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Cross‐linking
• Standard approach in
polymer chemistry to
increase elastic modulus
• Had entered use to
increase stability and
reduce biodegradation of
porcine heart valves etc.
• Considered for stabilizing
synthetic collagens for
epikeratoplasty
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Corneal Cross‐linking: Mechanism of Action
• Combines the use of ultra‐violet (UV) light and
riboflavin (vitamin B2) drops
• The absorption of UVA by riboflavin generates
radical riboflavin and singlet oxygen to form cross‐
links1
• Cross‐linking2:
– Creates new corneal collagen cross‐links
– Results in a shortening and thickening of the
collagen fibrils
– Leads to the stiffening of the cornea
1Kamaev P, Friedman MD, Sherr E, Muller D. Photochemical kinetics of corneal cross‐linking with riboflavin. Invest Ophthalmol Vis
Sci. 2012;53:2360–7.
2Beshtawi IM, O’Donnell C, Radhakrishnan H. Biomechanical properties of corneal tissue after ultraviolet‐A‐riboflavin crosslinking. J Cataract
Refract Surg. 2013;39(3):451–62.
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Where do cross‐links occur?
•

Collagen fibrils within lamellae are regulated by an
interconnecting network of proteoglycans.1,2

•

Cross‐linking with UVA/riboflavin has no obvious effect on
any collagen structural parameter measured by x‐ray
scattering except uniformity of nearest neighbor
interfibrillar spacing. 3

•

Suggests that cross‐links are formed predominantly at fibril
surfaces and within the protein network surrounding the
collagen.3
1.

2.

3.

2

Meek, K.M. & Boote, C., 2009. The use of X‐ray scattering techniques to quantify
the orientation and distribution of collagen in the corneal stroma. Progress in
Retinal and Eye Research, 28(5), p.369‐392
Lewis, P.N. et al., 2010. Structural Interactions between Collagen and
Proteoglycans Are Elucidated by Three‐Dimensional Electron Tomography of
Bovine Cornea. Structure, 18(2), p.239‐245.
Meek, K.M. & Hayes, S., 2013. Corneal cross‐linking ‐ a review. Ophthalmic and
Physiological Optics, 33(2), p.78‐93.

American Journal of Ophthalmology, Volume 135, Issue 5, 2003, 620–627
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FIGURE 1. (Top) Stiffening effect of porcine cornea after crosslinking with preserved curvature in the treated cornea (above) and
massive bending of the untreated control cornea (below). (Bottom) Wrinkling of untreated porcine cornea (left) and form stability ...

Gregor Wollensak, Eberhard Spoerl, Theo Seiler
Riboflavin/ultraviolet-a–induced collagen crosslinking for the treatment of keratoconus
American Journal of Ophthalmology, Volume 135, Issue 5, 2003, 620–627

• Pilot study of 23 eyes of 22
patients
– Moderate to advanced
keratoconus (Kmax 48‐72 D)
– 6 month interval follow‐up, 3
months to 4 years
– No progression noted
– In 16 eyes, mean reduction in
Kmax of 2D, mean reduction
in SE of 1D
FIGURE 2. Treatment of the central 7 mm of the centrally abraded cornea with riboflavin drops and two UVA diodes.
Gregor Wollensak, Eberhard Spoerl, Theo Seiler
Riboflavin/ultraviolet-a–induced collagen crosslinking for the treatment of keratoconus
American Journal of Ophthalmology, Volume 135, Issue 5, 2003, 620–627
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Avedro FDA Study
•

Study eye randomized into one of two groups
• CXL treatment
• Sham Control

•

At Month 3 or later:
• Non‐randomized fellow eyes could
receive CXL treatment
• Control eye could receive CXL
treatment

•

•

The primary efficacy parameter evaluated over
time was corneal curvature, as measured by
maximum keratometry (Kmax)

Active CXL Group

Control (sham) Group

(n= 80 for each
indication)

(n= 80 for each
indication)

Epithelial Removal

No Epithelial Removal

0.1% Riboflavin

0.1% Riboflavin

1 gtt/2 min for 30’

1 gtt/2 mins for 30 min

Confirm Saturation

0.1% Hypotonic
Riboflavin
1 gtt/10 sec for 2
min
No Irradiation, Gaze at
Instrument for 30’

Irradiated at 3 mW/cm2
for 30 min

Study success was defined as a difference of at
least 1 diopter in the mean change in Kmax
from baseline comparing the CXL treatment
group and the control group at 12 months

