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PURPOSE: To prove the long-term dampening effect of riboflavin- and ultraviolet-A-induced collagen
crosslinking on progressive keratoconus.

SETTING: Department of Ophthalmology, C.G. Carus University Hospital, Dresden, Germany.

METHODS: Four hundred eighty eyes of 272 patients with progressive keratoconus were included in
this long-term retrospective study. The maximum follow-up was 6 years. At the first and all follow-
up examinations, refraction, best corrected visual acuity (BCVA), corneal topography, corneal
thickness, and intraocular pressure were recorded.

RESULTS: The analysis included 241 eyes with a minimum follow-up of 6 months. The steepening
decreased significantly by 2.68 diopters (D) in the first year, 2.21 D in the second year, and 4.84 D in
the third year. The BCVA improved significantly (R1 line) in 53% of 142 eyes in the first year, 57%
of 66 eyes in the second year, and 58% of 33 eyes in the first year or remained stable (no lines lost)
in 20%, 24%, and 29%, respectively. Two patients had continuous progression of keratoconus and
had repeat crosslinking procedures.

CONCLUSIONS: Despite the low number of patients with a follow-up longer than 3 years, results
indicate long-term stabilization and improvement after collagen crosslinking. Thus, collagen cross-
linking is an effective therapeutical option for progressive keratoconus.
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ARTICLE
Keratoconus is a corneal degeneration characterized
by bilateral conical protrusion and corneal thinning.1

The average age of appearance of keratoconus is the
second decade of life.2 The course of the disease varies
from slight irregular astigmatism to severe visual im-
pairment due to increasing protrusion and subepithe-
lial scarring. Because of the young age of the patients,
keratoconus often has a significant negative effect on
quality of life.3 Results of currently available treatment
options are not encouraging because the treatments do
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not stop the progression of keratoconus. Thus, because
of its progressive nature, keratoconus was the most
frequent reason for keratoplasty in the past 3 decades.4

Keratoconus leads to biomechanical alterations, and
its specific cause is not known.Thebiomechanical char-
acteristics of the cornea result from the collagen scaf-
fold and collagen compound and their bonding with
the collagen fibrils. The 3-dimensional configuration
of the collagen lamella fundamentally codetermines
the cornea’s resistance. Biochemical and immunohisto-
chemical studies of the matrix’s proteoglycans show
differences between normal and keratoconic cor-
neas.5–8 Enzymatic alterations with an increased ex-
pression of lysosomal and proteolytic enzymes,6,9–11

decreased concentration of protease inhibitors9,12

decreased thickness,6 and modified configuration of
the stromal collagen lamella13–15 have been observed.

A photooxidative collagen crosslinking technique
using riboflavin and ultraviolet-A (UVA) light was de-
veloped to counteract the progressive corneal thin-
ning, and thus the progression, of keratoconus. With
crosslinking, additional covalent binding between
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collagen molecules can be achieved, which stabilizes
the collagen scaffold and changes several tissue
properties.16

An increase in corneal stiffness and enhanced
resistance against proteolytic enzymes caused by the
riboflavin and UVA light was shown in enucleated
pig eyes.17–20 The crosslinking effect is not distributed
homogenously over the corneal depth. The stiffening
effect is concentrated in the anterior 200 to 300 mm of
the cornea due to the high absorption of UV light in
this area.21

In 1998, the first keratoconus patients had crosslink-
ing. To date, 480 eyes of 272 patients have had the
treatment at the Department of Ophthalmology, C.G.
Carus University Hospital, Dresden, Germany.

PATIENTS AND METHODS

This longitudinal study with consecutive recruitment
comprised patients with progressive keratoconus and a cor-
neal thickness of at least 400 mm. All patients were older than
18 years. The institutional ethics committee approved the
study, and all patients provided informed consent after re-
ceiving a detailed description of the nature of the treatment.

Progression indicating the necessity for treatment was
based on an increase in maximum keratometry (K) of 1.00
diopter (D) in 1 year, patient reports of deteriorating visual
acuity22 (excluding other possible non-cornea–related rea-
sons for deterioration), or the need for new contact lens fitting
more than once in 2 years.

