
www.nrronline.org

557

NEURAL REGENERATION RESEARCH 

Corneal re-innervation following refractive surgery 
treatments

Introduction
About 50–60% of the global adult population suffers 
from a refractive error (Solomon et al., 2009; Williams et 
al., 2015). A recent study estimated that there were 1406 
million people with myopia in 2000 and this number will 
reach 4578 million (49.8% of the world population) by 
2050 (Holden et al., 2016). 

Laser refractive surgery is a therapeutic procedure that 
aims to replace glass prescription, by surgically removing 
corneal stromal tissue to change the shape and power of 
the cornea (Seiler and Wollensak, 1986). Recent reports 
have endorsed laser refractive surgery as a relatively safe 
and effective treatment (Wen et al., 2017) with high satis-
faction indexes (95–98%) (Sandoval et al., 2016), especially 
if compared to other cosmetic procedures (Frost et al., 
2000; Sommer et al., 2003; Booth et al., 2004; Honigman et 
al., 2004; Schwitzer et al., 2015; Sandoval et al., 2016). One 
example of its safety is that even the US military forces 
have approved the technology for the use in soldiers, navy 
pilots and National Aeronautics and Space Administration 
(NASA) astronaut candidates (Stanley et al., 2008).

It is the most common performed surgical procedure 
in the World, more than 16 millions surgeries have been 
performed since its introduction in the ophthalmology 
practice (Solomon et al., 2009). However, its popularity 
does not mean that every case is successful. The most 
common side effect of any laser procedure is the transec-
tion of the corneal nerve plexus. This may lead to dry eye 
disease, neurotrophic epitheliopathy/keratopathy and 
loss of corneal sensitivity (Dohlman et al., 2016). In this 

review, we will discuss the different aspects of post-op-
erative corneal reinnervation and sensation among the 
currently available refractive laser surgery techniques.

Search Strategy and Selection Criteria
The following databases are used: Google Scholar, 
PubMed, PubMed Central, Research Gate. Common 
keywords were corneal refractive surgery; myopia; 
laser assisted in situ keratomileusis (LASIK); photo-
rrefractive keratectomy (PRK); small incision lenti-
cule extraction (SMILE); corneal nerves; hyposthesia; 
neurotrophic cornea; corneal reinnervation; subbasal 
nerve plexus; subepithelial nerve plexus. We restricted 
searches to studies in English, including reviews, in vi-
tro studies, studies conducted on humans and animals, 
and metanalyses, which published from 1950 to April 
2018. The search strategy and selection criteria are 
shown in Table 1.
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Table 1 Search strategy and selection criteria

Database Google Scholar, PubMed, PubMed Central, Research Gate
Date 1950 - April 2018
Eligibility 
criteria

Reviews, in vitro studies, Studies conducted on humans 
and animals, metanalyses, and published in English

Keywords/
keyterms

corneal refractive surgery; myopia; laser assisted in situ 
keratomileusis (LASIK); photorrefractive keratectomy 
(PRK); small incision lenticule extraction (SMILE); 
corneal nerves; hyposthenia; neurotrophic cornea; corneal 
reinnervation; subbasal nerve plexus; subepithelial nerve 
plexus
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Corneal Innervation: Anatomy and Function
The cornea is around 520–560 μm thick (Dimasi et al., 
2010) (Figure 1) and with over 16,000 nerve termina-
tions/mm3 (Guthoff et al., 2005), it is the most densely in-
nervated tissue in the human body, with sympathetic and 
parasympathetic nerve fibers running through it (Marfurt 
et al., 1989). The high corneal nerve density within the 
epithelium sets a very low threshold for the detection of 
external stimuli, hence allowing a prompt and prominent 
defensive reflex, crucial in the protection of the ocular 
surface (Oliveira-Soto and Efron, 2001; Guthoff et al., 
2005; Cruzat et al., 2010).

Corneal nerves are separated into terminal endings/re-
ceptors and there are three distinct plexuses according to 
depth, orientation and size. They are described below as 
follows.

Terminal endings and receptors
Corneal nerve ending terminals present as 3 different 
types of receptors: 10–20% are mechanoreceptors (sen-
sitive to mechanical forces), 10% are thermal receptors 
(sensitive to cooling), and the rest are polymodal recep-
tors (sensitive to a variety of stimuli, e.g., heat, chemical 
and endogenous molecules). Polymodal and mechanore-
ceptors will elicit a sensation of ocular surface discomfort 
and pain (Belmonte, 2007). 

