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1. Introduction 
 
The cornea is a transparent avascular connective tissue that represents the primary infectious and 

structural fence of the eye. Together with the overlying tear film, it also acts as a proper anterior 

refractive surface for the eye. (1) Its clarity is guaranteed thanks to the uniform distribution of 

collagen lamellae. Keratocytes, collagen fibrils, and proteoglycans are essential components of the 

corneal stroma, which makes up the majority of the cornea's structural framework and accounts for 

approximately 80% to 85% of its thickness. (2) 

On average, the cornea's horizontal diameter is 11.5 to 12.0 mm and about 1.0 mm larger than the 

vertical diameter in the adult age.  It is approximately 0.5 mm thick at the center and gradually widens 

in thickness toward the periphery. The shape of the cornea is prolate. It is flatter in the periphery and 

steeper in the center resulting in an aspheric optical system. (1) 

Both intrinsic biomechanical properties and the external environment exert an influence on the 

corneal shape and its curvature. In particular, an anterior corneal stromal rigidity thanks to a tighter 

cohesive strength of the collagen bundles plays an essential role in maintaining the corneal curvature, 

and it is the reason why in case of stromal hydration, the anterior curvature can maintain integrity 

much more than the posterior stroma, which develops folds. (3,4) 

Stromal hydration also appears to affect the cornea’s response to strain and shear forces. 

The human cornea comprises five layers, three cellular (epithelium, stroma, endothelium), and two 

interfaces (Bowman membrane, Descemet membrane). 

The corneal epithelium is a rapidly proliferating tissue in which cells are constantly renewed and lost. 

The natural turnover of human corneal epithelial cells takes place wherein superficial cells are evenly 

shed from the corneal surface by regular desquamation. These cells are constantly replaced by a 

population of stem cells, which reside in the basal limbal region and continue to cycle slowly during 

the entire lifetime (5). When these limbal stem cells (LSCs) are lost, the corneal epithelium is unable 

to repair and renew itself (6). Transient amplifying cells are LSC daughter cells and migrate 

centripetally into the basal layer of the corneal epithelium, where they differentiate toward the upper 
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layers to become postmitotic cells (7). This mechanism of corneal maintenance, the X, Y, Z 

hypothesis (8), has been widely accepted and combined with the general assumption that corneal 

epithelial stem cells principally reside in the basal layer of the highly specialized and protected limbal 

niche (5,9,10). The radial structure of the limbus is also known as the Palisades of Vogt (11). LSCs 

are a subpopulation of cells that are slow-cycling, poorly differentiated and highly proliferative 

(12,13). It is broadly assumed that the central corneal epithelium has no stem cells or stem cell-like 

cells, instead, the central epithelium retains some level of regenerative ability (7,14,15). Therefore 

the cells there have little proliferative capacity compared with peripheral epithelial cells and LSCs 

(16). The continual renewal of the epithelium is fundamental to maintaining its normal functions, and 

a good understanding of cellular mechanisms is essential in comprehending pathological conditions 

such as persistent epithelium defect and wound healing.  

 Cell migration is one of the most important aspects of epithelial homeostasis, and despite a 

constant increase in knowledge in this area, there are not many investigations concerning the 

physiological migration of epithelial cells in the normal cornea, presumably because no appropriate 

methodology was available to detect cell movement. Although histological studies are not always 

suitable for the investigation of dynamic events, localization of typical cells during a time sequence 

can be seen after fluorescence labeling. Accordingly, we sought to establish a human model in which 

the migration of epithelial cells could be studied in healthy and uninjured cornea. To the best of our 

knowledge, although there are various fluorescein-based dyes used to label cells for in-vivo migration 

studies (17–19), fluorescent labeling has never been used to track migration and proliferation of 

corneal epithelial cells before. Among others, a very useful intracellular fluorescent dye is 

carboxyfluorescein diacetate succinimidyl ester (CFSE). Its capacity to label cell populations with a 

high fluorescent intensity of exceptionally low variance in combination with its low cell toxicity, 

render it an ideal dye for measuring cell division. Several studies in literature showed that CFSE is 

an effective and popular means of monitoring cell division but to date, it has only been used to 

examine lymphocyte migration (20–22). In our study, we introduce a new method for identifying 
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LSCs and tracking their centripetal migration from the limbal basal layer toward the ocular surface 

using CFSE. (23) 

When any portion of an epithelial cell is disrupted, the entire cell is usually lost, leaving a defect in 

the epithelial layer. The most common form of injury to the epithelium is mechanical, but thermal 

and chemical injuries are also possible. (1) When a mechanical force creates a break in the epithelial 

barrier, cells at the edge of the abrasion begin to cover the defect within minutes by a combination of 

cell migration and cell spreading. This process is preceded by almost immediate preparatory cellular 

changes of an anatomical, physiological, and biochemical nature, including the creation of cell 

membrane extensions, disappearance of hemidesmosome adhesions from the basal cells, and increase 

in mitochondrial energy production. In the clinical practice this event occurs every time we perform 

an epithelial-off corneal collagen cross-linking (epi-off CXL) to treat keratoconus. 

The epi-off CXL technique is deemed a safe procedure for the treatment of progressive keratoconus 

(KC). (24–28)  

Keratoconus is a non-inflammatory corneal disease characterized by a progressive ectasia in which 

stromal thinning and cornea weakening can lead to an increase of anterior and posterior corneal 

curvature. (29) The resulting irregular astigmatism, myopia together with the progressive corneal 

scarring is responsible for visual loss. (30) 

Corneal collagen crosslinking (CXL) is a para surgical technique of corneal tissue strengthening. 

Riboflavin activated by irradiation with ultraviolet-A (UVA) light increase the intra, and interfibrillar 

covalent bonds increasing the mechanical strength and slowing the progression of corneal ectasia.(31) 

To reduce discomfort and to promote fast and safe epithelial healing, patients are generally given  

daily topical antibiotics and corticosteroids for one, two weeks following the epi-off CXL with  

close follow up. A bandage contact lens is usually placed following the procedure, night and day  

up to 3-5 consecutive days. Three days later, after lens removal, a complete epithelial healing is  

observed at biomicroscopic examination in the majority of cases. (32) 
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Delayed re-epithelialization (DRE), defined as a corneal epithelial defect detected by fluorescein 

staining that persisted more than 10 days after treatment, is a possible complication of epi-off CXL. 

According to that, we investigated the demographic and corneal factors associated with DRE. 

By introducing a novel surgical technique for corneal collagen crosslinking (CXL) called CXL "Epi-

Pocket" we aim at developing and evaluating a new technique that can preserve the corneal epithelium 

without compromising the permeability of riboflavin into the corneal stroma offering faster recovery 

and less postoperative pain for patients. The Epithelial-pocket is prepared by applying 18% Ethanol 

solution on epithelial surface followed by manual detachment of corneal epithelium with a blunt 

cannula through the sub-epithelial zone. Riboflavin is injected directly in the subepithelial pocket 

followed by UVA irradiation. Currently we are analyzing clinical outcomes and long-term stability 

in the first patients. 

Corneal collagen cross-linking (CXL) has been widely adopted for the management of keratoconus 

and post-refractive surgery corneal ectasia. (31) It has recently been introduced as an option also for 

treating keratitis due to multidrug resistant organisms. Published data show that CXL is effective and 

safe as an adjunct to antibiotic treatment in selected cases of bacterial keratitis. (33) The benefit of 

CXL probably varies according to the etiology of the infection. So we published a review in which 

we discuss the rationale, safety, and evidence for CXL in infectious keratitis and its possible effect 

on ocular surface inflammation. (34) 

Although infectious keratitis occurs most often with an acute onset, diagnosis can be difficult, 

particularly in cases of Acanthamoeba keratitis or herpes keratitis. Indeed, these infectious keratitis 

can progress in a chronic manner with little or no stromal infiltrate, at least in the early stages. This 

is a sign seen significantly less during bacterial or fungal infections. 

While it is essential to improve knowledge of new therapeutic approaches for corneal infections, it is 

also essential to find new diagnostic tools capable of anticipating targeted treatment. Diagnosis of 

corneal infections is challenging due to the low specificity and sensitivity of currently available assays 

and the inability to collect suitable clinical samples. In many cases, the clinical manifestation is not 
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clear, and it could be complicated to recognize and treat ocular infections appropriately. Rapid 

advances in sequencing technology and bioinformatics have made metagenomics a fertile area for 

developing clinical diagnostics and therefore prompted us to evaluate a hypothesis-free approach to 

identify ocular infections by performing unbiased metagenomic deep sequencing on clinical samples. 

(35)  

We are currently involved in a research project, entitled “METAgenomics guided treatment of 

CORneal infections - a blinded interventional randomized clinical trial” (META-COR). It will recruit 

an estimated 160 patients and will involve a team of up to 15 ophthalmologists across several EU 

locations including sites in Latvia, Italy, United Kingdom, Sweden, Greece, Austria and Spain and 

the University of Maryland in US. First results will soon be published, and it will be exciting to see 

its impact on real life.  

In all cases of chronic corneal ulcers and especially when an ulcer is associated with corneal 

anesthesia or hypoesthesia, neurotrophic keratitis (NK) should be considered. (36) 

Neurotrophic keratitis is a chronic degenerative impairment of the corneal epithelium characterized 

by a delay in epithelial healing. The corneal neurotrophic ulcer is a relatively rare disease, which 

requires prompt and adequate treatment. The initial clinical presentation is characterized by a loss of 

regular corneal reflection and altered tear film. NK progresses in three stages of increasing severity, 

as Mackie et al. (1978) described. (37)  

Even in the absence of trauma, the initial stage can evolve into superficial punctate keratitis, then to 

epithelial ulceration, followed by stromal ulcer up to corneal perforation. 

The trigeminal nerve's damage is responsible for the impairment of corneal sensitivity and subsequent 

spontaneous corneal epithelium breakdown, poor corneal healing, and development of corneal 

ulceration, melting, and perforation. (36,38) 

By providing corneal sensation and trophic factors to the cornea, the trigeminal nerve plays an 

essential role in maintaining the corneal anatomical integrity and function of the ocular surface. (39)  
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Denervation results in decreased cell metabolism, levels of acetylcholine and mitosis. Sensory nerves 

have a favorable effect on corneal epithelialization via neural-mediators such as acetylcholine, 

substance P, and calcitonin gene-related peptide (5); its loss can lead to an epithelial defect even in 

the absence of direct injury. (5) 

Magendie was the first who met the hypothesis of trophic nerve fibers' presence in the trigeminal 

nerve able to regulate cornea metabolism. He introduced the idea of "neuroparalytic keratitis," 

nowadays known as NK. (40) 

The sensory and autonomic nerve fibers maintain a balance in the ocular surface by regulating 

cytokines, neuropeptides, and neuromediators. (36,39) A damaged corneal trigeminal innervation 

leads to morphological and metabolic epithelial disorders and subsequent development of epithelial 

defects, which can be recurrent or persistent (PED). (41)  

Clinical presentation may be insidious because patients with NK rarely complain of symptoms, except 

for blurred vision due to persistent PED, corneal stroma scarring, or swelling. (1)  

A myriad of conditions can cause the trigeminal damage. (6, 7) 

We reported a case of an oncologic patient who developed NK after completing radiation therapy for 

treating pontocerebellar angle metastasis. (42) Our purpose was to describe an unusual case of 

trigeminal neurotrophic cornea ulcer (TNCU) after a gasser ganglion damage. 

