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Biology of keratorefractive surgery- PRK, PTK, LASIK, SMILE,
inlays and other refractive procedures
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Abstract

The outcomes of refractive surgical procedures to improve uncorrected vision in patients—
including photorefractive keratectomy (PRK), laser in-situ keratomileusis (LASIK), Small Incision
Lenticule Extraction (SMILE) and corneal inlay procedures—is in large part determined by the
corneal wound healing response after surgery. The wound healing response varies depending on
the type of surgery, the level of intended correction of refractive error, the post-operative
inflammatory response, generation of opacity producing myofibroblasts and likely poorly
understood genetic factors. This article details what is known about these specific wound healing
responses that include apoptosis of keratocytes and myofibroblasts, mitosis of corneal fibroblasts
and myofibroblast precursors, the development of myofibroblasts from keratocyte-derived corneal
fibroblasts and bone marrow-derived fibrocytes, deposition of disordered extracellular matrix by
myofibroblasts, healing of the epithelial injury, and regeneration of the epithelial basement
membrane. Problems with epithelial and stromal cellular viability and function that are altered by
corneal inlays are also discussed. A better understanding of the wound healing response in
refractive surgical procedures is likely to lead to better treatments to improve outcomes, limit
complications of keratorefractive surgical procedures, and improve the safety and and efficiency of
refractive surgical procedures.
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This article details the wound healing responses to corneal refractive surgery procedures that
are most commonly performed, including photorefractive keratectomy (PRK),
phototherapeutic keratectomy (PTK), laser-assisted in situ keratomileusis (LASIK) and
small incision lenticule extraction (SMILE), but also includes incisional procedures such as
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radial keratotomy (RK), as well as contact laser thermal keratoplasty (LTK), thermal
conductive keratoplasty (CK), and corneal inlay procedures.

1. Photorefractive keratectomy (PRK) and phototherapeutic keratectomy

(PTK)

PRK remains a popular method for the correction of myopia or hyperopia—with or without
astigmatism. The first step of PRK is removal of the central corneal epithelium, which
initiates the wound healing response, and the different methods used to remove the
epithelium used by surgeons are not equivalent with regards to the ensuing wound healing
responses. The original method used for epithelial removal, which is still utilized by many
surgeons, was use of a scalpel blade (for example, a #64 scalpel Beaver blade). An
approximately 9 mm zone of central epithelium is removed, along with the epithelial
basement membrane (EBM), by firmly scraping back and forth with the blade. This
epithelial removal initiates the keratocyte apoptosis/necrosis response in the anterior corneal
stroma that is also impacted by the subsequent stromal ablation with the excimer laser.
Another method used by some surgeons is a rotating motor-driven brush instrument. These
instruments are efficient at breaking down and removing the epithelium. However, during
the Autonomous Ladar Vision excimer laser PRK trials in the mid-1990s, the author was
consulted when a large number of sterile subepithelial infiltrates were noted in the corneas
of patients in the first few days after PRK. Over 1.5% of corneas were developing the
infiltrates (https://www.accessdata.fda.gov/cdrh_docs/pdf/P970043B.pdf). A rotating motor-
driven brush instrument was being used in all of these PRK procedures. The author
suggested using a blade to remove the epithelium, hypothesizing the rotating brush so
efficiently broke apart all corneal epithelial cells that larger amounts of interleukin-la were
being released into the stroma and triggering surviving keratocytes to produce more
chemokines that draw inflammatory cells into the cornea from the limbal blood vessels.
When this change was made in the trials, no additional corneas developed subepithelial
infiltrates. If the surgeon prefers to use the brush, then an increased frequency of topical
corticosteroids could be used if subepithelial corneal infiltrates are noted. Another popular
method for epithelial removal is to use a well to expose the central 9 mm of epithelium to 20
to 50% ethanol for 20 to 30 seconds before removal of the ethanol, irrigation of the surface
with balanced salt solution and removal of the epithelium with a blade (Carones et al.,
1999). However, the use of alcohol results in apoptosis and necrosis of a larger number of
anterior keratocytes and rabbit eyes that had epithelial scrape PRK had greater keratocyte
density in the anterior stroma at 24 hours after surgery than eyes that had 50% ethanol-
assisted epithelial scrape during PRK (Helena et al., 1997). Since keratocyte-produced EBM
components contribute to EBM regeneration (Hassell et al., 1992; Santhanam et al., 2015;
Torricelli et al., 2015; Santhanam et al., 2017; Saikia et al., 2018) that terminates the anterior
stromal late haze myofibroblast-development response by decreasing activated TGFp
penetration into the stroma (Torricelli et al., 2013a,b; Marino et al., 2017), we hypothesized
that ethanol-assisted removal of the epithelium can increase PRK-induced stromal fibrosis
(late haze), including “breakthrough haze” where fibrosis occurs despite treatment with
mitomycin C after PRK (Medeiros et al., 2018b). However, two clinical studies found no
difference between ethanol-assisted and mechanical scrape epithelial removal (Carones et
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al., 1999; Ghoreishi et al., 2010). Transepithelial PRK, where the excimer laser itself is used
to remove the central epithelium prior to ablation of the stroma, is another approach to PRK.
A study in rabbits found decreased keratocyte apoptosis after transepithelial PRK compared
to epithelial-scrape PRK, suggesting a decreased overall wound healing response and
decreased fibrosis with transepithelial PRK (Kim et al., 1998). However, a study comparing
mechanical epithelial scrape, 20% ethanol-assisted epithelial scrape and excimer laser
transepithelial PRK found no difference in stromal opacity, post-operative pain or refractive
outcomes between the three groups (Lee et al., 2005). Zarei-Ghanavati and coworkers
(2019) found that although the epithelial defect size and epithelial healing time were lower
in transepithelial PRK, the postoperative pain, photophobia, and vision fluctuation were
significantly less in PRK with scrape epithelial removal in the first few days after surgery.
These authors found there was no statistically significant difference in clinical results
between the two methods after one week. Similarly, two other studies comparing
transepithelial PRK to mechanical epithelial removal PRK found little difference in stromal
haze between the two methods (Luger et al., 2012; Antonios et al., 2017).

