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e PURPOSE: To analyze the 15-year results of corneal
crosslinking (CXL) in progressive keratoconus.

* DESIGN: Retrospective follow-up analysis of interven-
tional study patients.

e METHODS: This study included keratoconic eyes with
progressive disease treated from 2001 to 2006 at the
Department of Ophthalmology, Carl Gustav Carus Uni-
versity Hospital, TU Dresden, Germany. CXL was per-
formed by applying riboflavin and ultraviolet A (UVA)
light according to a standard protocol. The best-corrected
distance visual acuity (BCVA), slitlamp examination, and
corneal topography as well as corneal thickness values
were recorded preoperatively and 15 years after the treat-
ment.

e RESULTS: A total of 42 eyes received a complete follow-
up of 15 years. The mean age of the patients at baseline
was 26.9 (95% CI: 25.0-28.8) years. The maximum ker-
atometry was 61.6 (95% CI: 58.2 - 64.9) diopters (D)
preoperatively and 55.1 (95% CI: 51.6-58.4) D postop-
eratively; the decrease was statistically significant (P <
.001). The mean keratometry value changed from 50.3
(95% CI: 48.3-52.4) D to 47.5 (95% CI: 45.3-49.4) D
(P < 0.001). Furthermore, the thinnest corneal thick-
ness decreased statistically significantly by 40 (95% CI:
24-56) pm (P < .001). The BCVA improved statistically
significantly from 0.4 to 0.2 logMAR after the treatment.
Retreatment was needed in 14% of cases. Mild scarring
of the superficial stromal corneal layers was observed in
36% of the eyes, and in 67% of them visual acuity was
stable or even improved.

e CONCLUSIONS: The CXL procedure proved to be an ef-
fective method in the treatment of keratoconic eyes in the
progressive stage of the disease, and achieved long-term
stabilization without the occurrence of serious complica-
tions or side effects.  (Am J Ophthalmol 2023;250: 95—
102. © 2023 Elsevier Inc. All rights reserved.)
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non-inflammatory corneal disease that in 84% of

cases begins in the second decade of life! and in-
volves bilateral conical corneal bulging and thinning of the
corneal stroma.

A recent epidemiological study reported an incidence of
this corneal pathology to be 13.3 new cases per 100,000
population per year. In this study, the prevalence of kerato-
conus in the general population was estimated to 265 cases
per 100,000 population.” The reasons for such a large differ-
ences are probably due to the ever-increasing sensitivity of
modern diagnostic instruments, regional differences, avail-
ability of health care, and/or also differences in the design
and methodology of the study under investigation. Ethnic
differences also influence the incidence of keratoconus.’ *

A multi-center clinical trial in the United States con-
firmed the efficacy of treating progressive keratoconus by
cross-linking the cornea with ultraviolet A (UVA) radia-
tion and riboflavin with an excellent safety profile,” and,
based on these results, this procedure was granted US Food
and Drug Administration approval in April 2016.%7

The aim of this study was to monitor the long-term effi-
cacy, safety, and incidence of adverse effects of this proce-
dure in the indication of progressive keratoconus after 15
years.

KERATOCONUS IS A PROGRESSIVE ECTATIC, CLINICALLY

METHODS AND PATIENTS

This retrospective follow-up analysis of interventional
study patients was performed at the Department of Oph-
thalmology of the University Hospital Carl Gustav Carus,
TU Dresden, Germany. The Ethics committee of the TU
Dresden approved the study protocol following the tenets of
the Declaration of Helsinki. The study was retrospectively
registered at Clinicaltrials.gov (NCT04251143, registered
March 12, 2018).

Patients were included from January 2001 to October
2006 if they had keratoconus and showed significant pro-
gression of the disease during this period. Diagnosis and
progression were based on clinical and corneal topographic
findings. Significant progression was present if the maxi-
mum corneal keratometry value increased by more than 1
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diopter (D) or if there was deterioration of visual acuity with
necessary readjustment of contact lenses within 12 months.
Regarding the necessity of frequent contact lens fitting be-
cause of changes in refraction, it is normally recommended
to have a new contact lens fitted every 2 years. In case the
patient comes earlier with the claim that his/her visual acu-
ity has deteriorated with the contact lens in use and the
cause of the deterioration of vision has not been found on
the contact lens itself (eg, scratching, breakage, coating on
the lens surface), it is assumed that it is a change in the ker-
atometric values of the cornea, and thus the dynamics of
the process in terms of progression of keratoconus. Evalua-
tion of the disease progression after initial CXL treatment
was performed at least 9 months after the procedure when
keratocytes repopulation (after 3-6 months) had already
occurred. A re-increase in maximum keratometry (Kmax)
value of more than 1 D at 2 subsequent follow-up visits (3-
4 months) compared with its value during the steady-state
period after the first treatment was defined as a failure (re-
progression).® To avoid a potential influence of intra-day
variability on keratometry measurements, the patients were
examined commonly between 12 am and 2 pm. Within the
study period, no more than 3 experienced technicians per-
formed the topography and tomography measurements.

