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ABSTRACT

Introduction: This study evaluated the out-
comes of laser in situ keratomileusis (LASIK)
combined with prophylactic corneal collagen
cross-linking (CXL) in correcting myopia in
cases with increased estimated risk of postop-
erative corneal ectasia, detected by regional
analysis of corneal morphology.
Methods: The retrospective study included 180
eyes of 99 patients. Group 1 (94 eyes of 49
patients) with increased risk of postoperative

corneal ectasia, as detected by ‘‘Ectasia Risk
Factor Score System for LASIK’’, underwent
femtosecond laser-assisted LASIK (FS-LASIK)
combined with prophylactic CXL, using short
riboflavin soaking time and low UV energy.
Group 2 (86 eyes of 50 patients) with normal
corneal topography, who underwent FS-LASIK
alone, were used as controls. Refractive and
visual outcomes and Scheimpflug topo/tomog-
raphy were analyzed preoperatively and 1 week,
1 month, and 12 months postoperatively. Mean
regional corneal curvature (M) values for three
subregions (the central 3.0 mm region, the
paracentral 3.0–6.0 mm region, and the
peripheral 6.0–9.0 mm region) of both anterior
and posterior surfaces were calculated.
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Results: An increase in flattening of the
peripheral anterior region and more steepening
of the posterior paracentral region were shown
at 12 months compared to 1 month postopera-
tively in group 1. The findings were signifi-
cantly more pronounced than in group 2
(P\0.001 and P = 0.035, respectively). The
refractive and visual outcomes were comparable
in the two groups.
Conclusions: Prophylactic CXL seems to influ-
ence corneal regional reshaping after surgery,
while not affecting the 1-year visual and
refractive results.

Keywords: LASIK; Prophylactic CXL; Corneal
collagen cross-linking; Postoperative corneal
ectasia; Corneal morphology

Key Summary Points

Reports regarding LASIK combined with
prophylactic CXL are mostly focused on
visual and refractive outcomes, revealing
that the prophylactic CXL may increase
stability in vision and refraction. There is
a lack of data about the regional analysis
of corneal morphology in patients with
relatively poor preoperative symmetry in
corneal topography, with increased risk of
post-LASIK corneal ectasia.

We found that the magnitude of
steepening in the posterior paracentral
region and the magnitude of flattening in
the anterior peripheral region were more
pronounced in patients treated with
prophylactic CXL, in the period from 1 to
12 months postoperatively.

Prophylactic CXL seemed to influence
corneal regional reshaping after surgery,
while not affecting the 1-year visual and
refractive results.

Further follow-up and true biomechanical
assessment are needed to draw definitive
conclusions regarding the ability to
reduce the risk of ectasia in patients with
relatively poor corneal morphology and
topography.

INTRODUCTION

The creation of the flap and removal of tissue
required in laser in situ keratomileusis (LASIK)
negatively affects the corneal biomechanical
properties [1] that may lead to refractive
regression [2] and in the worst case corneal
ectasia [3]. Patients to be treated for high myo-
pia, with thin corneas and/or poor topographic
symmetry, have increased risk of post-LASIK
corneal ectasia [4–7]. Therapeutic corneal col-
lagen cross-linking (CXL), using UV-activated
riboflavin, has been adopted as standard and
effective treatment for corneal ectasia and ker-
atoconus [8], while the prophylactic CXL, using
less UVA energy [9], was proposed by Kanel-
lopoulos in 2012 [10]. Several reports regarding
LASIK combined with prophylactic CXL are
mostly focused on visual and refractive out-
comes, revealing that the prophylactic CXL
may increase stability in vision and refraction,
and reduce refractive regression [5, 11, 12].
Others showed no positive effect of prophylac-
tic CXL [13]. A few reports that analyzed corneal
morphological changes measured individual
elevation data points on corneal topography as
a representation of the whole corneal mor-
phology [14]. Moreover, these studies involve
very few patients with poor preoperative sym-
metry in corneal topography, with increased
risk of post-LASIK corneal ectasia [13].

In this study, we evaluated the myopic eyes
with relatively poor preoperative topographic
symmetry that underwent femtosecond laser-
assisted LASIK (FS-LASIK) combined with pro-
phylactic CXL, with the aim to reduce the
possibility of postoperative corneal ectasia. Eyes
with preoperative myopia with normal corneal
topography undergoing FS-LASIK alone were
used as the control group. We compared regio-
nal corneal morphological changes and visual
and refractive outcomes between the two
groups.

