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ABSTRACT

PURPOSE: To evaluate the need for and quantify the
extent of nomogram adjustments to compensate for
potential changes in the amount of effective corneal
stroma ablated in previously cross-linked corneas.

METHODS: Ex vivo porcine corneas were divided into
two groups (the corneal cross-linking [CXL] group, n =
30; and the control group, n = 3): these experimental
corneas underwent CXL including deepithelialization,
instillation of riboflavin solution for 25 minutes, and ul-
traviolet-A irradiation at 9 mW/cm? for 10 minutes. The
control group was deepithelialized only. Four consecu-
tive excimer laser ablations of 50 um each were per-
formed (AMARIS 750S; SCHWIND eye-tech-solutions,
Kleinostheim Germany), and stromal bed thickness was
measured with a built-in optical coherence pachyme-
ter. To determine the potential influence of riboflavin,
a third group (the riboflavin group, n = 12) underwent
deepithelialization and instillation of riboflavin, but no
ultraviolet-A irradiation.

RESULTS: The mean individual ablation depth across
the four ablations was significantly smaller in cross-
linked corneas (-17%) when compared to untreated
control corneas (P < .001). A consistent reduction of
12% was observed via a cumulative analysis when as-
sessing the relative isolated effect of CXL on the ablation
rate. There was no significant effect from riboflavin in
the deeper ablations, except for the first ablation (68.6
+ 1.1 mm [range: 1 to 50 um]). This may be due to a
measurement error in pachymetric readings due to the
thin film of riboflavin on the surface that resists even
extensive rinsing.

CONCLUSIONS: CXL reduces the corneal ablation
depth of excimer lasers in the anterior 200 um of the
porcine cornea by approximately 12%. Further clinical
studies are needed to validate these findings in human
corneas.

[J Refract Surg. 2014;30(9):628-632.]

orneal cross-linking (CXL) with riboflavin and ultra-
violet-A is a technique to treat keratoconus in chil-
dren, adolescents, and adults,"* as well as postop-

erative ectasia.’® In clinical use since 1999, CXL increases
corneal biomechanics by more than 300% in the human cor-
nea®®1% and halts progression of ectasia. Current limitations
of the technique include reduced efficacy in extremely thin
corneas and during pregnancy.'''3

The improvement in the biomechanical state of the cornea
opens up new opportunities for visual rehabilitation in irregu-
lar astigmatism: customized photorefractive keratectomy may
be used to regularize the corneal surface, combining a depth-
limited surface ablation with a subsequent CXL either in the
same procedure or sequentially (months to years after CXL).'41?

The photopolymerization process that occurs during CXL
follows the Lambert—Beer law of photophysics, which describes
the gradual light energy absorption with depth.'® Similarly,
the riboflavin concentration in the stroma also decreases with
depth.?® CXL changes several properties of the corneal stroma,
including the packing density of stromal collagen, its ability to
swell, and the permeability to pharmacological substances.?!*
One might speculate whether CXL might also influence the ex-
cimer laser ablation rate of the stroma. If this were the case,
then nomograms would be needed to adjust the fluence per
pulse (or the number of pulses for constant fluence) delivered
by the excimer laser to ablate a defined amount of tissue.

In the current study, we quantified the amount of excimer
laser ablation in cross-linked corneas at various stromal depths
and compared it to untreated controls, and to a cohort of nonir-
radiated but riboflavin-soaked specimens.
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MATERIALS AND METHODS
CXL

Freshly enucleated porcine eyes were obtained from
a local abattoir. All eyes were stored at 5°C and pre-
pared for the experiments within less than 6 hours af-
ter harvest. Only eyes displaying corneas with an intact
epithelium, lack of focal stromal edema, and a corneal
thickness of 700 + 900 pm (range: 800 to 61 mm) as
measured by ultrasound pachymetry (SP-2000; Tomey
Corporation, Nagoya, Japan) were used. A 23-gauge
needle was inserted into the globe at the pars plana
and eyeballs were inflated using balanced salt solution
at a height of 20 cm.

