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® PURPOSE: In animal eyes, a significant increase in
corneal biomechanical stiffness has been found after
collagen crosslinking by combined riboflavin/ultravio-
let-A (UVA) treatment. The aim of the present study
was to evaluate the clinical usefulness of riboflavin/
UVA-induced collagen crosslinking for bringing the
progression of keratoconus to a halt.

® DESIGN: Prospective, nonrandomized clinical pilot
study.

® METHODS: Twenty-three eyes of 22 patients with
moderate or advanced progressive keratoconus (maxi-
mum K value, 48-72 diopters) were included. After
central corneal abrasion, photosensitizing riboflavin
drops were applied and the eyes exposed to UVA (370
nm, 3 mW/cm?) in a 1-cm distance for 30 minutes.
Postoperative examinations were performed in 6-month
intervals, including visual acuity testing, corneal topog-
raphy, slit-lamp examination, measurement of endothe-
lial cell density, and photographic documentation. The
follow-up time was between 3 months and 4 years.

® RESULTS: In all treated eyes, the progression of kera-
toconus was at least stopped. In 16 eyes (70%) regres-
sion with a reduction of the maximal keratometry
readings by 2.01 diopters and of the refractive error by
1.14 diopters was found. Corneal and lens transparency,
endothelial cell density, and intraocular pressure re-
mained unchanged. Visual acuity improved slightly in 15
eyes (65%).

® CONCLUSIONS: Collagen crosslinking may be a new
way for stopping the progression of keratectasia in
patients with keratoconus. The need for penetrating
keratoplasty might then be significantly reduced in ker-
atoconus. Given the simplicity and minimal costs of the
treatment, it might also be well-suited for developing
countries. Long-term results are necessary to evaluate
the duration of the stiffening effect and to exclude long
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ERATOCONUS IS A NONINFLAMMATORY CONELIKE

ectasia of the cornea, which is usually bilateral and

progresses over time. Its reported frequency is ap-
proximately 1 in 2,000 in the general population.! Usually,
the condition starts at puberty, progressing in approxi-
mately 20% to such an extent that penetrating kerato-
plasty becomes necessary.2

Besides penetrating keratoplasty, hard contact lenses are
the major treatment modality for keratoconus. In rare
cases, epikeratoplasty, photorefractive keratectomy, or in-
tracorneal rings can be considered.!4-? However, all of
these techniques only correct the refractive errors of
keratoconus but do not treat the cause underlying the
corneal ectasia and therefore cannot stop the progression
of keratoconus.

A new technique of collagen crosslinking by the pho-
tosensitzer riboflavin and UVA similar to photopolymer-
ization in polymers® has been developed. In extensive
experimental studies in rabbit and porcine eyes, including
biomechanical stress—strain measurements,®~!! we showed
a significant increase in corneal rigidity by approximately
70% in untreated vs treated corneas® (Figure 1) after
collagen crosslinking by the combined riboflavin/UVA
treatment.

The aim of the present pilot study was to evaluate the
effect of the new crosslinking method on the progression of
keratectasia in patients with keratoconus and to exclude
possible serious side effects.

DESIGN

THIS WAS A PROSPECTIVE, NON-RANDOMIZED PILOT STUDY.

METHODS

® SETTING AND PATIENTS: Starting in 1998, 23 eyes of
22 patients (10 females, 12 males) from the University Eye
Clinic of Dresden were included in the study. The clinical
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FIGURE 1. (Top) Stiffening effect of porcine cornea after
crosslinking with preserved curvature in the treated cornea
(above) and massive bending of the untreated control cornea
(below). (Bottom) Wrinkling of untreated porcine cornea (left)
and form stability with impressive smoothness of the centrally
crosslinked porcine cornea (right).

