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Introduction: Neurotrophic Keratopathy (NK) is a neurodegenerative corneal disease that results in diminished corneal sensation. Previous studies have found that Cenegermin 0.002%, a recombinant human nerve growth factor (rhNGF), improves corneal epithelial healing in stage 2 and 3 NK patients. However, rhNGF effect on corneal sensation and nerve regeneration has not been well established. Thus, this study aims to analyze the effect of rhNGF on corneal nerve regeneration using in vivo confocal microscopy (IVCM) and on corneal sensitivity in NK patients.

Methods: This is a retrospective, longitudinal, case–control study that included patients with NK, treated with rhNGF for at least 4 weeks, with pre- and post-treatment IVCM images available for analysis. Chart reviews were conducted documenting prior medical and surgical history, clinical signs and symptoms, and corneal sensation using Cochet-Bonnet esthesiometry. Corneal nerve parameters were assessed by IVCM. Sex- and age-matched reference controls were selected from a database of healthy subjects for comparison.

Results: The study included 25 patients, with 22 (88%) stage 1, two (8%) stage 2, and 1 (4%) stage 3 NK patients, with a median age of 64 years (range: 30–93 years). Total, main, and branch nerve densities [median (range) in mm/mm2] were lower in the NK group pre-treatment [2.3 (0.0–21.1); 1.7 (0.0–13.0); 0.5 (0.0–10.2); respectively] vs. controls [22.3 (14.9–29.0); 10.1 (3.2–15.4); and 12.1 (6.2–18.4), (p < 0.0001 for all), respectively]. Post-treatment nerve densities increased compared to pre-treatment to 5.3 (0.0–19.4, p = 0.0083) for total, 3.5 (0.0–13.2, p = 0.0059) for main, and 2.0 (0.0–10.4, p = 0.0251) for branch nerves, but remained lower than controls (p < 0.0001 for all). Corneal sensation increased from 2.3 ± 1.1 cm pre-treatment to 4.1 ± 1.4 cm post-treatment (p = 0.001). Median best corrected visual acuity significantly increased following rhNGF treatment from 0.4 (0.0–1.6) to 0.12 (−0.1 to 1.6) (p = 0.007).

Conclusion: Patients with NK treated with at least 4 weeks of rhNGF, showed a significant increase in corneal nerve densities after treatment. A significant increase in corneal sensation, as well as best corrected visual acuity, was observed following treatment.
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1. Introduction

Neurotrophic keratopathy (NK) is a rare neurodegenerative disease of the cornea with a prevalence of 5 in every 10,000 individuals that can lead to sight-threatening corneal ulcers and perforations if left untreated (Sacchetti and Lambiase, 2014; Dua et al., 2018). The cornea is one of the most densely innervated tissues in the body with sensory and autonomic nerve fibers, which are important in maintaining ocular surface health (Müller et al., 2003). Sensory corneal nerves are derived from the ophthalmic branch of the trigeminal nerve (Müller et al., 2003). After entering the cornea at the corneoscleral limbus, stromal nerve bundles create a dense subepithelial plexus (Belmonte et al., 2017). Nerves then penetrate the Bowman’s layer, the interface of the corneal stroma and epithelial layers, before branching and anastomosing to form the subbasal plexus, while superficial corneal nerves also contribute to this plexus (Marfurt et al., 2010). These nerves then terminate at the superficial layers of the epithelium (Marfurt et al., 2010). Corneal nerves are responsible for eliciting responses that maintain corneal homeostasis. Tear secretion from the lacrimal gland is a part of the trigeminal-parasympathetic reflex, a sensory reflex designed to protect the eye from harmful stimuli (Labetoulle et al., 2019). Corneal nerves also serve a trophic function with release of neuromediators and neurotrophins that maintain health of epithelial cells and keratocytes that in turn release growth factors and cytokines that initiate the regeneration of corneal nerves and epithelial cells (Al-Aqaba et al., 2019).

In patients with NK, the nerves and their function are impaired due to nerve damage and dysfunction (Bonini et al., 2003; Al-Aqaba et al., 2019). Nerve damage leads to changes in levels of neuromodulators and may result in reduced tear secretion, neurogenic inflammation, and impairment of epithelial cell health (Bonini et al., 2003; Dua et al., 2018; Al-Aqaba et al., 2019). The etiology of NK is most commonly due to herpetic keratitis, diabetes, dry eye disease, and surgical trauma (Versura et al., 2018; Bian et al., 2022; NaPier et al., 2022; Roszkowska et al., 2022). Depending on the severity of the ocular surface manifestations, NK is classified into three stages (Mackie et al., 1995; Sacchetti and Lambiase, 2014). Stage 1 is characterized by the presence of superficial punctate keratopathy, stage 2 is characterized by a persistent or reoccurring corneal epithelial defect, and stage 3 is characterized by the presence of a corneal ulcer (Mackie et al., 1995; Sacchetti and Lambiase, 2014).