Technique Background

Riboflavin (vitamin B2) has 2 important functions; it
absorbs UV irradiation and acts as a photosensitizer for the
generation of reactive oxygen species (singlet oxygen). In
combination with UV light, riboflavin forms radicals that
cause the crosslinking. When riboflavin penetrates the
stroma sufficiently, it shields the deeper tissues such as the
lens and retina. Ultraviolet-A light of 370 nm wavelength
(riboflavin’s absorption maximum) and 3 mW/cm2 was
used in this study. The 370 nm wavelength allows approxi-
mately 95% of UV light to be absorbed into the cornea;
thus, there is no risk for damage to the lens and retina. Before
treatment, the 3 mW/cm2 irradiance was checked with a
LaserMate-Q UVA meter (Laser 2000). Since 2006, the
UV-X irradiation tool (Fa. Peschke) with 3 mW/cm2 irradi-
ance has been used in the Department of Ophthalmology.

Surgical Technique

The crosslinking was performed in the outpatient service
of the Department of Ophthalmology. After topical anesthe-
sia of proxymetacaine hydrochloride 0.5% eyedrops was ad-
ministered, the epithelial tissue was removed in a 9.0 mm
diameter area. This was to ensure that the riboflavin pene-
trated the stroma and that a high level of UVA absorption
was achieved.

As a photosensitizer, 0.1% riboflavin solution was applied
to the cornea 20 minutes before the irradiation to allow suf-
ficient saturation of the stroma.23 Next, an 8.0 mm diameter
of central corneawas irradiatedwithUVA light with awave-
length of 370 nm and an irradiance of 3 mW/cm2. Two UVA
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diodes with a 10-degree radiation divergency were used as
the UVA radiation source. During the 30 minutes of irradia-
tion, drops of riboflavin solution were applied to the cornea
every 4 to 5minutes to sustain the necessary concentration of
the riboflavin and prevent desiccation of the cornea.

Postoperative Regimen

After crosslinking, antibiotic eye ointment (ofloxacin) and
vitamin A eye ointment (VitA-POS) were applied. Analge-
sics were prescribed. The ointments were applied until com-
plete reepithelialization of the cornea was achieved. If
necessary, artificial tears and topical steroids (fluorometho-
lone) were prescribed.

Follow-up Evaluation

Follow-up examinations were performed daily until com-
plete reepithelialization. Subsequent examinations were at
1, 6, and 12 months and then annually. At each examination,
refraction, best corrected visual acuity (BCVA)with glasses or
with contact lenses, corneal topography, central corneal thick-
ness (CCT), and intraocular pressure (IOP) were recorded.

Statistical Analysis

To quantify the crosslinking effect, the maximum K value
of the apex, maximum and minimum K values in 3.0 mm
zone topography, astigmatism, and BCVA were recorded.
The changes were estimated by subtracting each parameter
at the respective follow-up examination minus the day of
crosslinking. Statistical evaluation was performed by
analysis of variance (ANOVA) using SPSS software (version
12.5, SPSS, Inc.).

RESULTS

Two hundred forty-one eyes of 130 patients with
a mean age of 30.04 years G 10.46 (SD) were included
in the study. The mean follow-up was 26.7 G 16.2
months (range 12 months to 6 years). Preoperatively,
the mean K value of the apex was 62.6 G 12.7 D, the
mean maximum K value was 53.7 G 7.5 D, the mean
astigmatism was 6.5 G 4.4 D, and the mean BCVA
was 0.39 G 0.31 logMAR.

The improvements in BCVA, astigmatism, and K
values were statistically significant after the first year
postoperatively and remained stable for the remainder
of the follow-up (Table 1 and Figures 1 to 3). One year
after the crosslinking treatment, the BCVA improved
at least 1 line in 53% of 142 eyes (P!.01) and remained
stable in 20% of eyes. Astigmatism decreased by
a mean of 0.93 D in 50% of eyes (P!.01) and remained
stable (within G0.50 D) in 36% of eyes. The K value of
the apex decreased by a mean of 2.68 D in 62% of eyes
(P!.01) and remained stable in 17% (within G0.50 D).
The maximum K value decreased by a mean of 1.46 D
(P!.01) in 56% of eyes and remained stable (within
G0.50 D) in 30% of eyes. The minimum decrease in
astigmatism, the K value of the apex, and the maxi-
mum K value was 0.50 D.
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Table 1. Mean change in recorded values after crosslinking.

