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HIGHLIGHTS
Corneal collagen cross-linking
is most often used in ectatic
lesions, but it is also may be
used in bacterial infections and
bullous keratopathy. Corneal
collagen cross-linking increases
corneal stiffness, commonly
improving visual acuity
and topographical surface
reqularity.
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ABSTRACT

Corneal collagen cross-linking, a technique used in ophthalmology, involves
the creation of new bonds between collagen fibers, thus leading to stabiliza-
tion and corneal stiffening. The most common indication for corneal colla-
gen cross-linking procedures is to prevent the progression of corneal ectasia,
i.e., keratoconus, pellucid marginal degeneration, and ectasia after corneal
refractive surgery. Clinical data also indicate that it is effective in the treat-
ment of bacterial corneal infections and bullous keratopathy. Corneal collagen
cross-linking was shown to inhibit the progression of corneal ectasia, and the
treatment commonly leads to the improvement in visual acuity, decreases the
maximum keratometry values, and improves the corneal topography image.
In addition, it is possible to avoid or postpone the need for more complex and
invasive surgery.
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INTRODUCTION

Corneal cross-linking (CXL) is a surgical method used in
the treatment of corneal ectasia [1]. Studies have shown
a significant loss in the number of oblique connections of
collagen fibers in corneal ectasia, which are responsible for
maintaining the mechanical stability of the corneal struc-
ture and the eye surface [2]. Along with the loss of collagen
fibers, destabilization of the cornea is observed, which re-
sults in irregular astigmatism, myopia, and deterioration of
visual acuity.

CXL mechanism itself triggers a chemical reaction result-
ing in a formation of cross-links between individual pro-
teins, initiated by ultraviolet radiation. By using riboflavin
in combination with ultraviolet radiation, the formation
of new bonds within the collagen fibers is induced. This
results in strengthening of the collagen fibers’ structure,
which stabilizes and stiffens the surface of the cornea, while
slowing or stopping the progress of the ectasia [1]. Further-
more, use of riboflavin that acts as a selective filter also pro-
tects deeper tissue structures against the harmful effects of
UV rays [3]. Traditionally, treatment with CXL can be used
for 400-pm borderline thickness of the cornea, because
complications related to damage to the endothelium and
other structures of the eyeball can be avoided [4]. Howev-
er, cross-linking procedures are now available for patients
with a cornea thinner than 400 um, using hypo-osmolar ri-
boflavin solutions [5].

The first study of CXL was conducted by Wollensak et al.,
and the results were published in 2003 [6]. 23 patients par-
ticipated in the study, which demonstrated the effectiveness
of CXL in maintaining the stability of the corneal topog-
raphy over a 4-year follow-up period [6]. Approximately
70% of patients experienced an improvement in keratomet-
ric values, while an improvement in corrected visual acuity
was observed in 65% of tested patients. On the other hand,
Caporossi et al. recorded a significant improvement in the
observed topographical corneal morphology in 85% of sub-
jects, and a decrease in the mean keratometry value with
a simultaneous reduction in spherical equivalent refractive
error [7, 8]. Similar observations were made by Asri et al.,
in a study on 42 eyes which showed a complete discontin-
uation of ectasia progression in 68.8% of subjects within
12 months [9]. At the same time, the maximum value of
keratometry decreased by 2 D.

After CXL the following topical eye drops are used: anti-
biotics, glucocorticosteroids, and non-steroidal anti-in-
flammatory drugs. The use of a bandage contact lens is also
recommended. A review of the available literature indicates
a low incidence of complications after CXL. CXL is widely
used in the world, and in Europe it has been recognized as
one of the most effective and safe surgical procedures. After
using CXL, the short-term occurrence of corneal stromal
edema and a haze effect have so far been observed, howev-
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er, both of these conditions are usually transient [10]. Sci-
entific reports suggest a higher risk of infectious keratitis in
pregnant women for which an increased concentration of
estrogen can negatively affect the biochemical stability of
the cornea, causing its excessive stiffness and reducing the
effects of the procedure [11].

