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Purrost. A new 355 nm UV laser was used for corneal flap cutting in an animal model and
tested for clinical and morphologic alterations.

MerHoDS. Corneal flaps were created (Chinchilla Bastards; 7 = 25) with an UV nanosecond
laser at 355 nm (150 kHz, pulse duration 850 ps, spot-size 1 um, spot spacing 6 X 6 um, side
cut Az 1 pm; cutting depth 130 pm) and pulse energies of 2.2 or 2.5 pJ, respectively.
Following slit-lamp examination, animals were killed at 6, 12, and 24 hours after treatment.
Corneas were prepared for histology (hematoxylin and eosin [HE], TUNEL-assay) and
evaluated statistically, followed by ultrastructural investigations.

Resurts. Laser treatment was tolerated well, flap lift was easier at 2.5 nJ compared with 2.2 pJ.
Standard HE at 24 hours revealed intact epithelium in the horizontal cut, with similar increase
in corneal thickness at both energies. Irrespective of energy levels, TUNEL assay revealed
comparable numbers of apoptotic cells in the horizontal and vertical cut at 6, 12, and 24
hours, becoming detectable in the horizontal cut as an acellular stromal band at 24 hours.
Ultrastructural analysis revealed regular morphology in the epi- and endothelium, while in the
stroma, disorganized collagen lamellae were detectable representing the horizontal cut, again
irrespective of energy levels applied.

Concrusions. This new UV laser revealed no epi- nor endothelial damage at energies feasible
for corneal flap cutting. Observed corneal swelling was lower compared with existing UV
laser studies, albeit total energy applied here was much higher. Observed loss of stromal
keratinocytes is comparable with available laser systems. Therefore, this new laser is suitable
for refractive surgery, awaiting its test in a chronic environment.
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n refractive surgery, LASIK is currently the most commonly

used technique to change the shape of the corneal stroma.
Here, access to the stroma is achieved by removing the
epithelium and adjacent superficial stromal layers by means of a
cut that creates a corneal flap.! The refractive correction is
then performed using ArF excimer laser pulses operating in the
UV range at the 193 nm wavelength.? Flap cutting was
originally performed with the aid of a microkeratome, but
better reproducibility and the option of performing vertical side
cuts were gained when femtosecond lasers were introduced for
this procedure in the early 21st century.®* These lasers usually
operate in the infrared range at wavelengths between 1030 and
1053 nm, and the laser energy applied leads to the separation of
the stromal lamellae via photodisruption® (i.e., focal plasma
spots generate cavitation bubbles that separate stromal lamellae

while expanding).

However, the cutting precision of lasers in the infrared
range has inherent physical limits due to the long wavelength.
Changing the wavelength of the laser source to the UV range
results both in a smaller diameter and in a shorter length of the
laser focus. Consequently, improved precision of flap shaping

can be expected taking the achievable quality of refractive
surgery in the cornea to a new level.

Recently, Vogel et al.° introduced an UV laser operating at
355 nm for flap creation, with a pulse duration in the
nanosecond range. This new laser might be able to increase
the precision of flap creation as described above and an
additional cooling system is not required.” A further advantage
is the microchip-based control element, which leads to a
compact and cost effective UV laser tool.®”

However, three major questions need to be addressed when
operating in the cornea with a laser source in the UV range.
Firstly, regarding flap formation, which pulse energies are
needed for a reliable flap formation? Secondly, regarding UV
light, is the laser source safe, that is, does the energy dose
required for flap cutting remain below the photochemical
damage threshold? Thirdly, regarding the photodisruptive
physical laser effects, are the thermomechanical effects of
shock wave emission and cavitation induced by the plasma
formation tolerable in the treated tissue?

To address these questions, we tested the new nanosecond
laser in a rabbit model using different laser energies at 6 X 6 pm
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Tasie 1. Groups and Experimental Procedure
Pulse Spot Cut Time #
Energy Distance Dose Depth Point Rabbits Analysis
22 6 X 6 um 6.1 J/cm? 130 um Acute 1 Flap lift
22 6 X 6 um 6.1 J/cm? 130 um 6h 6 Morphologic analysis
22y 6 X 6 um 6.1 J/cm? 130 um 12 h 6 HE staining, TEM, TUNEL, corneal thickness
22 W 6 X 6 um 6.1 J/cm? 130 um 24 h 6 Clinical evaluation
25w 6 X 6 um 6.9 J/cm? 130 pm 24 h 5 Photodocumentation, slitlamp examination
25 6 X 6 um 6.9 J/cm? 130 pm Acute 1 Flap lift

spot separations to characterize the flap formation and to
address the question of thermal or photochemical damage on
corneal tissue.

