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Abstract Nonlinear multiphoton absorption induced by fo-
cusing near infrared (NIR) femtosecond (fs) laser pulses into a
transparent cornea allows surgery on neovascular structures
with minimal collateral damage. In this report, we introduce
an fs laser-based microsurgery for selective treatment of rat
corneal neovascularizations (in vivo). Contiguous tissue ef-
fects are achieved by scanning a focused laser pulse below the
corneal surface with a fluence range of 2.2-8.6 J/em®. The
minimal visible laser lesion (MVL) threshold determined over
the corneal neovascular structures was found to be 4.3 J/cm?.
Histological and optical coherence tomography examinations
of the anterior segment after laser irradiations show localized
degeneration of neovascular structures without any unexpect-
ed change in adjacent tissues. Furthermore, an approximately
30 % reduction in corneal neovascularizations was observed
after 5 days of fs laser exposure. The femtosecond laser is thus
a promising tool for minimally invasive intrastromal surgery
with the aid of a significantly smaller and more deterministic
photodisruptive energy threshold for the interaction between
the fs laser pulse and corneal neovascular structures.
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Introduction

Corneal neovascularization (CNV) is a common and serious
complication of many corneal diseases including inflammato-
ry disorders, infectious keratitis, contact lens-related hypoxia,
alkali burns, stromal ulceration, and limbal stem cell deficien-
cy. Within the intrastromal region, angiogenesis is a complex
multistage process where the sprouting of new blood vessels
takes place from the pre-existing vasculature [1, 2]. This is
further associated with severe visual impairment and repre-
sents a major public health problem [3]. The primary treat-
ment for actively proliferating corneal vessels is topical corti-
costeroids. However, in corneas where vessels have been
established for an extended period, corticosteroid treatment
is known to be less effective [4]. Numerous laser treatment
methods such as photocoagulation and verteporfin or
indocyanin green (ICG)-mediated photodynamic therapy
(PDT) have also been devised for the removal of CNVs.
However, severe adverse effects have been frequently report-
ed for the current treatments due to a high incidence of
recanalization and thermal damage to adjacent tissues [4-9].
Femtosecond (fs) laser ablation of a material meanwhile
yields negligible thermal damage [10, 11]. The damage in-
duced by the fs laser is furthermore restricted to the size of the
laser spot with a localized ablation depth (/), which is estimat-
ed by the expression /=6 In (F /Fth5), where F,, and § are the
ablation threshold fluence and optical penetration depth, re-
spectively [10, 12, 13]. Furthermore, the photochemical effect
induced by free electrons generated through multiphoton ab-
sorption dominates at a lower fluence range (<25.3 J/cm? for
porcine retina) [12]. However, at a higher range of fluence,
apparent thermomechanical disruptive effects on the targeted
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material appear [11]. A low ablation threshold upon irradiat-
ing a material with an ultrafast laser pulse is thus generally
favorable for minimizing possible photo-induced damage near
the ablation area [14, 15]. In addition, local ablation of various
materials such as biological tissues or metals can be efficiently
achieved if the laser fluence is precisely controlled [6, 12,
14—-17]. With systematic control of the fs laser fluence, induc-
tion of either transient or permanent changes in various cellu-
lar compartments including cell walls, plasma membranes,
and even organelles is possible. Note also that the incident
beam can be tightly focused by using a high numerical aper-
ture objective at a subfemtoliter focal volume [18-21]. Ultra-
fast laser microsurgery has recently been utilized in selective
removal of angiogenesis in early developmental stages of
zebrafish embryos [22]. The major clinical application of near
infrared (NIR) fs lasers includes blade-free corneal flap crea-
tion prior to refractive surgery [23]. The effects of different
parameters including the pulse energy [13, 16], laser repetition
rate [24], wavelength [15], pulse width [14, 17], and tissue
depth [14] on the operation performance have been widely
investigated. fs-pulsed lasers are also employed in other clin-
ical procedures such as lenticule formation [25], keratoplasty
[26], lentotomy [27], intra-tissue refractive index shaping [28],
and trabecular meshwork surgery [29]. However, to our
knowledge, their utilization in treatment of angiogenesis with-
out the involvement of any photodynamic or chemical agents
in the anterior segment of the eyes has not been explored [4].

In this report, we introduce the usage of the fs laser as a
microsurgical tool for specific treatment on the neovascular
structures in Norway brown rat corneas (Rattus norvegicus)
under in vivo conditions, where no agents were applied. The
system used in the current study is equipped with devices for
ophthalmoscope-assisted real-time monitoring of microsurgery
along with acquisition of images while irradiating the target [19].
Corneal neovascularization was artificially induced within the
intrastromal region of the rat cornea to imitate the disease envi-
ronment using the silver nitrate cauterization model. The fs laser-
assisted microsurgery system enables us to selectively expose the
neovascular structures formed on the corneal stroma of the rat
eye. After the laser operation, the disruption of corneal
neovascular structures was closely examined with the help of
optical coherence tomography (OCT) and a postoperative histo-
logical analysis. Finally, we observed the animals for 5 days after
the fs laser operation in order to record short-term changes and
the reduction of neovascular structures within the corneal stroma.

Material and methods
Animals

Thirty-two adult (200-250 g) brown Norway rats
(R. norvegicus) (Orient Bio Inc., South Korea) were used to
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evaluate the effects of fs laser exposure. Mature Norway
brown rats were maintained under standard laboratory condi-
tions (12 h light-12 h dark cycle). The average heart rate of the
rats was 300 to 400 bpm, with a respiratory rate of about
100 cpm [30]. It takes about 600 ms for one respiratory cycle,
causing a single movement in the rat body that only pertains to
its breathing activity. The movements were quantified by an
analysis of real-time videos recorded at a rate of 30 fps before,
during, and after exposure of fs laser irradiation. After deter-
mining the correlation statistics, the fs-pulsed irradiations
were synchronized so as to maintain uniformity of the
exposure.

