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INTRODUCTION 

eratoconus is a bilateral, non inflammatory disorder 
characterized by progressive corneal thinning and bulging. 

The cornea assumes a conical shape owing to its biomechanical 
instability, which leads to irregular astigmatism and subsequent 
decrease in visual acuity (Rabinowitz, 1998). 

Management of keratoconus consists of 2 main general 
approaches, which are:                         

1- Visual rehabilitation by means of spectacles, contact lenses, 
and intracorneal ring segments (INTACS) implantation. 

2-  Impeding the progression of the disorder by corneal 
collagen crosslinking (CXL) using riboflavin and ultraviolet 
A (UVA) irradiation. In advanced cases, lamellar or 
penetrating keratoplasty (PKP) is the recommended 
treatment option (Frost et al., 2006). 

CXL with riboflavin and UVA is a technique to 
strengthen corneal tissue using riboflavin as a photosensitizer, 
and UVA to increase the formation of intra- and inter-fibrillar 
covalent bonds by photosensitized oxidation. Increased stiffness 
(stiffening effect) of the cornea after CXL results in 
stabilization of the ectatic disorder (Spoerlet al., 2007). 
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During CXL treatment, the epithelium has to be removed 
to permit the penetration of riboflavin solution into the corneal 
stroma. Without epithelial debridement, CXL treatment may 
impair the efficacy of the CXL process (Hayes et al., 2008). 

Epithelial removal during CXL may be performed either 
with mechanical debridement or excimer laser phototherapeutic 
keratectomy (PTK) (Kymionis et al., 2010). 

Transepithelial PTK is a well-known surgical technique 
that uses excimer laser ablation to remove the epithelium and 
smoothen the anterior irregular corneal stroma (Holzer et al., 
2005). 

Transepithelial CXL with customized pachymetric-
guided epithelial debridement preserving the epithelium in 
thinner corneal regions has been developed as alternative 
techniques for thin corneas (Kymionis et al., 2009). 

The theoretical basis for transepithelial CXL presents 2 
major challenges: corneal epithelium plays a role as barrier to 
UVA penetration, due to a significantly high absorption 
coefficient in the ultraviolet (UV) spectra, and the difficulty of 
penetration of a hydrophilic macromolecule such as riboflavin 
(molecular weight 376.37 g/mol) through corneal epithelium 
(Samaras et al., 2009). 
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 The reason that some doctors say riboflavin does not 
penetrate the cornea with intact epithelium is because they are 
using the wrong solution with the riboflavin for it to penetrate. 
They are using a very thick mixture of Dextran and Riboflavin 
that has a consistency similar to that of molasses or honey. This 
molasses-like Dextran carrier holds onto Riboflavin so it can't 
penetrate through the epithlelium. The correct riboflavin 
solution for the Holcomb C3-R Crosslinking System is one that 
has the consistency of water. This thin mixture allows the 
proprietary Crosslinking Solution (that contains riboflavin and 
other compounds) to penetrate into the cornea without 
disturbing the epithelium (Brian, 2012). 

The transepithelial riboflavin solution should contain no 
dextran, but it should include 0.01% benzalkonium chloride 
(BAC) and 0.44% NaCl to promote the permeability of 
riboflavin through the epithelium, resulting in a sufficient 
concentration of riboflavin in the corneal stroma (Raiskup et 
al., 2012). 

CXL is a safe and effective technique for the 
management of ectatic disorders. It has been proven that CXL 
is effectual in stopping the progression of keratoconus by 
quasifreezing of the cornea, and in many cases helps to avoid 
corneal transplantation. Nevertheless, a patient’s basic problem, 
which is the deterioration of their vision, remains. CXL 
combined with topography-guided PRK has been developed to 
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achieve an important goal: to offer patients stability of their 
disorder and at the same time to assist them in achieving 
functional vision (Wollensak et al., 2003). 

CXL is one of the first treatments for keratoconus that 
addresses the underlying cause of corneal weakening. It was 
reported that CXL leads to a mean of 2.00 D of topographical 
flattening. Implantation of INTACS is another modality that is 
useful in mechanically flattening a portion of the cone. Based 
on these findings, a combination of intracorneal rings and CXL 
procedures lead to a synergistic flattening effect in patients with 
keratoconus (Chan et al., 2007). 
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AIM OF THE WORK 
o review the role of trans-epithelial crosslinking in the 
treatment of progressive keratoconus, as monotherapy or 

combined treatment with other procedures.  
T 
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BASIC PRINCIPLES OF CROSS LINKING 

ollagen, which makes up to 71 % of the dry weight of the 
cornea, is the most abundant protein in the body. It 

provides the structural backbone of many tissues (e.g.., cornea, 
cartilage, skin, and tendon) by making up (along with the 
proteoglycan matrix) the bulk of the connective tissue between 
the cells. In cornea collagen is present in the subepithelial 
basement membrane, Bowman's layer, the lamellae of the 
stroma, and Descemet's membrane (Linsenmayer, 1981). 