Diagnosis of NK is traditionally made when patients show reduced corneal sensitivity (Bonini et al., 2003), quantified using the Cochet-Bonnet esthesiometer or a cotton wool whisp (Mandahl, 1993; Mantelli et al., 2015). More recently, in vivo confocal microscopy (IVCM) (HRT3/RCM, Heidelberg Engineering, Heidelberg, Germany) has allowed for the visualization of corneal nerves in several diseases, including NK, herpes simplex virus keratitis, herpes zoster keratitis, dry eye disease, and other types of infectious keratitis, among others (Hamrah et al., 2010, 2013; Cruzat et al., 2011, 2017; Alhatem et al., 2012; Sacchetti and Lambiase, 2014; Müller et al., 2015; Tepelus et al., 2017; Cavalcanti et al., 2018; Moein et al., 2018; Binotti et al., 2020). Multiple studies have previously shown reduced nerve fiber density in NK patients (Morishige et al., 1999; Xie et al., 2022; Yavuz Saricay et al., 2022). Thus, the imaging of the subbasal nerve plexus by IVCM allows for assessment of nerve density longitudinally (Cruzat et al., 2017).

Cenegermin 0.002% (Oxervate, Dompè Farmaceutici, Milan, Italy), a recombinant human nerve growth factor (rhNGF), is the first FDA approved drug for treatment of NK (Pflugfelder et al., 2020). The use of rhNGF for treatment of NK has been studied in two prospective, multicenter, randomized clinical trials for treatment of stage 2 and 3 NK (Bonini et al., 2018; Pflugfelder et al., 2020). These trials demonstrated efficacy in corneal healing post-treatment, however improvement in other clinical outcomes, such as corneal sensitivity and corneal nerve density have not been well demonstrated yet. A few studies have looked at nerve regeneration following rhNGF treatment and found a general increase, however these studies primarily report findings for stage 2 and 3 patients (n = 18) or few stage 1 patients (n = 5) (Mastropasqua et al., 2020; Yavuz Saricay et al., 2022). Corneal sensitivity improvements have also been identified following rhNGF treatment in stage 2 and 3 NK patients (Mastropasqua et al., 2020). Therefore, we aim to assess the effect of rhNGF treatment on corneal nerve regeneration, corneal sensitivity, and visual acuity in patients with NK stages 1, 2 and 3, with the largest group of NK stage 1 patients to date.



2. Materials and methods


2.1. Study design and patient selection

This is a retrospective, longitudinal, controlled single center study that was performed at the Cornea Service at the New England Eye Center, Tufts Medical Center, Boston, Massachusetts. Subjects were identified by conducting an electronic medical record search for patients seen at New England Eye Center, Boston, Massachusetts ranging from January 2015 to March 2022 for either of the following: (1) any patient diagnosed with NK via the ICD10 code for NK (H16.23X); or (2) those whose chart contained the keyword “neurotrophic.” To be included in the analysis, patients had to be above 18 years old, diagnosed with NK, and were required to have completed at least 4 weeks of rhNGF treatment for 6 times a day, with corresponding IVCM images before initiation of treatment and after treatment completion. The respective diagnosis criteria for each stage included 3+ central epithelial staining and decreased corneal sensation for stage 1, persistent epithelial defect for stage 2, and a corneal ulcer for stage 3 NK. Subjects were excluded if they had any evidence of active ocular infection or intraocular inflammation, any other ocular conditions that required topical medications, any history of severe systemic allergy or severe ocular allergy, any prior surgical treatment for NK (including tarsorrhaphy and conjunctival flap), use of contact lenses during the study period (refractive or therapeutic), use of botulinum toxin for blepharoptosis, or history of ocular surgery during rhNGF treatment or up to 3 months prior, lack of IVCM images for analysis, and concurrent start of autologous serum tears with rhNGF. If patients were treated with rhNGF in both eyes and fit the inclusion/exclusion criteria, one eye was randomly selected for analysis. Control IVCM images were selected from a database of healthy reference controls, which were collected for a previous prospectively enrolled study. These controls were required to have no symptoms, ocular surface disease, or ocular disease, not take any ocular medications, and have normal Schirmer’s test and tear break-up time. A subset of subjects from this database of healthy reference controls group were selected such that there was no significant difference between the groups in age or sex distribution.

Patient demographics, medications, surgical history, and prior medical history were collected from charts on the days of service. Documented clinical signs include tear break-up time, corneal fluorescein staining graded via the oxford scale (Bron et al., 2003), and tear production as assessed via Schirmer’s testing with anesthesia. Reported symptoms including blurry vision, sensitivity to light, irritation, foreign body sensation, burning, itchiness, pain, floaters, redness, discomfort, diplopia, dryness, tearing, and flashes were also documented when reported. Corneal sensitivity measurements were recorded as measured using the Cochet-Bonnet esthesiometer (Luneau Ophthalmologie, Chartres, France). Best corrected visual acuity was recorded (Snellen or ETDRS) and translated into LogMAR values (Holladay, 1997). Data was managed and organized through REDCap, with access provided through Tufts Medical Center (Harris et al., 2009, 2019).