Corneas were treated by conventional epithelium-
off CXL described previously.?* In brief, corneas were
deepithelialized mechanically on a diameter of 8 mm.
Isoosmolaric 0.1% riboflavin solution containing 20%
dextran (MedioCross D solution; Peschke Meditrade
GmbH, Hiinenberg, Switzerland) was instilled every
2 minutes for 25 minutes. The group undergoing CXL
prior to excimer laser ablation represents the experi-
mental group (CXL group, n = 30). Control corneas
were deepithelialized but not soaked with riboflavin
and were not irradiated prior to excimer laser ablation
(control group, n = 30); however, the same 25 plus 10
minute regimen was followed as a waiting time. Eyes
from each group were treated in an alternating man-
ner. To investigate the potential effect of riboflavin on
excimer laser ablation, a third group of corneas was
deepithelialized and soaked with riboflavin, but not
irradiated prior to excimer laser ablation (riboflavin
group, n = 12).

Optical coherence pachymetry (a single point time-
domain simplification of optical coherence tomography)
was performed with a modified firmware, changing the
scanning range to allow measuring of corneas thicker
than the average human cornea. Measurements were
performed immediately prior to irradiation. All eyes
showed a stromal thickness within 5% of the values
measured prior to riboflavin instillation. Ultraviolet-A
irradiation was performed at 365 nm with a fluence of
5.4 J/cm? (irradiance of 9 mW/cm? for 10 minutes), using
a commercially available device (CXL-365; SCHWIND
eye-tech-solutions, Kleinostheim, Germany).

CORNEAL THICKNESS AND EXCIMER LASER ABLATION
Prior to excimer laser ablation, central corneal
thickness was measured using the inbuilt optical co-
herence pachymetry of the AMARIS 750S (SCHWIND
eye-tech-solutions). Three consecutive measurements
were taken and the mean value was calculated. Only
corneas with a central corneal thickness between 700
and 900 pm and intact epithelium were used. Excimer

TABLE 1

Average Individual Stromal Ablation Depth
Achieved Ablation

Depth (um)?@
Nominal CXL Control
Ablation Group Group Difference
Depth (um) (um) (um) (%)° P
50 575+ 1.6 60.9 = 0.8 -5.6 .03
100 43.0 + 0.8 53.8 = 0.7 -20.1 < .001
150 43.8 £ 0.7 529 = 0.9 -17.3 < .001
200 443 = 0.7 51.5 = 0.9 -14.0 < .001

CXL = corneal collagen cross-linking

2Data are expressed as mean =+ standard deviation in 30 eyes (no CXL control and CXL-
treated) and 12 eyes (riboflavin control).

bDifference between CXL-treated and control groups. Control eyes were set at 100%.
cStudent’s t test.

laser ablation was performed as a constant-depth pho-
totherapeutic keratectomy in a 4-mm optical zone.
Four consecutive ablations were performed with an
intended ablation depth of 50 pm each. The interval
between consecutive ablations was 3 minutes and cor-
neas remained in the same alignment. After each ab-
lation, central corneal thickness was measured three
times with the optical coherence pachymetry and the
effective ablation depth was calculated from the mean
of the three measurements.

STATISTICS

Data analysis was performed using SPSS software
(version 22.0.0.0; SPSS, Inc., Chicago, IL). All data were
expressed as the mean =+ standard error. Student’s ¢ test
was performed to analyze the individual and cumulative
differences across experimental groups and across con-
secutive ablations. Confidence levels were set to 95%.

RESULTS

In the first step, we analyzed the individual 50-pm
ablation steps and compared CXL to the control and
riboflavin groups. The average ablation depths of the
individual ablations are shown in Table 1 and a graph-
ic representation is shown in Figure 1. When we omit-
ted the results for the first ablation (range: 1 to 50 pm),
which were potentially distorted by the presence of
riboflavin, we observed a 20.1% reduction of ablation
depth in the CXL group from 51 to 100 pm, a 17.3%
reduction from 101 to 150 pm, and a 14.0% reduction
from 151 to 200 pm. The group that received epithelial
abrasion and riboflavin instillation but no ultraviolet-A
irradiation (riboflavin group, Figure 1) showed an
achieved ablation of 68.6 + 1.1 pm (range: 1 to 50 pm)
for the first ablation, 48.7 + 1.6 pm (51 to 100 pm) for
the second ablation, 47.1 + 1.8 pm (range: 101 to 150
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Figure 1. Excimer laser ablation rate at various depths in the corneal
collagen cross-linking (CXL) group (n = 30), control group (control, n =
30), and riboflavin (ribo) group (n = 12). The ablation depth in the CXL
group was significantly lower. Error bars represent the standard error. * =
significant (P < .05); ** = highly significant (P < .01)