The severity of keratoconus was graded using the
Amsler—Krumeich classification based on central mean
keratometry value, corneal astigmatism, and corneal thick-
ness.”’ Patients had to be at least 18 years of age and had
to have signed the Informed Consent form after an expla-
nation of the surgical method. A contact lens wear discon-
tinuation of 14 days had to be observed before each exami-
nation. All patients underwent pre- and postoperative slit-
lamp examination to assess clinical findings, best-corrected
distance visual acuity testing (BCVA, in logMar), corneal
topography measurement (C-Scan videokeratoscope, Tech-
nomed GmbH, and Pentacam HR, Oculus Optikgeriite
GmbH, respectively), and thinnest corneal thickness (Pa-
chette ultrasonic pachymeter, Technomed GmbH, and
Pentacam HR Oculus Optikgerite GmbH, respectively).
Corneal topography was demonstrated as mean keratometry
(Km), maximum keratometry (Kmax), and corneal astig-
matism (CA). Exclusion criteria for the study were other
ectatic corneal diseases, such as Pellucid Marginal Degener-
ation (PMD), previous corneal surgery, such as laser-assisted
in situ keratomileusis (LASIK) or CXL, and current preg-
nancy.

e PROCEDURE: In all cases, the treatments were performed
unilaterally and on an outpatient basis in the Department
of Ophthalmology of the University Hospital Carl Gustav
Carus, TU Dresden, Germany. The exact procedure has
been described several times before (Table 1).%:1°

o STATISTICAL ANALYSIS: Statistical analysis was per-
formed using SPSS (version 27, IBM Statistics). The nor-

mal distribution was examined using Q-Q plots. Due to the
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TABLE 1. Description of the Applied S-CXL Protocol

Treatment target Progressive keratoconus

Fluence, total (mJ/cm?) 5.4

Intensity (mW/cm?) 3

Treatment time, min 30

Light source Customized UVA-light diodes
Irradiation mode Continuous

Epithelium status
Chromophore (centration)
Chromophore carrier

Off (mechanical abrasio)
Riboflavin (0.1%)
20% Dextran

S-CXL = standard cross-linking; UVA = ultraviolet A.

presence of a normal distribution, the linear mixed model
was applied to evaluate the preoperative and postoperative
data while also taking into account the inter-eye correla-
tion. Because of the multiple comparisons, the Bonferroni
correction was used. Mean values and 95% Cls are reported.
A P value of less than .05 was considered as statistically sig-
nificant.

RESULTS

In all, 47 eyes of 36 patients were initially included in
this study and had postoperative control at 10 years (mean
follow-up: 10.1 years; 95% CI: 9.6-10.6). Five of the 47
eyes dropped out after 15 years (dropout) because they
could not be examined for the last follow-up appointment.
The mean follow-up time was 15.4 years (95% CI: 14.9-
16.0). The severity of keratoconus was defined using the
Amsler—Krumeich staging, in which 42.6%, 23.4%, and
34.0% of patients were classified as stage 1, 2, and 3, re-
spectively. Further demographic data are shown in Table 2.

TABLE 2. Demographic Data of the Study Cohort

No. of eyes 47

Sex, male/female, no. (%)
Eyes, right/left, no (%)
Age, y, mean (Cl)

BCVA, logMAR, mean (CI)
Kmax, D, mean (Cl)

TCT, um, mean (Cl)
Amsler—Krumeich staging
Stage 1, n (%)

Stage 2, n (%)

Stage 3, n (%)

28 (78%) / 8 (22%)
24 (51%) / 23 (49%)
26.9 (25.0-28.8)
0.4 (0.29-0.44)
61.6 (58.2-64.9)
478.7 (462.4-495.9)

20 (42.6%)
11 (23.4%)
16 (34.0%)

BCVA = best correct visual acuity; Kmax = maximal ker-
atometry; TCT = thinnest corneal thickness.
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TABLE 3. Topographic and Pachymetric Outcomes After CXL treatment