METHODS

This is a comparative nonrandomized retro-
spective study. We created a form called the
‘‘Ectasia Risk Factor Score System for LASIK’’ to
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determine patients’ risk of ectasia with refrac-
tive surgery by aggregating the existing param-
eters in preoperative evaluation (Table 1). It
considers Chinese patients undergoing myopic
refractive surgeries at a young age. The score
system contains seven parameters, of which the
first three are related to corneal topography,
while the last four are the same as in the Ectasia
Risk Factor Score System (ERSS) proposed by
Randleman et al. [15]. The new system empha-
sizes the important role of the abnormality of
the posterior corneal surface.

The shape of elevation map in Pentacam
reflects the difference between corneal original
elevation and the best fitting surface (BFS). BFS
is set according to data within the central 8-mm
diameters whatever the actual corneal diameter
is. So, if the corneal is too small, more periph-
eral data will be involved to set BFS. BFS will
become flatter then, and the shape of the ele-
vation map tends to steepen, and vice versa.
That is why the corresponding score is reduced
if the corneal diameter is less than 11.5 mm, as
mentioned in the footnotes of Table 1.

There is a greater intereye asymmetry in
corneal thickness and posterior corneal eleva-
tion variables in keratoconic eyes compared to
corneas [16, 17]. That is why we set such rules in
the footnotes of Table 1: if the total score of
parameters 1, 2, and 3 is 0 in one eye, but at
least 1 point in the fellow eye, the final score of
the former will be increased by 1 point for the
first three parameters. If the two eyes of one
patient show good symmetry in the shape of the
posterior corneal surface elevation map, the
score for the eye with higher scores for the first
three parameters will be reduced by 1 point.

Patients

Patients who underwent FS-LASIK between
October 2015 and August 2018 were analyzed in
the study. Preoperatively, their thinnest corneal
point was thicker than 480 lm, manifest
refraction spherical equivalent (MRSE) greater
than - 12.00 D, spherical power greater than
- 12.00 D, and cylindrical power greater than
- 6.00 D. Postoperatively, their residual bed
thickness was greater than 300 lm. The

participants treated with prophylactic CXL were
all strongly motivated to perform laser refrac-
tive surgery, mostly because of their occupa-
tional requirements (e.g., soldier or policeman),
or intolerability for contact lenses. The patients
and their guardians were fully informed of the
surgical risks and they signed an informed
consent. As shown in Table 3, group 1 com-
prised 49 patients (94 eyes) who underwent FS-
LASIK combined with prophylactic CXL, who
scored 1–4 points for the first three parameters,
0–2 points for the last four parameters, and total
score of 1–6, while 50 patients (86 eyes) in
group 2, who underwent FS-LASIK alone, scored
0 points for the first three parameters and 0–2
points for the last four parameters. Percentage
tissue alteration (PTA) was at most 40% for all
patients. Target refraction was emmetropia in
all cases. All patients in the study completed a
follow-up that included three time points,
namely 1 week, 1 month, and 12 months after
surgery. The study was performed in accordance
with the ethical standards described in the 2000
revision of the 1964 Declaration of Helsinki.
The protocol was reviewed and approved by the
ethics committee of the Eye Hospital, Wenzhou
Medical University, China.

Surgical Technique and Postoperative
Treatment

All surgeries were performed by the same sur-
geon. Both groups were treated using standard
FS-LASIK procedure, with femtosecond laser
(iFS150, Abbott Medical Optics, Inc) to create
the flap and excimer laser (Amaris 750, Schwind
eye-tech-solutions GmbH & Co. KG) to perform
ablation [18]. In group 1, the procedure was
combined with prophylactic CXL. After excimer
laser ablation and before the flap was folded
back, the interface was floated with aqueous
0.22% riboflavin solution (Avedro Inc, USA)
without dextran, followed by application of
1–2 drops every 10 s for 90–120 s. After that the
riboflavin was rinsed from the stroma using
balanced salt solution. The corneal stromal bed
was then irradiated with 365-nm ultraviolet A
(UVA) light (Avedro, MA, USA), delivering a
total energy ranging from 1.8 to 2.6 J/cm2 at an
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area of 9 mm in diameter, with 30 mW/cm2

power. Both the riboflavin soaking time and
total irradiation energy were determined by the
score obtained from our scoring system
(Table 2). The rationale is that the poorer cor-
neal morphology and topography is, the higher
total irradiation energy is needed to compen-
sate biomechanical deterioration caused by
LASIK. Our animal experiments [19] showed
that both 1.8 and 2.7 J/cm2 could improve
postoperative corneal stiffness but the latter led

to greater improvement. But in the clinic, CXL
with energy of 2.7 J/cm2 usually caused more
inflammatory response and edema and delayed
the visual recovery. So, we customized the
energy range from 1.8 to 2.6 J/cm2 according to
the score obtained from Table 1. Once the irra-
diation was finished, balanced salt solution was
used to wash the corneal stroma again and the
flap was repositioned. The stromal bed was
exposed during the UV treatment. At the end of
the procedure in both groups, one drop of

