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Original Article

Keratoconus is a non-inf lammatory disease with pro-
gressive corneal ectasia. Corneal thinning and protrusion 
cause progressive myopia and irregular astigmatism, which 
can lead to a decrease in visual acuity. Although the exact 

pathogenesis of keratoconus has not been verified, a vari-
ety of genetic and mechanical factors, such as contact lens 
use and eye rubbing are considered possible causes [1-3].

Conventional treatments, such as glasses or contact lens-
es, help to restore visual acuity and to correct astigmatism 
and refractive errors, but such treatment does not inhibit 
the progression of keratoconus [4,5]. Intracorneal ring seg-
ment was reported to decrease mean keratometry (Kmean) 
and correct refractive error [6]. However, intracorneal ring 
segment is limited in cases where the thickness of the cor-
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nea ring insertion site is 450 μm or less. Corneal collagen 
cross-linking (CXL) for keratoconus using riboflavin and 
ultraviolet A (UV-A) with a wavelength of 370 nm was in-
troduced by Wollensak [5] as a new treatment option to 
stabilize the progression of keratoconus. Ultraviolet A-ri-
boflavin interaction generates an active oxygen species that 
induces covalent bonds between the amino groups of the 
collagen fibers. In an experimental study, the strength of 
the cornea increased by more than 300%, the thickness of 
the collagen fibers increased, and higher resistance to col-
lagen-degrading enzymes in the crosslinking cornea was 
observed [7-10]. In 2003, the first clinical results of ribofla-
vin-UVA induced CXL were reported by Wollensak et al. 
[11] in 23 eyes of keratoconus patients. The study showed 
decreased maximum keratometry (Kmax) values and an 
improvement in refractive error without significant ocular 
complications. Since then, various studies with a greater 
number of patients have reported an improvement in the 
index of keratoconus and the safety of CXL [12-18]. 

Although studies evaluating CXL have been performed, 
most have reported a relatively short follow-up of less than 
3 years, and long-term clinical results have rarely been re-
ported. In this study, we investigated the long-term clinical 
effects of CXL in Korean patients with progressive kerato-
conus through a comparison of the degree of keratoconus 
progression between CXL-treated eyes and the untreated 
contralateral eyes.

Materials and Methods 

The nine eyes of nine patients with progressive kerato-
conus who received CXL (treatment group) and the nine 
contralateral eyes that were not treated (control group) 
were observed for more than 5 years.  

Keratoconus was diagnosed with the presence of conical 
corneal protrusion, Kmax >47.0 diopter (D) by keratome-
try, stromal thinning of the cornea, the presence of Vogt’s 
striae (a vertical fine, whitish line near Descemet’s mem-
brane), and characteristic findings of central corneal opaci-
ty. Progressive keratoconus was defined based on a previ-
ous report by Wittig-Silva et al. [17]; an increase of >1.0 D 
in the Kmax, an increase of >1.0 D in refractive astigma-
tism, an increase of >1.0 D in spherical equivalent refrac-
tion, or a decrease of >5% in central corneal thickness 
within the last year. The staging of keratoconus was based 

on the Amsler-Krumeich keratoconus classification.
Logarithm of minimum angle of resolution (logMAR) 

best-corrected visual acuity (BCVA), Kmax, Kmean, the 
thinnest corneal thickness, and corneal astigmatism using 
Pentacam (Oculus, Wetzlar, Germany) were measured at 1, 
3, 6, 12, 24, 36, 48, and 60 months after the procedure in-
cluding baseline reference values. Pentacam was repeated-
ly measured three times or more at each visit. According 
to the instrument’s “Examination Quality Specification,” 
the qualitative evaluation including eye movement, im-
proper palpebral fissure and the decentration, the examina-
tion were repeated until they met criteria. The anterior 
segment, lens, vitreous and retina were evaluated with slit 
lamp examination. These exams were performed in both 
eyes.

