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Collagen Corneal Cross-linking and the Epithelium

Ramez Barbara, Lamis Abdelaziz, Ankur Barua, Hanna Garzozi, Adel Barbara

ABSTRACT

Collagen corneal cross-linking is an acceptable method for
halting the progression of keratoconus and post-Lasik ectasia.
The traditional method advocates the removal of epithelium for
proper saturation of riboflavin within the stroma. The
postoperative complications associated with epithelial removal
have necessitated the search for a transepithelial method of
riboflavin delivery. Controversies aroused with regard to the
effectiveness of this approach. In this article, we review the up-
to-date literature on this controversial subject.
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INTRODUCTION

Keratoconus is a noninflammatory degenerative disorder
of the cornea. It manifests as progressive thinning,
steepening and biomechanical instability of the cornea. This
abnormal curvature changes its refractive power, causes
irregular astigmatism which cannot be corrected with
spectacles or can be corrected only partialy. Theirregular
astigmatism and myopiaimpair quality of vision.

The only known treatment for arresting the progression
of the diseaseis collagen corneal cross-linking (CXL). CXL
has become a widely used procedure. It improves visual
acuity (VA), reduces astigmatism and K max in almost two-
thirds of treated eyes. Long-term safety and efficacy has
been reported.’3

The standard CXL or what isreferred to as the Dresden
protocol involvestheinstillation of 0.1% riboflavin solution
in 20% dextran for 30 minutes and NaCl 0.9% drops every
3 to 5 minutes during treatment, followed by 365 nm
ultraviolet A (UVA) illumination with 3 mW/cm? for
30 minutes for a total dose of 5.4 Jcm? with continued
instillation of riboflavin drops every 5 minutes.! CXL
treatment is indicated for corneas thicker than 400 um in
order to prevent endothelial damage. Hafezi et a reported
on the safety of hypo-osmolar riboflavin without dextran
used in thin corneas (Iess than 400 pm) in order to swell the
cornea prior to treatment to 400 um and above with no
reported complications. There was stabilization of the
keratoconusat 1 year post-CXL for thin corneas using hypo-
osmolar riboflavin.*

Several new protocols using different riboflavin
formulas, different frequencies, durations of riboflavin
instillation and different UV A illuminationirradiancelevels
(accelerated cross-linking) are being developed. The wide
variety of these protocols have raised controversies and
caused confusion with regard to the safest and most
efficacious way to perform CXL.

Different Ways of Epithelial Removal

Various modifications of epithelial removal were reported.
One-way discusses partial removal of the epithelium by
excimer laser. This method proved to be inferior in its
effectiveness when compared to mechanical removal. It
resulted in prolonged application time of riboflavin to
achieve corneal saturation and more postoperative pain.®
On the other hand, complete epithelial removal using
excimer laser (50 um) proved to yield superior results
compared to mechanical removal %" As corneal epithelium
isthinner at the apex in keratoconic eyes®® and laser 50 pm
depth ablation removes few microns from the stroma at the
apex of the cone which results in flattening of the surface,
leading to reduction in the refractive error. Kymionis et a
reported on customized epithelial removal in thin corneas
in two cases of post-Lasik ectasia, the epithelium was
removed leaving a small localized inferior area of corneal
epithelium corresponding to the thinner-area of topographic
steepening,” the treatment was safe and effective.

Seller reportsless CXL effect when strips of epithelium
were removed by inducing scratches in the epithelium. At
1 month follow-up, stroma haze was detected under the
strips of removed epithelium but none under the epithelia
idandswhichindicatesless CXL under the epithelial islands
(round table discussion on the future of CXL, January 2011).
Available from: http://www.bmctoday.net/crstodayeurope/
2011/01/article.asp?f=the-future-of-corneal -collagen-cross-
linking).

Malhotra et al examined the penetration of riboflavinin
aprospective study using spectral domain optical coherence
tomography (OCT) in two groups of patients. In the first
group (20 patients) the epithelium wasremoved compl etely,
whilein the second group (10 patients) agrid-like epithelial
removal was performed. The OCT demonstrated a
homogenous penetration in thefirst group, while the second
group had uneven penetration with significantly more
riboflavin presence in the areas where the epithelium was
off. 1t
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An alternative way (which may be called the hybrid
technique) utilizes a device developed by Sheraz Daya, a
disruptive device, (the Daya Disruptor; Duckworth and
Kent, Hertfordshire, England) to create pockmarks in the
epithelium and enhances the riboflavin absorption into the
corneal stroma. Encouraging results were reported at the
ESCRSin Milanin September 2012 and adeep demarcation
line was reported by Sheraz Daya (round table discussion
on the future of CXL, January 2011; Available from: http:/
/www.bmctoday.net/crstodayeurope/2011/01/
article.asp?=the-future-of-corneal-collagen-cross-linking).