pum) for the third ablation, and 50.2 + 1.6 pm (range:
151 to 200 pm) for the fourth ablation.

In the second step, to decouple and isolate the rela-
tive contributions of riboflavin and CXL to the global
ablation rate, we analyzed the cumulative effect of the
individual ablations using the later introduced ribofla-
vin group as “enjambment” or “staging post” (Figure 2).
In this way and instead of comparing the CXL group to
the control group, we correlated the CXL group to the
riboflavin group to obtain the relative isolated effect
of CXL on the ablation rate (-11%) and the riboflavin
cumulative ablation depth to the reference cumulative
ablation depth of the controls to obtain the relative iso-
lated effect of riboflavin on the ablation rate (-8%).

DISCUSSION

When riboflavin is instilled in the corneal tissue, it
absorbs the ultraviolet light according to the Lambert—
Beer law. The Lambert—Beer law states that the amount
of light that penetrates through a substance is reduced
along the distance the light travels due to the absorp-
tion of the material (described by the extinction coeffi-
cient).?>?® Consequently, the CXL effect is diminished
in the posterior cornea when compared to the anterior
cornea.'%?”:28 Because of this, the stiffness gradient
along the corneal thickness might be an important con-
sideration when performing excimer ablation on previ-
ously cross-linked corneas.

It is known from literature that the ablation rate is
strongly dependent on the hydration state of the cor-
neal stroma, the latter being depth dependent.?*3! Ac-
cordingly, we found a decrease in ablation depth be-

Figure 2. Correlations between cumulative ablation rates in the corneal
collagen cross-linking—treated (CXL) group (n = 30) versus the riboflavin
(ribo) group (n = 12) (in red), and the riboflavin group (n = 12) versus
the control group (control, n = 30) (in blue). The decoupled effect of CXL
on the ablation rate was a -11% reduction, whereas the decoupled effect
of riboflavin soaked on ablation rate was a -8% reduction. Error bars rep-
resent two standard errors (ie, 95% confidence interval).

tween the anterior and posterior stroma not only for
controls, but also for corneas after CXL (Figure 2). We
also noticed a distinctly higher ablation rate in the first
50 pm in the CXL group and suspected these might
represent measurement errors due to a thin film of ri-
boflavin on the corneal surface. To analyze the poten-
tial influence of riboflavin on this first ablation from 1
to 50 pm, we included another group that underwent
epithelium abrasion and riboflavin instillation, but no
ultraviolet-A exposure prior to excimer laser ablation
(riboflavin group). The riboflavin—dextran solution
seems to artificially increase the depth of the first abla-
tion. This might be an artifact because dextran tightly
adheres to corneal tissue: even when rinsing off the
riboflavin at the end of the instillation, residual ribofla-
vin might have led to a higher corneal thickness read-
ing in the measurement before ablation.

We observed the design of the protocol to follow the
same timing scheme for all groups (eventually inter-
leaving waiting periods for the control and riboflavin
groups) to exclude time as a major confounding factor
in our series.

In the current study, we used optical coherence
pachymetry to determine corneal thickness. When
compared to the ultrasound pachymeter, the optical
coherence pachymetry is not affected by the increase
of the speed of sound after CXL.?? Thus, it was not nec-
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essary to correct our corneal thickness values in the
treatment group.

It can be argued that eventual synergistic effects in
the ablation rate of the combined instillation of ribofla-
vin and irradiation with ultraviolet-A are not accounted
for, in the sense that both contributions may not be
strictly independent. However, we think the used ap-
proach for the analysis represents a closer look at the
effects of CXL alone rather than the crude comparison
of CXL-treated to control corneas. Ablation on CXL-
treated corneas in the clinical setting occurs months af-
ter CXL treatment, so no presence of soaked riboflavin
is expected and the isolate effect of CXL on the ablation
rate represents the boost factor for those treatments.