CXL was performed following the standard protocol re-
ported by Wollensak et al. [11]. Under topical anesthesia 
with 0.5% proparacaine hydrochloride, a portion of corneal 
epithelium 7 mm in diameter was removed by a laser-as-
sisted subepithelial keratomileusis epithelial peeler fol-
lowed by the application of 0.1% riboflavin solution (10 mg 
riboflavin-5-phosphate in 10 mL dextran-T-500 20% solu-
tion) onto the cornea every 5 minutes for 30 minutes. Be-
fore UV irradiation, the surgeon confirmed that the ribo-
flavin was fully absorbed into the corneal stroma by slit-
lamp inspection and by the presence of a riboflavin flare in 
the anterior chamber. The cornea was exposed to UV light 
with a wavelength of 370 nm and an irradiance of 3 mW/
cm2 for a total time of 30 minutes using a UV-X System 
(Peschke Meditrade, Hunenberg, Switzerland); this corre-
sponds to an exposure of 5.4 J/cm2 to the cornea. Patients 
were instructed to fix their eyes on the center of the diode 
such that the UV-A rays were focused on the center of the 
cornea. During the UV irradiation, the cornea was rinsed 
with riboflavin solution every 5 minutes. After the treat-
ment, ofloxacin ointment (Ocuflox; Samil Pharmaceutical, 
Seoul, Korea) and a treatment contact lens were applied 
until the epithelium was completely healed. Topical moxi-
f loxacin (Vigamox; Alcon, Fort Worth, TX, USA) and 
0.01% fluorometholone (Ocumetholone; Samil Pharmaceu-
tical) were instilled every 6 hours during the first 2 weeks 
and then tapered off by 4 weeks. 

Statistical analysis between the preoperative and postop-
erative values was performed using the Wilcoxon signed-
ranks test of PASW ver. 18.0 (SPSS Inc., Chicago, IL, 
USA). The independent sample t-test was used to compare 
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the difference between the treatment group and the control 
group. A p-value less than 0.05 was considered to be statis-
tically significant.

Results

A total of 18 eyes of nine patients were examined. The 
mean age was 27.9 ± 8.1 years (range, 13 to 43) and there 
were five men and four women (Table 1). Surgical results 
in BCVA, Kmax and Kmean, corneal astigmatism and 
corneal thickness are shown in Fig. 1A-1E.

Visual acuity 

The BCVA improved from 0.58 ± 0.37 to 0.42 ± 0.32 log-
MAR in the treatment group at 1 year after CXL (p = 

0.043), which was steadily maintained for up to 5 years 
compared with the baseline. In contrast, the untreated eyes 
demonstrated deterioration of the BCVA from 0.15 ± 0.24 to 
0.22 ± 0.24 logMAR at 5 years, which was not statistically 
significant (p = 0.279) (Table 2). The improvement of visual 
acuity was significantly higher in the treatment group than 
in the control group from year 1 to year 5 (Fig. 1A). 

The BCVA was improved in eight of nine eyes (88.9%) 
in the treatment group at 5 years. Two eyes showed at least 
three lines of BCVA improvement. In contrast, the control 
group demonstrated BCVA improvement in only two of 
nine eyes (12.1%) and the BCVA decreased in four eyes 
(24.2%) (Fig. 2A and 2B). 

Topographic results

In the treatment group, Kmax decreased significantly 
from 63.39 ± 10.89 D preoperatively to 61.21 ± 10.58 D af-
ter 3 months (p = 0.011) and 60.89 ± 11.29 D after 5 years (p 
= 0.038), as compared with the baseline. Kmean decreased 
significantly from 50.87 ± 6.27 D preoperatively to 49.77 ± 
6.69 D after 3 months (p = 0.033) and 49.54 ± 7.23 D at 5 
years (p = 0.021). In the control group, Kmax increased by 
0.8 D after 5 years from 54.21 ± 9.87 to 55.01 ± 9.91 D, 
which was not statistically significant (p = 0.192). Howev-
er, Kmean increased significantly by 0.4 D after 2 years 
from 46.51 ± 4.70 D preoperatively to 46.92 ± 4.86 D (p = 
0.043). At 5 years, Kmean increased significantly by 0.8 to 
47.33 ± 5.54 D (p = 0.028) (Table 2). 

The improvement of Kmax and Kmean was more signif-
icant in treated eyes compared to untreated eyes at 3 
months (p = 0.001 and p = 0.011, respectively) which re-
mained until 5 years (p = 0.011 and p = 0.002, respectively) 
(Fig. 1B and 1C).