A stromal demarcation line was described by Seiler et a
a adepth of 300 um following CXL. It is presumed that the
line may be due to differences in refractive index between
theanterior cross-linked part and the posterior uncross-linked
part of the cornea. This difference creates alteration in the
reflection properties between these corneal layers.’? The
presence of demarcation line following CXL and detection
of keratocytes apoptosis are considered to be an indication
of the efficacy of CXL. The significance of these changes
and their impact on the results need further investigation.

Epithelial removal prior to CXL carries disadvantages:
Pain, tearing, photophobia, stromal haze, increased risk of
infection and possibly delayed epithelial healing and corneal
melting.1*16

Avoiding Epithelial Removal

Kanellopoulos et al reported favorable results by injecting
riboflavin into intrastromal pocket created by femtosecond
laser and then performing CXL. Alio et al evaluated two-
ways of CXL in keratoconic corneas with intrastromal
corneal ring segment (ICRS); CXL following epithelial
debridement (the classic group) and CXL with riboflavin
injection in the intrastromal pocket (the pocket group). No
statistically significant differences between the classic and
pocket groups were found with regard to postoperative
visua acuity, refraction, keratometry, corneal aberrations
or central pachymetry.*® Kilic et al reported on 131 eyes of
105 patients who underwent combined ICRS (Intacs)
implantation and transepithelial CXL. They used 20%
alcohol application to the cornea to increase riboflavin
penetration and riboflavin injection into the corneal
channels. Adding to the safety of this method, the authors
report improvement in uncorrected visual acuity (UCVA),
best corrected visual acuity (BCVA), mean K readings,
manifest spherical refraction and cylinder.'®

Epithelium and CXL

Transepithelial CX L enablestreating thin corneas and spares
patients from pain and eye irritation. It fastens patient’s

rehabilitation and may prevent complications reported,
following epithelium-off CXL.

On one hand, riboflavin is a photosensitizer inducing
collagen cross-linking after its exposure to UVA light, and
absorber of the UVA irradiation preventing damage to
deeper corneal and ocular structures on the other hand.?>%%
Proper corneal stromal saturation with riboflavinistherefore
essential in CXL. The high molecular weight of riboflavin
(376.37 gm/mol) and its hydrophilic properties prevent it
from penetrating into the stroma through an intact
epithelium. Various ways have been tried to enhance the
epithelial permeability to riboflavin; partial grid-like pattern
epithelial removal, excimer laser superficial epithelial
removal,® hypotonic riboflavin solution?” and chemical
enhancers, such as benzalkonium chloride (BAC),
ethylenediaminetetraacetic acid (EDTA), gentamycin,
tetracaine and 20% ethanol .282°

Epithelium absorbs part of the UVA and may prevent
certain amount of UVA from reaching the stroma,
consequently reducing CXL effect. Kolozsvari et al reports
that corneal epithelium hasasignificantly higher absorption
coefficient for UV rays with wavelengths shorter than
300 nm, but not for wavelength, such as 365 nm which is
used in CXL; these rays are absorbed by the stroma.?® An
intact epithelial basement membraneisabarrier toriboflavin
absorption.?* Samaras et al reported on inadequate
absorption of riboflavin even after using 20% alcohal to
loosen the epithelium or using the grid-like pattern of
epithelial removal.?2 Baiochi et al demonstrated that stromal
concentrations of riboflavin increased with time only if the
epithelium was removed.?

This raises the question: Is the effect of transepithelial
CXL reduced because of the UVA absorption by the
epitheliumor isit dueto barrier properties of the epithelium
to riboflavin. Bottos et a tried to answer this question by
performing transepithelial CXL in porcine corneas using
two different ways. In the first group they used riboflavin
with tetracaine drops; in the second group, riboflavin was
injected into the anterior chamber. They tested stromal
saturation of riboflavin by immunof|uorescence microscopy
and demonstrated stromal staining with riboflavin in the
second group indicating absorption of riboflavin through
the endothelium. After performing CXL there was higher
organization of the collagen fibers in this second group
compared to corneas with intact epithelial basal
membrane.?* This article proves that the epithelium acts as
a barrier to riboflavin absorption, preventing stromal
saturation but not a barrier to UVA radiation used in CXL.