Table 1 Ectasia risk factor score system for LASIK

Parameter Score

2 1 0

1. BAD Red ([ 2.6) Yellow (1.6 to

2.6)

White (\ 1.6)

(Premise: total score of parameters 2 and 3 is C 1 point or

difference map of anterior corneal surface in Belin/Ambrosio

displays red)

2. Shape of posterior corneal surface elevation map Central island

type or tongue

type

Asymmetric

bow tie type

Normal or

symmetric

bow tie type
(Premise: corneal diameter C 11.5 mm)

3. Difference map of posterior corneal surface in Belin/Ambrosio

(lm)

Red ([ 16) Yellow (12 to

16)

Green (\ 12)

(Premise: corneal diameter C 11.5 mm)

4. Age (years) – \ 18 C 18

5. MRSE (D) B - 10,[- 12 B - 8,[- 10 [- 8

6. Pachymetry min (lm) – B 510,[ 480 [ 510

7. Percentage tissue alteration (PTA) [ 45% [ 40%, B 45% B 40%

The parameters 1, 2, 3, and 6 are obtained from Scheimpflug tomography (Pentacam HR)
Asymmetric bow tie type = elevation difference between the maximum elevation point and its symmetrically orthogonal
point on the bow tie[ 5 lm
Parameters 2 and 3 count as described in the table when corneal diameter is C 11.5 mm; If corneal diameter\ 11.5 mm,
but C 11 mm, the corresponding score is reduced by 1 point. If corneal diameter\ 11 mm, the corresponding score is
reduced by 2 points. There are no negative scores
Parameter 1 counts only when the total score of parameters 2 and 3 is C 1 point or the difference map of anterior corneal
surface in Belin/Ambrosio displays red
If the total score of parameters 1, 2, and 3 is 0 in one eye, but C 1 point in the fellow eye, the final score of the former will
be increased by 1 point for the first three parameters
If the two eyes of one patient show good symmetry in the shape of the posterior corneal surface elevation map, the score for
the eye with higher scores for the first three parameters will be reduced by 1 point
BAD Belin/Ambrosio Enhanced Ectasia Display, MRSE manifest refraction spherical equivalent, Pachymetry min thinnest
corneal thickness, PTA (thickness of corneal flap ? ablation depth)/minimal corneal thickness
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tobramycin/dexamethasone (Tobradex; Alcon,
TX, USA) was instilled and a bandage contact
lens (Acuvue Oasys; Johnson & Johnson, FL,
USA) was then applied and kept for 1 day.

After surgery, patients in group 1 used
tobramycin/dexamethasone (Tobradex; Alcon,
TX, USA) four times per day for 3 days and then
used fluorometholone 0.1% (Flumetholon;
Santen, Osaka, Japan) four times per day for
4 days, the dosage was tapered over 1 month.
Patients in group 2 used topical levofloxacin
0.5% (Cravit; Santen, Osaka, Japan) four times
per day for 3 days, and fluorometholone 0.1%
(Flumetholon; Santen, Osaka, Japan) four times
per day for 1 week and the dosage was also
tapered over 1 month.

Data Acquisition

All patients underwent complete ophthalmic
examinations, consisting of central corneal
thickness (CCT), intraocular pressure (IOP cc),
manifest refraction spherical equivalent
(MRSE), spherical power, cylindrical power,
uncorrected distance visual acuity (UDVA),
corrected distance visual acuity (CDVA), pre-
operatively and at all follow-up visits. The
corneal thickness and elevation were acquired
using a high-resolution Scheimpflug tomogra-
phy (Pentacam HR, software version 6.02r23,