Anterior stromal keratocyte apoptosis, and subsequent combined stromal cell apoptosis and
necrosis of a mixture of keratocytes, corneal fibroblasts, and bone marrow-derived cells in
the anterior stroma, is greater with higher levels of correction of myopia than lower levels of
correction of myopia with mechanical scrape-PRK in rabbit corneas (Fig. 1, Fig. 2) (Wilson,
2002; Mohan et al., 2003). Similarly, the ensuing proliferation of stromal cells (Fig. 3, Fig.
4) and the development of alpha-smooth muscle actin+ myofibroblasts is higher in rabbit
corneas that have high (greater than —6 diopters) mechanical scrape-PRK (Fig. 5, Fig. 6)
compared to low (less than —6 diopters) mechanical scrape-PRK where myofibroblasts
rarely develop (Wilson, 2002; Mohan et al., 2003). Large numbers of monocytes,
polymorphonuclear cells, fibrocytes and other bone marrow-derived cells invade the cornea
by 24hr after surgery and persist for over 1 week. A similar influx of cells is noted after
irregular PTK in mice (Lassance et al., 2018).

Whether or not the EBM regenerates in a timely manner—typically within 2 to 3 weeks—is
the major determinate of regenerative healing of the corneal stroma with mild opacity due to
transient corneal fibroblast and fibrocyte progeny or fibrotic healing due to the development
of persistent mature myofibroblasts (Torricelli et al., 2013a,b; Marino et al., 2017). Mature
myofibroblasts are themselves opaque due to downregulation of corneal crystallins and they
produce large amounts of disordered extracellular matrix (Jester et al., 1999; Wilson, 2012).
Two factors that have been recognized as major determinates of EBM regeneration after
PRK or PTK are stromal surface irregularity that mechanically impedes the assembly (Netto
et al., 2006a) and high keratocyte apoptosis and necrosis since keratocytes and corneal
fibroblasts derived from keratocytes contribute EBM components to the regenerating EBM,
in cooperation with the epithelium (Hassell et al., 1992; Santhanam et al., 2015; Torricelli et
al., 2015; Santhanam et al., 2017; Saikia et al., 2018). Although high hyperopia and/or
astigmatism hasn’t been studied in animal models, fibrosis of the cornea is also more likely
to occur after high PRK corrections for high hyperopia or astigmatism based on the
incidence of “late haze” (fibrosis) development, even if the fibrosis develops when
mitomycin C is used with PRK (“breakthrough haze™) (Kaiserman et al., 2017). After PRK
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for hyperopia corneal opacity from fibrosis tends to be most pronounced in the midperiphery
of the cornea.

PRK with some brands of excimer lasers was associated with greater clinically significant
late haze fibrosis, for example the Summit Technology (Hersh et al., 1996; Hersh et al.,
1997; Vestergaard et al., 2013) and LADARVision 6000 (Lin et al., 2004) excimer lasers.
The latter laser system was recalled by the Food and Drug Administration on February 21,
2007 due to surface irregularity central islands and peninsulas in patients who had either
PRK or LASIK. As a user of both of these laser systems, the author noted at the time that
mitomycin C treatment had to be applied at the time of PRK with either excimer laser, even
for corrections as low as —1 diopter, or an incidence of late haze as high as 10 to 15% would
be noted (Wilson SE, unpublished data, 2006). Thus, the surface irregularity after PRK—
which central islands and peninsulas create with these two laser systems—increased the risk
of anterior stromal fibrosis (late haze)—Ilikely because that surface irregularity impeded
normal EBM regeneration (Torricelli et al., 2013a,b; Marino et al., 2017; Netto et al.,
2006a).