INDICATIONS FOR CROSS-LINKING

Keratoconus

Keratoconus is a progressive, non-inflammatory eye disease
leading to thinning and bulging of the cornea. The etiology
of keratoconus is complex and both genetic and environ-
mental factors predispose its occurrence. The risk factors
include allergies, excessive eye rubbing, and frequent eye-
ball injuries [12]. This condition is also often associated
with other diseases, such as Down’s syndrome, Turner
syndrome, mitral valve prolapse, connective tissue diseases
and retinitis pigmentosa [13]. Keratoconus can significantly
reduce visual acuity, distort the image, and increase sensi-
tivity to light. In addition, these changes cannot be reversed
by using corrective glasses due to the significant asymmetry
of the cornea [14]. In Poland, keratoconus is currently the
most common indication for corneal transplant surgery.
For diagnosis of keratoconus, especially in its early stages,
imaging techniques are used, such as corneal topography,
corneal tomography, and optical coherence tomography of
the anterior segment of the eye [16]. The main risk factors
for the progression of keratoconus are the patient’s young
age at the time of diagnosis, and a maximum keratometry
value above 55 D [15]. In the majority of patients diagnosed
with keratoconus at the age of 40, disease progression is not
expected, however a diagnosis in late adolescence or ear-
ly adulthood will most possibly mean deterioration of the
topographic image within the next 12 months (tab. 1).

Estimated changes in the maximum value of keratometry in

patients with keratoconus based on the research collected in the
meta-analysis by Ferdi et al. (based on [15]).

Patient age Mean increase in maximum keratometry
[years] over the 12-month follow-up period [D]

10 2

15 1,6
20 1,2
25 038
30 04
35 0
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More recent studies have shown that progression of kera-
toconus can also occur in patients aged over 30. In a study
by Gokul et al. on patients aged 38.45 + 12.86, progres-
sion of the maximum keratometry was 0.3 + 1.21 D during
a follow-up period of at least 12 months [17]. Increased
deterioration of topographic parameters was found in
approximately 20% of patients aged over 40. Therefore,
regular ophthalmic control with corneal topography or
tomography is important even in patients who did not
qualify for CXL. Also, the risk of keratoconus progression
is higher in Middle Eastern peoples, lower in Europeans,
and lowest in Asian patients [15]. Another progression
risk factor is a high spherical equivalent refractive error at
diagnosis [18].

Pellucid marginal degeneration

Pellucid marginal degeneration is a progressive and usu-
ally non-inflammatory of corneal ectasia. The term pel-
lucid refers to the clarity of the cornea, despite the pres-
ence of ectasia. A characteristic feature of the disease is
a crescent-shaped peripheral thinning of the cornea with
a marked increase in optical power over the cornea [19].
With regards to histopathology, the pellucid marginal de-
generation is considered a form of keratoconus [20]. The
disease affects both women and men, but it is most often
diagnosed in men aged 30 to 50. The etiology of pellucid
marginal degeneration has not been clearly explained. In
the microscopic image, the central thickness of the cornea
and the arrangement of collagen fibers are normal. How-
ever, thinning as well as changes in the collagen structure
and the presence of histiocytes have been found in some
peripherally located foci [21, 22].

Due to presence of advanced thinning and the significant
bulging of the cornea in this area, treatment of pellucid
marginal degeneration is difficult. Therapy in patients at an
early stage and with a mild or moderate course mainly con-
sists of using vision correction with glasses or stable-shape
contact lenses [23]. CXL and the implantation of intrastro-
mal corneal ring segments are used in surgical treatment
and keratoplasty procedures in advanced stages of the dis-
ease.

CXL is a recognized method of treatment of pellucid mar-
ginal degeneration, both in clinical and histopathological
terms [24]. A technical problem in the use of CXL in the
treatment of pellucid marginal degeneration may include
difficulties in decentralizing of the ultraviolet beam to ob-
tain a desired effect on the peripheral part of the cornea
[25]. In most cases, however, it is still possible to perform
the procedure. In a study by Stojanovi¢ et al., on patients
treated with CXL in combination with individually select-
ed ablation, both visual, refractive, and topographic results
improved, and the progression of keratectasia was inhibited
in the 12-month follow-up period. The authors suggested

that in some cases this method may postpone or eliminate
the need for corneal transplantation [26]. Similar obser-
vations were made by Kymionis et al., who demonstrated
the effectiveness of CXL in the treatment of the pellucid
corneal degeneration in a 34-year-old patient [27]. That
patient’s one-year follow-up showed post-surgery improve-
ment of uncorrected and corrected visual acuity. Addition-
ally, the topography image in both eyes had also improved.
The case described by Hassan et al. of CXL treatment in
a 55-year-old man with advanced pellucid degeneration
confirmed the effectiveness and safety of the procedure,
indicating that the disease progression had stopped, and
visual acuity improved. No intraoperative or postopera-
tive complications were observed [28]. In conclusion, CXL
should be considered in patients with pellucid marginal de-
generation, especially if there is a proven deterioration in
topographic parameters or visual acuity.