Baseline Atter 10 years After 15 years pa Pb PC
No. of eyes 47 47 42
Kmean, D 50.3 (48.3-52.4) / 49.3 48.1 (45.8-49.9) / 46.9 475 (45.3-49.4) / 46.4 <.001¢ <.001¢ .518
Kmax, D 61.6 (58.2-64.9) / 58.1 55.6 (52.3-59.0) / 54.6 55.1 (51.6-58.4) / 54.5 <.001¢ <.001¢ 1.0
CA,D 6.4 (5.4-74)/5.5 4.4 (3.3-5.3) /3.9 3.7 (2.8-5.0) / 3.8 <.001¢ <.001¢ .887
TCT, um 478.7 (462.4-495.9) / 481 433.7 (417.7-450.1) / 436 440.5 (422.5-455.4) / 444 <.001¢ <.001¢ .818

CA = corneal astigmatism; CXL = corneal crosslinking; D = diopter; K = keratometry; TCT = thinnest corneal thickness.

2Comparison between baseline and 10 years follow-up.
bComparison between baseline and 15 years follow-up.
¢Comparison between 10 and 15 years follow-up.

9Statistically significant.Data are expressed as mean (95% Cl) and median.
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FIGURE 1. Bar graph of mean keratometry (Km) preoperatively, after 10 years, and after 15 years. Significance is marked with an

asterisk (*)

Topographic and pachymetric data are shown in Table 3.
There was a statistically significant decrease of —2.9
diopters (95% CI: —1.8 to —4.1, P < .001), —6.6 D (95%
Cl: —=3.5 to —9.6, P < .001), and —2.5 D (95% CI: —1.3
to —3.7, P < .001) for Km (Figure 1), Kmax (Figure 2),
and CA (Figure 3) at 15 years compared to the preoper-
ative values. There was also a statistically significant de-
crease in all of these parameters at 10 years. However,
no significant changes were observed between 10 and 15
years. The thinnest corneal thickness was statistically sig-
nificantly reduced by —40 um (95% CI: 24-56, P <.001)
at 15 years compared to baseline (Figure 4). BCVA (in log-
Mar) improved by —0.1 (95% CI: 0.03-0.23, P = 0.004)
(Figure 5). There were no statically significant changes in
either corneal thickness or BCVA between 10 and 15 years
of follow-up (all P < .05).

Six of the 42 (14%) eyes received re-crosslinking within
the study period of 15 years. The mean time period between
initial CXL and re-treatment (in case of treatment failure)
was 9 years. The mean age of these 6 eyes was 24 years at
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baseline. In 1 patient, re-treatment was performed in both
eyes. This female patient had Amsler—Krumeich grade 3
and was also obese (World Health Organization grade I1I) as
well having thrombotic thrombocytopenic purpura. Except
for 1 eye (stage 1), the other re-crosslinked eyes all had an
Amsler—Krumeich stage of 3. In addition, the patients had
allergies or theumatism. A summary of characteristics of
patients who underwent repeated CXL is shown in Table 4.

Mild scaring in superficial corneal layers was also present
in 15 eyes (36%). Among these eyes, 3 of them showed scars
already before the CXL procedure was performed. Corneal
scars developed in 33%, 20%, and 47% of cases with stage
1, 2, and 3, respectively. Ten of 15 patients (67%) with scar-
ring were stable or even improved their visual acuity after
15 years. A loss in visual acuity did not exceed of more than
2 lines in 33% of cases. These patients had a keratoconus
stage of 1 and 3. Between 10 and 15 years, the Kmax value
increased by more than 1 D in 8% of the eyes. However,
this progression was not observed within 12 months, so no
further re-intervention has been planned so far.
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FIGURE 2. Bar graph of maximum keratometry (Kmax) preoperatively, after 10 years, and after 15 years. Significance is marked
with an asterisk (*).
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FIGURE 3. Bar graph of corneal astigmatism (CA) preoperatively, after 10 years, and after 15 years. Significance is marked with
an asterisk (*).
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FIGURE 4. Bar graph of thinnest corneal thickness (TCT) preoperatively, after 10 years, and after 15 years. Significance is marked
with an asterisk (*).
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FIGURE 5. Bar graph of best-corrected visual acuity (BCVA) preoperatively, after 10 years, and after 15 years. Significance is

marked with an asterisk (*).

TABLE 4. Patients characteristics of necessary re-treatments.