MATERIALS AND METHODS

Anesthesia and Animal Treatment

All animal procedures were performed in accordance with the
ARVO regulations for Animal Use in Ophthalmic and Vision
Research. Pigmented rabbits (Chinchilla Bastard; n = 25;
Charles River, Kisslegg, Germany) were anesthetized with a
combination of ketamine/xylazine (40 mg/kg, i.m.; 5 mg/kg,
intramuscular [i.m.], respectively; Pfizer, Vienna, Austria/
Sigma-Aldrich, Vienna, Austria), and pCO2, and heart rates
were monitored (Capnograph, V90041; Surgi Vet, Waukesha,
WID. To avoid irritation of the corneal surface, topical
anesthesia (0.4% Novain, AGEPHA GmbH, Vienna, Austria)
was applied prior to any manipulation, followed by topical
application of tropicamid 0.5% and phenylephrin 2.5%. Eyes
were disinfected using polyvidon-iodide eye drops (Betaisodo-
na 5%; Mundipharma, Vienna, Austria), followed by a triple
rinse with physiological saline solution (0.9%). Left eyes were
treated while right eyes served as untreated controls. Animals
were allowed to survive 24 hours and were killed by an
overdose of thiopental.

Laser Parameters

Corneal flaps were created (depth 130 um) with the UV
nanosecond laser (Schwind eye-tech-solutions, Kleinostheim,
Germany) at a wavelength of 355 nm. Two different pulse
energies were set at 2.2 and 2.5 yJ. In all experiments, pulse
frequency was 150 kHz, pulse duration 850 ps, spot size 1
pm, spot spacing 6 X 6 um, and side cut Az 1 pm. The total UV
dose employed in flap cutting was 6.1 and 6.9 J/cm?,
respectively, for the horizontal cuts. To create a flap of 6.5
mm in diameter a customized, multiuse application interface
of stainless steel combined with disposable glass slides (silica
glass, transmission > 92% at 355 nm, diameter 12.7 mm,
thickness 1 mm) was used. Flaps were kept in place for
subsequent analysis. Two rabbits received laser treatment on
both eyes with the different pulse energies and those were
used to proof the feasibility of lifting the flap, but received no
further analysis. A detailed list of experimental groups and
procedures is given in Table 1.

Photodocumentation of the eyes and corneal surface
(Axiocam; Zeiss, Oberkochen, Germany) was carried out
immediately after laser treatment and at 24-hours posttreatment.

Morphologic Analysis and Documentation

Eyes were removed 6-, 12-, and 24-hours posttreatment and
fixed via immersion in phosphate buffer containing 4%

paraformaldehyde (PFA) and embedded in paraffin. Eyes were
further processed for standard hematoxylin-eosin staining (HE
staining) of 3-pum slices and slides were photodocumented via
an inverted light-microscope (Observer Z.1; Zeiss) equipped
with a digital camera (Axiocam HRC; Zeiss).

For ultrastructural analysis, corneal halves were fixed in 4%
PFA containing 1.5% glutaraldehyde (Sigma-Aldrich), postfixed
in 1% osmium tetroxide, dehydrated through graded alcohols,
embedded in Epon, and mounted on Epon blocks. Semithin
sections were stained with methylene blue. Silver-grey serial
ultrathin sections were lightly contrasted with lead citrate and
examined with the transmission electron microscope (TEM;
Le0o906; Zeiss).

TUNEL Assay

To detect the amount of apoptotic/necrotic cells at the
different laser pulse energies used, TUNEL assay (DeadEnd
Flurometric Apoptosis Detection System G3250; Promega,
Mannheim, Germany) was performed on 3-pum paraffin sections
after laser treatment. This assay is based on the catalytically
incorporation of fluorescein-12-dUTP at 3’-OH DNA ends by
the recombinant terminal deoxynucleotidyl transferase (rTdT).
The enzyme rTdT forms a polymeric tail that can be visualized
by fluorescence microscopy showing the damaged nuclei in
green. Positive controls were treated with DNAsel to induce
double strand breaks and resulted in bright green fluorescence,
while negative controls were processed lacking rTdT in the
incubation and resulted in no staining. To evaluate the corneal
cell density, sections were counterstained with 4’,6-diamidino-
2-phenylindole dihydrochloride (DAPID), resulting in blue
nuclear staining. In order to document TUNEL results, a
confocal laser scanning unit (LSM710 attached to Axio
ObserverZ1; X20 dry or X40 and X60 oil immersion objective
lenses, with numeric apertures 0.8, 1.30, and 1.4, respectively;
Zeiss) was used. Sections were imaged using the appropriate
filter settings for fluorescein (495 nm excitation, channel 1,
coded green) and DAPI (350 nm excitation, channel 2, coded
blue).