All the fs treatments were performed with strict adherence
to the “Guidelines for Animal Care and Experimentation”
prepared by the Korean Animal Protection Law (2008) [31]
and the Catholic Hospital, Seoul (Korea) Animal Care Com-
mittee. For all procedures, animals received the injectable
anesthetics Zoletil 50 and Rompun (Virbac Laboratories,
France) with a ratio of 3:1, given at a dose of 1 ml/kg of body
wt., intraperitoneally. Before the experiments, a few drops of
topical anesthetic Alcaine (proparacaine HCI 0.5 %) were
applied to halt eye muscle movements. To prevent the corneal
tissue from drying, ringer solution was topically applied at
regular time intervals. Maintenance amounts (10-15 %) of
anesthetics were administered at 45 min intervals, if necessary.
Phenylephrine 2.5 % was topically administered to stimulate
the pupillary dilation.

Induction of corneal neovascularization

For induction of corneal neovascularization (CNV) in the rat
eye, the silver nitrate cauterization model was employed. Both
eyes of each test animal were cauterized by pressing an
applicator stick coated with 75 % silver nitrate and 25 %
potassium nitrate (Sigma Aldrich, USA) to the center of the
cornea for about 5 s [2, 32, 33]. Following the cauterization, a
discrete area of damage to the epithelial and stromal cell layers
at the corneal surface was seen as a yellowish brown patch, in
contrast with control rat corneas having no induction of an-
giogenesis (Fig. 1a, b). After 24 h of cauterization, the corneas
became increasingly thickened while surrounding limbal ves-
sels also appeared edematic, as shown in Fig. 1b [2]. Within
48 h, numerous short vascular sprouts were projecting from
the limbal vessels toward the site of injury (Fig. 1c). By the
3rd day of intervention, thick dense neovascular structures had
elongated evenly into the cornea from all sides of the cornea.
After 7 days of induction (Fig. 1d), regression and remodeling
of these new blood vessels was observed, whereas few stable
and mature vessels could be sustained longer, even after
10 days of intervention. As a whole, the model recalls all the
major steps followed in blood vessel formation in a reproduc-
ible manner. Therefore, it could be successfully utilized to
imitate the diseased environment. Rats were divided into two
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Fig. 1 Optical images of rat cornea before (a) and after silver nitrate cauterization (b—d) to induce corneal neovascularization

subgroups. Here, 16 subjects were selected for fs laser-
assisted microsurgery treatment after 2 days of induction and
an equivalent number (16) were kept as a control. All the
neovascular structures subjected to the fs laser treatment were
in the early stage of development. Anterior segment photog-
raphy was performed under anesthetic conditions using a
high-resolution digital camera to document the pre- and post-
operative changes in rat corneas.

Femtosecond microsurgery system

Figure 2 presents a schematic diagram for fs laser-assisted
microsurgery system for the treatment of neovascular struc-
tures within the rat corneal stroma. The fundamental output
from a regenerative amplified Ti-sapphire (A=810 nm) laser
with a pulse width of 150 fs and a repetition rate of 1 kHz
(Libra, Coherent Inc., USA) was focused into the corneal
stroma region of the rat eye by using an ophthalmoscope lens
with a focal length of 36 mm (Carl Zeiss Inc., Germany). The
numerical aperture (N.A) was 0.16. The plane of focus was
matched with the plane of the neovascular structures in refer-
ence to the peripheral limbal vessels. No applanation optics
was applied while focusing the fs laser irradiation into the
corneal stroma. The laser spot was almost circular with a
diameter of 7.6 um (measured at 1/&°in intensity). The system
includes a software-controlled laser aiming system with an
XY-Galvano scanner to track pre-assigned targets visualized
in optical images of the rat cornea. A fast-switching light
emitting diode (LED) (CREE XR-E Q5, 180 Im) was used
as the illumination source to obtain image sequences with a
rate of 30 fps [19]. A guiding beam (695 nm, Melles Griot Inc.
USA) along with a surgical (fs) and illumination beam (LED)
was passed inline through the ophthalmoscope lens, allowing
us to map the focal position at the plane of neovascularization.

The rat body, under anesthetic conditions, was placed on a
motorized XYZ translation stage, used to manipulate the
target to expose a fresh area of tissue at each laser scan. The
stage was tilted at an angle (¢) ranging from 45° to 60° to align
neovascular structures and limbal vessels at a right angle to the
fs laser direction. The X—Y plane of limbal vessels and CNVs
were matched to the plane of lab coordinates, as shown in

Fig. 2b. This allows us to precisely focus the laser beam onto
neovascular structures. Figure 2b also presents the scanning
pattern and depth, which is kept at the focal plane of
neovascular structures. Panels ¢ and d of Fig. 2 show optical
and corresponding transformed images of the rat cornea

= fs- Laser
m Guiding beam
lllumination beam

scanner

Ophthalmoscope lens
0.1 NA, 36mm fl

% i M =1
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Neovascular
structures

Fig. 2 a Schematic diagram of fs laser-assisted rat corneal angiogenesis
treatment system. XYZ translation stage and tilt mounting were used to
align the rat eyes to the fS laser beam direction. b Schematic representa-
tion of scanning pattern of fs laser pulses into the corneal stroma. ¢
Optical image of rat cornea captured before exposure of fs laser irradia-
tion. d Transformed image of rat cornea using the Prewitt mask operator
to distinguish the neovascular structures. Scale bar is 400 pm
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before fs laser exposure, respectively. The optical image was
transformed by using a Prewitt mask operator, making it
possible to distinguish the edges of neovascular structures at
the focal plane [19].

