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Abstract

e AIM: To compare the visual results of non-topography-
guided and topography-guided photorefractive keratectomy
(PRK) applying sequential and simultaneous corneal cross-
linking (CXL) treatment for keratoconus.

e METHODS: Interventional and comparative prospective
study. Sixty-nine eyes (36 patients) suffering from keratoconus
(stages 1 Amsler-Krumeich classification) were divided into
four groups: sequential topography-guided photorefractive
keratectomy with CXL, simultaneous topography-guided
photorefractive keratectomy with CXL, simultaneous non-
topography guided photorefractive keratectomy with CXL,
and sequential non-topography guided photorefractive
keratectomy with CXL. The main outcome measures were
pre- and postoperative uncorrected distance visual acuity
(UDVA), best corrected distance visual acuity (CDVA),
manifest refraction, contrast sensitivity, and keratometry.

e RESULTS: All analyzed visual, contrast sensitivity, and
refractive parameters showed a significant improvement
in the four groups (all P<0.05). A noticeable improvement
was seen in keratometry in all the groups, and a remarkable
difference was observed between topography-guided groups
in comparison to non-topography-guided groups (P<0.05).
Interestingly, the improvement in all parameters showed a
degree of stability to the end of the follow-up.

o CONCLUSION: The treatment priorities in all four groups
are safety, efficacy, and predictability in the correction of the
sphero-cylindrical errors in mild and moderate keratoconus.
No significant differences among groups in the recorded
objective outcomes were found.

o KEYWORDS: photorefractive keratectomy; corneal
collagen cross-linking; keratoconus
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INTRODUCTION

ffective therapy for corneal ectatic diseases, such as iatrogenic
E corneal ectasia, keratoconus, and pellucid marginal
degeneration, involve confronting two specific parameters: the
corneal optical deficiency and the biomechanical inconsistency

21 Contact lenses have corrected

of the irregular cornea
patients with irregular astigmatism for years (scleral lenses
and rigid gas permeable contact lenses) in mild cases of
keratoconus, and penetrating keratoplasty has been the surgical
option in severe cases. Other effective surgical methods are
now being used, such as intracorneal ring segments and
deep anterior lamellar keratoplasty while other approaches
were proposed and attempted in the past, such as conductive
[3-5]

keratoplasty and epikeratophakia
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Corneal collagen cross-linking (CXL) opened a new horizon
in the effective treatment of progressive corneal ectasia'®.
The blend of ultra-violet A and riboflavin as a light sensitivity
factor produced inter-fibrillary connection between cornea
stromal collagen fibers, and as a result, decreased corneal
deformability, corneal resistance, and stabilized keratoconus'”.
With CXL, the issue of biomechanical instability has been
effectively confronted, as indicated by the confirmation that
CXL has been successful in stopping the progression of ectatic
disorders™"".

However, the visual outcomes and the topography of patients
treated only by CXL demonstrate no change or insignificant
change due to remaining irregular astigmatism. Excimer laser
surgery in the form of non-topography-guided and topography-
guided photorefractive keratectomy, besides decreasing irregular
astigmatism, changes the shape of the cornea improving
visual outcomes'"'"?. The combination of CXL with excimer
laser photorefractive keratectomy has recently gained interest
in treating mild to moderate keratoconus'”. However, there
is still no evidence confirming the potential benefits of
topography-guided photorefractive keratectomy method over
standard, non-topograph-guided photorefractive keratectomy.
This study aims to compare and appraise the visual outcomes
of topography and non-topography-guided photorefractive
keratectomy with sequential and simultaneous CXL in
keratoconus patients.

SUBJECTS AND METHODS

Ethical Approval The study received approval from the local
ethics committee (IR. SBMU. RETECH.RECH.1400.1216).
As a standard protocol, all surgeries were performed by one
surgeon (Doroodgar F) after obtaining appropriate written
consent from a trained, certified good clinical practice (GCP)
examiner.