Measurement of Corneal Thickness

In addition to the clinical evaluation and TUNEL assays of the
corneal epithelium, corneal edematous swelling as a symptom
of photokeratitis immediately after UV laser light exposure was
quantified with measurements of corneal thickness on
histologic slides 24 hours after laser treatment. For that, total
corneal thickness (i.e., distance from the superficial epithelial
layer to the inner border of endothelium) was measured in the
horizontal cut region (Axio ObserverZ1 attached to LSM710;
Zeiss) and compared with the adjacent untreated region in the
same eye. The comparison of central versus peripheral cornea
is applicable because, in rabbits, central and peripheral corneal
thickness shows no difference.®?
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Measurement of Corneal UV Transmittance During
Flap Cutting

Corneal UV transmittance during flap cutting at 355 nm was
determined in initial experiments on freshly obtained porcine
cadaver corneas to assess the UV dose reaching the endothe-
lium. Flaps were created with different laser pulse energies
using a microchip laser ((Flare, 10 kHz repetition rate, 400 ps
pulse duration, 355 nm wavelength, NA 0.34; Innolight GmbH,
Hannover, Germany). The transmitted UV light, after passing
the cornea, was detected with a power meter (Ophir PD 300-
UV; Ophir Optronics Solutions Ltd., Jerusalem, Israel) and
compared with the incident laser pulse energy.

Cell Counts and Statistical Analysis

When further investigating the horizontal cut, nuclear DAPI
staining, and subsequent fluorescence microscopy facilitated
detection of this region compared with HE staining. The cut
appeared as hypocellular belt-like area surrounded by DAPI-
positive nuclei of stromal keratinozytes. This technique was
therefore chosen for further quantification.

Out of the TUNEL-stained corneal sections, three non-
neighbored slides of each cornea displaying the horizontal cut
were selected and automatically analyzed for the number of
TUNEL-positive cells compared with the number of DAPI-
positive keratinocytes. A region of interest (RO was defined
covering the corneal stroma region (from border epithelium to
border endothelium) in these slides, and the portion of
apoptotic and necrotic cells in the ROI was assessed.

For that purpose, single confocal optical sections of both
channels were converted into grey scale images and imported
into Image] software (available in the public domain, http://
rsb.info.nih.gov; National Institutes of Health, Bethesda, MD).
Quantitative evaluation was performed using ITCN 1.6, a
plugin for the Image software (available in the public domain,
http://rsb.info.nih.gov/ij/plugins/itcn.html) designed for auto-
matic cell counting. While actual cell counts were performed
via ITCN, each analyzed image was also manually checked for
adequate cell detection parameters. The vertical cut at the
margin of the flap is exposed to maximum laser dose, whereas
the horizontal cut creating the flap bed obviously received a
lower laser dose.

Statistical analysis was performed with Sigmastat 12 (Systat
GmbH, Erkrath, Germany). Differences between experimental
groups were assessed with ANOVA and subsequent post hoc -
tests with Bonferroni correction. P values less than 0.05 were
considered statistically significant.

RESULTS

Clinical Evaluation

The laser treatment was well tolerated in all animals
investigated. Immediately after laser treatment, a uniform
bubble layer in the cornea with a well-defined peripheral
cutting edge was visible. The bubble layer disappeared
gradually, and after 30 minutes the bubbles vanished (Figs.
1A, 1D). Following the laser treatment, a minor conjunctival
irritation was detectable in four animals, as well as a low-grade
photophobia in six animals, however, those symptoms
disappeared within a few hours. All of the animals showed
regular behavior and normal food intake after laser treatment.
No corneal infections or opacities were observed. Clinically
and macroscopically, no kind of abnormalities were detectable,
nor were any other complications observed during the period
investigated (Figs. 1B, 1E). Retrograde illumination after 24
hours revealed a ringlike structure in the corneal surface
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Ficure 1. Photomicrograph of the ocular surface after flap dissection
with two different laser energies (2.2 1J, [A-C]; 2.5 pJ, [D-F]). Directly
after laser application (A, D), the vertical cut (arrowhbead) and
adjacent “bubble layer” of the horizontal cut (asterisk) are clearly
visible. Twenty-four hours after treatment, the corneal surface appears
intact without opacity (B, E) and this finding is confirmed in retrograde
illumination (C, F). No difference between the effects produced by the
different pulse energies was detectable.

reflecting the vertical laser cut (Figs. 1C, 1F). No biomicro-
scopic difference between the two applied laser energies was
detected.

Lifting the Flap

A flap lift was performed in four eyes out of two animals that
had been treated with the different laser energies of 2.2 and 2.5
1. A pulse energy of 2.2 pJ allowed for an easy detachment of
the corneal flap, with a homogenous stromal bed remaining
(Figs. 2A, 2B). An increase of the cutting energy to 2.5 pJ
further facilitated the flap detachment and opening of the
stromal bed (Figs. 2C, 2D). Flap-lifted corneas were not
subjected to any further analysis.