The question may be raised why the ablation rate
is consistently reduced by 11% over the entire depth
from 1 to 200 pm in the CXL group. This might be
explained by the fact that CXL significantly reduces
the stromal swelling capacity, reducing the depth-de-
pendent differences in the hydration state of the cor-
nea.?*¥ Another explanation might be the creation of
additional cross-links between proteoglycans and col-
lagen in the anterior stroma during CXL.?*3% To break
these additional bonds, additional energy is needed.

Kampik et al. reported on the excimer laser ablation
rate following CXL in ex vivo porcine corneas.?® Al-
though they found no differences in the ablation rate
between cross-linked and non-cross—linked corneas,
they observed that CXL reduces the amount of refrac-
tive change after LASIK for myopia by 20%. Chen et
al. investigated the efficacy of excimer laser ablation
of cross-linked porcine cornea.?” In contrast to our re-
sults, they reported an overall ablation depth of 9%.
Although Chen et al. performed their experiments on
a different excimer laser platform, they observed a re-
duction in stromal ablation similar to the one observed
in our study, indicating that our results may be inde-
pendent of the technical platform used and rather re-
flect the biological response of the tissue. The slightly
lower percentage reported by Chen et al. may be caused
by the presence of residual riboflavin on the corneal
surface during the first ablation, artificially reducing
the overall ablation rate. Alternatively, the observed
difference might come from the fact that Chen et al.
used the standard “Dresden protocol” settings (3 mW/
cm? for 30 minutes) to provide a fluence of 5.4 J/cm?,
whereas we irradiated with 9 mW/cm? for 10 minutes.
Although the overall fluence remains the same in both
cases, we recently showed that the increase in the bio-
mechanical response is different.?*

A limitation of this study might be that all experi-
ments were performed in porcine corneas: earlier stud-
ies have shown that the increase in corneal stiffness

after CXL is higher in human than in porcine corneas
(328.9% vs 71.9%), which suggests that the excimer
ablation rate after CXL may be even more affected in
humans.'® We are planning on performing a follow-up
study on corneal donor eyes unsuitable for transplan-
tation to support this hypothesis.

CXL paired with photorefractive keratectomy holds
promise for patients with keratoconus because it not
only stabilizes disease progression, but can also help
increase the quality of the optical image by making
a highly irregular surface less irregular. A remaining
question is whether CXL should be performed prior to
or simultaneously with photorefractive keratectomy.
In some patients with keratoconus, corneal curvature
can decrease over years and up to 7 diopters follow-
ing CXL.%83 Therefore, it may be reasonable to per-
form CXL first and await stable corneal curvature prior
to performing surface ablation. To do so, and also to
perform customized photorefractive keratectomy on
patients who underwent CXL, our results might help
in establishing nomograms for the correct ablation of
corneal stroma in a previously cross-linked cornea.

AUTHOR CONTRIBUTIONS
Study concept and design (OR, SAM, TM, FH); data collection
(OR, AH, MMB, FH); analysis and interpretation of data (OR, SAM,
SK, AH, TM, MMB, FH); drafting of the manuscript (OR, SK, FH);
critical revision of the manuscript (SAM, SK, AH, TM, MMB, FH);
supervision (FH)

REFERENCES
1. Caporossi A, Mazzotta C, Baiocchi S, Caporossi T. Long-term
results of riboflavin ultraviolet A corneal collagen cross-linking
for keratoconus in Italy: the Siena eye cross study. Am J Oph-
thalmol. 2010;149:585-593.

2. Chatzis N, Hafezi F. Progression of keratoconus and efficacy of
corneal collagen cross-linking in children and adolescents. J
Refract Surg. 2012;28:753-758.

3. Spoerl E, Huhle M, Seiler T. Induction of cross-links in corneal
tissue. Exp Eye Res. 1998;66:97-103.

4. Wollensak G, Spoerl E, Seiler T. Riboflavin/ultraviolet-A-in-
duced collagen crosslinking for the treatment of keratoconus.
Am ] Ophthalmol. 2003;135:620-627.

