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ABSTRACT

PURPOSE: To examine the acute outcome of corneal
irradiation in adult rabbits for 193-, 213-, and 266-nm
laser wavelengths.

METHODS: Animals were randomly allocated to one of
three groups and were treated with 213-nm quintupled
Nd:YAG laser, a 193-nm excimer laser, or a 266-nm
quadrupled Nd:YAG laser (n=6 per group, two exposure
durations). Thermal damage was assessed histologically
and the extent of DNA damage estimated by measur-
ing unscheduled DNA synthesis in corneal epithelial and
stromal cells using 3H thymidine autoradiography.

RESULTS: For the 193- and 213-nm groups, irradiation
did not induce thermal damage. Moreover, cells display-
ing unscheduled DNA synthesis represented <4% of the
total cell numbers with no difference between groups
(P>.05). By contrast, the 266-nm laser led to stromal
melting and vacuolation; unscheduled DNA synthesis
levels were elevated over the other groups (P<.05).

CONCLUSIONS: Corneal laser ablation with the 213-
nm Nd:YAG laser resulted in similarly low levels of ther-
mal and DNA damage to those produced using the clini-
cally accepted 193-nm excimer laser. [J Refract Surg.
2007;23:477-481.]

he argon-fluoride 193-nm excimer laser is a widely
used and innovative tool in therapeutic and refractive

I corneal surgery. It achieves precise photoablation of

corneal tissue with minimal thermal damage to adjacent tissue
structures.’® However, the requirement for fluorine gas to gener-
ate the beam gives rise to health and safety concerns. The laser
itself is also bulky and requires frequent maintenance checks.**

To circumvent many of these disadvantages, there has been
a growing interest in the development of Nd:YAG 213-nm (5th
Harmonic) solid-state laser technologies. Preliminary cor-
neal ablation studies indicate minimal tissue damage and
smooth surfaces, outcomes comparable to those obtained
with the 193-nm ArF-excimer laser.*® Moreover, the homog-
enous beam with a stable energy distribution and small spot
size enables high precision corneal sculpting.” Faster pulse
repetitions (300 to 400 Hz) reduce ablation times, which, in
combination with a small beam size, may reduce long-term
consequences of thermal damage, including haze. The laser
has been successfully used for human corneal surgery®? and
outcomes have been good with no complications observed
in follow-up studies for up to 12 months,'° with longer-term
studies currently underway.

However, for the 213-nm Nd:YAG laser to be clinically ac-
ceptable, its ultraviolet-induced carcinogenic and mutagenic
potential must be assessed. A significant consequence of laser
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TABLE 1
Pulse Count Conditions for Each
Wavelength
Fliisnce Pulse Count

Wavelength (mJ/cm?) Exposure 1 Exposure 2
193 nm 180 400 800
213 nm 150 300 450
266 nm 150 300 600

irradiation with wavelengths between 220 and 320 nm
is DNA damage,®!! including cyclobutyl pyrimidine
dimers, single-strand DNA chain breaks, and DNA-
protein cross-links.’*'® Qutcomes include mutagene-
sis, carcinogenesis, and cell death.>'*®* Damage occurs
when DNA absorbs light wavelengths and is maximal
at the peak absorbances of 190 and 260 nm.*® In vitro
and in vivo studies suggest a lower rate of DNA dam-
age for the 193-nm wavelengths compared to the del-
eterious 243- or 254-nm wavelengths.®* However, the
only study of DNA damage following 213-nm solid-
state laser irradiation reported in vitro levels interme-
diate between those produced in vivo by gas excimer
193-nm and 248-nm laser ablation.'®* However, the ex-
periments were compromised by the use of an early
version of the solid-state laser that likely produced a
range of wavelengths. In addition, results are difficult
to interpret in the context of corneal surgery because of
the use of in vitro models.