Meanwhile, to estimate the minimal visible laser (MVL)
lesion threshold for corneal neovascularizations, the laser
fluence was varied from 2.2 to 8.6 J/cm”. The area of a scan
was 150x150 wm and the number of incident laser pulses
(about 400) was kept constant. However, for reduction of
neovascular structures over a larger region, the scan area
was increased 7-fold (400400 pm). Correspondingly, the
laser shot numbers were also increased seven times (~2,704)
so that the laser shot density would be constant for all exper-
iments. All experiments were conducted under a single scan
configuration, which provides a single shot environment on
the surface without any overlap to avoid any multiple shots,
considering both the laser beam diameter at a focal point of
about 7.6 pm and the number of laser pulses per unit scan
length. The rat corneas of control samples (without any an-
giogenic induction) were also exposed to verify the side
effects of fs laser irradiation. After fs laser irradiation, the
samples were monitored for 3 min to check postoperational
bleeding effects from abnormal blood vessels.

Optical images of anterior segments were taken at 1, 2, and
5 days after the laser exposure and analyzed by using the
freely available software ImageJ 1.46, available from http://
imagej.nih.gov/ij and developed by Wayen Rasband, National
Institute of Mental Health, USA. The percent red intensity
(Red%) for each treated, untreated, and control sample was
defined by the following expression:

Red% = x 100 (1)

(R+G+B)3

where R, G, and B represent red, green, and blue intensities of
the selected area [5]. We defined the % reduction of neovas-
cularization as follows:

Red%(untreated)—Red%(treated)

% reduction =
% reduction Red%(untreated)

% 100 (2)

where Red%(untreated) and Red%(treated) are the percent red
color intensity estimated from the positive control rat cornea
and fs laser-exposed cornea, respectively.

Optical coherence tomography
Under anesthetic conditions, before and after exposure of the
fs laser on corneal neovascularization, OCT images of rat

corneas were recorded by using SR-OCT (Spectral Radar
OCT, ThorLabs, USA). The refractive index was set to 1.4,
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which is nearly equivalent to water, due to the relative com-
position of the cornea [5]. The axial resolution for the mea-
surement is 4.5 um. Sequential sections were recorded with an
interval of 50 um from the center of the cornea up to the
surrounding limbal vessels for the control as well as the
samples containing neovascular structures.

Histological studies and SEM imaging

Histological analyses were conducted for laser-treated rat
corneas. After exposure, the animals were euthanized using
asphyxiation in a CO, chamber for subsequent histological
analysis of lesions induced by fs laser pulse irradiation. Rat
eyes were enucleated, cleaned, and fixed in 4 % p-formalde-
hyde overnight. The samples were embedded in a tissue
freezing medium (paraffin wax) for 24 h [34]. The tissues
were rapidly frozen further at —20 °C. Afterwards, serial cross
corneal sections (=6 pwm) were cut using a cryostat (CM 1850,
Leica Microsystems, Germany). Sections were placed on
microscope slides (SuperFrost -20; Matsunami Glass Inc.,
Japan) and air-dried. The sections were stained with hematox-
ylin and eosin using the reported protocols [12, 16—19]. His-
topathologic findings from optical microscopic examinations
were recorded (Zeiss Axioscope 2). In order to resolve the
disruption of the endothelial lining of abnormal blood vessels,
the stained cryosections were further coated with a thin layer
of Pt to measure the scanning electron microscopic images.
Lower electron energy (<1 kV) was employed to avoid any
possible tissue damage.

Results and discussion
Removal of corneal neovascular structures

While obtaining corneal images from Norway brown rat eye
at the optimized focal plane and the polarizer angle with the
aid of sharpness algorithm [19] at a rate of about 30 fps, we
produced a series of laser lesions into the cornea containing
neovascular structures. Initially, the following scanning pa-
rameters were employed to determine the MVL lesion thresh-
old over the CNV with a scanning area of 150%150 pwm and
total scanning time of ~426 ms. The total number of equally
distributed (in the X- and Y-axes) laser shots employed was
~400, i.e., the interval between consecutive laser shots was
about 7.5 um, which is close to the laser beam diameter. The
MVL lesion ablation threshold over the neovascular structure
was determined from high-resolution CCD images captured
before and after the fs laser exposure (Fig. 3). The laser
fluence was varied from 2.2 to 8.6 J/em®. In order to verify
the MVL threshold, four to five replications at each fluence
were made. For each scan, the tissue was displaced and
refocused with the aid of the XYZ translation stage prior to
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4.3 J/cm?

Fig. 3 Sequential optical images taken from Norway brown rat cornea
before and after the exposure of fs laser irradiation with variation of the
laser fluence of 2.2 J/em? (a), 4.3 J/em? (b), 6.5 J/em? (¢), and 8.6 J/cm?

the laser exposure. Any noticeable changes observed on
neovascular structures in comparison to the adjacent
intrastromal region immediately after the laser exposure were
categorized as an indication of damage. The first visible
detectable lesion was found at a fluence of 4.3 J/cm?
(Fig. 3b) and is referred to as the minimal visible laser lesion
threshold. There was no observable damage found on either
the intrastromal region or the neovascular structures at
fluences less than 2.2 J/cm?. When the set laser fluence was
greater than 6.5 J/cm?, the size of the lesions increased such
that it covered the entire scanning area. For currently used
femtosecond exposures, the laser pulse duration is shorter than
the electron cooling and recombination times [11]. Thus, the
minimal energy is nonlinearly absorbed during the pulse into
the focused portion of tissues. However, the time scale of
absorption is much shorter than both the thermal diffusion
and shockwave propagation times. This might lead to local-
ized photodisruption effects and subsequent reduction of stro-
mal damage within the vicinity of laser focus [5, 6, 11]. fs
ultrashort pulsed lasers for enclosure of corneal neovascular-
ization in the presence of ICG at 3.8 J/cm® was employed by
Sawa et al. in 2004 [35]. The MVL threshold values deter-
mined in the current study are in good agreement with previ-
ous reports [12, 19, 35], despite that no dye or photodynamic
chemical agents were applied during the procedures.