Patient ID eye time to re-treatment Baseline Before re-treatment After 15 years

K mean K max VA K mean K max VA K mean K max VA
1 right 11 years 53.2 64.7 0.2 48.6 57.8 0.5 48.4 56.0 0.6
1 left 12 years 62.7 95.3 0.5 576 72.7 0.2 572 68.4 0.2
2 right 7 years 40.4 46.2 0.8 34.7 43.2 0.5 32.6 42.6 0.6
3 left 11 years 52.4 63.7 0.4 48.8 67.3 0.5 43.5 54.9 0.5
4 left 12 years 54.9 66.8 0.6 49.6 58.1 0.5 48.3 54.8 0.8
5 Left 9 months 571 721 0.1 577 73.8 0.5 519 65.1 0.5

K, keratometry; VA, visual acuity.

DISCUSSION

Clinical data obtained in recent years from several research
centers in Europe, Australia, and the United States have
shown that corneal crosslinking is an effective and safe
method for the treatment of progressive keratoconus. In
2008, the Dresden team described the largest published
case series to date, consisting of 241 eyes in 130 patients
who were monitored over a period of 6 years after corneal
crosslinking. This retrospective study confirmed previous
observations that had revealed statistically significant im-
provement in astigmatism, best correctable vision, and bet-
ter keratometric values at the apex of the keratoconus
(Kmax).'” The stability of the results and the safety of this
treatment method were also confirmed by analyzing the re-
sults of another long-term study after 10 years.'!

The main outcome of this study was the continuous sta-
bilization of the keratoconic cornea also after 15 years, con-
firmed by flattening of the mean central and maximal ker-
atometry as well as visual acuity. Furthermore, keratometry
values, corneal thickness, and visual acuity did not change
between 10 and 15 years, indicating that an ongoing remod-
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eling process, such as corneal flattening, is not endless. To
the best of our knowledge, this is the first study to provide
extensive long-term data.

The first prospective, randomized, controlled study was
performed by Wittig-Silva and colleagues using the so-
called “Dresden protocol.”'” This study provided findings
on refractive, topographic, and clinical outcomes in 46 eyes
with progressive keratoconus after corneal crosslinking. A
group of an additional 48 eyes served as a control group
over a 3-year follow-up period. A statistically significant
increase in Kmax values, a worsening of astigmatism, and
a decrease in uncorrected visual acuity were measured in
eyes in the control group after 3 years. In contrast to the
control group, a statistically significant decrease in kerato-
metric Kmax values and improvement in uncorrected and
corrected visual acuity were observed in the cross-linked
corneas. These achievements were comparable to the 6-
year results by our group.'’

Another prospective, randomized, and multi-center
study conducted in accordance with Food and Drug Ad-
ministration guidelines demonstrated improvement in un-
corrected and corrected vision, Kmax values, and mean ker-
atometric values after 1 year."” The study design of the U.S.
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multi-center clinical trials of crosslinking has demonstrated
the safety and efficacy of this technique for the treatment
of progressive keratoconus and corneal ectasia, thus making
this important medical advance available to patients in the
United States.’>’

In another prospective study, in the United Kingdom,
significant improvement in topographic and aberrometric
parameters was observed over a 5-year follow-up period.
Corneal stability persisted up to 7 years after corneal
crosslinking.'*

The results of our current study show that long-term sta-
bilization of progressive keratoconus can be achieved. The
CXL treatment significantly reduced the Km and the Kmax
in our study cohort after 15 years. Corrected distance vi-
sual acuity (CDVA) also improved significantly, because of
a reduction in corneal astigmatism and corneal keratom-
etry, as well as better contact lense fitting due to regu-
larization of the corneal surface. The long-term follow-up
results by the Italian authors also showed that the stan-
dard protocol represents a safe and effective treatment of
progressive keratoconus over 13 years of follow-up.!” Con-
cerning the corneal topographical and tomographical re-
sults, the authors found that Kmax remained statistically
unchanged, demonstrating the stabilization of the kerato-
conus. However, an index representing the anterior curva-
ture of a 3-mm area around the thinnest location was re-
duced, indicating an improvement of the steeper area of the
cornea.”” In contrast, long-term results from Nicula et al
confirmed the continuous flattening of central keratometry
values up to 10 years. ' In their study population, visual acu-
ity, refractive cylinder, and spherical equivalent improved
significantly as well. In another long-term study, a reduc-
tion of central keratometry was found to be significant af-
ter 10 years.!” A quantitative comparison between differ-
ent studies is difficult, as various measuring devices were
used and different study cohorts were investigated. Corneal
alterations induced by CXL depend on preoperative val-
ues, such as Kmax, or the observed follow-up interval. It is
known that a stronger corneal flattening occurred more in
advanced cases.'®? Therefore, the higher decrease of Km
and Kmax in our study might be explained by the fact that
nearly half of the eyes presented with Amsler—Krumeich
stage 3.

