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Corneal thickness changes during corneal collagen cross-linking with UV-A irradiation

and hypo-osmolar riboflavin in thin corneas
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ABSTRACT

Purpose: To evaluate the thinnest corneal thickness changes during and after
corneal collagen cross-linking treatment with ultraviolet-A irradiation, using hy-
po-osmolar riboflavin solution in thin corneas.

Methods: Eighteen eyes of 18 patients wereincluded in this study. After epithelium
removal, iso-osmolar 0.1% riboflavin solution was instilled to the cornea every 3
minutes for 30 minutes. Hypo-osmolar 0.1% riboflavin solution was then applied
every 20 seconds for 5 minutes or until the thinnest corneal thickness reached
400 um. Ultraviolet-A irradiation was performed for 30 minutes. During irradia-
tion, iso-osmolar 0.1% riboflavin drops were applied every 5 minutes. Ultrasound
pachymetry was performed at approximately the thinnest point of the cornea
preoperatively, after epithelial removal, after iso-osmolar riboflavin instillation,
after hypo-osmolar riboflavin instillation, after ultraviolet-A irradiation, and at 1,
6 and 12 months after treatment.

Results: Mean preoperative thinnest corneal thickness was 380 + 11 um. After
epithelial removalitdecreasedto 341+ 11 um, and after 30 minutes of iso-osmolar
0.1% riboflavin drops, to 330 + 7.6 um. After hypo-osmolar 0.1% riboflavin drops,
mean thinnest corneal thickness increased to 418 + 11 um. After UVA irradiation,
it was 384 + 10 um. At 1, 6 and 12 months after treatment, it was 372 + 10 um,
381+ 12.7,and 379 + 15 pm, respectively. No intraoperative, early postoperative,
or late postoperative complications were noted.

Conclusions: Hypo-osmolar 0.1% riboflavin solution seems to be effective for
swelling thin corneas. The swelling effect is transient and short acting. Corneal
thickness should be monitored throughout the procedure. Larger sample sizes
and longer follow-up are required in order to make meaningful conclusions re-
garding safety.

Keywords: Keratoconus/therapy; Collagen/radiation effects; Riboflavin/therapeu-
tic use; Ultraviolet therapy; Cross-linking reagents; Corneal pachymetry

RESUMO

Objetivo: Avaliar as alteracdes da espessura minima da cdrnea durante e apds o cross-
linking do coldgeno corneano com radiagdo ultravioleta A e solugdo hipo-osmolar
de riboflavina em cérneas finas.

Meétodos: Dezoitoolhos de 18 pacientes foram incluidos neste estudo. Apds aremo¢éo
do epitélio, solugdo iso-osmolar de riboflavina 0,1% foi instilada a cada 3 minutos por
30 minutos. Solugdo hipo-osmolar de riboflavina 0,1% foi entéo aplicada a cada 20
segundos por 5 minutos ou até que a espessura minima da cérnea atingisse 400 um.
Irradiagdo UVA foi feita durante 30 minutos. Durante a irradiacdo, riboflavina iso-
osmolar 0,1% foi aplicada a cada 5 minutos. Paquimetria ultrassénica foi realizada
no ponto mais fino da cérnea antes da cirurgia, apos a remogéo do epitélio, apds a
instilagdo de riboflavina iso-osmolar, apds a instilagdo de riboflavina hipo-osmolar,
apés airradiagdo com UVA e apds 1, 6 e 12 meses do tratamento.

Resultados: Antes da cirurgia, a espessura minima da cdrnea era de 380 £ 11 um.
Ap6s aremogdo do epitélio, este valor foi reduzido para 341 + 11 um e apds 30 minutos
de riboflavina iso-osmolar, caiu para 330 + 7,6 um. Apés a riboflavina hipo-osmolar,
a espessura minima da cérnea aumentou para 418 + 11 um. Apds a irradiacdo com
UVA, era de 384 + 10 um. Apds 1, 6 e 12 meses do tratamento este valor era de 372 +
10,381 + 12,7 € 379 + 15 um, respectivamente. Nao foram observadas complicacées
no intra ou no pds-operatdrio precoce ou tardio.

Conclusées: A solucdo de riboflavina hipo-osmolar 0,1% parece ser eficaz para
edemaciar cérnea finas. Este efeito é transitério e de curta duragdo. A espessura da
cérneadeveria ser monitorada durante todo o procedimento. Maior nimero de casos e
seguimento prolongado séo necessdrios para tirarmos conclusdes quanto aseguranga.