Progressive Keratoconus
Demographics
Parameter
Received
Randomized
Treatment
Completed
Age (yrs)
Gender

Kmax

Pooled Studies
Control
Group

Statistic

CXL
Group

N

102

103

205

n (%)

92 (90.2)

85 (82.5)

177 (86.3)

Mean
Female ‐ n
(%)

31.1

35.0

33.0

27 (26.5)

35 (34.0)

62 (30.2%)

Male ‐ n (%) 75 (73.5)

68 (66.0)

143 (69.8%)

Mean
(SD)

60.9 D
(+/- 9.14)

Total

60.4 D
(+/- 8.94)
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Corneal Ectasia
Demographics
Parameter

Statistic

Pooled Studies
CXL
Group

Control Group

Total

N

91

88

179

Completed

n (%)

78 (85.7)

72 (81.8)

150 (83.8)

Age (yrs)

Mean

43.5

41.8

42.7

Female ‐ n
(%)

33 (36.3)

24 (27.3)

57 (31.8)

Male ‐ n (%)

58 (63.7)

64 (72.7)

122 (68.2)

Mean
(SD)

55.4 D (+/6.86)

54.8 D (+/6.40)

Received
Randomized
Treatment

Gender

Kmax

Mean Change Kmax (D) – Month 12
Progressive Keratoconus

Corneal Ectasia
n=88

n=103*
n=102
n=87

+1.0D steepening

‐1.6D flattening

Mean Difference Kmax Change = 2.6 D
p<0.0001

+0.7D steepening

‐0.7D flattening

Mean Difference Kmax Change = 1.4 D
p<0.0001
*Includes LOCF
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After topical anesthesia, debride the
epithelium to a diameter of approximately 9
mm using standard aseptic technique.



Post epithelial debridement, instill 1 drop of
viscous riboflavin topically on the eye every 2
minutes for 30 minutes.



At the end of the 30 minute soaking period,
examine the eye under the slit lamp for the
presence of a yellow flare in the anterior
chamber.



If the yellow flare is not detected, instill 1 drop of
Photrexa Viscous every 2 minutes for an additional
2 to 3 drops and recheck for the presence of a
yellow flare. This process can be repeated as
necessary.



Once the yellow flare is observed, perform
ultrasound pachymetry. If corneal thickness is less
than 400 microns, instill 2 drops of hypotonic
riboflavin every 5 to 10 seconds until the corneal
thickness increases to at least 400 microns.



Irradiation should not be performed unless this
400 micron threshold is met and the yellow flare is
seen.
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Irradiate the eye for 30
continuous minutes at
3mW/cm2 at a wavelength of
365 nm, centered over the
cornea



During irradiation, continue
topical instillation of viscous
riboflavin onto the eye every 2
minutes for the 30 minute
irradiation period.

• Long term results
–
–
–
–

Limited
“long‐term” study from Germany
480 eyes of 272 patients treated
Only 241 eyes available, follow up ranging from 12 months
to 5 years
– Progressive reduction in Kmax seen up to 3 years, stable at 6
Frederik Raiskup-Wolf, Anne Hoyer, Eberhard Spoerl, Lutz E. Pillunat
Collagen crosslinking with riboflavin and ultraviolet-A light in keratoconus: Long-term results
Journal of Cataract & Refractive Surgery, Volume 34, Issue 5, 2008, 796–801
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Figure 2. A: Change in maximum keratometry.

Frederik Raiskup-Wolf, Anne Hoyer, Eberhard Spoerl, Lutz E. Pillunat
Collagen crosslinking with riboflavin and ultraviolet-A light in keratoconus: Long-term results
Journal of Cataract & Refractive Surgery, Volume 34, Issue 5, 2008, 796–801

Figure 2. B: Change in astigmatism (ast) in the central 3.0 mm zone over the 6-year follow-up (mean ± standard deviation) (Kmax =
maximum keratometry).

Frederik Raiskup-Wolf, Anne Hoyer, Eberhard Spoerl, Lutz E. Pillunat
Collagen crosslinking with riboflavin and ultraviolet-A light in keratoconus: Long-term results
Journal of Cataract & Refractive Surgery, Volume 34, Issue 5, 2008, 796–801
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• Long term results
– “10 year” study from Germany
– 34 eyes of 24 patients
– Followed for 11 years (+/‐1.7SD)
– Pre and post indices compared

Figure 1. Mean K values before and 10 years after CXL (apex = the apex of the keratoconus; max = maximum; min = minimum).

