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LABORATORY SCIENCE

Wound healing in rabbit corneas after ®
flapless refractive lenticule extraction with
a 345 nm ultraviolet femtosecond laser

Christian M. Hammer, PhD, Dipl-Biol, Corinna Petsch, PhD, MSc, Jorg Klenke, Dipl-Ing,
Katrin Skerl, PhD, Dipl-Ing, Christian Willner, Dipl-Ing, Christof Donitzky, Dipl-Ing, Friedrich Paulsen, MD,
Michael Scholz, PhD, MME, Theo Seiler, MD, PhD, Friedrich E. Kruse, MD, Johannes Menzel-Severing, MD, MSc

Purpose: To characterize corneal wound healing in a rabbit model
after flapless refractive lenticule extraction with a 345 nm ultraviolet
femtosecond laser.

Setting: Departments of Ophthalmology and Anatomy II, Univer-
sity of Erlangen-NUrnberg and Wavelight GmbH, Erlangen,
Germany.

Design: Experimental study.

Methods: Flapless refractive lenticule extraction was performed in
1 eye each of 20 New Zealand white rabbits (—5.0 diopters).
Groups of 4 animals were euthanized after 48 hours, 1 week,
2 weeks, 4 weeks, and 3 months, respectively. Corneal samples
were prepared for histology and fluorescence microscopy. To
assess corneal cell death, proliferation, and myofibroblastic trans-
differentiation, terminal uridine deoxynucleotidyl nick end-labeling
(TUNEL) assay as well as immunostaining for Ki67 and a-smooth
muscle actin (#SMA) were performed on sagittal cryosections.

(SMILE, Carl Zeiss Meditec AG) has been established

as a flapless alternative to laser in situ keratomileusis
(LASIK) and other flap-reliant refractive surgery proced-
ures.' > In the small-incision lenticule extraction proced-
ure, a femtosecond laser is used to create a refractive
lenticule in the depth of the corneal stroma without
creating a flap or otherwise damaging the corneal epithe-
lium. To achieve a refractive change, the lenticule is
extracted via 1 or 2 small peripheral incisions of only a
few millimeters in length. With this method, the epithelial
wound remains markedly smaller than with LASIK or

In recent years, small-incision lenticule extraction

Results: Histology revealed a zone of keratocyte depletion with a
thickness of approximately 50 um around the extraction site. At
48 hours, pronounced TUNEL staining of keratocytes was de-
tected around the interface (159.9 cells/mm + 18.4 [SD]), which
steadily decreased to 74.9 £ 19.8cells/mm at 1week and
5.7 £+ 4.8 cells/mm at 2 weeks. Ki67 staining of keratocytes was
evident at 48 hours (10.0 £+ 3.8 cells/mm), which then decreased
at 1 week (5.2 + 1.7 cells/mm) and 2 weeks (0.4 + 0.5 cells/mm).
From 4 weeks onward, no TUNEL or Ki67 staining was detected.
The corneal stroma was aSMA-negative at all timepoints.

Conclusion: Application of the 345 nm laser showed no signs of
problematic repair processes in the cornea, which supports the
initiation of the clinical phase.

J Cataract Refract Surg 2017; 43:1335-1342 © 2017 The Authors. Pub-
lished by Elsevier Inc. on behalf of ASCRS and ESCRS. This is an open
access article under the CC BY-NC-ND license (http:/
creativecommons.org/licenses/by-nc-nd/4.0/).

photorefractive keratectomy (PRK). The development of
LASIK in the 1990s had already represented a step forward
in terms of patient comfort because it created a smaller
epithelial wound than PRK. However, it also introduced
new sources of complications that are directly or indirectly
related to flap creation.’ '" Refractive surgery procedures
involving flap formation (eg, LASIK) have been discussed
to destabilize the corneal stroma to a higher degree than
flapless interventions such as PRK or small-incision lenti-
cule extraction because the stromal bed is markedly
reduced in thickness because of the biomechanically inac-
tive flap.'' "> Some studies claim this represents a risk
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factor for iatrogenic ectasia,’ which can be considered

an indirectly flap-related complication according to this
theory. The small-incision lenticule extraction procedure,
on the other hand, renders the corneal portions anterior
to the refractive lenticule (cap) largely intact, with the
exception of 1 or 2 extraction canals.” Therefore, the
corneal cap might still contribute to the biomechanical
strength of the cornea after surgery, although it has not
yet been clarified whether this is of actual clinical rele-
vance.'® Another advantage of small-incision lenticule
extraction is the much smaller epithelial wound when
compared with PRK or LASIK. Moreover, the postopera-
tive incidence and severity of dry-eye syndrome are signif-
icantly lower after small-incision lenticule extraction than
after LASIK.'”** Taken together, this combines markedly
increased postoperative patient comfort with decreased
corneal destabilization in the small-incision lenticule
extraction procedure. To our knowledge, at present,
small-incision lenticule extraction is achieved only with
the Visumax infrared (IR) femtosecond laser system
(Carl Zeiss Meditec AG). In 2 previous studies,””* we
described a new 345nm ultraviolet (UV) femtosecond
laser capable of facilitating flapless lenticule extractions
similar to the small-incision lenticule extraction proced-
ure. The shorter wavelength of UV light allows a UV
femtosecond laser to create a more accurate laser focus
when compared with IR laser systems. This corresponds
with less pulse energy necessary to cut corneal tissue and
should therefore increase the maximum level of cutting
precision and safety achievable with a UV platform.

