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Aim: To evaluate changes in corneal higher-order aberrations (HOAs) following epithelium-off accelerated corneal
cross-linking (A-CXL) and to explore the impact on visual acuity.

Methods: In this retrospective case series, 32 eyes of 24 patients with keratoconus (KC) underwent A-CXL. Treat-
ment was delivered at 10mW/cm? for 9 min with a total dose of 5.4 J/cm?. The following anterior corneal HOAs: total
corneal HOAs, trefoil, secondary trefoil, coma, secondary coma, secondary astigmatism and spherical aberrations were
analysed using the Scheimpflug-Placido Sirius (CSO, Italy) corneal topographer at baseline and 12 months following
treatment. Multivariate analysis was used to evaluate the independent effect of HOA subtypes on changes in uncor-
rected distance visual acuity (UDVA) and corrected distance visual acuity (CDVA).

Results: At one year post CXL, UDVA and CDVA were significantly improved, -0.13+0.19 LogMAR (P=0.0005) and
-0.084+.0.11 LogMAR (P=0.0003), respectively. The mean preoperative trefoil, secondary trefoil, secondary coma and
secondary astigmatism were 0.95+0.46; um, 0.2040.11; um, 0.29+0.19; um and 042 +0.17 um, respectively. At one
year, the mean values decreased significantly to 0.77 £0.47 um, 0.15+0.11 um, 0.254+0.18 pm and 0.34£0.18 um,
respectively (P<0.05, for all). No independent relationship between any HOA changes and change in UDVA was
observed. A reduction in secondary coma aberration was associated with a change in CDVA (95% C10.01-1.34,

Conclusion: A 9-min protocol of Accelerated corneal cross-linking is an effective treatment in improving corneal
HOAs at 12 months follow up, in eyes with progressive keratoconus at one year follow-up. A change in secondary
coma had a statistically significant and independent effect on CDVA.
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Introduction

Keratoconus (KC) is a progressive corneal disease charac-
terized by thinning of the central or para-central portion
of the cornea resulting in irregular astigmatism and vis-
ual deterioration [1]. The aetiology and pathogenesis of
corneal ectasia is complex and multiple factors including
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biomechanics, enzymology, proteomics, and molecular
genetics have been reported to impact progression and
severity [2]. Although, the complete aetiology of kerato-
conus is not fully understood, focal thinning and result-
ant biomechanical weakening, independent of other
factors, has been established as a predictor of ectasia and
subsequent cone formation [3]. This may suggest that
focal weakening is likely to be the final stage in what is
a multifactorial condition. Corneal thinning and cor-
neal irregularities may induce significant amounts of
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higher-order aberrations (HOAs) which differ signifi-
cantly from the aberrations of a normal cornea [4].

Corneal cross-linking (CXL) was first introduced
nearly 20 years ago to halt disease progression of kerato-
conus [5]. The procedure aims to increase the rate of for-
mation of chemical bonds between the fibres of corneal
collagen by means of a highly localized photopolymeriza-
tion using ultraviolet A (UVA) light and a photosensitizer,
riboflavin [6]. CXL can also have beneficial visual, topo-
graphic and aberrometric effects [7-9]. Improvements
in uncorrected distance visual acuity (UDVA), corrected
distance visual acuity (CDVA), as well as maximum ker-
atometry and several topographic indices following CXL
have been reported [10]. Interpreting the changes in cor-
neal HOAs after corneal cross-linking is useful to estab-
lish the impact of the interventions on optical functions
and visual outcomes. Several studies have evaluated the
change in corneal HOAs after A-CXL [7-10], to our
knowledge this is the first study designed to evaluate the
effect of changes in corneal HOAs on visual acuity after a
9-min A-CXL protocol.

This study was designed to evaluate the effect of a novel
9-min accelerated CXL (A-CXL) protocol on anterior
corneal HOAs and to establish the impact on functional
visual outcomes (UDVA and CDVA) in patients with pro-
gressive KC.

