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ABSTRACT

Introduction: The purpose of this study was to
evaluate the efficacy and safety of iontophoretic
collagen cross-linking (I-CXL) compared to
epithelium-off standard collagen cross-linking
(CXL) in treating the early stages of progressive
keratoconus.

Methods: This retrospective cohort study at
Oftaprof Clinic, Iasi, Romania included 40 eyes
of 40 patients with progressive keratoconus
stage 1 according to the Amsler classification
who underwent [-CXL and the results were
compared with a matched group of 40 eyes from
40 patients who received standard CXL. The
follow-up period was 24 months. Uncorrected
(UCVA) and corrected (CDVA) distance visual
acuities, corneal topography, and pachymetry
were evaluated in all patients.
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Results: The mean  patient age  was
26.52 + 3.77 years for the standard CXL group
and 28.32 £4.91 for the I-CXL group. The
mean UCVA and CDVA improved significantly
in both groups. At 12 months, the improve-
ment of UCVA was greater in the I-CXL group
(P <0.05). There was a statistically significant
different trend in CDVA between groups with a
more favorable outcome for the standard CXL
group (P<0.01). The manifest cylinder
decreased by a mean of 0.962 £ 0.114 D in the
epithelium-off =~ CXL group and by
0.831 +£0.082 D in the I-CXL group (P < 0.001).
At 24 months, the K.« values improved by
1.2+0.199D in the standard group and by
0.908 £ 0.177 D in the I-CXL group (P < 0.001).
Conclusion: All parameters either improved or
remained unchanged after the iontophoretic
collagen cross-linking intervention. I-CXL was
found to be as effective as the standard
technique.

Keywords: Keratoconus; Iontophoretic
collagen cross-linking; Standard cross-linking;
Riboflavin

INTRODUCTION

Keratoconus (KC) is a degenerative eye disorder
that progressively damages the internal struc-
ture of the cornea, which becomes cone-shaped
and gets thinner, gradually causing visual
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impairment. The clinical findings in KC, such as
astigmatism and various degrees of myopia,
correspond to the stages of the disease [1]. The
disorder is frequently diagnosed in adolescence
and early adulthood and mostly affects men [2].
KC is a severe condition that requires early
detection and treatment to stop it from pro-
gressing and thus prevent eyesight loss.

Riboflavin A and UVA-induced corneal col-
lagen cross-linking (CXL) is currently one of the
most efficient treatments for halting KC pro-
gression in both the short and long term [3-5].
Riboflavin has a small molecular weight
(476 Da), a negative charge at physiological pH,
and a high solubility in H,O. The CXL method
increases the density and the stability of the
cornea by inducing new cross-links between the
collagen fibers of the cornea [6, 7]. The CXL
method improves visual acuity by delaying or
stopping the progression of keratoconus and in
the long term may reduce the need for kerato-
plasty [8-10].

Keratoconus is associated with significantly
impaired quality of life even in its early stages,
and the problems it causes grow more severe
with time [11]. The expected lifetime cost of
treatment of keratoconus represents a signifi-
cant economic impact and an important public
health concern [12].

The standard protocol of CXL introduced by
Wollensak et al. [13, 14] consists in removing
the corneal epithelium, followed by an infusion
of the cornea stroma with riboflavin solution
and exposure to UVA radiation. However,
despite its proven efficacy, the standard method
of CXL has some important clinical drawbacks,
including transient visual loss, a higher risk of
infectious keratitis, or pain and haze caused by
the invasive nature of the procedure [1, 15-17].

Modern medical approaches to keratoconus
treatment use a transepithelial protocol to limit
the side effects of standard CXL. Transepithelial
CXL uses a special riboflavin solution allowing
higher penetration through the intact epithe-
lium owing to the addition of two enhancers:
EDTA and trometamol. However, transepithe-
lial CXL showed a limited efficacy in terms of
keratoconus stabilization after 24 months of
follow-up, caused by inadequate riboflavin
penetration [18].

Recently, iontophoresis has been introduced
into the transepithelial CXL protocol to pre-
serve the benefits of the standard version while
diminishing its side effects. lontophoresis is an
old medical technique that facilitates drug
penetration into tissue using a small electric
current [19, 20]. Iontophoresis has also been
used in other medical fields such as neurology
or dermatology for decades. Preclinical studies
suggest that iontophoretic collagen cross-link-
ing (I-CXL) is a promising technique for ribo-
flavin delivery in cross-linking treatments,
preserving the epithelium. Experimental studies
on human cadaver corneas show that riboflavin
penetration into the corneal stroma was greater
and deeper with the iontophoresis imbibition
method, compared to conventional epi-on, but
did not reach the concentrations obtained with
standard CXL [21]. Iontophoresis imbibition
followed by UVA irradiation for 9 min at
10 mW led to less tissue damage and better
stromal healing. By enhancing riboflavin pene-
tration, iontophoresis decreases the time of
intervention and improves the efficacy and
safety of the CXL technique [19, 22]. However,
there is limited clinical experience associated
with this method; although it seems to be safe,
the extent of its clinical benefit still needs to be
further investigated. The reported results up to
2 years postoperatively indicate that I-CXL is
effective in stabilizing progressive keratoconus
and seems to be more comfortable for the
patients [22-24].