Sub-basal nerve plexus  
After breaking through bowman layer, the corneal nerves 
subdivide further onto smaller branches and these fibers 
run in between epithelial cells and will result in the free 
nerve endings with receptors at the most superficial epi-
thelial layer (or wing cell layers) (Muller et al., 2003; Egu-
chi et al., 2017). They consist of both beaded and straight 
fibers, the former are found at the periphery of the bundle 
and correspond to axonal efferent and sensory terminals 
(Patel and McGhee, 2009). 

Sub-bowman nerve plexus  
The stromal bundles subdivide and turn 90º perpendicu-
lar to the corneal epithelium and travel between the ante-
rior stroma and Bowman layer. This plexus is distributed 
sparsely and patchy with most of the network located 
in the mid-peripheral cornea (Muller et al., 2003; Beni-
tez-Del-Castillo et al., 2007; Patel and McGhee, 2009) at 
a depth between 70–160 µm (Schmoll et al., 2012; Lopez 
de la Fuente et al., 2016). These nerves will penetrate the 
Bowman layer, again they turn 90º and are situated be-
tween the basal epithelium and anteriorly to the Bowman 
layer (Al-Aqaba et al., 2010) (Figure 2).

Stromal nerves  
Corneal nerve bundles originate from the ophthalmic 
branch of the trigeminal nerve and in the conjunctiva 

they form a plexus and enter the peripheral limbus in a 
radial centripetal fashion, parallel to the collagen fibers. 
They lose their myelin sheath 1 mm after entering into the 
cornea, at the level of the anterior/mid stroma. These are 
the largest and thickest nerves in the cornea, and they are 
found at a lower density, when compared to the more su-
perficial corneal nerve plexuses (Oliveira-Soto and Efron, 
2001; Muller et al., 2003; Patel and McGhee, 2009). 	

Neural pathway
Sensation from the ocular surface is then transmitted 
to interpretative regions of the brain. Primary sensory 
nerves travel through the trigeminal ganglion sensory 
root to the pons and trigeminal nuclei, where they syn-
apse with second-order neurons at the dorsal horn of the 
spinal cord and head to the thalamus via spinothalamic 
pathways. Third-order neurons leave the thalamus to the 
cortex, where impulses will be interpreted as pain, dry-
ness, irritation or cooling (Rosenthal et al., 2009).

Corneal nerves and ocular surface homeostasis
Besides signaling pain and other sensations, corneal nerves 
also play a role in maintaining the ocular surface homeo-
stasis. Upon irritant stimuli, they release trophic factors, 
such as neuropeptides, that help to preserve the corneal 
integrity upon inflammation (Tervo et al., 1982; Belmonte, 
2007) and the polymodal nociceptors are activated evoking 
defensive reflexes such as tearing and blinking (Beuerman 
and Schimmelpfennig, 1980; Acosta et al., 2004).

Laser Refractive Surgery 
Background 
The rationale behind refractive surgery is changing the 
power of the cornea to correct the refractive errors. First 
reports of refractive surgery with a laser date back to 
1980’s in both animals (Trokel et al., 1983) and humans 
(Seiler, 1990). 

Subsequently, both Pallikaris and Buratto (Buratto 
et al., 1992; Pallikaris and Siganos, 1994), described a 
technique that combined lamellar corneal surgery with a 
microkeratome (Barraquer, 1967) and an excimer laser 
ablation, i.e., laser-assisted keratomileusis in situ (LASIK). 
More recently, the femtosecond laser has been adopted to 
replace the microkeratome blade. 

Lasers mechanisms  
Excimer laser
The excimer laser is an argon fluoride solid-state laser of a 
193 nm wavelength that allows precise corneal tissue ex-
cision through a photochemical tissue-laser interaction. 
It promotes an ablative photodecomposition that directly 
breaks organic molecular bonds (including collagen, epi-
thelium, keratocytes and nerve bundles) producing a gas 
under high pressure without tissue heating, hence it does 
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not induce necrosis on surrounding or underlying tissue 
(Trokel et al., 1983).

Femtosecond laser 
The femtosecond laser produces ultrashort pulses at 
a very high intensity, with a wavelength of 1053 nm, 
achieving a very precise cutting effect by overcoming the 
plasma formation threshold, leading to an optical break-
down in ocular tissue structures (Davis et al., 1991). This 
process is called photodisruption. 