Patients and methods

This was a retrospective case series of patients with pro-
gressive keratoconus undergoing an accelerated collagen
crosslinking protocol of 10 mW/cm? for 9 min. Treat-
ment was conducted at Tishreen University Hospital.
This study adhered to the tenets of the Declaration of
Helsinki and was approved by the Research and Eth-
ics Committee of Tishreen University Hospital. Prior to
treatment, written informed consent was obtained from
all patients.

Patients aged 18 years and older at the time of treat-
ment with demonstrated progressive KC on serial visits
with 12-month post-operative keratometric and topo-
graphic data were included in the study. A diagnosis of
KC was established in concordance with the Global Con-
sensus on Keratoconus and Corneal Ectatic Diseases
Report [11]. Progression of keratoconus was defined
as: at least 1 diopter increase in the anterior maximum
keratometry or in the manifest refraction spherical
equivalent (MRSE), a decrease of 5% in the minimum
pachymetry, or loss of at least two lines of corrected dis-
tance visual acuity over 12 months [12].

Exclusion criteria included breastfeeding or preg-
nancy, central or paracentral corneal opacities or scar-
ring, uncontrolled stromal or ocular surface disease (viral
/ autoimmune), previous ocular surgery, and a corneal
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thickness of less than 400 pum. Patients who developed
postoperative scarring or corneal haze were also excluded
from the analysis due to the secondary optical aberra-
tions that result with both scarring and haze [13].

All keratoconic eyes were classified according to
Amsler-Krumeich classification [14]. Contact lens-wear-
ing patients were asked to discontinue wearing their
lenses for 3-weeks and 1-week for rigid and soft contact
lenses, respectively. Evaluation included the measure-
ment of LogMAR visual acuity (UDVA, CDVA), mani-
fest refraction spherical equivalent (MRSE), slit-lamp
biomicroscopy, retinoscopy and fundoscopy. Topogra-
phy, tomography and aberrometry data were measured
using the Sirius Scheimpflug-Placido topographer (Cos-
truzioni Strumenti Oftalmici, Florence, Italy). Anterior
corneal HOAs were measured at the central 6 mm zone.
Three serial images were acquired to ensure reproduc-
ibility, centration, alignment and focus for both eyes.
Patients were asked to blink before each image capture to
eliminate the effect of corneal surface dryness and opti-
mise image acquisition. Seventeen continuous mires on
Placido disc imaging, were a requirement for all patients,
ensuring optimal videokeratography acquisition and
Zernike coefficient calculation for a 6 mm simulated
pupil. Data acquisition was uniform for all data points for
consistency (CSO, Phoenix v.2.6).

Surgical procedure

An epithelium-off A-CXL technique was performed in
all subjects. Eyes were anaesthetized using topical instil-
lation of Proparacaine Hydrochloride 0.5% (Proparacaine
Rama 0.5%, Rama Pharma, Syria) eye drops adminis-
tered at 2-min intervals, for a duration of 10-min pre-
operatively. Topical povidone-iodine 5% was used for
sterilization. The central 8—9 mm corneal epithelium was
removed manually using a blunt spatula and dry sponge,
without alcohol assistance. Ultrasonic pachymetry was
performed to ensure a minimum corneal thickness of
400 pm prior to ultraviolet A (UVA) exposure. Twenty
minutes prior to irradiance, Riboflavin with Dextran
(0.1% Riboflavin in 20% Dextran. Medio Cross, Germany)
solution was applied every 2 min. The saturation of the
anterior chamber with riboflavin was checked with slit-
lamp biomicroscopy. The 32 eyes were irradiated with the
Vega C.B.M-X Linker (CSO, Italy) using the A-CXL 10
mW/cm? UVA for 9 min to achieve a total energy of 5.4 J/
cm?. During the 9 min of irradiance, riboflavin solution
was applied every 2 min. At the end of the procedure, the
corneal surface was irrigated with balanced salt solution
(BSS) and a soft contact lens was applied for 5 days. Topi-
cal moxifloxacin 0.5% (Megamox, Rama Pharma, Syria)
and fluorometholone 0.1% (Methouflor 0.1%, Diamond
Pharma, Syria) eye drops were prescribed for 1 week and
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2 weeks, respectively. The detailed surgical protocol uti-
lized for A-CXL has been described by the group previ-
ously [10, 15].