Frederik Raiskup, Anja Theuring, Lutz E. Pillunat, Eberhard Spoerl
Corneal collagen crosslinking with riboflavin and ultraviolet-A light in progressive keratoconus: Ten-year results
Journal of Cataract & Refractive Surgery, Volume 41, Issue 1, 2015, 41–46
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Figure 3. The CDVA before and 10 years after CXL.

Frederik Raiskup, Anja Theuring, Lutz E. Pillunat, Eberhard Spoerl
Corneal collagen crosslinking with riboflavin and ultraviolet-A light in progressive keratoconus: Ten-year results
Journal of Cataract & Refractive Surgery, Volume 41, Issue 1, 2015, 41–46

Redistribution of Corneal Stress

• Finite element analysis modeling
suggests the potential for application
of cross‐linking to produce shape
change through focal stiffening of the
cornea1
• Preferentially stiffening the weakest
zone of the cornea leads to
redistribution of corneal stress and
shape change

1.

Roy, AS., Dupps, WJ. Patient specific computational modeling of
keratoconus progression and differential responses to collagen cross‐
linking. Invest Ophthal Vis Sci 2011: 52: 9174‐87
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Photorefractive Intrastromal
Cross‐Linking (PiXL)
• PiXL is the application of zonal CXL using spatial
application of UVA
• The goal of PiXL is to introduce controlled corneal
shape change using patterned UVA CXL, without
ablation
• Regularize keratoconic corneas
• Suggested for refractive corrections

Establish treatment transitions
• Eye tracking to compensate for
patient eye movement
Complex patterning
• Digitial Micromirror Device (DMD)
to project specific UVA pattern
Spatial differentiation of energy
intensity
• Pulsed illumination
• Variable irradiance and time
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•

Greatest energy dose applied over area of
steepest anterior curvature, encompassing area
of posterior elevation

• Pentacam mapping of cornea
• 2D steps relative to Kmax point to
establish shape
– 43‐47D: 7.2 J/cm for 8 minutes
– 48‐52D: 10 J/cm for 11 minutes
– >52D: 15J /cm for 17 minutes
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•
•
•
•

37 patients, 50 eyes
Randomized to PiXL vs CXL
Assessed at 1,3,6,12 months
Improvement in SE and VA in PiXL
but not in CXL group (between
group comparisons inconsistent)

PiXL treatment of Keratoconus: Case
Example
Anders Behndig, MD
Umeå University Hospital, Sweden
3 Months

Pre-OP
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Differential topography of the right and left eyes of the same individual at 12 months post
treatment.

Maria Nordström et al. Br J Ophthalmol
doi:10.1136/bjophthalmol-2016-309210
©2016 by BMJ Publishing Group Ltd.

Anders Behndig, MD
Umeå University Hospital, Sweden

Inferior flattening @
2mm

Change in Kmax

Super
ior
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• Specific UVA patterning is applied to the riboflavinsoaked cornea
• Focal stiffening is achieved in the treatment zone,
resulting in redistribution of biomechanical stresses
• “Bulging” of the cornea in untreated regions results in
central flattening: reduction of myopia

Photo‐Activated Chromophore for
Keratitis – Corneal Cross Linking
(PACK‐CXL)
• Antiseptic property of riboflavin
and ultraviolet light due to
• UV light microbial DNA and RNA
damage
• Riboflavin ROS release damaging
microbial nucleic acids and cell
membranes

• Corneal stromal stabilization
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Photo‐Activated Chromophore for
Keratitis – Corneal Cross Linking
(PACK‐CXL)
• Bacterial keratitis
• Fungal keratitis
• Acanthamoeba keratitis
• Administered along with
conventional treatment
• Adversely affect antibiotic
penetration?

UCSF Cross‐Linking Assisted Infection
Reduction (CLAIR I and II) Trial
• Prospective randomized clinical trial
• Aravind Eye Hospital
• Do patients with culture‐positive
bacterial keratitis achieve
microbiological cure on repeat
cultures more quickly with CXL
compared to antibiotics alone (day 1
repeat culture)
• Does CXL reduce perforation rate or
pachymetry at 3 months controlling
for baseline pachy
• Differences in acuity, astigmatism,
infiltrate/scar size at 3 months?
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