Corneal astigmatism

At 1 month postoperatively, corneal astigmatism in-
creased from 7.20 ± 1.83 D preoperatively to 8.16 ± 2.97 D 
with no statistical significance (p = 0.086). Corneal astig-
matism subsequently decreased to 6.08 ± 2.31 and 5.41 ± 
1.79 D at 1 and 5 years respectively (p = 0.028 and p = 
0.021, respectively). In the control group, corneal astigma-
tism increased from 2.70 ± 2.95 D preoperatively to 2.77 ± 
1.86 D at 5 years (p = 0.500) (Table 2). The improvement of 
the corneal astigmatism was more significant in the treated 

Table 1. Baseline demographic and clinical characteristics of 
the eyes in the treatment and control groups

Variable Treatment (n = 9) Control (n = 9) p-value
BCVA (logMAR)  0.58 ± 0.37  0.15 ± 0.24 0.021
Kmax (D)  63.39 ± 10.89 54.21 ± 9.87 0.069
Kmean (D) 50.87 ± 6.27 46.51 ± 4.70 0.066
Corneal 

astigmatism (D)
 7.20 ± 1.83  2.70 ± 2.95 0.033

Thinnest corneal 
thickness (μm)

434.00 ± 54.13 461.11 ± 51.24 0.058

No. of eyes 
Right eye     5 (55.6)       4 (44.4)
Left eye     4 (44.4)       5 (55.6)

Age (yr) 27.9 ± 8.1 27.9 ± 8.1
Sex 

Male     5 (55.6)       5 (55.6)
Female     4 (44.4)       4 (44.4)

Stage of 
keratoconus* 

Stage I    0       7 (77.8)
Stage II     5 (55.6)       1 (11.1)
Stage III     2 (22.2)       1 (11.1)
Stage IV     2 (22.2)     0

Values are presented as mean ± standard deviation or number (%).
BCVA = best-corrected visual acuity; logMAR = logarithm of 
minimum angle of resolution; Kmax = maximum keratometry; D 
= diopter; Kmean = mean keratometry.
*Amsler-Krumeich classification.
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eyes compared to the untreated eyes at 6 months (p = 0.031), 
which remained until 5 years (p = 0.019) (Fig. 1D).

Corneal thickness measurements

In the treated eyes, the thinnest corneal thickness de-
creased significantly from 434.00 ± 54.13 µm preoperative-
ly to 365.78 ± 71.58 µm at 1 month (p = 0.008). After 1 
month, corneal thickness showed a tendency to gradually 
increase to 402.67 ± 52.55 µm at 5 years, but showed a sta-
tistically significant decrease compared with the baseline 
(p = 0.020). In the untreated eyes, the thinnest corneal 
thickness changed from 461.11 ± 51.24 µm at baseline to 
467.22± 53.15 µm at 5 years (p = 0.236) (Table 2). The de-

crease of the thinnest corneal thickness was more signifi-
cant in the treated eyes for up to 5 years compared with 
the untreated eyes (Fig. 1E). 

Safety evaluations

All patients showed transient corneal edema in the heal-
ing process of the epithelial cells, with all corneal edema 
disappearing within 7 days. Although mild corneal haze 
occurred in one case, it disappeared 8 months after CXL.
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Discussion

The name keratoconus is derived from the Greek word 
for cornea “kerato” and cone-shaped “conus” and was 
first described by Nottingham in 1854 [19]. In general, ker-
atoconus is a non-inflammatory eye disease characterized 
by an asymmetric, bilateral, progressive corneal ectasia 
causing a cone-like bulge. The protruding cornea can 
cause high myopia and irregular astigmatism resulting in 
substantial distortion of vision [20]. A conservative treat-
ment option for keratoconus is the fitting of rigid contact 
lenses or eyeglasses to improve the quality of vision. Al-
ternatively, more invasive methods include intracorneal 
ring segment implants and lamellar keratoplasty or pene-
trating keratoplasty in case of advanced keratoconus. With 
the exception of keratoplasty, these treatments cannot stop 
the progression of keratoconus because they focus on the 
correction of the refraction rather than the pathological 
mechanism of stromal instability stemming from the col-
lagen abnormalities. In contrast, CXL induces biomechan-
ical stability of the cornea through a formation of covalent 
bonds between the collagen fibrils using UV-A and ribo-
flavin to stop the progression of the disease. CXL funda-
mentally addresses the pathophysiology of keratoconus, 

that is, the instability of the corneal stroma due to collagen 
abnormalities [21].