Surgical techniques that affect corneal nerves 
The endpoint of refractive surgery is to change the shape 
of the cornea, which will reduce or increase its refractive 
power, hence correcting the refractive error. Three tech-
niques are commonly used to this purpose: photo-refrac-
tive keratotomy (PRK), LASIK, and small incision lenti-
cule extraction (SMILE) (Figure 3).

PRK 
In PRK, corneal de-epithelialization is performed me-
chanically or chemically (Carones et al., 1999), and stro-
mal tissue is removed solely with an excimer laser pho-
toablation to the corneal epithelial basement membrane 
and anterior stroma (Mohan et al., 2003). With this tech-
nique, there is no transection of deep stromal nerves. In 
most cases, the laser treatment only affects the sub-basal 
and more superficial sub-bowman nerves. However, it is 
a painful procedure, since after the ablation the remain-
ing nerve endings are exposed at the corneal surface until 
the epithelium grows over the surgical wound (2–10 
days) (Mohan et al., 2003).

LASIK
LASIK consists of using a microkeratome or laser (Yesil-
irmak et al., 2016) to create a flap in the anterior stroma 
between 110–160 μm in depth, just below the epithelial 
basement membrane. The flap is lifted and photoablation 
is performed to the stromal portion of the cornea. There 
is minimal epithelial breakdown, and basal membrane 
damage, because they are restricted to the side-cut. The 
post-operative pain sensation is minimal because there is 
no exposure of nerve endings (Mohan et al., 2003). How-
ever, the lamellar ablation severes stromal nerve and the 
rim cut transects the sub-bowman nerves, de-innervating 
all the incision area, only preserving nerves coming from 
the hinge (Latvala et al., 1996b).

SMILE 
In SMILE, corneal tissue is disrupted by a femtosecond 
laser, in such a manner to create a lenticule of the de-
sired refractive power, which is then removed manually 
through a small incision (Sekundo et al., 2011). This 
approach aimed to be less invasive than LASIK, as the 
incision is smaller and the excised lenticule can be cut 

in a deeper plane. In theory, this approach should spare 
nerves that are more superficial.

Surgical planning and effect on corneal innervation
The volume of tissue removal/ablation will be dependent 
on the type of refractive error (Gatinel et al., 2002a, b) 
and this will have a direct effect on the post-operative 
corneal nerve density (Campos et al., 1992; Tervo et 
al., 1994). The different amount of denervation found 
amongst treatments is due to the specific surgical plan-
ning required for each of them and its relationship with 
the uneven distribution of the corneal nerve density, 
which is higher in the periphery and lower at the center 
(Latvala et al., 1996a; Tervo and Moilanen, 2003).

For instance, hyperopic patients will undergo subtrac-
tion of peripheral tissue in such a way to obtain a steep-
er cornea. Hence, this ablation profile will affect more 
nerves, since corneal nerve density is higher at the site 
where the ablation is most intense. Whereas in myopic 
surgical profiles, the tissue removal will be focused most-
ly on the central part, to obtain a flatter cornea (Azar and 
Primack, 2000). The zone of treatment in myopic surgery 
harms less nerves than hyperopic treatments, because the 
corneal nerve density in the center of the cornea is rela-
tively less than in the periphery (Latvala et al., 1996a).

The amount of corneal nerve loss will also depend on 
other factors, such as: diameter of lenticule (SMILE); 
ablation zone (PRK/LASIK) (Latvala et al., 1996b); flap 
size (Feng et al., 2013); and degree of the refractive error 
(Campos et al., 1992). For LASIK and PRK, the reduction 
in corneal nerve density will be directly proportional to 
the diameter of ablation/flap and to the degree of correc-
tion intended (Latvala et al., 1996a; Tervo and Moilanen, 
2003). 

Consequences of Nerve Transection and 
Reinnervation after Refractive Surgery
The two major consequences of the corneal nerve density 
reduction with refractive surgery are neuropathic kera-
topathy and dry eye disease. Symptoms of dry eye disease 
are common after all laser refractive surgery and the most 
frequent symptoms are irritation, burning, foreign body 
sensation and epiphora, along with fluctuations in vision 
(Dohlman et al., 2016). More severe consequences are 
hyposthesia, delay in corneal epithelialization, neutrophic 
ulcers and chronic inflammation due to dry eye (Chao et 
al., 2014).  

