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CLINICAL SCIENCE

Comparison of the Demarcation Line on ASOCT After
Simultaneous LASIK and Different Protocols of Accelerated
Collagen Crosslinking: A Bilateral Eye Randomized Study

Alex L. K. Ng, MRCS (Edinburgh), FCOphthHK,* Peter S. K. Kwok, FRCS (Edinburgh), FCOphthHK,†
Ricky T. K. Wu, BSc (Hons),† Vishal Jhanji, FRCOphth,‡ Victor C. P. Woo, FCOphthHK, DO (Ireland),

DO (London),† and Tommy C. Y. Chan, FRCS (Edinburgh), FCOphthHK‡§

Purpose: To compare the demarcation line depth after 2 different
protocols of simultaneous laser in situ keratomileusis and collagen
crosslinking (LASIK Xtra).

Methods: Twenty-three patients receiving bilateral LASIK Xtra were
included in this comparative interventional study. The corneal stroma
was soaked with 0.22% riboflavin for 90 seconds before flap reposition-
ing. One eye was then randomized to receive either 18 mW/cm2 of
ultraviolet A irradiation for 120 seconds or for 180 seconds, whereas the
fellow eye received the other irradiation duration. The demarcation line
on anterior-segment optical coherence tomography and grading of
corneal haze on slit lamp were compared at postoperative month 1.

Results: The average age was 29.0 6 8.2 years. There was no
statistical difference in preoperative spherical equivalent refraction
(P . 0.05). At postoperative 1 month, a well-defined demarcation
line was visible in 74% and 70% in the 2- and 3-minute groups,
respectively. The demarcation line depth was 282 6 51 mm and 284
6 43 mm, respectively (P = 1), and the ratio of the demarcation line
depth to the postoperative central corneal thickness was 0.69 6 0.13
and 0.72 6 0.10 (P = 0.61). There was no difference in the
percentage of eyes with grade 1 or 2 corneal haze (P = 0.76).

Conclusions: The depth of the demarcation line was the same after
receiving 18-mW/cm2 irradiation for either 2 or 3 minutes. The
amount of early postoperative corneal haze was also similar. We
postulate that there was lack of oxygen in the corneal tissue to fuel
the photochemical reaction despite given additional time.

Key Words: LASIK, collagen crosslinking, ASOCT, demarcation
line, myopia
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Laser in situ keratomileusis (LASIK) is one of the most
commonly performed corneal laser refractive procedures.

It has excellent predictability and safety profile.1–3 However,
because of flap creation and ablation of stromal tissue, corneal
biomechanical properties are inevitably weakened after
LASIK,4–6 and this could contribute to regression and ectasia.
Regression remains a long-term problem especially after
correction of high myopia. It has been reported that less than
half of the high myopic cases were within 61.0 diopter 15
years after LASIK.7 Post-LASIK ectasia, although rare, can
be a devastating complication after LASIK.8

Corneal collagen crosslinking (CXL) uses ultraviolet A
(UVA) irradiation and riboflavin to induce crosslinks between
corneal collagen fibers, thus increasing the tensile strength
and stability of the cornea. Long-term studies have shown its
efficacy in stabilizing keratoconus and post-LASIK ectasia.9–11

In view of the weakening effect on the corneal stroma after
LASIK, combining simultaneous LASIK and CXL (LASIK
Xtra) to restore the biomechanical strength, and thereby
prevent regression and ectasia, has gained popularity in the
past few years.12–14 Although the selection criteria varied,
LASIK Xtra procedures were more commonly performed on
patients with high myopia or borderline pachymetry because
they are at higher risk of developing regression and ectasia.7,15

LASIK Xtra has the advantage that the riboflavin solution can
be applied directly on the stromal bed while the LASIK flap
was still lifted, thus avoiding the need for removal of the
corneal epithelium. LASIK Xtra also has good refractive and
topographic stability comparable to LASIK alone.13,16–19

However, the UVA irradiation protocol varied among different
studies in both duration and power of irradiation. The
irradiation energy used ranged from 1.35 to 5.4 J/cm2. The
optimal energy required was still unknown, and there is no
comparison of the safety and efficacy between the various
protocols. Thus, we aim to report the early corneal morpho-
logical changes and the depth of the demarcation line using 2
different LASIK Xtra protocols between the fellow eyes of the
same patient in treating myopia.