Recently, the use of  autologous serum tears (AST) has gained wide acceptance for the treatment of 

ocular surface disorders unresponsive to conventional medical therapy.(9) Such conditions include 

persistent epithelial defects or severe dry eyes.(10) The serum has biomechanical and biochemical 

properties like natural tears.(11) As described in our case and accordance with the current literature, 

treatment with AST is safe, and no substantial side effects have been reported. (6) Its neurotrophic 

support can be explained by the epithelial and neurotrophic growth factors, just as vitamin A, 

fibronectin, epidermal growth factor, transforming growth factor b (TGFb), substance P, and Insulin-

like growth factor-1 content in it.(12) These essential components can contribute to healing in cases 

of PED usually associated with an already compromised ocular surface.(13)  
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Current NK treatments aim at supporting corneal healing and preventing the progression of corneal 

damage. They have always been challenging due to the lack of specific treatments that stimulate 

corneal nerve regeneration and recover their function. (43) 

Novel compounds able to stimulate corneal nerve recovery are in the advanced development stage. 

Among them, nerve growth factor (NGF) eye drops showed a safe and effective promotion of corneal 

healing and improved corneal sensitivity in patients affected by NK. (44)  

Recently, topical treatment with a New Matrix Therapy Agent (RGTA, Cacicol) has been introduced 

as a therapeutic option for PED. (45,46) Cacicol allowed complete corneal healing 73% of patients 

with refractory NK as reported in the first open-label study. (45) Otherwise, in a subsequent study, 

its effectiveness was shown to be lower. Arvola reported a 33% success rate. (46) 

NK's unresponsive cases need a surgical approach such as tarsorrhaphy, amniotic membrane 

transplantation, or conjunctival flap. These effectively promote corneal healing; however, they are 

affected by poor cosmetic outcomes and visual function impairment. (47–53)   

In the last decades, nerve growth factor (NGF), epidermal growth factor, SP and insulin-like growth 

factor-1, vascular endothelial growth factor, semaphorins, neurotrophins 3 and 4 (NT-3; NT-4), 

growth associated protein-43 improved corneal regeneration, but very few of them restoring corneal 

sensitivity and nerve morphology. (54–56)   

Among others, topical treatment with NGF showed the most encouraging results inducing a durable 

recovery of trigeminal nerve function. It allows the complete NK healing in 100% of cases in the first 

open-label study as reported by Lambiase et al. (57) 

The same successful outcomes were confirmed in subsequent open-label, non-comparative study. 

(58) 

Recently, a recombinant human NGF, Cenegermin, has been introduced and has successfully 

completed the clinical development phase and received marketing authorization in Europe 

(EU/1/17/1197) paving the way for its clinical use for inducing corneal neuroregeneration. (59)  
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Cenegermin is a recombinant human nerve growth factor (rh-NGF) approved for the treatment of 

moderate-to-severe NK. (60) Cenegermin eye drops proved to be safe and effective in restoring 

corneal integrity in two phase II clinical trials in patients with NK. (61,62) The understanding of the 

cascade of events involved in the NGF-driven corneal wound healing process and the evaluation of 

how corneal wound healing affects corneal biomechanics and optics are crucial to improving the 

outcome of the treatment. 

Anterior segment optical coherence tomography (AS-OCT) is a non-invasive instrument to 

systematically image the ocular surface and anterior segment, allowing the detection of all corneal 

layer from front to back with a sufficient detail to make quantitative analyses. There have been reports 

about the assessment of corneal thickness, (63,64)  AS-OCT also contributes to the diagnosis of 

anterior eye diseases, the monitoring of pathological conditions and their healing process. (65–67) 

Recently, AS-OCT has been introduced as a valid tool to optimized the classification of stage 3 NK. 

(68) The use of AS-OCT for the morphological analysis of the cornea in patients treated by 

cenegermin has yet to be described. Our most recent study aims to evaluate AS-OCT to detect the 

wound healing process as per monitoring the efficacy of cenegermin.  
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2. Translational research 
 

2.1 CFSE: A New Method for Identifying Human Limbal Stem Cells and Following Their 
Migration in Human Cornea 

 
Introduction 

The corneal epithelium is a rapidly proliferating tissue in which cells are constantly renewed and lost. 

The natural turnover of human corneal epithelial cells takes place wherein superficial cells are evenly 

shed from the corneal surface by regular desquamation. These cells are constantly replaced by a 

population of stem cells, which reside in the basal limbal region and continue to cycle slowly during 

the entire lifetime (5). When these limbal stem cells (LSCs) are lost, the corneal epithelium is unable 

to repair and renew itself (6). Transient amplifying cells are LSC daughter cells and migrate 

centripetally into the basal layer of the corneal epithelium, where they differentiate toward the upper 

layers to become postmitotic cells (7). This mechanism of corneal maintenance, the X, Y, Z 

hypothesis (8), has been widely accepted and combined with the general assumption that corneal 

epithelial stem cells principally reside in the basal layer of the highly specialized and protected limbal 

niche (5,9,10). The radial structure of the limbus is also known as the Palisades of Vogt (11). LSCs 

are a subpopulation of cells that are slow-cycling, poorly differentiated and highly proliferative 

(12,13). It is broadly assumed that the central corneal epithelium has no stem cells or stem cell-like 

cells, instead, the central epithelium retains some level of regenerative ability (7,14,15). Therefore 

the cells there have little proliferative capacity compared with peripheral epithelial cells and LSCs 

(16). The continual renewal of the epithelium is fundamental to maintaining its normal functions, and 

a good understanding of cellular mechanisms is essential in comprehending pathological conditions 

such as persistent epithelium defect and wound healing.  

 Cell migration is one of the most important aspects of epithelial homeostasis, and despite a 

constant increase in knowledge in this area, there are not many investigations concerning the 

physiological migration of epithelial cells in the normal cornea, presumably because no appropriate 

methodology was available to detect cell movement. Although histological studies are not always 
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suitable for the investigation of dynamic events, localization of typical cells during a time sequence 

can be seen after fluorescence labeling. Accordingly, we sought to establish a human model in which 

the migration of epithelial cells could be studied in healthy and uninjured cornea. To the best of our 

knowledge, although there are various fluorescein-based dyes used to label cells for in-vivo migration 

studies (17–19), fluorescent labeling has never been used to track migration and proliferation of 

corneal epithelial cells before. Among others, a very useful intracellular fluorescent dye is 

carboxyfluorescein diacetate succinimidyl ester (CFSE). Its capacity to label cell populations with a 

high fluorescent intensity of exceptionally low variance in combination with its low cell toxicity, 

render it an ideal dye for measuring cell division. Several studies in literature showed that CFSE is 

an effective and popular means of monitoring cell division but to date, it has only been used to 

examine lymphocyte migration. (20–22) In our study, we introduce a new method for identifying 

LSCs and tracking their centripetal migration from the limbal basal layer toward the ocular surface 

using CFSE. (23) 

Materials and Methods 

Human corneal samples. Approval for all human tissue-based research was obtained from the local 

Ethics Committee (approval no.15490). Ten fresh matched pairs of cadaveric human corneas were 

collected from donors sourced through the Melvin Jones Eye Bank (Genoa, Italy). Corneas used in 

our study were unsuitable for transplantation since the cause of death was unknown, or there was an 

underlying systemic disease in the donor. Corneas were resected from the globe by cutting around 

the limbus to leave a 2- to 3-mm scleral margin and were then transported in Melvin Jones Eye Bank 

medium. 

Explanted corneas were stored in complete minimum essential medium (MEM) (composed of 

minerals, amino acids, vitamins, and antibiotics) at 31°C to keep epithelial cells alive. 

Histology. Corneas were fixed in 10% formalin buffered solution for 4 hours at room temperature. 

Following the fixation, the corneas were rinsed in water three times, 10 min each, dehydrated in a 

graded ethanolic series (70% to absolute), and embedded in paraffin. To determine the best plane of 
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sectioning, one cornea was cut longitudinally, another one transversally. Sections were cut by a rotary 

microtome (Leica RM2165; Leica Microsystems, Cambridge, UK) at 5 μm thickness, and stained 

with hematoxylin/eosin stain. Briefly, the sections were deparaffinized in xylene, three times 10 min 

each, hydrated in a graded ethanolic series (from absolute to 70% ethanol) and then in bi-distilled 

water. Sections were stained first with hematoxylin solution (Bio-Optica, Milan, Italy) for 8 min and 

rinsed in running tap water for 10 min, then with eosin Y solution (Carlo Erba, Milan, Italy). After 

that, the sections were differentiated and dehydrated by passage in 95% absolute ethanol quickly, 

then in xylene three times for 5 min each and sealed with a coverslip. An Axiovert 200 M microscope 

was used to acquire images (Zeiss, Germany). 

Epithelial stem cell labeling. On the first day, the corneas were incubated with CFSE [Vinci-Biochem, 

Vinci (Firenze) Italy] solution at 1 μl/ml in phosphate-buffered saline (PBS) diluted in MEM for 30 

min at 31°C. After CFSE incorporation, the corneas were rinsed in a jar containing PBS for 5 min at 

31°C. Immediately after, the corneas were transferred to MEM at 31°C. Each cornea was fixed at a 

defined time point starting from T0 (immediately after CFSE incorporation) through T1, T2, T3, T4, 

T5, T6, T7, where each time point was at 24-h intervals. For the fixation, the corneas were transferred 

in 10% formalin buffered solution for 4 h at room temperature and then they were washed in PBS 

three-time 5 min each. After three washes, each lasting 10 min in bi-distilled water, the corneas were 

stored in 20% sucrose solution in PBS at 4°C for a minimum of 24 h. 

Immunofluorescence. Corneas were cut with a scalpel into two halves, passing through the center of 

the cornea to prepare the samples for cutting with a cryostat. Few passages were required to embed 

the corneas for cryosectioning. Firstly, the samples were immersed in 20% sucrose solution plus 

cryostat embedding medium (Killik, Bio-Optica, Milan, Italy) 1:1 for 3 h on a shaker at 4°C. 