Subjects and Groups This prospective study included
four groups of keratoconus patients: Sequential topography-
guided photorefractive keratectomy with CXL (sequential TG-
PRK, 19 eyes/10 patients), simultaneous topography-guided
photorefractive keratectomy with CXL (simultaneous TG-
PRK, 15 eyes/8 patients), simultaneous non-topography guided
photorefractive keratectomy with CXL (simultaneous non-
TG-PRK, 17 eyes/9 patients), and sequential non-topography
guided photorefractive keratectomy with CXL (sequential
non-TG-PRK, 18 eyes/9 patients). The patients were treated
between January 2014 and October 2015.

Inclusion criteria for the study focused on patients over 34y
(range from 34 to 41y) with stable corneal topography and
refraction for at least six months and an estimated residual bed
thickness of >410 um.

Conditions for exclusion from the study included the presence
of macular or retinal disease, dry eye, history of recurrent
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corneal erosions, anterior segment abnormalities, unstable
refractive error, post-surgically residual stromal bed thickness
of under 350 pm, autoimmune disease, collagen vascular
disease, immunosuppressive therapy or current use of systemic
corticosteroids, diabetes mellitus, pregnancy, and lactation.
Examinations Preoperative examinations were uncorrected
and best-corrected distance visual acuity (UCVA and BCVA)
applying a standard Snellen eye chart, cycloplegic refraction
with cyclopentolate 1.0%, contrast sensitivity exam under
mesopic (3 cd/m’) and photopic (85 cd/m’) conditions using the
CVS1000 contrast sensitivity exam (VectorVision, Greenville,
SC, USA) manifest refraction, slit-lamp biomicroscopy of
the anterior and posterior segment evaluation, Scheimpflug
imaging with the Pentacam HR device (Oculus Surgical, Inc.,
USA), and intraocular pressure measurements for each group
separately. Contact lens users were instructed to stop wearing
contact lenses for about fourteen days before being screened
in the case of soft contact lens users and a month before being
screened in the case of rigid gas permeable or scleral contact
lenses. The patients were examined for 1, 3, and 6y after the
surgery. All postoperative follow-ups included a measurement
of UCVA and BCVA, contrast sensitivity, and refraction.
Surgical Technique

Simultaneous topography-guided photorefractive
keratectomy and corneal collagen cross-linking The
restrictive programming in the Wavelight Customized
technology uses topographic information from Topolyzer.
The software uses information from eight geographies from
Topolyzer and averages the information. Therefore, it enables
the specialist to modify the desired corneal asphericity
(selected as zero in all cases). The technology additionally
provides the choice of tilt amendment. “No Tilt” alternative
was selected in all subjects. Zernike analysis was performed in
all patients to coordinate defocus (C4) and spherical aberration
(C12), maintaining the refractive correction at zero. Once
the sphere, cylinder, and axis modification were done, the
treatment zone was kept at 5.5 mm in all subjects. Using the
lid speculum and topical anesthesia by oxybuprocaine 0.4%
(Dorsacaine, Novesin) and tetracaine hydrochloride 1%, the
epithelium was debrided utilizing ethanol 20%, and Weck-Cel
wipe.

Topo-guided photorefractive keratectomy was performed
using an excimer laser (Allegretto Wave Topolyzer, Alcon,
Inc., USA) with a 6 mm optical area and a transition area of
2 mm in all eyes. At that point, the partial topography-guided
photorefractive keratectomy laser treatment was finished. The
arrangement was to treat 70% of the cylindrical and spherical
part to not surpass 50 um of stromal expulsion. The estimation
of 50 pm as the most extreme removal depth recommended by

[

Kanellopoulos'" in Athens protocol was chosen.
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Topo-guided photorefractive keratectomy methods were
followed by accelerated CXL with the corneal cross-linking
system (KXL System; Avedro, Inc., USA). As in previous

314 "eyes with myopic spherical equivalent >4.0 D

studies
were applied with mitomycin C 0.4 mg/mL (0.02%) for 25s
and washed with 45 mL of basal salt solution (BSS; Alcon
Laboratories, Fort Worth, TX, USA). Quickened CXL was
performed with washing the vicinity of the stroma with 0.20%
isotonic riboflavin (VibeX; Avedro, Inc., Waltham, MA, USA)
for 90s. After rinsing the corneal stroma with BSS, ultra-
violet A sequential light treatment was initiated at 30 mW/cm’
for 90s with the full power of 2.7 J/cm® on the cornea. During
ultra-violet A treatment, the stroma was rinsed with the BSS
as required. The same method was used in patients for both
eyes. A soft bandage contact lens was applied at the end of
the surgical procedure. This was removed after the epithelial
deformity healed (3-6d post-surgery).