A technique of collagen crosslinking by the 
photosensitizer riboflavin and UVA similar to 
photopolymerization in polymers has been developed from 
1993 until 1997 by Seiler and Spoerl at the University of 
Dresden. Extensive experimental studies in rabbit and porcine 
eyes, including biomechanical stress-strain measurements 
showed a significant increase in corneal rigidity by 
approximately 70% in treated versus untreated corneas after 
collagen crosslinking (Spoerl et al., 1998). 

The first human eyes were treated in 1998. The very first 
eyes were blind, so that if anything unexpected occurred there 
would be no serious damage caused. These have all been 
carefully followed and none has worsened since (Raiskup et al., 
2008). 
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CXL was fully approved for use in the European Union 
(EU) in January 2007. Clinical trials are underway in the United 
States (U.S.) to determine its safety and efficacy. Some 
questions still remain: What lasting effects are there after the 
procedure is done? At what age is the procedure no longer 
advisable? What is the best way to deliver riboflavin to the 
cornea? In what order and how far apart do we schedule 
combined procedures? And, are there different substances that 
may work better than riboflavin? These are just a few of the 
important questions that will have to be answered before CXL 
gains full acceptance (Koller et al., 2009).  

Basic science behind crosslinking: 

Since first introduced by Seiler and Spoerl in1997 (Spörl 
et al., 1997), CXL has proven safe and effective for improving 
the biomechanical stability of eyes with keratoconus (KC) and 
related keratectatic conditions (Hafezi et al., 2007).  

Unlike the earlier treatments of KC that only attempted to 
ameliorate the disease’s consequences, CXL addresses the 
corneal biomechanical weakening itself. The procedure has also 
been suggested for a number of other corneal conditions such as 
bullous keratopathy (Wollensak et al., 2009), microbial keratitis 
(Moren et al., 2010), corneal ulceration (Iseli et al., 2008) as 
well as for modifying donor tissue prior to keratoplasty (Wang, 
2008). 
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Principle of crosslinking 

Crosslinking of the cornea is a new approach to increase 
the mechanical and biochemical stability of corneal tissue. The 
biomechanical basis of increased corneal strength is due to 
creation of additional chemical bonds inside the corneal stroma 
by means of a highly localized photo- polymerization 
(Wollensak et al., 2003) (Figure1).  

  
Figure (1): Difference in strength between crosslinked &  

non crosslinked collagen matrix (Kohlhaas, 2008). 

Several techniques are available to achieve crosslinking 
in connective tissue. The most promising technique in cornea 
was found to be photo- polymerization by means of a non-toxic 
and soluble photo mediator (riboflavin), and a wavelength 
which is absorbed strongly enough to protect deeper layers of 
the eye (riboflavin- UVA technique) (Wollensak et al., 2003).  

Using UVA at 370nm, the photosensitizer riboflavin is 
excited into its triplet state generating so-called reactive oxygen 
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species (ROS), being mainly singlet oxygen and to a much 
lesser degree superoxide anion radical (Figure2). The ROS can 
react further with various molecules inducing chemical covalent 
bonds bridging amino groups of collagen fibrils (type II 
photochemical reaction) (Wollensak et al., 2003) (Figure 3). 

 
Figure (2): Basic principle of crosslinking (Rabinowitz, 2005). 

The wave length of 370nm was chosen because of an 
absorption peak of riboflavin at this wavelength. This, however, 
over the years leads to cross linking of the crystallin proteins 
with a yellowish discoloration of the lens and cataract 
formation (Radner et al., 1998). 
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Combined application of riboflavin & UVA 

Riboflavin + Ultraviolet light 

 

1. Production of oxygen radical 

 

O2 - 

 

2. Induction of collagen cross-links 

 

 

-CH2-CH2-CH2-CH=NH-CH2-CH2-CH2-CH2- 

 

Collagen fibrilCollagen fibri 

Figure (3): Basic principle of Crosslinking (Wollensak et al., 2003). 
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An irregular structure of keratocytes was found only in 
the anterior stroma of keratoconic cornea, which is of great 
importance because this part is mainly responsible for corneal 
rigidity. Electron microscopic and X-scattering measurements 
have found a lack of obliquely oriented anterior to posterior 
lamellae crossing or interweaving (the stress bearing lamellae) 
in the anterior stroma of keratoconic corneas (Radner et al., 
1998). 

Biomechanical measurements have shown an increase in 
the corneal rigidity of 328.9% in human corneas after 
crosslinking (C3R). The increase in biomechanical rigidity after 
C3R is probably caused by an increase in the collagen fiber 
diameter due to inter fibril crosslinking (Wollensak et al., 
2004).  

