with very poor prognosis.19–22

The second signi"cant postoperative management
problem is donor vehicle cornea and/or host cornea melts,23,24

especially near the graft–host interface. Using antiproteo-
lytics, such as oral tetracycline-type medications and/or top-
ical progesterone, may be an effective alternative.16

The decision to incorporate this adjunct prophylactic
treatment in these very challenging cases was based on
signi"cant experience with CXL techniques. The long-term
safety and ef"cacy results of this technique as noted above
suggest that there may exist a very signi"cant advantage for
the long-term prognosis of the Boston KPro.

This work presents 11 cases treated with adjuvant
crosslinking. The relative rarity of the parameters that led to
the decision for inclusion in this study leads us to believe that
our cases represent 1 of the largest groups in the literature.
Among the reasons for crosslinking was our observation that
up to 50% of these patients suffer from cornea melting, which
may increase their likelihood of developing infections. The
lack of a control group is a signi"cant !aw of this study; in
our defense, the seriousness and urgency for treatment and
our strong belief in the bene"t of crosslinking were reasons
why we did not include a control group.

Questions on whether crosslinked corneas allow effec-
tive topical antibiotic penetration and/or the apoptosis of
cornea keratocytes,25 which is a side effect of CXL, and their
effect on long-term microbial host defenses, are not answered
in this study. However, they remain important considerations.
There are recent reports indicating that crosslinked corneas do
allow for effective antibiotic penetration within the corneal
stroma,26 and there is a possibility that the donor vehicle
cornea may have reduced antigenicity to the host’s immune
mechanisms after crosslinking, because most of the kerato-
cytes will be killed in the crosslinking process. This has been
shown in basic science studies.27,28 Because we have incor-
porated this novel pretreatment technique in our KPro routine,
larger-scale future studies may further validate these "ndings.

In conclusion, the very high-!uence CXL of the donor
vehicle cornea as a prophylaxis against corneal melt and
extreme external disease may be an ef"cacious adjunct that
helps to reduce the susceptibility of these corneas to
enzymatic digestion and cornea infection.
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FIGURE 4. Four years postoperative anterior-segment OCT
imaging of the patient who had received prophylactic CXL.
Top panel, meridional scan at 90˚, bottom panel top view of
the cornea showing the scan orientation.
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Refractive CXL! 
From theory in actual proof of 
concept to actual initial clinical results 
studies from Athens, Greece 
 

KXL-II device by Avedro, CE marked fall 2013	




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!!! 
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Myopic profile central 4mm OZ transepi 
4min Paracel+6min VibexXtra 

  



Myopic correction! central 4mm OZ transepi 
4min Paracel+6min VibexXtra 

  

Case 2 



2 years PiXL (CXL) myopic treatments 4D flattening ! 
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Novel myopic refractive correction  

cross-linking applied in a customized pattern:  
early clinical results of a feasibility study
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Background: The purpose of this study is to report the safety and efficacy of a new application 
of collagen cross-linking using a novel device to achieve predictable refractive myopic changes 
in virgin corneas.
Methods: Four cases were treated with a novel device employing very high-fluence collagen 
cross-linking applied in a myopic pattern. Prior to treatment, riboflavin solution was applied to 
the intact epithelium. The collagen cross-linking device was then engaged for a total of 12 J/cm2, 
to be applied transepithelially in a predetermined pattern. Cornea clarity, corneal keratometry, 
and corneal topography were evaluated by both Placido disc and Scheimpflug imaging, along 
with cornea anterior segment optical coherence tomography and endothelial cell counts.
Results: An average of 2.3 diopters was achieved in the first week in all four cases treated 
with the very high-fluence myopic collagen cross-linking intervention. There was a slight 
regression to 1.44 diopters at 1 month, which remained stable at 6-month follow-up. The mean 
keratometry change was from 44.90 diopters to 43.46 diopters. There was no significant change 
in endothelial cell counts or corneal clarity. There was some mild change in epithelial thickness 
distribution, with the treated area showing a slight but homogeneous reduction in mean thick-
ness from 52 m to 44 m.
Conclusion: This report describes the novel application of very high-fluence collagen cross-
linking with a predictable well defined myopic refractive (flattening) corneal effect. This 
technique has the advantages of essentially no postoperative morbidity, immediate visual 
rehabilitation, and the potential for tapering until the desired result is achieved.
Keywords: myopia, refractive correction, high-fluence collagen cross-linking, clinical results