MATERIALS AND METHODS
This study included all patients with myopia and

myopic astigmatism with both eyes LASIK Xtra performed
by a single surgeon (P.S.K.K.) in the Hong Kong Laser Eye
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Center during October to December 2015. All patients
underwent complete ophthalmic evaluation and topography
with the Pentacam (Oculus, Hong Kong) before LASIK.
Inclusion criteria for LASIK were age 18 years or above, no
ocular abnormality except for the myopia and myopic
astigmatism, stable refraction for over 1 year, and a corrected
distance visual acuity (CDVA) of 20/20 or better in both eyes.
Exclusion criteria for LASIK were pregnant or lactating
patients, history of herpetic keratitis, or those with confirmed
or suspected keratoconus on Pentacam.

In all cases, the percent tissue altered (PTA) was
calculated before the procedure. PTA was defined as the
sum of flap thickness (FT) and ablation depth (AD), divided
by the preoperative central corneal thickness (CCT) [ie, PTA
= (FT + AD)/CCT].20 In the study by Santhiago et al, when
the percent tissue altered (PTA) was .40% at the time of
LASIK, it was the most prevalent factor (97%) in the
development of post-LASIK ectasia and with an odds ratio
of 223, despite a normal preoperative corneal topography.20

Therefore, all patients with a PTA of 35% or above were
offered simultaneous CXL (LASIK Xtra) for both eyes.

Surgical Technique
All LASIK Xtra cases were performed under topical

anesthesia. The LASIK flaps were created using the
150-kHz IntraLase femtosecond laser (Abbot medical
Optics, Chicago, IL), with a superior hinge, intended flap
diameter of 8.5 mm and FT of 90 mm. After lifting the flap,
stromal ablation was performed with the AMARIS 750S
laser platform (Schwind, Kleinostheim, Germany) using a 6-
to 6.5-mm optical zone. While the LASIK flap was still
lifted, the corneal stroma was soaked with isotonic 0.22%
riboflavin solution (VibeX Xtra; Avedro, Waltham, MA) for
90 seconds. The flap was then repositioned and followed by
UVA irradiation (CXL-365 vario System; Schwind, Ger-
many) at 18 mW/cm2 for either 2 minutes (total energy 2.16
J/cm2) or 3 minutes (total energy 3.24 J/cm2). For each
patient, the first eye was randomized by drawing lots to
determine the duration of irradiation (2-minute group vs. 3-
minute group), whereas the second eye received the other.
Postoperatively, all patients received topical moxifloxacin
(Vigamox; Alcon, Ft. Worth, TX) 4 times a day for 1 week
and preservative-free artificial tear eye drops (Artelac
Advanced; Bausch & Lomb, Rochester, NY) for 3 months.

Outcome Measures
The patients were routinely followed up on postoper-

ative day 1, week 1, and month 1. Corneal haze detected on
slit-lamp biomicroscopy examination at the month 1 visit was
compared between the 120- and 180-second groups (Fig. 1).21

At the month 1 visit, all patients also underwent anterior-
segment optical coherence tomography (Optovue Inc,
Fremont, CA) to look for the demarcation line. All images
on anterior-segment optical coherence tomography (ASOCT)
were later assessed by an examiner masked to the allocation
of CXL duration groups. The demarcation line was first
graded as well defined, vague, or absent. In well-defined

cases, the depth of the line at the center of the cornea was
measured with the caliber tool on ASOCT (Fig. 2).