diagnosis of keratoconus was based on corneal topography
(Figure 3) and clinical signs of keratoconus such as stromal
thinning, Fleischer ring, Vogt striae, or apical stromal scar.
The preoperative progression of keratoconus was con-
firmed from medical history in all patients, and it was
clearly documented by serial corneal topography!? in 12
eyes (52%; Figure 4). The average age of the recruited
patients was 31.7 = 11.9 years and ranged from 13 to 58
years (Tables 1 and 2). Except for patient 1, who had
congenital Leber amaurosis and acute bilateral keratoco-
nus, the patients had a moderate to advanced degree of
progressive keratoconus!'®> with maximum keratometer val-
ues between 48 and 72 diopters (Tables 1 and 2). For safety
reasons, in all cases except patient 1, only one eye was
treated; the fellow eye served as a control eye. Patients 11
and 22 wore hard contact lenses in the treated eyes before
and after the treatment. The prospective, nonrandomized
pilot study was conducted in accordance with the princi-
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FIGURE 2. Treatment of the central 7 mm of the centrally
abraded cornea with riboflavin drops and two UVA diodes.

ples in the Declaration of Helsinki. Subjects read and
signed an institutional ethics committee—approved con-
sent form before participation in the study.

® OBSERVATION PROCEDURES: The preoperative
screening and the postoperative examinations included
measurement of best-corrected visual acuity, corneal to-
pography using a videokeratoscope (C-scan; Technomed,
Baseweile, Germany), intraocular pressure by Goldmann
applanation tonometry, central endothelial cell density
using an endothelial cell microscope (EM-1200; Tomey,
Erlangen, Germany), corneal photography, and slit-lamp
and fundus examination. Preoperative pachymetry (Pa-
chette; Technomed, Baseweile, Germany) was performed
only in the last eight patients with minimal pachymetry
values ranging from 460 to 540 wm.

® TREATMENT PROCEDURE: The treatment procedure
was conducted under sterile conditions in the operating
room. Proxymetacainhydrochloride 0.5% eyedrops were
applied for preoperative local anesthesia. The central 7
mm of the corneal epithelium was cautiously removed
using a blunt knife. As a photosensitizer, riboflavin 0.1%
solution (10 mg riboflavin-5-phosphate in 10 ml dextran-
T-500 20% solution) was applied 5 minutes before the
irradiation and every 5 minutes during the irradiation.
After allowing riboflavin to permeate through the cornea
for at least 5 minutes, the UVA irradiation was started
using two UV diodes (370 nm; Roithner Lasertechnik,
Vienna, Austria) with a potentiometer in series to regulate
the voltage. Three 1.3-V accumulators were used as a
power generator. Before each treatment, the desired irra-
diance of 3 mW/cm? was controlled with a UVA meter
(LaserMate-QQ; LASER 2000, Wessling, Germany) at a
1-cm distance and, if necessary, regulated with the poten-
tiometer. The patient’s cornea was irradiated with the
UVA-light diodes (370 nm) at a 1-cm distance for 30
minutes using 3 mW/cm? irradiance, which corresponds to
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FIGURE 3. Corneal topography of a treated patient (Top) shortly before and (Bottom) 10 months after crosslinking with slight
regression of the maximum K value by 1.06 diopters.
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FIGURE 4. (Top) Column diagram demonstrating pretreatment progression of maximum K value in the half year before treatment
and posttreatment regression as measured at the latest follow-up examination for each patient. y axis: difference in maximum K value
in diopters; x axis: patient number; shaded bars = preoperative change of K value; solid bars = postoperative change of K value.
(Bottom) Biphasic curve illustrating the mean change over time of the maximum K value relative to the K value on the day of
treatment with mean preoperative progression by 1.4 diopters and postoperative regression by 2.0 diopters (x axis: time in months;
y axis: change of maximum K value in D).
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TABLE 1. Investigation Parameters