Mean outcomes measures

Measurements UDVA, CDVA, MRSE, maximum ker-
atometry, mean keratometry, simulated topographic
cylinder, symmetry index front (SIf), total Baiocchi-
Calossi-Versaci index (BCV) and minimum corneal
thickness (ThkMin). Anterior corneal HOAs were col-
lected from the Sirius at the central 6 mm zone. The Sir-
ius Scheimpflug-Placido topographer provides corneal
aberrometry utilizing elevation map algorithms. Nor-
malized coefficients were used, expressed in microns of
wavefront error, root mean square (RMS), and labeled
with International Organization for Standardization
(ISO) standardized double-index Zernike symbols [16].
The collected HOAs data included: Root mean square
(RMS) total HOAs, RMS trefoil Z (3,4 3), RMS trefoil II
Z (5,43), RMS coma Z (3,£1), RMS coma II Z (5, % 1),
RMS astigmatism II Z (4,£2), and RMS spherical aber-
ration I Z (4, 0). These measurements were obtained at
baseline and at 12 months after treatment.

Statistical analysis

Visual acuity was converted to a logMAR notation.
A paired t-test was used to test the statistical signifi-
cance between HOAs at baseline and HOAs 1 year after
A-CXL. Multivariate regression analysis was used to
identify the factors associated with changes in UDVA
and CDVA. analysis was performed using generalized
estimating equations to correct for patients in whom
both eyes were included in the dataset. Analyses were
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performed using SPSS software (version 21.0, Interna-
tional Business Machines Corp.). A p-value of less than
0.05 was considered significant.

Results

A total of 32 eyes of 24 patients were included in the
study. The mean age was 24.7+£6.7 years. 16 (66.67%)
patients were females. According to the Amsler-
Krumeich classification, 24 eyes had stage I KC and 8
eyes had stage II KC. All 32 eyes had central KC, with an
apex within a central 2 mm radius.

Visual, refractive and topographic outcomes

LogMAR UDVA and CDVA were significantly improved
(-0.13£0.19 and -0.08£0.11 respectively, P<0.05 for
both) at one year postoperatively. The mean values
of MRSE, sphere and manifest astigmatism were sig-
nificantly improved, 0.52+0.63 D, 0.39+0.61 D and
0.26+0.46 D, respectively (P<0.05 for all). Mean ker-
atometry, simulated cylinder, SIf and BCV did not
show a statistically significant difference from baseline
at 12 months (P>0.05 for all). Maximum keratometry
significantly decreased from baseline line values from
54.624+4.13 D to 54.0+4.63 D at one year post A-CXL.
The mean values of ThkMin were significantly decreased
(-11.09£19.60 pm, P<0.05). Table 1 shows the visual,
refractive and topographic outcomes. At 1 year-follow-
up, one eye (3.12%) lost 1 Snellen line of the CDVA, 14
(43.75%) had no change and 17 (53.13%) eyes gained one
line or more. The maximum keratometry was decreased
or unchanged in 29 eyes and increased by more than 1 D
in 3 eyes.

