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Abstract

e AIM: To demonstrate the changes in ultrastructure and

histopathology of the cornea in acute corneal alkaline
burns after femtosecond laser —assisted deep lamellar
keratoplasty.

e METHODS: The New Zealand white rabbits treated with

alkaline corneal burn were randomized into two groups,
Group A (16 eyes) with femtosecond laser-assisted deep
lamellar keratoplasty 24h after burn and Group B (16 eyes)
without keratoplasty as controls. All eyes were evaluated
with transmission electron microscopy (TEM) at 1, 2, 3,
and 4wk follow —up, then all corneas were tested by
hematoxylin and eosin staining histology.

e RESULTS: The corneal grafts in Group A were

transparent, while those in Group B showed corneal
stromal edema and loosely arranged collagen fibers. One
week after treatment, TEM revealed the intercellular
desmosomes in the epithelial layers and intact non -
dissolving nuclei in Group A. At week 4, the center of the
corneas in Group A was transparent with regularly
arranged collagen fibers and fibroblasts in the stroma. In
Group B, squamous cells were observed on the corneal
surface and some epithelial cells were detached.

e CONCLUSION: Femtosecond laser -assisted deep

lamellar keratoplasty can suppress inflammatory
responses, prevent toxic substance-induced injury to the
corneal endothelium and inner tissues with quicker

recovery and better visual outcomes.
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INTRODUCTION

cular surface structure and function is essential to
O maintain the transparency and normal function of
cornea. Alkaline injury-induced disruptions in ocular surface
structure and function can decrease the visual acuity, even
result in blindness. It is necessary to improve allograft
survival and decrease the rejection ™. The current methods
for ocular surface reconstruction include amniotic membrane

stem cell

23 Jimbal

transplantation implantation ™,

conjunctival flap, lamellar, deep lamellar, penetrating
keratoplasty®”, and combination of two or three of the above
methods ®. There are few published researches about the
occasion of ocular surface reconstruction. Tandon ez 2/™
used amniotic membrane transplantation to reconstruct the
This

ultrastructure and histopathological statues following the

ocular surface. study was to investigative the
femtosecond laser-assisted deep lamellar keratoplasty (DLK)
for acute alkali burn of cornea.