Standard Histology

Hematoxylin and eosin staining 24 hours after laser treatment
revealed an intact epithelial layer with epithelial dip in the
region of the side cut. For both laser energies this epithelial dip
reached into the superficial quarter of the stroma. The dip was
filled with regular epithelial cells and the border between
epithelium and stroma was intact (Figs. 3A, 3C). Stromal
collagen lamellae lined the dip to the lower margin of the
vertical cut. Here, remnants of stromal keratinocytes were
detectable at 2.2-uJ energy, while at 2.5 pJ an edematous zone
of 20 X 20 um without any cells was detectable. This zone
reached down into the middle of the stroma with continuously
decreasing diameter, perfectly matching the laser depth set.
Close below the end of the vertical laser cut, the stromal
collagen fibrillae were regular shaped, and adjacent Descemet’s
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Ficure 2. Flap lifting after corneal laser treatment at 2.2 pJ (A, B) and
2.5 W (C, D) and a spot distance of 6 X 6 um. The dissection plane
could be easily opened and the flap could be fully detached, showing a
homogenous stromal bed with both energies used (B, D).

membrane as well as endothelium were intact without any
signs of impairment. The region of the horizontal cut
impressed as an acellular band of approximately 30 um (for
detailed analysis see “TUNEL assay” below), sometimes
displaying a rope-ladder pattern, which facilitated the detec-
tion of the horizontal cut (Fig. 3B). No obvious differences
between the effects produced by the two laser energies were
found (Figs. 3B, 3D).

Corneal Thickness

Twenty-four hours after laser treatment, a significant increase
in corneal thickness was detected in 10 of 15 evaluated
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corneas (4 of 6 at 2.2 pJ; 6 of 9 at 2.5 uJ) when the horizontal
cut region was compared with adjacent untreated cornea.

The average increase in corneal thickness of corneas
treated with different laser energies did not differ significantly
(2.2 WJ: 60.17 pm SD: 59.61; 2.5 WJ: 34.31 pm SD: 38.02, P =
0.320).

TUNEL Assay

TAT-dUTP terminal nick-end labeling assay revealed apoptotic
and necrotic cells in the horizontal as well as in the vertical cut
at 6- and 12-hours post laser treatment (Figs. 4A, 4B). At 24-
hours post treatment, apoptotic/necrotic cells were mainly
detectable in the horizontal cut (Figs. 4C, 4D), while few
TUNEL-positive cells were found in the most superficial
epithelial layers (Figs. 4E, 4F). TdT-dUTP terminal nick-end
labeling-positive cells were never observed in any part of the
endothelium.

The amount of TUNEL-positive cells in the ROI around the
horizontal cut remained stable at 6-, 12-, and 24-hours postlaser
treatment when 2.2-uJ energy was applied (Table 2, different
time points, one-way ANOVA, P = 0.063). This evaluation was
not performed for 2.5 pJ.

At 24 hours (Table 2, different laser energies), no significant
difference in the increase of TUNEL-positive cells within the
ROI was observed between the two laser energies (2.2 pJ:
13.79% * 9.64% [89.04 = 49.99 TUNEL-positive cells/mm?,
732.87 * 378.06 DAPI-positive cells/mm?] vs. 2.5 pJ: 14.09%
+ 7.03%; [189.77 * 91.41 TUNEL-positive cells/mm?, 1384.95
+ 281.09 DAPI-positive cells/mm?] P = 0.9). By contrast the
width of the hypocellular region was significantly smaller for
2.2 yJ than for 2.5 puJ (28.07 = 8.5 um vs. 35.81 = 10.71 um; P
= 0.007). However, no significant difference was found when
the width of the hypocellular region was related to the total
corneal thickness. The fraction of the hypocellular layer was
8.41% * 1.48 for an energy of 2.2 J, and 10.88% * 2.39 for
2.5 uJ, P =0.060.