Table 1 Patients characteristics at baseline and at 1 year after cross-linking

Preoperative Postoperative Change

Mean Std. Dev Mean Std. Dev Mean Std. Dev p value
LogMAR UDVA 063 043 0.50 040 -0.13 0.19 0.0005
LogMAR CDVA 0.30 0.25 0.22 0.20 -0.08 0.11 0.0003
MRSE (D) -2.64 245 -2.12 229 052 0.63 0.0001
Sphere (D) -1.03 242 -0.64 222 039 061 0.001
Cylinder (D) -3.21 146 -2.95 137 0.26 0.46 0.0032
Mean keratometry (D) 46.78 2.00 46.81 237 0.03 1.85 0.9296
Maximum Keratometry (D) 5462 413 54.00 463 061 141 0.029
Simulated Cylinder (D) -3.32 1.68 -347 216 -0.15 0.90 0.3484
SIf (D) 584 3.02 545 3.19 -0.39 133 0.1072
BCV (D) 3.01 244 251 1.26 -0.50 225 0.2109
ThkMin (um) 432.19 27.04 421.09 2642 -11.09 19.60 0.0032

UDVA Uncorrected distance visual acuity, CDVA Corrected distance visual acuity, MRSE Manifest refraction spherical equivalent, D Diopter, SIf Symmetry index front,
BCV Baiocchi-Calossi-Versaci, ThkMin Minimum corneal thickness, um Micron. P. Chi-squared test. Statistically significant values (P < 0.05). Values in bold are statistically

significant
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Change in higher-order aberrations

Total HOAs, coma and spherical aberration values
showed no statistically significant difference from base-
line at 12 months post A-CXL (P> 0.05 for all). However,
trefoil, trefoil II, coma II and astigmatism II decreased
significantly at one year compared to baseline values
(P<0.05 for all). Table 2 shows the anterior corneal aber-
rations changes in the study population.

Multivariate analysis

Table 3 shows the results of the multivariate analysis of
CDVA and UDVA. The calculated effects of the baseline
confounders: visual acuity, mean keratometry, simulated
cylinder, Sif, BCV, ThkMin and HOAs subtypes and the
change in HOA subtypes, were given for both determi-
nants. The confounders, CDVA and SIf at baseline were
strongly related to a change in CDVA. An independent
significant effect of the change in coma II was observed
in the changes seen in CDVA (P=0.048, $ =0.67). While
no independent relationship between any changes in
HOAs and UDVA were observed, astigmatism II at
baseline was significantly associated with the change in
UDVA (P=0.03, =-0.95).

Discussion
Although corneal cross-linking was first introduced
to halt the progression of KC, it has also been found to
improve visual acuity and corneal topography charac-
teristics [7, 8, 17]. Several studies have found increased
higher-order aberrations in keratoconic corneas [18, 19],
suggesting that such eyes may have poorer retinal images
in comparison to normal eyes, leading to reduced visual
acuity [4]. This study was designed to report on HOAs
12 months following A-CXL performed to treat KC, and
to determine whether changes in HOAs are associated
with a change in visual acuity.

Consistent with previously reported studies [7, 8, 20],
this study showed significant improvements in MRSE,

Table 2 Changes in anterior corneal HOAs one year after A-CXL

Page 4 of 7

UDVA and CDVA at one year after cross-linking. The
factors responsible for improving visual acuity after
cross-linking are not yet clear. Kirgiz et al. postulated that
anterior corneal flattening and posterior corneal steepen-
ing after cross-linking are key contributing factors in the
stabilization of keratometric values and improvement of
visual outcomes [21].

In this analysis, the Sirius Scheimpflug-Placido tomog-
rapher was used to measure the anterior corneal aberra-
tions. Considering the finding that the anterior corneal
surface contributes to approximately one half of the total
aberrations of the eye [22], we opted to evaluate changes
in corneal HOAs after CXL treatment rather than meas-
uring whole-eye HOAs. The repeatability and reliability
of anterior corneal aberrations with the Sirius is high
[22]. Furthermore, particular attention was given to the
anterior corneal HOAs, which are most relevant to clini-
cal practice such as coma, trefoil, and spherical aberra-
tion [4].