MATERIALS AND METHODS

Thirty-two New Zealand white

rabbits (32 eyes) and eight homebred rabbits (16 eyes) were

Experimental Animal

provided by the Laboratory Animal Center of Xinjiang
Autonomous Region and kept in the animal breeding center
of the Key Laboratory in Xinjiang Medical University. All
rabbits were males and weighed 2.0-2.5 kg. All the
experimental and animal handling procedures were in
accordance with the Association for Research in Vision and
Ophthalmology (ARVO) Statement for the Use of Animals
in Ophthalmic and Vision Research and conducted according
to the requirements of Animal Research and Ethics
of the
committee. Establish the mode of corneal alkaline burn.
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The 32 healthy New Zealand white rabbits were randomized
into two groups: 16 rabbits in Group A (16 eyes) underwent
femtosecond laser-assisted deep lamellar keratoplasty, while
16 rabbits (16 eyes) in Group B were used as controls. All
procedures were performed under general anaesthesia by
intramuscular injection of ketamine hydrochloride (50 mg/kg)
and chlorpromazine hydrochloride (25 mg/kg). One drop of
0.05% proparacaine hydrochloride eye drop for three times
was used to perform topic anaesthesia. All right eyes of
rabbits were received alkaline burn. Totally, 30 L of a 1 mol/L
NaOH solution was dropped into a diameter of 6 mm dry
and sterile filter paper. One minute later, the filter paper was
gently placed at the center of the rabbit pupil for 30s. And
50 mL of phosphate buffered saline (pH 7.4) was used to
wash the burned area and the conjunctival sac for Imin.
Twenty-four hours after the injury, rabbits in Group A were
performed the femtosecond laser-assisted deep lamellar
keratoplasty while there was no treatment in Group B.
Corneal Graft Preparation The donor homebred rabbits
were euthanasia by air embolism under anaesthesia. The
eyeballs were enucleated immediately, and washed by
1:1000 gentamicin solution, then placed on the operating
table with sterile gauze. Each cornea was placed on the
center of cone attached on the VisuMax femtosecond laser
(Carl Zeiss AG, Jena, Germany) and started the suction
procedure to make the corneal gratft.
Femtosecond  Laser -—assisted Deep  Lamellar
Keratoplasty The New Zealand white rabbits with alkaline
burned corneas were fasted for one day before the
keratoplasty. The eyelashes were removed on the day of the
surgery. Thirty minutes before the surgery, the chloromycetin
eye drop was used to wash the injured eyes. After the
anesthesia was administered, the eyelids and surrounding
areas were sanitized by iodine and chlorhexidine for three
times. An aseptic hole towel and adhesive membrane were
used in this procedure. The eyelid was opened using eye
speculum. The eyeball was fixed by upper and lower rectus
suturing by 1-0 sutures attached to the drapers.
The alkaline burned corneas were received the femtosecond-
laser assisted keratoplasty to remove the corneal tissue
according to the parameters (energy, 170 nJ; side cut angle,
90°; diameter, 7.5 mm; depth, 300 wm), and the corneal
graft was transferred to the acceptor corneal bed using
toothless forceps. The corneal graft was fixed at the 12, 6, 3,
and 9 o'clock points then suture the cornea with 12 stitches
(1-mm-wide each).
Post—operation The subconjunctival injection of 0.2 mL of
tobramycin (4 g/L) and antibiotic eye balm were given after
the surgery. The chloromycetin eye drop (2.5 g/L) was
installed once per day for one week.
Histopathology and Transmission Electron Microscopy
The cornea was examined under the slit lamp every two days
482

Figure 1 The slit-lamp image at 2wk after the surgery There
was pretty light limbal congestion and corneal edema observed.

since 2d after surgery. At 1, 2, 3, and 4wk, 4 rabbits (4 eyes)
in Group A and 4 rabbits
sacrificed by a 30 mL air embolism. The cornea was

(4 eyes) in Group B were

removed immediately along the corneal limbus. Two corneas
(v/v) formaldehyde and 4% (v/v)
glutaraldehyde for optical microscopy and transmission

were placed into 10%

electron microscopy (TEM) observation respectively at each
time point.

RESULTS

Corneal Grafts At 2d after surgery, there was obvious
limbal hyperemia in Group A. The corneal graft was opaque
and edema. No exudation was observed in the anterior
chamber. All sutures have matched well. At 1wk after
surgery, the limbal congestion, corneal edema and opaque
were lighter than before. At 2wk after the surgery, there was
very light limbal congestion and corneal edema observed
(Figure 1). At 3wk after the surgery, no limbal congestion
was observed. The cornea was transparent. The sutures were
removed. At 4wk after the surgery, no limbal congestion was
observed. The cornea was transparent.

Histopathology At 1wk after the surgery, in Group A there
was mild corneal graft edema while the orderly arrangement
of collagen fibers was found in the graft, and the epithelium
was well (Figure 2A); there was edematous and thickened
stroma with a loose arrangement of the collagen fibers, and
corneal epithelium was detached in Group B (Figure 2B). At
2wk after the surgery, the corneal edema in Group A was
decreased and the neat arrangement of collagen fibers in
graft was observed (Figure 3A); in Group B, corneal edema
was observed, part of the corneal epithelium was lost and
fibers and
neovascularization were found in cornea (Figure 3B). At

untidy arrangement of the collagen
3wk after the surgery, the corneas in Group A regained their
normal thicknesses, no obvious corneal edema and untidy
of the

inflammatory cell infiltration was observed only around the

arrangement collagen fibers was observed,

sutures (Figure 4A); in Group B, the corneal epithelium in
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Figure 2 Represented the histopathological pictures at 1wk
after the surgery A: Mild corneal graft edema and the orderly
(HE x100); B:
Edematous stroma and loose arrangement of the collagen fibers in
Group B (HEx100).