The primary biological effect of mitomycin C in inhibiting corneal stromal fibrosis (late
haze) is due to its profound effect in reducing the mitosis of stromal cells, including corneal
fibroblasts and fibrocytes that can develop in the corneal stroma after PRK (Fig. 7) (Netto et
al., 2006b). The later study suggested that 0.002% mitomycin C might be as effective as
0.02% mitomycin C, but clinical studies in humans found that this concentration resulted in
more clinically significant late haze (Thornton et al., 2005). The duration of treatment
necessary for mitomycin C efficacy in preventing fibrosis has been studied and it was found
that treatment with 0.02% mitomycin C for 12 seconds had equal efficacy in preventing haze
after PRK to treatments for 60 or 120 seconds (Virasch et al., 2010). Many surgeons have
adopted an exposure time of 30 seconds for routine treatments. (Netto et al., 2006b). Cornea
fibrosis occasionally occurs in corneas after PRK with mitomycin C treatment and is termed
“breakthrough haze” (Kaiserman et al., 2017). The author has noted that when breakthrough
late haze has less tendency to resolve spontaneously at one to two years after surgery than
haze that develops in corneas not treated with mitomycin C (Wilson SE, unpublished data,
2017). Our working hypothesis is that the mitomycin C produces long term effects on the
phenotype of the anterior keratocytes that reduces their capacity to contribute to eventual
regeneration of the EBM necessary for the resolution of stromal fibrosis.

The central cornea nerves are injured by PRK and the nerves suffer retrograde axonal cell
death such that the damage extends beyond the excimer laser ablation (Medeiros et al.,
2018a). Regeneration of the nerves takes at least six months and innervation may not return
to completely normal (Medeiros et al., 2018a). If fibrosis develops, then reinnervation may
be even more prolonged since myofibroblasts inhibit corneal nerve regeneration (Jeon et al.,
2018; Hindman et al., 2019).

A variant of PRK, laser subepithelial keratomileusis or LASEK, in which an epithelium-only
flap on the cornea is produced with 20% ethanol exposure for 15 to 20 seconds (Nakamura
et al., 2001) still is used by some refractive surgeons. The concept relies on intact epithelium
and basement membrane, and there is variability in the viability of epithelial cells with this
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method (Gabler et al., 2002). However, a prospective, randomized contralateral eye study
that included 167 patients found that late haze fibrosis was more common after PRK without
mitomycin C and LASEK, than PRK with mitomycin C (Sia et al., 2014). Few other wound
healing studies have been applied to LASEK. Epi-LASIK is another variant in which a blunt
blade on a microkeratome devise is used to attempt to lift the epithelium with intact EBM.
However, intrusions of the blade into the stroma with resulting stromal fibrosis have been
noted with this method. In addition, extensive death of basal epithelial cells was noted with
epi-LASIK (Tanioka et al., 2007), indicating that the wound healing effect would not be
different from PRK.

The wound healing response after PTK for recurrent erosions is similar to PRK because
after epithelial debridement the stromal surface is typically smooth and only a few pulses of
PTK need to be applied to the stromal surface to ensure any residual duplicated epithelial
basement membrane is removed (Wilson et al., 2017). PTK to remove corneal scarring,
whether it is due to trauma, infection, surgical complication, or dystrophy is different
because the stromal surface is nearly always irregular (Wilson et al., 2017). Stromal surface
irregularity is one of the primary factors leading to corneal fibrosis (Netto et al., 2006a)
because the irregularity mechanically inhibits regeneration of the epithelial basement
membrane which facilitates epithelial TGFb1 and TGFb2 penetration into the stroma to
drive the development of fibrosis-generating myofibroblasts from keratocyte and fibrocyte
precursors (Lassance et al., 2018). In mice, for example, generation of surface irregularity by
performing PTK over a fine mesh is an optimal method to generate superficial stromal
myofibroblasts and fibrosis (Lassance et al., 2018). Thus, when PTK is performed to remove
anterior stromal scars, a primary goal should be to also smooth the stromal surface. This is
accomplished by performing transepithelial PTK to use the epithelium as a partial masking
agent, and then, after some or all of the stromal scar is removed, using masking-smoothing
PTK to further smooth the stromal surface (Wilson et al., 2017). Finally, mitomycin C
treatment is usually recommended to further inhibit myofibroblast development (Netto et al.,
2006b; Wilson et al., 2017). Using this approach, the wound healing response after PTK for
scar removal becomes similar to PRK for high myopia where myofibroblasts and fibrosis
rarely develop if topical mitomycin C is used.

Laser-assisted in situ keratomileusis (LASIK)

Normal LASIK surgery with a microkeratome results in less central corneal keratocyte
apoptosis and proliferation than PRK, and rarely is associated with stromal fibrosis (Fig. 1 to
Fig. 6), except at the flap edge, where the EBM is damaged and is commonly demarcated by
fibrosis (Fig. 8) (Wilson, 2002; Mohan et al., 2003; Medeiros et al., 2018b). Also, the
location of the keratocyte apoptosis and early postoperative inflammation in LASIK is
different from PRK since these tend to occur just anterior and posterior to the lamellar cut in
the stroma (Fig. 1), and is further from the overlying epithelium than in PRK. The apoptosis
of keratocytes is thought to be triggered by IL-1 on the blade that passes through the
epithelium before cutting through the stroma (Wilson, 2002; Mohan et al., 2003). When
there is damage to the central corneal epithelium during cutting of the flap with a
microkeratome, excessive inflammation tends to enter the central cornea from the limbal
blood vessels through the interface between the flap and the underlying stromal bed to
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produce diffuse lamellar keratitis (DLK) (Smith and Maloney, 1998; Wilson and Ambrésio
Jr., 2002).