In another in vivo experiment, the choriocapillaris of nor-
mal rabbits was closed by using a continuous wave (cw) diode
laser tuned to 810 nm at fluence as low as 6.3 J/cm? with the
assistance of ICG at rates of 10 and 20 mg/kg [36]. However,
after 9 days of exposure, inner photoreceptor segments
showed degeneration in addition to the disruption of retinal
pigment epithelium cells. This region also exhibited a loss of
photoreceptor external segments. Rather, long pulse duration
of millisecond range and large spot size (0.8—4.0 mm) resulted
in collateral damage within the target tissues. Meanwhile, Sun

8.6 J/lcm?2

(d). The scan area indicated by red-colored squares is 150x150 pum.
Scale bar is 150 um

et al. [14] reported a square root relationship between thresh-
olds of laser-induced optical breakdown (LIOB) in porcine
corneas and the laser pulse widths, under an in vitro environ-
ment. The LIOB threshold in porcine cornea was 4.8 J/cm? for
20 ps pulse width and declined to 1.16 and 0.6 J/cm? for 1.6 ps
and 800 fs pulse widths, respectively [14]. The LIOB for ps
pulses from a ND:YAG laser (1,064 nm, 10 Hz) in bovine
cornea, lens, and vitreous was also about 12-fold lower than
that for nanosecond (ns) pulses generated from the same laser
system [17].

To study the blood outflow statistics, high laser fluence
greater than 6.5 J/cm® was employed. The area of expo-
sure (400x400 pum) was increased 7-fold rather than the
original exposure area of 150x150 pum. Since the shot
density is kept constant, the successive laser spots should
not be overlapped. After a single exposure of fs laser
irradiation, apparent disruption of neovascular structures
followed by continuous outflow of blood within tens of
seconds was observed, as shown in Fig. 4a. The outflow
of blood from the vascular rupture completely stopped
within 3 min after the laser irradiation. However, at lower
laser fluence, no bleeding was observed. After a day of fs
laser exposure, the bleeding was stopped (Fig. 4b). There
is no further continued hemorrhage from the site of laser
treatment. The outflowed blood or debris from neovascular
structures could be removed by regenerating corneal cells,
which have a much greater phagocytosis activity compared
to unstimulated corneal cells [37].

In agreement with the current work, the vascular damage
without any distortion within rat brain parenchyma (in vivo)
as well as primate trabecular meshwork (ex vivo) showed the
dependence of laser-induced breakdown on the laser fluence
applied during microsurgery treatments [18-21, 29]. At the
lowest energies, extravasation was detected without any se-
vere bleeding. However, with increasing laser energy, vessel

@ Springer



1422

Lasers Med Sci (2014) 29:1417-1427

Just after
irradiation

Before
Irradiations

t = 105 sec

t =193 sec

Fig. 4 a Sequentially taken optical images of blood flow from a corneal
blood vessel after exposure to single scan fs laser pulse irradiation with
fluence of 8.6 J/cm®. The elapsed time after laser irradiation is denoted in
each image. The laser pulses are focused at the area indicated by red-
colored squares (400400 um). The scale bar is 200 pm. Optical image
of rat eye after 1 day (b) of fs laser exposure. The area of treatment is
marked by a yellow box

rupture was induced, resulting in hemorrhages and the outflow
of blood.

fs laser pulses were further exposed to larger target area to
reduce the neovascular structures over a wider corneal region.
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Rats were selected for the fs laser treatment 2 days after silver
nitrate cauterization on the cornea. Optical images were cap-
tured to mark the region of interest within the rat cornea
(Fig. 5a). The parameters including scanning area of 400 x
400 pwm, fluence of 8.6 J/em?, and number of laser spots of
52x52 for treatment were the same as discussed in the previ-
ous section. Four successive scans were carried out to cover
larger surface area (Fig. 5b). Before each laser irradiation, the
surgical laser (fs) beam was focused over the neovascular
structures by guiding laser-assisted focusing. The motorized
XYZ translation stage was used to manipulate the rat cornea
position, allowing exposure of a fresh area of corneal tissue for
each laser scan. After the treatment, the site of each scan was
monitored for ~3 min to observe the post-treatment changes to
the corneal neovascular structures (Fig. 5c, d). As discussed
previously, outflow of blood was observed immediately after
the laser exposure. However, no further bleeding was observed
after 3 min. There was no significant change or distortion
observed on either the rat corneal surface or stroma except the
disruption of neovascular structures, even though the fluence
applied is two times higher than the MVL threshold. Further, fs
lasers have a high potential to be utilized as a microsurgical
tool. In a similar manner, the control samples (rat corneas
without induction of angiogenesis) were also treated and mon-
itored for 3 min after the exposure (Fig. Se, f). No adverse
effects of fs pulse irradiation were observed within the corneal
stroma having no vascular structures. All the samples were
further characterized by OCT and histological techniques to
closely examine the effects of fs pulse laser irradiation.

Postoperative characterizations of rat cornea

After the exposure of fs laser irradiation into the corneal
stroma containing neovascular structures, we have sequential-
ly imaged the rat corneas using optical coherence tomography.
It has been reported that OCT, used to render tissue planes
with high axial resolution, has potential for evaluating the
cornea [38]. The CNVs were clearly observed as voids or
empty spaces within the intrastromal region, having an order
of tens of micrometers (indicated by red arrow heads in
Fig. 6a). As shown in Fig. 6b after exposure of fs pulse
irradiations, a significant reduction of voids or empty spaces
was observed within the corneal stroma. Meanwhile, the
images taken from the control rat show no presence of vascu-
lar structures (Fig. 6¢). With the fs laser irradiation of the
corneal stroma of control rat eyes, as shown in Fig. 6d), the
thickness of the treated cornea was increased, possibly due to
a wound healing response of the rat body [32, 34]. There is
also a possibility of some hemorrhaging, which could cause
some blurriness-like effects in the aqueous humor cavity of
the rat cornea; however, no other substantial damage was
observed in the current OCT images. These hemorrhages
disappeared 1 day after the laser exposure due to phagocytic
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Just after

H Before _
Irradiations, Irradiation

Fig. 5 Sequential optical images of corneal neovascular structures in-
duced by silver nitrate cauterizations model. The images were serially
captured before (a), just after (b), and time elapsed after (¢, d) the
exposure of fs laser pulses. The capture time is denoted in the lower

activity within the anterior segment of the rat eye [37]. It
should be noted that the effects of fs laser irradiation were
limited to the shallow region of corneal stroma since we have
focused the fs laser pulses into rather turbid corneal stroma
over the CN'Vs emerging from surrounding limbal vessels. No
optical filamentation, which usually happened in transparent
media when ultrafast laser is focused, is observed under the
current fs laser surgical procedure [39, 40]. The optical coher-
ence tomography images (Fig. 6a, b) show no such effect in
the underlying corneal stroma layer and iris region.