arrangement of collagen fibers in Group A

h LSRR
Figure 4 The histopathological pictures at 3wk after the
surgery A: The corneas regained their normal thicknesses, no
obvious corneal edema and untidy arrangement of the collagen
fibers was observed in Group A (HE x100); B: The corneal

epithelium in the burned areas was gone in Group B (HEx100).

Figure 3 The histopathological pictures at 2wk after the
surgery A: Neat arrangement of collagen fiber in Group A (HEx
100); B: Untidy arrangement of the collagen fibers and much
neovascularization in Group B (HEx100).

the burned areas was gone and there was an ulcer in the
cornea. Edematous and thickened stroma were observed in
the burned area, especially on the boundary with epithelium.
Collagen fibers were loose arrangement with large numbers
of vacuoles, a small amount of neovascularization, and the
infiltration of numerous inflammatory cells (Figure 4B).

At 4wk after the surgery, the corneas graft with neat
arrangement of collagen fibers in Group A remained of
normal thickness without edema and there was infiltration of
inflammatory cells observed around the sutures (Figure 5A).
In Group B, the corneal epithelium in the burned areas has
disappeared and the ulcers has aggravated, and there was
thickened and edematous stroma observed especially on the
boundary with epithelium, loose arrangement of collagen
fibers was observed with large numbers of vacuoles, a small
and the infiltration of
numerous inflammatory cells (Figure 5B).

amount of neovascularization,

Transmission Electron Microscopy In Group A corneal
epithelial growth was observed at 1, 2, 3, and 4wk after the
surgery. Many desmosomes were observed at 1wk after the
surgery, the desmosomes were clearly seen in the epithelium
and organelles were scattered throughout the cytoplasm, the
dark cytosol and mild edema were also observed (Figure 6A).
At 2wk after the surgery, large numbers of fibroblasts were
observed in the corneal stroma with extension of the
endoplasmic reticulum, there were intact nuclei in the

Figure 5 The histopathological pictures at 4wk after the
surgery A: Neat arrangement of collagen fibers and normal
thickness in Group A (HE x100); B: Thickened and edematous
stroma on the boundary with epithelium, loose arrangement of
collagen fibers with large numbers of vacuoles in Group B (HEx100).

endothelium; some vacuoles were seen between the
endothelial and descemet layers (Figure 6B). At 3wk after
the surgery, microvilli were found on the top of the corneal
epithelium and the collagen fibers were orderly arranged;
fibroblasts were seen in the stroma with microfilaments
inside the cytoplasm (Figure 6C). At 4wk after the surgery,
thriving microvilli were observed on the top of the corneal
epithelium and there were neat arrangement of the collagen
fibers and fibroblasts in the stroma (Figure 6D). The
basement membranes were tightly connected, there were
hemidesmosome-like substance in the basement membranes;
and large amounts of microfilaments in the cytoplasm.

In Group B, at the 1wk after the surgery, there was obvious
stromal edema with a wavy arrangement of collagen fibers
(Figure 7A). At 2wk after the
surgery, stromal edema and large amount of vacuoles were
(Figure 7B). At 3wk after the
surgery, the corneal epithelial cells were irregularly arranged
with broken collagen fibers (Figure 7C). At 4wk after the
surgery, thousands of infiltration of inflammatory cells in the