Descritores: Ceratocone/terapia; Coldgeno/efeitos de radiacao, Riboflavina/uso
terapéutico, Terapia ultravioleta; Reagentes para ligacées cruzadas; Paquimetria
da cérnea

INTRODUCTION

Corneal collagen cross-linking (CXL) therapy is a technique that
uses a combination of riboflavin (vitamin B2) and ultraviolet-A light
(UVA) to induce cross-linking in stromal collagen and thereby increa-
ses the mechanical rigidity of the cornea. The role of riboflavin in
this method is dual. It works as a photosensitizer for the induction of
cross-links and protects the underlying tissues from the deleterious
influence of UVA irradiation. CXL is currently used to treat progressive
corneal ectasia occurring in keratoconus? or following laser refracti-

ve surgery™? It is thought to work by enhancing the biomechanical
properties of the tissue"? and its resistance to enzymatic digestion®.

The removal of the epithelium has been recommended as an
initial step of the CXL procedure since its lipophilic nature reduces
the diffusion of riboflavin into the corneal stroma‘™. Moreover, the
epithelium may block UV rays®. The photosensitizer riboflavin is
applied to the de-epithelialized surface of the cornea and allowed to
penetrate into the corneal stroma"®. The subsequent exposure of the
cornea to UVA light is thought to result in photodynamic cross-lin-
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king when the riboflavin, excited by UVA, creates free radicals leading
to cross-linking of collagen”®.

The currently used treatment parameters induce cross-links in
the anterior 250-350 um of the corneal stroma". Thus, to protect
the endothelium and deeper ocular structures, CXL inclusion crite-
ria require a minimal corneal thickness of 400 um after epithelium
removal”?. However, a recent modification to the technique, in
which a hypo-osmolar riboflavin solution is applied to induce stro-
mal swelling and increase stromal thickness prior to UVA irradiation,
has enabled the treatment to be performed on thinner keratoconus
corneas (<400 um) that would not have previously been eligible for
riboflavin/UVA treatment®'9,

This prospective study evaluated the intraoperative pachymetric
variations during the procedure and one year after CXL treatment
with UVA irradiation, using hypo-osmolar riboflavin solution to indu-
ce stromal swelling and increase the stromal thickness before CXL in
thin corneas with progressive keratoconus.

METHODS

Eighteen eyes of 18 patients, 11 men and 7 women, with pro-
gressive keratoconus and thinnest corneal thickness (TCT) less than
400 pum (with the epithelium) were enrolled in this study. Mean pa-
tient age was 24 + 4.2 years (range, 18-31 years).

Patients with one of the following criteria after the preoperative
examination were excluded: age younger than 16 or older than 35
years, corneal scars or opacities, pregnancy or lactation, active anterior
segment pathologic features, previous corneal or anterior segment
surgery, systemic connective tissue disease, ocular or systemic disease
that could affect the epithelial healing, and dry eye syndrome. Patients
using rigid contact lenses were asked to discontinue lens use for at
least 3 weeks before the preoperative evaluation.

An increase of 1.00 diopter (D) in maximum topographic K-value
(Kmax) and a reduction of corneal thickness with or without changes
in uncorrected visual acuity (UCVA) and best-spectacle corrected vi-
sual acuity (BSCVA) within the last year were considered as indications
of progression. Similarly, a decrease of 1.00 D in Kmax was considered
as indication of regression.

Preoperative and postoperative examinations included: UCVA,
BSCVA, slit-lamp biomicroscopy, Goldmann tonometry (Haag Streit,
Bern, Swiss), fundus examination (Sigma 150K, Heine, Germany),
specular microscopy (Konan, Hyogo, Japan), ultrasound pachymetry
(CompuScan™ P, Storz, St. Louis, MO, USA), and corneal topography
(Orbscan llz, Technolas Perfect Vision GmbH).

The institutional ethics committee approved the study. All pa-
tients provided written informed consent in accordance with the
Declaration of Helsinki after receiving a detailed description of the
nature and risks of the treatment.

TREATMENT

Corneal CXL was conducted under sterile conditions in an opera-
ting room.

All patients received a mild oral sedative (diazepam 5 mg) 30 mi-
nutes before surgery and two drops of topical 0.5% proximetacaine,
2 to 5 minutes before surgery. A wire eyelid speculum was placed for
exposure. Corneal epithelium was removed by mechanical scraping
over the central cornea (9.0-mm) with a blunt Paton spatula (Storz
Ophthalmic Instruments, St Louis, USA).