Our results showed a significant sustained improve-
ment in trefoil, secondary trefoil, secondary coma and
secondary astigmatism (P<0.05 for all) 12 months after
CXL. We found similarities in our findings to those
reported by other studies. Ghanem et al. reported a sig-
nificant decrease in coma, trefoil, secondary astigmatism,
secondary coma and secondary trefoil 2 years after CXL.
The improvement in HOAs in KC eyes was attributed to
the flattening of the corneal apex caused by the effect of
CXL [23]. In this study, the significant flattening in the
apical keratometry may explain the significant improve-
ment in HOAs after CXL. However, in our previously
reported study that compared an A-CXL irradiation pro-
tocol (10 mW/cm? for 9 min) with the standard Dresden
protocol (3 mW/ cm? for 30 min), the standard protocol
resulted in significantly greater anterior corneal flatten-
ing than the accelerated protocol [10]. Furthermore, we
found that the impact of each treatment on the anterior
HOAs was different; anterior trefoil was significantly

Preoperative Postoperative Change

Mean Std. Dev Mean Std. Dev Mean Std. Dev p value
Total HOAs 240 1.28 2.24 117 -0.16 0.55 0.1032
Z (3,+ 3) trefoll 095 046 0.77 047 -0.18 0.28 0.0014

Z (5,%£3) trefoil Il 0.20 0.11 0.15 0.11 -0.05 012 0.0356

Z(3,£1)coma 210 1.13 1.95 1.22 -0.14 046 0.0846
Z(5£1) comall 0.29 0.19 0.25 0.18 -0.05 0.10 0.0113
Z (4,+£2) astigmatism I 042 0.17 0.34 0.18 -0.08 0.15 0.0056
Z (4,0) spherical aberration | 0.10 035 0.07 032 -0.03 017 0.302

HOAs Higher-order aberrations, Z Zernike. P. Chi-squared test. Statistically significant values (P <0.05). Values in bold are statistically significant
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Table 3 Multivariable analysis of the effect of a change in topographic parameters and optical aberrations on CDVA and UDVA 1 year

after cross-linking

A CDVA
Baseline Confounder CDVA
Mean keratometry
Simulated cylinder
SIf
BCV
ThkMin
Z (3,4 3) trefoll
Z(3,£1) coma
Z (4,0) spherical aberration |
Z (4,4 2) astigmatism Il
7 (5,%£3) trefoil Il
Z(S 4+ 1) comall
Change in HOAs Subtype Z(3,£1) coma
Z(5,4+1)comall
Z (3,4 3) trefoll
Z (5,4 3) trefoil Il
Z (4, 0) Spherical Aberration |
A UDVA
Baseline Confounder UDVA
Mean keratometry
Sim Cylinder
SIf
BCV
ThkMin
Z (3, £ 3) trefoll
Z(3,£1) coma
Z (4,0) Spherical Aberration |
Z (4,4 2) astigmatism Il
(5,4 3) trefoil Il
(5,£1) comall
Change in HOAs Subtype AZ(3,£1)coma
Z (541 comall
Z (3,%£3) trefoll
7 (5,4 3) trefoil Il
Z(

4, 0) Spherical Aberration |

B3 Coefficient [95% Conf. Interval] p value
-0.33 -0.57 -0.09 0.012*
0.02 0.00 0.05 0.061
-0.07 -0.22 0.08 0328
-0.07 -0.13 -0.01 0.027*
-0.02 -0.07 0.03 0.448
0.00 0.00 0.00 0.054
0.02 -0.15 0.20 0.786
0.08 -0.03 0.19 0.156
0.15 -0.09 039 0.204
013 -0.25 0.51 0.454
041 -0.56 1.38 0372
0.02 -0.83 0.87 0.964
-0.06 -0.18 0.07 0.334
0.67 0.01 134 0.0480*
0.08 -0.17 034 0.488
-0.10 -0.95 074 0.795
0.08 -0.21 037 0.559
B Coefficient [95% Conf. Interval] p value
-0.19 -0.46 0.08 0.151
0.03 -0.03 0.09 0.258
-0.20 -0.57 017 0.254
-0.03 -0.16 0.10 0611
0.00 -0.13 0.12 0.942
0.00 -0.01 0.00 0.388
0.03 -041 047 0.887
0.00 -0.26 027 0.986
018 -0.31 0.68 0425
-0.95 -1.78 -0.11 0.03*
157 -0.70 3.85 0.153
-0.46 -242 1.50 0611
-0.16 -047 0.15 0.285
032 -1.32 1.96 0.676
-0.23 -0.75 0.29 0.349
1.09 -097 3.16 0.266
-0.02 -0.71 067 0.947