Sequential photorefractive keratectomy and corneal
collagen cross-linking Accelerated CXL was performed
as described above with the same postoperative treatment.
Topography-guided photorefractive keratectomy was
completed six months later in a similar way to the simultaneous
system. The same method was performed in patients with
keratoconus in both eyes.

Simultaneous non-topography guided photorefractive
keratectomy and corneal collagen cross-linking After
topical anesthesia with oxybuprocaine HCI, benoxinate HCI
0.4% eye drop (Benox", Eipico) was used. The epithelium was
debrided utilizing a mechanical beaver with a surgical blade of
8.00 mm in diameter. Then, photorefractive keratectomy was
performed with the Schwind Amaris 750S (Schwind eye-tech-
solutions, Kleinostheim, Germany). After that, mitomycin
0.2 mg/mL was applied for 10s, and photorefractive keratectomy
was followed immediately by cross-linking. Hypotonic
riboflavin was applied and ultrasonic pachymetry (Sonogage,
Inc., Cleveland, OH, USA) was performed. If the cornea was
less than 400 pm, extra hypotonic riboflavin was regulated
for 30min to the point when the stroma had swollen to no less
than 400 pm. Then ultra-violet A (UVX1000; IROC, Zurich,
Switzerland) with 365 nm wavelengths were applied to the
direct vicinity of the cornea for 15min at the radiation of
3.0 mW/cm’. During the ultra-violet A treatment, hypotonic
riboflavin (0.1% one drops every 2min) was applied. The same
method was used in patients with keratoconus in both eyes.
Sequential non-topography-guided photorefractive
keratectomy and corneal collagen cross-linking
Accelerated CXL was performed as described above with
the same postoperative regimen. Non-topography-guided
photorefractive keratectomy was completed six months later in
a similar way to the simultaneous method. The same procedure

was performed in patients with keratoconus in both eyes.
Postoperatively, levofloxacin 0.5% eye drop (Oftaquix, Santen,
Tampere, Finland) was applied four times a day together with
betamethasone eye drop (Betasonit 0.1%, betamethasone
disodium phosphate; Sina Darou, Tehran, Iran) six times a day
for two weeks, and artifcial tears (Artelac™, Hypromellose;
Bausch and Lomb, Montpellier, France) were administered
every 4h for 4wk. Topical corticosteroid (fluorometholone)
and anti-infection (moxifloxacin) drops (6 hourly and steroid
decreased more than Swk) were controlled and preceded from
1 to 6wk after surgery, separately. Artificial tears were applied
every four hours for three months. A therapeutic contact lens
(AIR OPTIX, USA; therapeutic contact lens was used in all
cases) was placed at the end of the procedure and was then
removed after epithelial recovery. Patients were observed
for three months after the procedure and were given yearly
examinations for six years. Patients were analyzed for 1, 3, and
6y and data collected for each patient included uncorrected and
corrected distance visual acuity using a standard Snellen eye
diagram for 1, 3, and 6y.

In each protocol, efficacy, and safety indexes were measured
as follows: efficacy index=(mean post-surgically UCVA)/
(mean pre-surgically BCVA) and safety index=(mean post-
surgically BCVA)/(mean pre-surgically BCVA) for all the
groups (decimals for visual acuity). The initial outcomes
of the study were an improvement in UCVA and BCVA. In
addition, the secondary outcomes were the safety, efficacy, and
predictability indices of the different techniques.