Ficure 3. Hematoxylin and eosin-stained corneal sections after laser treatment with 2.2 pJ (A, B) and 2.5 pJ (C, D). At the location of the side cuts
a dip-like thickening of the epithelium reaching into the stroma (arrowhbeads) is observed with disturbance of the arrangement of the underlying
collagen fibers (arrows) and an edematous gap (white arrowbead), representing the vertical cut. In the region of the horizontal cut, a belt-like area
lacking stromal keratinocytes was detected ([B, D]; arrows). Often, vertical stripes were detectable at the site of the horizontal cut, making its
identification possible (inset, [B]). Endothelium and epithelium are intact (light microscopy, standard HE staining).
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Ficure 4. TdT-dUTP terminal nick-end labeling-positive cells (green)
in laser-treated corneas: at 2.2 pJ, the amount of TUNEL-positive cells
remained stable at different times ([A-D]; arrows) in the horizontal
region, while in the vertical cut region ([D], arrowbead) TUNEL-
positive cells were sparse. At 24-hours posttreatment, the horizontal
cut did not significantly differ between 2.5 and 2.2 yJ ([E, F]; arrows),
as it was the case in the vertical cut region ([F]; arrowbead). All figures
are confocal images in single optical section mode; blue, DAPIL

Transmission Electron Microscopy

At the site of the epithelial dip above the vertical cut collagen
lamellae of the stroma were disrupted (Fig. 5A) or indented
(Fig. 6A), forming a concavity of around 50 um, filled with
epithelial cells (Figs. 5A, 5B, 6A, 6B). Twenty-four hours after
laser treatment, these epithelial cells were regularly arranged,
with proper cell-cell contacts forming hemidesmosomes (Figs.
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5C, 5D, 6C, 6D, GE). At the bottom of the epithelial dip, the
border to the stroma was intact over a wide range, but
appeared disorganized at some places (Fig. 5E). Closely below
the laser depth set, stromal collagen fibers as well as stromal
keratinocytes were unaltered (Figs. SE OF). The border to
Descemet’s membrane was intact and unaltered, as was the
border from Descemet’s membrane to the endothelium (Figs.
5G, 6G). Endothelial cells were regularly arranged and shaped
with proper cell-cell connections, and cell organelles (endo-
plasmic reticulum, mitochondria) were regularly organized and
without alterations (Figs. 5H, 51, 6H, 6). With respect to size
and number, endothelial vacuoles in treated corneas resembled
those in untreated control tissues.

The horizontal cutting bed appeared as a zone of
disorganization of the collagen fibrils, of approximately 10-
pm thickness for both laser energies (Figs. 7A, 7C). Close to
this disorganization zone, the tissue was unaltered (Figs. 7B,
7D). At 2.5 pJ the cut was more clearly visible, and more
electron-dense material was detectable at the cutting edge (Fig.
7D). The rope-ladder pattern observed in the HE-stained
sections was not detectable at the ultrastructural level.

DIsCcUSSION

In the present study, we tested a new nanosecond UV laser
(355 nm) for its feasibility in corneal surgery. Flap cuts such as
in LASIK were produced at two different laser pulse energies:
2.2 W (6.1 J/cm?, 6 X 6 pm spot distance) and 2.5 pJ (6.9 J/cm?,
6 X 6 um spot distance) in an acute animal model. Corneal
tissue was processed for histology, TUNEL assay, and ultra-
structural analysis to investigate possible thermomechanical
and photochemical damage of the corneal tissue.

Flap Creation

The standard protocol for corneal flap creation uses femtosec-
ond lasers operating in near infrared at 1053 nm. Earlier studies
using a femtosecond UV laser at 345 nm also resulted in
successful flap creation and were performed in porcine eyes.!°
However, these studies used enucleated eyes, and the results
provide limited insight into physiological tissue behavior. In
the present study corneal flap creation was successful at both
energy levels set, however, removal of the flap was easier at 2.5
WJ. The lower energy level (2.2 1)) provided enough energy to
lift the flap, but adherence of the stromal fibers required more
force than in common clinical practice to separate the flap
from the underlying tissue.

UV Light and Safety Considerations

Since UV light can cause considerable damage to living tissue,!!
certain restrictions apply when used in routine operations. The
actual risk potential depends both on the wavelength and the

TasLe 2. Evaluation of TUNEL-Positive Cells in the Horizontal Cut
Time Spot Mean # TUNEL- SD mean # TUNEL- Mean % TUNEL- SD mean % TUNEL-
Point Energy Distance Positive Cells/mm? Positive Cells/mm? Positive Cells/mm? Positive Cells/mm? Statistics

Different time points

6 h 22w 6 X 6um 262.72 44.39

12h 22w 6X6um 144.16 56.30

24h 22 6X6um 89.04 49.99
Different laser energies

24h 22w 6X6um 89.04 49.99

24h 25w 6X6um 189.77 91.41

19.56 8.40 Not significant
12.26 4.36 P = 0.063
13.79 9.648

13.79 9.648 Not significant
14.097 7.037 P=09
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FIGURE 5.