The lid speculum was removed. Iso-osmolar 0.1% riboflavin so-
lution (402.7 mOsmol/L) with dextran T500 20% was instilled to the
cornea every 3 minutes for 30 minutes. A slit-lamp examination,
using a blue filter, ensured the presence of riboflavin in the anterior
chamber. Hypo-osmolar 0.1% riboflavin solution without dextran
(310 mOsmol/L) was then applied every 20 seconds for 5 more mi-
nutes or until the thinnest corneal thickness (TCT) reached 400 um.
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The lid speculum was replaced. Fixation during irradiation was
achieved by instructing the patient to focus on the light-emiting
diode on the UVA emitter. The surgeon'’s thorough control ensured
the patient’s centration. Ultraviolet-A irradiation was performed for
30 minutes using a commercially available UVA system (UV-X, Pes-
chke Meditrade) at a working distance of 5 cm with an irradiance
of 3 mW/cm?, corresponding to a surface dose of 5.4 J/cm?. During
irradiation, iso-osmolar 0.1% riboflavin drops were applied every 5
minutes to ensure saturation of the cornea with riboflavin. A topical
anesthetic agent (0,5% proximetacaine) was applied as needed.

Three consecutive ultrasound pachymetry (CompuScan™ P,
Storz, St. Louis, USA) measurements were obtained at approximately
the thinnest point of the cornea, based on the Orbscan corneal to-
pography and pachymetry maps, and the thinnest measurement was
recorded. The probe tip of the pachymeter was held perpendicular
to the cornea. Measurements were performed preoperatively, after
epithelial removal, after iso-osmolar 0.1% riboflavin instillation, after
hypo-osmolar 0.1% riboflavin instillation, after UVA irradiation, and at
1,6 and 12 months after CXL.

After treatment, patients were medicated with topical moxifloxa-
cin 0.3% drops 4 times a day for 5 days, and ketorolac tromethamine 3
times a day for 3 days. Soft therapeutic lens was applied until complete
re-epithelialization of the cornea. Unpreserved artificial tears were re-
commended for mild irritation. Paracetamol-codeine pain medication
was also prescribed as needed for the first 2 to 3 days. Fluorometholone
eyedrops were then applied 3 times a day for 2 weeks.

Postoperative examinations were scheduled daily until complete
re-epithelialization and for 1, 6 and 12 months postoperatively.

Statistical analysis was performed using SPSS 17.0 (SPSS, Inc.) soft-
ware package. The paired t-test was used to check the significance of
the difference between two dependent groups for every continuous
variable. The level of statistical significance was considered when
p-value was lower than 0.05.

RESULTS

After treatment, complete re-epithelialization was observed within
4 days in all patients.

Twelve months after CXL, 12 eyes (66.6%) had no change in their
BSCVA compared to preoperative data, and 6 eyes (33.3%) had an
increase of 1 line on the log MAR scale (P=0.013). No eye lost any line
of the BSCVA, however, 38.8% (7 eyes) of the fellow untreated eyes
lost 1 line, and 5.5% (1 eye) lost 2 lines on the logMAR scale in their
BSCVA (P=0.004).

The preoperative (-6.0 + 2.6 D) and twelve months postoperative
(-5.6 + 2.7 D) mean spherical equivalent (SE) had a slight improve-
ment by an average of 0.33 D (P=0.004). In the fellow untreated eyes,
mean SE increased by an average of -0.5 D (P=0.000). Figure 1 shows
the mean SE before and 1 year after treatment in the treated and
untreated fellow eyes.

Mean preoperative TCT (with the epithelium) was 380 + 11 um
(range, 363 to 398 um). After epithelial removal (abrasion), it de-
creased to 341 + 11 um (range, 328 to 365 um), (P=0.000). After 30
minutes of iso-osmolar 0.1% riboflavin drops instillation these values
decreased to 330 + 7.6 um (range, 316 to 350 um), with a mean TCT
decrease of 10.9 £ 6.2 um (range, 4 to 27 um). Statistical analysis re-
vealed significant difference when comparing these data with both,
the preoperative and after abrasion values (P=0.000).

After hypo-osmolar 0.1% riboflavin drops, all eyes achieved the
minimum 400 um threshold of corneal thickness. However, the
promptness of stromal swelling response and the amount of swelling
showed distinct interindividual variation (5 minutes to 14 minutes;
52 to 101 um). Mean TCT increased to 418 + 11 um (range, 400 to
446 um), with a mean increase of 77 + 12.4 um (range, 52 to 101 um).
Statistical analysis revealed significant difference when comparing
these values with those found before-CXL (P=0.000), after abrasion
(P=0.000) and after iso-osmolar riboflavin drops (P=0.000).