2.2. In vivo confocal microscopy

IVCM was performed on the corneas of patients using Heidelberg Retina Tomograph 3 with the Rostock Cornea Module (Heidelberg Engineering GmbH, Heidelberg, Germany) as previously described (Cruzat et al., 2011). A drop of 0.5% proparacaine hydrochloride (Alcaine; Alcon, Fort Worth, TX) was instilled in the selected eye, followed by a drop of hydroxypropyl methylcellulose 2.5% (GenTeal gel, Alcon) in the selected eye. A disposable sterile polymethyl methacrylate cap (Tomo-Cap; Heidelberg Engineering GmbH) filled with drop of 2.5% hydroxypropyl methylcellulose (GenTeal gel) was mounted to the microscope. Another drop of 2.5% hydroxypropyl methylcellulose (GenTeal gel) was placed on the outside tip of Tomo-Cap to improve optical coupling. The microscope was manually moved until the Tomo-Cap was positioned on the corneal surface. After fixation of the patient’s gaze using a light for contralateral eye, the images were captured from the central apex. Images were taken focusing on the subbasal corneal nerves. This layer is at around 50 μm depth and anterior to the corneal stroma (Akhlaq et al., 2022). Images had been obtained for clinical evaluation before and after treatment.



2.3. Image analysis

Once eligible patients and selected eyes were identified, one masked observer (AB) selected the three most representative IVCM images that had good contrast and sharpness of focus for the study eye, which was randomly chosen if both eyes were affected, from both pre- and post-treatment visits. Two masked observers (AB and CSB) quantified the total, main, and branch corneal nerve densities and numbers in a semi-automated fashion using ImageJ software (Cruzat et al., 2011) (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov.ezproxy.library.tufts.edu/ij/) with a semi-automated plug-in nerve tracing program NeuronJ.1 Main nerves were defined as a nerve that covers at least two thirds of an image and did not branch from another nerve. Branch nerves were defined as any nerves branching off of a main nerve or a nerve shorter than two thirds length of the image. Total nerves were defined as the sum of the main and branch nerves (Cruzat et al., 2011). Nerve densities and number were calculated by tracing visible nerves and were expressed in mm/mm2 and number/mm2, respectively. Total, main, and branch nerve densities and numbers were calculated for each image by averaging the two values from each observer. Average densities and numbers for each subject were then calculated from the values for all three images. Nerve regeneration rate per month was calculated using the following equation: (follow up total nerve density – baseline total nerve density)/weeks between visits for patients who had follow up within 7 days of ending treatment (multiplied by 4) (Mastropasqua et al., 2020).



2.4. Statistical analysis

For all data, normality was determined via Shapiro–Wilk test. Post-treatment corneal nerve densities and numbers were compared between controls and pre-treatment NK subjects using t-test/Mann–Whitney U tests as appropriate. Pre- and post-treatment differences were assessed via Wilcoxon signed ranked test, or paired t-test as appropriate. A receiver operating characteristic (ROC) curve analysis was used to assess nerve regeneration threshold for improvement in clinical signs and corneal sensitivity restoration. Correlations between clinical parameters and nerve parameters were assessed using Spearman’s rho test. All analyses were conducted using SPSS version 21.00 (SPSS, Inc., IBM, Armonk, NY) and GraphPad Prism version 9.4.1 (San Diego, CA).




3. Results


3.1. Patients and demographics

Our electronical medical record search identified 266 unique patients with NK. One hundred and ninety five of these subjects were excluded because they did not receive rhNGF treatment. Of 71 NK patients identified that were treated with rhNGF, 39 were excluded because they did not have the IVCM images available for analysis within the outlined timeframe. Five were excluded due to having prior surgical treatments for NK. One was excluded due to concurrent start of autologous serum tears, and another patient was excluded for receiving topical eye drops for glaucoma during the study period. Overall, this resulted in a sample of 25 NK subjects being included in our analysis (Figure 1); 88% of which had NK stage 1, 8% had NK stage 2, and 4% had NK stage 3. For demographics of patients please see Table 1. The median age of NK patients was 64 years (range: 30–93 years); subjects were 72% female, 96% white, and 92% were of non-Hispanic or Latino origin. However, 4% of subjects did not have a recorded ethnicity. The selected healthy reference control group included 20 subjects with a median age of 59 years (range: 49–74 years), and 40% were male. The NK and control groups did not differ in age (p = 0.10) or sex (p = 0.72). The most common prior medical history in NK patients was herpes simplex virus (HSV) keratitis and was seen in 48% of patients, followed by diabetes mellitus (36% of patients) (Table 2). The most common prior ocular surgery was cataract surgery (44% of patients). 96% of subjects completed 7–8 weeks of treatment, and 4% completed 4–6 weeks of treatment. Concurrent ocular treatments were recorded (Supplementary Table S1).