Endothelial Cell

Visual Acuity Refractive Correction Maximum K Value Density Corneal and Lens
Patient Age Postoperative Interval Preop Postop Preop Postop Preop Postop Preop Postop Transparency

r 13 47 no LP no LP = = = = = = =

1l 13 47 no LP no LP — — — — — —

2 41 35 HM 20/400 = = = i = —

3 32 33 20/50 20/22 -3 -1.5 49.69 48.30 2,300 2,300 =

4 19 33 20/40 20/33 —1.75 =15 57.94 57.90 2,400 2,390 =

5 38 31 20/25 20/20 -0.75 -0.75 49.36 49.32 2,200 2,250

6 58 31 HM HM =& —2.75 49.10 48.20 1,700 1,700 =

7 49 30 20/25 20/25 3.5 3.5 50.32 44.45 — — =

8 36 29 20/33 20/28 —8.25 —-3.5 50.94 48.20 2,600 2,640

9 29 29 20/66 20/33 -13 —13.125 56.49 53.29 2,580 2,600 =
10 36 27 20/25 20/22 —4.5 —2.125 53.19 51.11 — 2,700 =
11 31 27 20/40 20/33 -6 -7 49.85 50.13 2,150 2,130 =
12 29 24 20/50 20/28 =7 =55 55.50 52.61 2,450 2,450 =
13 39 20 20/66 20/40 -3 0 55.17 54.56 2,290 2,280 =
14 39 19 20/50 20/66 —2.75 =248 52.80 52.00 2,110 2,090 =
15 31 19 20/40 20/25 —6.75 —2.125 45.88 45.44 2,360 2,400 =
16 19 12 20/100 20/66 —10.25 —4.25 59.00 57.34 2,060 2,100
17 28 9 20/66 20/33 -0.75 —4 56.00 53.81 2,400 2,420 =
18 51 8 20/66 20/200 0.375 —0.875 55.60 52.18 2,100 2,050 =
19 32 7 20/66 20/50 -3.5 —-2.5 67.07 62.72 2,700 2,700
20 30 6 20/33 20/20 -1.0 0.5 51.06 47.08 2,050 2,050 =
21 24 5 20/66 20/50 —-3.0 —2.5 72.47 68.60 1,850 1,850 =
22 22 3 20/50 20/40 —1.25 —0.25 46.07 45.70 1,950 1,900 =

The preoperative values for visual acuity and maximum K value were determined on the day of treatment. The postoperative values are

given for the last visits.

= indicates unchanged transparency; HM = hand motion; LP = light perception; postop = postoperative; preop = preoperative.

a dose of 5.4 Jjem? (Figure 2). After the treatment, an
antibiotic ointment was applied until reepithelialization.

RESULTS

THE FOLLOW-UP TIME RANGED FROM 3 TO 47 MONTHS,
with a mean follow-up time of 23.2 = 12.9 months (Tables
1 and 2). Best-corrected visual acuity improved statistically
significantly in 15 patients (65%) by an average of 1.26
lines (95% confidence interval, —0.68 to 2.21; P = .026,
paired Student ¢ test), comparing the preoperative values
on the day of treatment vs the postoperative values of the
last examination. The refractive correction improved sig-
nificantly by an average of 1.14 diopters (95% confidence
interval, 0.12 to 2.17; P = .03) in spherical equivalent
(Table 2).

The mean preoperative progression of the maximum K
value was 1.42 = 1.18 diopters (Figure 4, bottom) in 12
eyes (52%). Postoperative regression of keratoconus, as
measured by the maximum K values (Table 1), was found
in 16 patients (70%; Figure 4, top and bottom) with an
average reduction of 2.01 diopters (95% confidence inter-
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val, 1.23 to 3.07 diopters; P = .001, paired Student t test),
comparing the preoperative values on the day of treatment
vs the postoperative values of the last examination (Figure
3). In five patients the K value remained stable, and in one
patient a minimal increase of the K value of 0.28 diopters
was present. In the fellow control eyes, however, 5 of 23
eyes (22%) showed a continuous progression of the max-
imum K value by an average of 1.48 diopters in the first
year after the crosslinking treatment of the contralateral
eye.