(A) Semithin section (toluidine blue) with marks (letters/arrowbeads) at sites of subsequent ultrastructural analysis 24 hours after laser

treatment at 2.2 pJ; (B) region of the vertical cut with epithelial dip. Epithelial layers display unaltered arrangement (C) with regular cell-cell
contacts of the hemidesmosome type ([D], arrowhbeads; magnification of the boxed area in [C]). The transition zone epithelium-stroma appears
disorganized at some places ([E], arrowhbeads) but is more or less intact. Directly below the vertical cut (F), the stromal arrangement was unaltered
(KC, stromal keratinocyte). Here, (G) also the transition zone stroma-Descemet’s membrane (black arrowbeads) and Descemet’s membrane-
endothelium (white arrowbeads) was intact (S, stroma; E, endothelium). At the same site, endothelial cells (H) display unaltered ultrastructural

morphology (S, stroma; [I], magnification of boxed area in [H]).

irradiation dose applied. For the laser wavelength of 355 nm
used in this study a safety threshold at 19 J/cm? for the entire
eye, was set by the International Commission on Non-lonizing
Radiation Protection (ICNIRP)'? (Fig. 8). However, for a detailed
analysis of the risks of possible UV damage, various compart-
ments of the eye need to be considered independently because
the absorbance for UV light differs greatly between layers, and
cellular layers are more vulnerable than acellular optical media.
Several groups have studied wavelength dependence of light
transmittance through the different ocular media relevant for
ocular safety considerations.'314

Figure 9A demonstrates that corneal light transmittance at
355 nm is around 70%, which means that the laser pulses can
easily reach the depth at which the flap is cut. However,
approximately one-third of the energy is absorbed within the
cornea, and is thus a potential source of photochemical damage.

The threshold of UV damage to the corneal epithelium has
been reviewed!>'® and it has been shown that UV-A

wavelengths (380-315 nm) are considerably less hazardous
than light from the UV-B (315-280 nm) and UV-C (<280 nm)
regions.

The corneal epithelium in humans, monkeys, and rabbits
shows a peak sensitivity to UV radiation at 270 nm'”-!® (Fig.
812.15) while the threshold at 355 nm amounts to 42 J/cm,>1>
which is approximately four orders of magnitude higher than
at 270 nm. These data suggest that no photochemical damage
is to be expected when flap dissection is performed at radiant
exposures of 6.1 and 6.9 J/cm?. Corneal UV light exposure in
the present study is thus well within the safety limits suggested
by others.!® However, one needs to consider that the corneal
UV radiation threshold for photokeratitis in pigmented rabbits
of 42.5 J/cm? (at 365 nm)'>!? was determined for pure UV
light exposure. In flap cutting, a combination of UV damage
and thermomechanical stress has to be considered. The
occurrence of shock waves and cavitation bubbles resulting
from plasma formation, together with the UV exposure might
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Ficure 6.  (A) Semithin section (toluidine blue) with marks (letters/arrowheads) at sites of subsequent ultra structural analysis 24 hours after laser
treatment at 2.5 pJ. (B) Region of the vertical cut with epithelial dip (boxed area magnified in [C]). Epithelial layers display unaltered arrangement
with regular cell-cell contacts of the hemidesmosome type (arrowhbeads in [C]). (D) The transition zone epithelium-stroma is intact with unaltered
cell contacts to the basement membrane (hemidesmosomes, arrowbeads; E, epithelium; S, stroma). At the stromal site of the vertical cut (E), the
laser formed a cavity filled with amorphous material and lymph-like precipitates. Directly below the vertical cut (F), the stromal arrangement was
unaltered (KC, stromal keratinocyte). (G) The transition zones stroma-Descemet’s membrane (black arrowhbeads) and Descemet’s membrane-
endothelium (white arrowbeads) were intact (S, stroma, E, endothelium). At the same site, endothelial cells (H) display unaltered ultrastructural
morphology (S, stroma; [I], magnification of boxed area in [H]; DM, Descemet’s membrane).

lead to negative synergistic effects within the target tissue.??
Nevertheless, apart from keratocyte cell death in the stromal
cutting region, which was comparable with keratocyte cell
death after LASIK treatment at 1053 nm, no damage was
detected in the corneal epithelium or endothelium with the
laser energies used at 355 nm.

Since most of the UV light at wavelengths above 295 nm is
transmitted through the cornea,?!?? long time exposure to UV-
B radiation leads to an increased risk of cataract formation.??
Furthermore, the laser wavelength used for the present study
(355 nm) is partially transmitted through the lens and may also
have the potential to cause damage to the retina. To calculate
the transmittance of the light incident at the cornea toward the
posterior eye, van de Norren and van de Kraats?>* introduced
mean density and aging coefficients, allowing to determine
ocular transmittance in an age and wavelength dependent way.
In Figure 9C, ocular transmittance at 355 nm is presented for

different ages. For a 20-year-old eye, it was calculated to be less
than 0.1% meaning less than 0.1% of the applied light at the
cornea will reach the retina, and it further declines with age.
These calculation results are in good concordance with
experimental data obtained by Boettner'®> and Maher.'* The
thresholds for lens and retinal damage at 355 nm were not
investigated in the acute experiment design of the present
study. Further studies to address these questions are pending.
However, considering the fact that less than 0.1% of the laser
light reaches the ocular fundus, and that in flap cutting the
retinal dose is spread over a large area well exceeding 1 cm?,
retinal damage is very unlikely.