After UVA irradiation, mean TCT was 384 + 10 um (range, 368 to
412 um). Statistical analysis revealed a significant difference when
comparing these results with those found after abrasion (P=0.000),
after iso-osmolar (P=0.000), and after hypo-osmolar riboflavin drops
(P=0.000). However, no significant difference was found between
mean TCT measurements before treatment and after UVA irradiation
(P=0.230).

At 1,6and 12 months after treatment, mean TCT was 372 + 10 um
(range, 358 to 388 um), 381 + 12.7 (range, 362 to 402 um), and 379
+ 13 um (range, 360 to 402 um), respectively. Statistically significant
difference was found between the data found before treatment and
after 1 month (P=0.000). However, no statistically significant differen-
ce was noted in the TCT at 6 (P=0.196) and 12 months after surgery
(P=0.847). Figure 2 shows the mean TCT (with standard deviation)
during and after corneal CXL over time.

Twelve months after surgery, analysis of the maximum topogra-
phic K-readings (Kmax) showed no progression of the keratectasia in
any treated eye. Slight regression was observed in 15 eyes (83.3%).
The mean Kmax decreased from 57.81+ 6.32 D to 55.85+ 6.02 D,
with an average reduction of 2.11 £+ 1.04 D (P=0.000). In the fellow
untreated eyes, however, 14 of 18 eyes (77.7%) showed a continuous
progression of the Kmax by an average of 1.63 D (P=0.000). Figure 3
shows the mean Kmax before and 1 year after CXL, in the treated and
fellow untreated eyes.

No statistically significant difference was found between the
mean preoperative (11.56 + 1.19 mmHg) and twelve months posto-
perative (11.33 + 1.0 mmHg) intraocular pressure (P=0.331).
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Figure 1. Average spherical equivalent before and one year after corneal collagen
cross-linking with ultraviolet-A irradiation and hypo-osmolar riboflavin solution. There
was a slight decrease in the mean spherical equivalent in the treated eyes (average:
0.33 D) and a slight increase in the fellow untreated eyes (average: 0.5 D).
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Figure 2.The mean thinnest corneal thickness changes during corneal collagen cross-
linking with ultraviolet-A irradiation and hypo-osmolar riboflavin solution in thin
corneas.
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The preoperative and postoperative (12 months) endothelial
cell counts were 2228 + 385 and 2287 + 284 cells/mm?, respectively
(P=0.32).

No intraoperative, early post-operative, or late postoperative com-
plications were observed in this series of patients. After 12 months, all
corneas remained transparent, without any scar in the stroma.

DISCUSSION

Corneal CXL has gained popularity as a temporary block in the
progression of keratoconus. Preliminary results published in the
literature indicate that when a series of safety precautions are taken,
the technique has an excellent safety profile. These prerequisites are
(1) de-epithelialization of the cornea to facilitate the diffusion and
absorption of riboflavin, (2) use of riboflavin 0.1% for at least 30 minu-
tes, (3) homogeneous UV irradiation and (4) a low minimum corneal
thickness of 400 um after epithelium removal”.

In many cases of progressive keratectasia, patients achieve a low
minimum corneal thickness less than the threshold amount (<400 um)
that prohibits a safe CXL. Recent studies have shown that preope-
rative swelling of the cornea safely broadens the spectrum of CXL
indications to thin corneas that would not otherwise be eligible for
treatment®'?. Corneal thickness was reported to increase by up to
30% after treatment®. This phenomenon is not due to an increase in
the diameter of the collagen fibrils but rather to the hydrophilic capa-
cities of the stromal proteoglycans, creating collagen-free “lakes"".

Some authors>™ have shown that saturation of the corneal
stroma using 0.1% iso-osmolar riboflavin solution and 30 minutes of
UVA irradiation with a wavelenght of 370 nm and a surface irradiance
of 3 mW/cm? may limit keratocyte death to a depth of approximately
300 pm. In our study, iso-osmolar riboflavin solution was applied to
the de-epithelialized corneal surface, every 3 minutes for 30 minutes
to ensure penetration of riboflavin into the corneal stroma. By means
of slit lamp inspection using blue light, we could assure that ribofla-
vin had appeared in the anterior chamber before UV-irradiation. The
yellow staining of the anterior chamber served as a safety feature,
indicating that riboflavin had penetrated the cornea and the cornea
was thoroughly saturated. Then, hypo-osmolar riboflavin solution
was applied to the cornea to induce stromal swelling, thus increasing
the stromal thickness prior to UVA irradiation. Mean TCT increased to
418 um (range, 400 to 446 um), reaching the threshold amount for
a safe procedure.