5. Greenstein SA, Fry KL, Hersh PS. In vivo biomechanical chang-
es after corneal collagen cross-linking for keratoconus and cor-
neal ectasia: 1-year analysis of a randomized, controlled, clini-
cal trial. Cornea. 2012;31:21-25.

6. Hafezi F, Kanellopoulos J, Wiltfang R, Seiler T. Corneal col-
lagen crosslinking with riboflavin and ultraviolet A to treat in-
duced keratectasia after laser in situ keratomileusis. J Cataract
Refract Surg. 2007;33:2035-2040.

7. Richoz O, Mavrakanas N, Pajic B, Hafezi F. Corneal collagen
cross-linking for ectasia after LASIK and photorefractive keratec-
tomy: long-term results. Ophthalmology. 2013;120:1354-1359.

8. Salgado JP, Khoramnia R, Lohmann CP, Winkler von Mohren-
fels C. Corneal collagen crosslinking in post-LASIK keratecta-
sia. Br ] Ophthalmol. 2011;95:493-497.

Journal of Refractive Surgery * Vol. 30, No. 9, 2014N




Determination of the Excimer Laser Ablation Rate/Richoz et al

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Spoerl E, Seiler T. Techniques for stiffening the cornea. J Re-

fract Surg. 1999;15:711-713.

Wollensak G, Spoerl E, Seiler T. Stress-strain measurements of
human and porcine corneas after riboflavin-ultraviolet-A-in-
duced cross-linking. J Cataract Refract Surg. 2003;29:1780-1785.

Hafezi F. Limitation of collagen cross-linking with hypoosmo-
lar riboflavin solution: failure in an extremely thin cornea. Cor-
nea. 2011;30:917-919.

Hafezi F, Iseli HP. Pregnancy-related exacerbation of iatrogenic
keratectasia despite corneal collagen crosslinking. J Cataract
Refract Surg. 2008;34:1219-1221.

Raiskup F, Hoyer A, Spoerl E. Permanent corneal haze after
riboflavin-UVA-induced cross-linking in keratoconus. J Refract
Surg. 2009;25:5824-5828.

Coskunseven E, Jankov MR II, Hafezi F, Atun S, Arslan E, Ky-
mionis GD. Effect of treatment sequence in combined intrastro-
mal corneal rings and corneal collagen crosslinking for kerato-
conus. J Cataract Refract Surg. 2009;35:2084-2091.

Kanellopoulos AJ. Comparison of sequential vs same-day simul-
taneous collagen cross-linking and topography-guided PRK for
treatment of keratoconus. J Refract Surg. 2009;25:5812-S818.

Kanellopoulos AJ, Binder PS. Collagen cross-linking (CCL)
with sequential topography-guided PRK: a temporizing alter-
native for keratoconus to penetrating keratoplasty. Cornea.
2007,26:891-895.

Kymionis GD, Kontadakis GA, Kounis GA, et al. Simultaneous
topography-guided PRK followed by corneal collagen cross-
linking for keratoconus. J Refract Surg. 2009;25:S807-S811.

Kymionis GD, Portaliou DM, Kounis GA, Limnopoulou AN, Kon-
tadakis GA, Grentzelos MA. Simultaneous topography-guided
photorefractive keratectomy followed by corneal collagen cross-
linking for keratoconus. Am J Ophthalmol. 2011;152:748-755.

Kohlhaas M, Spoerl E, Schilde T, Unger G, Wittig C, Pillunat
LE. Biomechanical evidence of the distribution of cross-links in
corneas treated with riboflavin and ultraviolet A light. J Cata-
ract Refract Surg. 2006;32:279-283.

Cui L, Huxlin KR, Xu L, MacRae S, Knox WH. High-resolution,
noninvasive, two-photon fluorescence measurement of molecu-
lar concentrations in corneal tissue. Invest Ophthalmol Vis Sci.
2011;52:2556-2564.