OCULUS Optikgerate GmbH). Only the exam-
inations with instrument-generated quality
factor of at least 95% and 90%, for the anterior
and posterior surfaces, respectively, were
accepted. Original corneal elevation data were
exported from the Pentacam and used to cal-
culate the mean regional corneal curvature
(M) for three subregions of both anterior and
posterior surfaces, as described in our previous
study [18]. The three areas were the central
region (0–3.0 mm diameter), the paracentral
region (3.0–6.0 mm diameter), and the periph-
eral region (6.0–9.0 mm diameter). The vector
changes in astigmatism from preoperatively to
12 months postoperatively were analyzed by
the ASSORT group analysis calculator (�Copy-
right ASSORT Pty. Ltd. 2012–2020 [Version
1.1.4]) using the Alpins method. Five main
parameters, target-induced astigmatism vector
(TIA), surgically induced astigmatism vector
(SIA), difference vector (DV), angle of error
(AE), and correction index (CI), were generated.
Only eyes with astigmatism no greater than
- 0.25 D (89 eyes in group 1 and 77 eyes in
group 2) were contained in the analysis.
Endothelial cells of the corneas with residual
bed thickness less than 350 lm in group 1
(n = 19) were evaluated preoperatively and
12 months postoperatively using specular

Table 2 Settings of riboflavin soaking time and total irradiation energy in group 1

Grade Total score of the first 3 parameters Total irradiation energy (J/cm2) Riboflavin soaking time (s)

One eye Fellow eye

0 1 1 1.8 90

I 1 1 2 90

II 2 1 2.2 100

III 2 2 2.4 100

IV 3 B 4 2.6 120

Grade 0: Both eyes of one patient with 1 point for the first three parameters show good symmetry in the shape of the
posterior corneal surface elevation map
The two eyes of one patient will be treated with the same riboflavin soaking time and total irradiation energy
The total irradiation energy will be increased by 0.2 J/cm2 in patients with age lower than 18 years
The total irradiation energy will be increased by 0.2 J/cm2 in patients with PTA[ 0.4
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microscopy (NSP—9900, Konan Medical, Hon-
shu, Japan).

Target-induced astigmatism vector (TIA)
The astigmatic change (magnitude and axis)
that the surgery was intended to induce.
Surgically induced astigmatism vector (SIA)
The astigmatic change (magnitude and axis)
the surgery actually induced.
Difference vector (DV)
The astigmatic change (magnitude and axis)
that would enable the initial surgery to
achieve its intended target. The DV
magnitude is an absolute measure of
success and is ideally zero.
Angle of error (AE)
The difference in axes between the vectors
of the achieved (SIA) and the intended (TIA)
astigmatic changes. The AE is positive if the
SIA is counterclockwise (CCW) to the TIA

and negative if the SIA is clockwise (CW) to
the TIA.
Correction index (CI)
Calculated by dividing the SIA magnitude
by the TIA magnitude. The CI is preferably
1.0. It is greater than 1.0 if an
overcorrection occurs and less than 1.0 if
there is an undercorrection.

Statistical Analysis

Statistical analysis was performed using SPSS
software (version 22.0; IBM, Inc). Data con-
forming to a normal distribution was expressed
as mean ± standard error (range) and non-nor-
mal data was expressed as median (percentile
25, percentile 75). We performed generalized
estimating equations (GEE) to analyze the

Table 3 Demographics, preoperative clinical characteristics, and surgical parameters in the two groups

Group 1 (n = 94) Group 2 (n = 86)

Age (years) 22.1 ± 5.0 (17 to 41) 23.5 ± 6.7 (17 to 40)

Gender (% women) 50 49

Refractive errors (D)

Spherical - 4.90 ± 2.10 (- 10.25 to ? 1.00) - 4.93 ± 1.90 (- 10.00 to - 1.50)

Cylindrical - 0.78 ± 0.69 (- 5.75 to 0) - 0.75 ± 0.56 (- 2.50 to 0)

Spherical equivalent - 5.29 ± 2.02 (- 10.50 to - 1.13) - 5.31 ± 1.97 (- 10.38 to - 1.63)

IOP cc (mmHg) 15.74 ± 2.66 (10.5 to 21.8) 15.50 ± 2.45 (7.5 to 21.3)

CDVA (logMAR) - 0.01 ± 0.03 (- 0.08 to 0.15) - 0.01 ± 0.03 (- 0.08 to 0.05)

UDVA (logMAR) 1.12 ± 0.37 (0.22 to 2.00) 1.11 ± 0.33 (0.40 to 2.00)

CCT (lm) 543.8 ± 27.0 (500.0 to 634.0) 538.0 ± 23.7 (490.0 to 612.0)

Optical zone (mm) 6.41 ± 0.45 (5.50 to 7.50) 6.55 ± 0.42 (5.60 to 7.40)