In the present study, the 345 nm laser system was applied
for the flapless extraction of intrastromal refractive lenti-
cules from rabbit eyes in vivo to obtain preclinical
wound-healing data. Corneal cell death, keratocyte prolifer-
ation, and myofibroblastic transdifferentiation were evalu-
ated over a follow-up of 3 months to assess the laser’s
readiness for the clinical phase.

MATERIALS AND METHODS

Study Design and Laser Parameters

Twenty female New Zealand white rabbits weighing between 2.5 kg
and 3.5 kg were subjected to flapless refractive lenticule extractions
in 1 eye, whereas the contralateral eyes served as untreated controls.
Then, the corneas of groups of 4 animals each were allowed to heal
for 2 days, 1week, 2 weeks, 4 weeks, and 3 months, respectively,
before the rabbits were humanely killed and the eyes enucleated.
Refractive surgery was performed with a 345 nm UV femtosecond
laser system that had been developed by Wavelight GmbH (Alcon
Inc.) and that had already been used in pilot studies on pig eyes
and rabbit eyes.””*> The lenticules were aimed at a refractive correc-
tion of —5.0 diopters (D) and were created at an anterior interface
depth of 150 pm. They had a diameter of 5.5 mm and were extracted
via 2 extraction canals enhanced with a 2.0 to 3.0 mm wide epithelial
incision positioned in the superior and temporal quadrant. The laser
cuts were administered with a pulse energy of 80 nJ and a spot sep-
aration of 4 pm x 4 pm (fluence: 1.0 J/cm®). Upon lenticule extrac-
tion, the animals received a common topical lubricant containing
dexpanthenol (Corneregel) every 2 days to support wound healing
and provide additional moistening of the cornea. In addition, anti-
biotic ointment containing ofloxacin (Floxal) was administered topi-
cally every 2 days to prevent corneal infection and inflammation.
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Within 4 hours of enucleation, the corneas were dissected and pro-
cessed subsequently for light and fluorescence microscopy. Corneal
cell death, proliferation, and myofibroblastic transdifferentiation
were determined using a terminal uridine deoxynucleotidyl nick
end-labeling (TUNEL) assay and immunostaining for Ki67 (prolif-
eration) and o-smooth muscle actin (SMA) (transdifferentiation).
Furthermore, standard histology was used to morphologically char-
acterize the corneas after lenticule extraction.

Experimental Animals

Twenty New Zealand white rabbits were obtained from Charles
River Laboratories (Sulzfeld, Germany) and kept in the profes-
sional care of the university’s experimental animal facility for basic
and preclinical research (Franz-Penzoldt-Center, Friedrich-
Alexander-University Erlangen-Niirnberg, Erlangen, Germany).
The experiments were approved by the local ethics committee
on animal testing and performed in accordance with the Associa-
tion for Research in Vision and Ophthalmology guidelines on the
use of animals in ophthalmic and vision research. The experiments
were also performed in accordance with institutional guidelines;
the experimental plan was sanctioned by the local government
committee for the protection of animals (Regierungsprasidium
von Mittelfranken, Ansbach, Germany, permit number 54-
2532.1-16/11).

Before surgery, the animals were kept in colonies comprising a
maximum of 5 animals. After surgery, the animals were kept in
individual boxes until they were killed humanely. Forage and water
were always provided ad libitum. For laser treatment and lenticule
extraction, the animals were anesthetized with 50 mg/kg ketamine
(Ketavet) and 10.5 mg/kg xylazine (Rompun 2.0%). For additional
local anesthesia of the cornea, oxybuprocaine hydrochloride eyedrops
(Conjuncain EDO) were given. Animals were killed humanely by
intravenous injection of 300 mg pentobarbital (Narcoren).

Light and Fluorescence Microscopy

After lenticule extraction and a postoperative wound-healing
period, the corneas were excised and bisected across the interface.
One half was fixed at room temperature for 24 hours with a solution
containing glutaraldehyde 2.5% in Sorensen’s phosphate buffer
(0.1 M monopotassium phosphate, 0.1 M disodium phosphate x 2
H,0) and embedded in epoxy resin (Epon) as described previ-
ously.”” Subsequently, 1.0 um sagittal semi-thin sections were cut
and stained with toluidine blue for histological analysis. The other
half was embedded in an optimum cutting temperature compound
(Tissuetec, Sakura Finetek Europe B.V.) and cryosectioned sagitally
(5.0 um) for TUNEL assay and immunofluorescence. Two samples
containing an extraction canal were also dissected from every
treated cornea. Again, 1 sample was embedded in epoxy resin and
the other in an optimum cutting temperature compound for the
same analyses as described for the specimens containing the
interface. After the samples were cryosectioned, TUNEL assays
were performed according to the manufacturer’s recommendations
(In Situ Cell Death Detection Kit, Roche Diagnostics).