The postoperative healing process was unremarkable,
except for slight transient stromal edema until reepitheli-
alization after 3 days. There were no side effects, such as
persistent epithelial defects or scarring. During the first
postoperative night, some pain medication was adminis-
tered. The corneal and lens transparency and the endo-
thelial cell density (P = .45) remained unchanged (Tables
1 and 2). Contact lens wear for refractive correction in
patients 19 and 22 could be continued without tear film
stability problems.

No statistically significant difference was found between
the mean preoperative intraocular pressure of 13.6 * 2.0
mm Hg on the day of treatment and the mean postoper-
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TABLE 2. Summary of Patient Data and Results

Mean + SD P Value

Mean follow-up 23.2 = 12.9 months
Preoperative progression in K value 142 118D
Postoperative regression K value 201 174D .0001
Postoperative regression in refractive error (spherical 1.14£2.18D .030

equivalent)
Postoperative increase in visual acuity 1.26 = 1.5 lines .026
Postoperative intraocular pressure Unchanged 612
Postoperative transparency of lens and cornea Unchanged
Postoperative density of endothelial cells Unchanged .45

Number of patients: 22
Number of eyes: 23

Gender: 12 males, 10 females
Age: 31.7 = 11.9 years

The postoperative values were calculated as the difference between the value on the day of
treatment and at the last follow-up visit. The preoperative progression K value was calculated as the
difference in K value between the value half a year before treatment and the day of treatment.

ative intraocular pressure of 13.8 = 2.5 mm Hg (P = .615)
at the last visit.

DISCUSSION

THIS STUDY HAS SHOWN THAT COLLAGEN-CROSSLINKING
appears to be effective in stopping the progression of
keratoconus quasi “freezing” the cornea. This effect is
corroborated by the following data of the study!: Postop-
erative regression was observed in 70% of patients with a
decrease of the mean keratometer values by 2.01 diopters
postoperatively despite documented preoperative progres-
sion by 1.42 diopters in 52%.2 The postoperative refractive
corrections could also be reduced by an average of 1.14 *
2.18 diopters.® In the untreated fellow control eyes, a
postoperative progression of keratectasia by 1.48 diopters
was found in 22%.4 In biomechanical measurements of
earlier experiments, an increase in biomechanical stability
of approximately 70% was measured.®

In contrast to other therapeutic measures for treating
keratoconus, such as thermal keratoplasty, intracorneal
rings, or epikeratoplasty (which basically are only transient
refractive corrections),*? the new minimal invasive
method presented here seems to be the first approach to
stop or even reduce the progression of keratoconus. An
arrest of keratoconus by contact lenses has been described
only in anecdotal reports but has never been confirmed in
a systematic study.!

The success of crosslinking treatment in keratoconus is
not surprising, because a significantly reduced tensile
strength has been measured biomechanically'4 in kerato-
conous and a significant increase in corneal rigidity has
been measured in porcine and rabbit corneas treated by

Vol. 135, NO. 5

riboflavin/lUVA using quantitative biomechanical stress-
strain measurements.”~!! The impressive stiffening effect
after riboflavin/UVA treatment (Figure 1) is similar to
formaldehyde-induced tissue stiffening and fixation in
pathologic specimens caused by collagen crosslinking.