Many studies have reported that CXL improves visual 
acuity, reducing the corneal curvature and inhibiting dis-
ease progression. Previously, Hassan et al. [22] reported 
that CXL inhibits the progression of keratoconus, demon-
strating no significant aggravation in corneal curvature, 
astigmatism, and visual acuity after 3 years compared to 
the baseline in 38 eyes. Poli et al. [23] reported the results 
of CXL in 45 eyes with keratoconus observed for 36 
months, in which visual acuity improved significantly over 
3 years, as compared to the control group, where the Kmax 
value significantly deteriorated after 6 months with no fur-
ther significant variation after CXL. In a Korean study, a 
decrease in the Kmax value and corneal astigmatism and 
improvement of the BCVA at 1 year after CXL was report-
ed by Lee and Jin [24]. Noh et al. [25] showed that the 
Kmean value and corneal astigmatism improved signifi-
cantly at 1 year after CXL in 12 eyes.  

In this study, we analyzed the 5-year results of CXL in 
nine eyes of patients with progressive keratoconus through 
a comparison of visual acuity, keratometry, and corneal 
thickness between the CXL-treated eyes and the untreated 
contralateral eyes. 

In the treatment group, BCVA gradually recovered and 
showed a significant improvement at 1 year as compared to 
the baseline. Improved vision was steadily maintained for 
up to 5 years, with the exception of a slight decline in im-
provement at 2 years (Table 2). The improvement in visual 
acuity is caused by the recovery of corneal symmetry, 
with a reduction in the difference between the superior 
and inferior corneal hemi-meridians. Caporossi et al. [12] 
documented an improvement in corneal symmetry for up 
to 4 years after CXL. In the control eyes, the vision gradu-
ally deteriorated, but a statistically significant difference 
was not shown. This can be explained by the slow progres-
sion of the clinical course of the keratoconus, and visual 
acuity is considered to be a less sensitive indicator than 
other parameters [26,27]. In the control group, two eyes 
showed visual gains during the follow-up period without 
changes in the other clinical indicators, including Kmax, 
Kmean, or astigmatism. Although the visual gain was not 
explainable by keratometry, long-term neural compensa-
tion could result in improved visual performance in the 
keratoconus patients, as suggested by Sabesan and Yoon 
[28] in their study of adaptive optics. 
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Fig. 2. Bar graphs demonstrating best-corrected visual acuity 
changes (lines) 5 years after corneal cross-linking in keratoconic 
patients (A) and in the control group (B).
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In this study, eight eyes of nine patients (88.9%) in the 
treatment group gained one or more lines of BCVA with-
out visual deterioration during 5 years of follow-up (Fig. 2). 
However, in the control eyes, BCVA improvement was ob-
served only in two of nine eyes (22.2%). This suggests that 
CXL inhibits the progression of keratoconus and improves 
visual acuity. In a previous report, the BCVA was reported 
to improve by at least one line in 58% of patients at 3 years 
after treatment [4]. 

Kmax steadily decreased during the 5 years of fol-
low-up, with temporal deterioration at 1 month. Kmean 
decreased significantly 3 months after treatment and then 
remained stable during the 5 years of follow-up (Fig. 2). In 
a previous study, Caporossi et al. [12] documented a de-
crease in Kmean by an average of -2.24 D at 3 years, and 
Grewal et al. [13] reported a decrease in Kmax of -2.57 D 
at 3 years. Similarly, we observed decreases in Kmax of 
-2.63 D at 3 years and -2.50 D at 5 years after CXL. Based 
on these results, the effects of CXL on keratometric values 
were found to be maintained without progression up until 
5 years after treatment.   

Corneal astigmatism increased at 1 month after treat-
ment compared to the baseline, and then decreased signifi-
cantly f rom 1 year onward and remained consistent 
through 5 years (Fig. 1D). In previous studies, there was an 
initial aggravation of keratoconus because it took time for 
the CXL to take effect in the process of corneal epithelial 
healing [15,16]. Less initial improvements in visual acuity 
can be similarly explained. 