Clinical studies rely on in vivo confocal microscopy 
(IVCM) and esthesiometers to assess the reinnervation 
(Tables 2 and 3, and Figure 4) (Lee et al., 2002, 2005; 
Calvillo et al., 2004; Erie et al., 2005; Darwish et al., 2007; 
Patel and McGhee, 2009; Li et al., 2013; Vestergaard 
et al., 2013; Mohamed-Noriega et al., 2014; Agca et al., 
2015; Chao et al., 2015; Ishii et al., 2015; Liu et al., 2015) 
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and recovery of corneal sensation (Table 4 and Figure 5) 
(Ishikawa et al., 1994; Perez-Santonja et al., 1999; Beni-
tez-del-Castillo et al., 2001; Bragheeth and Dua, 2005; 
Lee et al., 2005; Nejima et al., 2005; Darwish et al., 2007; 
Patel and McGhee, 2009; Li et al., 2013; Vestergaard et al., 
2013; Wei and Wang, 2013; Kung et al., 2014; Chao et al., 
2015; He et al., 2015b; Xia et al., 2016), respectively.

IVCM acquires several images at a fixed depth, layer by 
layer, by focusing into a single corneal plane with signifi-
cant resolution to allow the identification of corneal nerves 

(Sonigo et al., 2006). The Cochet-bonnet and Belmonte 
esthesiometers can determine the threshold of corneal re-
flexes to different stimuli (Belmonte et al., 1999).

PRK reinnervation	
During PRK, only the epithelium and most anterior stro-
ma are removed, this allows new neurites to arise from the 

Table 2 Early corneal re-innervation (%)

n Pre-operative 1 month 3 months 6 months

PRK 90  100  19±19  28±24   50±17 
LASIK 172  100  11±17  24±21  27±21 
SMILE 156  100  55±34  53±41  58±35 

Data are expresed as the mean ± SD. PRK: Photorefractive keratotomy; 
LASIK: laser-assisted keratomileusis in situ; SMILE: small incision 
manual lenticule extraction.

Table 3 Late corneal re-innervation (%)

n 1 year 2 years 3 years 5 years

PRK 90 40.73±19.00 91.98±26.00 93.69±23.00 86.99±45.00
LASIK 172 44.00±16.00 58.00±10.00 57.00±24.00 79.00

Data are expresed as the mean ± SD. PRK: Photorefractive keratotomy; 
LASIK: laser-assisted keratomileusis in situ.

Figure 1 Histological crossection of a human cornea 
(hematoxylin-eosin staining). 
Montage of a whole cornea and an insert of the corneal layers (4× mag-
nification). The red arrowheads correspond to the epithelial layer; the 
corneal stroma is comprised between the white brackets; and the green 
arrowheads delineate the endothelial layer. The Bowman layer is delim-
ited by the blue dashed and yellow dotted lines. The image is provided 
by Singapore Eye Research Institute Image Library.

Figure 2 Corneal nerve distribution. 
Confocal microscopy montage of a whole cornea mount stained with 
DAPI (blue); phalloidin (red) and TuJ-1 (green). The nerve distribution 
is shown in two different perspectives. (A) Crossection of the whole 
cornea 5× magnification, the white square shows a 20× magnification, 
the white arrowheads show intense green signal – which are the stro-
mal and sub-basal nerves running parallel to collagen fibers. (B) Flat-
mount confocal 3D image of a SMILE lenticule; images from the top to 
bottom of the lenticule were taken 5 µm apart and stacked into a single 
frame; the white arrows indicate the disposition of corneal nerves. 
SMILE: Small incision manual lenticule extraction; DAPI: 4’,6-diamid-
ino-2-phenylindole. The image is provided by Singapore Eye Research 
Institute Image Library.

Figure 3 Schematics of the different refractive surgical procedures. 
(A) Small incision lenticule extraction; (B) laser-assisted keratomileusis 
in situ; (C) photorrefractive keratectomy.

 A    B   

 A   

 B   

 C   
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severed nerve endings directly into the epithelial-stromal 
interface. New nerve fibers start to emerge from the ab-
lation area as early as 1–7 days after PRK and about 50% 
of the reinnervation is complete between 3 to 6 months 
(Erie et al., 2005; Lee et al., 2005; Darwish et al., 2007), but 
morphological and functional changes may still be present 
after 12 months (Tervo and Moilanen, 2003). 