This study was approved by the Institutional Review
Board of the University of Hong Kong/Hospital Authority
Hong Kong West Cluster and adhered to the tenets of the
Declaration of Helsinki. The continuous variables such as
the demarcation line depth were compared with the Mann-
Whitney U test, and the categorical variables were com-
pared with the x2 test. P , 0.05 was regarded as
statistically significant.

RESULTS
A total of 23 patients who underwent bilateral LASIK

Xtra were included. The average age was 29.0 6 8.2 years.
Preoperative spherical equivalent refraction was 27.05 6
4.45 D in the 2-minute group and 28.81 6 1.68 D in the

FIGURE 1. Slit-lamp biomicroscopy image demonstrating
corneal haze (grade 2) of one of our patient at postoperative 1
month after LASIK Xtra.

FIGURE 2. ASOCT image at postoperative 1 month after
LASIK Xtra, demonstrating a well-defined hyperreflective cor-
neal stromal demarcation line. Measurements were taken at
the center of the cornea using the caliper and measured from
the epithelial surface to the demarcation line (the caliper
would be placed at the center during measurement). The
LASIK flap could also be seen on the ASOCT image.
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3-minute group (P = 0.053). All were targeted for a plano
correction. The preoperative central corneal thickness was
523 6 29 mm in the 2-minute group and 522 6 29 mm in the
3-minute group (P = 0.783).

At postoperative 1 month, a demarcation line was
visible in 87% (20 cases) and 96% (22 cases) in the 2- and
3-minute groups, respectively. The line was well defined in
74% (17 cases) of the 2-minute group and 70% (16 cases) in
the 3-minute group. The demarcation line depth was 282 6
51 mm and 2846 43 mm, respectively (P = 1), and the ratio of
the demarcation line depth to the postoperative central corneal
thickness was 0.696 0.13 and 0.726 0.10 (P = 0.61) (Table 1).
In the 2-minute group, 17 cases had grade 1 haze and 5 cases
had grade 2 haze, whereas that in the 3-minute group was 15 and
6. There was no difference in the percentage of eyes with grade 1
or 2 corneal haze (P = 0.76). There were no other complications
seen in both groups.

In terms of spherical equivalent refraction at 1 month,
the 2-minute group was +0.02 6 0.42 D and the 3-minute
group was +0.01 6 0.40 D (P = 0.96). For the safety index
at 1 month (postoperative CDVA/preoperative CDVA), it
was 0.96 6 0.11 in the 2-minute group and 0.91 6 0.13 in
the 3-minute group (P = 0.243). For the efficacy index at 1
month (postoperative UDVA/preoperative CDVA), it was
0.87 6 0.14 in the 2-minute group and 0.80 6 0.19 in the 3-
minute group (P = 0.223).

DISCUSSION
In this study, we compared the early effects using 2

different LASIK Xtra protocols, which used the same
irradiation power intensity (18 mW/cm2) but different
durations (2 vs. 3 minutes). These 2 protocols gave a total
energy of 2.16 and 3.24 J/cm2, respectively, which falls in the
mid-range of the total energy reported in the literature (1.35–
5.4 J/cm2).13,16–19 In theory, the higher the energy, the more
strengthening effect would be produced. However, more
corneal haze would also be produced, which was undesirable
as LASIK patients expect a fast visual recovery. Thus, the
optimal energy dose in LASIK Xtra was still unknown. In our
study protocol, the 2 different energies were applied to the
same patient to minimize confounding factors. To study the
long-term effect of LASIK Xtra, a very long follow-up (in
terms of years) would be needed to study the regression and

to look for any possible ectasia development. Thus, we
focused on the early morphological changes and the demar-
cation line depth. The corneal stromal demarcation line has
been shown to extrapolate the treatment depth and amount of
tissue crosslinked and could be measured on ASOCT in the
early postoperative period.22–26