Ehlers N, Hjortdal J. Riboflavin-ultraviolet light induced cross-
linking in endothelial decompensation. Acta Ophthalmol.
2008;86:549-551.

Tschopp M, Stary J, Frueh BE, et al. Impact of corneal cross-
linking on drug penetration in an ex vivo porcine eye model.
Cornea. 2012;31:222-226.

Wollensak G, Aurich H, Pham DT, Wirbelauer C. Hydration be-
havior of porcine cornea crosslinked with riboflavin and ultra-
violet A. J Cataract Refract Surg. 2007;33:516-521.

Hammer A, Richoz O, Mosquera S, Tabibian D, Hoogewoud F,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Hafezi F. Corneal biomechanical properties at different corneal
collagen cross-linking (CXL) irradiances. Invest Ophthalmol
Vis Sci. 2014;55:2881-2884.

Iseli HP, Popp M, Seiler T, Spoerl E, Mrochen M. Laboratory
measurement of the absorption coefficient of riboflavin for ul-
traviolet light (365 nm). J Refract Surg. 2011;27:195-201.

Schumacher S, Mrochen M, Wernli ], Bueeler M, Seiler T. Opti-
mization model for UV-riboflavin corneal cross-linking. Invest
Ophthalmol Vis Sci. 2012;53:762-769.

Scarcelli G, Kling S, Quijano E, Pineda R, Marcos S, Yun SH.
Brillouin microscopy of collagen crosslinking: noncontact
depth-dependent analysis of corneal elastic modulus. Invest
Ophthalmol Vis Sci. 2013;54:1418-1425.

Seiler T, Hafezi F. Corneal cross-linking-induced stromal de-
marcation line. Cornea. 2006;25:1057-1059.

de Ortueta D, von Ruden D, Magnago T, Mosquera SA. Influ-
ence of stromal refractive index and hydration on corneal laser
refractive surgery. J Cataract Refract Surg. 2014;40:897-904.

Kim WS, Jo JM. Corneal hydration affects ablation during laser
in situ keratomileusis surgery. Cornea. 2001;20:394-397.

Wilson G, O’Leary DJ, Vaughan W. Differential swelling in
compartments of the corneal stroma. Invest Ophthalmol Vis
Sci. 1984;25:1105-1108.

He X, Spoerl E, Tang J, Liu J. Measurement of corneal changes
after collagen crosslinking using a noninvasive ultrasound sys-
tem. J Cataract Refract Surg. 2010;36:1207-1212.

Hafezi F, Dejica P, Majo F. Modified corneal collagen crosslink-
ing reduces corneal oedema and diurnal visual fluctuations in
Fuchs dystrophy. Br ] Ophthalmol. 2010;94:660-661.

Brummer G, Littlechild S, McCall S, Zhang Y, Conrad GW.
The role of non-enzymatic glycation and carbonyls in collagen
cross-linking for the treatment of keratoconus. Invest Ophthal-
mol Vis Sci. 2011;52:6363-6369.

Zhang Y, Conrad AH, Conrad GW. Effects of ultraviolet-A and
riboflavin on the interaction of collagen and proteoglycans dur-
ing corneal cross-linking. ] Biol Chem. 2011;286:13011-13022.

Kampik D, Ralla B, Keller S, Hirschberg M, Friedl P, Geerling G.
Influence of corneal collagen crosslinking with riboflavin and
ultraviolet-A irradiation on excimer laser surgery. Invest Oph-
thalmol Vis Sci. 2010;51:3929-3934.

Chen S, Li Y, Stojanovic A, et al. Evaluation of the efficacy of
excimer laser ablation of cross-linked porcine cornea. PLoS
One. 2012;7:e46232.

Hafezi F, Koller T, Vinciguerra P, Seiler T. Marked remodelling
of the anterior corneal surface following collagen cross-linking
with riboflavin and UVA. Br ] Ophthalmol. 2011;95:1171-1172.

Raiskup-Wolf F, Hoyer A, Spoerl E, Pillunat LE. Gollagen cross-
linking with riboflavin and ultraviolet-A light in keratoconus:
long-term results. J Cataract Refract Surg. 2008;34:796-801.

Copyright © SLACK Incorporated