Ablation zone (mm) 7.45 ± 0.38 (6.49 to 8.11) 7.56 ± 0.40 (6.37 to 8.26)

Blend zone (mm) 1.04 ± 0.35 (0.29 to 1.82) 1.00 ± 0.30 (0.34 to 1.61)

Diameter of corneal flap (mm) 8.43 ± 0.18 (8.00 to 9.00) 8.37 ± 0.19 (7.95 to 8.70)

Ablation depth (lm) 80.38 ± 20.88 (28 to 129) 84.33 ± 22.02 (26 to 129)

Thickness of corneal flap (lm) 96.65 ± 2.77 (90.00 to 105.00) 98.49 ± 3.24 (95.00 to 110.00)

RBT (lm) 366.72 ± 29.69 (304.00 to 454.00) 355.14 ± 32.32 (307.00 to 448.00)

IOP cc intraocular pressure obtained after biomechanical correction, RBT residual bed thickness
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curvature, thickness, refraction, and version
data. Preoperative and surgical parameters in
the two groups, such as age, gender, CCT, IOP
cc, MRSE, spherical power, cylindrical power or
TIA, UDVA, CDVA, ablation depth, thickness of
corneal flap, residual bed, and diameter of
optical zone, were corrected through GEE when
analyzing the results. It should be noted that
there were no P values when correcting baseline
parameters with GEE. The effect of mirror
symmetry caused by bilateral corneas [20] was
also weakened through GEE analysis, because
the two eyes of one patient were both

numbered and input into variables when ana-
lyzing data. We performed paired-samples t test
to evaluate the changes of counts of endothelial
cells in group 1. In the result, a P value of less
than 0.05 was considered statistically
significant.

RESULTS

Table 3 summarizes the patient demographics,
preoperative clinical characteristics, and surgi-
cal parameters.

Fig. 1 Changes of mean corneal curvature (M) in subregions of the anterior cornea (*means difference with statistically
significance between groups)
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Preoperative Absolute Value Versus
1-Week Postoperative Absolute Value

In the central region of the anterior cornea,
M was reduced by 5.355 D in group 1
(P\0.001) and 5.373 D in group 2 (P\0.001).
In the paracentral region of the anterior cornea,
M was reduced by 2.317 D in group 1
(P\0.001) and 2.576 D in group 2 (P\0.001).
In the peripheral region of the anterior cornea,
M was increased by 3.457 D in group 1

(P\0.001) and 3.283 D in group 2 (P\0.001).
The between-group differences were all not
statistically significant (P = 0.958, 0.11, 0.351
respectively) (Fig. 1).

In the central region of the posterior cornea,
M was reduced by 0.003 D in group 1
(P = 0.507) and 0.026 D in group 2 (P\0.001);
the between-group difference was statistically
significant (P = 0.001). In the paracentral region
of the posterior cornea, M was increased by
0.022 D in group 1 (P = 0.007) and 0.012 D in

Fig. 2 Changes of mean corneal curvature (M) in subregions of the posterior cornea (*means difference with statistically
significance between groups)
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group 2 (P = 0.005); the between-group differ-
ence was not statistically significant (P = 0.244).
In the peripheral region of the posterior cornea,
M was increased by 0.05 D in group 1
(P\0.001) and 0.055 D in group 2 (P\0.001);
the between-group difference was not statisti-
cally significant (P = 0.794) (Fig. 2).

1-Month Postoperative Absolute Value
Versus 12-Month Postoperative Absolute
Value

In the peripheral region of the anterior cornea,
M was reduced by 0.736 D in group 1
(P\0.001) and 0.319 D in group 2 (P\0.001);

Table 4 Visual and refractive outcomes

Parameter Postoperative follow-up Pa Pb Pc

1 week 1 month 12 months

UDVA (logMAR)

Group 1 - 0.02 ± 0.07 - 0.01 ± 0.07 - 0.04 ± 0.06 0.26 \ 0.001* 0.008*

Group 2 - 0.03 ± 0.06 - 0.06 ± 0.06 - 0.05 ± 0.05 \ 0.001* 0.353 0.023*

Pd 0.423 \ 0.001* 0.658

CDVA (logMAR)

Group 1 - 0.01 ± 0.04 - 0.02 ± 0.05 - 0.02 ± 0.05 0.338 0.867 0.292

Group 2 - 0.03 ± 0.04 - 0.05 ± 0.04 - 0.03 ± 0.05 0.018* 0.092 0.984

Pd 0.019* 0.004* 0.259

Sphere (D)