Enhancing riboflavin penetration through intact
epithelium is a hot topic. Many researchers and companies
are working on new formulas of such riboflavin.
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Raiskup et a investigated the influence of osmolarity
on transepithelial permeability of riboflavin solutions.
Severa riboflavin 0.1% solutions that contained different
NaCl and BAC concentrations were applied to 36 rabbit
eyesfor 30 minutes. They demonstrated that transepithelial
riboflavin solution should contain 0.01% BAC and 0.44%
NaCl with no dextran to enhance its permeability through
intact epithelium and get enough saturation for effective
CXL.®

While good results have been reported with
transepithelial CXL for the treatment of keratoconus,3%?
other clinical and laboratory studies have reported weaker
or no effect of transepithelial CXL and that wasjustified by
insufficient and inhomogeneous saturation of the stroma
with riboflavin.?#3436 Wollensak et al, in an animal model,
demonstrated corneal biomechanical stiffening following
epithelium-on CXL of about one-fifth compared to the
epithelium-off CXL.*3 Spadea et a reported the results of
transepithelial CXL with modified riboflavinin 16 patients
with thin corneas (from 331 to 389 um). The thin corneas
could not be treated using the standard Dresden protocol.
Riboflavin 0.1% solution in 15% dextran T500 containing
EDTA 0.01% and trometamol wasused. All patients showed
slight improvement in UCV A and best spectacle corrected
visual acuity (BSCVA). Therewasreduction in keratometric
astigmatism (up to 5.3 D) and K, values (up to 4.3 D).
Endothelial cell density was unchanged after 1 year of
follow-up.¥’

Filipello et a analyzed maodifications of corneal layers
following transepithelial CXL in 20 eyes using confocal
microscopy. Patients were followed up for 18 months. A
dense demarcation line could be observed after 6 months at
a depth of around 60 pm below the Bowman membrane.
No endothelial change was reported.®® This demarcation
line was more superficia than reported after epi-off CXL
(300 um). Caporossi et al investigated corneal
microstructural modifications in keratoconic patients who
underwent transepithelial CXL using 0.1% riboflavin and
15% dextran solution supplemented with EDTA.
Tomography and confocal analysis were performed.
Apoptosis of keratocytes was detected up to 140 pm from
the epithelium. This corresponds to a depth of one-third of
the depth achieved in epi-off CXL. Keratocyte apoptosis
which indicates the occurrence of CXL was uneven and
superficial .3 Apoptosisof keratocyte has been demonstrated
following epithelium on CXL but to a lesser extent.® Al-
Agaba demonstrated localized swellings of stromal nerves
with loss of axonal continuity in the treated area following
epi-off CXL, but not in corneas treated by the epi-on CXL
in which the nerves were spared.**

K oppen evaluated the effect of transepithelial CXL using
riboflavin and in 53 eyes of 38 patients suffering from
progressive keratoconus. Proparacaine drops 0.5%
preserved with BAC 0.005% wereinstilled every 5 minutes
for 30 minutes. Stability was documented at 18 months
follow-up in sphere, cylinder, K max and simulated K as
measured using the placido-disk topography. BCVA
improved significantly at 6 and 12 months, however, K max
and the thinnest point as measured by Scheimpflug device
showed statistically significant progression. The authors
concluded that transepithelial CXL using the mentioned
riboflavin formulawas less effective than standard CXL in
stabilizing progressive keratoconus.*? This article poses a
question regarding the parameters of keratoconus
progression. One of the important parameters for
progression is the increase in keratometry values and
decreasein corrected VA. In this report both were stable at
18 months hence no progression was diagnosed, however,
the Scheimpflug device measurements of K, and
pachymetry at the thinnest point demonstrated astatistically
significant progression. On which parameter do we haveto
rely? This remains an open question.

Magli et al compared between epithelium-off CXL in
23 eyes and transepithelial CXL in 14 eyes in pediatric
patientswith progressive keratoconus. Epi-on CXL wasless
painful and had similar efficacy and safety profile to epi-
off CXL. At 12 months: K., K., mean K, surface
asymmetry index, inferior-superior symmetry index, index
of height asymmetry and anterior elevation at the thinnest
point showed improvement.*® Kilic and Roberts reported
on transepithelial CXL in 32 eyes of 22 patients using
riboflavin 0.1% with dextran, pilocarpine 2% as a chemical
enhancer and proparacaine. The authors applied alcohol
20% for 25 seconds to weaken the epithelium. There was
improvement in UCVA and BCVA. No statistically
significant change in sphere, cylinder or keratometry. The
ocular responseanalyzer (ORA; Reichert Ltd, USA) assesses
the biomechanical properties of the cornea and the ‘true
intraocular pressure regardless of the corneal viscoelastic
properties. Corneal hysteresis(CH), corneal resistancefactor
(CRF), intraocular pressure cornea compensated (IOPcc)
did not demonstrate any change, however, the peak one
signal amplitude increased after transepithelial CXL in the
examined 14 patients which indicates increased corneal
stiffness.®