IVCM showed the sub-basal nerves reappearing around 
seven days and there are histological studies demonstrat-
ing different morphological features of newly regenerated 
nerves, such as sprouting of sub-basal nerves and irregu-
lar branching/coiling (Tervo et al., 1994). Recent studies 
have shown that mean sub-basal density of corneal nerves 
regenerates gradually, but it remains reduced by 59% 
from baseline over a year after surgery and only returns 
to preoperative density after 2 years (Erie et al., 2005).

The mean sensitivity after PRK returns to 75% of base-
line values within 6 postoperative weeks and in 3 months 
patients may recover between 85–95% of the sensitivity 
(Perez-Santonja et al., 1999; Lee et al., 2005; Nejima et al., 
2005; Darwish et al., 2007). There is a direct correlation 
between the degree and speed of sensitivity recovery with 
the amount of laser correction (Campos et al., 1992). 

LASIK reinnervation 
The stromal and sub-basal nerves are both severed during 
the flap creation, with the exception of those located at 

the flap hinge; subsequently the excimer laser will ablate 
the underlying stromal nerve plexus. Nerve regeneration 
starts in the peripheral margins of the flap and move 
slowly in a centripetal direction to the center of the cor-
nea, and these fibers originate mainly from the flap hinge 
(Latvala et al., 1996a; Feng et al., 2013). 

IVCM shows that intense denervation can last up to 
three months (Calvillo et al., 2004; Erie et al., 2005; Lee et 
al., 2005; Darwish et al., 2007; Li et al., 2013; Vestergaard et 
al., 2013; Mohamed-Noriega et al., 2014; Agca et al., 2015; 
Chao et al., 2015). Less than 10% of the original sub-basal 
nerves remains in the operated cornea (Lee et al., 2002; 
Calvillo et al., 2004; Patel and McGhee, 2009; Chao et al., 
2015) and the sub-basal nerves left in the flap may undergo 
a degenerative process in early postoperative period (Linna 
et al., 2000; Nettune and Pflugfelder, 2010). Initially, the 
regenerating fibers appear as short sub-basal branches, but 
by three months, they continue to grow and become more 
elongated. The regenerated nerves that are coming from 
the stroma below the LASIK interface are unable to cross 
and interconnect with the remaining nerves inside the flap 
(Linna et al., 2000). The sub-basal nerve density takes more 
time to recover in LASIK than in PRK and it may never 
reach baseline levels, reports show sub-basal nerve density 
remained significantly lower up to 5 years from surgery 
(Erie et al., 2005).

Unlike with PRK, IVCM and corneal hypoesthesia do 
not show a consistent correlation. Maximum reinner-
vation is seen by IVCM after more than 1 year (Lee et 
al., 2002; Calvillo et al., 2004; Erie et al., 2005; Chao et 
al., 2015), while corneal sensitivity is restored far more 
sooner (Perez-Santonja et al., 1999; Bragheeth and Dua, 
2005; Lee et al., 2005; Nejima et al., 2005; Darwish et al., 
2007; Li et al., 2013; Wei and Wang, 2013; Kung et al., 
2014; Chao et al., 2015; Xia et al., 2016). Corneal sensitiv-
ity threshold is at its lowest 1–2 weeks after surgery and 
returns to near normal from 6 to 16 months (Linna et al., 
2000; Lee et al., 2002).

Figure 4 Corneal re-innervation. 
The chart displays the mean recovery of corneal nerve density over time 
compared to baseline. The colored lines represent the different proce-
dures: blue for PRK; red for LASIK; and green for SMILE. The error 
bars represent the standard deviation. PRK: Photorefractive keratoto-
my; LASIK: laser-assisted keratomileusis in situ; SMILE: small incision 
manual lenticule extraction.

Figure 5 Corneal sensitivity recovery. 
The chart displays the mean recovery of corneal sensitivity over time 
compared to baseline. The colored lines represent the different proce-
dures: blue for PRK; red for LASIK; and green for SMILE. The error 
bars represent the standard deviation. PRK: Photorefractive keratoto-
my; LASIK: laser-assisted keratomileusis in situ; SMILE: small incision 
manual lenticule extraction.