Group 1 0.33 ± 0.43 0.48 ± 0.48 0.40 ± 0.41 0.001* 0.238 0.227

Group 2 0.43 ± 0.40 0.44 ± 0.41 0.40 ± 0.40 0.815 0.402 0.582

Pd 0.155 0.644 0.934

Cylinder (D)

Group 1 - 0.36 ± 0.35 - 0.39 ± 0.31 - 0.40 ± 0.34 0.494 0.812 0.348

Group 2 - 0.31 ± 0.29 - 0.35 ± 0.27 - 0.34 ± 0.27 0.138 0.665 0.45

Pd 0.371 0.426 0.267

MRSE (D)

Group 1 0.14 ± 0.44 0.29 ± 0.45 0.20 ± 0.39 0.004* 0.173 0.358

Group 2 0.28 ± 0.38 0.27 ± 0.39 0.23 ± 0.38 0.861 0.399 0.399

Pd 0.073 0.82 0.727

UDVA uncorrected distance visual acuity, CDVA corrected distance visual acuity, MRSE manifest refraction spherical
equivalent
ap value between 1-week postoperative and 1-month postoperative values in group 1 or group 2
bp value between 1-month postoperative and 12-month postoperative values in group 1 or group 2
cp value between 1-week postoperative and 12-month postoperative values in group 1 or group 2
dp value between group 1 and group 2 at different follow-up times
*Difference is statistically significant
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the between-group difference was statistically
significant (P\ 0.001).

In the paracentral region of the posterior
cornea, M was increased by 0.022 D in group 1
(P\0.001) and 0.009 D in group 2 (P = 0.019);
the between-group difference was statistically
significant (P = 0.035).

Visual and Refractive Outcomes

At 1 month postoperatively, the mean UDVA
(logMAR) was - 0.01 in group 1 and - 0.06 in
group 2 (P\0.001) (Table 4). At 12 months
postoperatively, the mean UDVA was - 0.04 in
group 1 and - 0.05 in group 2 (P = 0.658).

Vector Changes in Astigmatism
from Preoperatively to 12 Months
Postoperatively

There were no statistically significant differ-
ences between the two groups (Table 5, Figs. 3,
4).

Change in Best Spherical Equivalent
(BSE)/Change in CCT Ratio 12 Months
Postoperatively

There were no statistically significant differ-
ences between the two groups (Table 6).

Changes of Counts of Endothelial Cells
in Group 1

The mean counts of endothelial cells of the
corneas with residual bed thickness less than
350 lm in group 1 were 3005.00 ± 74.881/mm2

preoperatively and 3037.32 ± 64.358/mm2 at
12 months postoperatively (P = 0.177).

DISCUSSION

LASIK combined with prophylactic CXL aims to
correct the refractive error while keeping the
corneal strength and increasing the stability in
visual outcomes [9], which should be beneficial
for all cases with increased risk of post-LASIK
corneal ectasia [4, 7, 21]. The patients with
suspect corneal tomography and topography
were usually excluded in the previous studies
[5–7] on the subject. However, this study
included patients with myopia at increased
estimated risk of postoperative corneal ectasia
defined by the ‘‘Ectasia Risk Factor Score System
for LASIK’’ (Table 1). Both the magnitude of
steepening in the posterior paracentral region
and the magnitude of flattening in the anterior
peripheral region were more pronounced in
group 1 than in group 2, in the period from 1 to
12 months postoperatively. Refractive out-
comes show that there was a hyperopic shift in
group 1 from 1 week to 1 month postopera-
tively, which is consistent with the corneal

Table 5 Vector changes in refractive cylinder using the Alpins method 12 months postoperatively

TIA magnitude (D) SIA magnitude (D) DV magnitude (D) AE (�) CI

Group 1

(n = 89)

0.64 (0.43, 0.85) 0.73 (0.52, 1.15) 0.50 (0, 0.51) 0 (- 8.98, 9.16) 1.12 (1.00, 1.62)

Group 2

(n = 77)

0.67 (0.44, 0.93) 0.85 (0.46, 1.18) 0.25 (0.25, 0.50) 0 (- 2.61, 8.82) 1.06 (1.00, 1.56)

P – 0.969 0.258 0.619 0.323

TIA has no P values, as one of the baseline parameters corrected with generalized estimating equations (GEE)
P value between group 1 and group 2
TIA target-induced astigmatism vector, SIA surgically induced astigmatism vector, DV difference vector, AE angle of error,
CI correction index
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Fig. 3 Vector changes in astigmatism from preoperatively to 12 months postoperatively in group 1
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Fig. 4 Vector changes in astigmatism from preoperatively to 12 months postoperatively in group 2
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reshaping in this period, where both the ante-
rior peripheral region and the posterior central
region flattened. Visual rehabilitation was
delayed in group 1, probably as a result of the
inflammatory response and more edema caused
by CXL, but it reached a similar level to group 2
at the final follow-up. Vector analysis of astig-
matism suggests that prophylactic CXL induced
no unexpected astigmatism 12 months postop-
eratively. The change in BSE/change in CCT
ratio 12 months postoperatively shows that the
additional CXL treatment did not affect the
pachymetry significantly, which might because
the energy was much lower than standard CXL.