For immunofluorescence, the samples were fixed in cold acetone
for 10 minutes and incubated in a solution containing 10% normal
goat serum (Sigma- Aldrich Chemie GmbH), 1.0% bovine serum al-
bumin (Sigma-Aldrich Chemie GmbH), and 0.5% Triton-X-100
(Merck kGaA) in phosphate-buffered saline (PBS) (0.01 M, pH
7.4) for 1hour at room temperature to block unspecific binding
of the antibodies. Then, the samples were incubated overnight at
4°C with the primary antibody diluted with a solution of 3% normal
goat serum (Sigma-Aldrich Chemie GmbH), 1.0% bovine serum al-
bumin (Sigma-Aldrich Chemie GmbH), and 0.5% Triton-X-100
(Merck kGaA) in PBS (0.01 M, pH 7.4). A mouse anti-human
Ki67 (Dako Deutschland GmbH, cat. no. M7240029) and a mouse
anti-human a-SMA (cat. no. 36.000, Novocastra Laboratories Ltd.)
were used as primary antibodies at dilutions of 1:100 and 1:50,
respectively. After 3 rinses in PBS, the samples were incubated for
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1 hour at room temperature with the secondary antibody (goat albumin (Sigma-Aldrich Chemie GmbH), and 0.5% Triton-X-100
anti-mouse immunoglobulin G Alexa 555, cat. no. A21422, (Merck kGaA) in PBS (0.01M, pH 74). After 3 further
Invitrogen Co.) diluted 1:500 with a solution of 3.0% normal rinses with PBS, nuclei were stained using 4',6-diamidino-2-
goat serum (Sigma-Aldrich Chemie GmbH), 1.0% bovine serum phenylindole (Sigma-Aldrich Chemie GmbH), coverslipped with

A B

Figure 1. Histology of rabbit corneas after UV femtosecond laser flapless lenticule extraction (scale bar = 200 um). Left column: Central region of
the extraction site at different postoperative timepoints. At 48 hours (A) a keratocyte-free zone with a thickness of approximately 50 um is discern-
ible around the cutting line (asterisk). Partial and gradual repopulation of the depleted stroma (C, E, G, /) without having reached the original ker-
atocyte density at 3 months (/). Right column: Epithelial incision at different postoperative timepoints. At 48 hours, the epithelial wound was already
closed by an epithelial cell callus (B) which decreased in size over time (D, F, H, J). Semi-thin sections stained with toluidine blue.

Volume 43 Issue 10 October 2017
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fluorescent mounting medium (Dako Deutschland GmbH), and
viewed with a fluorescence microscope (BX-51TF, Olympus Corp.).

Standard Histology

Two days after lenticule extraction, a zone of keratocyte
depletion was detected at the extraction site (Figure 1, A).
The keratocyte-free region had a sagittal extension of
approximately 50 pm. Over time, this region was more
and more repopulated by keratocytes, which was already
evident 2 weeks after lenticule extraction (Figure 1, C).
The repopulation process had further intensified at 4 weeks
and 3 months (Figure 1, G and I). However, even after
3 months, the depletion zone had not yet reached a
normal keratocyte count (Figure 1, I). The epithelial and
endothelial cells appeared unharmed. At the sites of
epithelial incision, a callus of epithelial cells formed and
then steadily decreased in size over time (Figure 1, right
column). After 3 months, no callus was detected. Instead,
the epithelium appeared slightly thickened at the incision
site in 1 of 4 specimens (Figure 1, ).

Keratocyte Death

At 48 hours, TUNEL-assay analysis showed pronounced
staining of keratocytes near the extraction site around the
interface (Figure 2, A). Morphometric analysis revealed a
cell death count of 159.9 cellsymm =+ 18.4 (SD), which
steadily decreased to 74.9 & 19.8 cells/mm at 1 week and
5.7 £ 4.8 cells/mm at 2 weeks (Figure 2, A to C). At 4 weeks
and 3 months, no TUNEL-positive keratocytes were
detected (Figure 2, D). The corneal endothelium was
TUNEL-negative at all timepoints. All differences between
groups in TUNEL-positive cell counts were statistically
significant (P < .05, 2-tailed Student ¢ test).

Keratocyte Proliferation

Marked Ki67 staining of keratocytes was evident
at 48 hours (10.0 + 3.8 cells/mm) at the border of the
keratocyte depletion zone (Figure 3, A). The Ki67-positive

A
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cell count had decreased conspicuously after 1week
(5.2 + 1.7 cells/mm; P > .05, 2-tailed Student ¢ test) and
2 weeks (0.4 & 0.5 cells/mm, P < .05, 2-tailed Student
t test) (Figure 3, B and C). After 4 weeks and 3 months,
no Ki67-positive keratocytes were found (Figure 3, D).
The corneal endothelium was Ki67-negative at all
timepoints.