A histological evaluation of rat cornea was carried out to
verify the reduction of neovascular structures within the
intrastromal region. Treated as well as untreated rats were
sacrificed 1 day after fs laser exposure. Figure 7 shows scan-
ning electron micrographs (SEM) and photomicrographs of
the sectioned rat cornea with a thickness of 6 um. The SEM
images in Fig. 7a, b and the optical image in Fig. 7¢ taken after
fs laser irradiation show the disruption of the endothelial

Fig. 6 a, b Scanned OCT images
of rat cornea, of which
neovascularization induced by
silver nitrate cauterization, before
and after exposure of fs laser
irradiation, respectively. ¢, d OCT
images of control rat cornea
before and after the exposure of fs
laser irradiation, respectively. The
corneal neovascularizations are
indicated by red arrow heads.
Scale bar is 200 um

Just after
Irradiations

‘)‘ /
i

panel for each image. The laser fluence at the site of treatment is 8.6 J/
cm®. CCD captured images for the control rat comnea just after () and
time elapsed after (f) the exposure of fs laser irradiation. Scale bar is
200 wm

lining of the neovascular structures and eventually the appear-
ance of many extracellular blood cells in the corneal
intrastromal region. Except the presence of red blood cells in
the corneal stroma and destruction of neovascular structures,
the epithelium, endothelium, iris, and corneal stroma were
normal in appearance. This could be referred as selectivity.
Meanwhile, the SEM micrographs of sectioned untreated rat
corneas in Fig. 7¢, d and the optical image in Fig. 7f reveal the
presence of vascular structures.

The results from the current histological and OCT analyses
suggest that fs laser irradiation offers selectivity for the
photodisruption of neovascular structures within the rat cor-
nea. The selectivity may come from the difference in damage
threshold for the different nature of targeted tissues [12,
17-19, 22, 29]. We have already reported that the quaternary
blood vessels with wall thickness of about 6 um of enucleated
porcine retina have optoperforation threshold fluence about
four times lower than that for retina itself. We supposed that
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Fig. 7 Scanning electron micrographs (SEM) of thin histological sec-
tions with a thickness of 6 um of rat cornea collected 1 day after fs laser
irradiation with laser fluence of 8.6 J/em®. a, b The fs laser-irradiated rat
eye shows apparent vascular hemorrhage as well as disruption of
neovascular structures (red arrows), while ¢, d the control rat eye shows

rather strong linear absorption of NIR fs laser pulse due to the
presence of red blood cells in neovasculature also plays a role
in their perforations [22]. These findings are in good agree-
ment with in vivo studies performed in zebrafish embryos and
the microsurgeries of various cellular compartments including
cell walls, plasma membranes, and even organelles [15, 18,
20-22, 25, 41, 42]. Tsen et al. [43] also reported that if
wavelength and pulse width of the excitation fs lasers were
appropriately selected, there exists a window in power density
that enables one to achieve selective inactivation of target
viruses and bacteria without causing any apparent cytotoxicity
in mammalian cells.

Ablations induced by fs pulse lasers can be generally
grouped into two regimes: (1) strong ablations dominated by
thermal vaporizations at intensities significantly higher than the
threshold and (2) gentle ablations governed by the Coulomb
explosions near the ablation threshold associated with either
microcavitation or chemical ionization [44, 45]. The latter case
is applicable to the current work. Previous in vivo studies on
zebrafish embryos further suggest that the nature of vasculature
also plays a vital role in the actual photo-induced disruptions of
vascular structures [22]. The wall thickness of vascular struc-
tures at early stages of development is less than that at latter
stages. Thus, at the early stage of neovascularization, the vas-
cular structures were strongly affected by fs pulse irradiations
[14, 22, 41]. The mechanical properties of biological tissues
such as elasticity and mechanical strength of tissues could also
modulate the kinetics and dynamics of ablation processes [11].

Reduction of corneal neovascular structures

A postoperative study to assess the effects of fs laser exposure
on reduction of corneal neovascularization (CNV) has been
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intact neovascular structures (black arrows). Scale bar is 2 um. Optical
micrographs of H & E-stained cryosections of rat cornea with fs laser
irradiation (yellow arrows) (e) and the control (f) are also shown. Scale
bar is 100 um

conducted for rats with CNV induced by the silver nitrate
cauterization model. Four rats were kept under observation
for 5 days. For two rats that had corneas with CNV in both
eyes, one eye was irradiated with fs laser pulses (Fig. 8a),
while the other was kept as a positive control (viz. induction of
angiogenesis but no laser treatment) (Fig. 8b). This might
effectively remove the possible error of body response effects
while estimating the fs laser-assisted % reduction of CNV as a
function of following days of treatment. In a similar manner,
for two control rats without angiogenesis, one eye was fs-
irradiated (Fig. 8c) while the other was kept as a control
(Fig. 8d).