The wound healing response to femtosecond laser flap LASIK is potentially different than
microkeratome flap LASIK, depending on the laser model and the energy delivered to the
stroma to cut the flap. Earlier models of femtosecond lasers, such as the 15 kHz and 30 kHz
Intralase lasers, delivered more energy to the stroma and caused more stromal cell death
(Netto et al., 2007; de Medeiros et al., 2009). In addition, the mode of cell death is necrosis
rather than apoptosis (Netto et al., 2007; de Medeiros et al., 2009), which may trigger more
inflammatory cell infiltration along the interface, especially in the periphery (Fig. 9) to cause
“flap edge DLK.” As femtosecond lasers improved, the amount of energy needed to cut the
flap decreased and the early postoperative interface inflammation decreased. Also, a strong
flap edge fibrosis response with the earlier models of femtosecond lasers made flap lifting
for retreatment more difficult after a few months. With the latest models of femtosecond
lasers, the stromal cell death response is similar to that with microkeratomes (Netto et al.,
2007; de Medeiros et al., 2009).Thus, whichever model femtosecond laser is being used for
LASIK, stromal cell necrosis, interface inflammation and flap edge fibrosis can be limited
by using the lowest energy setting that effectively cuts the LASIK flap (de Medeiros et al.,
2009).

Whether LASIK is performed with a microkeratome or a femtosecond laser, the overall
wound healing response in the cornea is less than it is after PRK for the same level of
correction, including stromal cell apoptosis/necrosis, stromal cell mitosis, inflammatory cell
infiltration and myofibroblast generation (Wilson, 2002; Mohan et al., 2003). Although the
accuracy of correction for the two procedures tends to be similar, there is far less tendency
for central stromal late haze (fibrosis) in LASIK than PRK.

A study in rabbits compared flap adhesion at one and two months after LASIK flap
generation with a VisuMax laser or a femto-LDV laser and found greater flap adhesion in
the VISUMax group, but the difference did not reach statistical significance (Riau et al.,
2014). Tissue responses to laser delivery using the two lasers was investigated with
immunohistochemistry for fibronectin and the TUNEL assay at four and 24 hours
postoperatively and the results suggested less early tissue response with the femto-LDV laser
(Riau et al., 2014). Thus, there are differences in the corneal wound healing responses with
different lasers used to prepare the flap for LASIK.

3. Small Incision Lenticule Extraction (SMILE)

Few studies of corneal wound healing after SMILE surgery have been reported. One study in
human eye bank eyes that had SMILE or LASIK, and were subsequently incubated in organ
culture medium, found that keratocyte apoptosis, keratocyte proliferation, and infiltration of
immune cells were generally mild and comparable between femtosecond-LASIK and
SMILE (Luft et al., 2018). The significance of these results, however, is uncertain since the
eyes had been removed from humans at differing times after death and incubated in corneal
preservation media prior to surgery, and therefore, there could be no contribution of bone
marrow-derived cells from the limbal vasculature to the wound healing response (Lassance
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et al., 2018). In addition, corneas were placed in organ culture for 72 hours after surgery
prior to processing for the analyses.

A study performed in rabbits (Dong et al., 2014) found significantly fewer TUNEL-positive
corneal stromal cells after SMILE at 4 hours and 24 hours postoperatively (p<0.01)
compared with LASIK (but no TEM was included to distinguish between stromal cell
apoptosis and necrosis produced with either surgical method). Immunohistochemistry
showed significantly fewer Ki-67-positive cells in the SMILE group than in the femtosecond
laser LASIK group at three days and one week after surgery, but there was little Ki-67
expression in the stroma with either surgery at one month. In that study, CD11b-positive
cells (monocytes) were significantly fewer in the SMILE group at one day, three days and
one week postoperatively. Sun et al. (2019) found the alpha smooth muscle actin (SMA)+
myofibroblasts only at the side cut incision and not in the lamellar interface at 28 days after
SMILE in rabbits.

Future studies should examine stromal remodeling at the interface where the two different
femtosecond laser cuts are opposed in SMILE surgery to assess whether this correlates with
delayed visual recovery sometimes noted in SMILE compared to LASIK (lvarsen et al.,
2014). One study attempted to approach this by analysis of dilated retro-illumination
photographs (Ganesh et al., 2018). But further study of the cell biology of stromal
remodeling at the interface in SMILE would be informative.

Incisional corneal surgeries

Incisional corneal surgeries include radial keratotomy (RK), astigmatic keratotomy (AK),
and the incision associated with clear corneal cataract surgery. Other incisional procedures
that have been abandoned due to complications such as irregular astigmatism include
hexagonal keratotomy and trapezoidal keratotomy.