Keratocyte Transdifferentiation

The central corneal stroma was free of aSMA-positive cells
at all timepoints (Figure 4, A to E). The pronounced stain-
ing of numerous aSMA-positive keratocytes found after
48 hours was confined to the close proximity of the epithe-
lial callus (Figure 5, A). At 1 week and 2 weeks, the staining
around the callus had markedly decreased, with only some
isolated aSMA-positive keratocytes still being observed
(Figure 5, B and C, respectively). From 4 weeks onward,
no aSMA-positive keratocytes were detected (Figure 5, D).

The long-term clinical success of refractive surgery
procedures hinges on the subsequent wound-healing
response in the cornea. It is of critical importance that
the stromal tissue repair processes remain largely
regenerative in nature, without disturbing corneal
transparency and geometry.'”*>*” If, however, a fibrotic
repair process is induced, corneal haze and scar
contractions might develop and impair the visual
outcome.”**" Fibrotic wound healing is associated with
proliferating keratocytes (Ki67-positive) that are
thought to partially represent activated cells further
transdifferentiating into stromal myofibroblasts («SMA-
positive). Because stromal myofibroblasts are responsible
for the deposition of scar tissue, their presence is a pivotal
indicator for the development of corneal fibrosis. In this
respect, it is a promising sign for the new 345nm
temtosecond laser that no aSMA-positive cells were
found in rabbit corneas after lenticule extraction within
the first 3 months of wound healing, except for some

Figure 2. The TUNEL assay on
sagittal cryosections at different
timepoints after flapless refractive
lenticule extraction (—5.0 D) from
rabbit comeas (scale bar =
200 pm). A: Forty-eight hours.
B: One week. C: Two weeks. D:
Four weeks. Pronounced keratocyte
death around the cutting line at
48 hours (A). Steady decline in
TUNEL-positive keratocyte count
over time. No TUNEL-positive
keratocytes discemible after
4 weeks (D) (blue = 4',6-diamidino-
2-phenylindole; red = terminal
uridine deoxynucleotidyl nick end-
labeling).
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isolated cells around the epithelial incision. The local
presence of myofibroblasts in proximity of the epithelial
wound is not surprising because epithelium-derived
cytokines such as transforming growth factor-B2 were
shown to elicit keratocyte transdifferentiation and
stromal fibrosis in areas where the basal membrane was
damaged and had lost its barrier function.”**” Because
of the peripheral location of the spatially very confined

Figure 3. Ki67 immunofluores-
cence on sagittal cryosections at
different timepoints after flapless
refractive  lenticule  extraction
(—5.0 D) from rabbit corneas (scale
bar = 200 um). A: At 48 hours. B:
At 1week. C: At 2weeks. D: At
4 weeks. Pronounced staining of
Ki67-positive keratocytes around
the area of keratocyte depletion
(asterisk) at 48 hours (A). Steady
decrease in proliferating kerato-
cytes over time. No Ki67-positive
keratocytes  discernible  after
4 weeks (D). Basal cells within the
corneal epithelium served as
internal positive control and
were Ki67-positive in all corneas
(blue = 4’,6-diamidino-2-

phenylindole; red = Ki67).

aSMA-positive cells around the small incisions, a
hypothetical mild and temporary corneal haze in these
regions would not be likely to cause any detectable visual
impairment. This is underscored by the fact that even
with PRK and LASIK, in which the epithelial damage is
much more pronounced, corneal haze and other fibrotic
complications normally pose no serious threat to the
long-term visual outcome.®'’ Therefore, the few

Figure 4. The aSMA immunofluo-
rescence on sagittal cryosections
of rabbit corneas at the center of
the lenticule extraction site. A:
At 48hours. B: At 1week. C: At
2weeks. D: At 4weeks. E:
At 3months. No aSMA-positive
keratocytes discemible near the
lenticular bed at all timepoints (scale
bar = 200 um). Asterisks mark the
keratocyte-free area. F: Rabbit
ciliary muscle (CM) and iris muscle
(IM) serving as positive controls
(* = ciliary process; blue = 4',6-
diamidino-2-phenylindole; red =
a-smooth muscle actin).

Volume 43 Issue 10 October 2017
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B

aSMA-positive cells detected around the small incisions
within the first 2 weeks after surgery should be of no
pathologic relevance.

The absence of aSMA-positive cells along the lenticule
beds and caps suggests that the Ki67-positive keratocytes
detected at 48 hours and 1 week postoperatively do not
represent cells activated in the context of stromal
fibrosis. They might simply constitute cells that were
induced to proliferate by the laser or by the manual
extraction of the lenticules. That almost no Ki67-
positive keratocytes were found 2 weeks after surgery
(and none at all from 4 weeks onward) in this study cor-
responds with previous findings after PRK and LASIK in
rabbit eyes,”””” and seems to reflect a normal regenera-
tive wound-healing pattern. Among other aspects, Dong
et al’' examined the development of Ki67-positive
keratocyte counts after small-incision lenticule extraction
and LASIK (also in rabbit eyes). After 1 week, they found
only one half as many Ki67-positive cells in the corneal
stroma than those found 3 days postoperatively. This is
almost exactly what we found after UV femtosecond
laser flapless refractive lenticule extraction, that is, our
Ki67-positive cell count at 1week after surgery was
also halved in comparison to 2days postoperatively.
Furthermore, Dong et al. found almost no proliferating
keratocytes after 1 month. Again, this corresponds with
our data because we did not detect Ki67-positive kerato-
cytes from 4 weeks postoperatively and onward. There-
fore, regarding keratocyte proliferation, there was a
marked conformity of our data with that derived from
wound-healing experiments after the standard small-
incision lenticule extraction procedure.