This study reports the results of corneal ablations
in vivo in rabbits. A well-characterized 213-nm wave-
length solid-state laser free of contaminating wave-
lengths was used; 193-nm excimer and 266-nm wave-
length lasers served as controls. Thermal damage was
assessed by light microscopy. To provide optimal as-
sessment of DNA damage, *H thymidine autoradiogra-
phy was used to assess the extent (unscheduled DNA
synthesis) per cell, reflecting DNA repair.® The studies
showed no difference between 213- and 193-nm wave-
lengths for any of the parameters tested.

MATERIALS AND METHODS

ANIMALS AND LASER IRRADIATION

Pigmented half-lop rabbits (n=18) were maintained
in the Animal Care Unit (UWA) and provided with
food and water ad libitum. Procedures conformed to
the National Health and Medical Research Council
(Australia) guidelines and were approved by the insti-
tutional Animal Ethics Committee. Animals were ran-
domly allocated to one of three groups and were treat-

ed with a 213-nm quintupled Nd:YAG laser, a 193-nm
excimer laser, or a 266-nm quadrupled Nd:YAG laser
source (n=6 per group). One animal from each group
was used to establish ablation conditions for each la-
ser: number of pulses required to perforate the cornea
and optimal ablation rate (fluence). Two pulse condi-
tions were used: high and low and were selected so as
to produce a similar ablation depth (Table 1). The five
remaining rabbits in each group received 300-pm slit
ablations in each eye and a low (left eye) and high (right
eye) pulse count at each wavelength (Table 1). Fluence
of the 193- and 213-nm lasers was chosen based on
clinical parameters.®!” For the 266-nm laser where no
clinical equivalent exists, ablations were performed at
150 mJ/cm? so as to be comparable to the 213-nm laser.
In addition, the wavelength was inefficient at ablating
tissue at any attempted fluence.

TISSUE PREPARATION AND °H INCORPORATION

Animals were anesthetized by intravenous inocula-
tion of 3 mL of 0.4 mL Rompin/mL Ketamine (Ilium
Veterinary Products, Smithfield, Australia), and then
euthanized by lethal injection of 3 mL Lethobarb (Vir-
bac, Peakhurst, Australia). Immediately after ablation,
eyes were enucleated and the cornea dissected and
temporarily floated in Dulbecco’s modified eagle’s me-
dium (Invitrogen, Grand Island, NY) at 37°C. The cor-
nea was then incubated in Dulbecco’s modified eagle’s
medium in 10% fetal calf serum (Invitrogen, Mt Waverly,
Australia) with 3H-thymidine (final activity 20 pCi/mL)
at 37°C and 5% CO, for 2 hours. The mean time inter-
val between laser ablation and the start of incubation
was 1.25 hours.

Following incubation, corneas were thoroughly
rinsed in phosphate buffered saline, fixed in 2.5% glu-
taraldehyde in 0.1 M phosphate buffer (pH 7.4), and
stored at 4°C for 3 days. The slit zone was cut down
to 3 mm? pieces, dehydrated through a series of etha-
nols, and embedded in Epon 812 resin (ProSciTech,
Queensland, Australia). Thirty non-serial 2-pm sec-
tions were cut transverse to the lesion and placed on
clean, gelatin subbed glass slides.

AUTORADIOGRAPHY

Slides were dip-coated in NTB-2 emulsion (Kodak,
Collingwood, Australia) at 43°C. Excess emulsion was
drained off and wiped from the back of the slide. Slides
were placed on a cooled stainless steel tray for 20
minutes, laid flat at room temperature for 1 hour, and
stored overnight in lightproof boxes containing silica
gel (Ajax, Chemicals, Bibra Lakes, Australia). On the
following day, a fresh batch of silica gel was placed in
the boxes and stored at 4°C for 2 weeks. After 2 weeks,
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sections were developed in D-19 developer (Kodak),
washed in distilled water, fixed in rapid fixer (Kodak),
washed in running water, stained with toluidine blue,
and viewed under a light microscope.