Early histopathological analyses of RK in owl monkeys that had 8-incision or 16-incision
radial keratotomies by Jester and coworkers (1981) found that the loss of initial flattening of
the anterior corneal surface was due to corneal wound contracture. Also, they reported high
variability in incision depth and 14 to 15% loss of endothelial cells. Subsequent monkey
studies showed that the endothelial cell loss that could be associated with RK was not
progressive, but an acute response to the incisions or inflammation damaging the endothelial
cells (Dunn et al., 1984). MacRae and Rich (1998) reported that endothelial cell loss after
RK was not progressive in humans. Within a few years, investigators discovered that
epithelium often extended into RK incisions (Fig. 10) and could generate epithelial cysts in
the incisions and that these histopathologic changes could result in variability of the
refractive result of the surgery (Jester et al., 1983). A subsequent study of human eyes that
had RK confirmed epithelial plugs extended an average of 25% corneal thickness in eyes
that had the surgery 17 months prior (Ingraham et al., 1985). Importantly, the incisions
beneath the epithelial plugs had fibrous scarring. In another study of human eyes that had
RK (Deg et al., 1985), documented gaped keratotomy incisions and epithelial plugs, along
with Bowman's layer mal-apposition with “slight to moderate” fibroblastic activity at the
incision sites. The variable wound healing and epithelial plugs of the RK eyes was likely the
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cause of diurnal fluctuations in refraction and uncorrected vision persisting years after
surgery (Santos et al., 1988). In another study of human eyes after homoplastic lamellar
keratoplasty or penetrating keratoplasty confirmed the variability in wound healing of the
incisions one to two years after RK surgery (Jester et al., 1992). A histological evaluation of
RK in cats (Garana et al., 1992), found that modulation of RK incision-wound gape during
healing involved the transformation of corneal keratocytes to a myofibroblast-like cells, and
the subsequent formation of intracellular stress fibers composed of f-actin, non-muscle
myosin, and alpha-actinin. Melles and coworkers (1995), analyzed ten human eyes that had
RK for varying amounts of time prior to death. They found that beneath the typical epithelial
plugs, the area of epithelial-stromal interaction commonly had three adjacent morphological
zones: 1) a duplicated basement membrane complex, 2) a zone that resembled Bowman's
layer, and 3) a zone with collagenous fiber orientation parallel to the plugs. They also noted
that scar tissue orientation was transverse at the base of the plug, and sagittal in deeper
wound regions. The finding of a zone that resembled Bowman’s layer around the epithelial
plugs (Fig. 10) is important in understanding that the generation and maintenance of
Bowman’s layer in humans, and other species that have one, are related to ongoing
epithelial-stromal interactions modulated by growth factors released from the epithelium and
stromal cells (Wilson and Hong, 2000).

Petroll and coworkers (1998) did an analysis of f-actin organization in cat RK wounds from
10 to 28 days after surgery using en block staining with fluorescein isothiocyanate (FITC)
phalloidin. In these studies, three-dimensional datasets were also collected using laser
confocal microscopy at different regions within the wounds. In addition, conventional en
face sections were double-labeled using combinations of phalloidin and antibodies to
fibronectin and alpha-5 beta-1 integrin. These investigators found that myofibroblast
ingrowth started in the posterior portion of the RK wound and progressed anteriorly in the
cornea. F-actin was predominantly distributed in long, thick bundles (stress fibers) within
the wound at 10 to 14 days and these fibers appeared initially to be randomly oriented
anteriorly, but became progressively more aligned with the long axis of the wound
posteriorly. By 21 days, the stress fibers were predominantly oriented parallel to the long
axis of the wound throughout the RK incision. F-actin, fibronectin and integrin were all
coaligned at 14 days and 21 days (Petroll et al., 1998). They concluded that since the
majority of RK wound closure occurs between 14 and 28 days after surgery, the parallel
alignment of the actin filament-fibronectin-integrin assembly in the RK model leads to
wound contraction.

None of these studies took into account bone marrow-derived cells entering into the cornea
after the epithelial injuries included in RK, or the potential contributions of fibrocytes to the
fibrosis response adjacent to the incisions in RK (Lassance et al., 2018).

AK incisions and clear cornea incisions for phacoemulsification have been less studied with
histopathological methodologies or in tissue wound healing studies, but the principles are
likely to be similar to RK incisions. A surprising result was seen in rabbits that had non-
perforating incisions across the central cornea (Marino et al., 2017). In this species, where
myofibroblasts readily develop in the anterior stroma after high correction PRK or at the flap
edge in LASIK (Marino et al., 2017), few SMA+ myofibroblasts were noted at one, two or
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three months after deep linear incisions across the central cornea, including surrounding
epithelial plugs (Fig. 11), despite the presence of dense opacity delineating the incisions.
There was, however, large amounts of disorganized collagen type 3 not normally found in
these corneas localized to the stroma beneath the epithelial plugs (Fig. 11). Since these
incisions were similar to RK incisions, except they extended across the central cornea, these
experiments suggest there can be interspecies differences in the healing of partial thickness
corneal incisions.