Volume 43 Issue 10 October 2017

Figure 5. The aSMA immunofluo-
rescence on sagittal cryosections
of rabbit comeas near the epithelial
incision at different timepoints after
flapless lenticule extraction (scale
bar = 200 um). A: At 48 hours. B:
At 1week. C: At 2weeks. D: At
4 weeks. Marked staining around
the epithelial callus at 48 hours
(A). Isolated aSMA-positive kerato-
cytes (armowheads) near the
epithelial callus at 1week (B) and
2 weeks (C). No aSMA-staining at
4 weeks (D) (blue = 4',6-diamidino-
2-phenylindole;  red = a-smooth
muscle actin).

In a previous study,”” we found that the keratocyte death
rate after formation of a cutting plane was significantly
higher with the 345nm laser than with a common IR
femtosecond laser (Wavelight FS 200, Wavelight GmbH).
However, keratocyte death is a common and harmless
feature of femtosecond laser refractive surgery if it remains
confined to the area around the interface and if the death
rate decreases continuously after surgery.”>*” >’ Because
this was the case in our previous study”” as well as after
flapless lenticule extraction in the present study, the
postoperative TUNEL-positive cell counts gave us no
reason for concern. The number of TUNEL-positive
keratocytes after UV laser refractive lenticule extraction
declined dramatically within the first 2 weeks after surgery.
No TUNEL-positive cells were found after 4 weeks and
3 months. This is in line with the findings by Mohan
et al,”” who also found an absence of TUNEL-positive
stromal cells in rabbit corneas after PRK and LASIK from
4weeks postoperatively and onward. Our TUNEL
assay-derived data also corresponded with our histological
findings. In this study, an approximately 50 um thick zone
devoid of keratocytes was shown around the cutting line
48 hours postoperatively. Over time, this area had been
partially repopulated by keratocytes, although the stromal
cell count had not returned to normal 3 months after
lenticule extraction. This, however, was not interpreted as
an alarming sign because Erie et al.”* have shown that the
stromal cell count remains significantly decreased, even
years after successful PRK and LASIK, without having a
detectable adverse effect on the visual outcome.

Loss of endothelial cells, on the other hand, must always
be considered a serious side effect. Although the corneal
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endothelium plays a functional key role for corneal
transparency, it has an extremely low capacity to regenerate
in the human system.”® In a previous study,” the
345 nm femtosecond laser was already shown to pose no
threat to endothelial cells in enucleated porcine eyes, even
if the stromal cut was placed as near as 50 um from the
endothelium. However, to our knowledge, the present study
is the first to provide long-term data after flapless refractive
lenticule extraction from an in vivo rabbit model. Judging
from the inconspicuous histology and from the absence
of TUNEL-positive endothelial cells at all timepoints
evaluated, it seems appropriate to conclude that the new
345 nm femtosecond laser poses no apparent danger for
the corneal endothelium.

The present study was limited by several aspects. First,
the refractive outcome of the flapless lenticule extraction
procedures performed was not measured and no wavefront
was determined in the rabbits used. Because the primary
focus of this study was on the corneal wound-healing
processes around the cutting planes, measurements of
refractive outcomes and wavefronts were not considered
to be of pivotal importance for the key variables analyzed
(ie, corneal cell death, keratocyte proliferation, and
myofibroblastic transdifferentiation). However, future
preclinical and clinical studies focusing on the precision
and accuracy of UV femtosecond laser lenticule extraction
should provide precise refractive outcome data as well as
preoperative and postoperative wavefront measurements.
The extent of corneal nerve loss from the surgical procedure
and during the postoperative recovery was also not
evaluated in the present study. Surgery-induced damage
to the corneal nerve plexus is thought to be a major cause
of post-LASIK and post-small-incision lenticule extraction
dry eye.'” ** It has been reported that the postoperative
incidence and severity of dry-eye syndrome as well as the
degree of corneal nerve loss are markedly lower after
small-incision lenticule extraction than after LASIK."”**
However, at present, there are no postoperative data
available on UV femtosecond laser flapless lenticule
extraction. Therefore, future studies to determine the extent
of corneal nerve loss after UV laser flapless refractive
lenticule extraction as well as its recovery and correlation
with dry-eye syndrome are necessary.