and incomplete fibroblasts

observed without nuclei

corneal stroma was observed, there were uneven
morphological and irregularly arranged corneal epithelial
cells and broken, uneven and deranged collagen fibers in the
stroma, squamous cells were observed on the top of corneal
epithelium and part of the epithelial cells was detached
(Figure 7D).
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Figure 6 The pictures through transmission electron microscopy in Group A A: At the 1wk after the surgery, many desmosomes were
observed, desmosomes were clearly seen in the epithelium (TEMx8K); B: At 2wk after the surgery, large numbers of fibroblasts were
observed in the corneal stroma (TEMx12K); C: At 3wk after the surgery, microvilli appeared on the surfaces of the corneal epithelia (TEMx
10K); D: At 4wk after the surgery, thriving microvilli were observed on the surface of the corneal epithelia with neat arrangement of the
collagen fibers and fibroblasts (TEMx6K).

Figure 7 The pictures through transmission electron microscopy in Group B A: At the 1wk after the surgery, the corneal stromas

showed significant edema with incomplete fibroblasts (TEMx8K); B: At 2wk after the surgery, large amount of vacuoles were observed
without nuclei (TEMx10K); C: At 3wk after the surgery, the corneal epithelial cells were irregularly arranged with broken collagen fibers
(TEMx3K); D: At 4wk after the surgery, the corneal epithelial cells were irregularly arranged with broken, uneven, and deranged collagen

fibers (TEMx3K).

DISCUSSION

Corneal transparency is the fundamental basis of normal
visual function. The alkaline burned eye can result in rapid
protein denaturation and cell necrosis. The dysregulation of
cellular fluid homeostasis induced by dehydration accelerates
necrosis. Saponification between the alkaline and lipid-like
substances can disrupt the cellular membrane structure and
create a softened or liquefied environment that enables the
alkaline to spread over and impair adjacent or inner tissues.
The thrombus that results from the alkaline burns can lead to
ischemia and lack of nutrition in the corneal tissues, which
deteriorates the impairment and prevents the tissues from
recovery " Therefore, alkaline burns to the eye can cause
corneal hypoxia, severe under-nutrition, poor regeneration of
the corneal epithelium, and long-term ulcers. They can also
lead to
neovascularization, disruption of the immunosuppressive

severe  complications such as corneal
microenvironment in the anterior chamber, severe adhesion
of the eyelids and conjunctiva, corneal ulcers, perforation,
and secondary bacterial infections.

The current treatment for early stage of alkaline burned
cornea includes washing out the chemicals and removing the
necrotic tissues as soon as we can. In addition, we have
performed the symptomatic treatment such as washing the
conjunctival sac, a subconjunctival injection of vitamin C,
and paracentesis in the anterior chamber. Amniotic
membrane transplantation, limbal stem cell implantation, and
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lamellar or therapeutic penetrating keratoplasty can be
applied when appropriate. However, most corneal grafts
have shown vascularization or continuous dissolution. The
pathological characteristics of early corneal alkaline burns
are tissue ischemia and necrosis as well as constant
infiltration of inflammatory cells, which results in excessive
immune responses against cornea-specific  proteins.
Therefore, corneal impairments are aggravated over time
with severe complications [, If the injured corneal tissues
were removed by surgery at the early stage of chemical burn
and the ocular surface was reconstructed to prevent invasion
of the toxic substances and inflammatory cells, the excessive
immune responses against cornea-specific proteins and
complications including neovascularization and corneal
dissolution would be away from cornea. Therefore, it is very
important to surgically remove the necrotic tissues and toxic
substances at the early stage of corneal alkaline burns to
protect the cornea, which plays a critical role in preventing
or reducing the long-term complications caused by corneal
alkaline burns and retains the visual function of the injured
eyes.

