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collagen cross-linking for the treatment of progressive
keratoconus: 12-month results from a prospective study
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Abstract. The aim of the present study was to compare the clin-
ical outcomes of conventional corneal collagen cross-linking
(CXL) and pulsed-light accelerated CXL (pl-ACXL) in the eyes
of patients with progressive keratoconus. A total of 72 eyes
with progressive keratoconus in 58 patients were equally
divided into the CXL and pl-ACXL treatment groups. The
CXL treatment was performed using the UVX 1000 system
with 0.1% riboflavin solution in 20% dextran presoak for
30 min, and 3 mW/cm? ultraviolet A (UVA) light for 30 min.
The pl-ACXL group was treated with the KXL system using
0.1% riboflavin with HPMC presoak for 10 min, followed by
8 min (I sec on/1 sec off) of 30 mW/cm? UVA light. Patients
were evaluated according to the uncorrected distance visual
acuity (UDVA), corrected DVA (CDVA), refraction, maximum
keratometry (Kmax), endothelial cell density (ECD), anterior
segment optical coherence tomography and in vivo confocal
microscopy. The follow-up period was 12 months. Transient
haze was observed in 17 eyes (47.22%) in the CXL group and
8 eyes (22.22%) in the pl-ACXL group at 1 month postopera-
tively. There were no significant postoperative differences in
the astigmatism, manifest refraction spherical equivalent, ECD
or thinnest corneal thickness. By contrast, UDVA, CDVA
and Kmax presented significant improvement at 12 months
postoperatively in the two groups. The demarcation line depth
was 284.94+33.29 ym in the CXL group, which was signifi-
cantly deeper in comparison with that in the pl-ACXL group
(201.64+27.72 ym; P<0.01) at 1 month postoperatively. In vivo
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confocal microscopy revealed keratocyte apoptosis and stromal
edema at 1 month postoperatively, which gradually recovered
towards the normal status after 12 months in the two groups.
There were no apparent changes in the posterior stroma and
endothelium in either group. The results of the present study
revealed that CXL and pl-ACXL were safe and effective
procedures in stabilizing the progression of keratoconus. The
CXL technique offers more effective visual and topographic
outcomes compared with pl-ACXL, while pl-ACXL ensures
shorter treatment time and reduced microstructural damage.

Introduction

Keratoconus is an idiopathic degenerative eye disease char-
acterized by a progressive non-inflammatory thinning and
conical protrusion of the cornea, which results in corneal
protrusion, irregular astigmatism, loss of visual acuity and even
the possibility of corneal perforation (1). Keratoconus is the
most prevalent form of corneal ectasia and affects all ethnici-
ties. However, higher incidence has been reported in the Asian
population when compared with Caucasian individuals (2,3).
Although the etiology and pathology of the disease remain
not fully understood, certain studies have identified that in
the process of keratoconus, the intrafibrillar and interfibrillar
collagen fiber cross-links are diminished and lost due to the
apoptosis of keratocytes or release of proteolytic enzymes (4,5).

Corneal collagen cross-linking (CXL) with the photo-sensi-
tizer riboflavin and ultraviolet A (UVA) light represents a
landmark in the management of keratoconus since it directly
targets the underlying pathology rather than only addressing
the refractive consequences of the disorder (6,7), due to its
capacity in increasing biomechanical corneal resistance (8,9)
and intrinsic anti-collagenase activity (10). Conventional CXL
(CXL) with a continuous irradiation of 3 mW/cm? for 30 min
is considered safe and effective in the prevention of kerato-
conus progression according to different clinical trials (11-13).
However, the procedure is time-consuming, lasting ~1 h,
which may result in patient discomfort and reduced physician
working efficiency (14). According to the Bunsen-Roscoe
law of reciprocity, it is theoretically possible to deliver the
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same energy dose ensuring a proportional biological effect
by setting a higher UVA power in a shorter exposure time
in the accelerated CXL modality (15-17). However, a lower
experimental and clinical efficacy of accelerated CXL has
been reported, which was attributed to the higher consump-
tion and shortage of oxygen in the stroma (18,19). Delivering
ultraviolet light with an on-off pattern is expected to allow
more oxygen to diffuse into the corneal stroma, lead to an
enhanced release of singlet oxygen and allow a more effec-
tive cross-linking of the collagen molecules. Considering
these aforementioned factors, pulsed-light accelerated
CXL (pl-ACXL) has been recognized by physicians and is
currently gaining popularity. For instance, Peyman et al (20)
demonstrated that the pl-ACXL protocol induced a signifi-
cantly deeper stromal demarcation line when compared with
the continuous accelerated CXL protocol.