[image: Figure 1]

FIGURE 1
 Breakdown of patient exclusion.




TABLE 1 Demographics of included patients with NK.
[image: Table1]



TABLE 2 Baseline medical history summary.
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3.2. Corneal subbasal nerve alterations by in vivo confocal microscopy

Pre-treatment median total nerve density was significantly lower in the NK group [2.3 mm/mm2 (range: 0.0–21.1)] compared to the total nerve density of the control group [22.3 mm/mm2 (range: 14.9–29.0), p < 0.0001] (Figures 2A–C, 3). Median main nerve density was also significantly lower in the NK group pre-treatment [1.7 mm/mm2 (range: 0.0–13.0)] compared to the main nerve density of the control group [10.1 mm/mm2 (range: 3.2–15.4), p < 0.0001]. Median branch nerve density was significantly lower in the NK group pre-treatment [0.5 mm/mm2 (range: 0.0–10.2)] compared to the control group [12.1 mm/mm2 (range: 6.2–18.4), p < 0.0001] (Figures 2A–C, 3, Table 3). Pre-treatment median total nerve number was significantly lower in the NK group [10.6 n/mm2 (range: 0.0–90.6)] compared to the total nerve number of the control group [157.5 n/mm2 (range: 51.9–225.0), p < 0.0001] (Figures 2A,B, 4). Median main nerve number was also significantly lower in the NK group pre-treatment [6.3 n/mm2 (range: 0.0–33.1)] compared to the main nerve number of the control group [25.0 n/mm2 (range: 16.9–37.5), p < 0.001]. Median branch nerve number was significantly lower in the NK group pre-treatment [4.4 n/mm2 (range: 0.0–64.4)] compared to the branch nerve number of the control group [131.3 n/mm2 (range: 31.3–195.6), p < 0.0001] (Figures 2A,B, 4, Table 3).

[image: Figure 2]

FIGURE 2
 Examples of IVCM images from a healthy control (A), and a patient with neurotrophic keratopathy pre- (B) and post-rhNGF treatment (C).


[image: Figure 3]

FIGURE 3
 Median nerve density comparisons between pre- and post-rhNGF treatment and control groups for (A) total nerve density, (B) main nerve density, and (C) branch nerve density. Values presented in Tukey boxplot (****p < 0.0001, **p < 0.01, *p < 0.05).




TABLE 3 Nerve density and number changes via IVCM measurements.
[image: Table3]

[image: Figure 4]

FIGURE 4
 Median nerve number comparisons between pre- and post-rhNGF treatment and control groups for (A) total nerve number, (B) main nerve number, and (C) branch nerve number. Values presented in Tukey boxplot (***p < 0.001, **p < 0.01, *p < 0.05).


Compared to pre-treatment values in NK, median post-treatment total nerve density significantly increased to 5.3 mm/mm2 [(range: 0.0–19.4), p = 0.0083], main nerve density significantly increased to 3.5 mm/mm2 [(range: 0.0–13.2), p = 0.0059], and branch nerve density significantly increased to 2.0 mm/mm2 [(range: 0.0–10.4), p = 0.0251]. Median post-treatment total, main, and branch nerve densities were still significantly lower than controls (all p < 0.0001) (Figures 2A–C, 3, Table 3). The rate of nerve regeneration rate was calculated and was 0.8 ± 0.5 mm/mm2 per month. Compared to pre-treatment values in NK, median post-treatment total nerve number in n/mm2 increased significantly [20.6 (range: 0.0–105.0), p = 0.0118], main nerve number increased significantly [8.1 (range: 0.0–38.8), p = 0.0162], and branch nerve number increased significantly [13.8 (range: 0.0–82.5), p = 0.0256]. Median post-treatment total, main, and branch nerve numbers were still significantly lower than controls (all p < 0.0001) (Figures 2A–C, 4, Table 3).