The aim of the present study is to compare
the results of I-CXL and standard CXL in terms
of uncorrected visual acuity (UCVA), corrected
distance visual acuity (CDVA), sphere, cylinder,
and keratometry values after 24 months’
follow-up.

METHODS

Study Design

This retrospective, single-center study included
patients with progressive keratoconus who
attended the Oftaprof Clinic of lasi, Romania,
between 1 January 2012 and 31 July 2015. The
patients were identified using the computerized

A\ Adis



Ophthalmol Ther (2017) 6:147-160

149

clinic record system; we included only those
who attended every follow-up visit. The study
was conducted on 40 eyes of 40 patients who
received I-CXL treatment and were compared
with a matched analysis on 40 eyes from 40
different patients who underwent standard
CXL. All the patients signed an informed writ-
ten consent at the time of the procedure. The
study was approved by the local ethics com-
mittee according to the declaration of Helsinki
of 1964, as revised in 2013.

Patients

Patients enrolled in the study met the following
inclusion criteria: stage I keratoconus according
to the Amsler-Krumeich grading system, docu-
mented progressive nature of the disease, age
above 18 years, central corneal thickness (CCT)
greater than 400 pm at the thinnest point, and
endothelial cell density (ECD) greater than
2000 cell/mm?. Progression indicating necessity
for treatment was documented by an increase of
the maximum keratometry by at least 1 diopter
(D) or by an increase in central corneal astig-
matism of 1 D in 1 year, documented by at least
two differential Scheimpflug corneal topogra-
phies. Keratoconus diagnosis and the necessity
of treatment were assessed by two corneal spe-
cialists (AC, DC).

The study excluded patients that had other
ocular corneal and immune system disorders,
diabetes patients, or female patients who were
pregnant or breastfeeding.

Visits

Patients were examined at baseline and at 1, 3,
6, 12, 18, and 24 months after intervention. The
following measurements were performed at
baseline and at each follow-up visit: uncor-
rected visual acuity (UCVA), corrected distance
visual acuity (CDVA), manifest refractometry
(Topcon autorefractometer), sphere and cylin-
der, slitlamp biomicroscopy, keratometry (Kpin
and Kp.x), optical tomography and pachymetry
(Pentacam, Oculus Optikgerate GmbH, Wetzlar,
Germany), ultrasonic pachymetry for central
corneal thickness (CCT) and for corneal

thickness at the thinnest point (CTTDP),
endothelial cell count (ECC) (Konan Specular
Microscope; Konan Medical, Inc., Hyogo,
Japan), and intraocular pressure (IOP) by Gold-
mann applanation tonometry.

Procedures

Collagen cross-linking by iontophoresis with-
out epithelial removal was indicated and per-
formed for 40 eyes (40 patients) included in the
study. Pilocarpine 1% drops were instilled
30 min prior to the procedure, to reduce the risk
for ultraviolet light exposure of the lens and
retina. The procedure was performed under
topical anesthesia with three applications of 4%
lidocaine drops under sterile conditions during
15 min. A special ring applicator (9 mm in
diameter) containing the negative electrode was
applied to the cornea, and a patch containing
the positive pole was applied to the forehead. A
continuous current generator (I-ON XL, SOOFT)
set at 1 mA, powered by batteries, was con-
nected to the relevant cables. The applicator
was filled with 0.5 ml hypotonic solution of

Fig. 1 Iontophoretic collagen cross-linking procedure
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rRiboflavin (Ricrolin+; SOOFT, Montegiorgio,
Italy) and the corneas underwent imbibition for
5 min (Fig. 1). The corneas were irradiated with
an ultraviolet lamp (CBM VEGA 10 mW UVA
[lumination System) with a wavelength of
370 nm for 9 min at 10 mW at a distance of
45 mm. After surgery, a bandage contact lens
was applied and it was removed after 48 h.
Post-intervention, patients received
tobramycin-dexamethasone drops (Tobradex,
Alcon) and artificial tears (Blu Yal, SOOFT), four
times daily, for 4 weeks.