5. Laser thermal keratoplasty (LTK) or thermal conductive keratoplasty

(CK)

LTK and CK are procedures in which laser (Ayala Espinosa et al., 2000; McDonald, 2005)
or radio-frequency thermal (Eggink et al., 1999) energy is applied to the peripheral cornea to
cause steepening of the central cornea to correct hyperopia or preshyopia. Eight to 32
circular burns, depending on the intended correction, are placed in the peripheral cornea
with either procedure (Ayala Espinosa et al., 2000; McDonald, 2005; Eggink et al., 1999).
Both procedures produce burns through the epithelium and into the stroma that denatures
collagen and causes necrosis of epithelial cells and keratocytes at the site of the injury
(Ayala Espinosa et al., 2000; Eggink et al., 1999). Little detailed histological and cell
biological work has been done on the effects of these procedures on the cornea. However,
inspection of histological specimens immediately after the LTK procedure in rabbits (Ayala
Espinosa et al., 2000) shows the denaturation of the stromal collagen and necrosis of the
epithelium and keratocytes at the site of the burns. This results in inflammation at those sites
related to bone marrow-derived cells that invade from the limbal blood vessels. The lesions
from the laser or radio-frequency burns are initially opaque due to the injury to the stromal
collagen and it is likely corneal fibroblasts, and possibly myofibroblasts, develop at that each
of the burns. The central corneal steepening produced by all of these procedures regresses
over time and, thus, they were approved by the FDA for the temporary correction of
hyperopia and presbyopia (Ayala Espinosa et al., 2000; Eggink et al., 1999). It has not been
studied in detail, but it is likely that over time keratocytes progressively remove damaged
collagen and replace it with new collagen lamellae in the burned area of the stroma and that
is associated with the decrease in the opacity and loss of the correction produced by these
surgeries over time (Ayala Espinosa et al., 2000; Eggink et al., 1999). For the most part, this
instability and regression has led to a marked decrease in utilization of these procedures.

6. Corneal inlays

The use of corneal inlays to correct hyperopia, myopia, presbyopia and astigmatism is
attractive because of the tissue additive rather than tissue subtractive nature of the
procedures and the potential reversibility of the surgery. However, the issue with these
devices over the past 35 years has always been inflammatory cell, keratocyte, and epithelial
reactions to the foreign body within the stroma and deprivation of the overlying stroma and
epithelium to essential nutritional molecules provided by the aqueous humor that passes
through the leaky barrier function of the endothelium-Descemet’s membrane complex and
into the stroma. Thus, these inlays precipitate an inflammatory reaction in the stroma
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(Santhiago et al., 2012), that is often transient, stromal opacity surrounding the inlay (Alié et
al., 2004; Mulet et al., 2009; Tan et al., 2013; Jalali et al., 2016; Ong et al., 2018; Fenner et
al., 2019), that is attributable to corneal fibroblast generation and deposition of collagenous
matrix, release of opaque materials from surrounding stressed keratocytes (Ali6 et al., 2004;
Mulet et al., 2009; Tan et al., 2013; Salamatrad et al., 2015) and sometimes thinning of the
overlying epithelium (Kim et al., 2013; Xie et al., 2006). In many cases, these reactions are
mild and do not necessitate explantation of the inlay. If the inlay is explanted, most of these
corneas appear to return to near normal (Ali6 et al., 2004; Ong et al., 2018). However, in one
study in which ten Kamra corneal inlays were removed, some level of residual stromal haze
persisted in the majority of explanted corneas and some patients had a decrease in corrected
distance visual acuity (Moshirfar et al., 2019).

The most severe reactions noted have been necrosis of the overlying stroma and/or
epithelium, which can occur a decade or more after the original implantation (Taneri et al.,
2018; Kirkness et al., 1985), resulting in severe damage to the cornea requiring lamellar
keratoplasty or penetrating keratoplasty. Fenestrations in the inlay material or use of more
permeable hydrogels or other materials for inlays—that allow passage of nutritional
molecules—have been used to try to alleviate these problems.

One study evaluated the early stromal response to the Karma Inlay (Acufocus, Irvine, CA) in
rabbits (Santhiago et al., 2012). The inlay group had significantly more stromal cell death
than the control group with a pocket but no inlay, at 48 hours after surgery. At 24 hours and
6 weeks after surgery there was no significant difference in stromal cell death between the
inlay and control groups. Also, significantly more CD11b+ monocytes (as a marker of
inflammation) were noted in the stroma in the inlay group compared to the control group at
24 and 48 hours after surgery. However, no significant difference in CD11b+ monocytes was
observed between the control and inlay groups at 6 weeks after surgery. No haze or stromal
deposits were noted in the inlay group in this study.

The stromal and epithelial responses appear to be less of an issue with currently available
FDA-approved inlays (Jalali et al., 2016; Beer et al., 2019), but longer follow-up is needed
since severe changes can occur many years following the implantation of these devices
(Taneri et al., 2018; Kirkness et al., 1985).