The current methods for ocular surface reconstruction
include amniotic membrane transplantation **1, limbal stem
cell implantation ™ conjunctival flap, lamellar, deep
lamellar, penetrating keratoplasty™®”, and combination of two
or three of the above methods®™. According to Yoeruek ezz/",

the surgery doesn't work if the neovascularization was still
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observed in corneal grafts after surgery for corneal chemical
burns. The corneal transparency could only be maintained by
long-term taking the neovascularization inhibitors. Doganay
er af ™ shows that the
administration of bevacizumab

research subconjunctival
inhibit

neovascularization effectively in the rabbit corneal alkali

could corneal
burn model. Yao e 2/ ™ discovered that deep lamellar
keratoplasty for the treatment of corneal chemical burns
could suppress neovascularization to maintain the corneal
transparency for long term. Yao ez 2/"% results suggest that
subconjunctival injection of MSCs significantly accelerates
corneal wound healing, decreases inflammation and reduces
CNV in alkaline-burned corneas. Kheirkhah ez 2/ used a
sutureless application of an amniotic membrane patch allows
the early delivery of its biologic actions, which may help
preserve limbal stem cells for rapid extension and prevent
late cicatricial complications in eyes with mild and moderate
acute alkaline burns. Peng e7 2/ " have demonstrated that in
mice locally administrated AMD3100 can reduce the number
of alkali burn induced CNV, the number of inflammatory
cells and inflammatory responses in corneal tissue.

There are few published researches about the occasion of
ocular surface reconstruction. Tandon e 2/ ™! used amniotic
membrane transplantation to reconstruct the ocular surface.
Hackett ez 2/™ replaced the injured cornea with an artificial
biological corneal graft to treat early severe chemical burns.
However, none of the above studies successfully achieved
the purpose of the long-term prevention of corneal
complications.

Dastjerdi
penetrate

e/ a/ ™ demonstrates that bevacizumab can
the neovascularized cornea through
addition
bevacizumab can penetrate into the corneal stroma with an
e/ a/ ™ have reported that
injection of bevacizumab may offer

topical
application, in subconjunctivally  injected
intact cornea. Dastjerdi
subconjunctival
therapies in preventing graft rejection in high-risk corneal
studied the

neovascularization after corneal alkaline burns

inhibition of
2211 gnd

achieved the good results. In this study, we applied VisuMax

transplantation. We have

femtosecond laser-assisted deep lamellar keratoplasty to treat
the early stage of corneal chemicals burns. The injured
cornea was removed to prevent further impairment to the
surrounding and inner tissues and reduce even prevent
complications such as corneal dissolution. Meanwhile, the
surgery can block the pathways of excessive immune
responses against the corneal-specific proteins and block
neovascularization invasion. It can enhance the corneal
epithelialization and maintain the normal corneal structure
and function. Our results suggested that the corneal grafts in
Group A matched well without obvious edema.

It has been reported that lamellar, deep lamellar, and
endothelial keratoplasty are the major methods in chemical

burn treatment and ocular surface reconstruction. However,
the prognosis of each case is different, as it is related with
the degree of injury, opportunity, and surgical techniques,
especially the preparation of lamellar grafts and the grafting
beds. The injured cornea was removed using blades in
traditional deep lamellar keratoplasty, and the effect was
dependent on the skills of operators. The smoothness of the
grafting bed and the match between the graft and the grafting
bed were limited. Therefore, it was difficult to obtain an
optimal optical result. Our study used femtosecond
laser-assisted deep lamellar keratoplasty ! to treat early
corneal alkaline burns. The femtosecond laser is capable of
removing the injured area and preparing the grafts and
grafting beds with highly precise smoothness, size, and
depth. Our results suggest that the use of this technique is
feasible for the treatment of early corneal alkaline burns and
separating the affected areas. This would greatly shorten the
disease course, improve outcomes, and retain visual function
in combination with amniotic membrane transplantation,
conjunctival grafting, or stem cell keratosplasty depending
on the degree of injury.
In summary, the use of femtosecond laser-assisted deep
lamellar keratoplasty to treat early corneal alkaline burns can
suppress the inflammatory responses, promote epithelial
growth, and effectively stimulate recovery of the corneal
epithelium, which provides great insight into clinical
application.
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