Standard CXL was performed for 40 eyes of
40 patients with stage I keratoconus, according
to the protocol described elsewhere [13, 24].
Epithelial removal was performed using a blunt
knife. Isoosmolar riboflavin 0.1% solution with
20% dextran (Ricrolin; SOOFT, Montegiorgio,
Italy) was applied every 3 min for 15 min. Irra-
diation was performed with a UVA lamp (CBM
VEGA 10 mW UVA Illumination System) with a
wavelength of 370 nm for 9 min at 10 mW at a
distance of 45 mm. A bandage lens was placed
after surgery and it was removed after 1 week if
the epithelial healing was complete. The
post-CXL medication consisted of tobramycin
eye drops (Tobrex, Alcon) and artificial tears
(Blu Yal, SOOFT), five times daily until epithe-
lial healing was documented, followed by
tobramycin-dexamethasone drops (Tobradex,
Alcon) and artificial tears (Blu Yal, SOOFT), four
times daily, for 3 weeks more.

Statistical Analysis

After the study was completed, data collected
from all the patients was statistically analyzed
using SPSS Statistics software version 20. Base-
line measurements between the treatment
groups were compared using an indepen-
dent-sample t test. The difference from baseline
for each parameter was calculated at each time
point (1, 3, 6, 12, 18, and 24 months) for each
eye. The differences within each group were
compared using a one-sample t test. The data in
our cohorts do not have a normal distribution
(according to Kolmogorov-Smirnov and Sha-
piro-Wilk tests); despite this, we employed
parametric (and not non-parametric) tests

because the samples of the cohorts are balanced
(40 subjects in each cohort).

These changes were compared between the
standard cross-linking and iontophoresis groups
using an independent-sample t test. To report
the trend over time, a variance analysis, the
general linear model repeated measures was
used by applying the polynomial option
wherein seven time points (baseline, 1, 3, 6, 12,
18, and 24 months) were used as categorical
variables. The level of significance was P < 0.05
in all cases.

RESULTS

The present study compared the 24 months’
evolution of two groups consisting of 40 eyes of
40 patients, each diagnosed with early stages of
keratoconus, one group being treated using
iontophoresis CXL and the other using standard
CXL. The two groups were matched for demo-
graphic and other clinical parameters. The
mean age was 26.52 + 3.77 (range 18-34) for
the standard CLX group and 28.32+4.91
(range 18-335) for the I-CLX group. At baseline,
before the intervention, the demographic data
and the clinical parameters were statistically
analyzed and no significant difference was
found between the two groups (P> 0.05)
(Table 1).

Visual Acuity

There was no statistically significant difference
in the mean preoperative logMAR UCVA and
CDVA between the standard CXL and the [-CXL
group (Table 1).

The UCVA improved in the I[-CXL group
compared with baseline at 3, 6, 12, 18, and
24 months postoperatively. In the standard
CXL group, the UCVA remained stable at
3 months, but started to improve at the
6 months’ follow-up visit. The change of the
UCVA was significantly greater in the I[-CXL
group compared to the standard CXL group at 3
(P<0.01), 6 (P<0.01), and 12 (P<0.05)
months, respectively (Table 2). At 24 months
the mean improvement in UCVA was
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Table 1 Bascline characteristics in study group

Group statistics

Table 1 continued

Group statistics

N Mean Std. deviation P value N Mean Std. deviation P value
Age CLX 40 2868 125 >0.05
CLX 40 26 4 >0.05 LCXL 40 2871 127
I-CXL 40 28 5 CXL standard corneal collagen cross-linking, I-CXL ion-
UCVA tophoresis collagen cross-linking, UCVA uncorrected visual
acuity, CDVA corrected distance visual acuity, IOP
CLX 40 0.360 0.122 >0.05 . .
intraocular pressure, K,,,,, = maximum keratometry, K,,;,
I-CXL 40 0.357 0.218 minimum keratometry, CCT central corneal thickness,
CTTP corneal thickness at the thinnest point, ECD
CDVA endothelial cell density
CLX 40 0.199 0.084 >0.05
I.CXL 40  0.151 0.144 0.9 Snellen lines in the epithelium-off CXL
Sph group and 1.7 lines in the I-CXL group. The
phere ; o
improvement of UCVA was significantly greater
CLX 40 1343 1361 >0.05 in the I-CXL group at 24 months (P < 0.05)
LCXL 40 1368 1471 (Table 2; Fig. 2).
In the standard CXL group, the CDVA
Cylinder slightly decreased at the first follow-up visit.
CLX 40 2231 1.049 >0.05 Improvement of the CDVA was first noticed at
the 6 months’ visit and continued throughout
LCXL 40 2431 1.026 the follow-up period. The mean CDVA
IOP remained stable in the I-CXL group for the first
3 months. The eyes treated with [-CXL signifi-
CLX 40 13.0 15 >0.05 cantly improved in CDVA at 6, 12, 18, and
I.CXL 40 128 2.1 24 months compared with baseline. At
K 24 months, the mean improvement in CDVA
e was 1.6 Snellen lines in the epithelium-off CXL
CLX 40 457 25 >0.05 group and 1.3 lines in the I-CXL group (Fig. 3).
LCXL 40 458 24 There was a statistically significant different
trend, reported by the general linear model
Kinin repeated measures, towards improvement in
CLX 40 49 22 >0.05 CDVA between both groups, with a more
favorable outcome for the standard CXL group
ILCXL 40  42.8 2.1 (P<0.01) (Table 2).
CCT
CLX 40 509 25 ~0.05 Refractive Outcomes
FCXL 40 510 27 The manifest spherical error did not change
CTTP significantly in both groups at 3, 6, and
CLX 40 487 23 ~0.05 1? months postope'ratively. A statistically sig-
nificant decrease in the sphere value was
ILCXL 40 490 25 observed at the 18 months’ follow-up visit in
ECD both groups (P <0.05). The decrease of the