Intrastromal corneal ring segments

Intrastromal corneal ring segments are inlays placed in the midperipheral corneal stroma
used to correct low to moderate myopia or that are used in keratoconus to produce a more
regular corneal topography to improve spectacle-corrected vision or improve contact lens
fitting to postpone the need for corneal transplantation (Ruckhofer et al., 2002; Rabinowitz,
2013). Similar to inlays, these Intacs impact stromal keratocytes and the overlying
epithelium, but usually less severely because of the relative smaller block of nutrition to the
keratocyte and overlying epithelium. Thus, Intacs often trigger mild inflammation (Levy and
Lifshitz, 2010), fibrosis in their channels (Ruckhofer et al., 2002), and lipid deposition in the
stroma surrounding the segments(Ruckhofer et al., 2002; Ly et al., 2006). In a histologic
study of Intacs removed because of lack of clinical benefit or extrusion, thinning of the
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epithelium overlying the Intacs was noted and no SMA+ cells were found in fibrosis
surrounding the Intacs—indicating myofibroblasts were not involved in producing the
channel fibrosis noted in some cases (Samimi et al., 2007).

8. Conclusions

The corneal wound healing response is a major determinant of the outcomes and
complications of all refractive surgical procedures. Future research to unravel the factors
controlling stromal and epithelial molecular and cellular responses to individual procedures
will likely improve outcomes to surgery and help to limit specific complications such as
scarring fibrosis after PRK or stromal ischemia after lamellar inlays.
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. Wound healing is a major determinate of outcomes for corneal refractive
surgery

. The corneal wound healing response varies with the type of corneal refractive
surgery

. The risk of scarring fibrosis haze increases with higher levels of correction
after PRK

. LASIK is rarely associated with haze because the central epithelial basement

membrane is preserved
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Fig. 1.

TLgJNEL assay to detect apoptosis in rabbit corneas at different time points after —4.5D PRK,
-9D PRK and -9D LASIK. Note that corneas that have —9D PRK have greater keratocyte
apoptosis (arrows), especially at the 4 hour time point. The apoptosis response persists for at
least one week and includes bone marrow-derived cells that infiltrate the cornea after
surgery. After —9D LASIK, the keratocyte apoptosis response is less than —9D PRK and is
localized deeper in the corneal stroma along the interface and away from the overlying
epithelium. e indicates epithelium stained with DAPI. Mag. 200X. Reprinted with
permission from Mohan et al. Exp. Eye Res. 2003;76:71-87.
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Fig. 2.
Quantitative analysis of TUNEL+ apoptotic stromal cells at each time point for —4.5D PRK,

-9D PRK and -9D LASIK, with 8 corneas in each group at each time point. Note that from
4 to 72 hours stromal cell apoptosis was significantly greater in the —9D PRK group. The
—-9D LASIK group had lower stromal cell apoptosis from 4 to 72 hours than the —9D PRK
group and was also lower than the —4.5D PRK group at the 4 hour and 24 hour time points.
Modified with permission from Mohan et al. Exp. Eye Res. 2003;76:71-87.
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Fig. 3.
Stromal cell mitosis detected with immunohistochemistry for the mitosis marker Ki-67 at

different time points after —4.5D PRK, —9D PRK and —9D LASIK. Note there is much
greater stromal cell mitosis (arrows) in both PRK groups compared to the LASIK group.
Epithelial cells normally undergo mitosis as a part of their life cycle. Mag. 200X. Reprinted
with permission from Mohan et al. Exp. Eye Res. 2003;76:71-87.
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Fig. 4.

Quantitative analysis of Ki-67+ mitotic stromal cells at each time point for —4.5D PRK, -9D

PRK and —9D LASIK, with 8 corneas in each group at each time point. Note that stromal

cell mitosis is much greater in the —9D PRK group, especially at 24 hours after surgery.

Stromal cell mitosis remained significantly higher in the PRK groups compared to the

LASIK group at one week after surgery. Modified with permission from Mohan et al. Exp.
Eye Res. 2003;76:71-87.

Exp Eye Res. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilson

Page 21

Fig. 5.
Subepithelial myofibroblasts detected with immunohistochemistry for alpha smooth muscle

actin (SMA, green, arrows) after —4.5D, -9D PRK or —9D LASIK in rabbits. A. \Very few, if
any, SMA+ cells are detected in an unwounded rabbit cornea. B. Few SMA+ cells are
detected in a cornea that had —4.5D PRK at one month after surgery. C. Similarly few SMA
+ cells are detected at one week after —9D LASIK (insert shows the entry point of the
microkeratome blade (arrowhead). At one month after —-9D PRK (not shown) SMA+
myofibroblasts are only found at the peripheral edge of the LASIK flap where the epithelial
basement membrane was damaged by the LASIK microkeratome. D. At one week after —9D
PRK, only a single SMA+ myofibroblasts in detected in the subepithelial stroma. E. By one
month after —9D PRK, numerous SMA+ myofibroblasts are present in the anterior stroma. F.
At three months after -9D PRK, the SMA+ myofibroblasts have decreased. By 6 months
after —9D PRK (not shown) few if any SMA+ myofibroblasts can be detected in the stroma.
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red is propidium iodide staining of nuclei. Mag. 200x Reprinted with permission from
Mohan et al. Exp. Eye Res. 2003;76:71-87.
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Fig. 6.
Quantitative analysis of alpha-smooth muscle actin+ myofibroblasts at each time point for