Another limitation of the present study is that it was
designed as a histological study that also included TUNEL
assays and immunostaining for Ki67 and aSMA. This
design was considered sufficient to provide an initial
understanding of the nature of the postoperative
wound-healing processes after UV laser flapless lenticule
extraction. However, transmission electron microscopy
(TEM) might provide a greater understanding of the
processes. Therefore, future preclinical wound-healing
studies after UV laser lenticule extraction with the
345 nm femtosecond laser would benefit from TEM as an
additional method. The study design was further limited
because only 1 level of correction (—5.0 D) was
administered. The question of whether the postoperative
wound-healing processes after a very small (eg, —1.5 D)

or a very large correction (eg, —10.0 D) differ from this
intermediate level is yet unanswered. Hence, the pursuit
of this question might also be of interest for future studies.
For further comparative reasons, it would have been useful
to include a Visumax control group to directly compare the
obtained UV laser-related data with the wound-healing
process after standard small-incision lenticule extraction.
Because this was not possible at the time the present study
was performed, a thorough comparison of our results with
the currently existing literature on post-small-incision
lenticule extraction, post-LASIK, and post-PRK wound
healing was supposed to fill this gap. However, an exact
repetition of the described experiments using the Visumax
laser would help to more accurately interpret the
wound-healing data obtained in this study.

In conclusion, viewed in line with previous studies of the
new 345 nm femtosecond laser,”” *’ this study represents a
further step forward on the way toward the first clinical
trials. This is emphasized by the pronounced accordance
of our wound-healing data after UV laser flapless lenticule
extraction with previous findings after PRK, LASIK, and
standard small-incision lenticule extraction.”” ' Because
no corneal and extracorneal ocular hazards have become
evident in the preclinical testing phase thus far, we are
confident that the UV femtosecond laser is headed in the
correct direction toward the clinical testing phase.

WHAT WAS KNOWN

e To date, small-incision lenticule extraction is performed with
only 1IR femtosecond laser system.

WHAT THIS PAPER ADDS

e An alternative 345 nm UV femtosecond laser prototype was
successfully used to perform a flapless lenticule extraction
procedure similar to small-incision lenticule extraction in
rabbit eyes.

o Postoperative wound healing with the 345 nm UV femto-
second laser prototype seemed comparable to wound
healing that occurred after PRK, LASIK, or femtosecond
laser small-incision lenticule extraction and showed no signs
of a fibrotic repair response throughout a 3-month follow-
up.

REFERENCES

1. Sekundo W, Kunert K, Russmann C, Gille A, Bissmann W, Stobrawa G,
Sticker M, Bischoff M, Blum M. First efficacy and safety study of femto-
second lenticule extraction for the correction of myopia: six-month resullts.
J Cataract Refract Surg 2008; 34:1513-1520; erratum, 1819

2. Sekundo W, Kunert KS, Blum M. Small incision corneal refractive surgery
using the small incision lenticule extraction (SMILE) procedure for the
correction of myopia and myopic astigmatism: results of a 6 month pro-
spective study. Br J Ophthalmol 2011; 95:335-339

3. Shah R, Shah S, Sengupta S. Results of small incision lenticule extraction:
All-in-one femtosecond laser refractive surgery. J Cataract Refract Surg
2011; 37:127-137

4. Vestergaard A, Ivarsen AR, Asp S, Hjortdal J&. Small-incision lenticule
extraction for moderate to high myopia: Predictability, safety, and patient
satisfaction. J Cataract Refract Surg 2012; 38:2003-2010

5. Agca A, Demirok A, Yildinm Y, Demircan A, Yasa D, Yesilkaya C, irfan P,
Taskapil M. Refractive lenticule extraction (ReLEx) through a small incision

Volume 43 Issue 10 October 2017


http://refhub.elsevier.com/S0886-3350(17)30651-X/sref1
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref1
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref1
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref1
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref2
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref2
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref2
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref2
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref3
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref3
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref3
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref4
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref4
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref4

1342

LABORATORY SCIENCE: UV FEMTOSECOND WOUND HEALING

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

(SMILE) for correction of myopia and myopic astigmatism: current perspec-
tives. Clin Ophthalmol 2016; 10:1905-1912. Available at: https://www
.ncbi.nlm.nih.gov/pmc/articles/PMC5055042/pdf/opth-10-1905.pdf.
Accessed August 28, 2017

Ambrdsio R Jr, Wilson SE. Complications of laser in situ keratomileusis: eti-
ology, prevention, and treatment. J Refract Surg 2001; 17:350-379
Knorz MC. Flap and interface complications in LASIK. Curr Opin Ophthal-
mol 2002; 13:242-245

Ambrdsio R Jr, Wilson SE. LASIK vs LASEK vs PRK: advantages and indi-
cations. Semin Ophthalmol 2003; 18:2-10

Lichter H, Stulting RD, Waring GO lll, Russell GE, Carr J. Buttonholes during
LASIK: etiology and outcome. J Refract Surg 2007; 23:472-476

Sutton GL, Kim P. Laser in situ keratomileusis in 2010 — a review. Clin Exp
Ophthalmol 2010; 38:192-210

Knox Cartwright NE, Tyrer JR, Jaycock PD, Marshall J. Effects of variationin
depth and side cut angulations in LASIK and thin-flap LASIK using a femto-
second laser: a biomechanical study. J Refract Surg 2012; 28:419-425
Reinstein DZ, Archer TJ, Randleman JB. Mathematical model to
compare the relative tensile strength of the cornea after PRK, LASIK,
and small incision lenticule extraction. J Refract Surg 2013; 29:454-460.
Available at: http://www.choeye.co.kr/webi_board/upFile/mathematical
_model_to_compare_the_reletive_tensile_strength_of_the_cornea_after
_PRK_Lasik_Smile.pdf. Accessed August 28, 2017