spherical error continued for the remainder of
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Table 2 Clinical characteristics of the eyes in the iontophoresis corneal cross-linking and standard corneal cross-linking

groups after 1, 3, 6, 12, 18, and 24 months compared with bascline measurements

Parameter Group 1 month P value’ 3 months P value’ 6 months P value'

A Ko CLX 0.022 + 0.086 >0.05 —0.160 £ 0.074 >0.05 —0.440 £ 0.104 >0.05
[I-CXL —0.007 £ 0.030 >0.05 —0.220 £ 0.037 >0.05 —0.452 + 0.062 >0.05
Pvalue P>0.05 P>0.05 P>0.05

AK,. CLX  —00475+0094 >005  —012240092 >005  —0236+ 009  >005
[-CXL —0.078 £ 0.040 >0.05 —0.187 £ 0.042 >0.05 —0.203 £ 0.063 >0.05
Pvalue P>0.05 P>0.05 P>0.05

A UCVA CLX 0.0159 £ 0.012 >0.05 —0.016 £ 0.010 <0.05 —0.052 £ 0.010 <0.01
I-CXL  0.009 £ 0.006 >0.05 —0.066 £ 0.010 >0.05 —0.103 £ 0.010 <0.01
Pvalue P>0.05 P <0.01 P <0.01

A CDVA CLX 0.032 + 0.008 >0.05 —0.007 £ 0.007 >0.05 —0.036 £ 0.008 <0.05
I-CXL  0.005 =+ 0.006 >0.05 —0.029 +£ 0.008 >0.05 —0.043 £ 0.010 <0.05
Pvalue P<0.01 P>0.05 P>0.05

A Sphere CLX —0.018 £ 0.025 >0.05 —0.142 + 0.035 >0.05 —0.169 £ 0.090 >0.05
I-CXL —0.08 4= 0.038 >0.05 —0.173 £ 0.038 >0.05 —0.185 £ 0.080 >0.05
Pvalue P>0.05 P>0.05 P>0.05

A Cylinder CLX —0.018 £ 0.32 >0.05 —0.325 £ 0.049 <0.05 —0.437 £ 0.066 <0.01
[I-CXL —0.031 £ 0.032 >0.05 —0.418 £ 0.046 <0.05 —0.493 £ 0.059 <0.01
Pvalue P>0.05 P>0.05 P>0.05

A IOP CLX —0.300 £ 0.224 >0.05 —0.312 £ 0.276 >0.05 —0.125 £+ 0.240 >0.05
[I-CXL —0.275 £0.151 >0.05 —0.375 £ 0.2433  >0.05 0.200 + 0.218 >0.05
Pvalue P>0.05 P>0.05

A ECD CLX —8.325+£5482  >0.05 —9.325+7.546  >0.05 —15.100 + 8291  >0.05
I[CXL  —9.650 £5.104  >0.05 —9.780 £ 6324  >0.05 —16.000 & 8.057  >0.05
Pvalue P>0.05 P>0.05 P>0.05

A CCT CLX —7.000 + 1.72 >0.05 —8.800 £ 0.886 <0.05 —5.825 £ 1.001 >0.05
[[CXL —74754+0954  >0.05 —8975+£0.816  <0.05 —6.625 £ 0.951 >0.05
P value P>0.05 P>0.05 P>0.05