Nerve density and number changes were stratified by severity stage of NK and analyzed (Table 4). Median total nerve density increased from 2.6 mm/mm2 (range: 0.0–21.1) to 6.0 mm/mm2 (range: 0.0–19.4) post-treatment in stage 1 NK (p = 0.021), from 2.2 mm/mm2 (range: 0.4–3.9) to 3.7 mm/mm2 (range: 2.1–5.3) post-treatment in stage 2 NK, and increased from 0.0 to 2.2 in one subject with stage 3 NK. Median main nerve density increased from 2.0 mm/mm2 (range: 0.0–12.9) to 3.7 mm/mm2 (range: 0.0–13.2) (p = 0.014) post-treatment in stage 1 NK, from 2.0 mm/mm2 (range: 0.4–3.6) to 2.3 mm/mm2 (range: 1.7–3.0) post-treatment in stage 2 NK, and increased from 0.0 to 1.7 mm/mm2 in one subject with stage 3 NK. Median branch nerve density increased from 0.7 mm/mm2 (range: 0.0–10.2) to 2.2 mm/mm2 (range: 0.0–10.4) (p = 0.070) post-treatment in stage 1 NK, from 0.2 mm/mm2 (range: 0.0–0.3) to 1.4 mm/mm2 (range: 0.5–2.3) post-treatment in stage 2 NK, and increased from 0.0 mm/mm2 to 0.5 mm/mm2 in one subject with stage 3 NK. Median total nerve number increased from 12.0 n/mm2 (range: 0.0–90.6) to 23.4 n/mm2 (range: 0.0–105.2) post-treatment in stage 1 NK (p = 0.028), from 6.3 n/mm2 (range: 2.1–10.4) to 14.0 n/mm2 (range: 6.3–21.9) post-treatment in stage 2 NK, and increased from 0.0 to 6.3 in one subject with stage 3 NK. Median main nerve number increased from 7.3 n/mm2 (range: 0.0–33.3) to 9.4 n/mm2 (range: 0.0–38.5) post-treatment in stage 1 NK (p = 0.041), from 5.2 n/mm2 (range: 2.1–8.3) to 6.3 n/mm2 (range: 4.2–8.3) post-treatment in stage 2 NK, and increased from 0.0 n/mm2 to 4.2 n/mm2 in one subject with stage 3 NK. Median branch nerve number increased from 5.7 n/mm2 (range: 0.0–64.6) to 15.1 n/mm2 (range: 0.0–82.3) post-treatment in stage 1 NK (p = 0.051), from 1.0 n/mm2 (range: 0.0–2.1) to 7.8 n/mm2 (range: 2.1–13.5) post-treatment in stage 2 NK, and increased from 0.0 n/mm2 to 2.1 n/mm2 in one subject with stage 3 NK.



TABLE 4 Stratification of nerve density and number by stages of neurotrophic keratopathy.
[image: Table4]



3.3. Clinical parameters

Median corneal sensation improved significantly from 2.5 cm (range: 0.5–4.0) to 4.5 cm (range: 0.5–6.0) post-treatment (p = 0.001, Table 5), with an improvement in sensation seen in 92.86% of stage 1 NK patients. The median corneal fluorescein staining for stage 1 NK patients decreased significantly from 3.0 (range: 0.0–5.0) at baseline to 2.0 (range: 0.0–5.0) post-treatment (p = 0.001), with an improvement in fluorescein staining in 66.7% of stage 1 NK patients. Intraocular pressure, tear break-up time, and tear production measured by Schirmer’s test did not change significantly (p = 0.68, p = 0.49, and p = 0.058, respectively). Median best corrected visual acuity increased from LogMAR 0.4 (Snellen equivalent = 20/50; range: 0.0–1.6) to LogMAR 0.1 (Snellen equivalent = 20/25–1; range: −0.1 to 1.6; p = 0.007) (Figure 5).



TABLE 5 Summary of clinical findings pre- and post-rhNGF treatment.
[image: Table5]

[image: Figure 5]

FIGURE 5
 Box and whisker plot showing distribution BCVA pre- and post-rhNGF values (**p < 0.01).


Changes in self-reported ocular symptoms before and after treatment were also analyzed. Our results showed a reduction in the prevalence of blurry vision (44% prior to treatment to 20% post-treatment), foreign body sensation (24% pre-treatment to 16% post-treatment), burning (20% pre-treatment to 16% post-treatment), itchiness (16% pre-treatment to 12% post-treatment), floaters (12% pre-treatment to 4% post-treatment), and discomfort (8% pre-treatment to 4% post-treatment). Other symptoms completely resolved such as pain (12% pre-treatment), redness (12% pre-treatment), diplopia (8% pre-treatment), tearing (4% pre-treatment), and flashes (4% pre-treatment). We did not find any change in sensitivity to light, irritation, or dryness (Supplementary Table S2).



3.4. Nerve regeneration threshold

Given the improvement observed in nerve density and corneal sensitivity, the association between nerve regeneration and corneal sensitivity was explored via a ROC curve. The ROC curve analysis aimed to evaluate the extent of total, main, and branch nerve regeneration necessary to increase corneal sensitivity by 1.5 cm or more. The resulting area under the curve (AUC) values were 0.615, 0.729, and 0.458 for total, main, and branch, respectively (Figure 6). A nerve regeneration threshold was determined via the main nerve density change, because it provided the highest AUC value. A cut-off value of 0.622 mm/mm2 provides a 0.625 sensitivity and a 0.833 specificity. This suggests that of patients who experience 1.5 cm or more increase in corneal sensitivity, approximately 62.5% will have had an increase in main nerve density of 0.622 mm/mm2 or more increase and that of patients who did not experience 1.5 cm or more increase in corneal sensitivity, approximately 83.3% will have less than 0.622 mm/mm2 main nerve density increase.

[image: Figure 6]

FIGURE 6
 ROC curve using nerve densities in mm/mm2 for restoration of corneal sensation with (A) total nerve density, (B) main nerve density, and (C) branch nerve density.