CORNEAL ECTASIA FOLLOWING PHOTOKERATITIS
REFRACTION SURGERY

In 1998, the phenomenon of corneal ectasia after laser-
-assisted in situ keratomileusis (LASIK) was described for
the first time. A progressive reduction in the thickness of
the cornea was observed with a local increase in its optical
power, and an accompanying decrease in corrected and un-
corrected visual acuity [29]. Keratectasia often has a genet-
ic basis, but LASIK procedures can accelerate the onset of
its symptoms in affected people [30]. The incidence of ecta-
sia has been estimated at 0.02—0.6%, most of which was ob-
served after procedures to form a flap (especially of a large
thickness) [31]. The risk factors for ectasia after photokera-
titis refraction procedures primarily includes a forme fruste
keratoconus (FFK) [32, 33]. In their study, Brenner et al.
showed that approx. 75% of patients who developed ectasia
after LASIK had a hidden form of keratoconus [34]. Similar
observations were made by Tatar et al., but this number was
much smaller in their studies and amounted to 21.4% [35].

The current risk of developing ectasia after photokeratitis
refraction procedures is very low due to the improved im-
aging techniques of the posterior corneal surface and bio-
mechanical properties of the cornea [36]. The study results
achieved by Hafezi et al. demonstrated that CXL treatment
can reverse the progressive iatrogenic keratectasia after
LASIK, which manifests as a reduction in maximum ker-
atometric values [37]. The changes are most likely related
to the restoration of cornea biochemical stability after its
cross-linking. Advantageous results were seen during the
25-month follow-up period.

Infectious keratitis

The pathophysiology of infectious keratitis is associated
with an invasion of microorganisms accompanied by a mi-
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gration of immune cells and the triggering of an inflam-
matory response. Secretion of pro-inflammatory cytokines
(including metalloproteinases) leads to degradation of the
collagen fibers, which causes cellular death. As a result of
these changes, there is a gradual thinning of the cornea.
Even though the infection can be managed with antimi-
crobial therapy, structural damage persists for a long time.
For this reason, in the treatment of infectious keratitis, it
is extremely important to use combined anti-inflammatory
and antimicrobial, as well as anti-collagenolytic therapeu-
tic methods [38]. It seems that CXL can be effective in the
treatment of corneal infection due to its high potential for
rebuilding collagen fibers.

The effectiveness of CXL of infectious keratitis in primary
and complementary treatment in the case of a lack of effect
of pharmacotherapy has previously been described in the
literature. A study by Iseli et al. showed that CXL treatment
inhibited corneal softening and reduced inflammatory in-
filtration in four out of five patients with therapy-refractory
infectious keratitis [39].

Similar observations were made by Sorkhabi et al. in a group
of 10 patients with antibiotic treatment-resistant corneal
ulcers. Researchers achieved corneal healing with accom-
panying vision improvement in 8 out of 10 patients after
CXL [40]. Makdoumi et al. also provided scientific evidence
confirming the effectiveness of CXL in the treatment of se-
vere, infectious keratitis. All seven patients achieved com-
plete epithelialization and cessation of corneal softening.
Additionally, in six out of seven treated eyes, a reduction
in subjective symptoms within 24 hours of the procedure
have been reported [41]. The effectiveness of CXL as an ad-
junctive therapy in antibiotic-resistant microbial infection
of the cornea has been documented by Shetty et al. Out of
15 patients who underwent 14-day antibiotic therapy be-
fore CXL, the infection’s regression in nine of them was
reported, as well as pain relief in all patients on day 1 af-
ter the surgery. Regression of symptoms was not observed
in patients with deep stromal keratitis [42]. In light of the
current literature, it seems that the treatment of infectious
keratitis with CXL is an effective and safe therapeutic strat-
egy. CXL seems to have great potential as an alternative
adjunctive method in the treatment of bacterial corneal ul-
cers, especially in recurrent inflammations [38]. For fungal
keratitis where infections are caused by Acanthamoeba and
herpetic keratitis, the evidence of CXL's effectiveness is in-
conclusive [43, 44].