Buzzonetti et al treated 13 eyes of pediatric keratoconus
patients with follow-up of 18 months. The authors used
riboflavin 0.1% with EDTA and trometamol as enhancers
and dextran 15% (Ricrolin TE, Sooft Italia SPA). Corrected
distance visual acuity improved significantly, the sphere
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and cylinder did not demonstrate any change, while the K
readings and high order aberrations showed significant
worsening. The demarcation line mean depth was at 105 pum.
Consequently, the authors concluded that transepithelial
CXL did not stop the progression of keratoconus in this
pediatric group.** The same Ricrolin TE was used by
Touboul et al intransepithelial CXL aspart of a prospective
study comparing three different methods of CXL. (1) The
standard Dresden protocol, (2) accelerated epi-off CXL
using UVA at an irradiance of 30 mW/cm? and (3)
transepithelial CXL. Confocal microscopy was performed
following CXL. Results demonstrated obliteration of the
subbasal nerve plexusin the first two groups but not in the
transepithelial CXL group. Keratocyte density and
reflectivity were atered in the first two groups but again
was not affected in the transepithelial group.*

An interesting approach was used by Stojanovic et al;
they used chemical enhancers; pilocarpine 2%, proparacaine
0.5% and gentamycin 0.3%. All eye drops contained BAC.*
‘A round Merocel sponge (Medtronic, Inc., Minneapolis,
MN) of 5mmin diameter wasinserted into the conjunctival
sac to provide a depot of riboflavin and to produce
microabrasions of the superficial epithelia layers caused
by friction upon patient’ s blinking. *® Riboflavin 0.5% was
used every 5 minutes until the achievement of stromal
saturation verified by the observation of yellow flarein the
anterior chamber.*® *Irrigation with isotonic balanced salt
solution (BSS) was performed before the UVA irradiation
in order to avoid the shielding effect of riboflavin covering
the epithelium.’* UCVA and BCVA improved significantly
at 12 months. There was a documented reduction in the
spherical equivalent, astigmatism, K max, irregularity index
and higher order aberrations.*® The mean demarcation line
depth was at 316.92 + 49.16 m (range: 260-367) which is
close to the demarcation line observed following epi-off
CXL.*® The authors used all available modifications to
enhance riboflavin penetration to the cornea; chemicals to
disrupt the epithelium tight junctions, and mechanical
disruption of the epithelium, increasing riboflavin
concentration. Riboflavin without dextran was used and
verification of riboflavin absorption into the stromaby dlit-
lamp examination was meticulously performed. Irrigation
with isotonic BSS was performed before the UVA
irradiationin order to avoid the shiel ding effect of riboflavin
covering the epithelium.

We believe that the diverse results reported in the
literature arein part due to insufficient riboflavin saturation
inthestroma. Most articlesreport on half an hour instillation
of riboflavin for transepithelial CXL. In the latter article
the riboflavin was instilled until verification of stromal

saturation by the appearance of yellow flare in the anterior
chamber, a method not reported in many articles. Sheraz
Daya reportsingtillation of riboflavin for 30 to 45 minutes
(round table discussion on the future of CXL, January 2011.
Available from: http://www.bmctoday.net/crstodayeurope/
2011/01/article.asp?f=the-future-of-corneal -collagen-
crosslinking) while Trattler reportsinstillation for 60 to 90
minutes till there is enough riboflavin penetration for
epi-on CXL (round table discussion on the future of CXL,
January 2011. Available from: http://www.bmctoday.net/
crstodayeurope/2011/01/article.asp?f=the-future-of-
corneal-collagen-crosslinking). We use the Medicross TE,
a riboflavin (produced by Peschke Ltd, Germany) which
has a concentration of >0.25% riboflavin with BAC, NaCl
and no dextran. We needed 60 to 90 minutes of riboflavin
ingtillation every 2 minutes to achieve corneal saturation
and yellow flare in the anterior chamber, in most cases it
took 90 minutes. Therefore, the instillation time is as
important and not only the chemical formula.

NEW EMERGING TECHNIQUES

Theissue of epithelium and CXL isahot topic, in the near
futurewe shall see new formulas of riboflavin and new ways
of providing riboflavin, such as iontophoresis; electrically
charged riboflavin is put into a cup on the cornea and an
electric current drivesthe charged riboflavin into the stroma.
Thereare no articlesin theliterature on thistopic; however,
various reports in congresses are promising for this
technique in introducing riboflavin into the stroma without
epithelium removal within few minutes. This may shorten
stromal saturation time and spare patients the need for
epithelial removal.
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