Pathohistologically, we were able to demonstrate a
significant increase in collagen fiber diameter as the
underlying histopathologic correlate.’> Increased corneal
collagen fiber diameters and increased collagen rigidity
have also been described in diabetes mellitus and aging,
where collagen crosslinking is also increased.!-18 In these
conditions, keratoconus rarely occurs.!® Increased resis-
tance to pepsin digestion after crosslinking has been
found,?® which might be important for keratoconus be-
cause a significantly elevated activity of collagenases has
been found.2!22

The arrest of the progression of keratoconus in our
patients could have been spontaneous as a so-called forme
fruste of keratoconus.?? In epidemiologic studies, however,
21% of patients with keratoconus progress to a state where
keratoplasty is required.2> In all our cases a progression of
keratoconus was known before the beginning of the
treatment at least by clinical history and clearly docu-
mented by corneal topography in 12 eyes (52%; Figure 4,
top). Moreover, postoperative regression was observed in
16 eyes (70%) after treatment, and this has never been
reported in the natural course of the disease.

In the two cases with hard contact lens wear (patients
11 and 22), the keratometry readings might have been
influenced by an orthokeratoplastic effect,24 but these two
cases did not show regression. The contact lenses were still
tolerated after crosslinking, and their use did not have to
be stopped.

TREATMENT OF KERATOCONUS BY CROSSLINKING 625



In the present study, we treated moderate to advanced
keratoconus stages.!3 If the good results of the new method
are corroborated over time, it would be preferable to treat
earlier stages of the disease so that a better visual acuity
might be preserved. Earlier stages were not included in this
study, because the possible risks involved were not yet
known.

We did not find an increase of the mean intraocular
pressure values postoperatively. Applanation tonometry is
not sensitive enough to reflect the increase in corneal
rigidity. A slight increase in intraocular pressure measure-
ment might also be masked by the normal slight variability
in intraocular pressure.

We have not observed any complications or adverse
events of the new method, especially no decrease in
endothelial cell density or cataract formation. We have
previously measured the amount of irradiation intensity
transmitted by the porcine cornea using a UVA photo-
meter. With 3 mW/cm? of UVA irradiance at the surface
of the cornea and a riboflavin concentration of 0.1%, there
is a massive reduction of the UVA light by 95%, resulting
in an irradiance of 0.15 mW/cm? (= an irradiation dose,
0.27 JJem?) at the endothelial level in a 500-wm-thick
cornea.® Without riboflavin, the UVA light would be
reduced in the cornea only by approximately 30%, with
approximately 50% UVA absorption in the lens.2

In experiments with rabbit eyes, the cytotoxic threshold
irradiance for the endothelial cells after combined ribofla-
vin/UVA treatment is 0.36 mW/cm? (=0.65 J/cm?),
which may be reached with a corneal thickness of under
400 pm using 3 mW/cm? irradiance (=5.4 J/cm?) at the
epithelial level.26 Preoperative pachymetry is essential and
was included in the last eight patients of the study. The
central corneal thickness in keratoconus usually is not
reduced to less than 400 wm.2? If so, however, the cross-
linking treatment should be avoided.

The UVA dose of 0.65 J/em? (0.36 mW/cm?) is far
below a cataractogenous level of 70 J/cm?.28 In addition,
lens damage is usually induced by UVB light in the
wavelength range of 290 to 320 nm, which has a higher
energy because of a shorter wavelength than UVA.28.29

The durability of the stiffening effect is unknown.
Because the collagen turnover in the cornea is estimated to
be between 2 to 3 years, %3l a repeat treatment may
become necessary in the long run.

Collagen crosslinking could also be useful for the treat-
ment of iatrogenic keratectasia resulting from laser in situ
keratomileusis3233 either as prophylaxis or as postoperative
treatment. The new treatment can also be used for treating
corneal melting lesions or superficial ulcers.* The residual
corneal thickness should be at least 400 wm to spare the
endothelium.

We believe that collagen crosslinking might become a
standard treatment for progressive keratoconus. Long-term
studies must exclude serious late complications and con-
firm the durability of the stiffening effect. The new method
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might reduce the need for donor material resulting from
keratoconus, which represents approximately 16% of all
keratoplasty indications.>> Given the very low costs and
the simplicity of the new method, it could be applied in
developing countries where access to keratoplasty or con-
tact lenses is a problem.
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