Statistical Analysis The statistical package for the social
sciences software (SPSS Statistics for Windows, V.23.0,
2013; IBM, USA) was used to statistically analyze the results.
The nonparametric Friedman exam was used to determine
the significant differences between the objective results
before and after surgery, such as contrast sensitivity and the
logMAR visual acuity. The nonparametric one-way analysis of
variance was also applied to define any statistically significant
differences between the means of the predictability, safety,
stability, and efficacy of all the groups studied. We considered
5% to be a statistically significant threshold in our analysis.
RESULTS

A total of 69 eyes (36 patients) in four groups ranging from
34 to 41 years old (36+5.4y) were included in the study, and
nearly half of the eyes (=30, 43.5%) were from male patients.
All subjects had keratoconus in both eyes. The outcomes were
obtained by contrasting clinical parameters in the four groups
at a post-operative checkup and later at the last follow-up (1, 3,
and 6y; Tables 1 and 2).

Visual and Refractive Outcomes A significant improvement
was observed in visual acuity and mean spherical equivalent

refraction in all patients after surgery at the 3-year follow-
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Table 1 Preoperative spherical equivalent, astigmatism, visual acuities and keratometry mean+SD
Parameters Simultaneous TG-PRK Sequential TG-PRK Simultaneous non-TG-PRK  Sequential non-TG-PRK
(n=15) (n=19) (n=17) (n=18)
Steep K, D 47.22+0.91 47.334£0.92 47.44+0.95 47.62+0.89
FlatK, D 44.67+1.29 44.87+0.99 45.14+1.41 45.02+1.06
Spherical equivalent, D -2.83+1.23 -2.93+1.49 -3.00+1.36 -3.17+1.71
Astigmatism, D -2.40+0.67 -2.41+0.61 -2.3840.68 -2.46+0.70
UCVA (logMAR) 0.97+0.15 0.94+0.15 0.94+0.14 0.99+0.15
BCVA (logMAR) 0.02+0.04 0.02+0.04 0.02+0.04 0.04+0.05
K: Keratometry; UCVA: Uncorrected visual acuity; BCVA: Best corrected visual acuity; TG-PRK: Topography-guided photorefractive
keratectomy.
Table 2 Postoperative UCVA, BCVA, and keratometry mean+SD
Parameters Simultaneous TG-PRK  Sequential TG-PRK  Simultaneous non-TG-PRK  Sequential non-TG-PRK P
(n=15) (n=19) (n=17) (n=18)
UCVA, logMAR
ly 0.01£0.07 0.01+0.07 0.02+0.08 0.03+0.15 0.81
3y 0.01+0.07 0.01+0.07 0.03+0.08 0.02+0.08 0.66
Y 0.02+0.06 0.01+0.07 0.03+0.08 0.02+0.08 0.74
BCVA, logMAR
ly 0.01£0.18 0.01+0.05 0.02+0.17 0.02+0.05 0.57
3y 0.01+0.05 0.01+0.05 0.02+0.05 0.02+0.06 0.26
6y 0.02+0.05 0.01+0.05 0.02+0.05 0.02+0.06 0.80
Steep K, D
ly 44.4540.83 44.76+0.92 45.18+0.87 45.18+0.83 0.01
3y 44.5240.93 45.02+0.71 45.35+0.77 45.33+0.77 0.01
oy 44.50+0.94 45.16+0.73 45.47+0.79 45.48+0.73 0.01
FlatK, D
ly 42.01+0.63 42.73£1.25 43.28+0.93 43.21+0.85 0.01
3y 42.08+0.68 42.84+1.22 43.52+0.82 43.36+0.82 0.01
oy 42.02+0.82 42.84+1.18 43.58+0.89 43.36+0.82 0.01

K: Keratometry; UCVA: Uncorrected visual acuity; BCVA: Best corrected visual acuity; TG-PRK: Topography-guided photorefractive

keratectomy.

up visit (P<0.05). Accordingly, no noticeable difference was
observed in the four groups regarding the post-surgery visual
and refractive outcomes. Patients in all groups had a significant
improvement in UCVA and BCVA (P<0.05; Table 2, Figure 1).
Safety BCVA (logMAR) in the sequential TG-PRK and
simultaneous TG-PRK were 0.01+0.05, 0.02+0.05. In
sequential non-TG-PRK and simultaneous non-TG-PRK
were 0.02+0.06 and 0.02+0.05, six years after the operation,
respectively. There was a remarkable difference between
preoperative BCVA and all follow-ups (P<0.05, Wilcoxon
signed-rank test). We calculated that the safety index of
sequential TG-PRK and simultanecous TG-PRK were 1.08 and
1.05. The sequential non-TG-PRK and simultaneous non-TG-
PRK were 1.00 and 1.01 in six years, respectively.