A CTTP CLX —6.150 £ 0.783 >0.05 —10.075 £ 1.139  <0.05 —6.050 £ 1.110 >0.05
[-CXL —6.700 £ 0.716 >0.05 —9.825 £+ 1.147 <0.05 —4.925 £ 1.040 >0.05
Pvalue P>0.05 P>0.05 P>0.05
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Table 2 continued
Parameter Group 12 months P value' 18 months P value' 24 months P value’ P value*
AK,, CLX —0.695+0.133 <005 —0720+0201 <00l  —120240.199 <0.001 >0.05
I-CXL —0.713 £0.092 <0.05 —0.721 £0.151 <0.05 —0.908 £ 0.177 <0.01
P value P>0.05 P>0.05 P>0.05
AKy, — CLX  —0322£0111 >005  —0375+0.136 >005  —0516+£0.161 >005  >0.05
[I-CXL 0.305 &+ 0.077 >0.05 —0.259 £0.112 >0.05 —0.390 £ 0.132 >0.05
P value P>0.05 P>0.05 P>0.05
A UCVA CILX —0.084 £+ 0.008 <0.001 —0.104 £ 0.009 <0.001 —0.108 £0.011 <0.001 >0.05
[-[CXL —0.137 £0.015 <0.001 —0.139 £ 0.016 <0.001 —0.160 £ 0.019 <0.001
P value P <001 P>0.05 P <0.05
A CDVA CIX —0.070 £ 0.008 <0.001 —0.073 £ 0.008 <0.001 —0.093 £0.008 <0.001 <0.01
I-CXL —0.051 £0.010 <0.01 —0.051 £0.011 <0.01 —0.060 £ 0.020 <0.001
P value P>0.05 P>0.05 P>0.05
A Sphere CLX —0.303 £ 0.104 >0.05 —0.410 £ 0.107 <0.05 —0.517 £ 0.143  <0.05 >0.05
I-[CXL —0.307 £0.093 >0.05 —0410+£0.111 <0.05 —0.519 £ 0.124 <0.05
P value P>0.05 P>0.05 P>0.05
A Cylinder CLX —0.575 £ 0.080 <0.001 —0.668 £ 0.078 <0.001 —0.831 £0.082 <0.001 >0.05
I-[CXL —0.675=+0.084 <0.001 —0.825 £0.101 <0.001 —0.962 £0.114 <0.001
P value P>0.05 P>0.05 P>0.05
A 10P CLX —0.150 £ 0.228 >0.05 0.325£0.249  >0.05 —0.225 £ 0.241 >0.05 >0.05
I-[CXL —0.37540.271 >0.05 —0.475 £ 0.280 <0.01 —0.500 £ 0.317 >0.05
P value P>0.05 P <001 P>0.05
A ECD CLX —6.325 £ 5495 >0.05 —8.975 £ 6.662 >0.05 —9.975 £ 7.664 >0.05 >0.05
[[CXL —7.150 £5.296 >0.05 —9.750 £ 6.651 >0.05 —10.5250 + >0.05
Pvalue P>005 P>005 0.7015
P>0.05
A CCT CLX 1.375 + 1.236 >0.05 4450 £+ 1.396 >0.05 3425 £2911 >0.05 >0.05
I-CXL 0.550 £+ 1.273 >0.05 3.600 £ 1.3373  >0.05 5.025 + 1.602 >0.05
P value P>0.05 P>0.05 P>0.05
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Table 2 continued

Parameter 12 months P value'

Group

18 months

P value’ 24 months P value’ P valuet

A CTTP CLX 2.000 £ 1.171  >0.05

[[CXL 2750+ 1.196 >0.05

P value P>0.05

5.750 £1.291 >0.05
6.650 + 1.392  >0.05
P>0.05

8550 + 1.367  <0.05 >0.05
10475 £ 1.649 <0.01
P>0.05

A difference between next visit and baseline, K,,,,, maximum keratometry, CLX standard corneal collagen cross-linking,
I-CXL iontophoresis collagen cross-linking, K,,;, minimum keratometry, UCVA uncorrected visual acuity, CDVA corrected
distance visual acuity, JOP intraocular pressure, ECD endothelial cell density, CCT central corneal thickness, CTTP corneal

thickness at the thinnest point

P values are given for comparison between control and treatment groups at the same time point;

Tcornpztrison of changes at

1, 3, 6, 12, and 36 months from baseline; icomparison of the trends over time
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Fig. 2 Mean change in UCVA between baseline and 1, 3,
6, 12, 18, and 24 months after treatment for the standard
cross-linking group (CXL) and iontophoresis CXL group
(LCXL)

the follow-up in both groups (Fig. 4). There was
no statistically significant difference between
the improvement of the sphere in both groups
(Table 2).