Given there was also a decrease in corneal fluorescein staining with treatment, ROC curves were generated to explore the association of nerve density and corneal fluorescein staining. The ROC curve analysis aimed to evaluate the extent of total, main, and branch nerve regeneration necessary to decrease corneal staining by a grade of 1 or more. The resulting area under the curve (AUC) values of 0.480, 0.592, and 0.327 for total, main, and branch, respectively (Figure 7). A nerve regeneration threshold was determined via the main nerve density change because it provided the highest AUC value. This cut-off value of 0.622 mm/mm2 suggests that an increase of 0.622 mm/mm2 in main nerve density will provide a decrease in corneal staining of one with a 0.571 sensitivity, and a 0.714 specificity. This suggests that of patients who experience an improvement of 1 in corneal staining or more, approximately 57.1% will have had an increase in main nerve density of 0.622 mm/mm2 or more increase and that of patients who did not experience an improvement of 1or more increase in corneal staining, approximately 71.4% will have less than 0.622 mm/mm2 main nerve density increase.

[image: Figure 7]

FIGURE 7
 ROC curve using nerve densities in mm/mm2 for improvement in corneal fluorescein staining with (A) total nerve density, (B) main nerve density, and (C) branch nerve density.




3.5. Correlation analysis

We analyzed correlations between clinical parameters and nerve parameters (Table 6, Figure 8). There were significant positive correlations between corneal sensation and nerve parameters [total nerve density (ρ = 0.807) and number (ρ = 0.822); main nerve density (ρ =0.746) and number (ρ = 0.765); branch nerve density (ρ = 0.810) and number (ρ = 0.829)] (all p < 0.01). There were also significant correlations between changes in corneal fluorescein staining and nerve parameters [total nerve density (ρ = −0.734) and number (ρ = −0.739); main nerve density (ρ = −0.660) and number (ρ = −0.661) and changes in branch nerve density (ρ = −0.745), and number (ρ = −0.756)] (all p < 0.01). There were negative correlations between changes in best corrected visual acuity and nerve parameters [total nerve density (ρ = −0.344, p = 0.0093) and number (ρ = −0.375, p = 0.065); main nerve density (ρ = −0.337, p = 0.099) and number (ρ = −0.372, p = 0.067); branch nerve density (ρ = −0.347, p = 0.089) and number (ρ = −0.366, p = 0.072)], although these were not significant.



TABLE 6 Correlations between clinical findings and nerve parameters in patients with NK pre-rhNGF treatment and healthy controls.
[image: Table6]
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FIGURE 8
 Correlations between pre-rhNGF treatment and control groups total nerve density with (A) corneal sensation, (B) corneal fluorescein staining, and (C) visual acuity. Visual acuity measurements were not available for control groups. Both ρ and p values are presented.





4. Discussion

This study found that rhNGF treatment in NK patients resulted in increased corneal nerve density and increased corneal sensitivity. Further, treatment resulted in improved vision and corneal fluorescein staining in stage 1 NK patients. Our sample consisted of 25 patients that were mostly white and of non-Hispanic or Latino origin, which is consistent with the demographic distribution reported previously for NK by the Intelligent Research in Sight (IRIS) registry (Bian et al., 2022). Our results also showed that HSV keratitis was the most common underlying condition in our sample of NK subjects (48%), independent of the disease staging, followed by diabetes mellitus (36%). This etiological finding is consistent with the most common etiologies identified in prior literature (Versura et al., 2018; Bian et al., 2022; NaPier et al., 2022; Roszkowska et al., 2022). These consistencies in demographics and etiology suggest that our results are likely generalizable to the broader NK population.

The significant improvements in total, main, and branch nerve densities following rhNGF treatment with accompanying improvements in sensation, corneal fluorescein staining, and vision underscore the importance of corneal nerves to ocular surface health and homeostasis. Improvements in nerve densities with rhNGF treatment are consistent with reports observed in a case series describing IVCM findings with rhNGF treatment in 5 out of 17 stage 1 NK patients (Yavuz Saricay et al., 2022) and in a study of 18 patients with stage 2 and 3 NK treated with rhNGF (Mastropasqua et al., 2020). In addition, our calculated rate of nerve regeneration, 0.84 ± 0.51 mm/mm2 per month after 8 weeks of treatment was within the range of those previously reported (between 0.6619 and 1.8700 mm/mm2 per month) (Mastropasqua et al., 2020; Yavuz Saricay et al., 2022). The two largest clinical trials with rhNGF, the NGF0214 study (n = 48) and the European REPARO study (n = 156), evaluated the efficacy of rhNGF in treatment of stage 2 and 3 NK (Bonini et al., 2018; Pflugfelder et al., 2020) and did not include any corneal nerve density analysis, but did show improvements in corneal epithelial surface integrity. Specifically, the NGF0214 study demonstrated that a greater percentage of subjects within the group treated with rhNGF showed resolution of their corneal defect compared to the placebo group (Pflugfelder et al., 2020), and the REPARO clinical trial found significance in corneal healing following both four and eight weeks of rhNGF treatment compared to vehicle treatment (Bonini et al., 2018). These improvements in corneal epithelial surface integrity are consistent with the improvements seen within our study via corneal staining. Recombinant human nerve growth factor has been established as a relevant treatment of corneal surface defects, as nerve growth factor is a neurotrophin that has been established to be present in the cornea, along with neurotrophins NT-3, NT-4 and BDNF, all encoded by the neurotrophin gene (You et al., 2000). Recently, Pedrotti et al. investigated corneal nerve alterations and changes in corneal sensitivity following cenegermin treatment in 18 patients with stage 2 and 3 NK, but not stage 1 NK. Their findings showed a significant increase in corneal nerve branch density starting at 2 months and corneal nerve fiber length starting at 8 weeks, in the central and cornea during the initial 4 months follow-up. However, there was no increase in corneal branch nerve densities within the central cornea after the 8 week treatment or the 8 month follow-up (Pedrotti et al., 2022). Our study explores these parameters as well as total and main nerve density in the central cornea in the largest sample size of stage 1 NK to date, and finds significance. We establish an increase in corneal sensation in those with stage 1 NK, and an increase in corneal nerve densities, expanding upon the prior findings of nerve regeneration and restoration of corneal sensation in stage 2 and 3 NK in the prior literature.