Mean G SD (%)*

Follow-up (y) Kmax Apex (D) Kmax (D) Astigmatism (D) Visual Acuity (LogMAR)

1 (n Z 142) �2.68 G 7.61 (78.8) �1.46 G 3.76 (85.9) �0.93 G 3.67 (85.6) �0.08 G 0.24 (73.1)
2 (n Z 66) �2.21 G 5.92 (79.3) �1.91 G 4.36 (89.4) �1.20 G 3.87 (84.8) �0.09 G 0.24 (81.0)
3 (n Z 33) �4.84 G 7.47 (80) �2.57 G 3.71 (67.2) �1.45 G 3.05 (68.2) �0.15 G 0.18 (87.1)
4 (n Z 13) �6.87 G 8.32 (84.6) �2.66 G 2.85 (85.6) �1.49 G 1.79 (85.6) �0.18 G 0.11 (91.7)
5 (n Z 5) �1.41 G 4.56 �2.47 G 2.18 �1.47 G 3.39 �0.13 G 0.29
6 (n Z 5) �2.95 G 2.35 �2.44 G 2.02 �0.90 G 1.60 �0.18 G 0.06

Kmax Z maximum keratometry; n Z number of examined eyes
*Percentage of the incidence of stable and improved parameters combined
An evaluation of 66 eyes in which stable parameters
were recorded and the preoperative values on the day
of treatment were compared with postoperative
values of the second-year examination showed that
BCVA improved at least 1 line in 57% of eyes and re-
mained stable in 24% of eyes (P!.01). Astigmatismde-
creased by amean of 1.20D in 43% of eyes (P!.01) and
remained stable (within G0.50 D) in 42% of eyes. The

Figure 1.A: Change in BCVA. After 1 year (n Z 142). B: After 2 years
(n Z 66). Improvement means a gain of at least 1 line of BCVA.
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K value of the apex decreased by a mean of 2.21 D in
60% of eyes (P!.01) and remained stable (within
G0.50 D) in 19% of eyes. The maximum K value de-
creased by a mean of 1.91 D in 54% of eyes (P!.01)
and remained stable (within G0.50 D) in 35% of eyes
(Table 1 and Figures 1 to 3). The minimum decrease
in astigmatism, the K value of the apex, and the max-
imum K value was 0.50 D.

Three years after the treatment, 33 eyes were exam-
ined. The BCVA improved at least 1 line in 58% of eyes
and remained stable in 29% of eyes (P!.01). Astigma-
tism decreased by a mean of 1.45 D in 54% of eyes

Figure 2.A: Change inmaximumkeratometry B: Change in astigma-
tism (ast) in the central 3.0mm zone over the 6-year follow-up (mean
G standard deviation) (Kmax Z maximum keratometry).
RG - VOL 34, MAY 2008
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(P!.01) and remained stable (within G0.50 D) in 14%
of eyes. The K value of the apex decreased by amean of
4.84 D in 78% of eyes (P!.01) and remained stable
(within G0.50 D) in 2% of eyes. ThemaximumK value
decreased by a mean of 2.57 D in 58% of eyes (P!.01)
and remained stable (within G0.50 D) in 9% of eyes
(Table 1 and Figures 2 to 4). The minimum decrease
in astigmatism, the K value of the apex, and the max-
imum K value was 0.50 D.

In assessing the values of the subsequent years, the
decreasing number of patients must be taken into con-
sideration. Nevertheless, stabilization can be assumed
(Table 1 and Figures 2 to 4).

There was no significant change in measured IOP
(meanIOPfirst year�meanIOPpreoperativeZ0.2G 1.4mmHg
after first year; mean IOPsecond year � IOPpreoperative Z
�0.3 G 1.4 mm Hg after second year) (PO.05). The
mean change in CCT was �2 G 12 mm after the first
year (PO.05) and 21 G 31 mm after the second year
(P!.05).

Two patients (aged 21 and 27 years) came in for fol-
low-up at 18 months and 21 months, respectively (af-
ter a period of stable status for several months). Both
patients had neurodermatitis. The examination re-
vealed progression of the keratoconus and worsening
of the neurodermatitis. At that time, the patients were

Figure 3. A: Change in K value of the apex (D). B: Change in maxi-
mum K value (Kmax) in central 3.0 mm zone over the 6-year fol-
low-up (mean G standard deviation).
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on intensive systemic therapy for the background dis-
ease. Because of the direct correlation between the dete-
rioration of the eye and the skin findings, the decision
was made to repeat the crosslinking procedure in
both cases.

Side effects such as endothelial damage or cataract
were not expected in view of the results and recom-
mendations of earlier studies (minimum corneal thick-
ness 400 mm).