For documentation of short-term postoperative changes,
sequential optical images of rat cornea with and without
neovascular structures were taken 1, 2, and 5 days after fs
pulse laser treatment. In all animals, the vascular hemor-
rhages were resolved after 1 day and completely vanished
over time. As a result, the % reduction in neovasculariza-
tion was quantified after 1 day of treatment in order to
avoid the pseudoeffect of hemorrhages in the Red %
intensity values. From the injured area, no corneal infec-
tious keratitis or inflammatory disorders were recorded in
any of the examined rat corneas. No change in iris shape
was observed. Moreover, the angiogenic response was
uniform and almost identical to the early appearance of
corneal injuries. Within 1 or 2 days, reduction in
neovascular structures was observed in treated eyes com-
pared to the positive control. No adverse effects of fs
pulse irradiations were found in the control rat cornea
under the current laser fluence (8.6 J/cm?), which is 2-
fold higher than MVL threshold values for corneal stroma.
It should be noted that the silver nitrate cauterization
model recalls all the major steps followed in blood vessel
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Fig. 8 a Sequential optical
images for the rat cornea
intervened with silver nitrate
cauterization before and after fs
laser irradiation. For comparison,
a positive control with
neovascularization but without
laser treatment, a negative control
without neovascularization but
with laser treatment, and a control
without neovascularization and
without laser treatment are also
presented in (b), (¢), and (d).
Yellow circles indicate the region
of the analysis for the percent
reduction of neovascularization

After Intervention

formation in a reproducible manner and vessel formation
continued for more than 7 days, at least [2], as mentioned
in the experimental sections.

In Fig. 9, the reduction of CNV after laser microsurgery
was determined by estimating the percent red intensity using
Eq. (2) and measurement at the site of treatment from the rat
corneal images shown in Fig. 8. After 2 days of treatment,
about a 10 % reduction of CNV was observed at the site of fs
laser exposure. The % reduction of CNV increased to 30 % by
the 5th day of fs laser treatment without any assisted chemical
agents. Holzer et al. [4] reported that, in the rabbits receiving
verteporfin-assisted photodynamic therapy (vPDT) using cw-
diode laser fluence of 17 or 50 J/em? resulted in 30 to 50 %
short-term regression (3 to 5 days) of corneal neovasculariza-
tion. In the case of human patients receiving vPDT, long-term
regression of CNV was induced with application of the max-
imum effective laser fluence (150 J/cm?), which is three times
higher than that used to treat choroidal neovascularization

After 1 Day

After 2 Days After 5 Days

100 100
Il CNV area without treatment

% B CN\V area with treatment

o 80 ® % Reduction 80 30
© D
2 60 60 &
= c
= S,
) o
T 40 40 S
- o
J3 O
o 20 20 2
2 <

2 3
Days

Fig. 9 Plot of the red intensity of fs laser-treated cornea (red-filled bar)
and untreated cornea (black-filled bar) and the percent reduction (green-
filled circles) of neovascular structures as a function of elapsed time after
fs laser irradiation with laser fluence of 8.6 J/em?®. CNVs were induced by
silver nitrate cauterization. The value of the percent reduction was deter-
mined at the site (vellow circles) in the rat corneal images shown in Fig. 8
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[46]. Baer and Foster reported good success in treating corneal
vascularization with a 577-nm yellow dye laser (20.4 J/em?,
50 pum spot size, and 0.05-0.2 s pulse duration) in patients
with refractory graft rejection [47]. Under these laser irradia-
tion operation conditions, possible complications of treatment
include intrastromal hemorrhage, iris atrophy, and corneal
thinning [47]. However, the fluence employed in our system
(8.6 J/em?) is lower than the existing fluences. One of the
possible reasons for this is shortened pulse width (150 fs) [11,
12, 14-17, 22] along with the difference in spectral range
utilized in our system (800 nm).

Brooks et al. (4.5 J/em? for 300 s) reported that the utiliza-
tion of a 689-nm laser assisted with 3.65 mg/m? verteporfin
yielded apparent regression of corneal neovascularization
[48]. However, the adverse reactions associated with
verteporfin include visual disturbances, injection site reac-
tions, and photosensitivity reactions. Further, photosensitiza-
tion leads to absorption of laser energy by blood vessels at
sites other than CNV, which may cause undesirable damage
[11, 48]. In the current study, no such photosensitizers were
utilized, and the results of reduction in neovascularizations are
nonetheless comparable.

Since the model used in the current study reflects active
angiogenesis, this could be treated with anti-vascular endo-
thelial growth factor (anti-VEGF) medication. However, Ford
et al. recently reported that inhibiting anti-VEGF might have a
harmful effect on the tissues responsible for producing the
fluid in the anterior segment of eye, namely, ciliary body and
capillaries that have specialization called fenestration [49].
This may further lead to vision impairment. Based on these
findings and considerations, fs laser pulses are a potentially
viable method to treat these angiogenic structures without the
use of any chemical agents. Furthermore, to extract the effects
of fs laser treatment, a more precise stimulus to control the
induction of neovascularizations is required [50].

Conclusions

In the eye, corneal neovascularization diseases are associated
with severe visual impairment and represent a major public
health problem. Photocoagulation treatment for CNV has
been reported, but this method has inadequate effects due to
a high incidence of thermal damage to adjacent tissue. Fem-
tosecond lasers (800 nm) are meanwhile a promising tool for
minimally invasive intrastromal surgery by inducing plasma-
mediated nonthermal tissue ablations. In this report, we intro-
duce the concept of selectivity in the field of fs laser-assisted
corneal microsurgery to treat neovascular structures inter-
vened within the corneal intrastromal region of a rat eye, under
in vivo conditions. The minimum visible laser lesion threshold
over the neovascular region was determined as 4.3 J/cm?.
Histological and OCT characterization of the anterior segment

@ Springer

after fs laser exposure within the corneal stroma showed
localized degeneration of CNV. No significant distortions
were observed in other regions of the anterior segment such
as the iris, corneal epithelium, corneal endothelium, etc. After
laser exposure, rat corneas were monitored for 5 days to study
the successive reduction of neovascular structures. After
2 days of treatment, about 10 % reduction of CNV was
observed at the site of fs laser exposure. The degree of %
reduction was increased to 30 % by the 5th day of fs laser
treatment. It should be noted that successive in vivo studies
are required to reinstate the findings of the current study (four
to five raster scans of fs laser pulses (8.6 J/cm?)) for long-term
reduction of corneal neovascularization within the corneal
stroma.