Introduction
Collagen cross-linking has been used for many years as a means of stabilizing cornea 
ectasia.1–5 Although a multitude of treatments and techniques are available, it has been 
well documented that the procedure almost invariably results in some central anterior 
corneal flattening,1–5 which has often been interpreted as “disease regression.” As our 
understanding and the technology available for collagen cross-linking has progressed, 
it has been theorized that differential application of collagen cross-linking in specific 
areas of the cornea may produce predictable refractive changes. Several aspects of 
this theory need further investigation. Is it possible to achieve predictable refractive 
changes? Can this be achieved through an intact epithelium? Can the human cornea 
tolerate higher fluence of ultraviolet light? This paper describes the use of a novel 
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 epithelial thickness over the treated area (Figure 3). The 
average epithelial thickness was 49 m preoperatively, which 
decreased to 44 m at 1 month postoperatively, and then 
increased to 48 m at 5 months postoperatively.

Discussion
A multitude of reports have established the significant 
refractive changes that accompany classic collagen 

cross-linking1–8 utilizing the classic Dresden protocol 
(3 mW/cm2 for 30 minutes), as well as collagen cross-
linking utilizing higher fluence,9 and even cross-linking 
delivered in eyes that have had riboflavin placed within a 
femtosecond laser-created pocket or intrastromal corneal 
ring segment channels.10,11 Over the years, most clinicians 
have referred to this process as “flattening,” which has often 
been interpreted as “disease regression.” We have long 

Figure 1 

Figure 2 
Abbreviations: D, diopters; OD, right eye.

First myopic refractive CXL report from Athens, GREECE	




Toric profile-transepi:  
4min Paracel+6min VibexXtra 



 topography-customised  
tran-epithelial CXL treatment 

www.brilliantvision.com 



Customized astigmatism correction in a young KCN female patient, 
cylinder correction achieved far exceeds classic CXL experience! 



Pediatric PiXL: 13y/o boy travels from USA to Athens 	

for successful transepi CXL for KCN	
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Hyperopic PiXL (CXL) also possible as a presby-teatment 
oz 6-9mm 

 



Placido topo data of hyperopic PiXL (CXL) treatments: 
Left: difference, center : after, right: before 



Infectious Keratitis in a 38y/o F MD 
and right designing a x/y topo-guided CXL focal intervention with the KXL-II 

device 



The actual application of topo-customized CXL treatment in infectious keratitis 

20mW/cm2, 7.2J continuous  
for 10’ 



Resoltion of nebular infiltrate by day 1!!!	




Kanellopoulos	  MD	   46	  

Our current CXL protocols 
• 1-Athens Protocol: topo PRK +15’x 6mw/cm2 

• 2-LASIK Xtra: 1’ (60”) 30mW/cm2 all 
HYPEROPES 
• 2-PRK Xtra: 1’ (90”) 30mW/cm2 

• 5-epi-on/TransepiCXL: 0.25% ribo + 45mW  X 
5’ (7-15Joules) 
• 6-Infection: 0.25% riboflavin + 45mW/cm2 x 10 ‘ 



Conclusions 
•  CXL stabilizes ectasia 

•  CXL has proven as  biomechanical modulator helpful in LASIK 

•  Can resist cornea enzymatic melt (Kpro, infections) 

•  Can have predictable refractive effects (refractive CXL) 

•  Epi-on CXL may work by modifying ribo bioavailability 
(concentration, solution, in-pocket installation, iontophoresis etc) 

•  May treat infection 

Our team has introduced and proven concept on numerous novel 
CXL applications 

Industry leaders should pursue evaluation and standarised correlation 
of the multitude of CXL protocols currently used 