Recent studies'™'® found significant TCT decrease of about 17
to 20% in central corneal thickness 30 minutes after iso-osmolar
riboflavin drops. In their studies, a lid speculum was kept in the eye
during the whole procedure. Another research/ showed a two-
step TCT decrease of 19% during the 60-minute treatment: a slower
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Figure 3. Change in the mean maximum topographic K-readings (Kmax) before and
1 year after CXL. There was an average reduction of 2.11D in the treated eyes and an
average progression of 1.63 D in the fellow (untreated) eyes.
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thinning during riboflavin instillation (without a lid speculum) and a
faster thinning when a lid speculum hold the lids open during UVA
exposure. In all these studies, corneal exposure may have contributed
to a higher corneal thickness decrease during the procedure and in
the early postoperative CXL course. In order to reduce drying and
dehydration of the cornea, we did not open the eye with a speculum
during the first part of the treatment (i.e., after epithelium removal
and before UVA irradiation). A small decrease of approximately 3%
in TCT after iso-osmolar riboflavin solution instillation was noted in
our patients. It was probably due to the hyperosmolar effect of the
dextran in a de-epithelialized cornea™. These results corroborate the
statement of other authors'"®who recommend that, during the first
part of corneal CXL, the eyelid speculum is removed from the eye
and the patient asked to keep the eye closed as much as possible to
prevent evaporation of water from the corneal stroma.

After hypo-osmolar 0.1% riboflavin drops, mean TCT significantly
increased to 418 um, with a mean increase of 77 + 12.4 um (range,
52 to 101 um). However, at the end of UVA irradiation, mean TCT
had decreased to 384 um, what is lower than the minimum 400 pm
required for safety. This artificial swelling effect is transient and it is
not steady throughout the surgery. Nevertheless, this finding was
not related to complications in this series of patients. However, as
previously suggested!'®'”, the application of hypo-osmolar riboflavin
solution should be continued during the entire process of irradiation
to sustain the necessary concentration of the solution and to avoid
any desiccation of the cornea.

In our analysis of the change in corneal thickness over time, pa-
chymetric measurements thinned until T month postoperatively and
appeared to increase after that. Six months after treatment, no
statistically significant difference was found between the postope-
rative and baseline values. The physiology of this initial thinning and
subsequent rethickening is unclear. Epithelial removal may increase
the rate of water evaporation from the stroma and, as the stroma has
no dehydration resistance, renders the cornea vulnerable to thin-
ning""®?, Epithelial remodeling, anatomic and structural changes in
corneal collagen fibrils®'®, and keratocyte apoptosis®, might be also
implicated. A temporary increase in endothelial pump activity that
may be caused by UVA exposure has been also suggested as a cause
of the initial corneal thinning after CXL"7.

Surgeons must be aware about the intraoperative and postope-
rative thinning of the cornea after CXL, especially in thinner corneas
(less than 400 um). Therefore, corneal thickness should be monitored
throughout the procedure, and in case of readings lower than 400 pm
at any point during treatment, the cornea should be re-swelled by
administering the riboflavin hypotonic solution.

Statistical analysis revealed a slight, but statistically significant
improvement in SE, corneal steepness and visual performance as de-
termined by the BSCVA. Our results are modest in light of the results
from previous studies in which corneas of a thickness of more than
400 pm treated with iso-osmolar riboflavin solution, resulted in sig-
nificantly betterimprovements in such parameters. However, the aim
of the current study was not to cause improvement, but to broaden
the spectrum of CXL indications to corneas that would otherwise not
be eligible for CXL treatment, halting progression of keratoconus and
preserving usable visual acuity.

158 Arq Bras Oftalmol. 2013;76(3):155-8

CONCLUSIONS

Hypo-osmolar 0.1% riboflavin solution seems to be effective for
swelling thin corneas that would otherwise not be eligible for CXL
treatment. However, the swelling effect is transient and short acting.
Corneal thickness should be monitored throughout the procedure.
Larger sample sizes and longer follow-up are required in order to
make meaningful conclusions regarding safety, stability and efficacy
of the procedure in these artificially swollen corneas.
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