Acknowledgements This work was financially supported by the
KRISS program (13011047) and “Next Generation New Technology
Development Program” of the Ministry of Knowledge Economy, Repub-
lic of Korea.

Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.

References

1. Nguyen LL, D’Amore PA (2001) Cellular interactions in vascular
growth and differentiation. Int Rev Cytol 204:1-48
2. Thompson LJ, Wang F, Proia AD, Peters KG, Jarrold B, Greis KG
(2003) Proteome analysis of the rat cornea during angiogenesis.
Proteomics 3(11):2258-2266
3. Chang JH, Gabison EE, Kato T, Azar DT (2001) Corneal neovascu-
larization. Curr Opin Ophthalmol 12:242-249
4. Holzer MP, Solomon KD, Vroman DT, Sandoval HP, Margaron P,
Kasper TJ, Crosson CE (2003) Photodynamic therapy with
verteporfin in a rabbit model of corneal neovascularization. Invest
Ophthalmol Vis Sci 44(7):2954-2958
5. Vogel A (1997) Nonlinear absorption: intraocular microsurgery and
laser lithotripsy. Phys Med Biol 42(5):895-912
6. Vogel A, Noack A, Nahen K, Theisen D, Birngruber R, Hammer DX,
Noojin GD, Rockwell BA (1998) Laser-induced breakdown in the
eye at pulse durations from 80 ns to 100 fs. Proc SPIE 3255:34-49
7. Krueger RR, Trokel SL, Schubert HD (1985) Interaction of ultravi-
olet laser light with the cornea. Invest Ophthalmol Vis Sci 26(11):
1455-1464
8. Pallikaris IG, Siganos DS (1994) Excimer laser insitu keratomileusis
and photorefractive keratectomy for correction of high myopia. J
Refract Corneal Surg 10(5):498-510
9. Marsh RJ, Marshall J (1982) Treatment of lipid keratopathy with
argon laser. Br J Ophalmol 66(2):127-135
10. Chichkov BN, Momma C, Nolte S, von Alvensleben F, Tiinnermann
A (1996) Femtosecond, picosecond and nanosecond laser ablation of
solids. Appl Phys A 63:109-115
11. Vogel A, Venugopalan V (2003) Mechanism of pulsed laser ablation
of biological tissues. Chem Rev 103:577-644
12. Sidhu MS, Kim EK, Woo SY, Song MC, Jeoung SC, Park YI (2009)
Femtosecond laser assisted optoperforation of primary retinal blood



Lasers Med Sci (2014) 29:1417-1427

1427

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

vessels and the retina tissue of porcine eyes. J Kor Phys Soc 55(2):
467-476

. Giguere D, Olivié G, Vidal F, Toetsch S, Girard G, Ozaki T, Kieffer

JC, Nada O, Brunette I (2007) Laser ablation threshold dependence
on pulse duration for fused silica and corneal tissues: experiments and
modeling. J Opt Soc Am A 24(6):1562-1568

Sun H, Han M, Niemz MH, Bille JF (2007) Femtosecond laser
corneal ablation threshold: dependence on tissue depth and laser
pulse width. Lasers Surg Med 39(8):654-658

Olivié G, Giguére D, Vidal F, Ozaki T, Kieffer JC, Nada O, Brunette |
(2008) Wavelength dependence of femtosecond laser ablation thresh-
old of corneal stroma. Opt Express 16(6):4121-4129
Lubatschowski H, Maatz G, Heisterkamp A, Hetzel U, Drommer W,
Welling H, Ertmer W (2000) Application of ultrashort laser pulses for
intrastromal refractive surgery. Graefe’s Arch Clin Exp Ophthalmol
238(1):33-39

Vogel A, Capon MR, Asiyo-Vogel MN, Birngruber R (1994)
Intraocular photodisruption with picosecond and nanosecond laser
pulses: tissue effects in cornea, lens, and retina. Invest Ophthalmol
Vis Sci 35(7):3032-3044

Nishimura N, Schaffer B, Friedman B, Tsai PS, Lyden PD, Kleinfeld
D (2006) Targeted insult to subsurface cortical blood vessels using
ultrashort laser pulses: three models of stroke. Nat Methods 3(2):99—
108

Sidhu MS, Woo SY, Kim WK, Lee HS, Yahng JS, Kim KJ, Jeoung
SC, Lee HK (2011) Optoperforations of retinal blood vessels in an
intact porcine eye by using a femtosecond laser assisted microsurgery
system. J Kor Phys Soc 58(6):1605-1613

Tirlapur UK, Ko6nig K (2002) Targeted transfection by femtosecond
laser. Nature 418:290-291

Jeoung SC, Sidhu MS, Yahng JS, Shin HJ, Baik GY (2010)
Application of ultrafast laser optoperforation for plant pollen walls
and endothelial cell membranes. In: Costa N, Cartaxo A (eds)
Advances in lasers and electro optics. InTech - Open Access
Company, Croatia, pp 809—-838

Woo SY, Baik KY, Jeoung SC (2007) Selective ablation of angio-
genic vessel based on ultrafast laser microsurgery. Lasers and
Electro-Optics Pacific Rim CLEO 1-2

Nordan LT, Slade SG, Baker RN, Suarez C, Juhasz T, Kurtz R (2003)
Femtosecond laser flap creation for laser insitu keratomileusis: six-
month follow-up of initial U.S. clinical series. J Refract Surg 19(1):8-14
Kurtz RM, Horvath C, Liu HH, Krueger RR, Juhasz T (1998) Lamellar
refractive surgery with scanned intrastromal picosecond and femtosec-
ond laser pulses in animal eyes. J Refract Surg 14(5):541-548
Miclea M, Skrzypczak U, Frankhauser F, Faust S, Graener H, Seifert
G (2011) Applanation-free femtosecond laser processing of the cor-
nea. Biomed Opt Express 2(3):534-542