Reinstein DZ, Archer TJ, Gobbe M. Small incision lenticule extraction
(SMILE) history, fundamentals of a new refractive surgery technique
and clinical outcomes. Eye Vis 2014; 1:3. Available at: https://eandv
.biomedcentral.com/articles/10.1186/s40662-014-0003-1. Accessed
August 28, 2017

Binder PS. Analysis of ectasia after laser in situ keratomileusis: risk factors.
J Cataract Refract Surg 2007; 33:1530-1538

Condon PI, O’Keefe M, Binder PS. Long-term results of laser in situ kerat-
omileusis for high myopia: risk for ectasia. J Cataract Refract Surg 2007;
33:583-590

El-Naggar MT. Bilateral ectasia after femtosecond laser-assisted small-
incision lenticule extraction. J Cataract Refract Surg 2015; 41:884-888
Sachdev G, Sachdev MS, Sachdev R, Gupta H. Unilateral corneal ectasia
following small-incision lenticule extraction. J Cataract Refract Surg 2015;
41:2014-2018

Seiler T, Koller T, Wittwer V. Grenzen von SMILE (small incision lenticule
extraction) [Limitations of SMILE (small incision lenticule extraction)]. Klin
Monatsbl Augenheilkd 2017; 234:125-129

Kobashi H, Kamiya K, Shimizu K. Dry eye after small incision lenticule
extraction and femtosecond laser—assisted LASIK: meta-analysis. Cornea
2017; 36:85-91

Zhang Y, Shen Q, Jia Y, Zhou D, Zhou J. Clinical outcomes of SMILE and
FS-LASIK used to treat myopia: a meta-analysis. J Refract Surg 2016;
32:256-265

Wang B, Naidu RK, Chu R, Dai J, Qu X, Zhou H. Dry eye disease following
refractive surgery: a 12-month follow-up of SMILE versus FS-LASIK in high
myopia. J Ophthalmol 2015; 132417. Available at: https://www.ncbi.nlm.nin
.gov/pmc/articles/PMC4662970/pdf/JOPH2015-132417.pdf. Accessed
August 28, 2017

Denoyer A, Landman E, Trinh L, Faure J-F, Auclin F, Baudouin C. Dry eye
disease after refractive surgery; comparative outcomes of small incision
lenticule extraction versus LASIK. Ophthalmology 2015; 122:669-676
Hammer CM, Petsch C, Klenke J, Skerl K, Paulsen F, Kruse FE, Seiler T,
Menzel-Severing J. Corneal tissue interactions of a new 345 nm ultraviolet
femtosecond laser. J Cataract Refract Surg 2015; 41:1279-1288.
Available at:  http://www jcrsjournal.org/article/S0886-3350(15)00637-9
/pdf. Accessed August 28, 2017

Menzel-Severing J, Petsch C, Tourtas T, Polisetti N, Klenke J, Skerl K,
Wiliner C, Donitzky C, Kruse FE, Kremers J, Hammer CM. Evaluation
of a 345 nm femtosecond laser for corneal surgery with respect to
intraocular radiation hazard. PLoS One 2015; 10:e0137638. Available at:

Volume 43 Issue 10 October 2017

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

https://www.ncbi.nim.nih.gov/pmc/articles/PMC4567343/pdf/pone.0137
638.pdf. Accessed August 28, 2017

Le Harzic R, Konig K, Willner C, Vogler K, Donitzky C. Ultraviolet
femtosecond laser creation of corneal flap. J Refract Surg 2009;
25:383-389

Netto MV, Mohan RR, Ambrdsio R Jr, Hutcheon AEK, Zieske JD,
Wilson SE. Wound healing in the cornea; a review of refractive surgery com-
plications and new prospects for therapy. Cornea 2005; 24:509-522
Dupps WJ Jr, Wilson SE. Biomechanics and wound healing in the cornea.
Exp Eye Res 2006; 83:709-720

Stramer BM, Zieske JD, Jung J-C, Austin JS, Fini ME. Molecular mechanisms
controling the fibrotic repair phenotype in cornea: implications for
surgical outcomes. Invest Ophthalmol Vis Sci 2003; 44:4237-4246. Available
at: http://iovs.arvojournals.org/article.aspx?articleid =2181674. Accessed
August 28, 2017

Meltendorf C, Burbach GJ, Buhren J, Bug R, Ohrloff C, Deller T. Corneal
femtosecond laser keratotomy results in isolated stromal injury and favorable
wound-healing response. Invest Ophthalmol Vis Sci 2007; 48:2068-2075.
Available at: http://iovs.arvojournals.org/article.aspx?articleid =2164440.
Accessed August 28, 2017

Mohan RR, Hutcheon AEK, Choi R, Hong JW, Lee JS, Mohan RR,
Ambrdsio R Jr, Zieske JD, Wilson SE. Apoptosis, necrosis, proliferation,
and myofibroblast generation in the stroma following LASIK and PRK.
Exp Eye Res 2003; 76:71-87