CELL COUNTS

Epithelial cells and keratocytes were counted within
100 pm from the ablated edge, and 100 pm deep from
the base of the ablation. Grossly damaged cellular frag-
ments bordering the lesion edge were not included.
Background °H thymidine labeling was estimated as
the average number of intranuclear grains within cells
encompassing a 50 pm? area located >500 pm outside
of the lesion. Non-labeled cells were defined as con-
taining a number of grains equal to or less than back-
ground levels. Sparsely labeled cells represent cells
undergoing unscheduled DNA synthesis and were
defined as containing intranuclear grains above back-
ground levels and up to 15 intranuclear grains per cell.
Heavily labeled cells are not indicators of DNA damage
but are thought to be spontaneously dividing cells and
were defined as those containing >15 intranuclear grains
per cell.® To normalize for variation between animals,
sparsely labeled cells were expressed as a percentage of
the total number of cells within the counting region (sum
of sparsely labeled cells + heavily labeled cells + non-la-
beled cells). The mean percentage and standard deviation
(SD) for epithelial cells and keratocytes was computed
for each group. Analysis of variance (Dunnett’s post-hoc
test) was performed to evaluate differences in the mean
percent of sparsely labeled cells for each group.

RESULTS

THERMAL EFFECTS

Light microscopic examination of all samples re-
vealed a V-shaped ablation extending through the
corneal epithelium and deep into the stroma (Fig 1A).
The edges of the ablation zone in corneas ablated with
the 193- and 213-nm lasers appeared uniform with no
evidence of stromal melting, although the base of the
ablation consistently showed undulations. In compari-
son, in corneas ablated by the 266-nm laser, stromal

Figure 1. Photomicrograph of toluidine
blue stained corneal section through the
ablation zone for A) 213-nm and B) 266-
nm wavelengths. No evidence of thermal
damage is visible in the 213-nm ablated
tissue, whereas significant tissue undulation
4| and vacuolation is apparent in the 266-nm
| ablated tissue. Scale bar: 300 um.

collagen appeared irregular and vacuolated, suggesting
thermal damage to the tissue at the edges and base of
the ablation zone (Fig 1B).

QUANTIFICATION OF UNSCHEDULED DNA SYNTHESIS

Background numbers of intranuclear *H thymidine
grains were between 4 and 5 for all samples. Grains
were randomly distributed between nuclear and non-
nuclear elements, supporting a nonspecific origin. In
all sections, the region of interest surrounding the ab-
lation site contained non-labeled cells (<5 grains/cell),
sparsely labeled cells (6 to 15 grains/cell), and heavily
labeled cells (>15 grains/cell). No significant differ-
ences were seen in the percentage of sparsely labeled
cells in the high and low pulse count groups (Student
t test; P>.05), and values were therefore pooled within
laser groups (Fig 2).

The average percentages of sparsely labeled cells were
3.39% (SD 2.8) for 213-nm, 3.4% (SD 2.9) for 193-nm,
and 29.41% (SD 8.61) for 266-nm ablation (Table 2).
No significant difference was noted in the percentage
of sparsely labeled cells for 213- and 193-nm ablation
(P>.05). However, the percentage of sparsely labeled
cells in 266-nm ablations was significantly higher than
in 213- and 193-nm ablations (P<.05).

DISCUSSION

In an acute in vivo rabbit model of corneal laser sur-
gery, the solid-state 213-nm (5th Harmonic) Nd:YAG
laser has similar tissue ablation characteristics to those
of the clinically accepted 193-nm wavelength excimer
laser. Moreover, both wavelengths induce comparably
low levels of DNA damage, resulting in <4% of cor-
neal cells undergoing unscheduled DNA synthesis.