In the present study, the clinical outcomes of CXL
(3 mW/cm? for 30 min) and pl-ACXL (30 mW/cm? for 8 min
with 1 sec on/1 sec off) were evaluated in a series of 72 eyes
with progressive keratoconus in 58 patients over a 12-month
follow-up period. The treatment penetration was estimated by
means of in vivo confocal microscopy.

Materials and methods

Subjects. This prospective study included 58 patients with
72 eyes with keratoconus who were treated between January
2015 and August 2016 in the Department of Ophthalmology,
Shandong Provincial Hospital affiliated to Shandong
University (Jinan, Shandong). Of these, 36 eyes of 31 patients
were treated with CXL (CXL group) and 36 eyes of 27 patients
were treated with pl-ACXL (pl-ACXL group). The treatment
protocols of CXL were randomly selected, and all patients
were followed for at least 12 months. Diagnosis of keratoconus
was established by the Amsler-Krumeich classification, based
on the astigmatism, corneal power, corneal transparency
and corneal thickness, obtained with a rotating Scheimpflug
imaging instrument (Pentacam; Oculus Optikgerite GmbH,
Wetzlar, Germany), slit-lamp biomicroscopy (21) and intera-
ocular pressure (IOP) using Goldmann applanation tonometry
(Haag-Streit, Koniz, Switzerland). As keratoconus is character-
ized by binocular asymmetry, when both eyes of keratoconus
patients were treated with CXL, the same CXL protocol was
selected.

The inclusion criteria were as follows: Progressive kera-
toconus of stages 1-3 according to the Amsler-Krumeich
classification (21,22); the thinnest corneal thickness (TCT)
was >400 ym; and patients did not wear contact lenses for
one month prior to the initial evaluation and treatment.
Progression of the disease was considered as confirmed if
the loss of corrected distance visual acuity (CDVA) was more
than one line in 1 year, or when the topographic keratometry
increased by >1.0 D in 6 months or >2.0 D in 12 months.
Patients with ocular, corneal or immune system disorders,
as well as those who were pregnant or breastfeeding, were
excluded from the present study. All participants signed an
informed consent form in accordance with the tenets of the
Declaration of Helsinki. The present study also received
Institutional Review Board approval by the Shandong
Provincial Hospital affiliated to Shandong University.
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CXL treatment. The CXL procedure was performed under
sterile conditions. Subsequent to topical anesthesia using 0.5%
proparacaine hydrochloride (Alcaine; Alcon Laboratories,
Inc., Fort Worth, TX, USA) eye drops, a lid speculum was
inserted. To loosen the epithelium from the stroma, the
central cornea was contacted with a filter paper (diameter,
9 mm) soaked with 20% alcohol for 60 sec, and then the
central 9 mm of the cornea epithelium was removed with a
blunt spatula (AE-2766; Asico LLC, Westmont, IL, USA).
Deepithelialization was followed by measuring of the corneal
thickness with ultrasound pachymetry (Pachy Meter SP3000;
Tomey Corp., Nagoya, Japan) to validate that the TCT was
>400 ym. Following epithelial debridement, 0.1% riboflavin
solution in 20% dextran (Shandong Fangming Pharmaceutical
Group Co., Ltd., Heze, China) was applied to the cornea every
3 min for 30 min. A digital slit-lamp photograph was performed
to ensure the appearance of riboflavin in the anterior chamber.
Next, the eye was irradiated with UVA light with a 370-nm
wavelength (UVX 1000 system; IROC Innocross AG, Zurich,
Switzerland) at a working distance of 5 cm. An area with
9-mm diameter in the center of the cornea was irradiated with
3 mW/cm? for 30 min. During the irradiation, 0.1% riboflavin
solution was applied every 3 min to maintain the riboflavin
saturation in the cornea stroma. The total exposure dose was
5.4 J/cm?.