Epithelium

Subablative supratreshold exposure at 193 nm in rabbits led to
superficial epithelial haze?> that disappeared within several
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Ficure 7. Horizontal cut at 2.2 yJ (A, B) and 2.5 pJ (C, D) at the ultrastructural level: a band like disorganization in the shape of collagen lamellae
was observed (arrowhbeads in [A, C]) with intermittent bleb-like structures (arrowhbeads [B, D]). At 2.5 pJ, more electron-dense material was
detectable at the cutting edge and it appeared more prominent ([B, D] represent magnified views of the boxed areas in [A, C]).

hours after treatment. Exposure to 312 nm in chronic
experiments led to loss of corneal transparency and subse-
quent inflammation.?® A loss of epithelial cells in corneas
treated at 280 and 310 nm 24-hours posttreatment has been
reported.?” Such results were never observed in our set of

experiments 24 hours after treatment. Further, corneal
granules reported after treatment!> were absent in retroillumi-
nation. These observations could be confirmed using standard
histology: besides an epithelial dip at the site of the vertical
cut, the tissue appeared normal and further, at the ultrastruc-
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Ficure 8. Plot of UV action spectra. Modified and reprinted with permission from Matthes. McKinlay AE Bernhardt JH, Ahlbom A, et al. Guidelines
on limits of exposure to ultraviolet radiation of wavelengths between 180 nm and 400 nm (incoherent optical radiation). Health Phys. 2004;87:171-
186. Copyright 2004 Health Physics Society. Corneal epithelium of human, monkey, and rabbit shows a maximum sensitivity at 270 nm (red
arrowbead), while at 355 nm the threshold is four orders of magnitude higher and amounts to 42 J/cm? (green arrowbead). The ICNIRP!'? defined
a safety threshold of 19 J/cm? for UV radiation at 355 nm for the entire eye (orange dotted line). Laser energy used during our cutting procedure
(6.1 and 6.9 ) is approximately 60% below the safety threshold defined by ICNIRP (black arrowbead).
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Ficure 9. (A) Corneal transmission at different wavelengths in human

and rhesus monkey, according to experimental data of Boettner and
Wolter'3 and Maher'# at 355 nm (black arrow), 70% of the light is
transmitted through the cornea, while 30% of UV radiation is absorbed
within corneal tissue. (B) Transmittance of UV laser pulses of 355 nm
wavelength through porcine cornea as a function of pulse energy, for
the energies used for flap cutting plasma is generated, which absorbs
54% (at 2.2 W, black arrow) and 56% (at 2.5 J; white arrow) of the
incident UV light. (C) Transmission of UV radiation toward the retina,
calculated with the help of mean density and aging coefficients,
introduced by van de Kraats and van de Norren.?* These coefficients
allow to determine average data for the age and wavelength
dependence of ocular transmittance. At 355 nm (black arrow), less
than 0.1% of the applied light at the cornea will reach the retina in a 20-
year-old eye, and this fraction further declines with age.
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tural level, the superficial epithelial wingcells were mainly
unaltered.’> As a consequence, it can be concluded that
photokeratitis as a sign of acute UV damage?® did not occur in
the present experiments. This is attributed to the strongly
elevated damage thresholds at 355 nm, which are three orders
of magnitude higher than in the wavelength range between
220 and 310 nm (Fig. 8).

Endothelium

Acute suprathreshold UV-B irradiation (290-320 nm) induces
endothelial cell damage leading to the formation of vacuoles,!>
blebs,?® and disorganized cell borders,?® eventually resulting in
corneal swelling.° In rabbits, cell density after UV-B exposure
remained without detectable pathology,®! and also the cell
density of endothelial cells in acute human UV Kkeratitis
remained unaltered after UV exposure slightly above the
damage threshold.?? Nevertheless, apoptotic endothelial cells
have been reported in supratreshold rabbit experiments at 310
nm.?’ In our set of experiments, we never observed any of
those altered parameters with the different energies applied,
neither in standard histology nor at the ultrastructural level.