Subsequently they were immersed in 20% sucrose solution plus cryostat embedding medium at 3:1 

for 30 min on a shaker at 4°C and finally embedded in 20% sucrose solution plus cryostat embedding 

medium 3:1, on dry ice. Corneas were kept at −80°C before cutting. Samples included all layers of 

the cornea and were cut with a cryostat (Leica) at 8-μm thickness, obtaining a cross section of the 
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tissue. Slides were sealed with a coverslip, using Vectashield mounting media containing 4’,6-

diamidino-2-phenylindole (DAPI) (Vinci-Biochem). The slides were analyzed, and images were 

acquired under an Axiovert 200 M fluorescence microscope (Zeiss). Fluorescence was digitally 

recorded for 7 consecutive days (T1-T7), and the rate of cell movement was determined by tracing 

the different positions of CFSE-labeled LSCs using the manual tracking plugin in ImageJ. 

 

 
 

Figure 1.  X, Y, Z hypothesis demonstrated in a section of human cornea. 

 
Nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI; blue). Carboxyfluorescein 
diacetate succinimidyl ester (CFSE)-labeled cells (green) showed centripetal migration of cells from 
the limbal basal layer toward the central cornea. Brighter CFSE labelling was present in the basal 
layer of the limbus (at T1) (A; magnification: 40×) where stem cells reside and CFSE was observed 
in the central epithelium (at T7) (B; magnification: 10×). 
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Figure 2.  Stem cells in the basal limbal niche. Clusters of several highly fluorescent         
carboxyfluorescein diacetate succinimidyl ester-labeled cells in the basal limbal niche 
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Figure 3.  The distribution of the fluorescein-based dyes in corneal sections. 4’,6-Diamidino-2-  
phenylindole stained all corneal cell nuclei (A), while carboxyfluorescein diacetate succinimidyl 
ester stained only the cytoplasm of corneal stem cells (B). In (C), both stains were used 
(magnification: 10×). 

 

 

 

 

Results 

To investigate limbal epithelial cell movement, we developed a method which can identify the stem 

cells of human corneal epithelium and allows the proliferation and subsequent migration to be 

followed. 

CFSE staining in the corneal epithelium resulted in a mosaic pattern of CFSE-positive cells, with the 

brightest cells present in the basal and suprabasal layer of the epithelium (highly fluorescent CFSE-

labeled cells). At each subsequent division, the fluorescence level halved (low-level fluorescent 

CFSE-labeled cells), both highly and low-level fluorescent CFSE-labeled cells formed a fluorescent 

rim toward the central cornea. Clusters of several highly fluorescent CFSE-labeled cells were tracked 

in the cornea, and an analysis of time-lapse sequences revealed that they moved centripetally. CFSE 

and DAPI differential staining allowed highlighting of stem cells alone. Green fluorescence marked 

these cells (Figures 1, 2, 3 and 4). 
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Figure 4.  Carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled cells. 4’,6-Diamidino-2-
phenylindole stained all corneal cell nuclei, while CFSE stained only the cytoplasm of corneal stem 
cells (arrows) (magnification: 40×). 
 
 
 
A time-lapse sequence was digitally recorded. The mean±SD daily movement of CFSE-labeled cells 

was 0.073±0.01 cm. The mean movement of CFSE-labeled LSCs on each day was: T1: 0.125 cm; 

T2: 0.188 cm; T3: 0.250 cm; T4: 0.312 cm; T5: 0.375 cm; T6: 0.438 cm; and T7: 0.510 cm (Figure 

5). 
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Figure 5.  A representative time-lapse sequence of carboxyfluorescein diacetate succinimidyl ester-
labeled cells tracked in corneas. Cell proliferation across the human cornea at T1 (A), T6 (B), and T7 
(C) (magnification: 10×). 
 

CFSE staining allowed us to track corneal epithelial cells from the limbal basal layer centripetally to 

the superficial epithelium and was shown to be a reliable method allowing observation and 

quantification of the migration of epithelial cells on a daily basis. CFSE-labeled cells moved from 

the limbus towards the corneal surface in 1 week on average. 

The use of CFSE staining followed by fluorescence microscopic observation allowed us to analyze 

the movement of epithelial cells in a normal human cornea. 
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Discussion 

In the present study, we demonstrated the use of fluorescent microscopy to study migration of LSCs 

in the human cornea. No direct methods have been well established yet to identify corneal stem cells 

due to the lack of specific molecular markers, even if different putative stem cell markers have been 

proposed (69–71). In the late 1980s, Parish and Weston made a concerted effort to identify new 

fluorescent dyes that showed more persistent staining properties and different spectral characteristics 

to H33342 (22), the most valuable dye for studying cell migration as yet. A wide range of membrane-

permeant, fluorescein-based dyes, to measure intracellular pH, intracellular ion concentrations, 

intercellular adhesion and general cell viability, have become commercially available from Molecular 

Probes (Eugene, OR, USA). Today these seem ideal for use in labeling cells for in-vivo migration 

studies. A key feature of these dyes is that they are coupled with acetate or acetoxymethyl side chains, 

which make them much more membrane-permeant. The side chains are esterase-sensitive and 

therefore when the dyes enter the cell, endogenous intracellular esterases remove the 

acetate/acetoxymethyl groups, and the dyes are trapped inside cells. The stable incorporation of 

intracellular fluorescent dye into cells provides an innovative tool for monitoring cell migration. Since 

the fluorescent labeling remains in daughter cells, it allows subsequent cell cycles to monitored (20).  

 On the basis of these observations, we chose CFSE both for these properties and for its lack 

of toxicity (72). To the best of our knowledge CFSE fluorescent labeling has never been used before 

to track migration and proliferation corneal epithelial cells. In our study, CFSE was used to target 

corneal epithelial cells. The shape and distribution of CFSE-positive cell clusters and cell motion 

were analyzed in frozen cross-sections via fluorescence microscopy by counterstaining with DAPI. 

DAPI is a blue-fluorescent DNA stain that exhibits ~20-fold enhancement of fluorescence upon 

binding to AT regions of double-stranded DNA (73,74). It is excited by the violet (405 nm) laser line 

(75) and is used as a nuclear counterstain in fluorescence microscopy. It is usually used to stain fixed 

cells since the dye is cell impermeant, but it can also enter live cells if used at higher concentrations 
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(76). Fluorescence was digitally recorded for 7 consecutive days, and the rate of cell movement was 

determined following the different position of the CFSE-labeled LSCs.            

 The use of CFSE in human corneas allowed us to identify LSCs and to track their centripetal 

migration from the limbal basal layer to the epithelial surface using fluorescence microscopy. It 

provided us with a reliable method with the ability to check epithelial proliferation on a daily basis. 

We found that the best plane of sectioning was longitudinal because only such sections allowed 

observation of all the corneal layers. This experimental system paves the way for further research on 

epithelial cell migration in the normal cornea and in helping to better understand corneal epithelium 

dynamics. The protocol presented above is well established for the healthy human cornea, but could 

equally be applied to cornea affected by various conditions, such as corneas that had been exposed to 

chronic topical medications, in order to show possible changes in cell behavior. 

 It is likely that additional fluorescent dyes with different spectral properties from those of 

CFSE will become available for proliferation and tracking studies of limbal cells in the future.  

We trust that our experiment will trigger further developments in this area. 
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2.2 Delayed re-epithelialization after epithelium-off crosslinking: predictors and impact on 
keratoconus progression 

 
Introduction 
 
Keratoconus is a non-inflammatory corneal disease characterized by a progressive ectasia in which 

stromal thinning and cornea weakening can lead to an increase of anterior and posterior corneal 

curvature. (29) The resulting irregular astigmatism, myopia together with the progressive corneal 

scarring is responsible for visual loss. (30) 

Corneal collagen crosslinking (CXL) is a para surgical technique of corneal tissue strengthening. 

Riboflavin activated by irradiation with ultraviolet-A (UVA) light increase the intra, and interfibrillar 

covalent bonds increasing the mechanical strength and slowing the progression of corneal ectasia.(31) 

The epithelium-off CXL (epi-off CXL) technique is deemed a safe procedure for the treatment of 

progressive keratoconus (KC). (24–28) 

To reduce discomfort and to promote fast and safe epithelial healing, patients are generally given  

daily topical antibiotics and corticosteroids for one, two weeks following the epi-off CXL with  

close follow up. A bandage contact lens is usually placed following the procedure, night and day  

up to 3-5 consecutive days. Three days later, after lens removal, a complete epithelial healing is  

observed at biomicroscopic examination in the majority of cases. (32) 

Delayed re-epithelialization (DRE), defined as a corneal epithelial defect detected by fluorescein 

staining that persisted more than 10 days after treatment, is a possible complication of epi-off CXL. 

According to that, we investigated the demographic and corneal factors associated with DRE. 

Patients and methods 

A retrospective chart review was performed to identify patients treated with epi-off CXL at Clinica 

Oculistica, University of Genova, Italy. All subjects provided written informed consent. 

Inclusion criteria were patients affected by grade II-III keratoconus (Amsler-Krumeich (AK) 

grading); clinical and instrumental progression documented by repeated corneal topography over at 
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least 6 months intended as an increase in the steep meridian value (Kmax) of 1.0 diopter or more; 

willingness to underwent epi-off CXL. 

Diagnosis of keratoconus was established by using the AK classification, based on spectacle 

refraction, central keratometry, corneal transparency and corneal thickness.  

Eyes with early to moderate progressive keratoconus with a corneal thickness of at least 400 μm and 

with minimum 12 months’ follow-up after epi-off CXL were included. 

We have not considered one eye for each patient as keratoconus is an asymmetric disease. 

Exclusion criteria were advanced keratoconus with stromal scarring, corneal hydrops, herpetic 

keratitis, autoimmune and other systemic diseases, pregnancy, and breast feeding. 

Patient Assessment 

Slit-lamp examination implemented with corneal epithelial fluorescein staining, anterior segment 

optical coherence tomography (AS-OCT) (RTVue, Optovue Inc., Fremont, CA), corneal topography 

measurement using TMS-4 topographer (Tomey Corporation, Tokyo, Japan) with surface regularity 

index (SRI) and, corneal in-vivo confocal microscopy (IVCM) (Heidelberg Retina Tomograph II, 

Rostock Cornea Module), were always performed preoperatively and at each follow-up visit (1, 3, 6, 

12 months).  

Surgical Technique 

Epi-off CXL was always performed by the same surgeon (C.B.) by using the accelerated protocol 

using equivalent total irradiance [9 mW/cm for 10 minutes, 5.4 J/cm (A9/10-CXL)]. (77) 

The procedure was always performed under sterile operating conditions using topical anesthesia 

oxybuprocaine hydrochloride 0.4% (Alfa Intes - Ind.Ter.Splendore) anesthetic drops. Topical 

pilocarpine 2.0% was administered 20 minutes before treatment. 