At the end of the procedure, a bandage-type corneal
contact lens was applied until complete closure of the corneal
epithelium was observed. Postoperative medication included
a combination of 0.1% dexamethasone and 0.3% tobramycin
(TobraDex; Alcon Laboratories, Inc.) four times a day, and the
dose was tapered over 2 weeks.

pl-ACXL treatment. Patients were prepared using the same
process as for the CXL procedure. Following epithelial
debridement, 0.1% dextran-free riboflavin with hydroxyl,
propyl, methyl and cellulose (VibeX Rapid; Avedro Inc.,
Waltham, MA, USA) were instilled every 2 for 10 min.
After riboflavin had been observed in the anterior chamber,
the KXL system (Avedro Inc.) was applied to irradiate the
cornea with UVA light at a 365-nm wavelength, delivered
using 30 mW/cm? irradiance. The ‘pulsed-light” irradiation
mode was used to alternate 1 sec of UVA irradiation with a
1 sec pause, for a total duration of 8 min. The cumulative dose
was 7.2 J/em?. During UVA irradiation, balanced salt solu-
tion was distilled onto the subject's eyes to prevent dry spots
on the surface of the cornea. Postoperatively, a bandage-type
corneal contact lens was applied until complete closure of
the corneal epithelium, followed by application of the same
postoperative medications as those administered subsequent
to the CXL procedure.

Preoperative and postoperative examination items. All
patients received systematic ophthalmologic examinations
preoperatively and at each follow-up visit. Examination
included measurement of the uncorrected distance visual
acuity (UDVA), corrected DVA (CDVA) and manifest refrac-
tion spherical equivalent (MRSE). Tomography data were
recorded using Pentacam, including the maximum keratometry
(Kmax) and TCT. Corneal tomographic images were obtained
with optical coherence tomography (OCT) with the RTVue
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Table I. Baseline demographic and clinical characteristics of

patients in the CXL and pl-ACXL groups.

Parameter CXL pl-ACXL P-value
No. of 31 27 -
patients (n)

No. of eyes 36 36 -
treated (n)

Male gender 18 (58.06) 13 (48.15) 045
(%)

Age (years) 26.86+5.28 25.03+5.2 0.142
UDVA 0.9+0.34 0.82+0.37 0.356
(logMAR)

CDVA 0.36+0.25 0.28+0.23 0.159
(logMAR)

Astigmatism -3.32+1.69 -2.89+1.43 0.251
(D)

MRSE (D) -6.12+3.96 -5.54+321 0.496
Kmax (D) 54.38+5.65 53.05+4.8 0.284
TCT (um) 456.53+27.57 444 .22+31.81 0.084
ECD 2658.17+£265.84  2563.92+2389  0.118
(cell/mm?)

IOP (mmHg) 14.07+2.21 13.54+2.12 0.302

CXL, conventional corneal cross-linking; pl-ACXL, pulsed light
accelerated corneal cross-linking; UDVA, uncorrected distance visual
acuity; CDVA, corrected distance visual acuity; MRSE, manifest
refraction spherical equivalent; Kmax, maximum keratometry; TCT,
thinnest corneal thickness; ECD, endothelium cell density; IOP,
intraocular pressure.

OCT system (Optovue, Inc., Fremont, CA, USA). Various
microstructural features of the cornea were observed with a
Heidelberg Retina Tomograph confocal microscope with the
Rostock Corneal Module (HRT III; Heidelberg Engineering,
Inc., Heidelberg, Germany). Patients were evaluated preop-
eratively and at 1, 3, 6 and 12 months postoperatively. The
parameters were recorded at the follow-up visits by the same
experienced technician as prior to surgery.

Statistical analysis. Statistical analyses were performed
using SPSS version 20 software (IBM Corp., Armonk, NY,
USA). The Kolmogorov-Smirnov test was used to check for
a normal distribution of quantitative data, which are provided
as the mean + standard deviation. Postoperative changes were
evaluated using a paired t-test. If the data were not distributed
normally, the Wilcoxon rank-sum test was performed. An inde-
pendent sample t-test was performed to analyze the difference
in outcomes between the two groups, while the Mann-Whitney
test was performed when data were not distributed normally.
A P-value of <0.05 was considered to indicate differences that
were statistically significant.

Results

Patient characteristics and baseline values. In the present
study, CXL or pl-ACXL was performed on 72 eyes of
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Table II. Changes in clinical characteristics of eyes in the CXL
and pl-ACXL groups at 12 months postoperatively compared
with the baseline measurements.

Parameter CXL pl-ACXL P-value®
AUDVA 0.14+0.05 0.12+0.04 0.769
(logMAR)

ACDVA 0.12+0.03 0.09+0.02 0.323
(logMAR)

AAstigmatism 0.35+1.55 0.45+1.34 0.198
D)

AMRSE (D) 0.5+1.58 0.6+1.78 0.189
AKmax (D) 1.80+2.78 1.31+2.34 0.537
AECD 109.56+327.54 246.87+775.59 0317
(cell/mm?)