Our data shows that pre-treatment corneal nerve numbers and density were significantly reduced in patients with NK compared to healthy controls. Additionally, as NK progressed, the corneal nerves densities were more compromised, resulting in greater loss of corneal nerves on IVCM images at baseline as seen in nerve density values by stratification of stage. Moreover, branch nerve densities of patients at stage 1 and 2 NK showed a greater loss than main nerve density values compared to controls, IVCM images of the patient at stage 3 showed a complete loss of nerves. However, despite significant nerve regeneration in patients with all three stages, corneal nerve densities did not fully recover and remained significantly lower compared to healthy controls. TrkA receptors have been identified as NGF receptors located amongst the ocular surface and cornea (You et al., 2000; Gupta et al., 2022). NGF is hypothesized to induce nerve regeneration through activation of Schwann cells, induction of myelin, and axonal regeneration (Li et al., 2020). NGF has been shown to induce nerve regeneration via TrkA (de Castro et al., 1998). Further, animal models of TrkA knockout receptors have been found to have impairment of corneal nerves with corneal neuropathies (Smeyne et al., 1994; de Castro et al., 1998). Thus, the relatively limited improvement in corneal nerve densities without treatment with rhNGF treatment may potentially be attributed to the reduced expression of TrkA receptors due to severe loss of nerves. Furthermore, main nerves showed a greater increase in density than branch nerves post-treatment, suggesting main nerve regeneration contributed more than branch regeneration in the observed increase in total nerve density.

Interestingly, our study reported an improvement in corneal sensitivity with rhNGF treatment. Corneal sensitivity improvement after rhNGF treatment did not reach statistical significance in the REPARO and NGF0214 trials. However, other studies have shown significant increases in corneal sensitivity in moderate and severe NK cases after 8 weeks of rhNGF (Mastropasqua et al., 2020; Pedrotti et al., 2022; Roszkowska et al., 2022). It should be noted that our study included a large proportion of stage 1 NK patients compared to the other studies that exclusively assessed corneal sensitivity in stage 2 and 3 NK patients. We also found a significant improvement in BCVA following treatment, supporting the previous finding that BCVA improves following rhNGF treatment in stage 1 NK (Yavuz Saricay et al., 2022). In contrast to these findings, the NGF0214 study and REPARO study did not find any significant improvement in BCVA, but this difference is likely due to the representation of stages within the studies. Therefore, we conclude that rhNGF treatment in earlier stages of NK may increase the potential for improvement in BCVA.