Treatment Effectiveness UCVA at 6y postoperative for all
groups was >20/20 (0.0 logMAR) in 62.31% of eyes and
>20/40 (0.3 logMAR) in 100% of eyes. At 6y, post-surgery
UCVA was the same or more than pre-operative BCVA in the
TG-PRK group, which showed that simultanecous TG-PRK and

724

sequential TG-PRK were 73.33% (11/15) and 73.68% (14/19)
of eyes. In the simultaneous non-TG-PRK and sequential non-
TG-PRK groups were 64.7% (11/17), 55.56% (10/18) eyes.
Predictability The following outcomes are relied on to give
a more precise appraisal of refraction than the post-surgery
mean refractive spherical equivalent results. During six years,
the post-surgery refraction of eyes in the TG-PRK groups were
84.21% within £0.50 D, and 100% within £1.0 D, and in the
non-TG-PRK groups, the refraction of eyes was 86% within
+0.50 D while 100% within 1.0 D of the desired correction
(Figure 1). The spherical equivalent, cylinder, and sphere
differences were statistically significant between pre-operative
and six years after surgery.

Topographic Outcomes The average steep and flat
keratometry (steep K and flat K) was significantly decreased
at the 3-year follow-up visit in all groups (P<0.05; Figure 2).
Postoperative mean keratometric astigmatism also decreased
compared to pre-surgery in all groups (P<0.05). However, after
six years, significant differences were observed of flat K and
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steep K between groups. Simultaneous TG-PRK had a better
and more significantly different outcome than other groups
(P<0.05).

Contrast Sensitivity Figures 3 and 4 showed the mean
postoperative contrast sensitivity in logarithmic scale under
binocular photopic and mesopic situation six years after surgery.
There was no significant difference in the value obtained among
the groups at spatial frequencies of 1, 3, 6, 12, and 18 cpd.
DISCUSSION

CXL increases the level of entombed fibrillar linkages
enhancing the biomechanical quality of the cornea. Many
investigations have confirmed the effective stabilization of
keratoconus progression after CXL™>'*. Almost all previous
studies have proven that TG-PRK and non-TG-PRK with
sequential, and simultaneous CXL are effective and safe and
result in good visual performance in keratoconus eyes' . Most
studies have reported that simultaneous treatment (TG-PRK
and non-TG-PRK followed immediately by CXL) produces

") and other

excellent results compared to sequential treatmen
studies have not indicated a difference between these two
methods"”. Efficacy and safety of simultaneous and sequential
methods would enhance the refractive condition of the eye™"..
To our knowledge, this is the first study to compare four
surgical methods in keratoconus patients. The comparison aims
to determine the best method to treat patients with keratoconus
and evaluate functional and consistent outcomes. Achieving
useful vision comprises enhancing UCVA and BCVA and
standardization of corneal topography, demonstrating that
these patients are less subject to contact lens use. Therefore, a
higher postoperative visual quality would be achieved.
Regarding visual and refractive outcomes, in an investigation
comparing a sequential group to simultaneous TG-PRK
and non-TG-PRK with CXL in 69 keratoconus eyes, with
an average follow-up of 3y, Kanellopoulos'” demonstrated
a greater improvement in UCVA and BCVA and a more
prominent decrease in mean refractive spherical equivalent
in the simultaneous group compared to the sequential one.
Additionally, Kymionis et al”?’ demonstrated satisfactory
outcomes in 31 eyes undergoing simultaneous TG-PRK and
CXL for keratoconus. The improvement remained stable
for an average follow-up period of two years. All assessed
visual and refractive parameters showed an exceptionally
significant improvement after the operation in the two groups
and subgroups (all P<0.001) 6y after the surgery, signaling no
remarkable changes to the end of the follow-up period, thus
demonstrating stabilization in results (Table 2).