ATCT (um) 445.56+£26.06  440.31+£32.04 0.448
AIOP (mmHg)  13.39+2.52 13.36+1.79 0.954

*comparing CXL and pl-ACXL groups at 12 months postoperatively.
A, changes in clinical characteristics at 12 months postoperatively
compared with the baseline measurements; CXL, conventional
corneal cross-linking; pl-ACXL, pulsed light accelerated corneal
cross-linking; UDVA, uncorrected distance visual acuity; CDVA,
corrected distance visual acuity; MRSE, manifest refraction
spherical equivalent; Kmax, maximum keratometry; ECD, endothe-
lium cell density; TCT, thinnest corneal thickness; IOP, intraocular
pressure.

58 patients with progressive keratoconus. At baseline,
there were no significant differences between the CXL and
pl-ACXL groups in terms of their age, UDVA, CDVA, astig-
matism, MRSE, Kmax, TCT, ECD or IOP values. The baseline
parameters are summarized in Table I.

Postoperative complications. Following surgery, stromal haze
was observed in 17 eyes (47.22%) in the CXL group and 8 eyes
(22.22%) in the pl-ACXL group at the 1-month postoperative
visit. The haze disappeared in all eyes by 12 months after the
procedure. In the two groups, all patients selected presented
no delayed corneal epithelium healing, corneal melting,
permanent scars, endothelial damage, sterile infiltrates,
corneal infection or other complications during the 12-month
follow-up period.

Visual acuity and refractive outcomes. At the 12-month
follow-up, UDVA demonstrated a statistically significant
improvement of 0.14+0.05 and 0.12+0.04 logMAR chart
scores in the CXL and pl-ACXL groups, respectively (both
P<0.001; Fig. 1A). In addition, the CDVA exhibited a statisti-
cally significant improvement of 0.12+0.03 and 0.09+0.02
logMAR in the CXL and pl-ACXL groups, respectively (both
P<0.001; Table II and Fig. 1B). However, there were no statisti-
cally significant differences in postoperative astigmatism or
MRSE between the CXL and pl-ACXL groups (all P>0.05).
Furthermore, no statistically significant differences were
detected in the astigmatism or MRSE between the postopera-
tive and baseline values in the two groups (all P>0.05).
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Figure 1. (A) UDVA and (B) CDVA prior to and following CXL and pl-ACXL. "P<0.05 vs. preoperative value in the CXL group; 'P<0.05 vs. preoperative value
in pl-ACXL group. CXL, conventional corneal collagen cross-linking; pl-ACXL, pulsed-light accelerated corneal collagen cross-linking; UDVA, uncorrected

distance visual acuity; CDVA, corrected distance visual acuity.
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Figure 2. Maximum keratometry values prior to and following the CXL and pl-ACXL procedures. "P<0.05 vs. preoperative value in the CXL group; 'P<0.05 vs.
preoperative value in pl-ACXL group. CXL, conventional corneal collagen cross-linking; pl-ACXL, pulsed-light accelerated corneal collagen cross-linking.

Topographic results. Fig. 2 demonstrates the Kmax readings
from the Pentacam system preoperatively and at the 12-month
follow-up visit. Following CXL treatment, the Kmax values
in the pl-ACXL group initially increased at 1 and 3 months,
and later decreased at 6 and 12 months. There was a notable
improvement in the treated eyes, with the Kmax decreasing
by 1.80+2.78 D in the CXL group and 1.31+2.34 D in the
pl-ACXL group at 12 months post treatment compared with
the baseline. In the CXL group, 94.44% of the eyes (34/36)
presented flattened or stable Kmax values, as compared with
88.89% of the eyes (32/36) in the pl-ACXL group.

Demarcation line. A demarcation line can be observed
between the anterior hyper-reflective stroma and posterior
stroma with normal reflectivity. The mean stromal demarca-
tion line depth was 284.94+33.29 ym (range, 236-372 um) in
the CXL group and 201.64+27.72 ym (range, 163-279 ym)

in the pl-ACXL group. Thus, the demarcation line depth of
eyes in the CXL group was deeper in comparison with that in
the pl-ACXL group, with a statistically significant difference
observed (P<0.001; Fig. 3).