Although transepithelial photorefractive
keratectomy (Trans-PRK) combined with pro-
phylactic CXL seems much safer for patients
with risk of ectasia, haze and longer recovery are
not accepted by particular young people in
China who are eager to pass an eyesight exam-
ination in a short time. Moreover, a phakic
intraocular lens (PIOL) is disapproved in
enlistment requirements. Many patients hesi-
tate to accept PIOL because of its higher cost
and potential risks of intraocular complications.
So, LASIK combined with prophylactic CXL is
worth considering as an alternative surgery in
China with higher incidence of myopia, under
the premise of reasonable indications.

The Ectasia Risk Factor Score System (ERSS),
proposed by Randleman et al. [15], consists of
five parameters, namely anterior curvature
topography pattern, residual stromal bed
thickness, age, corneal thickness, and MRSE.

Originating in 2008, ERSS was based on the
analysis of the anterior corneal surface obtained
by Placido topography. However, it became
clear that corneas with normal astigmatism
could also show abnormal patterns on Placido
topography, when the corneal apex is not on
the visual axis [22–25]. Moreover, keratoconus
shows abnormalities on the posterior corneal
surface earlier than on the anterior [26, 27].
With the development of Scheimpflug and
OCT-based systems, topography of the posterior
cornea started to play a greater role in early
detection of keratoconus. Therefore, the assess-
ment of the posterior cornea was added to our
‘‘Ectasia Risk Factor Score System for LASIK’’.
Belin/Ambrosio Enhanced Ectasia Display
(BAD) involves both anterior and posterior fac-
tors [28]. In our score system, it counts only in
cases where posterior abnormalities exist or the
anterior surface displays red in Belin/Ambrosio.
According to Table 1, the first three parameters
were related to corneal morphology, represent-
ing the main differences between the two
groups. Without assessment of the posterior
surface, patients with poor topography trends
would have been evaluated with lower score by
ERSS, and either excluded from prophylactic
CXL or too low UV energy would have been
used in CXL, while the patients with only
imperfect anterior corneas would have been
overtreated by CXL. Although all the parame-
ters in the form are indeed considered clinically
in the preoperative screening, the limitation is
that it has not been validated independently or
tested in big data.

Previous studies evaluated corneal morpho-
logical changes using elevation data directly
from the corneal elevation map [26, 27],
ignoring the change in the corneal apex loca-
tion after surgery, which may have introduced
changes in the coordinate system. In this study,
local and mean regional curvatures (M) were
calculated from the original elevation data to
analyze corneal morphology. This may make it
a more reliable method, because it depends on
the relative position of the adjacent points,
representing true curvature of the surface that is
not influenced by the postoperative shift of the
corneal apex location [29–33].

Table 6 Change in BSE/change in CCT ratio 12 months
postoperatively

Group 1 (n = 94) Group 2 (n = 86) P

Ratio - 0.0671

(- 0.0792,

- 0.0568)

- 0.0707

(- 0.0815,

- 0.0614)