The improvement in the manifest cylindrical
error was statistically significant after 3 months
in both groups and continued for the remainder
of the follow-up (Fig.5). At 24 months, the
manifest cylinder decreased by a mean of
—0.831 £0.082 D in the standard CXL group
and 0.962 £0.114 D in the I-CXL group. The
changes reached high statistical significance in
both groups (P<0.001); there was no

1 Standard CXL
Error Bars: 95% Cl I1-cxo

o
b=
<

o
b=
=

CDVA(logMar) Mean differences to baseline(d)
& )
o
L%

o
c

T NH J
T T T T T T
1 monthto 3 monthsto 6 months to 12 months to18 months to 24 months to
baseline baseline baseline baseline baseline baseline

Fig. 3 Mean change in CDVA between baseline and 1, 3,
6, 12, 18, and 24 months after treatment for the standard

cross-linking group (CXL) and iontophoresis CXL group
(I-CXL)

significant difference between the trends over
time between the groups (Table 2).

Keratometry

Figure 6 shows the postoperative differences
between the two treatment groups. A significant
flattening of the K.x values was noticed in
both groups at 12months postoperatively
(P<0.05). In the standard CXL group Kpax
continued to flatten at 18 and 24 months with
average values of 0.720 + 0.201 D (P < 0.01) and
1.202 £ 0.199 D (P < 0.001), respectively. In the
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Fig. 4 Mean change in manifest sphere value between
baseline and 1, 3, 6, 12, 18, and 24 months after treatment
for the standard cross-linking group (CXL) and ion-
tophoresis CXL group (I-CXL)
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1-CLX

o
N
L2,

Error Bars: 95% CI

o
=
c
4

o
N
g

4
v
=

&
E

CYLINDER Mean differences to baseline(4)

T T T T T T
imonthto 3monthto 6monthto 12monthto 18 monthto 24 month to
baseline  baseline  baseline  baseline  baselne  baseline

Follow-up months

Fig. 5 Mean change in manifest cylinder values between
baseline and 1, 3, 6, 12, 18, and 24 months after treatment
for the standard cross-linking group (CXL) and ion-
tophoresis CXL group (I-CXL)

I-CXL group the flattening of the Kp.x was
noticed at 12 months with a reduction of
0.7134+£0.092 D (P<0.01) and continued
throughout the follow-up. At 24 months Ky ax
demonstrated flattening of 0.908 +0.177 D
(P<0.001). The standard CXL group had
greater reduction in Ky,,x values than the I-CXL
group at 18 and 24 months, but the difference
was not statistically significant. The trends of
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Fig. 6 Mean change in maximum keratometry values
(Kmax) between baseline and 1, 3, 6, 12, 18, and 24 months
after treatment for the standard cross-linking group (CXL)
and iontophoresis CXL group (I-CXL)

the two groups over time were not significantly
different (Table 2).

The minimum keratometry (Kpyi,) values
were stable in both group at every time frame.

Corneal Thickness Measurements
(Pachymetry)

The preoperative thickness values at the center
of the cornea and at the thinnest point were
measured with a manual ultrasound pachy-
meter. The mean values were comparable at
baseline and were greater than 500 um, consis-
tent with the early stage of the disease (Table 1).

At the first month’s follow-up visit, CCT and
CTTP values showed a slight decrease that
reached statistical significance at 3 months in
both groups (P < 0.05). The pachymetry values
returned to baseline values after 12 months; no
statistical difference was registered between the
two groups. There was no difference in the
trends over time between the two groups
(P <0.05) (Table 2).

Endothelial Cell Count

No endothelial damage was observed at any
time during the follow-up period. Postoperative
cell density did not register significant changes
in any group. No significant difference was
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found between the two techniques at any time
point (P> 0.05) (Table 2). Intraocular pressure
measured with the Goldmann applanation
tonometer did not change significantly from
baseline in either group throughout the fol-
low-up period (Table 2). Lens and fundus did
not change throughout the entire follow-up
period. No adverse events were found in the
[-CXL group. Adverse events occurred in 8 eyes
(20%) in the standard CXL group: five cases of
corneal haze, two cases of delayed re-epithe-
lization, and one case of sterile infiltrate.

DISCUSSION

Recent studies indicate that the use of ion-
tophoresis in CXL technique seems to have
some advantages, as compared to other meth-
ods, showing not only good riboflavin diffusion
but also improvement in clinical and paraclin-
ical indices [21, 25]. In the present study, we
investigated the extent of the clinical benefits of
iontophoretic CXL by analyzing important
ophthalmologic parameters in a group of
patients diagnosed with early keratoconus
(stage I according to the Amsler—-Krumeich
classification) before and after I-CXL interven-
tion, compared to a group of subjects with ker-
atoconus who received standard CXL. To our
knowledge, this is the first study to compare the
efficacy and safety of I-CXL with that of stan-
dard CXL in two groups of patients with early
stage keratoconus (stage I), monitored during a
period of 24 months.