After application of an eyelid speculum, epithelial removal (9-mm) was achieved using a blunt knife. 

Riboflavin (0.1% in 20% dextran solution; Ricrolin; Sooft, Montegiorgio, Italy) was administered 

topically every minute for 15 minutes. The administration was continued every 2 minutes during 

UVA exposure.  
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The UVA irradiation was performed with a CBM X-Linker Vega using a 9 mW/cm2 to obtain 10 

minutes of UVA irradiation on balance while delivering a standard energy dose of 5.4 J/cm2. 

The post-CXL medication consisted of antibiotic eye drops solution (Netilmicin 0.3%) (3mg/ml) 

(four times daily for 1 week) and Dexamethasone sodium Phosphate (0.1%) (1mg/ml) (four times 

daily for 1 week and tapered over the following seven days)). Preservative-free isotonic solution 

(hyaluronic acid (HA) 0.4% and taurine (TAU) 0.5%) and preservative free B2 vitamin eye drops 

(Ribolisin free, SOOFT italia) were used for 4 weeks. Oral pain medications (Tramadol 50 mg, 1–2 

per day; diclofenac 25 mg, 1–2 per a day) were prescribed on the treatment day and the day after. A 

specific bandage lens for injured tissues, with a regenerating, anti-inflammatory and analgesic effect 

(Regenera Therapeutic Lens) (16,5 mm, hydrogel Filcon II 3 e 75% H2O, Dk=42) was placed after 

the procedure to reduce discomfort and to promote epithelial healing and was removed after three 

days if the epithelial healing was complete. 

DRE was defined as a corneal epithelial defect, detected by fluorescein staining at the slit lamp 

examination, that persisted more than 10 days after epi-off CXL.  

Statistical Analysis 

Data are reported as mean (standard deviation) for continuous parameters or as frequencies for 

categorical parameters. 

Logistic regression was used to assess the baseline factors associated with DRE. DRE was considered 

as the dependent variable in the analysis. Then a multivariate model was built. Criteria for model 

selection were guided by the univariate analysis and clinical significance of the variables. Univariate 

linear regression was also used to assess the association between baseline characteristics and the 

speed of nerve regrowth between 1 and 6 months. All statistical analyses were performed with Stata 

version 15.1 (StataCorp LP, College Station, TX). The alpha level (type I error) was set at 0.05 for 

all analysis. 
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Results 

Based on inclusion and exclusion criteria, we analyzed data from 153 patients. Patient demographics 

and baseline ocular characteristics are summarized in Table 1. The mean patients’ age was 24.9±8.5 

years (SD), and 47 (30.7%) were females. The average re-epithelization time was 4.7 ± 1.8 days (SD). 

Postoperative corneal biomicroscopic examination performed on the third day after treatment showed 

a clear cornea, little edema, and no opacities before and immediately after therapeutic contact lens 

removal. Seventy-two hours after epithelium removal, almost of the patients had complete re-

epithelialization as shown by the fluorescein dye test instilled in the eye, only six eyes (3.9%) 

experienced DRE (Fig.1). Among these: no one reported neither a corneal infection nor keratoconus 

progression after epi-off CXL. 

In the multivariate logistic model, both the patient’s age (OR=1.30, 95% CI 1.04 to 1.6; p=0.019) and 

the corneal steepest meridian (OR=0.44, 95% CI 0.19 to 0.98, p=0.046) were associated with DRE. 

Male gender was the only variable significantly associated with a slower early nerve regrowth (1 to 

6 months) (p=0.048). However, it was not associated with the occurrence of DRE (p=0.271). 

Preoperative central corneal thickness at the thinnest point was not related with DRE (p=0.066). 

Moreover, DRE was not associated with KC progression after epi-off CXL (p=0.520). 

Discussion 

The association between DRE and age may reflect the age-related decrease in the corneal healing 

response. (78) Gipson et al. and some other studies reported that corneal wound healing declines with 

age. (78–81) Major well-known changes in the cornea with age include the thickening of both the 

epithelial and endothelial basement membranes. 

By regulating the growth factor activity, the basement membrane plays a key role in cellular 

reparative process. (82) Its hemidesmosome-anchoring fibrils bind the basal cells membrane to the 

Bowman’s layer and form anchoring complexes by binding to the stromal plaques. (83) The 

anchoring fibrils seems to become disrupted with increasing age, and the membrane thickness 

exceeds fibril length and it could effectively block linkage between the anchoring fibrils and 
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Bowman's layer. (84) Furthermore, there is a well-known diminution of sex hormones that occurs 

with age in both sexes that affect the glandular functions and compromise the ocular surface system 

and consecutively the cascade of healing mechanisms. (85) Besides, the number of nerves in the 

corneal epithelial subbasal plexus decreases with age leading perhaps to the loss of sensitivity 

observed with age involving at first the corneal periphery and successively spreading toward the 

central zone.  (81,86) We have to keep in mind that the corneal sensation is already nearly disappeared 

in the early post epi-off CXL period, it improved to its baseline levels only at 6th postoperative month 

according to Ozgurhan et al. (87)  The lower the corneal sensitivity, the lower the trend of the corneal 

epithelium to heal. Last but not least, an aging-related decrease in the number of conjunctival 

keratocytes has been reported.(88) It could mean a lower level of Muc16, conjunctival mucin that 

affects the behaviors of the corneal epithelium and keratocytes. (89) 

Gender seems to affect re-innervation measured by IVCM but not the reepithelization time. Up to 

now, different studies stated that gender has not any influence on re-epithelialization as in our 

experience. (90) Instead, no reports in literature found any impact of gender on the corneal re-

innervation unlike our observation. The limit of this study is the small number of patients who 

experienced DRE, which is a possible complication of epi-off CXL but luckily not common. 

The association between corneal steepest meridian readings and DRE is an interesting issue. It has 

been pointed out that the epithelium at the cone apex is thinner, where the stroma is steeper.  

An overall thinning of the epithelium across the ectatic cornea and an apparent difference in epithelial 

thickness: lower in the central region and higher toward the inferior keratoconic cornea such 

irregularity could explain a slower reepithelialization. Vinciguerra et al. reported that the epithelium 

could act as a smoothing agent that reduces corneal power, astigmatism and cornea irregularity after 

epi-off CXL. (91) The reepithelialization and the following remodeling effect of CXL take about six 

months to flatten and regularize the keratoconic shape of the cornea. (91) This slower epithelium 

remodeling process when the conus is steeper could explain why topography obtained one month 

after CXL paradoxically shows an increase in the steepness of the cone.  
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The present study suggests that patients who experienced DRE did not derive less efficacy from epi-

off CXL. 

 

Conclusion 

The association between DRE and age may reflect the age-related decrease in the corneal healing 

response. Gender seems to affect re-innervation measured by IVCM but not the re-epithelization time. 

DRE does not seem to affect the efficacy of epi-off CXL treatment.   
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Figure 6.  Delayed re-epithelialization after the epithelium-off CXL (epi-off CXL) imaged with a 
multimodal approach.  
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White arrows point at the edges of the epithelial fronts and green arrows points the demarcation line, 

the red arrow points the bandage lens. OCT scan over the disepithelized area at baseline (A). 

Photograph obtained at baseline with diffuse white light (B) and with fluorescein staining (green) 

photograph obtained under cobalt-blue light illumination (C) imaged at baseline. D and E were 

acquired at the end of treatment at 3 and 10 days respectively. They show a residual corneal epithelial 

disepithelialization. OCT scan over the re-epithelialization area at day 15 (F). Photograph obtained 

at day 15 with diffuse white light (G) and with fluorescein staining (green) photograph obtained under 

cobalt-blue light illumination (H). 
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Table 1. Demographic and clinical details. 

 

Variables Values N=153 

  

Age, (mean ± sd) [range], years old 24.9 ± 8.5 [16.4 - 33.4] 

Gender, female 47 (30.7%) 

Eye, right/left 5/6 

DRE 6 (3.9%) 

K2 ,(mean ± sd) [range], diopters 45.9 ± 3.7 [42.2 - 49.6] 

CCT at thinnest point, (mean ± sd) [range], μm 497 ± 34 [463 - 531] 

CCTmin, (mean ± sd) [range], μm 463 ± 35 [428 - 498] 

GAT IOP, (mean ± sd) [range], mmHg 13.0 ± 2.0 [11.0 - 15.0] 

BCVA, (mean ± sd) [range], decimals 6.9 ± 2.5 [4.4 - 9.4] 

SF, (mean ± sd) [range], diopters -1.2 ± 2.7 [-3.9 - 1.5] 

CYL, (mean ± sd) [range], diopters 2.5 ± 2.6 [-0.1 - 5.1] 

SRI (mean ± sd) [range] 1.0 ± 0.4 [0.6 - 1.4] 

Average re-epithelialization time (mean ± sd) [range], days 4.7 ± 1.8 [2.9 - 6.5] 

 
DRE= Delayed re-epithelialization, K2= steepest meridian reading. CCT= central corneal 
thickness,  IOP= intraocular pression measured with Goldmann tonometry, BVCA= best 
corrected visual acuity, SF=sphere, CYL=Cylinder, SRI= Surface Regularity index. 
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Table 2. Analysis of the association between baseline demographic and anatomical parameters 
with   DRE.  
 

 
 Coefficient 

Univariate 

95% CI   p  Coefficient 

Multivariate 

95% CI   p 

Age (years) 1.11 1.01 to 1.20 0.02 1.30 1.04 to 1.62 0.019 

Female 1.13  0.20 to 6.41 0.89 0.24 0.02 to 3.00 0.271 

Steepest 
meridian 
(diopters) 

0.84 0.59 to 1.17 0.26 0.44 0.19 to 0.98 0.046 

Cylinder 
(diopters) 0.80 0.52 to 1.22 0.25    

CCT (μm) 0.98 0.96 to 1.01 0.20    

CCT at 
thinnest 
point (μm) 

0.98 0.96 to 1.01 0.16 0.96 0.90 to 1.01 0.066 

IOP (mmHg) 0.71 0.44 to 1.13 0.15    

BCVA 
(decimals) 1.35 0.89 to 2.03 0.15    

Sphere 
(diopter) 1.24 0.71 to 2.14 0.45    

SRI 0.34 0.03 to 3.50 0.35    

 
CCT= central corneal thickness, IOP= intraocular pression measured with Goldmann 
tonometry, BVCA= best corrected visual acuity, SRI= Surface Regularity index. 
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2.3 Collagen Cross-Linking in the Management of Microbial Keratitis 
 
Introduction 

Microbial keratitis is an important cause of blindness worldwide. (92) Conditions such as contact lens 

wear, ocular surface disease, dry eye and bullous keratopathy can impair corneal mechanical and 

immune barriers. This allows invasion of bacteria, viruses, fungi and parasites such as Acanthamoeba. 