DISCUSSION

Our study included a larger cohort and longer follow-
up time than comparable studies reported to date. The
number of patients in our cohort decreased with lon-
ger follow-up time because the study was longitudinal
with consecutive recruitment. In a pilot study of 16 of
23 eyes 3 months to 4 years after crosslinking, Wollen-
sak et al.24 found a mean reduction in steepening of
2.01 D. Caporossi et al.25 report a mean decrease in
steepening of 2.10 D in a 10-patient cohort with a max-
imum follow-up of 6 months after crosslinking.

Our long-term retrospective study confirmed that
collagen crosslinking is an effective therapeutical op-
tion for progressing keratoconus. Only 2 patients
with acute exacerbation of neurodermatitis showed
progression of keratoconus and therefore had repeat
crosslinking. This finding agrees with an observation
by Krumeich et al.,26 who describe destabilization of
the cornea and a tendency toward corneal melting af-
ter transplantation in patients with neurodermatitis.

The improvement in vision after crosslinking is
caused by a decrease in astigmatism and corneal cur-
vature as well as by topographical homogenization
of the cornea as a result of the increased rigidity in
the crosslinked cornea. In addition, the fitting of con-
tact lenses is improved.

The increase in CCT after the second year should be
studied further with optical pachymetry because it is
suspected that the velocity of the ultrasound is
changed due to structure modification (G. Karp, MD,
D. Reinstein, MD, ‘‘VHF Ultrasound Eye Scanner
Changes After Corneal Crosslinking,’’ presented at
the 3rd Corneal Cross Linking Congress, Zurich, Swit-
zerland, December 2007). On the other hand, optical
pachymetry also has intrinsic assumptions, one of
which is tissue refractive index, which is expected to
change in the area of the demarcation line as observed
by Seiler and Hafezi.27

Because of the convincing positive results in the first
clinical study of collagen crosslinking,24 comparison
with a control group was ethically unacceptable.
This is especially true in light of the Collaborative Lon-
gitudinal Evaluation of Keratoconus Study,22,28–30

which found a significant decline in vision within 8
URG - VOL 34, MAY 2008
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Figure 4. Corneal topography of a
patient who had corneal crosslink-
ing in the right eye; the left eye was
not treated. A: Right eye on the day
of crosslinking (BCVA 20/25). B:
Left eye (BCVA 20/25) on the day
of crosslinking. C: Right eye 18
months after crosslinking (reduction
in steepening 2.80 D; BCVA 20/25).
D: Left eye without crosslinking
shows progression of keratoconus
(increase in steepening of 2.61 D in
18 months; BCVA 20/50).
years, an increase in astigmatism and corneal curva-
ture, subepithelial scarring, and corneal thinning in
untreated keratoconic corneas.

Currently available conservative and surgical thera-
peutical options such as glasses, contact lenses, intra-
corneal rings, epikeratoplasty, thermal keratoplasty,
and lamellar keratoplasty can temporarily correct the
refractive effect but do not stop the progression of ker-
atoconus. In the long term, perforating keratoplasty is
often the only choice, although potential intraopera-
tive and postoperative complications (eg, rejection,
transplant failure, secondary cataract, secondary glau-
coma, recurrence of keratoconus in the transplanted
cornea) limit good long-term results.

By increasing the biomechanical stability of the
cornea using riboflavin- and UVA-induced collagen
crosslinking, it is possible to stop the progression of
keratoconus and therefore avoid the need for kerato-
plasty. In addition to clinical advantages, there are
enormous economical and psychosocial benefits.
Crosslinking is a practical outpatient service and is
a minimally invasive, cost-effective treatment with
minimal stress for patients. In contrast, keratoplasty
is surgically difficult, expensive, and time consuming;
it has many risks despite its good reproducibility. Pa-
tients often require intensive topical postoperative
treatment and frequent visits to the ophthalmologist
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for many years. Furthermore, keratoplasty confers
considerable restrictions in professional and private
daily life.

At present keratoconus, is not curable. However,
crosslinking can stop its progression. Thus, it is impor-
tant to crosslink corneas with progressive keratoconus
as early as possible. In the future, we may be able to
further improve vision by combining the crosslinking
procedure with procedures such as intracorneal ring
implantaton,31 topography-guided photorefractive
keratectomy, and thermal keratoplasty, an area that
is under clinical research (Wong JJ, et al. IOVS 2006;
47:ARVO E-Abstract 557).
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