Numerous studies have proven the efficacy
of standard CXL in treating progressive kerato-
conus in patients who were monitored over
medium or long follow-up periods. Conven-
tional standard CXL techniques are safe, but
might lead to transient ocular discomfort, a
longer recovery time of visual acuity, and in rare
cases adverse reactions that might seriously
affect the vision, e.g., stromal opacity, infec-
tious Kkeratitis, corneal melting, etc. A number
of different technical solutions were introduced
to preserve the corneal epithelium: transep-
ithelial CXL, stromal pockets created with a
femtosecond laser to inject riboflavin,
iontophoresis.

Transepithelial CXL might be a solution for
avoiding such complications and might also
offer faster recovery times. The fact that it can
stop the progression of keratoconus has been
the subject of controversy and debate: some
studies indicate a certain degree of efficiency,
but lower than the efficiency of the standard
CXL procedure [26, 27], whereas other studies
show a stabilization or improvement in various
topographic parameters [18, 28-30]. On the
other hand, there are also studies that have
shown a lack of efficiency for this technique
[31-33].

Iontophoresis is a non-invasive technique
that allows the penetration of a substance
within a solid tissue with the aid of a low
intensity electric current. Iontophoretic colla-
gen cross-linking employs this principle for a
better penetration of riboflavin into the corneal
stroma. Preclinical studies have shown increases
in the concentration of riboflavin in corneal
stroma, comparable to the increase obtained
after TE-CXL procedures [19, 21, 34].

Few clinical studies have evaluated I[-CXL
without comparing it to other procedures. Fur-
thermore, these studies were conducted on a
small number of patients over short periods of
time [22, 23]. Bikbova et al. [22] evaluated this
procedure in 22 patients with progressive kera-
toconus stages I-II according to the Amsler
classification, and noticed a decrease in the
keratometry values, as well as in corneal astig-
matism values, together with improvements in
the uncorrected distance visual acuity, without
any loss in endothelial cells. Vinciguerra et al.
[23] supervised I-CXL in 20 patients with pro-
gressive Keratoconus over a 12-month period.
They noticed that no patient exhibited any
signs of keratoconus progression, and also a
stabilization in all the topographic parameters
and in the cornea’s thickness, without any sig-
nificant loss of endothelial cells. The study
concluded that the “relative efficacy of this
technique compared to standard epithelium-off
techniques remains to be determined” [23].

The only study that compared the efficiency
and safety of I-CXL and CXL was conducted on
149 eyes with keratoconus stages I-II according
to the Amsler classification. One group (73 eyes)
was subjected to standard CXL and the other
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group (76 eyes) was subjected to [-CXL [24].
Keratoconus was halted and regression was
obtained for both groups, but the standard CXL
technique was more efficient. I-CXL halted the
disease’s progression in patients followed-up for
24 months.

Our study compares the safety and efficacy of
[-CXL with those of CXL for two groups of
patients with progressive keratoconus stage I
according to the Amsler-Krumeich grading
system, monitored over a 24-month period. The
two groups are similar in terms of demographics
and the quantitative parameters taken into
consideration. All the patients were examined
using the same protocols after 1, 3, 6, 12, and
24 months.

The refractive parameters improved over
time for both patient groups. The spherical error
did not changed in either group at 3, 6, and
12 months. The decrease in the spherical error is
of statistical relevance after 18 months for both
groups. The reduction in cylindrical error occurs
at 3 months post-surgery, and the tendency for
improvement is maintained throughout the
follow-up period, without significant differ-
ences from a statistical viewpoint. Similar
observations were reported by Vinciguerra et al.
[23] and Bikbova et al. [22] for [-CXL, and
numerous other studies have noticed similar
results for standard CXL [35-39]. Uncorrected
visual acuity improved in both groups without
any significant statistical difference at the end
of the follow-up period. In the I-CXL group,
UCVA improvement was faster and more
important than in the standard CXL group. The
same profile was found for CDVA, which began
to improve in the I-CXL group starting with the
third post-surgery month and going on
throughout the follow-up period. CDVA chan-
ges are more precocious and more important
during the first 12-months of follow-up for the
I-CXL group.