Table 4 Corneal sensitivity recovery (%)

n
Pre-
operative

1 
week

1 
month

3 
months

6 
months

1 
year

PRK 118  100 81±39 91±38 98±26 100±12 100
LASIK 792  100 25±24 46±32 56±29 77±16 95±10
SMILE 202  100 76±30 79±29 87±24 86±19 –

Data are expresed as the mean ± SD. PRK: Photorefractive keratotomy; 
LASIK: laser-assisted keratomileusis in situ; SMILE: small incision 
manual lenticule extraction.
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SMILE reinnervation
In SMILE sub-basal fibers are resected at the side cut (2–5 
mm), some stromal and sub-basal fibers are damaged by 
the planar dissection of the cap. Conversely, the nerve fi-
bers that do not penetrate Bowman layer and are outside 
the lenticule/cap and side cut area, remain untouched 
(Sekundo et al., 2011). Distinct sub-basal fibers are visi-
ble at one week postoperatively and at four weeks, there 
is significant recovery of sub-basal nerve density, length 
and number (Li et al., 2013; Agca et al., 2015; Ishii et al., 
2015; Liu et al., 2015). Long-term studies are limited due 
to the recent adoption of this technique; however, there 
is evidence that the nerves keep regenerating even after 2 
years (Vestergaard et al., 2013).

Recovery of corneal sensation begins with 4 weeks and 
peaks at 6 months but it remains lower than the preop-
erative level afterwards (He et al., 2015b). Li et al. (2014) 
have shown that loss of sensation does not correlate with 
the degree of correction or depth of resection with SMILE 
surgery.

LASIK versus SMILE 
In a recent meta-analysis (Kobashi et al., 2017) that was 
limited to the first 6 post-operative months, SMILE 
showed relative superiority over LASIK in both recovery 
of corneal sensation and IVCM corneal nerve density. 
At 1 month postoperatively, sub-basal nerve density was 
significantly higher in SMILE-treated eyes than it was 
in the LASIK ones. However, no significant difference 
was detected 6 months postoperatively (weighted mean 
difference (WMD) = 4.72, 95% confidence interval (CI), 
1.10–8.34, P = 0.01). Corneal sensitivity was significantly 
higher in SMILE studies at both 1 and 6 months (WMD 
= 11.35 and 3.49; 95% CI, 7.29–15.40 and 1.76–5.21; P = 
0.00001 and 0.0001, at 1- and 6-month follow-ups, re-
spectively). 

LASIK versus PRK 
Perez-Santoja et al. (1999) have investigated the differ-
ences among PRK and LASIK reinnervation and corneal 
sensation. They were able to show a faster recovery of 
both in the PRK group. 

Other considerations 
Features of corneal nerve regeneration in all refractive 
surgeries are sprouting, thinning, beading, neuromas and 
increased tortuosity of the fibers, which are common to 
aberrant reinnervation (Latvala et al., 1996a, b; Linna et 
al., 2000; Vestergaard et al., 2013; Hamrah et al., 2017). 
Hamrah et al. (2017) have shown a series of patients 
presenting corneal allodynea or keratoneuralgia after la-
ser refractive surgery. They had found a mean sub-basal 
nerve density of 1322 ± 103 µm per frame, which was 
much lower than in controls. This finding is in line with 
the discrepancy between re-establishment of baseline cor-

neal nerve density and sensation recovery after surgery, as 
discussed previously. The ocular pain in these patients is 
associated with a hyper-excitable state of corneal somato-
sensory pathways (Spierer et al., 2016), implicating the 
role of neural plasticity during the reinnervation after af-
ferent corneal nerve impairment (Belmonte, 2007; Rosen-
thal and Borsook, 2012). Direct damage to corneal tissue 
decreases the firing threshold of nerve sodium channels, 
resulting in high axonal activity (Ehlers et al., 1995), this, 
in turn, leads to the involvement of low-threshold fibers 
that are typically responsible for conducting innocuous 
stimuli such as touch (MacIver and Tanelian, 1993). The 
recruitment of low-threshold fibers is thought to be one 
of the mechanisms of keratoneuralgia (MacIver and Tan-
elian, 1993).

Keratocyte repopulation and neuron growth factor 
(NGF) have also been implicated in the reinnervation of 
the cornea after refractive laser surgery. There is strong in 
vitro evidence supporting their influence in corneal nerve 
regeneration (Tan et al., 2006; Ma et al., 2014; Yam et al., 
2017; Pan et al., 2018) and further investigations with 
experimental models are needed in order to clarify their 
role and potential therapeutic effect on nerve regenera-
tion after refractive surgery.