In a normal human cornea with interwoven lamellae, the 
stress in the anterior 200µm is two times higher than the stress 
in the posterior part. The stress of the normal cornea is 1.5 
times higher than a keratoconic cornea. So it makes sense to 
treat and stiffen the anterior part of a keratoconic cornea by 
crosslinking. So it can be safely assumed that the posterior part 
of the keratoconic cornea is biomechanically unchanged. The 
strength in normal human corneas is not homogeneously 
distributed over the thickness of the cornea. The anterior stroma 
is 25% stiffer than the posterior stroma (Wollensak et al., 
2004).    
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The intensity of UV-A irradiation is set to 3 mW/cm2, 
corresponding to a surface dose of 5.4 J/cm2 to induce corneal 
crosslinking to a depth of 310 µm. A stromal thickness of at 
least 400 µm is mandatory for in the original protocol, ensuring 
the irradiation intensity is two times lower than the damage 
threshold to avoid endothelial damage (Wollensak et al., 2004). 

Safety Issues: 

In general UV light has the potential to damage the 
cornea, the lens and the retina. UV exposure can cause 
photokeratitis, cataract formation and thermal or photo 
chemical damage in the retina (Pitts et al., 1977). 

Furthermore the free radicals and oxidizing agents 
liberated during the procedure also pose a photo chemical risk 
to anterior segment structures. Photokeratitis and sunburn are 
caused by UVB light (290-320nm) which is mainly absorbed by 
the corneal epithelium (Pitts et al., 1977). 

In crosslinking just a small peak-like sector of UVA 
spectrum (370nm) is used. The corneal absorption of UVA light 
is massively increased due to the photosensitizer riboflavin, 
resulting in an UVA transmission of only 7% across the cornea 
(Wollensak et al., 2003). 

In the cornea the main issues are damage to the 
keratocytes and more importantly the endothelium, the former 
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is recoverable and the latter is not. The keratocytes are damaged 
in the anterior 300-350um of cornea, but this area is 
repopulated after about 6 months. This transient cell loss is not 
critical and is reported after PKP (Wollensak et al., 2003).  

Because of the shielding effect of riboflavin, the 
irradiance at the level of corneal endothelium is only 
0.15mW/cm2 (total irradiation dose of 0.27J/cm2) in a 500μm 
thick cornea. In experiments the cytotoxic threshold irradiance 
for the endothelial cells after C3R was found to be 
0.36mW/cm2 (=0.65J/cm2). This level would be reached only if 
the corneal thickness was less then 400μm, using the standard 
3mW/cm2. Thus the least corneal pachymetry should not be less 
than 400μm (Wollensak et al., 2003). 

UVA dose of 0.65 J/cm2 (0.36mW/cm2) reaches the 
crystalline lens in C3R. This is far below a cataractogenous 
level of 70 J/cm2. In addition lens damage is usually induced by 
UVB light in the wavelength range of 290-320nm, which is 
mostly absorbed by corneal epithelium. The retina is protected 
because in a normal eye UVA is absorbed mainly by the 
crystalline lens, which also contains endogenous riboflavin and 
other photosensitizers (Wollensak et al., 2003). 

Theoretically, in a 400μm thick cornea the damage 
threshold is only 70μm away. Hot spots in the illumination as 
well as a low riboflavin concentration may shift it closer to the 
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endothelium. Therefore, careful calibration of the UV light 
source is necessary. Even more important is the homogeneity of 
the UV-light to prevent endothelial damage. The UV-X device 
provides superior homogeneity to illumination systems that are 
based on single or multiple LED's (UV Light Emitting Diodes) 
(Wollensak et al., 2003). 

Results, clinical as well as experimental, indicate that 
severe complications are not to be expected because the 
treatment parameters are far below all known damage 
thresholds (except for the endothelium where they are below 
but not far below) (Wollensak et al., 2003). 
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INDICATIONS OF CORNEAL  
CROSSLINKING 

XL is currently accepted as treatment of conditions 
distinguished by alterations in corneal structure, such as 

progressive keratoconus, post- LASIK ectasia, pellucid 
marginal degeneration (PMD), bullous keratopathy, corneal 
dystrophy and corneal ulcers with infectious etiology 
(Constantin et al., 2009).  

It is important to keep in mind that CXL likely "stops" or 
"reduces," rather than reverses, the progression of the 
keratoconus. Mild regression that occurs may be explained as 
an effect of the rearrangement of corneal lamellae and the 
surrounding matrix. Due to an increased number of crosslinking 
sites within the collagen molecule after CXL, stiffer fibrils and 
lamellae are probably generated. This process results in the 
reduction of the central corneal curvature (Spoerl et al., 1998).  

Disorders Managed By Corneal Collagen 
Crosslinking: 

1- Keratoconus: 

Keratoconus is a degenerative, non-inflammatory corneal 
disorder, characterized by central and para-central stromal 
thinning and conical ectasia resulting in corneal distortion and 
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