Nuzzo V, Plamann K, Savoldelli M, Merano M, Donate D, Albert O,
Gardeazabal Rodriguez PF, Mourou G, Legeais JM (2007) Insitu
monitoring of second-harmonic generation in human corneas to
compensate for femtosecond laser pulse attenuation in keratoplasty.
J Biomed Opt 12(6):064032

Ripken T, Oberheide U, Fromm M, Schumacher S, Gerten G,
Lubatschowski H (2008) fs-laser induced elasticity changes to im-
prove presbyopic lens accommodation. Graefe’s Arch Clin Exp
Ophthalmol 246(6):897-906

Ding L, Knox WH, Biihren J, Nagy LJ, Huxlin KR (2008) Intra tissue
refractive index shaping (IRIS) of the cornea and lens using a low-
pulse-energy femtosecond laser oscillator. Invest Ophthalmol Vis Sci
49(12):5332-5339

Nakamura H, Liu Y, Witt TE, Gordon RJ, Edward DP (2009)
Femtosecond laser photodisruption of primate trabecular meshwork:
an exvivo study. Invest Ophthalmol Vis Sci 50(3):1198-1204

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Hanson A (2007) What do rats see? Rat behavior and biology, http://
www.ratbehavior.org/ . Accessed 12 November 2013

Legislation no. #08852, revised on 29th February 2008, Korean
Animal Protection Law, Republic of Korea (28th June 1991)

Ross LL, Danehower SC, Prioa AD, Sontag M, Brown DM,
Laurenza A, Besterman JM (1995) Coordinated activation of corneal
wound response genes in vivo as observed by in situ hybridization.
Exp Eye Res 61:435-450

Campos-Mollo E, Perez-Santonja JJ, Lledo-Riquelme M, Pastor EO,
Alio JL (2011) New corneal neovascularization model in rabbits for
angiogenesis research. Ophtalmol Res 45(3):135-141

Meltendorf C, Burbach GJ, Biibren J, Bug R, Ohrloff C, Deller T
(2007) Corneal femtosecond laser keratomy results in isolated stro-
mal injury and favourable wound healing response. Invest
Ophthalmol Vis Sci 48(5):2068-2075

Sawa M, Awazu K, Takahashi T, Sakaguchi H, Horiike H, Ohji M,
Tano Y (2004) Application of femtosecond ultrashort pulse laser to
photodynamic therapy mediated by indocyanine green. Br J
Ophthalmol 88:826-831

Costa RA, Farah ME, Freymuller E, Morales PH, Smith R, Cardillo
JA (2001) Choriocapillaris photodynamic therapy using indocyanine
green. Am J Ophthalmol 132:557-565

Wine NA, Basu PK (1964) Studies on corneal wound healing: an
in vitro approach. Am J Ophthalmol 58:253-258

Haque S, Simpson T, Jones L (2006) Corneal and epithelial thickness
in keratoconus: a comparison of ultrasonic pachymetry, Orbscan II,
and optical coherence tomography. J Refract Surg 22(5):486-493
Vogel A, Noack J, Huttman G, Paltauf G (2005) Mechanism of
femtosecond laser nanosurgery of cells and tissues. Appl Phys B
81:1015-1047

Paltauf G, Dyer P (2003) Photomechanical processes and effects in
ablation. Chem Rev 103:487-518

Woo SY, Sidhu MS, Yoon TO, Jeoung SC, Park IH (2010) fs-laser
ablation and optoperforation threshold for PDMS thin film on p-
channel. J Kor Soc Precision Engg 27(2):29-33

Wataru W, Naomi A, Matsunaga S, Higashi T, Fukui K, Isobe K, Itoh
K (2004) Femtosecond laser disruption of sub-cellular organelles in a
living cell. Opt Express 12(18):4203-4213

Tsen KT, Tsen S-WD, Sankey OF, Kiang JG (2007) Selective inac-
tivation of micro-organisms with near-infrared femtosecond laser
pulses. J Phys Condens Matter 19:472201-1-472201-7

Okihara S, Esirkepov TZ, Nagai K, Shimizu S, Sato F, Hashida M,
lIida T, Nishihara K, Norimatsu T, Izawa Y, Sakabe S (2004) Ion
generation in a low-density plastic foam by interaction with intense
femtosecond laser pulses. Phys Rev E 69:026401-1-026401-4
Ditmire T, Zweiback J, Yanovsky VP, Cowan TE, Hays G, Wharton
KB (1999) Nuclear fusion from explosions of femtosecond laser-
heated deuterium clusters. Nature 398:489-492

Yoon KC, You IC, Kang IS, Im SK, Ahn JK, Park YG, Ahn KY
(2007) Photodynamic therapy with verteporfin for corneal neovascu-
larization. Am J Ophthalmol 144(3):390-395

Baer JC, Foster JC (1992) Corneal laser photocoagulation for treat-
ment of neovascularization—efficacy of 577 nm yellow dye laser.
Ophthalmol 99(2):173-179

Brooks BJ, Ambati BK, Marcus DM, Ratanasit A (2004)
Photodynamic therapy for corneal neovascularization and lipid de-
generation. Br J Ophthalmol 88:840

Ford KM, Saint-Geniez M, Walshe TE, D’Amore PA (2012)
Expression and role of VEGF-A in the ciliary body. Invest
Ophthalmol Vis Sci 53(12):7520-7527

Kenyon BM, Voest EE, Chen CC, Flynn E, Folkman J, D’Amato RJ
(1996) A model of angiogenesis in the mouse cornea. Invest
Ophthalmol Vis Sci 37(8):1625-1632

@ Springer


http://www.ratbehavior.org/
http://www.ratbehavior.org/

	Femtosecond laser-assisted selective reduction of neovascularization in rat cornea
	Abstract
	Introduction
	Material and methods
	Animals
	Induction of corneal neovascularization
	Femtosecond microsurgery system
	Optical coherence tomography
	Histological studies and SEM imaging

	Results and discussion
	Removal of corneal neovascular structures
	Postoperative characterizations of rat cornea
	Reduction of corneal neovascular structures

	Conclusions
	References