Keratocyte re-population is different amongst the re-
fractive surgeries: most of the PRK ablation is restricted 
to the anterior aspect of the stroma, which becomes de-
void of stromal cells and leaves mid and posterior stroma 
keratocytes unharmed (Helena et al., 1998); LASIK abla-
tion is focused on a deeper plane, which results in almost 
complete keratocyte death and apoptosis (Helena et al., 
1998; Mohan et al., 2003). Human corneal nerve fibers 
have been found to invaginate the cytoplasm of some 
keratocytes, raising the possibility of a cross talk with 
neuronal cells. This finding implies that keratocytes may 
be able to provide nutrients and biological cues for pro-
liferation, leading to renewal of the disrupted nerves at a 
faster regeneration rate (Yam et al., 2017). Hence, the fact 
that PRK spares most of the corneal stroma keratocytes 
may explain the superiority in corneal reinnervation with 
this technique when compared with LASIK (Helena et al., 
1998). 

NGF is essential for neuron differentiation, function 
and survival, but it has also been implicated on the mod-
ulation of immune reaction, trophic support, healing of 
ocular surface, corneal sensitivity and tear film function 
(Lambiase et al., 2012). Experimental and clinical studies 
have shown that NGF promotes reinnervation after kera-
toplasty (Pan et al., 2018), LASIK (Ma et al., 2014) and as 
an adjunctive treatment for neurotrophic corneal ulcers 
(Tan et al., 2006). The corneal epithelial breakdown at the 
ocular surface is associated with a higher concentration 
of NGF on the ocular surface (Cellini et al., 2006). PRK 
laser ablation completely removes both the epithelium 
and basement membrane, delivering a high concentra-
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tion of cytokines to the stromal keratocytes, which will, 
in turn, up regulate NGF (Li and Tseng, 1995; You et al., 
2000; Lee et al., 2005). In SMILE and LASIK, the base-
ment membrane and epithelium are still intact after the 
surgery, and they may act as a barrier, preventing NGF 
produced at the ocular surface, in reaching the stroma 
(Lee et al., 2005). Therefore, the epithelium and basement 
membrane breakdown can be additional factors for better 
reinnervation in PRK than in LASIK. Currently, there 
are no studies comparing corneal nerve regeneration 
between PRK and SMILE. However, SMILE preserves 
the basement membrane and corneal epithelial layer in a 
similar way as LASIK.

Management 	
Routine management for nerve damage caused by laser 
surgery is usually performed with prescription of artificial 
tears until the corneal sensation returns to near normal 
(Sacchetti and Lambiase, 2017), but this treatment is in-
sufficient to promote or improve corneal reinnervation. 
Several substances have been tested as candidates for 
the latter: cacicol (Alcalde et al., 2015), insulin growth 
factor-1 (Wang et al., 2014), topical NGF (Joo et al., 
2004), pituitary adenylate cyclase-activating polypeptide 
(Fukiage et al., 2007), pigment-epithelium derived factor 
(Cortina et al., 2012), platelet rich plasma and FK962 
(Yabuta et al., 2012). 

To date, the evidence of the beneficial effect of the ma-
jority of these drugs is limited to the results of in vivo ex-
perimental models (Lambiase et al., 2000; Joo et al., 2004; 
Cortina et al., 2013; Hyon et al., 2014; Ma et al., 2014; He 
et al., 2015a) and ex vivo effect on human corneal nerves 
(Lambiase et al., 2000). 

These new therapeutic alternatives to accelerate and/
or improve the post-operative reinnervation of the cor-
nea are currently under investigation and the scientific 
evidence regarding their results is still inconsistent to 
support their adoption. A recent clinical trial showed 
some of the benefits with NGF treatment at the post-op-
erative management of refractive surgery (Zhang et al., 
2016), however this study comprised a small sample and 
did not evaluate corneal nerve reinnervation with IVCM 
or the recovery of sensation. Research protocols with 
more robust study designs, such as randomized clinical 
trials, evaluating the effects on the recovery of sensation, 
sub-basal and sub-bowman nerve density must be carried 
out to further establish safety and efficacy of the other 
drugs before implementation in the clinical practice.

Conclusion
The evolution of corneal laser surgery has brought many 
improvements in visual outcomes, post-operative visual 
rehabilitation and safety profile, even for high ametro-
pias. Nevertheless, corneal nerve plexus injury is still a 

major side effect and a concern in these patients. Future 
research is required in order to establish pre-operative 
and per-operative strategies to reduce the impact of the 
lasers on the corneal nerves. 
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