Bullous keratopathy

Bullous keratopathy is one of the corneal endothelial dis-
eases, and pathological changes include endothelial pump,
corneal edema, and visual acuity deterioration [45]. In the
past, bullous keratopathy was the most common complica-
tion following cataract surgery. Currently, it is much more
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often caused by Fuchs dystrophy, post-trauma damage to
the corneal endothelium or damage following implantation
of anterior chamber lenses. Bullous keratopathy is the main
cause of endothelial keratoplasty [46]. Based on scientif-
ic evidence, CXL is considered an alternative method of
treatment, reducing corneal swelling, and improving visual
acuity. This method can delay or eliminate the need for ker-
atoplasty. An increase in the density of collagen fibers and
pressure reduction inside the corneal stroma are mecha-
nisms that have been considered to improve the local con-
dition after CXL [47].

Most of the studies on the use of CXL in bullous kerato-
pathy have looked at the form is develops after cataract
surgery. A prospective study by Ghanem et al. showed sig-
nificantly improved clarity and reduction in the corneal
thickness, and in eyeball pain, in the 1% month after cor-
neal collagen cross-linking. However, the authors pointed
to the presumed lack of long-term effect because the ben-
eficial changes decreased within 6 months after the pro-
cedure [48]. Positive results for pachymetry and corneal
clarity have been reported by Krueger et al. following CXL
treatment. Best spectacle-corrected visual acuity improved
from finger counting to 20/80, postponing corneal trans-
plantation for 6 months [49]. Wollensak et al. also observed
good results from CXL, indicating significant improvement
in visual acuity, corneal thickness, and eye pain by pa-
tients [50]. In contrast, the results of a randomized clinical
trial showed that the use of CXL in bullous keratopathy may
have a beneficial short-term effect, but the authors consid-
ered that these benefits were unlikely to outweigh the risk
of recurrent epithelial defects. The reduction in central cor-
neal thickness was significantly higher in the CXL group
compared to the control group at weeks 2" and 4%, but no
statistically significant difference was observed at week 12
after the procedure. There were also no statistically signifi-
cant differences in pain perception after surgery, visual acu-
ity, and corneal clarity in the 12 months after the procedure.
Recurrent corneal epithelial defects have also not been
observed in patients after CXL, which occurred in 12% of
patients [51]. Overall, CXL can be considered a short-term
benefit method in patients with bullous keratopathy. CXL
can be recommended particularly for people who do not
want or cannot undergo endothelial keratoplasty.

CROSS-LINKING TECHNIQUE

Generally, during the procedure, the patient takes a prone
position under local drip anesthesia. The corneal epitheli-
um is removed (epi-off), and alcohol can be used, similar-
ly to the LASEK method. Alternatively, some researchers
propose to use transepithelial CXL without removing the
epithelium (epi-on). It is known that the epi-on is preferred
by patients. In the case of the transepithelial procedures,
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there are issues with poor penetration of riboflavin into the
essence of the cornea, which may be supported by ionto-
phoresis or chemical factors [52].

Even though this is a controversial topic, it cannot be con-
clusively stated at present that epi-on CXL is as effective
as epi-oft [52]. The cornea is then soaked in riboflavin and
irradiated with 370 nm UVA light. The soaking in riboflavin
is repeated every 2—3 minutes. In a standard protocol, en-
ergy of 3 m\W/cm? is used for 30 minutes, and in an acceler-
ated protocol, energy of 7 mW/cm? is used for 15 minutes,
9 mW/cm? for 10 minutes, and 18 mW/cm? for 5 minutes.
The laboratory results for the accelerated CXL protocols
were encouraging [53, 54], but it cannot be conclusively
stated that these protocols are as effective as the standard
protocol.

What is new about the cross-linking technique is that it
can be used in a sitting position, by fixing the UVA lamp to
the slit lamp. The potential benefits of such an application
are extensive. First, there is no need for an operating room,
so the procedure can be carried out in smaller centers and

ophthalmic practices. This increased access to CXL is es-
pecially vital in case of developing countries, where access
to ordinary ophthalmological practices may require sever-
al hours of traveling, and even more to reach a treatment
room. Moreover, the device is easy to use, small and port-
able. A slit lamp can also be considered a natural working
environment for an ophthalmologist (fig. 1).

CONCLUSIONS

Clinical trials showed that CXL is an effective method of re-
ducing the progression of corneal ectasia. With this method
we can avoid the need for more invasive procedures, such
as corneal transplantation, or postpone them. Scientific re-
ports have also indicated the effectiveness of CXL in the
treatment of bacterial infections of the cornea and bullous
keratopathy.

Figures: from the author’s own materials.

(ross-linking performed with a slit lamp. After removal of the epithelium and application of riboflavin into the cornea, the cross-linking
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