These findings are also supported by our transmission
studies in porcine cadaver corneas (Fig. 9B), revealing a
plasma transmittance during flap creation of approximately
46% at 2.2 yJ, and approximately 44%, at 2.5 yJ laser pulse
energy. In this case, the corresponding values for the total
corneal transmission to the endothelium are given by the
product of plasma transmittance and corneal transmittance
without plasma formation (Fig. 9B). They account for 33% at
2.2 pJ and 31% at 2.5 pJ laser pulse energy, respectively. Thus,
the transmission of UV radiation to the corneal endothelium is
reduced during the cutting procedure, and therefore the risk
of endothelial damage is smaller than in procedures lacking
plasma formation, such as corneal cross-linking. In summary,
acute UV damage of the endothelium did not occur in the
present study.

Corneal Stroma

After 24 hours, supratreshold UV radiation (310 nm) in
rabbits leads to apoptosis of stromal keratinocytes, followed
by a loss of keratinocytes in central corneas.?” At shorter UV
range (280 nm) only superficial keratinocytes are affected
because of the shallow penetration depth into the cornea
(Fig. 9A). By contrast, a deep and extensive stromal damage
has been reported for 310 nm, showing TUNEL signal “in
almost all keratocytes in the entire thickness of the corneal
stroma.”?” In our set of experiments, only a small acellular
region with approximately 30 pm thickness in diameter was
detectable 24 hours after laser treatment, corresponding to
the horizontal cut region, and this damage appears to be less
severe than reported earlier for 310 nm. A lack of
keratinocytes after supratreshold UV-exposure at 310 nm
shows repopulation within 7 days,3> and also corneal cross-
linking experiments revealed, that a loss of keratinocytes after
UV-light exposure is a reversible process.34-3° The number of
TUNEL-positive cells in the central and peripheral cornea 24
hours after microkeratome and femtosecond laser treatment
(1053 nm) was investigated in several studies.?”~3° Remark-
able is, that when comparing the number of TUNEL-positive
cells in the cornea after treatment with the new nanosecond
laser to those observed after femtosecond laser treatment, the
number of TUNEL-positive cells in our experiment appears to
be lower (at 355 nm and 150 KHz: mean: 189.77 cells/mm?,
SD: 91.41 with 2.5 pJ, 6 X 6 um spot distance; at 1053 nm and
60 kHz: 12.3 cells per X400 field,?” which corresponds
approximately to 268 cells/mm? SE: 23 when recalculated).
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The loss of keratinocytes in the horizontal cut region of the
stroma observed with the infrared femtosecond laser cannot
be related to UV damage, but must be caused by the
thermomechanical action of plasma-induced shock waves
and cavitation. Since the keratinocyte loss caused by the UV
laser is lower or at least equivalent to the available infrared
data, we conclude that this loss is also related to mechanical
damage rather than being a result of UV damage.

Corneal Thickness

In order to keep the corneal surface untouched for subsequent
ultrastructural analysis, we resisted to perform pachymetry
after laser treatment. Instead, direct measurements of corneal
thickness were performed on histologic slides. This also
circumvents problems in tissue shrinkage during fixation®°
compared with pachymetry values, but enables for direct
comparison of different corneal regions, since central and
peripheral corneal thickness in rabbits are identical.®

Acute suprathreshold UV-B irradiation leads to damage of
the corneal epi- and endothelium,*' which, besides pain,?2
results in altered corneal deturgescence due to a mismatch in
hydration. This hydration mismatch, in turn, causes corneal
swelling and haze. In earlier experiments of corneal UV-B
irradiation at 312 nm, a dose-dependent increase in corneal
thickness was observed 24 hours after irradiation (0.25 J/cm?:
~8%%3; 0.5 J/cm?: ~35%%4; 0.5 J/cm?: ~65%%%; 1.01 J/cm?:
~150%%5). Here, the onset of a thickness increase occurred at a
dose of 0.25 J/cm?, which is approximately twice the corneal
damage threshold at 312 nm (Fig. 8). Although a significant
increase in corneal thickness was observed also in our set of
experiments (mean 16.6% and 9.4%, for both energy levels,
respectively) this increase was much lower compared with
aforementioned studies, albeit the total energies used in our
study were much higher (6.1 and 6.9 J/cm?, respectively). This
is consistent with the higher damage threshold of 42.5 J/cm?
reported for 355 nm, which exceed the applied laser dose by a
factor of 6 to 7. Since also no significant differences regarding
corneal swelling between both energy levels were obvious and
further taking into account that corneal haze was never
observed in our studies, a serious corneal damage can be
denied.

CONCLUSIONS

This new UV nanosecond laser revealed no epi- nor endothelial
damage in the rabbit cornea at the laser energies feasible for
cutting corneal flaps. The corneal stroma showed loss of
keratinocytes in the horizontal cutting bed similar to infrared
femtosecond laser systems. Pending studies will address effects
of the UV nanosecond laser on the cornea, lens, and retina in
chronic models.
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