In vivo confocal microscopy and ECD. Following CXL
and pl-ACXL, in vivo confocal microscopy images demon-
strated that the sub-basal nerve plexus was obliterated,
and the density of the nerve plexus decreased at 1, 3 and
6 months postoperatively. However, this density returned to
the preoperative status at 12 months in the two groups. In
addition, in the 1-3-month postoperative period following
CXL, anterior stromal edema with honeycomb-like struc-
tures appeared and the keratocyte density decreased. These
changes were similar in the two treatment groups, however,
they were more pronounced following the CXL procedure. At
3 months, repopulation of the anterior stroma with keratocyte
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Figure 3. The horizon meridian cross-sectional optical coherence tomog-
raphy images of cornea 1 month following (A) conventional corneal collagen
cross-linking and (B) pulsed-light accelerated corneal collagen cross-linking.

A

Preoperative 3 Months

1 Month & Months 12 Months

Figure 4. In vivo confocal images of the changes observed following
(A) conventional corneal collagen cross-linking and (B) pulsed-light acceler-
ated corneal collagen cross-linking at an anterior corneal depth of ~150 ym.

nuclei was noted in CXL and pl-ACXL-treated eyes, while
the honeycomb-like structures were still apparent, but less
pronounced. At 12 months, the anterior stroma structure was
almost restored to the preoperative status in both groups. The
posterior stromal layers did not appear to have been affected
in the CXL or pl-ACXL groups. Confocal images of the
changes following CXL and pl-ACXL at an anterior corneal
depth of ~150 ym are presented in Fig. 4. Furthermore, a
significant difference in ECD was not observed at any of the
follow-up time points when compared with the baseline value
in either group.

Discussion

The efficacy of CXL, using 3 mW/cm? ultraviolet A (UVA)
light for 30 min, has been supported by various random-
ized controlled studies (6,23). However, this protocol is
time-consuming, thus research efforts are focusing on reducing
the treatment duration and discomfort, as well as improving the
safety of the procedure. pl-ACXL refers to a faster procedure
with higher radiation and reduced exposure time to maintain a
nearly constant total irradiance and efficacy, according to the
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photochemical law of reciprocity (16). Previous studies have
demonstrated the efficacy and safety of accelerated CXL as
a corneal stabilizing method for treating keratoconus (17,24).
In the present study a comparative analysis demonstrated
the efficacy of CXL and pl-ACXL in stabilizing keratoconus
progression after 12 months of follow-up, although a small
case series was used. To the best of our knowledge, no previous
studies exist in the literature comparing the results of CXL
and pl-ACXL procedures.

At the early stages following CXL and pl-ACXL, all
patients included in the current study presented no delayed
corneal epithelium healing, corneal melting, permanent scars,
endothelial damage, sterile infiltrates, corneal infection or
other complications. However, 17 eyes (47.22%) in the CXL
group and 8 eyes (22.22%) in the pl-ACXL group exhibited
different degrees of haze, which reached peak value at 1 month
after the surgery and gradually faded away within 3-12 months
after the surgery. Post-CXL corneal haze is usually a
temporary and common complication, which may occur in
10-90% of eyes treated with CXL (25). Haze may be caused
by the complex structural and physiological wound-healing
alterations, such as the hyperplasia of fibroblasts, in the
cornea stroma following CXL. Thus, it is a distinct clinical
component of the basic CXL healing process (26,27). It has
been demonstrated that the possibility of haze occurrence is
not associated with the type of CXL surgery (14). However, in
the present study, the incidence of haze in the CXL group was
significantly higher in comparison with that in the pl-ACXL
group (P=0.026). This may be due to the longer exposure time
of the corneal stroma during the CXL process. The current
study observed that the occurrence rate of haze following
pl-ACXL was ~22.22%, which is in agreement with the study
by Waszczykowska et al (28) reporting a 25% occurrence rate
following accelerated CXL (6 mW/cm?; 15 min) with a 2-years
follow-up. The correlation between CXL and postoperative
haze has to be further analyzed through the analysis of a larger
sample size.

The effects of CXL mainly present as variations of kera-
tometry over time, as observed on corneal topography. A
randomized control trial of CXL in progressive keratoconus
reported that, after 36 months of follow-up, 41 CXL treated
eyes experienced a mean reduction of Kmax by 1.03 D (6).
In a study by Caporossi et al (29), with a minimum of 4-year
follow-up, the mean value of Kmax decreased by 1.96 D at
1 year postoperatively. The present study findings were
similar to these aforementioned results. In the current study, a
decrease of the Kmax values was observed at 12 months after
the two treatments (CXL reduced by -1.80+2.78 D; pl-ACXL
reduced by -1.31+2.34 D), which indicated that the corneas
became flattened. Therefore, pl-ACXL treatment appears to
be as effective as CXL. In addition, the difference in treatment
protocols resulted in the pl-ACXL group receiving higher
total UVA irradiation (7.2 J/cm? at a 30 mW/cm? irradiance for
8 min, with 1 sec on/l sec off) as compared with that in the
CXL group (5.4 J/cm? with an irradiance of 3 mW/cm? over
30 min). In the study by Mazzotta et al (30), which used the
same pl-ACXL protocol as the present study, the apical curva-
ture of the treated cornea demonstrated a decrease by a mean
value of 1.39+0.38 D at 12 months of follow-up. The efficacy
of accelerated CXL is also supported by experimental data on