In one study performed on early cases of keratoconus utilizing
non-TG-PRK with CXL, the authors reported an extraordinary
improvement in the UCVA, cylinder, and spherical equivalent,
and the BCVA remained stable'”.
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At the last follow-up visit, the mean refractive spherical
equivalent reduced but no significant difference was found
among all the groups (Figure 1). The same results were
also recorded by Shaheen et al®". In terms of astigmatism,
our study achieved a considerable decrease in the manifest
cylinder and it is interesting to note that no significant
difference between the groups was discovered. Shaheen ez a/*"

demonstrated a change in manifest astigmatism from a mean
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preoperative value of -2.79+1.82 D to a one-year postoperative
value of -1.06+0.92 D.

Although the predictability of outcomes is assumed to be much
better in the sequential approach due to restricted accuracy of
manifest refraction in keratoconus before CXL and owing to
some expected topographical and refractive changes occurring
after the CXL procedure®, our findings demonstrated no
significant differences in the results of all techniques applied.
Regarding keratometry, due to changes in corneal topography
that occur after surgery, our outcomes showed a significant
reduction in 1, 3, and 6y after surgery in the four groups, with
no significant decrease of these parameters during the follow-up.
In addition, in the present study, we observed that TG-PRK
groups show better and more significant results than non-
TG-PRK. The corneal surface can gauge more spots when
incorporating those on the corneal outskirts. In addition, the
topography-guided profile enables the excimer laser spots to be
focused on steepening the flatter zones and flatten the top zone
when ablating the cornea. This joint strategy for simultancous
myopic and hyperopic treatment expels significantly less
tissue and maintains the stroma’s prolate condition. Moreover,
the topography-guided profile is fixed on the corneal summit
instead of the pupil center and investigates the angle « issue™".
The previous investigations and basic science have demonstrated
that surface ablation is better at maintaining the cornea’s
mechanical properties and hysteresis compared to other
refractive surgeries” ", This can be justified by developing
another fibro-cellular film in ablated corneal layers which
increases the corneal strength and acts as a shield preventing
¥l These fundamental

changes could decrease the probability of haze, but there is still a
25]

further progression of the keratoconus
chance™. However, in our investigation, there was an insignificant
corneal haze in the entire sample, which could be attributed to
the use of mitomycin C in most cases during the surgery.

Contrast sensitivity, optical aberrations, and defocus are visual
quality indexes that assess light scattering in natural vision”.
Our findings demonstrated no significant differences in the
results of the four techniques, but the simultaneous/sequential
TG-PRK group in low spatial frequency showed better results
compared to the other groups, which may be due to the
topography-guided correction in the corneal aberrations.

Choosing the best method is still controversial, and studies
report different outcomes regarding one or two-step combined
therapies (CXL followed by TG-PRK and non-TG-PRK), but
most studies suggest that the one-step method is better because,
according to this approach, there are three limitations. First, the
conceivable advantages of CXL and plausibility of progression
of keratoconus. Second, the viability of the methodology is
restricted since the corneal ablation could be more diverse

in cross-connected corneas than in the normal cornea (this
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could prompt unexpected refractive outcomes). Third, there
is a greater plausibility of post photorefractive keratectomy
haze. After CXL, the anterior stroma is reconstructed after six
months using new keratocytes as indicated by in vivo confocal
microscopy™>".

The study did not find a statistically significant difference
in parameter measurements which might be due to the CXL
effect. Therewith, CXL alone also changes the corneal shape

31-32)

by leveling it >2.00 D in the keratometry index"”'””, meaning
that a planned laser treatment might elevate or even over
flatten the shape with extra CXL treatments required later on.
This is another motivation to prescribe the spherical segment
of the refractive error and plan for 80% of the astigmatism
correction. Accordingly, the performance of future large
scale comparative randomized studies with a longer follow-
up is necessary to establish the long-term stability of this
methodology in keratoconus. Such discoveries could be useful
to have generalized clinical rules and procedures for the
administration of keratoconus”™”.

In conclusion, the treatment priorities for all the groups are

safety, efficacy, and predictability in order to correct the

sphero-cylindrical errors in the mild and moderate keratoconus.
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