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S U R G I C A L  T E C H N I Q U E

he biomechanical characteristics of the cornea are 
governed by the collagen scaffold, the collagen 
compound, and inter-fibrillar and intra-fibrillar 

bonding between collagen and proteoglycans. The purpose of 
corneal cross-linking (CXL) with riboflavin and ultraviolet-A 
is to induce additional cross-links in the extracellular matrix 
and to increase the mechanical resistance.1

Conventional CXL with a continuous irradiation of 3 mW/
cm2 during 30 minutes is considered safe and effective in the 
prevention of keratoconus progression and secondary ecta-
sias2-4; yet, the procedure is time-consuming. According to 
the Bunsen–Roscoe law of reciprocity, theoretically, a setting 
with higher ultraviolet energy and shorter irradiation times 
should have the same photobiological effect, as long as the 
total energy dose remains the same. Accelerated techniques 
emerged, aiming to shorten the time of the procedure by de-
livering higher power in a shorter time.5 However, a lower ex-
perimental and clinical efficacy of accelerated CXL has been 
reported, which was attributed to the higher consumption 
and shortage of oxygen in the stroma.4,6

Delivering ultraviolet light with an on-off pattern is ex-
pected to allow more oxygen to diffuse into the corneal 
stroma, lead to an enhanced release of singlet oxygen, and 
allow a more effective cross-linking of the collagen mole-
cules. However, Kamaev et al. demonstrated that the time 
for oxygen replenishment in the stroma is much longer (sev-
eral minutes) than the pulsed ultraviolet settings currently 

TABSTRACT

PURPOSE: To compare the stromal demarcation line 
depth in pulsed versus continuous corneal cross-linking 
(CXL) for keratoconus.

METHODS: Seventy eyes underwent epithelium-off 
cross-linking, with 0.1% riboflavin applied during 10 
minutes prior to ultraviolet irradiation at 30 mW/cm2. 
Thirty-six eyes received pulsed irradiation (1 second on, 
1 second off) for 8 minutes and 34 eyes underwent 
continuous irradiation for 4 minutes. Total fluence was 
7.2 J/cm2 for both groups. Patients were evaluated at 3 
months after the procedure. 

RESULTS: A significantly deeper stromal demarcation 
line was observed in the pulsed group compared to 
the continuous group (201.11 ± 27.76 vs 159.88 ± 
20.86 µm; P < .001). 

CONCLUSIONS: The pulsed corneal cross-linking proto-
col induced a significantly deeper stromal demarcation 
line when compared to the 4 minutes of highly acceler-
ated continuous CXL protocol. Neither CXL protocol in-
duced a shallower demarcation line comparable to less 
accelerated CXL protocols previously reported.
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used in clinics (with pauses of one second for oxygen 
replenishment).7

We analyzed accelerated CXL protocols with con-
tinuous and pulsed ultraviolet irradiation in a series 
of 70 patients with progressive keratoconus. We per-
formed a clinical follow-up at 3 months after the pro-
cedure and determined the depth of the treated corneal 
tissue by identifying the demarcation line using ante-
rior segment optical coherence tomography (OCT).

PATIENTS AND METHODS
In this prospective interventional study, 70 eyes of 

70 patients were enrolled. The study protocol was ap-
proved by the institutional review board of the Isfahan 
University of Medical Sciences and was in agreement 
with the tenets of the Declaration of Helsinki. The ri-
boflavin solution used was iso-osmotic dextran-free 
riboflavin 0.1% (VibeX Rapid; Avedro, Inc., Waltham, 
MA), which was instilled every 2 minutes for 10 min-
utes after total removal of epithelium in the central 
9 mm. Patients were randomized to either pulsed or 
continuous irradiation groups: 36 eyes of 36 patients 
underwent pulsed light accelerated CXL and 34 eyes 
of 34 patients underwent continuous light accelerated 
CXL. We used the KXL I ultraviolet-A device (Avedro, 
Inc.) for irradiation. In the pulsed group, the setting 
was 1 second on/1 second off ultraviolet-A exposure at 
30 mW/cm2 for 8 minutes, corresponding to a fluence 
of 7.2 J/cm2. In the continuous group, the ultraviolet-A 
power was set to 30 mW/cm2 and 4 minutes of con-
tinuous ultraviolet-A light exposure, also resulting in 
a fluence of 7.2 J/cm2.