Dong Z, Zhou X, Wu J, Zhang Z, Li T, Zhou Z, Zhang S, Li G. Small incision
lenticule extraction (SMILE) and femtosecond laser LASIK: comparison of
corneal wound healing and inflammation. Br J Ophthalmol 2014; 98:263—
269. Available at: http://www.ncbi.nim.nih.gov/pmc/articles/PMC3913294
/pdf/bjophthalmol-2013-303415.pdf. Accessed August 28, 2017

Netto MV, Mohan RR, Medeiros FW, Dupps WJ Jr, Sinha S, Krueger RR,
Stapleton WM, Rayborn M, Suto C, Wilson SE. Femtosecond laser
and microkeratome corneal flaps: comparison of stromal wound
healing and inflammation. J Refract Surg 2007; 23:667-676. Available
at:  http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2698458/pdf/nihms
118773.pdf. Accessed August 28, 2017

de Medeiros FW, Kaur H, Agrawal V, Chaurasia SS, Hammel J,
Dupps WJ Jr, Wilson SE. Effect of femtosecond laser energy level on
corneal stromal cell death and inflammation. J Refract Surg 2009;
25:869-874

Erie JC, Patel SV, McLaren JW, Hodge DO, Bourne WM. Corneal kerato-
cyte deficits after photorefractive keratectomy and laser in situ keratomileu-
sis. Am J Ophthalmol 2006; 141:799-809

Hoppenreijs VPT, Pels E, Vrensen GFJM, Treffers WF. Corneal endothelium
and growth factors. Surv Ophthalmol 1996; 41:155-164

Joyce NC. Proliferative capacity of the corneal endothelium. Prog Retin Eye
Res 2003; 22:359-389

Disclosures: Mr. Klenke, Dr. Sker, Mr. Willlner, and Mr. Donitzky
were paid employees of Wavelight GmbH when the study was per-
formed. Dr. Seiler was scientific consultant to Wavelight GmbH when
the study was performed. None of the other authors has a financial
or proprietary interest in any material or method mentioned.

First author:
Christian M. Hammer, PhD, Dipl-Biol

Department of Ophthalmology, University
of Erlangen-Nurnberg, Erlangen, Bavaria,
Germany


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5055042/pdf/opth-10-1905.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5055042/pdf/opth-10-1905.pdf
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref6
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref6
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref6
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref7
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref7
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref8
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref8
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref8
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref9
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref9
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref10
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref10
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref11
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref11
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref11
http://www.choeye.co.kr/webi_board/upFile/mathematical_model_to_compare_the_reletive_tensile_strength_of_the_cornea_after_PRK_Lasik_Smile.pdf
http://www.choeye.co.kr/webi_board/upFile/mathematical_model_to_compare_the_reletive_tensile_strength_of_the_cornea_after_PRK_Lasik_Smile.pdf
http://www.choeye.co.kr/webi_board/upFile/mathematical_model_to_compare_the_reletive_tensile_strength_of_the_cornea_after_PRK_Lasik_Smile.pdf
https://eandv.biomedcentral.com/articles/10.1186/s40662-014-0003-1
https://eandv.biomedcentral.com/articles/10.1186/s40662-014-0003-1
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref14
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref14
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref15
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref15
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref15
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref16
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref16
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref17
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref17
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref17
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref18
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref18
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref18
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref19
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref19
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref19
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref20
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref20
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref20
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4662970/pdf/JOPH2015-132417.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4662970/pdf/JOPH2015-132417.pdf
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref22
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref22
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref22
http://www.jcrsjournal.org/article/S0886-3350(15)00637-9/pdf
http://www.jcrsjournal.org/article/S0886-3350(15)00637-9/pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4567343/pdf/pone.0137638.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4567343/pdf/pone.0137638.pdf
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref25
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref25
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref25
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref25
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref25
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref26
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref26
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref26
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref26
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref27
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref27
http://iovs.arvojournals.org/article.aspx?articleid=2181674
http://iovs.arvojournals.org/article.aspx?articleid=2164440
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref30
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref30
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref30
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref30
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref30
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3913294/pdf/bjophthalmol-2013-303415.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3913294/pdf/bjophthalmol-2013-303415.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2698458/pdf/nihms118773.pdf
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2698458/pdf/nihms118773.pdf
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref33
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref33
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref33
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref33
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref34
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref34
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref34
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref35
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref35
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref36
http://refhub.elsevier.com/S0886-3350(17)30651-X/sref36

	Wound healing in rabbit corneas after flapless refractive lenticule extraction with a 345 nm ultraviolet femtosecond laser
	Recommended Citation
	Authors

	Wound healing in rabbit corneas after flapless refractive lenticule extraction with a 345 nm ultraviolet femtosecond laser
	Materials and Methods
	Study Design and Laser Parameters
	Experimental Animals
	Light and Fluorescence Microscopy

	Results
	Standard Histology
	Keratocyte Death
	Keratocyte Proliferation
	Keratocyte Transdifferentiation

	Discussion
	References
	Disclosures