(93–97)  In cases of microbial keratitis, therapy is usually based on topical, and occasionally systemic, 

antimicrobial drugs. Cases not responsive to such treatments may progress to perforation, requiring 

either penetrating or lamellar keratoplasty. (98) These surgical procedures are technically difficult, 

especially in the context of an inflamed eye. Large diameter grafts may be required, with sclera-to-

sclera suturing used in about 15% of cases to reduce the risk of residual infection. The risk of graft 

rejection in the context of an inflamed and vascularized bed is more than 50% by 2 years. (99) 

Conversely, keratoplasty performed more than one year after resolution of the infective process has 

a lower rejection rate. (100) In addition to these challenges, a growing incidence of pathogens 

resistant to the commonly used antimicrobial drugs means that new therapeutic approaches for 

infectious keratitis are needed.(101–106)  

Corneal collagen cross-linking (CXL) is a method based on the photoactivation of a chromophore, 

riboflavin (vitamin B2), by UV light of wavelength 370 nm (UVA). This technique is popular for the 

management of keratoconus and post-refractive ectasia. The treatment leads to increased corneal 

stiffness and strength through the formation of new chemical bonds between amino groups of 

collagen fibers. This usually arrests progression of ectatic disorders and occasionally improves vision 

and keratometric and topographic parameters. (31,91,107–119) Several studies have reported on the 

antimicrobial effects of the photoactivation of riboflavin. These are based on the ability of riboflavin 

to intercalate itself between DNA and RNA bases. When light-activated riboflavin oxidizes the 

guanine of the nucleic acids it interferes with microbial replication, thus decreasing the pathogen 

load. (120,121) Activated riboflavin also generates reactive oxygen species. These can suppress 

microbial proliferation by destroying nucleic acids. (122) In addition, the direct antimicrobial effect 
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of the UVA irradiation itself is likely useful, being commonly used for disinfecting water, surfaces, 

and air. (123,124)  

During recent years CXL with several variants has been proposed for the treatment of infectious 

keratitis. (125,126) A new term was introduced in 2013 at the 9th CXL Congress in Dublin to 

distinguish the use of CXL in infections: Photoactivated chromophore for infectious keratitis - corneal 

collagen cross-linking (PACK-CXL). The aim of this review is to describe the latest findings on 

PACK-CXL, particularly the effectiveness, safety and limitations in daily clinical practice. 

 

Corneal collagen cross-linking for bacterial keratitis 

The majority of bacterial keratitis cases remain amenable to broad spectrum fourth generation 

fluoroquinolones or fortified antibiotics such as vancomycin and ceftazidime.(127,128) Despite this, 

some cases do not respond. This can have potentially devastating consequences, notably ulceration, 

corneal melting and perforation causing permanent visual impairment. (93,94,129,130). Failure of 

antimicrobial treatment can be due to a lack of patient compliance related to age and socio-economic 

issues. However, an emerging problem is a marked increase in antimicrobial resistance and a shortage 

of new antimicrobial drugs. (131) The use of CXL in diseases other than corneal ectatic disorders 

was proposed by Schnitzler et al. who adopted it to treat corneal melts in non-infected cases. They 

reported a 75% success rate in halting the progression of melting in a small series. (132) The authors 

speculated that the results were related to the increase in covalent bonds between the collagen 

molecules leading to structural strengthening of treated corneas. (132) In 2008 Iseli et al., for the first 

time, applied PACK-CXL in 5 patients with antimicrobial-resistant bacterial or fungal ulcerative 

keratitis. They used the technical parameters of the Dresden protocol (3 mW/cm2 for 30 minutes). 

(31) The melting process was arrested in four out of five patients, the remaining patient having a 

persistent corneal melt. This was suggested to be due to an immune response without any remaining 

active pathogen. (33) PACK-CXL proved to be able to sterilize the cornea up to a diameter of at least 

8 mm and up to a depth that included the anterior and mid-stroma. It was effective in destroying 
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pathogens of various types in advanced and drug-resistant keratitis. It was just a small cohort study, 

but it was the first demonstration of the efficacy of PACK-CXL in treating infectious melting 

keratitis. (33)  

Corneal Riboflavin/UVA collagen cross-linking may have an additive indirect antimicrobial effect 

since it increases the stromal tensile strength and rigidity, preventing corneal melting by increasing 

the resistance of corneal matrix against enzymatic digestion in porcine eyes. (33,133–135) It has been 

reported that riboflavin activation almost doubles the corneal digesting time by enzymes especially 

in the anterior half of the cornea. This was demonstrated on 10 mm corneal buttons cross-linked with 

riboflavin/UVA at 3 mW/cm2, then trephined and exposed to pepsin, trypsin and collagenase 

solutions immediately after the irradiation. (107)  

The biochemical effect of collagen cross-linking changes the tertiary collagen structure. This limits 

proteolytic enzyme access to their specific cleavage sites by steric hindrance, which in turn may limit 

the spread of pathogens and toxins through the cornea. (136)  Together with enhancing protection 

against microorganisms, riboflavin has been shown to promote wound healing by decreasing 

inflammation in animal models. (137) UVA-activated riboflavin inhibits inflammatory cytokine 

synthesis and reduces immune cell recruitment at the site of activation. (137) It also reduces the 

nociceptive response of corneal nerves, supports corneal epithelial surface reformation and minimizes 

neovascularization in an inflammatory context. (137,138) Both the antimicrobial effect and increased 

resistance against enzymatic digestion play important roles in reducing the severity of corneal ulcers. 

Several studies showed encouraging results. (133–135,139–149) In most of them, the surgeons 

employed PACK-CXL as a last available medical therapeutic option. This concept of rescue/salvage 

therapy has caused a lack of standardization in the use of PACK-CXL, with a variety of additional 

antimicrobial therapy applied before, during and after PACK-CXL. The first prospective study 

focusing on PACK-CXL as a treatment supplementary to the usual antimicrobial drugs in patients 

with infectious keratitis was published in 2012. It proved the safety of the procedures in 40 patients. 

(149)  PACK-CXL was shown to be more effective only in cases of bacterial keratitis involving the 
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anterior corneal stroma or in superficial infectious diseases. Indeed, it was suggested that early 

PACK-CXL treatment may be beneficial when the organisms are still located in the superficial layers 

of the corneal stroma, confirming what was found above. At the same time, Makdoumi et al. 

investigated PACK-CXL as single first-line therapy for bacterial keratitis. (150) In this non-

randomized clinical study, all cases initially responded to treatment without any antimicrobial drugs. 

Only 12.5% of these patients needed additional antibacterial drugs. However, it is worth noting that 

the majority of the patients in this study were in the initial stage of the disease, with a small to medium 

corneal ulcer diameter ranging from 0.1 mm to 2.5 mm. (150) In 2014 Said et al. in a prospective 

randomized controlled trial compared PACK-CXL as an additional procedure to the medical therapy 

versus a control group receiving medical treatment alone. Interestingly, the addition of PACK-CXL 

to standard therapy did not show significant differences in corneal healing time and final visual 

outcome compared to the control group, but it reduced the late complications such as corneal 

perforation and recurrence of infection. (151) However, it should be noted that it is difficult to make 

a direct comparison between the CXL and control group, because of a larger mean diameter of corneal 

ulcers at presentation in the former.  Bamdad et al., in a similar randomized controlled clinical trial, 

noted a good effect of additional treatment with PACK-CXL in 16 patients with moderate-sized 

bacterial corneal ulcers. They described a faster recovery of epithelial defects and infiltrates in the 

intervention group. (152) PACK-CXL treatment before the standard antimicrobial therapy led to 

more rapid healing, shortening the exposure to potentially toxic antibiotic drops. (152,153) Corneal 

melting was also slowed and keratoplasty was not needed in any of the seven cases that underwent 

PACK-CXL. (154) Skaat et al. applied PACK-CXL in the management of six cases of refractory 

keratitis with melting. In this retrospective analysis of an interventional case series, symptoms and 

infiltrate size decreased in five out of six cases. (155) 

Infectious corneal melting may also be a severe complication of laser-assisted in situ keratomileusis 

(LASIK) surgery. The flap interface is a closed space where microorganisms may survive and 

develop, being protected by the flap against wash out, antibiotics and tears. (33) Riboflavin can 
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readily diffuse into the stroma once the epithelial barrier is broken, and keratocytes are killed as deep 

as 250-300 µm inside the stroma. (125) It can therefore kill germs which are located less than 200 

µm deep in the interface. (33) Kymionis et al. presented a case of PACK-CXL performed after flap 

amputation and limited PTK as a treatment for severe intractable post-LASIK keratitis with corneal 

melting due to atypical mycobacteria, avoiding keratoplasty. (156) 

The vast majority of studies that have applied cross-linking for infectious keratitis have followed the 

Dresden protocol. This is based on epithelial removal with a blade or laser to a diameter of 9 mm. A 

solution composed of 0.1% riboflavin and 20% dextran is then applied to the cornea every 5 minutes 

for 30 minutes to saturate the stroma. The cornea is exposed to UVA radiation of 370 nm wavelength 

with an energy density of 3mW/cm2 for an additional 30 minutes during which time riboflavin 

application is continued. However, not all clinical studies of PACK-CXL have been performed 

following the Dresden protocol. The type of riboflavin used and the soaking time varied among 

studies. Repeated PACK-CXL has also been attempted. (157–159) In the first case series report about 

PACK-CXL Schnitzler et al. used 2-3 drops of riboflavin solution before UV-irradiation with an 

energy density of 2.5mW/cm2 for 30 minutes. (132) Some authors administered iso-osmolar 

riboflavin drops. (134,151) Finally, Price et al. treated the subjects using a variable duration of UV 

exposure.63 This was a prospective, dual-center, interventional case series of forty patients with no 

control group. It seems clear that further studies to determine a standard protocol should be pursued 

in order to optimize PACK-CXL efficacy. 

Corneal collagen cross-linking for fungal keratitis 

Fungal keratitis is a diagnostic and therapeutic challenge. Fungi may infect the cornea and penetrate 

through Descemet’s membrane into the anterior chamber. (160) Serious complications, such as 

descemetocele, perforation, endophthalmitis, and blindness can occur. (133) Currently, therapy for 

fungal keratitis is suboptimal mainly because of the incomplete corneal penetration of antifungal 

drugs. (161) Until now the efficacy of PACK-CXL as an adjuvant to medical treatment has been 

examined in experimental studies conducted in resistant fungal keratitis infections. This approach has 
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proved to be able to reduce inflammation and decrease the intensity and severity of infections caused 

by Fusarium solani in an animal model. (138) However, in vitro studies were unfavorable.(162,163) 

PACK-CXL has been shown to be ineffective against Candida albicans probably because the fungus’ 

impermeable membranes do not allow impregnation of microorganisms with riboflavin.(125,133) In 

vitro studies however may lead to results that do not correspond to what can be achieved in a clinical 

infection. A possible in vivo mechanism is that PACK-CXL can contribute to creating a hostile 

environment not suitable for survival of fungi by inducing keratocyte apoptosis. 