We included patients who met at least three of the 
following four criteria for progressive keratoconus dur-
ing the year before enrollment in the study: (1) a wors-
ening of the corrected distance visual acuity of more 
than two Snellen lines; (2) an increase of sphere or 
astigmatism greater than 0.75 diopter; (3) an increase 
of maximum keratometry readings of more than 1.00 
diopter; and (4) a reduction of the thinnest point of 
corneal thickness of more than 10 µm, as measured by 
ultrasound pachymetry.

Patients were evaluated preoperatively and at 3 
months after the procedure regarding their uncorrect-
ed and corrected distance visual acuity and refractive 
error. Corneal Scheimpflug tomography by Pentacam 
(Oculus Optikgeräte GmbH, Wetzlar, Germany) and 
OCT of the cornea with Spectralis HRA (Heidelberg 
Engineering, Heidelberg, Germany) were performed to 
evaluate the cornea. For each eye, the depth of demar-
cation line was determined and reported as the mean of 
four measurement points (at 1- and 2-mm central rings 
intercept with the horizontal line in cornea OCT). The 

evaluators were masked with regard to study groups. 
Statistical analyses were done using SPSS for Win-
dows software (version 16.0; SPSS, Inc., Chicago, IL).

RESULTS
Thirty-six eyes of 36 patients were included in the 

pulsed group and 34 eyes of 34 patients in the continu-
ous group. 

The depth of cornea demarcation line on anterior 
segment OCT was 201.11 ± 27.76 µm in the pulsed 
group and 159.88 ± 20.86 µm in the continuous group. 
The difference was statistically significant (P < .001, 
independent sample t test) (Figure 1).

None of the patients in either group had any compli-
cation attributable to the procedure.

DISCUSSION
In this study, we compared two accelerated CXL 

protocols using continuous light and pulsed light. 
We observed a depth of the stromal demarcation after 
pulsed CXL similar to that reported by Mazzotta et al.8 
(8 minutes pulsed versus 4 minutes at 30 mW/cm2). 
An on-off pattern of ultraviolet light might be expected 
to let more oxygen diffuse into the corneal stroma, en-
hance release of singlet oxygen, and allow a more ef-
fective CXL. However, when compared to the standard 
Dresden protocol with a demarcation line of 300 to 
350 µm, and even when compared to the depth of the 
demarcation line using 9 mW/cm2 for 10 minutes (de-
marcation line depth 288 µm),9 both protocols tested 
here led to a more shallow demarcation line, suggest-
ing less cross-linking effect. 

Although we were not able to find any significant 
differences between pulsed and continuous accelerat-

Figure 1. Depth of cornea demarcation line in microns in the pulsed and 
continuous groups.
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ed CXL protocols regarding vision, refraction, and cor-
nea topographic characteristics during the 3 months of 
follow-up (data not shown), the stromal demarcation 
line after pulsed accelerated CXL was significantly 
deeper (D = 41.23 µm) than after continuous highly ac-
celerated CXL.

The stromal demarcation line is considered a clini-
cal evaluation parameter for the depth of effective 
cross-linking and hence in our comparison pulsed 
CXL  had a superior effect compared to continuous 
CXL. However, according to Fick’s law of diffusion, 
there is not enough time for substantial oxygen dif-
fusion during the 1-second ultraviolet-off period and 
hence this fact cannot explain the increased CXL effi-
cacy. Another parameter that needs to be considered is 
the pulsed CXL protocol required an overall ultraviolet 
irradiation time of 8 minutes, whereas the continuous 
protocol required only 4 minutes. Although oxygen is 
immediately consumed, there is a higher net oxygen 
flux during longer ultraviolet irradiations, indepen-
dently of whether pulsed or continuous ultraviolet 
light is applied.10 Further testing, such as with an ir-
radiation of 15 mW/cm2 during 8 minutes, will help to 
clarify the importance of overall irradiation duration 
and pulsed ultraviolet administration. 

Although not experimentally proven yet, many be-
lieve that the depth of the demarcation line is a clinical 
parameter indicating the depth of effective CXL treat-
ment. The pulsed irradiation protocol currently pro-
posed for clinical use requires a total irradiation time 
of 8 minutes using 30 mW/cm2 in an on-off pattern. 
It provides a demarcation line depth of approximate-
ly 200 µm. In comparison, the currently widely used 
10-minute continuous light irradiation protocol with 9 
mW/cm2 takes only 2 minutes longer, but adds almost 
90 µm to the demarcation line depth. 
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