In the recent literature, improvement of
UCVA was reported both after standard CXL
[35-38] and I-CXL [22, 23]. In our study, the
[-CXL technique was superior in terms of a fas-
ter and more rapidly occurring visual acuity
improvement, which can be a significant
advantage for a faster professional recovery.
Postoperative  keratometric data indicates

favorable effects for both procedures. In both
groups, Ky decrease was of greater importance
when measured at 12 months post-surgery. For
the last check-up, Kp.x decrease was more
important for the standard CXL group, but this
factor did not reach statistical significance, and
the tendency to decrease was maintained. For
the I[-CXL group, Kpax Vvalues remained
stable throughout the second year of the fol-
low-up, while K, values remained stable for
both groups during the first year of follow-up.
The I-CXL technique led to the improvement
and stabilization of parameters on the short
term. However, it has been shown that for
progressive keratoconus patients, the standard
CXL procedure yields better results and increa-
ses the chances of stopping the disease’s pro-
gression in the long term.

The results obtained in our study on stan-
dard CXL are comparable to those found in
other studies, but we have to mention that no
study has been conducted exclusively on
patients with progressive keratoconus stage I
according to the Amsler classification. The
improvements in the topographic parameters
after I-CXL seen in our study confirm other
results found in the literature [22-24]; however,
note that only one study was conducted exclu-
sively on patients with early keratoconus
[23, 24], and the difference is that in our study,
the follow-up period was greater.

Our study can be compared with a recent
one by Bikbova and Bikbov [24]. The common
parameters that were analyzed (CDVA, Kker-
atometry, CCT, cylindrical error) offered similar
conclusions. The measurements on absolute
value cannot be compared because patients
with various stages of the disease were included
(stage I in our study and stages I and II in Bik-
bova and Bikbov’s study), whereas the instru-
ments for determining refractive and
topographic parameters, as well as the technical
protocols, were different.

Pachymetry data showed high preoperative
values due to the disease being in its early
stages. Both patient groups have shown a small
decrease in the thickness of the central cornea,
detected after 3 months postoperative. Pachy-
metric values went back to normal and
remained stable throughout the follow-up
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period, and no differences were recorded in the
CCT evolution in the two groups.

For both groups, no decrease in the density of
endothelial cells was recorded throughout the
follow-up period, as compared to the preopera-
tive value. Also, no adverse reactions were
encountered in the I-CXL group; for the standard
CXL group, adverse reactions were recorded in
20% of the eyes operated on, but no reaction
resulted in negative consequences in terms of
visual acuity or the evolution of corneal topo-
graphic parameters. In both patient groups, no
progression of keratoconus was recorded during
the entire 24-month follow-up period.

Our study proves that the I-CXL method is a
viable alternative for stopping the progression of
keratoconus in early stages. The comparative
analysis with the standard CXL method did not
show major differences between the two proce-
dures at the end of the follow-up periods. The
advantages evident for the I-CXL technique are
linked to the early postoperative period and
relate to faster recovery times for visual acuity,
the absence of adverse reactions, and immediate
social and professional reintegration. The
advantages of the standard CXL technique can be
seen in the medium and long-term follow-up and
relate to the stabilization of the disease and the
improvements of corneal topographic parame-
ters. The results of the study cannot be used for
suggesting the elective therapeutic method for
early keratoconus, but only underline the simi-
larities between the two techniques in terms of
efficiency and safety. More important is the goal
of detecting keratoconus as early as possible, as
well as ensuring standardized monitoring pro-
cedures and immediate treatment methods after
confirming the progression of the disease.

The study included homogenous groups of
comparable patients with early progressive ker-
atoconus, each group having gone through a
specific therapy for halting the progression of
the disease. This is the first comparative study
focused exclusively on progressive keratoconus
stage I according to the Amsler classification.
The follow-up on the 80 patients was conducted
using the same protocol for a period of
24 months by a small number of investigators
(two) with significant experience in managing
keratoconus.

The limitations of the study concern its ret-
rospective nature: the use of one technique was
linked to the fact that I-CXL was introduced
into practice later on. Therefore, the standard
CXL patient group consisted of consecutive
patients who were first treated prior to the
introduction of the I-CXL technique. After its
introduction, the I-CXL procedure was used
exclusively for consecutive patient cases with
early progressive keratoconus.

The study includes a relatively small cohort
of patients, monitored for a short period, and
does not provide insights into the efficiency and
safety of these methods when it comes to the
more advanced stages of keratoconus. Further-
more, the analysis does not include data
regarding the aberrometric parameters, and
does not include all the morphologic parame-
ters obtained using corneal tomography. In
addition, the study did not analyze the demar-
cation line after cross-linking. However, we do
not consider that these limitations might have
changed the relevance of our results.

CONCLUSION

Our study reveals that I-CXL is non-inferior to
standard technique for stopping the progression
of keratoconus in its early stages with a higher
degree of safety for the patients and a faster
recovery of visual acuity. For further insights
into the efficiency and uses of these methods,
prospective studies are required, using higher
numbers of patients with various stages of ker-
atoconus, monitored over longer follow-up
periods.
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