Shetty et al. found PACK-CXL to be helpful in 15 patients with refractory bacterial or fungal keratitis. 

They noted that two-thirds of bacterial and half of fungal keratitis healed. (164) A better treatment 

response was seen in patients with superficial corneal infiltrate involving the anterior third of the 

stroma. PACK-CXL works on the anterior corneal stroma down to a depth of approximately 300 µm, 

implying a weaker effect on deep fungal infection. (138) All patients had a decrease in pain on the 

first day following PACK-CXL possibly related to injury to the subepithelial corneal nerve 

plexus.(164) Li et al. reported a good response to PACK-CXL in eight cases of keratomycosis 

resistant to topical antifungal medications. (143) However, it is worth noting that in this case series 

the majority of the ulcers were not very advanced. The good outcome could also be explained by the 

adjuvant effect of topical natamycin 5% eye drops prescribed for a variable period before CXL, 

instead of the recommended 2–4 weeks of treatment.  Deep fungal penetration develops in 

approximately 50% of cases of keratomycosis. (165) Fungal enzymes destroy tissues and 

antimicrobial proteins, and it can often lead to dissemination into the anterior chamber. Small ulcer 

size was associated with a higher success rate in both bacterial and fungal keratitis, and the presence 

of hypopyon was associated with reduced success rate. This was reported by Papaioannou et al. in a 

meta-analysis. (166)  

PACK-CXL has been shown to be less effective against fungal infection than against other pathogens. 

This could be explained by the fact that fungal infections often infiltrate deeper than bacterial 

infections. (157,167) Moreover, the deeper the infiltrate, the higher the risk of late corneal edema due 
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to endothelial failure. (133) In fungal keratitis it might make sense to apply PACK-CXL in the early 

stages before deeper progression. (168,169) PACK-CXL treatment may be used as an adjuvant to 

amphotericin B or other antimycotic drops, since riboflavin can penetrate the cell by the 

transmembrane channels induced by the interaction between polyene antifungals and membrane 

sterols. (170) More clinical trials are needed to confirm the use of PACK-CXL in fungal keratitis. 

Corneal collagen cross-linking for Acanthamoeba keratitis  

Acanthamoeba keratitis (AK) is an intensely painful and sight-threatening corneal infection caused 

by parasites of the genus Acanthamoeba. (171) AK more frequently affects people who wear contact 

lenses, but anyone with a corneal abrasion is exposed to the risk of developing the infection. (172) 

Prompt diagnosis and treatment are key to improving the outcome. The cystic stage in the life cycle 

of Acanthamoeba species is the most difficult to manage because the parasites can survive in such a 

form within the corneal tissue. The treatment protocol is based on the use of a biguanide (PHMB 

0.02% or chlorhexidine 0.02%), a diamidine (propamidine 0.1% or hexamidine 0.1%) or 

voriconazole. (173) Since these biocides are ineffective in killing the highly resistant cysts, and a 

penetrating corneal transplant is possible yet inadvisable when the infection is active, a conservative 

surgical solution might be considered. (171)  

Riboflavin and ultraviolet light therapy have been used as an adjuvant for selected medication-

resistant cases. (159) By using the standard protocol for UV corneal treatment, a favorable response 

against Acanthamoeba was achieved. (174) However no tissue sample was obtained, so it is still 

unclear to what depth Acanthamoeba microorganisms can be eliminated within stroma. The depth of 

infiltrate is likely relevant to the efficacy of the treatment and the risk of endothelial cell loss. The 

efficacy of PACK-CXL in treating AK with the elimination of both active and cystic forms of the 

microorganism was also demonstrated in an orthokeratology patient. (145) In experimental animal 

models, results are less encouraging. (144,147,162)  PACK-CXL seems promising in handling AK 

in selected patients. Randomized controlled trials comparing cases of similar severity caused by the 

same pathogen type are needed. 
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Conclusion 

PACK-CXL has been shown to be a safe procedure when used in infectious corneal disease. The 

most promising results published so far are for bacterial keratitis especially when the germs do not 

involve the posterior stroma and in cases of impending perforation. When infectious keratitis is 

associated with corneal melting PACK-CXL may avoid corneal perforation or recurrence of the 

infection, or both.  

The use of PACK-CXL for bacterial and fungal keratitis has been investigated, not only in advanced 

keratitis as an adjuvant, but also as first-line treatment in early-stage diseases with beneficial results. 

PACK-CXL may represent a valid additional tool to the standard treatment in cases in which 

emergency corneal transplantation is required. The sterilizing effect of PACK-CXL, its anti-

angiogenic action and its ability to induce tissue remodeling could possibly improve the survival rate 

of a corneal transplant in an inflamed and vascularized bed. Additional randomized clinical trials are 

needed to support encouraging results on the use of PACK-CXL in the management of microbial 

keratitis. 

2.4 A case of neurotrophic keratopathy concomitant to brain metastasis 
 
Introduction 

Neurotrophic keratitis (NK) is a rare corneal disease characterized by a prevalence of less than 

5/10,000 in the general population. (38) Damage at any level of the trigeminal nerve from its cranial 

nucleus to the corneal nerve endings can cause corneal sensitivity reduction, spontaneous epithelium 

breakdown, and impairment of corneal healing leading to the development of NK. (36) Clinical 

presentation may be insidious because patients with NK rarely complain of symptoms, except for 

blurred vision due to persistent epithelial defects (PED), corneal stroma scarring, or swelling. (38) 

We report a case of an oncologic patient who developed NK after completing radiation therapy for 

treating pontocerebellar angle metastasis. Our purpose is to describe an unusual case of trigeminal 

neurotrophic cornea ulcer (TNCU) after a gasser ganglion damage. 
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Case presentation 

A 63-year-old Caucasian female was referred to the cornea service of our clinic in trouble 

with her blurry vision for about one month. Topical broad-spectrum antibiotic drops were prescribed 

by an outside ophthalmologist based on his hypothesized diagnosis of cornea ulcer in her right eye, 

without improvement. Our first visual examination revealed a neurotrophic corneal ulcer of 5.5mm 

diameter, and corneal staining with fluorescein indicated a 9mm diameter corneal disepithelization. 

We evaluated corneal sensitivity by using a corneal Cochet-Bonnet contact aesthesiometer and it 

resulted decreased. Moreover, she had absent corneal reflex and decreased lacrimation in her right 

eye. The left eye was within normal limits, and history of previous eyes disease was negative. Medical 

record showed hypertension, anxiety and breast cancer complicated by pontocerebellar angle 

metastasis. Cancer-related left brachial plexopathy, and progressive spastic paraparesis due to spinal 

cord compression occurred secondary to metastatic brain infiltration. In July 2009, she underwent a 

right simple mastectomy with a right axillary lymph node dissection (ALND). Pathology had 

confirmed an invasive ductal carcinoma, moderately differentiated, 2.4 cm, estrogen/progesterone 

receptor negative, HER2 positive +3, with negative surgical margins. Three out of 8 right axillary 

lymph nodes dissected, including the sentinel (guard) lymph node, were positive for disease. The 

standard of care for a patient with these tumor features is surgery plus adjuvant chemotherapy and 

immunotherapy(175,176). Thus, in agreement with the National Comprehensive Cancer Network 

(NCCN) practice guidelines, combined treatment with trastuzumab and tamoxifen was started. After 

7 years of a disease-free interval, in March 2016, brain metastases occurred. Thus, the patient was 

assigned to go through a local cytoreductive radiotherapy scheduled as 20 Gy in 5 fx delivered over 

1 week. One month later, the patient developed a corneal ulcer. At that time, neither diabetes nor any 

other co-morbidities were present, and the patient was not taking any other medications. Eye’s 

treatment was started with eye patching and application of fluoroquinolone q2h and vitamin 

ointments with carefully monitoring on an outpatient basis every, one, two days pending 
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improvement. Corneal ulcer improved ten days after, but it did not completely heal. Then, a 

therapeutic contact lens was applied with the aim to achieve a faster wound healing, but it was not 

enough. Seven days later, no significant ocular improvement was reported. We reacted with treatment 

with 40% autologous serum tears (AST) every two hours. After a written informed consent had been 

obtained, the patient was tested for blood-borne infections, including hepatitis B and C, syphilis, and 

HIV serology. Thus, the venipuncture was performed at the antecubital fossa under aseptic 

conditions, 100 ml of whole blood was collected into sterile containers and left standing for 2 hours 

to ensure complete clotting. The blood was then centrifuged for 15 minutes at 3000 rotors per minute 

(rpm). Lastly, the serum was separated in a sterile manner and diluted to 40% using sterile saline 

solution. In approximately 15 days, the cornea markedly ameliorated with combined improved in 

visual acuity. Visual acuity improved from hand motion to 0.5. After the treatment, residual corneal 

scarring remained in her right eye.  

 

Discussion 

The pathophysiology of the neurotrophic ulcer in our patient could be explained by corneal 

denervation caused by previous trigeminal damage. Impairment of corneal trigeminal innervation 

causing morphological and metabolic epithelial disorders can lead to the development of recurrent or 

persistent epithelial defects (PED). (38) Denervation results in decreased cell metabolism, levels of 

acetylcholine and mitosis. Sensory nerves have a favorable effect on corneal epithelialization via 

neural-mediators such as acetylcholine, substance P, and calcitonin gene-related peptide (177); its 

loss can lead to an epithelial defect even in the absence of direct injury. (177)  

There is a myriad of conditions (178,179), in our case ablation of Gasserian ganglion caused the 

trigeminal damage and metastasis have probably been the root cause of the disease. Radiotherapy 

delivered directly to the pontocerebellar angle might also have played a role, even if the occurrence 

of a radiation-induced damage is very rare, the pathophysiological mechanisms are not yet fully 

understood, and usually appearing several years after radiotherapy. (180) Recently, the use of AST 
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has gained wide acceptance for the treatment of ocular surface disorders unresponsive to conventional 

medical therapy. (181) Such conditions include persistent epithelial defects or severe dry eyes. (182) 

The serum has biomechanical and biochemical properties like natural tears. (183) As described in our 

case and accordance with the current literature, treatment with AST is safe, and no substantial side 

effects have been reported. (178) Its neurotrophic support can be explained by the epithelial and 

neurotrophic growth factors, just as vitamin A, fibronectin, epidermal growth factor, transforming 

growth factor b (TGFb), substance P, and Insulin-like growth factor-1 content in it. (184) These 

essential components can contribute to healing in cases of PED usually associated with an already 

compromised ocular surface. (185) We use a centrifugation rate of 3000 rpm for 15 minutes, and it 

results in good separation of serum and blood clot, without inducing hemolysis. This g-force can help 

to yield a larger volume of serum from a full blood sample, and it can also result in a lower 

concentration of TGFb that if it exceeds, it can be able to slow down the re-epithelialization. (183) 

The efficacy of AST seems to be both dose and concentration dependent. (183) In our experience, 

40% concentration has proved to be the best solution to achieve a faster and effective wound healing. 