A Changes in variables after cross-linking, CDVA Corrected distance visual acuity, C/ Confidence interval, HOA Higher-order aberration, UDVA Uncorrected distance
visual acuity, SIf Symmetry index front, BCV Baiocchi-Calossi-Versaci, ThkMin Minimum corneal thickness, Z Zernike, HOAs Higher-order aberrations, UDVA Uncorrected

distance visual acuity
" Statistically significant

decreased in the A-CXL group, whereas anterior total
HOAs and coma were significantly decreased in the
standard CXL group. Wisse et al. reported significant
improvement in spherical aberrations 1 year after stand-
ard CXL [13]. Mazzotta et al. found significant improve-
ment in coma 5 years after accelerated CXL (9mW/ cm?
for 10 min) [17]. Caporossi et al. reported a statisti-
cally significant reduction in coma aberrations between
preoperative and 1-month postoperative values with a

sustained effect 4 years after standard CXL [24]. How-
ever, no significant change in spherical aberration was
established. These findings are consistent with this study,
where no statistically significant difference in mean
spherical aberrations values at one year after CXL was
found. Greenstein et al. reported a significant improve-
ment in total HOAs and coma when derived from the
cornea alone as well as when measured as total ocular
aberrations 1 year after standard CXL. Moreover, total
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corneal HOAs worsened by more than 1.0 pm only in
one eye (out of 31 keratoconus eyes) [24]. In contrast, in
this study although a statistically significant difference
was not identified in total anterior HOAs, none of the 32
eyes showed an increase of 1.0 pm or more at 12 months
follow-up.

Previous studies have demonstrated that the Zernike
polynomials have a different impact on visual func-
tion [4]. Wisse et al. found that horizontal coma had the
strongest relationship with change in UDVA [13]. In con-
trast, Greenstein et al. found no significant correlation
between improvement in HOAs values and improvement
in UDVA and CDVA after CXL [25]. Ghanem et al. found
no correlations between changes in individual corneal
aberrations and visual acuity after CXL [23]. On the con-
trary, our multivariate analysis demonstrated that coma
II had the strongest relationship with changes in CDVA.
Interestingly, no correlation was observed between
HOA s subtypes changes and change in UDVA.

Limitations

Several limitations of the study may have affected the
results. The retrospective nature of the study is designed
to analyse pre-existing data and is subject to bias. In
addition, we were unable to evaluate total ocular HOAs
as a wavefront device was not used in this study. We used
the Sirius Scheimpflug tomography software algorithm,
which calculates optical aberrations based on elevation
maps, as opposed to an optical aberrometer. Another lim-
itation in our study is that eight of the patients had both
of their eyes analysed which could be a source of statisti-
cal bias. As corneal biomechanical changes continue for
longer than one year after corneal cross-linking [26, 27],
the relatively short follow-up time is another limitation of
this study. The power of the study is influenced by several
factors, but as a general rule, higher power is obtained by
increasing the sample size. Using small sample sizes may
yield unreliable results. Increasing the sample size and a
power calculation in future studies will be key to limit the
risk of sampling bias. Further studies with a larger sample
size and longer follow-up period to evaluate wavefront
aberrations in addition to Scheimpflug-based aberrations
are recommended.

Conclusion

This study demonstrated that anterior corneal higher-
order aberrations, in particular trefoil, trefoil II, coma II
and astigmatism II, improved after a 9-min protocol of
accelerated corneal cross-linking. Only changes in coma
II had a significant and independent effect on corrected
distance visual acuity.
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