0.364

P value between group 1 and group 2
Ratio = (BSE 12 months postoperatively - BSE preop-
eratively)/(CCT 12 months postoperatively - CCT
preoperatively)
BSE best spherical equivalent, CCT central corneal
thickness
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Changes of M in this study showed that the
two groups demonstrated a similar trend during
12 months follow-up after surgery. During the
first week postoperatively, the anterior cornea
flattened in the central and paracentral regions
and steepened in the peripheral region, while
the posterior cornea flattened in the central
region and steepened in the paracentral and
peripheral regions. This finding is consistent
with the conceptual model proposed by Roberts
[34]. According to this model, a series of
lamellae are severed and obliterated centrally
after myopic laser refractive surgery. The
remaining peripheral segments relaxed and the
distance between lamellae expanded [35]. Then
the outward expansion force in the periphery
pulled laterally, and further flattened the cen-
ter. Thus, the cornea tends to flatten centrally
and steepen peripherally after laser ablation,
but if the cornea is biomechanically compro-
mised beyond a certain level, then IOP may
cause its central steepening [36, 37], and corneal
ectasia may develop. From 1 to 12 months after
surgery, the anterior cornea normally steepens
in the central and paracentral regions and flat-
tens in the peripheral region [18], causing a
reversal of the short-term overcorrection. Flap
separation and tissue ablation, reducing corneal
biomechanical strength, are responsible for the
immediate changes in corneal shape shortly
after LASIK [34]. But the later reshaping of the
anterior cornea observed from 1 to 12 months
postoperatively is mainly influenced by wound
healing [18, 38]. Wound healing, taking effect
in the anterior stroma, is expected to result in
tissue stiffening [39] and cause reverse changes
[18]. A similar previous study showed that the
whole posterior surface remained stable during
the periods between 1 week and 6 months after
LASIK [18], but in our study, posterior para-
central regions became steeper from 1 to
12 months postoperatively in both group 1 and
group 2. Posterior corneal steepening is consis-
tent with the relative backward movement of
peripheral stroma in response to the differential
swelling [34, 35, 40], representing a stable re-
modelling, normally not an ectasia event
[40, 41]. Posterior stroma, with a higher degree
of swelling than the anterior third [42], is
expected to cause the peripheral cornea to move

backward continually, even after 1 month,
possibly explaining why the posterior paracen-
tral region remained steepened in our cases.
Additionally, following the decrease of swelling
of the anterior cornea in wound healing, the
backward movement of the anterior peripheral
cornea may drive the posterior peripheral cor-
nea backwards further.

We speculate that the differences in corneal
reshaping between the two groups were possibly
related to the differences in corneal biome-
chanics caused by CXL. IOP-mediated strain
steepens the cornea, especially its posterior
surface. Anterior stromal edema, usually
appearing early after CXL due to keratocyte loss
[43], may attenuate over a period of 1 month
with keratocyte repopulation [44], and may
increase corneal stiffness relatively and resist
IOP-mediated strain in the posterior surface. So,
the posterior central cornea flattened signifi-
cantly from 1 week to 1 month postoperatively
in group 1, not in group 2. While in the anterior
surface, the increase of curvature in the central
and paracentral regions in group 1 was not sta-
tistically significant from 1 week to 1 month
postoperatively. We speculate that this limited
improvement of corneal biomechanical prop-
erties resulting from stromal edema and the
aforementioned mechanism of tissue stiffening
in wound healing may be responsible for it.

Prophylactic CXL may have improved cor-
neal biomechanical properties in group 1 as
expected with therapeutic CXL. The magnitude
of flattening in the anterior peripheral region
was bigger in group 1 than in group 2 from 1 to
12 months postoperatively. Moreover, the
magnitude of steepening in the posterior para-
central region was bigger in group 1 than in
group 2 during this period, which may be
caused by the decrease of anterior stromal
swelling in wound healing, as described earlier.
The compaction of stromal collagen, combined
with increased hydrostatic and osmotic resis-
tance to fluid accumulation after CXL [44], may
have caused swelling in our group1 to decline
more significantly, leading to a more obvious
steepening of the posterior paracentral cornea.
Corneal stiffening caused by CXL redirected the
IOP-mediated strain away from the hardened
area and toward the limbus [45], and may have
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caused the posterior periphery to move back-
ward more significantly in group 1 than in
group 2. We speculate that this is another rea-
son for the more obvious steepening trend of
the posterior paracentral region in group 1.

A limitation of the study is that Scheimpflug
imaging is prone to errors due to any decrease of
corneal transparency presented early after CXL,
which might have affected the early results in
group 1. From a scientific point of view, it
would seem more reliable if all patients at risk of
corneal ectasia were randomized to undergo
different surgeries. But that is infeasible ethi-
cally in the clinic, and previous research on the
subject has used the same nonrandomized
design as the present study [5, 7, 13, 14].
Interestingly, group 1, with relatively poor cor-
neal topography, shows relatively positive
results. Further follow-up and true biomechan-
ical assessment are needed to draw definitive
conclusions regarding the ability to reduce the
risk of ectasia in patients with relatively poor
corneal morphology and topography.

CONCLUSIONS

Postoperative corneal shape changes were dif-
ferent in different regions in both groups. Pro-
phylactic CXL seems to influence corneal
regional reshaping after surgery, while not
affecting the 1-year visual and refractive results
and not causing endothelial injury.
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