In this study, we found no difference in the intensity
score or the depth of the demarcation line between both
groups. The lines clustered around 280 mm at the center of the
cornea. Because the amount of tissue ablation and residual
stromal bed thickness were different between individual
LASIK cases, we also compared the ratio of the demarcation
line with the total central corneal thickness, but again both
groups were the same. In the literature, only Tomita et al17

have reported their demarcation line depth after LASIK Xtra.
They performed LASIK Xtra using 0.1% riboflavin saturation
for 60 seconds, followed by 30 mW/cm2 UVA for 60
seconds, giving a total energy of 1.8 J/cm2. They reported
a mean demarcation line depth of 200 mm (180–250 mm), in
which only 8% of the line was well defined and the majority
had only a faint demarcation line.

Based on the law of reciprocity, the rationale behind
accelerated crosslinking, one would expect a similar demar-
cation line depth between irradiation protocols with the
same energy output. However, it has been shown that the
demarcation line depth actually decreases with increasing
irradiation intensity despite having the same total
energy.22,24,25,27 The oxygen depletion theory could explain
this difference, as oxygen is a key component in the
photochemical reaction for crosslinking.28 However,
Kymionis et al23 have shown that when the total irradiation
energy was increased, the demarcation line depth would
increase. This explained the difference in the depth reported
by Tomita et al (1.8 J/cm2) and in our current study (2.16–
3.24 J/cm2). However, between our 2 groups with different
total energy, we reported the same demarcation line depth.
This seemed to contradict the previous findings that the
higher the total energy, the deeper the line depth. But, in fact,
our 2 groups used the same irradiation power (18 mW/cm2) and
only differed in the irradiation duration. In a chemical kinetic
model study that investigated the relationship of corneal oxygen
concentration and various energy input, Kamaev et al29 found
that the oxygen concentration in the cornea was modulated by
UVA irradiance and quickly decreased at the beginning of
UV-A exposure. Thus, in our 2 groups that used the same
irradiation power, the oxygen concentration became the limiting
factor in the amount of the photochemical reaction. Thus, the
depth was the same despite increasing the duration from 2 to
3 minutes. Another important finding from their group was that
the oxygen replenishment needed 3–4 minutes. In both of our
groups, the duration of irradiation was either 2 or 3 minutes;
thus, we postulate that the time-dependent depletion of oxygen
at the beginning of CXL treatment was the limiting step in the
amount of tissue crosslinked, instead of the difference in the
duration of irradiation.

Other than the demarcation line depth, the amount of
early corneal haze, safety, efficacy indices, and refraction
were comparable too. This further supported our postulation
that these 2 CXL protocols produced a similar amount of

TABLE 1. Demarcation Line Characteristics Between the 2
Groups

Demarcation Line 2-Min 3-Min P

Visibility 0.36

Not visible 3 1

Vague 3 6

Well-defined 17 16

Depth (well-defined
cases only), mm

282 6 51 284 6 43 1

Ratio of the demarcation line
depth to the postoperative
central corneal thickness

0.69 6 0.13 0.72 6 0.10 0.61
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crosslinking effect. One limitation of this study was that we
did not directly compare the corneal biomechanical proper-
ties (such as corneal hysteresis) between both. This was
because it had been shown that direct in vivo measurement
of the corneal biomechanical property had low specificity
and sensitivity.30 The other main limitation was that there
were too many combinations of different UVA intensity and
duration of irradiation. We varied only the duration but not
the power intensity in this study, because of the limited
number of study subjects. To fully understand the interac-
tion between the irradiation power intensity, duration, and
oxygen concentration, comparative studies using more
different combinations of CXL protocols would be required.

In conclusion, the depth of the demarcation line was the
same with our 2 LASIK Xtra protocols using the same
irradiation power intensity but different duration. This
suggested that the amount of tissue crosslinked was similar
using the 2 different protocols. We postulate that although the
irradiation duration was longer in the 3-minute group, there
was a lack of oxygen in the corneal tissue to fuel the
photochemical reaction during the additional time.
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