Topical rhNGF is usually well-tolerated and its safety profile has been demonstrated in clinical trials (Bonini et al., 2018; Pflugfelder et al., 2020). A qualitative analysis of symptoms prevalence in our study showed a complete resolution of pain, redness, diplopia, tearing and flashes and a reduction of reported blurry vision, foreign body sensation, burning, itchiness, floaters, and discomfort. Researchers of the REPARO trial showed that the most relevant side effect of topical rhNGF is transient ocular pain, where ocular pain was reported in 7.7% of the NK study group and 3.8% of the vehicle control group (Bonini et al., 2018). Interestingly, our results showed a trend of pain reduction as 12% of our subjects experienced pain before treatment, which resolved completely post-treatment. Previous studies have shown that patients with evoked and spontaneous pain demonstrate a decrease in nerve density (Devigili et al., 2008; Aggarwal et al., 2019). Pain can result from inflammatory responses triggered by nerve damage (neurogenic inflammation), further resulting in a change of ion channel transduction, which upregulate ion channels in nociceptors, modify intrinsic membrane potentials, and activate nerve generating ectopic impulses (Aggarwal et al., 2019). Polymodal pain receptors are found to fire at a lower threshold due to the inflammatory responses following tissue injury (Goyal and Hamrah, 2016). This creates an increased sensitivity to noxious stimuli, called sensitization, which can result in allodynia and hyperalgesia (Kerstman et al., 2013). In addition, neurodegeneration processes are triggered by the interaction between neuronal and glial cells (Lobsiger and Cleveland, 2007). NGF has been identified as a modulator of glial reactions, which are hallmarks of pathological pain (Colangelo et al., 2008). Animal studies have demonstrated that NGF decreases allodynia and hyperalgesia by decreasing glial reactions elicited by peripheral nerve damage, and reversing neuromodulation at molecular and morphological level of peripheral sensory neurons (Colangelo et al., 2008; Cirillo et al., 2010). Reduction of pain in patients with NK treated with rhNGF may be due to the effect NGF has on nerves, as NGF has been demonstrated to play a role in the differentiation, proliferation and survival of sensory and sympathetic neurons in animal models (Colangelo et al., 2008; Cirillo et al., 2010). Similar to rhNGF, autologous serum tears contain neurotrophic and epithelial growth factors, such as NGF, insulin-like growth factor-1, transforming growth factor β, fibronectin, and epidermal growth factors (Di Fausto et al., 2007; Pan et al., 2017), which have a role on nerve regeneration through restoration of damaged neurons and induction of neuronal sprouting (Kerstman et al., 2013). Moreover, Aggarwal et al. (2019) demonstrated a significant reduction of pain after treatment of autologous serum tears in patients with neuropathic corneal pain. Thus, rhNGF treatment might improve pain scores through nerve regeneration and growth of sensory neurons, and consequently may improve the quality of life of NK patients.

Our ROC analysis suggests that improvement in main nerve density is needed to restore corneal sensitivity by a value of 1.5 cm and decrease corneal fluorescein staining by a grade of 1. Despite our results showing an acceptable cutoff for specificity but not for sensitivity, it suggests a strong relationship between a baseline requirement of main nerve regeneration for restoration of sensation as well as an improvement in staining. We hypothesize that nerve regeneration allows for improved corneal sensation due to restoration of corneal nerve function following increased density of nerves. We also hypothesize that as corneal nerves regenerate and increase in density, there is associated improvement in the health of the ocular surface, resulting in decreased staining.

Our correlational analysis shows correlations between the clinical parameters (corneal sensation, visual acuity, and corneal fluorescein staining), and nerve parameters (total, main, and branch densities and total and branch nerve numbers). Analysis shows a strong positive correlation for total, main, and branch nerve density and number, with corneal sensation and corneal fluorescein staining. This suggests that that as nerve density and number increases, there is improvement in corneal sensation and less corneal staining. Analysis also shows a negative correlation between visual acuity in LogMAR units and all nerve parameters. Although this was not significant, we hypothesize there may be a relationship between visual acuity and nerve parameters due to correlational findings. A decrease in logMAR visual acuity represents an improvement in visual acuity, suggesting that as nerve density and number increase, visual acuity improves. These findings suggest there may be a relationship between nerve parameters and clinical parameters, where higher nerve density and number correlate to lower corneal staining and better corneal sensitivity. We hypothesize this may be also due to improvement of nerve function with a greater nerve density and count.

Despite demonstrating significant improvement in nerve regeneration and other clinical outcomes, our study has several limitations. The retrospective nature of this study limited the acquisition of full data related to clinical signs for all subjects. Moreover, our sample size did not permit the assessment of treatment effects to be controlled by age, sex, race, or ethnicity, and did not allow for statistical comparison of clinical outcomes between groups of different stages. Another limitation is that most of our subjects had stage 1 NK, thus the novel finding of improved corneal sensation in stage 1 NK may not be applicable moderate and severe cases. Nevertheless, our report is the largest to date with 22 stage 1 NK patients, presenting data on corneal nerve density and sensitivity changes with rhNGF treatment in stage 1 NK. This allows us to expand upon previous clinical findings following rhNGF treatment for those with stage 2 and 3 NK (Mastropasqua et al., 2020). Moreover, various ocular surface disorders, such as dry eye disease, neuropathic corneal pain, limbal stem cell deficiency, and post-surgical conditions (such as laser- assisted in situ keratomileusies, photorefractive keratectomy, and penetrating keratoplasty) have demonstrated decreased corneal nerve densities (Calvillo et al., 2004; Erie et al., 2005; Beni’tez-del-Castillo et al., 2007; Patel et al., 2007; Deng et al., 2012; Aggarwal et al., 2015). Given that our study demonstrated efficacy of rhNGF in promoting corneal nerve regeneration, other conditions that have shown decreased corneal nerves may potentially benefit from rhNGF treatment.

In conclusion, this study shows that rhNGF was effective in regenerating corneal nerves and improving corneal sensation, a novel finding in patients with neurotrophic keratopathy. Improvement in corneal sensation following rhNGF treatment is a finding that is encouraging for clinical treatment.
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