The thinnest corneal region showed the greatest decrease 
at 1 month after treatment, which was maintained until 3 
months, after which corneal thickness increased gradually, 
but showed a significant decrease at 5 years as compared 
to the baseline (Fig. 1E). The reduction of corneal thick-
ness after CXL has been reported in previous studies [13-
15]. The mechanism of initial corneal thinning has been 
associated with anatomic and structural changes such as 
compression of collagen fibrils, changes in corneal hydra-
tion, and keratocyte apoptosis. It is known that corneal 
thickness recovers after 3 months through re-epithelializa-
tion and epithelial remodeling [29]. The restoration of cor-
neal thickness back to the baseline has been reported to 
occur starting at 1 year after surgery [13,14]. Wittig-Silva 
et al. [18] documented that corneal thickness was mostly 
recovered at 12 months and decreased by 19.52 µm at 36 
months [18]. In this study, corneal thickness recovered 

steadily for the first 2 years and decreased by 32.7 µm at 2 
years and by 31.3 µm at 5 years. During the 5-year fol-
low-up period of this study, the pattern of corneal thick-
ness recovery slowed after 3 years, in contrast to previous 
studies that reported that corneal thickness steadily recov-
ered for 3 years. Thus, we suggest that longer follow-up 
periods were required after CXL in patients with thin cor-
neas. The corneal thickness of the control eyes did not 
show any statistically significant differences when com-
pared to the baseline, unlike other clinical indicators in-
cluding keratometric values. We suspect that most of the 
control eyes in this study were in the early stages of kera-
toconus, and the initial changes in corneal thickness were 
not significantly greater than the keratometric values, 
which were sensitive parameters of initial corneal changes.

One year after treatment, all keratoconus indices were 
significantly improved compared to the baseline and this 
improvement was maintained without statistically signifi-
cant changes for 5 years (Table 2). This suggests that the 
effectiveness of CXL stabilized at 1 year after treatment 
and remained consistent through the 5 years of follow-up. 

In the untreated eyes, the BCVA decreased and the 
Kmax, Kmean, and corneal astigmatism gradually in-
creased over time. In particular, the Kmean significantly 
increased by 0.4 D at 2 years and by 0.8 D at 5 years, indi-
cating the progression of keratoconus. Although the Kmax 
increased by 0.8 D from 54.21 ± 9.87 to 55.01 ± 9.91 D at 5 
years, there was no statistically significant difference from 
the baseline. A previous study reported increases in Kmax 
of 0.14 D at 3 months, 1.28 D at 1 year, and 1.75 D at 3 
years in patients with untreated keratoconus [18,29]. In this 
study, the changes in the corneal curvature of the untreat-
ed group were not larger than those of a previous study. 
However, considering that the untreated eyes were initially 
diagnosed as non-progressive keratoconus, the keratoconus 
was aggravated over time compared to the treated eyes, 
suggesting that prompt and aggressive treatment such as 
with CXL can be a potential therapeutic option to halt dis-
ease progression, even in non-progressive keratoconus.

We analyzed corneal edema and stromal haze to evalu-
ate the corneal toxicity of CXL. Corneal edema temporally 
occurred after CXL and disappeared within 1 week. In the 
treatment group, one of nine eyes (11.1%) developed mild 
stromal haze, which regressed within 1 month. A previous 
study reported stromal haze in 9.8% of treated eyes after 
CXL, a similar prevalence to that in our study [12].
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The limitations of this study include the small number 
of treated eyes and the retrospective analysis without ran-
domized controls. 

In conclusion, the 5-year data from our study demon-
strated that CXL improves visual acuity and inhibits the 
progression of keratoconus. All clinical indicators im-
proved at 1 year after treatment and our study found that 
the effect of CXL remained stable up to 5 years. In con-
trast to previous studies, the recovery of corneal thickness 
slowed after 3 years, suggesting that cautious long-term 
follow-up of corneal thickness is required after CXL treat-
ment, especially in patients with thin corneas. Though this 
study provides important data on the long-term stability of 
CXL with UVA in Korean patients, prospective studies 
with larger numbers of patients are required in the future.
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