-4.5D PRK, -9D PRK and —9D LASIK, with 8 corneas in each group at each time point.
Note myofibroblasts were much greater in the —-9D PRK group, with only a few
myofibroblasts detected in corneas that had —4.5D PRK and none detected in the central
cornea of eyes that had —9D LASIK. Modified with permission from Mohan et al. Exp. Eye
Res. 2003;76:71-87.
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Fig. 7.
Immunohistochemistry for the mitosis marker Ki-67 (green) with DAPI straining (blue) of

all cell nuclei in rabbit corneas that had —9.0 D PRK for myopia with mitomycin C or
vehicle balanced salt solution (BSS) application at the time of surgery and studied at 24
hours or 4 weeks later. Note there was marked cell proliferation (arrowheads) in the anterior
stroma in the BSS group (C) at 24 hours after PRK, with some stromal cell mitosis
continuing at 4 weeks after surgery. Markedly reduced proliferation of anterior stromal cells
was found at 24 hours and at four weeks after PRK surgery in corneas treated with 0.02%
mitomycin C for two minutes. If rabbit corneas were treated with 0.002% mitomycin C for
12 seconds, there were more anterior stromal cells undergoing mitosis at 24 hours and four
weeks after PRK than with 0.02% mitomycin C, but less than in the BSS group. Mag. 200X.
Reprinted with permission from Netto, et al. J. Ref. Surgery, 2006;22:562-574.
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Fig. 8.
Flap edge fibrosis (arrows) that is commonly noted after LASIK at the slit lamp. Mag. 40X.

Reprinted with permission from Medeiros CS et al. Invest. Ophthalmol. Vis. Sci.
2018;59:4044-4053.
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Fig. 9.
Microkeratome compared to femtosecond laser flap inflammation. At 24 hours after flap

formation in rabbit corneas, corneas were processed for immunohistochemistry for the
monocyte marker CD11b (green). Note that with the microkeratome monocytes were only
detected at the edges of the flap (arrows). Arrowheads indicate the interface. The 15 kHz
Intralase laser required the 2.5 uJ setting to cut the flap and resulted in much greater
inflammation at the flap edge (arrows) and along the interface (arrowheads). This resulted in
much more flap edge DLK, and DLK in the central cornea, and necessitated the use of more
frequent topical corticosteroids during the early postoperative period.36 Both flap edge and
interface inflammation were decreased with the 30 kHz Intralase using the 0.9 pJ energy
setting. The 60 kHz Intralase resulted in flap edge inflammation (arrows) similar to the
microkeratome and little inflammation along the interface (arrowheads). Mag 200x.
Reprinted with permission from Netto et al J. Ref. Surg. 2007;23:667-676.
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Fig. 10.
The role of myofibroblasts in corneal wound healing following radial keratotomy (RK), (A,

owl monkey and B, cat) and penetrating corneal injury (C) in the rabbit. In histologic
sections of the cornea, 14 days after RK, the gaping wound becomes filled with proliferating
fibroblastic-like cells that have migrated in from the adjacent corneal stroma (A). These cells
when probed for the presence of filamentous actin using the molecular probe, Phalloidin,
show intense staining indicating the presence of extensive actin filament arrays within cells
immediately adjacent to and within the wound (B). Transmission electron microscopy of
these fibroblastic cells shows the presence of microfilaments, actin bundles with electron
dense plaques that contain myosin (arrow) indicating the presence of ‘stress fibers’—the
electron microscopic marker for myofibroblasts (C). A model for the role of myofibroblasts
in corneal wound healing is presented in D, where actinomyosin filament contraction exerts
force on newly synthesized collagen and the adjacent wound margin through fibronectin
interactions to contract and close the gaping wound. Graciously provided by James V. Jester,
PhD, U.C. Irvine.
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Fig. 11.
Histopathological evaluation of a human cornea several years after RK. An epithelial plug

extends deep into the corneal stroma. Surrounding the epithelial plug there is an intact EBM
and acellular areas that appear to represent a Bowman’s-like layer (arrows). e is epithelium.
s is stroma. Mag. 25X
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Fig. 12.
Rabbit corneas at one month, two months and three months after deep non-perforating linear

incisions across the central cornea (Marino et al., 2017). At one month (A) the incisions are
seen as dense linear opacities, but became progressively fainter at two months (B) and three
months (C) after surgery. Surprisingly, no SMA+ myofibroblasts were detected anywhere in
these corneas at one month (D), two months (E) or three months (F) after surgery. A single
EBM (arrows) surrounded the epithelial plugs in all eyes at one month (G), two months (H)
and three months (1) 23,000 mag. Disorganized collagen type 3, that is not normally detected
in the corneal stroma, was present beneath the epithelial plugs of all corneal incisions at one
month (J), and intensified at 2 months (K) and three months (L) after surgery, adjacent to
high densities of cells that were likely corneal fibroblasts since they were SMA- cells. 25X
mag. Blue is DAPI staining of all cell nuclei. e is epithelium; s is stroma, and * indicates
artifactual separation of the epithelium and stroma that occurs during sectioning of some
specimens. Reprinted with permission from Marino GK et al. J. Ref Surg. 2017;33:337-346.
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