In conclusion, our experience shows that brain metastasis should always be suspected if TNCU occurs 

in an oncologic patient. Early diagnosis and prompt treatment of neurotrophic keratopathy are 

mandatory to prevent corneal complications such as scarring and perforation. Topical medication 

with AST may be a useful therapeutic option for the ocular side effects of a TNCU after a gasser 

ganglion damage.  
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Figure 7.  Brain MRI 

Post-Gadolinium axial T1-weighted image showing a right paramedian pontine area of contrast 
enhancement, at the level of the emergence of the fifth cranial nerve (green arrow). 
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Figure 8.  Corneal healing with 
autologous serum 

Corneal improvement from day one to 
day 15 with autologous serum tears with 
reduction of the stromal opacity 
(pictures A to F). Fluorescein stains 
corneal stroma but not intact corneal 
epithelium, thus demarcating the area of 
the epithelial loss (red arrow). Pictures 
G to K show progress in re-
epithelialization. Complete re-
epithelization is showed by picture L. 
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2.5 Recombinant Human Nerve Growth Factor(rhNGF)-driven corneal wound healing 
process: an evidence based analysis. 

 
Introduction 

Several ocular and systemic diseases have been associated with damage to the fifth cranial nerve 

axons, from the trigeminal nucleus to the corneal nerve endings, possibly resulting in the development 

of neurotrophic keratopathy (NK). (186)  

Among the multitude of causes of NK, herpetic keratitis (herpes simplex and herpes zoster viral 

infection) are the most common followed by intracranial space-occupying lesions, and/or 

neurosurgical procedures that damage the trigeminal ophthalmic branch. 

Other ocular causes of NK include chemical burns, physical injuries, corneal dystrophy, chronic use 

of topical medications (topical anesthetics, timolol, betaxolol, sulfacetamide, and diclofenac sodium), 

and anterior segment surgery involving nerve damage. Additional systemic conditions associated 

with corneal nerve impairment are diabetes, multiple sclerosis, congenital syndromes, and 

leprosy.(38) 

Cenegermin is a recombinant human nerve growth factor (rh-NGF) recently approved for the 

treatment of moderate-to-severe NK. (60) Cenegermin eye drops proved to be safe and effective in 

restoring corneal integrity in two phase II clinical trials in patients with NK. (61-62) The 

understanding of the cascade of events involved in the NGF-driven corneal wound healing process 

and the evaluation of how corneal wound healing affects corneal biomechanics and optics are crucial 

to improving the outcome of the treatment. 

Anterior segment optical coherence tomography (AS-OCT) is a non-invasive instrument to 

systematically image the ocular surface and anterior segment, allowing the detection of all corneal 

layer from front to back with a sufficient detail to make quantitative analyses. There have been reports 

about the assessment of corneal thickness, (63,64)  AS-OCT also contributes to the diagnosis of 

anterior eye diseases, the monitoring of pathological conditions and their healing process. (65–67) 

Recently, AS-OCT has been introduced as a valid tool to optimized the classification of stage 3 NK. 
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(68)The use of AS-OCT for the morphological analysis of the cornea in patients treated by 

cenegermin has yet to be described. Our study aims to evaluate AS-OCT to detect the wound healing 

process as per monitoring the efficacy of cenegermin. 

Patients and Methods 

Study Design 

Sixteen eyes of 16 patients with NK were treated with topical Cenegermin at a dose 20µg/ml 

(Oxervate; Dompé Farmaceutici, Milan, Italy), 1 drop every two hours, six times a day. According to 

the protocol, the scheduled treatment was 8 weeks. Written informed consent was obtained from all 

subjects. The main outcome measure was complete corneal epithelialization. All the patients 

underwent a complete ophthalmic evaluation before the treatment with Cenegermin and at each 

follow-up visit. Serial AS-OCT scans (RTVue-100 applied corneal anterior module; Optovue, 

Fremont, CA) were also acquired at each visit. Several AS-OCT scans were performed: pachymetric 

map;  horizontal raster scan centered on the thinnest area of the corneal (17 horizontal scans within a 

height of 6 mm) cross-line (horizontal and vertical 8.00mm scan length) and line mode (horizontal 

8.00mm scan length) on the area of a minimum thinning. All scans were centered at the same area at 

the different visits. We identified the thinnest part of the cornea and measured the corneal and stromal 

thickness of this portion using the caliper tools that were built into the RTVue-100 system. We 

compared the results of the AS-OCT scans with the biomicroscopic findings. Variables were 

summarized with mean and standard deviation for continuous variables and absolute value and 

percentage for frequency of categorical variables. A univariate linear regression analysis was 

performed to identify variables associated with the percentage change of corneal thickness by AS-

OCT at the thinnest point. All statistical analyses were performed with Stata version 15.1 (StataCorp 

LP, College Station, TX). The alpha level (type I error) was set at 0.05 for all analysis. 

Results 

Data from 16 eyes of 16 patients were included. The mean patients’ age was 60.9±21.1 years, and 11 

(68.8%) were females. The mean aesthesiometry detected at baseline was 1.3±0.5 cm. Five eyes 
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(31.3%) experienced a persistent epithelial defect and 11(68.8%) eyes were affected by neurotrophic 

corneal ulcer. According to the substages of NK at Stage 3 of Mackie’s classification suggested by 

Mastropasqua et al (68) seven were Stage 3A, and four were Stage 3B respectively.  

Baseline patients and ocular characteristics are summarized by table 1. The etiology of the NK were 

as follow: 4 (25%) recurrent herpetic keratitis; one (6.25%) chemical burns; one (6.25%) diabetes; 

seven (43.75%) damage of the fifth nerve, two (12.5%) iatrogenic damage; one (18.75%) systemic 

diseases; one (6.25%) NK after penetrating keratoplasty.  

Among five patients with PED, one was affected by herpetic keratitis. He had a recurrent epithelial 

lesion despite antiviral therapy. A patient with a NK classified as Mackie's stage 2 presented a PED 

following a surgical treatment for acoustic nerve neuroma, already surgically treated with 

tarsorrhaphy, without success; while one case of PED had appeared in a patient undergoing eye 

surgery; The fourth in stage 2 was a child affected by a diffuse midline glioma.  

Finally, among patients with PED, we treated one woman affected by systemic diseases, who 

presented a severe dry eye concomitant to corneal anesthesia. AS‐OCT scans in PED showed 

interruption of the epithelial layer without thinning of the corneal stroma.  Among the eleven patients 

with corneal ulcers, one of them reported a severe alkali burn, and three patients had recurrent herpetic 

stromal ulceration. One patient had diabetes mellitus, and she had already undergone to a corneal 

transplantation, a penetrating keratoplasty (PK) and she had developed the ulcer on the transplanted 

flap. Four patients had a corneal ulcer following surgical treatment. Another one developed a large 

cornea ulcer resulting from a systemic polyneuropathy; the last one had a positive medical history for 

long-term use of topical glaucoma medication and corneal hypoesthesia. 

In all patients, we observed the NK healing process. The average re-epithelialization time was 3.9±0.5 

weeks. In all PED, the stromal thickness was preserved, an augmented reflectivity of the anterior 

stroma was detected by AS-OCT (figure 9), 3 (60%) eyes experienced epithelial hyperplasia 

regressed in the following months (figure 11). AS-OCT scans revealed an average CT in the thinnest 

point of 276,3±74,1 μm at baseline and an average increase in CT of 176,5±60,3 μm at the end of the 
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treatment (week 8). Linear regression showed that the percentage increase of CT at end of treatment 

was associated with the pre-treatment CT (B=-0.15; p=0.035) (Figure 4). Table 2 shows the results 

of the regression analysis. No other variables such as demographic factors or epithelial defect area 

were associated with changes detected by OCT. 

The scar tissue, detected as opaque at the slit-lamp, has high reflectivity on AS-OCT, displaying a 

different appearance from that of the normal corneal stroma. Second, the scar tissue eventually 

cleared on slit-lamp examination. 

First, hypertrophy and hyperplasia of the corneal epithelium filled the area of thinning, forming scar 

tissue, and the thickness of the cornea improved. The scar tissue appeared opaque as seen with the 

slit lamp and had a high signal on AS-OCT, displaying a different appearance from that of the normal 

corneal stroma. Second, the scar tissue eventually cleared on slit-lamp examination. 

 

Discussion 

In these 16 patients, herpetic keratitis was the main cause of corneal innervation impairment. In 

addition, facial nerve paralysis (case 5), diabetes mellitus (cases 2 and 3), and the delayed wound 

healing caused by the long-term use of timolol drops (cases 3, 4 and 13) were also involved in the 

disease pathogenesis. We showed that baseline corneal thickness was a significant predictor of 

corneal thickness increase. Lower was the baseline stromal thickness, greater was the effect of 

Cenegermin in restoring corneal thickness. 

Keratocytes, collagen fibrils, and proteoglycans are essential components of the corneal stroma.(2) 

Corneal transparency is guaranteed thanks to the uniform distribution of collagen lamellae.(187,188) 

This primary ultrastructure could be compromised during the wound healing process, giving way to 

a progressive swelling and a subsequent corneal opacity, identified as a scar on slit-lamp examination. 

It means decreased visual acuity in clinical practice, and AS-OCT could detect it as hyperreflective 

scar tissue. (189,190)  
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During the corneal healing process, type 3 collagen expression is initially significantly improved. 

(191)  

It is synthesized and deposited via endothelial-derived fibroblasts; however, it is easily broken down 

during tissue remodeling. The scar tissue formation is probably due to the fibrotic cellular responses 

and an abnormally large fibril diameters formation.  

First, the scar tissue appeared opaque, as seen with the slit lamp, and had a high signal on AS-OCT, 

displaying a different appearance from the normal corneal stroma. Second, the scar tissue eventually 

cleared on slit-lamp examination, suggesting that the wound healing process had shifted from an 

acute wound healing phase to a remodeling phase. 

Utsunomiya et al. stated that a long-term AS-OCT hyperreflectivity persists even when the cornea 

clears up on the slit lamp examination, and they hypnotized it could be due to the scar tissue's 

incapacity to come back to the original arrangement.  