The thinnest corneal thickness was still reduced after 10
or more years following CXL, as was found in the current
study. !> 17,

In the present study, keratometry values, corneal thick-
ness, and visual acuity did not change between 10 and 15
years, indicating that an ongoing remodeling process, such
as corneal flattening, might be not endless. Only 8% of the
eyes showed an increase of more than 1 D between 10 and
15 years. The increase did not proceed within 12 months;
thus a re-treatment was not indicated. The long stabiliza-
tion effect can also be explained by the naturally stiffen-
ing of the cornea,’’ in which older persons have a higher
Young’s modulus compared to younger persons.”” Mazzotta
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et al demonstrated, in their long-term results of pediatric
keratoconus patients, that the CXL effect on topography
and tomography remained successful up to 7 years, at which
point a further progression was observed in 21% of eyes be-
tween 7 and 10 years.”> The authors assumed a loss in ef-
ficacy due to the corneal collagen turnover resuming a re-
newed instability of the cornea.

In our study, 14% of eyes needed a re-treatment with a
mean follow-up period of 9 years, although 1 re-CXL was
necessary after only 9 months. Therefore, the lower failure
rates and the lasting stabilization between 10 and 15 years
might be due to the natural tissue aging effect. Neverthe-
less, treatment failure occurred mostly in patients with ad-
vanced keratoconus or those with allergies and rheumatism.
Previously, we observed a cumulative prediction rate of suc-
cess of 92.5% (failure rate, 7.5 %) after 3 years in a large
cohort of 120 eyes, in which a higher preoperative Kmax
was a predictor for re-CXL.”* In addition, Vinciguerra et al
found a failure rate of 7.4% in their long-term study.'” They
used the ABCD progression display to evaluate progression
after CXL. The reason for using the ABCD progression dis-
play was to overcome the lack of the high noise level of the
Kmax value before and after CXL.2°> Therefore, it is recom-
mended to use the display as an objective method to stan-
dardize the assessment of treatment failures.!”*%:*7

Complications such as prolonged epithelialization, infec-
tions, limbal stem cell insufficiency, and endothelial cell de-
compensation were not observed. Concerning the develop-
ment of corneal scars after the treatment, we found that
these clinical findings could be observed at all stages of ker-
atoconus. However, these scars did not affect the vision in
two-thirds of treated eyes, as the visual acuity remained sta-
ble or improved after 15 years. A loss of vision (no more
than 2 lines) was observed in cases that were classified as
Amsler—Krumeich stage 1 and 3, indicating that all pa-
tients undergoing CXL must be informed about the possi-
bility of corneal scars developing.

In 2004, keratoconus was the cause of 15.1% of the
more than 30,000 corneal transplantations performed in
the United States.”® These patients have the best prog-
nosis after corneal transplantation’’; however, sometimes
corneal transplantation may not be the best option because
patients with this disease are often young and very active,
which has implications for their overall quality of life. In
addition, patients’ perception of success may not reflect the
clinical success criteria (eg, clear corneal graft), as some
patients report dissatisfaction with visual acuity and are
handicapped by limitations in “daily functioning” despite
achieving good CDVA and a clear graft.”’

The implementation of CXL procedure in the standard
treatment algorithm for progressive keratoconus has made
it possible to reduce the necessity of indications for corneal
transplantation in this disease.’®’! The economic conse-
quences of the introduction of this CXL treatment are also
important. Because CXL is a relatively simple outpatient
procedure, the effectiveness of which we have been able to
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confirm in our long-term results, a reduction in the neces-
sity of corneal transplants reduces the financial costs for pa-
tients with this diagnosis, which has significant economic
consequences for the national health system.’”*

The results of this study are limited by the different
measurement devices that were used to assess corneal to-
pography and tomography both pre- and post-operatively.
However, the technological development of ophthalmic
devices has become a comprehensive gain in the last
decade. The current standard to measure corneal topogra-
phy and tomography is the Scheimpflug technology that
was released in 2005, after the procedure was introduced.
Therefore, the amount of flattening in Km and Kmax might

be influenced by the systematic bias of both the C-Scan
videokeratoscope and the Pentacam HR. However, it can
be assumed that keratometry values of both devices were
at least strongly correlated. Nevertheless, the success of
the treatment is also confirmed, if no further clinically
significant progression can be observed.

In conclusion, the corneal crosslinking procedure is an
effective, minimally invasive method to halt progression of
the keratoconus over a long-term period. The safety and ef-
ficacy of this treatment were maintained over a period of 15
years. Re-treatment was necessary in 13% of cases, which
makes follow-up examinations very important in clinical
practice.
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