JIANG et al: CXL AND pl-ACXL FOR THE TREATMENT OF PROGRESSIVE KERATOCONUS

human donor corneas with scanning acoustic microscopy. The
results demonstrated an increase in stiffness of the corneal
tissue by the same factor of 1.051 following treatment with the
convention and accelerated CXL protocols (31).

The demarcation line represents the effective depth
following CXL (32). In the present study, the interaction depth
of CXL at 1 month after surgery was observed by performing
anterior segment OCT. The CXL treatment presented a deeper
effect, at a stromal depth of 284.94+33.29 ym, while pl-ACXL
treatment presented a penetration of 201.64+27.72 ym. These
findings were consistent with the findings of Mazzotta et al (30),
in which the demarcation line was 200 pm in depth subsequent
to pl-ACXL treatment. Kohlhaas et al (33) suggested that only
the anterior 200 ym of the cornea is affected in keratoconus.
The demarcation line depth recorded by OCT in the present
study suggests that the depth of cross-linking was sufficient to
reach the majority of the affected cornea.

CXL induces cell apoptosis of stromal keratocytes, and
one potential risk of CXL may be the damage to the corneal
endothelial cells (14). Vinciguerra et al (34) reported that,
following CXL surgery, stromal cell apoptosis was detected
on the corneal stroma at a depth of ~320 ym. In the CXL
procedure, the UVA irradiation energy was 5.4 J/lcm?, mark-
edly lower than the threshold that may cause injuries to the
corneal endothelium, lens and retina in a cornea of sufficient
thickness (34). In the current study, the radiation energy deliv-
ered during pl-ACXL was 7.2 Jlcm?. There were no statistical
differences in the ECD between the baseline and at 12 months
postoperatively.

Richoz et al (18) highlighted the slow rate of replen-
ishment of oxygen in the cornea as a potential limitation
of high-radiation accelerated CXL in an in vitro porcine
cornea experiment. A 1-year follow-up clinical study (30)
also confirmed that oxygen represents the main driver of
collagen cross-linking reaction. Pulsed-light treatment
optimized intraoperative oxygen availability, thus improving
the postoperative functional outcomes compared with
the continuous-light treatment of accelerated CXL (30).
Although in the current study the functional results at 1 year
after CXL and pl-ACXL demonstrated keratoconus stability
in the two groups, the functional outcomes were improved
in the CXL treatment group, which also presented a deeper
stromal penetration.

In vivo confocal microscopy was used to observe the
microstructural changes over time following CXL treatment
in the present study. Severe loss of sub-basal nerves was
observed in the early postoperative period in both the CXL
and pl-ACXL-treated eyes. Mechanical removal of the epithe-
lium may be mainly responsible for the loss of corneal nerves.
Previous in vivo confocal microscopy has demonstrated that
CXL and pl-ACXL may cause keratocyte apoptosis in the
anterior and middle stroma in the early postoperative period,
while by 6 months, the keratocytes had gradually repopulated
the cornea (35,36), which is consistent with the results of the
present study. The posterior stromal keratocyte density and
the endothelial cell density were unaffected by the two types
of CXL. These observations are in agreement with previous
studies that generally reported that the posterior stroma
and endothelium qualitatively are unaffected subsequent to
CXL (37,38).
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The limitations of the current study include the small
number of patients in each group and the short follow-up
period. The long-term effects of the two cross-linking
methods require further investigation. Nevertheless, in the
present study, it was observed that CXL and pl-ACXL were
able to control and delay the development of keratoconus to
a certain extent at an early stage following the surgery. The
efficacy of these techniques needs to be investigated with mid
to long-term follow-up and in a large cohort of patients.

In conclusion, CXL and pl-ACXL were safe and effective
procedures for stabilizing the progression of keratoconus.
The CXL technique offers more effective visual and topo-
graphic outcomes than pl-ACXL; however, pl-ACXL induces
less microstructural damage. The long-term effects of both
cross-linking methods require further study.
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