The characteristic of scar tissue is an abnormal alignment of the collagen fibrils, which is directly 

associated with the tissue's transparency. In our case series, we could observe that the younger was 

the patients; the faster the scar tissue formation, the less time-consuming process was needed to 

restore transparency. It could mean an age-related cornea healing capacity, even if mechanisms 

underlying an age-related slowdown of collagen synthesis in damaged stroma has not been fully 

delineated yet. We used the RTVue-100 for AS-OCT that is a spectral-domain OCT that was 

developed for the retinal analysis. This instrument uses an 840-nm wavelength beam. We are aware 

that other specialized AS-OCTs by using a 1310-nm wavelength could be more performing. Anyway, 

RTVue-100 allowed us to detect detailed scans of the corneal healing process and its improvements 

over time. It also allowed us to accurately documented changes by measure the stromal thickness at 

the thinnest part, thanks to its dedicated caliper tool. Using AS-OCT granted us quantitative 

monitoring of structural changes in Neurotrophic corneal ulcer treated by Cenegermin, obtaining a 

better understanding of Recombinant Human Nerve Growth Factor(rhNGF)-driven corneal wound 

healing process. 
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Table 3. Ocular and demographic characteristics of the treated cases 
 *fluorescein stained area; ** measured by anterior segment optical coherence tomography. 
 

Pt. 
No. Age Gender Eye Underlying cause Area of 

corneal 
defect 
before 
treatement, 
mm2 * 

Primary NK 
diagnosis 
(stage) 

CT at the 
thinnest 
point, 
baseline** 
µm 

Healing_time, 
weeks % CT change 

after 
treatement** 
µm 

1 7 M OS Neurosurgical 
procedure 

(craniotomy for 
glioma) 

206 2 365 3 73,2 

2 61 F OD Ocular surgery 88 3 (IIIb) 207 4 85,0 

3 76 F OD Diabetes mellitus 
Keratoplasty 

44 3 (IIIa) 364 5 53,0 

4 64 M OD Herpetic eye disease* 20 3 (IIIa) 329 3 81,5 

5 47 M OD Neurosurgical 
procedure 

11 2 313 4 31,9 

6 88 F OD Herpetic eye disease* 107 2 340 3 20,6 

7 74 F OS keratoplasty 12 2 342 4 50,0 

8 76 F OS Herpetic eye disease* 13 3 (IIIa) 246 4 73,2 

9 58 F OS Ocular surgery 55 3 (IIIa) 295 4 69,5 

10 46 F OD Corneal hypoesthesia 22 2 259 4 54,8 

11 53 F OD Ocular surgery 22 3 (IIIb) 219 4 90,4 

12 39 M OD Ocular surface injury 
(Chemical burn) 

188 3 (IIIa) 334 4 65,3 

13 79 F OS Glaucoma 
medication (drops) 

14 3 (IIIb) 104 4 85,6 

14 75 F OS Herpetic eye disease* 36 3 (IIIb) 169 4 74,0 

15 45 M OD Ocular surgery 
(vitrectomy) 

59 3 (IIIa) 264 5 96,2 

16 86 F OS Polyneuropathy 85 3 (IIIa) 271 3 62,0 

 
 
 
 
Table 4. Liner regression analysis. Outcome: percentage change in corneal thickness at the end 
of Cenegermin treatment. 
 
 Coefficient 95% CI p-value 
Age, years -0.35 -0.88 to 0.18 0.179 
Gender, female -9.35 -33.60 to14.90 0.422 
Healing time, 
weeks 

4.88 -14.12 to 23.87 0.591 

Area pre-
treatment, mm2 

0.04 -0.15 to 0.24 0.631 

CT pre-treatment, 
μm 

-0.15 -0.28 to -0.02 0.035 
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Figure 9.  Corneal wound healing of neurotrophic corneal ulcer (Case 3) imaged with a multimodal 
approach.  
 
Photograph obtained at baseline with diffuse white light (A) and with fluorescein staining (green) 
photograph obtained under cobalt-blue light illumination (B). OCT scan over the thinnest area at 
baseline (C). D, E and F show the progression at week 4. G, H and I were acquired at the end of 
treatment at week 8. 



 51 

 
 
Figure 10 Corneal wound healing of pediatric neurotrophic corneal ulcer (Case 1) imaged with a 
multimodal approach.  

Photograph obtained at baseline with diffuse white light (A) and with fluorescein staining (green) 
photograph obtained under cobalt-blue light illumination (B). OCT scan over the thinnest area at 
baseline (C). D, E and F were acquired at the end of treatment at week 8 and show a residual 
paracentral corneal epithelial hyperplasia. One month later, OCT scan (G) reveals complete 
regression of the corneal epithelial hyperplasia. 
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Figure 11 Residual corneal epithelial hyperplasia of neurotrophic corneal ulcer (Case 15) at week 8 
(A). Cross-line OCT (B) confirms the epithelial hyperplasia in the horizontal (C) and vertical (D) 
scans. 
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Figure 12  Scattergram representing the association between pre-treatment corneal thickness and gain 
in corneal thickness at the end of the treatment. 
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3. Conclusion  
 

The cornea has unique features that make it a useful model for regenerative medicine studies. It is an 

avascular, transparent, densely innervated tissue, and any pathological changes can be easily detected 

by slit-lamp examination.  

The first part of my research work aims to improve knowledge about the corneal epithelium's standard 

renewal. To the best of our knowledge, CFSE, fluorescent labeling has never been used before to 

track migration and proliferation of corneal epithelial cells. In our study, CFSE was used to target 

corneal epithelial cells. This experimental system paves the way for further research on epithelial cell 

migration in the normal cornea and a better understanding of corneal epithelium dynamics. The 

protocol presented above is well established for the healthy human cornea but could equally be 

applied to cornea affected by various conditions, such as corneas exposed to chronic topical 

medications, to show possible cell behavior changes. 

Improving knowledge of the corneal epithelium is the common denominator of many projects 

research of mine. Among others, the study conducted on DRE. This study's most important 

conclusion is that DRE does not seem to affect epi-off CXL treatment's efficacy.  Our results showed 

an association between DRE and age, reflecting the age-related decrease in the corneal healing 

response. Gender seems to affect re-innervation measured by IVCM but not the re-epithelization time.  

As mentioned above, DRE represents a rare but possible complication of the epi-off cross-linking. 

Reducing the complication rate and avoiding postoperative pain for patients is the reason why many 

studies are now focused on alternative corneal CXL techniques. 

Our most recent proposal is the EpiPocket, which seems a promising technique that allows riboflavin 

penetration without compromising the corneal epithelium, thus offering faster recovery and less 

postoperative pain for patients. Unless our encouraging first results, we are aware that more long-

term studies involving larger patient cohorts are required to assess the long-term safety and efficacy 

of the EpiPocket CXL technique.  
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Every type of corneal CXL procedure is based on chromophore photoactivation, riboflavin (vitamin 

B2), by UV light of wavelength 370 nm (UVA). As already mentioned, CXL is popular for the 

management of keratoconus and post-refractive ectasia. The treatment leads to increased corneal 

stiffness and strength by forming new chemical bonds between amino groups of collagen fibers. This 

usually arrests progression of ectatic disorders and occasionally improves vision and keratometric 

and topographic parameters. (31,91,107–119) Several studies have reported on the antimicrobial 

effects of the photoactivation of riboflavin. These are based on the ability of riboflavin to intercalate 

itself between DNA and RNA bases. When light-activated riboflavin oxidizes the guanine of the 

nucleic acids it interferes with microbial replication, thus decreasing the pathogen load. (120,121) 

Activated riboflavin also generates reactive oxygen species. These can suppress microbial 

proliferation by destroying nucleic acids.(122) In addition, the direct antimicrobial effect of the UVA 

irradiation itself is likely useful, being commonly used for disinfecting water, surfaces, and air. 

(123,124)  

According to these interesting insights we’ve conducted a review on Photo Activated Chromophore 

for Keratitis-Corneal Cross-linking (PACK-CXL). PACK-CXL proved to be a safe procedure when 

used in infectious corneal disease. (34) The most promising results published so far are for bacterial 

keratitis, mainly when the germs do not involve the posterior stroma and in cases of impending 

perforation. When infectious keratitis is associated with corneal melting, PACK-CXL may avoid 

corneal perforation or recurrence of the infection or both. The use of PACK-CXL for bacterial and 

fungal keratitis has been investigated not only in advanced keratitis as an adjuvant but also as a first-

line treatment in early-stage diseases with beneficial results. In our opinion, PACK-CXL may 

represent a useful additional tool to the standard treatment in cases in which emergency corneal 

transplantation is required. PACK-CXL's sterilizing effect, its anti-angiogenic action, and its ability 

to induce tissue remodeling could improve a corneal transplant's survival rate in an inflamed and 
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vascularized bed. Additional randomized clinical trials are needed to support encouraging results on 

the use of PACK-CXL in the management of microbial keratitis. 

Besides these encouraging researches on the treatment of infectious keratitis, a prompt diagnosis 

remains essential. Based on this awareness, we joined the METACOR project. As previously 

mentioned, the first results will soon be published, and it will be crucial because it could impact our 

daily clinical practice. 

An accurate diagnosis is aimed at differentiating the etiology of the corneal ulcer and allows us to 

recognize a non-infectious origin. This is the case with NK. 

Many local and systemic conditions associated with damage to the trigeminal nerve cause NK's 

development. Early diagnosis and prompt treatment of NK are mandatory to prevent corneal 

complications such as scarring and perforation. (41) Moreover, NK represents a useful model to 

evaluate in clinical practice novel neuro-regenerative drugs. 40% autologous serum tears proved to 

be an excellent solution to achieve a faster and effective wound healing in our experience. It has been 

a useful therapeutic option for the ocular side effects of a TNCU after a gasser ganglion damage, as 

reported in our case report. The most recent NK treatments aim to support corneal healing and prevent 

the progression of corneal damage as the previous, but improving the nerve's trophic support is the 

new keystone. Among them, NGF eye drop proved to be safe and effective in stimulating corneal 

healing and improving corneal sensitivity in patients with NK. (61,62) 

The use of AS-OCT for the cornea's morphological analysis in patients treated by cenegermin has yet 

to be described. Our last study aims to evaluate AS-OCT to detect the wound healing process as per 

monitoring the efficacy of cenegermin. It also allowed us to accurately documented changes by 

measure the stromal thickness at the corneal thinnest part, thanks to its dedicated caliper tool. Using 

AS-OCT granted us quantitative monitoring of structural changes in neurotrophic corneal ulcer 

treated by Cenegermin, obtaining a better understanding of the Recombinant Human Nerve Growth 

Factor(rhNGF)-driven corneal wound healing process. We are currently continuing the study using 

confocal microscopy to quantify NGF's influence on corneal nerve regeneration.  
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