Our results, showing an absence of significant
thermal damage using 193- or 213-nm lasers, match
previous in vitro and in vivo animal studies show-
ing excellent outcomes for both lasers, with minimal
scarring/undesirable histological outcomes and good
healing.*%1819 Qur results also confirm previous study
results showing significant tissue damage using the
higher 266-nm wavelength.® Transmission electron
microscopy and longitudinal studies of corneal haze
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Figure 2. Photomicrographs of 3H autoradi-
ography on corneal tissue counterstained with

H213nm | toluidine blue. A) Low power panel is for orienta-
E193nm | tion, boxed area is magnified in (C). High power
0266nm panels show sections of B) 213-nm and C) 266-

nm ablated corneas following autoradiography

procedure. Non-labeled cells (NLC) (<5 grains),

sparsely-labeled cells (SLC), and densely labeled

cells (DLC) are indicated in (B). D) Histogram
shows percent of sparsely labeled cells of the
total number of epithelial cells, keratocytes, and
total number of cells in the counting zone for
193-, 213-, and 266-nm wavelengths. Scale
bars: A, 50 um; B,C: 10 um.

Total cells n

TABLE 2

Percent of Sparsely Labeled Cells of Epithelial Cells, Keratocytes,
and Total Cells Counted

Wavelength
193 nm 213 nm 266 nm
% SLC SD % SLC SD % SLC SD
Epithelial cells 3.401631 2.916549 3.394153 2.809972 29.88041 9.285443
Keratocytes 2.240129 1.75246 3.492312 3.499725 28.36727 7.924869
Total cells 2.759972 2.458026 3.436311 3.147517 29.40915 8.615575

SLC = sparsely labeled cells, SD = standard deviation

development are currently underway in our laboratory
to further elucidate the long-term outcomes of corneal
ablation using the 213-nm laser.

Regarding DNA damage, our results complement
those of others showing that 213- and 193-nm lasers
induce negligible levels of unscheduled DNA synthe-
sis and do not cause significant mutagenic or on-
conogenic tissue changes.!?1%2022 The low impact at
193-nm wavelength is thought to be due to cytoplasmic
membrane components shielding the nucleus at these

wavelengths, thus limiting the photon dose reaching the
cellular DNA.1:220.22-24 Prggumably this mechanism also
accounts for the low impact of the 213-nm wavelength.

The present results contrast with an in vitro study of
hamster lung and human corneal fibroblasts by Kaido
et al,’® suggesting that the 213-nm is more cytotoxic
and mutagenic than the 193-nm laser. However, the
cells were covered by a thin fluid layer during irradia-
tion and the subablative fluences applied were too low
to cause any evaporation. Wavelength transmission
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through fluid is four orders of magnitude (10,000X%)
more efficient for the 213-nm compared to the 193-nm
wavelength.?’ Therefore during the experiment, cells
exposed to the 213-nm wavelength effectively received
significantly higher doses of radiation. In the present
study, in vivo ablation of rabbit corneas closely mim-
icked the clinical situation, suggesting that a clinically
relevant dose of solely 213-nm wavelength does not
induce DNA damage in vivo.

An additional concern with the study by Kaido et
al’® was that the delivery system for the 213-nm ra-
diation may have contained contaminating 266-nm
radiation. Along with others, we have shown signifi-
cant DNA damage following irradiation with 266 nm,
reflecting DNA’s peak absorbance between 240 and
270 nm.? In contrast, the solid-state laser used in the
present study incorporated a double prism mechanism
with beam blocks, preventing any 266-nm wavelength
from reaching the eye.

The 213-nm Nd:YAG laser and the clinically accept-
ed 193-nm excimer laser result in equivalent acute cel-
lular outcomes in vivo. However, additional advantages
of the solid-state 213-nm lasers, including lower ther-
mal effects?® and higher precision,® suggest that the la-
ser may produce a better chronic outcome.®*° A further
benefit is the improved operator handling and safety.
The 213-nm solid state laser has the potential to become
a powerful therapeutic tool for refractive surgery.
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